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Summary

The remarkable increasedomplexity of eukaryotes' cytoskeleton represeotse of the major
transitions in life.Inherently intertwined witheukaryogenesistself, molecular innovations that

emerged during cytoskeleton evolution are pivotal for understanding Eukaryotes™ evolutionary history.

Despite distant homologs for two major cytoskeletal components,, aotith tubulin, identified in
prokaryotes,no clear homolog for intermediate filaments has been fouhatermediate filaments
represent crucial components in the eukaryotic cytoskeleton, being regarded as one of the major
molecular innovations that evolved in this kingddmng evolutionary distancegoor sequence
conservation, ananany other hurdles render tracing the evolution of such proteins a daunting task.
One possible route to circumvent such limitations is to investigiaiglecell eukaryotes, namely
protists, whose cell biology is expected to entail mamgrlooked fiber-forming, intermediate

filamentlike proteins.

The filamenforming mitochondrial citrate synthase described in the series of works that prompted
this study was an ideal candidate for studying the emergence of intermediate filament proteins over a
known evolutionary interval. The study of such multifunctiqrateins is important for several
reasonsAs part of a weltonserved protein familyhe mitochondrial citrate synthase (mQ@&kes it
tractable to study transitions over known and relatively short evolutionary intervals in a phylogenetic
tree. Furthermore mCS evolution of fiber formation in protists could be the product of convergent
evolution, giving rise to novel IF structures and potentially elucidating mechanisms for filament
formation in noametazoan lineage#nother possible role of fiber formation is linked to metabolism
regulation. Thereforestudying the evolutionary interval along which such behavior emerged would
allow us to pinpoint the evolutionary forces acting on enzyimer formation and their possible

recruitment for structural functions.

Here, we characterizethe properties of in vitro fiber formation of the recombinant mitochondrial
citrate synthase of etrahyemna thermophil&e provide orthogonal evidence fibtis behavior to be

a bufferdriven artifact caused by a specific chemical mdiedy is most likely absent in the native
biological contextWe also show that buffénduced aggregation is a feature common to eukaryotic

mitochondrial citrate synthadsut absent in bacterial homologs.

Using an irvivo approach, we investigated thgotein's localization using Strep and GiBRe-
deficient tagged mutants. We show that the protein colocalizes with mitochondria and does not form
clear foci during starvation, which indicates the absence of metabolic regulation via filamentation.
Furthermore, we monitored the protein's localization during conjugation, reportinglieence of

anyextramitochondriaktructure.
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Finally we show how ME®duced ordered fibers emerged in the last common ancestor of
Hymenostomatidawhile other species and ancestral proteins foamorphous aggregatesie

thereby conclude that ordered fibers likely aneroduct of neutral processes

ZUMMENFASSUNG

Die Zunahme der Komplexitat des Zytoskeletts von Eukaryonten stellt einen der wichtigsten

Ubergange im Leben dar. Die molekularen Innovationen, die wahrend der Entwicklung des

13



Zytoskeletts entstanden sind, sind von zentraler Bedeutung fir das Verstandnis der

Evolutionsgeschichte der Eukaryonten und sind eng mit der Eukaryogenese verbunden.

Obwohl in Prokaryonten weit entfernte Homologe fir zwei wichtige Komponenten des Zytoskeletts,
Aktin und Tubulin, identifiziert wurden, wurde kein eindeutiges Homolog fir Zwischenfilamente
gefunden. Intermediarfilamente sind entscheidende Komponenten des eukaryotischen Zytoskeletts
und gelten als eine der wichtigsten molekularen Innovationen, die sich in Eukaryoten entwickelt
haben. GrolRe evolutionare Entfernungen, schlechte Qualitdt der Sequenz und viele andere Hirden
machen die Ruckverfolgung der Evolution solcher Proteine zu einer schwierigen Aufgabe. Ein
mdoglicher Weg, solche Limitationen zu umgehen, ist die Untersuchung einzelliger Eukaryonten,
namlich der Protisten, von deren Zellbiologie erwartet wird, dass sie viele tUbersehene faserbildende,

intermediare filamentartige Proteine aufweisen.

Die filamentbildende mitochondriale Cit@ynthase, die in der Reihe von Arbeiten beschrieben
wurde und, war ein idealer Kandidat fir die Untersuchung der Entstehung von Intermediarfilament
Proteinen Uber eine bekannte evolutiondre Zeitspanne. Die Untersuchung solcher multifunktionalen
Proteine ist aus mehreren Griinden wichtig. Als Teil einer gut konservierten Proteinfamilie ist die
mitochondriale CitraBynthase (mCS) gut geeignet, um Ubergange uber bekannte und relativ kurze
evolutiondre Zeitspannen in einem phylogenetischen Baum zu untersuchen. Darlber hinaus kénnte
die mCsEvolution der Faserbildung bei Protisten das Produkt einer konvergenten Evolution sein, die
zu neuartigen HStrukturen gefuihrt haben und maoglicherweise die Mechanismen der Filamentbildung
in nichtmetazoischen Abstammungslinien aufklart. Eine weitere mdgliche Rolle der Faserbildung ist
mit der Regulierung des Stoffwechsels verbunden. Die zeitliche Untersuchung, in dem ein solches
Verhalten auftrat, wirde es uns daher ermdglichen, die evolutiondren Kréfte, die auf die Bildung von
Enzymfasern einwirken, und ihre mdgliche Rekrutierung fiir strukturelle Funktionen genau zu

bestimmen.

Hier haben wir die Eigenschaften der in vRaserbildung der rekombinanten mitochondrialen Gitrat
Synthase voiietrahyemnahermophilacharakterisiert. Wir liefern orthogonale Beweise dafiir, dass es
sich bei diesem Verhalten um ein pufferbedingtes Artefakt handelt, das durch eine spezifische
chemische Einheit verursacht wird, die im nativen biologischen Kontext hdéchstwahrscheinlich nicht
vorhanden ist. Au3erdem zeigen wir, dass die pufferinduzierte Aggregation ein gemeinsames Merkmal

der eukaryotischen mitochondrialen Cit&gnthase ist, dass bei bakteriellen Homologen fehlt.

Mit einem invivo-Ansatz untersuchten wir die Lokalisierung des Proteins mit Hilfe vor 8tce@FP

faserdefizienten, markierten Mutanten. Wir zeigen, dass das Protein mit Mitochond+iekatisiert

14



und wahrend des Hungerns keine eindeutigen Foci bildet, was auf das Fehlen einer
Stoffwechselregulierung durch Filamentierung hinweist. Dariiber hinaus haben wir die Lokalisierung
des Proteins wahrend der Konjugation beobachtet und das Fehlen jeglicher extramitochondrialen

Struktur festgestellt.

Schliel3lich zeigen wir, wie MiE8uzierte geordnete Fasern im letzten gemeinsamen Vorfahren der
Hymenostomatida entstanden sind, wéahrend andere Arten und angestammte Proteine amorphe
Aggregate bilden. Daraus schlieen wir, dass geordnete Fasern wahrscheinlich ein Produkt neutraler

Prozesse sind.
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1 Introduction

1.1Theeukaryoticcytoskeleton

The cytoskeleton, a complex network of protein filamentgsg&ential for the structural integrity,

intracellular organization, and various cellular processes in all known organisms. However, the
evolutionary trajectory that led to the remarkable increase in cytoskeletal complexity observed in
eukaryotes, compared to their prokaryotic counterparts, remains a subject of ongoing scientific

inquiry and debate

One of the defining features of eukaryotic cells is a complex cytoskeleton exerting and participating in
hundreds of different biological procesgédberts, 2002; CHAFFEY, 2003; Léwe and Amos, PH89)
cytoskeleton has evolved high complexityeukaryotic organismdyoth in terms of its structural
components and functional diversitywith several accessory proteins regulating dynamics,
interactions, and organization of structurablements Despite its complexity, the eukaryotic
cytoskeletal apparatus is mainly defined by three fundamental filamentous structures: actin filaments
(AF, also known as microfilamentsiicrotubules, and intermediate filaments ([Fkhmanova and

Steinmetz, 2015)

Recently Septinsa conserved family of Gbiding proteins that play crucial roles in various cellular
processeshave also started to receive more attentigBenoit et al., 2023)Phylogenetic analyses and
structural studies continue to shed light on the complex evolutionary pathways that have shaped the
septin family, revealing their crucial roles in various cellular processes across different or@aaisms

et al.,, 2007) For these reasonghey are often referred to as the fourth component of the

cytoskeletor{Mostowy and Cossart, 2012)

Eukaryoticactin, microtubules and intermediate filamentsave evolved to perform a wide array of
additional functions, including vesidtafficking, muscle contraction, cell motility, and the formation

of the mitotic spindle (CHAFFEY, 2003)Prokaryotes' cytoskeleton is markedly simpler than
eukaryotes' intricate and abundant regulatory componesi&hih YtLing and Rothfield Lawrence,
2006) Prokaryotes possess distant homologs of actin and microtubules, known as MreB and FtsZ,
respectively. These homologs primarily function in cell division, shape determination, and cell wall
synthesigJones et al., 2001yorking in a much less sophisticated fashion than what is observed for

higher organisms

Severahypothesedor the markedly increased complexity observed in the cytoskeleton of eukaryotic

organisms have been proposeslich as the gradual evolution of simpler prokaryotic componitets,
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early rising of complexity before the last eukaryotic common ancestornptugthondrial expansion,

and complexity increase via gene duplication and diverg@russeberg et al., 2020; Wickstead and
Gull, 2011)Still, theprecise mechanisms and selective pressures leading to the transition from the
simpler prokaryotic cytoskeleton to the highly intricate eukaryotic system rezhesive. This gap in

our understandingpresents a significant challenge in evolutionary and cell biology. In the present, we
aim to study the emergence of eukaryotic cytoskeletal components by investigating the evolution of a

reported filamentforming enzyme in the ciliates.
1.1.1Actin and microtubulestrsictural differences betweeprokaryotic homologs

Structurally eukaryotic AF isolymers of globular modules-@&tin) that polymerize to form double

stranded helical structure of circa-9 nm in diameter(Factin(Cooper, 2019; Pollard, 2016)
Polymerization into microfilamentecursvia an intermediate step called nucleation. Nucleation is the
rate-limiting step in filament formatianit involvesthe formation of stable actin nuclei (typically

dimers and trimers) that can be elongated via the addition of actin mon{@utnitz et al., 2010)

Nucleating proteins such as the Arp2/3 complex and formins facilitatdeation processes
(Jaswandkar et al., 2022)ne of the most relevarfeatures of microfilaments is their polarity: they

possess a fagjrowing barbed end (;#vhich shows a preference for binding Aildeind G actinand a
slowergrowingpointed end {) (Fig.1A) (Stoddard et al., 2017 hestructural basi®f this polarity

resides in the heatb-tail arrangements of actin subunitdt allows a fast turnover by the

LRt @YSNAT FGA2Y YR RSLIR2tEYSNAT I (A2 ybaherstructardd N2 T A £ |
state of actin filaments is not constant over timen@wlyformed filaments (ATP bound) are dynamic

and flexible, older filaments (ADP bound) are more stadiprone to disassembhATPhydrolysis
inducedchanges are crucial foegulatingactin dynamics and the interactions with binding partners.

ATP hydrolysis in Af€cursin two steps: ATP cleavage, which produces-RRiDRhich stabilizes the

filaments, and the subsequent release of Phosphate (Pi), which destah#izgsucture. This delay

results effectively in a gradient of ATP, AP | YR ! 5t Ff 2y 3 (Ka§etaA {H2NSy (1 =
regions of the filameniOosterheert et al., 2022; Pollard, 2016)

Structural polarity iglso observed in microtubules, composed of heterodimers of dihdin and
betatubulin arrangedeadto-tail to form protofilamentsl13paraller protofilaments further assemble
into hollow cylindrical structures about 25nmdiameter (Cooper, 2019; Nogales and Zhang, 2016)
(Fig.1 B). Much like AF alsa@uring microtubule assembly, a nucleation step is needed; such function
Aa OF NN S Rubufinddfig camblex{ivihish servas a template for nucleatiofGoodson and
Jonasson, 2018Duringelongation, GT® 2 dzy Rtubbilir heterodimers addo the fastgrowing
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plus. Duringoolymerization, GTP is hydrolyzed, and Pi is releabdd the resulting GDP remains

bound to tubulin, stabilizing the filament and reducing its flexil§filyshin et al., 2014)

Much like microfilaments, microtubudessembly is a dynamic procesét can undergo multiple cycles
of assembly and disassemtBeriods of growth andapid shrinkage (catastrophe) are driven by GTP

hydrolysis in B tubulin after incorporati@cintosh et al., 2018; Mitchison and Kirschner, 1984)

A B
Microtubule elongation Microtubule shrinking
G-actin
© 'y ® ® e
. . ", A
ATP activation %)
° (-)end (+) end

O aTubulin @0 GTP bound dimer
© B Tubulin O@ GDP bound dimer

nucleation

7 nm .
’ N terminus C terminus
s — ° M T OMAA Monomer

® o
® @ o
( ‘ Tetramer
Filament assembly

stable ATP-actin oligomers

F-actin [-

Intermediate filament

Pi
o
] .
° @ ADP-actin

(-) end 000 Disassembly
—>

Fig 1: structure and assembly of major eukaryotic cytoskeletal componAnt&TRPdependent polymerization of actin
monomers into microfilament8Y h ki (GdzodzZ Ay RAYSNE I NNJ} y3ISYSy & schematie A ONR (i dzod

assembly of eukaryotic intermediate filaments

Among homologs of actin filaments identified pnokaryotes, the most similar, studiednd
widespread is represented by MreB proteins. MigBrucialin maintaining cell shape, polarity, cell
wall synthesisand membrane organizatiofFig. 2B) (Lowe and Amos, 2009nlike actin MreB
monomers polymerize into single protofilaments, which then associate to form antiparallel-double
stranded filaments(Van Den Ent et al., 2014Although ATP or GTP facilitates protofilament
formation, they are not essential for polymerization but are thought to be important for filament
dynamics, stabilityand membrane interactiongMao et al., 2023) The antiparallel, nehelical
arrangement of MreB protofilaments is perhaps the most obvious differeitberespect to actin.

Such an arrangement means that MreB filaments lack polaritytizgre by directional growth.

Regarding prokaryotic homologs for microtubules, structural and functional similarities are found in

the protein FtsZ, considered the closest homolog to eukaryotic microtufNibemles et al., 1998)
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Much like microtubules in eukarya, FtsZ plays a central role in bacterial cell dRrigpi2a) It forms
the Zring complex, the future site of the septum, guiding division machineryeasaring proper

cytokinesigErickson et al., 2010)

RsZ and tubulin share a similar GTPase domain and ¥diich iscrucial for theirpolymerization
functions.Like tubulin, GTP binding and hydrolysis are essential for assembling and disass¢sabling
polymers. FtsZ assembly also requires a nucleation step, @Widigound monomers assemble into
short oligomergWagstaff and Léwe, 2018table nuclei are elongated thye headto-tail addition of

more FtsASTPbound monomers primarily in one direction, therefore exhibiting poladygrolysis of

GTP in growing protofilaments is not essential for polymerization but affects the stability and
dynamics of the filamentspecifically promoting disassembly at the minus end of the filament
(Monteiro et al., 2018)The protofilamentgepresent the basic building blocks of their€y. Their
dynamic nature and polarity ensure that theirzy can adapt to changes in the cellular environment to

ensure accurate division.

Despite the many similarities shared between FtsZ and tubulin, significant differences exist between
the two domains The most apparent difference resides in the overall structure: FtsZ monomers form
singlestranded filaments and are considerafityallerandsimplerthan the hollow cylinder formed by

h k-tubulin protofilaments. Like tubulin, FtsZ assembles in a-teetall manner. Howevethe kinetic

polarity isthe opposite of what has been observed for microtubifleésve and Amos, 2017; Ortiz et

al., 2016)
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Fig 2. Assembly and function of primary cytoskeletal homologs in backeriésZ dynamically interacts with membranes
during cell division and-ihg formation.B: MreB function is crucial for shape determination, membrane synthesis, and

organization. Adapted froifiu and Lowe, 2021)

1.1.2Actin and microtubules: functional differences between prokaryotic homologs

Functionally, eukaryotic cytoskeletal filaments interact with molecular maiots present in
prokaryotes,such asmyosins, kinesins, and dyneifi®ollard and Cooper, 2009nabling processes

like intracellular transport and muscle contraction. Additionally, eukaryotic actin filaments can
undergo branching, mediated by the Arp2/3 complex, and severing, facilitated by proteins like cofilin
(Chung et al., 2022Microtubules can be severed by proteins such as kathgim et al., 2021)

These dynamic processes are not observed in prokaryotic cytoskeletal systems. Furthermore,
eukaryotic cytoskeletons are regulated by a plethora of proteins, including nucleating factors like the
11 dz6 dzf Ay NRIRGEC) foramictaliuliEs, stabilizing proteins such as microtabsteiated
proteins (MAPs) and destabilizing proteins like stathipasai and Mitchison, 1997)his extensive

regulation allows for precise control over filament dynamics and organization

Homologs to bacterial major cytoskeletal components play similar functions in Archaea, albeit with

important exceptions reflecting the differences between archaeal and bacteria cell architefdtture

and Lowe, 2021FtsZ homologs in archaaee functionally similar to bacterial one#though multiple

paralogs in archaea suggest novel acquitedttions(Ithurbide et al., 2022; Margolin, 200%)ireB

homologs responsible for cell shape maintenance are lacking in Archaea, given the different cell wall
20



composition (i.e. Slayer in bacteriaPende et al., 2021)The archeaspecific CetZ exerts this
role(Brown and Duggin, 2023)hile MreB bondine homologs can be found in some Methanogens (,

it has been recently found that several archaeal lineages, including Asgard archaea and
Crenoarchaeota, possess multiple actin homologs more similar to eukafititrma et al., 2011)
Further observation of theryo-electron tomography o€andidatus Lokiarcheuevealed an extensive

branched cytoskeletal network resemblingukaryoticone (Rodrigueliveira et al., 2023)

In summary despite being homologous to prokaryotic more and FtsZ, microtubules and
microfilaments in eukaryotic lineages show significant differences in structures, resulting in a more
sophisticated cytoskeletal apparatus that mirrthre additional and more complex cellular functions

exerted by eukaryotes

1.1.3Evolution of actin and tubulin

The evolution of the eukaryotic cytoskeleton is clos#lyrtwined with the emergence of the Last
Eukaryotic Common Ancestor (LECkely, 2014; Margulis et al., 200BECA is believed to have
possessed a sophisticated cytoskeletal system, incorporating many of the features observed in
modern eukaryotegWickstead and Gull, 201I)hese features include interactions with molecular
motors, enabling complex intracellular transport and cellular movements; endocytosis and exocytosis,
critical for nutrient acquisition and cellular communicatiahsent in prokaryotes due to their lack of
compartmentalizationvesicle trafficking, essential for the transport of proteins and lipids between
organelles and the plasma membrane; mitotic spindle formation, allowing for accurate chromosome
segregation during cell division; and cilia and flagella, providing motility and sensory functions, driven

by the coordinated action of microtubules and dynein md@ttosmandou et al., 2013)

FtsZ is suggested to be an extremely ancient proidiis observation stems from the observation that
amino acids that were the last to be added to the genetic code are rare in FtsZ sequences; this,
combined with the fact that FtsZ is retained in almost all bacterial species, indicates that FtsZ was

likely fundamental focell divisior(Davis, 2002; Erickson, 2007)

MreB is part of a superfamily thallso comprises chaperones and sugar kinases. The essentiality of the
metabolic enzymes found in this family, with respect to the relatively less critical function of cell shape
maintenance performed by MreB, suggests that the latter originated from an ancestral sugar kinase

that evolved the abilityo filamentize(Erickson, 2007; Ku et al., 2014)

A puzzling conundrummergesvhen consideringhe sequence conservation of FtsZ and mreB across

domains While bacterial proteins havelatively little identity across different lineages -8@% for
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both FtsZ andnore), eukaryotic homologs show much higher conservation between very divergent
species (e.gactin from yeast and rabbit have 88% idenj{Busiek and Margolin, 2015; Ng et al.,
2019)

Reasons for the extreme divergence of MreB and FtsZ from their eukaryotic counterparts are
hypothesized to originate from redundant copies, likely the product of gene duplications, of such
genes in early eukaryotel this scenarioone or more copies of the gene lost their original function
and acquireda new one. The gain of novel functions by duplicated copies of FtddraBdwould
havedriventhe diversification of actin and tubulRegardingheir prokaryotic ancestor@ekely, 2014;
Wickstead and Gull, 2011puchnewly acquired functions and interaction partners (such as the
association with molecular motors) would haweposed anotherconstraint during eukaryotic
evolution,explaining the high conservation of these protdiasveen groupsAmong the mostritical
functions evolved bgukaryotes, the mechanisms for phagocytosis are paramount for understanding
the evolution of early eukaryBhagocytosis would have conferred the primitive eukaryotes the ability
to engulf food and preylikely leadingo endosymbiosis. Development pifiagocytotic mechanisms
would imply loss of rigidity in the cell walhd polymerizatioAdbased membrane protrusions and
contraction. All these features would require drastic changes in cytoskeletal dynamics and assembly,
and therefore, understating the evolution of the primordial eukaryotic cytoskeleton is of pivotal
importance for gaining insight inteukaryogenesigself (Shiratori et al., 2019; Yutin et al., 2009)
Despite thesubstantialsimilarity of archaeal cytoskeleton to eukaryotic actin filaments, which are
thought to be acquired duringukaryogenesjsthe extreme increase in cytoskeletal complexity

evolved in eukarya discussed before has not been observed in any archaea lineage.

In conclusion, the eukaryotic cytoskeleton represerggyaificantevolutionary advancement over its
prokaryotic counterparts, characterized by increased complexity, dynamic regulation, and a broader
range of functiongErickson, 2007)These innovations have enabled eukaryotic cells to achieve
greater structural and functional diversity, highliggtthe evolutionary leap from the simpler

prokaryotic systems to the highly dynamic and versatile eukaryotic cells.

1.1.4Intermediate filamerg: structure and functions
Intermediate filaments represent a third major cytoskeletal component found only in eukaryotic

organisms

Intermediate filaments are wtal component of the eukaryotic cell, providing structural support and
mechanical strength. They are composed of long strands of protein dimers that assemble into
tetramers, which then align eAd-end to form protofilaments(Fig.1 ). These protofilamentare

further associated with creatinpe mature intermediate filament, which typically has a diameter of
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about 10 nanometeréHerrmann and Aebi, 2018)he basic building block of intermediate filaments is
a coiledcoil dimer formed by two alpHaelical protein monomers. These dimers align in an
antiparallel and staggered fashion to form tetrameis filament's fundamental subunitsThe
tetramers then assemble into protofilaments, and multiple protofilaments bundle togethaeate

the final filament structure. This assembly progessiucesa highly flexible and resilient filament

capable of withstanding mechanical stré@derrmann and Aebi, 2014)

The primary function of intermediate filaments is to provide mechanical support and maintain the
structural integrity of cells. They achieve this by forming a network that extends throughout the
cytoplasm and connects to various cellular structures, including the plasma membrane, nucleus, and
other organelles. This network helps to distribute mechanical stress and prevent cell deformation
under tensioiiGoldman et al., 2012; Herrmann et al., 200®ermediate filaments also play a crucial

role in cell cohesion and tissue integrity. They anchor cells to each oth#reaextracellular matrix,
forming tight barrieressential for the function of epithelial tissues. For instance, keratin filaments in
the skin help epithelial cells resist mechanical stress and prevent blis{stiiget al., 2008)n
addition to their structural roles, intermediate filaments are involved in various cellular processes,

including intracellular transport, signal transduction, and the regulation of gene expression.

Intermediate filamentscomprisea diverse group of proteins, including keratins, vimentin, desmin,
neurofilaments, and lamin&owery et al., 2015Fach type of intermediate filament protein is specific

to certain cell types and tissues. For example, keratins are found in epithelial cells, vimentin in
fibroblasts and endothelial cells, desmin in muscle cells, neurofilaments in neurons, and lamins in the
nuclear envelope of all eukaryotic cél@ooper, 2019; Steinert, 1998jany of these structures are
known to interact andcrosstalk with other cytoskeletal components via physical interactions,
mechanical coupling, functional coordinatiamd regulation, demonstrating the essentiality of such

structures in the ce(lLi et al., 2019; Pradedhélut and Etienn®lanneville, 2024)

1.1.5Emergence and evolution of intermediate filaments

As previouslymentioned ectin, tubulin, and many accessory proteins required for cytoskeletal
function are known to be conserved among all the major eukaryotic groups, and the origin of many of
these proteins can be traced back to the root of ¢hukaryotictree of life (FritzLaylin et al., 2010;
Kusdian et al., 2013; Wickstead and Gull, 2011i¢ extreme conservation of actin and tubulin in
eukaryotescompared with prokaryotic homologs is not caused by an intrinsic lack of variability but
rather by the acquisition of elaborated assembly dynamics and interactions with motor and binding

proteins(Egelman, 2003; Jekely, 20145CA's predecessor likely possesssithgle ancestral form of
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actin and tubulin that brought gene duplications and diversificatiorgamd rise to multiple paralogs
beforeLECA emergg@a Cunha et al., 2022; Makarova, 2005; McGrath, 2022)

The situation becomes blurrier when considering the third major cytoskeletal component,
intermediate filaments (IF). Being part of a broad, diverse family, IF is poorly conserved and classified
in different families V1), mainly concerning tissue specificity and interaction part(iéessner and

Wiche, 1991; Herrmann and Aebi, 2Q1Bhis indicates that different specializations occurred during
LC S@2tdziAz2ys gAlGK 2yfeée (GKS 02YY2y LiS@Edddniie 27
al., 2012) Unlike microfilaments and microtubules, IF homologs are not clearly detectable in
prokaryotes with some exceptions like crescentin@aulobacter crescentusmees et al., 2003)

FilP in streptomyced-uchino et al., 2013AglZ oMyxococcus xanth(gang et al., 2004)nd coiled

coitrich LINR (1 SA ya HelicabaklelQ gyloriwaidher et al., 2009)However the sparse
phylogenetic distribution of such proteins clearly points toward an independent originliké IF
proteins in prokaryotesin contrast, ineukaryotes, IF plays more elaborate and crucial roles,

representing a major innovation in the context of the cytoskel@®waisner et al., 2018)

Identification of IF is not a trivial task for different reas@ng. knowledge of IF proteins mostly stems

from metazoans, identified mainly by their tertiary structure and other biochemical properties (e.g.,
detergent resistance(Peter and Stick, 2018F proteins have been unambiguously identified only in
metazoans (animals) and their closest relatives, such as choanoflagellates. Even within metazoans
different IF families exhibit patchy distribution across pfigiag and Carroll, 2001; Lin et al., 2010)
Rapid diversificationineagespecific innovations, and losses could account for such patchindgds

is also possible that different-like structures convergently evolved outside metazoan$ultil

similar functions.

Poor conservation at the amiraxid level, the repetitive nature of many IF protesrsd ther rapid
evolution render the search for IF outside metazdaallengingPersi et al., 2016)The nommodular
nature of IF madeoncerningtubulin and actin(i.e, there is no single separable IF module) would
account for more rapid evolution and divergence of IF protwirtee point where is not possible by
traditional bioinformatic and phylogenetic methods identify putative IF proteins without
experimental validation precise{iPreisner et al., 2018)his lack of conserved characters and long
evolutionary distances betweezukaryotes are major hurdles when tracihgwn the evolutionary

origin of IF.
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1.2The protist cytoskeleton

One possible route toircumvent these limitationgesoutsideof metazoan, specificallp more basal,
unicellular protistan lineagesThe term protist encompasses a broad range of organ{sngs
protozoa, algae, amoebas), and it is mainly defined by exclusion, i.e., not being Ophisthokonts,
Plantae, or prokaryote&rguably accounting fanosteukaryotic diversityProtists are a valuable tool

for studyingthe transition from simpler to more complex eukaryotic organi€@@on et al., 2009;
Larson, 2023)

Although being unicellular organisms, protists display a high level of cellular organization and a
complex cytoskeleton that is arguably as sophisticated (if not motkg asme inmetazoars, despite

the former comprisingmany cytoskeletal components required for multicellular organidvtany
filamentforming proteinshave been identified in protistikearticulinesin Euglenacageins in ciliates
giardinsin Giardia to name a fe(Feliziani et al., 2011; Kloetzel et al., 2021; Marrs and Bouck, 1992)
with properties similar to the ones found in metazoans, albeit little recognition has been given to such
proteins(Preisner et al., 2016Recently it has been found that most metazoan IF proteins, and by
extension our knowledge of them, are derived from ladike ancestorga major component of the
nuclear lamina in eukaryotic cg¢lEnd subsequently expanded through duplication and diversification
(Kollmar, 2015; Koreny and Field, 20T®)erefore given the complex and pronounced cytoskeletal
dynamics in many protis{Marshall, 2008) is sensible to think that this group, one billion years older
than metazoanand containing most of the eukaryotic diversity, already contains |IF pratging in
concert with actin and tubulin to fulfill the variety of articulatebcessesundergoing in these

organisms

Research in this field is hampered mainly bysitercityof high-quality assembled genomes available
(Sibbald and Archibald, 2017oor sequence conservation, and the presence of-efasiving
repetitive regions in IF proteins. The fact that very few IF homologs have been identified in protist
groups Yyielding a sparse phylogenetic distribugf€ig.3 A and Bpuld indicate that different proteins,

with respect to known metazoan IF sequences, convergently evolved in these lineages to acquire
cytoskeletal functiongPreisner et al., 2018)rom an evolutionary perspective, answering key
guestions such as which forces underpin the emergence of largasselhbling proteins and what
context could drive their recruitment with other interacting partners can provide insight into IF
evolution. Furthermore, investigating suphocesses in organisms considered more ancient than
metazoan, such as protis(Suzuki and Oba, 2015yhere most known IF proteins have not been
identified, could unveil how and which kindfitdments evolved in such lineagasd potentially shed

light on the history of early eukaryotes evolution.
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Fig.3: Intermediate filament proteins are sparsely distributed outside metazoan line&gésble showing the patchy
presence of known IF eukaryotic proteins identified outside metazoans via conventional bioinformatic methods. Such a
sparse distribution suggests extreme divergence avshort time of IF proteins or convergent evolution of unrelated
proteins in protistan lineageB: up-to-date consensus for the eukaryotic tree of life. Protistan lineages comprise most of the
diversity ineukaryotic and likely evolved-like proteins before themergence of metazoanédapted from(Burki et al.,

2020; Preisner et al., 2018)
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1.2.1SexuaReproductiorin Protists

Sexual reproduction involving meiosis and syngamy is thought to have evolved eakgryotes

The ubiquity ofsexualreproduction in Eukaryotes and the fact that ancient asexuality seems rare
point to an early origin of sex in eukaryote&pecificallyit is hypothesized that LECA already
possessed a primordial sexual cycle involving endoreplication, chromosomal loss, and meiosis;
however, different mechanisms of sex determination and sexual cyclesaresé ECAMancebo
Quintana and Mancebo Quintana, 2012; Niklas et al., 2014; Ramesh et al., 2005)

Sexual reproduction is widespread amangtist lineages, where switching froasexual to sexual
modes of reproduction is often observed. Sexeploduction, in this case, servas a source of
genetic variability and is crucial for adapting to changing environments, especially in parasitic species

(Jokela et al., 2003; Weedall and Hall, 2015)

Conjugation, a distinct form of sexual reproduction exhibited by ciliates, has garnered significant
attention and extensive study among researchers investigating sexual phenomena in protist lineages.
Although numerous ciliate species have been observed to forgo conjugation, the genus Tetrahymena
has emerged as the preeminent model organism for investigating this intricate p(Codsset al.,

1997; Wolfe, 1973)

Ciliates, such as Tetrahymena and Paramecjpmssesstwo distinct types of nuclei (nuclear
dimorphism): the micronucleus (MIC), whiepresentghe diploidgenome and remains silent during
vegetative growth, and the macronucleus (MAQ)ighly polyploid, it derives from the MIC and is
responsible for the somatic expression during vegetative grai#itz, 2001) During sexual

reproduction, only the gametic products of MICs patrticipate in fertilization.

The genus Tetrahymena, particularly the specdiesrahymena thermophilaand Tetrahymena
pyriformis has proven to be an invaluable model system for elucidating the intricate mechanisms
underlying conjugation. These organisms have been extensively studied due to their amenability to
laboratory cultivation, weltharacterized life cycles, and the relative ease of inducing and observing

conjugation(Ruehle et al., 2016)

Tetrahyemnahas a complex life cycle involving both sexual and asexual modes of reproduction.
Several factors can promote conjugationT gtrahyemnaincluding starvation, soluble -stimulating

factors famames), cehlto-cell collisions, and the presence of different matipges (Miao et al.,

20090 LYy GSNY OGA2y 0S06SSy YIiday3a GeLlSa AyRdz0Sa
transformatioE ¢ Sa &Sy GAlf F2NJ LI AN F2N¥YI GA2y-Ehapdd2tt 26S
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conjugation junction between the two cells where the two plasma membranes are brought in
proximity of each otherPores inside the junctiowill form at themembrane fusion sitescreating

cytoplasmatic bridges between the conjugating pAdolfe et al., 1986; Wolfe and Grimes, 1979)

Meiosis

Pairing

MIC Reciprocal fertilization
MAC

Karyogamy

Exconjugant separation

Mitoses (2 rounds)
%n

Fig. 4 Sexual reproduction ifetrahymena A: MIC meiotic divisions start after pairinB. pronuclei formation is
accompanied by degeneration of three meiotic produ@sgametes are exchanged between conjugants through the
conjugation junction. D: gametes undergo synkarion formd&idwo rounds of mitosis will produce four nuclear anlages.
The new MAC begins to differentiate as the old one is degr@la@dating pairs separate, and new MACs are distributed to

daughter cells while the new MIC replicates during cell division.

After mating pair formationVIC undergoemeiosis generating four haploigroducts Fig 4 A). One
MIC is randomly selected for another round of mitotic division (gametogenic mifolbtsyed bya
nuclear exchange between the two cgll8g 4 B and IC Next, gametic nuclei undergynkarion
formation, fusing to produce the equivalent of a fertilized zygote in metg&@agogamiin each cell,
followed by two rounds of postygotic divisions producing fonuclear ardges(Fig 4 D and [E Two
of themwill differentiate into progeny MACs, while the other two will become progeny MIC. Old MACs
remain silent during conjugation and, at this stage, are degraded by autofthgagyP. One of the
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two progeny MICs is resorbed, and the other will replicate upon cell division. Finally, exconjugant cells
separate, and the progeny MACs are distributed among daughter cells during the firs(Figsia®).
Therefore, four daughter cells are generated from a single matingA@matsu et al., 2017; Davis et

al., 1992; Morgens et al., 2013)

Conjugation is an elaborate process involving deegangementsn the cells, such as reorganization

of the cortical cytoskeleton, fragmentation of the Golgi apparatus, and changes in protein expression.
Given the complex cytoskeletal dynamics and rearrangemeititsges undergo during conjugation
(Kushida et al., 2015; Wolfe, 1988)is tempting to hypothesize that IF orlike structures act in

concert with actin and tubulin to accomplish the transfer of pronuclei.
1.2.2Casestudy: Tetrahymena thermophilednm filament protein

Among the filamentous, dike components discovered in protists, one particular set of studies on

ciliate Tetrahymena thermophilghylum Ciliophora, ordétymenostomatidpprompted this work.

The initial motivation promptinlumata et al.'s (1980997) studiesvas to isolate and characterize
fibrous proteins forming the contractile ring in dividirggfrahymenaells. A new proteiwas purified,
different from nommuscle actin, myosin, tubulin, and other cytoskeletal components known at the
time. Basedon its SDS electrophoretic profile, its mass was estimated to be around 38kDa, and
therefore, it was named filamerrming protein 38 (FFP38). Initial in vivo observation using
antiserum specific for FFP38 revealed that such protein mlaicdyizesin the oral apparatus and
along the division furrows dfetrahymenecells(O. Numata et al., 1980;. Qumata et al., 1980a,
1980b) The same group investigated thevitro conditions for polymerization of the novel FFP38,
describing 14m filaments whose formation depends tamperature,pH, and the presence of ATP

and Calciun{O. Numata et al., 1980cA few monthslater, a new study from the same group-re
examined FFP38 assembly and disassembly condiBgiisrating assembly and disassembly cycles,
they demonstratedhat the component of the previously described 14nm filaments was just a single
protein of 49Kda andherefore, referred taas49K protein(Fig.5 B) (Numata and Watanabe, 1982)
Immunofluorescence usingntibodies raised against 49K showed the protein localized mainly in
mitochondria and in th@roximity of the oral apparatus. Fluorescencehia proximity of the oral
apparatus disappeared in dividing cells, thus indicating a potential role of 49K protein in the
morphogenesis of a new apparatus after cell divifMumata et al., 1983Next, the localization of

such protein was observed during conjugatishere it has been observed to form cytoplasmatic
structures participating in th@ronuclear exchangéFig.5 A). Specificallyjt was found that 49K

protein network structures are formed at the paseiotic stage and etmcalize with tubulin during
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the third prezygotic division, pronuclear transtamd zygote formatioNumata et al., 1985; Takagi et
al., 1991)

Subsequent studies revealed important information about the 49K protein. These studies revealed
that this protein is anitochondrialcitrate synthas€Kojima et al., 1995; Numata et al., 1998ich
protein is the product obne gene (CIT1) and one single transcript, albeit three different isoforms
were described based on their isoelectric points (pl 7.@n& 8.4). Among these isoforms, only two

(pl 7.7 and 8) were found to be enzymatically actR@ymorphism of the observed isoformsas
suggested to be due to pestnslationalmodifications (PTM), specifically phosphorylation. Since the
partially-dephosphorylated isoform (pl 8.4) is reported to assemble into filaments and enzymatically
inactive, it is hypothesized that tiplnosphorresiduesregulate the transition between the two forms
(Kojima et al., 1997; Takeda et al., 1995)

Further observation led by the same research group identified, during growth phase decline, -electron
dense rodshaped structures composed of bundles ofitBam straight filaments inside mitochondria
sections. These inclusions were confirmed to be composed mainly gNu@&ta et al.,, 1995Many
metabolic enzymes have been found to be regulated in their activity via polymerization and
depolymerizationand we speculate thatetrahymenanCScould also be regulated similgifjunkeler

et al., 2018)owever, it remains elusive whether such inclusions truly represent a storage form of this

enzyme or are a mere product of aging

Furthermore, when recombinantly expressedtinolj therefore, in the absence efukaryotic PTMs
TetrahymenamCS can still form short fibefBig. 50), potentially representing the early nucleation
steps necessary for filament formation. This indicates that the ability tasselmble is hardwired in

the sequence itself and does not fudlgpend on external factoréTakeda et al., 1997)

Being part of a very conserved family, mCS shows relatively little variability across the whole
eukaryotic tree and has a high identity with respect to some bacterial lineages. If this protein has truly
evolved to become an intermediate filament, it would, therefore, represent an ideal case study for

how such filaments can occur.
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Fig 4: Filamentforming 49 kDa protein participates in conjugation in Tetrahymena thermophila A: Double

immunofluorescence showing localization of tubulin?, 3, and ¥ nuclei §, 6, 7, and Band the 49%Da protein g, 10, 11,
and 13 during conjugation at 5B (1, 5, 9, 6.25h 2, 6, 10, 6.5h (3,7, 11)and 7.0h 4, 8, 12. B: purified protein fraction
obtained fromassembly/disassembly/reassembly iterati@recombinant 49kDa proteins expressediooliassemblénto
short fibers Adapted fromNumata and Watanabe, 1982; Takagi et al., 1991; Takeda et al., 1997)

1.2.3Multifunctional proteins:ifamentforming enzymes

Many fiberforming enzymes have been observed and described before, with fiber fornbaiion
pinpointed to stocking and or regulation of protein actiyi®ark C.K., Horton, N.C.,2019, Stoddard,
P.R, et al.,, 2020). It tempting to speculate thatT.thermophilamCS havealso evolved such a
mechanism of metabolic regulation when stressful conditions areangisubsequently evolved the
capability of generating filaments involved in aoatabolic processes such as conjugatiorhis
peculiar scenario in which a metabolic protein gets recruited for a completely diffenetibn over a
relatively short evolutionary interval could represent a remarkable toah¥estigating IF proteins in
protists and possibly shedding light on which evolutionary foacesacting in promotingprotein
filament formation As previously stated, lack of phylogenetic resolution and paucity of clear homologs
are important hurdles affecting IF phylogenetic reconstructions outside metazoan. lirhi#agons
are overcome in the reported case, given the fact that Tetrahymena's flldnmantforming protein
shows clear homology with other citrate synthase enzymestheigfore, possible to build a strongly
supported and accurate phylogeny for this enzyme ndse ancestral sequence reconstruction
(ASR) to identify the evolutionary interval alarigch mCS fibers evolved.
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1.3Phylogenetic inference and ancestral sequence reconstruction

Ancestral sequence reconstruction (ASR) is a powerful phylogenetic technique used to statistically
infer the sequence of ancestral proteins from an array of extant (i.e., prdaghthomologous
sequences. The inferred ancestral sequences can be treated as hypotheses about the molecular
evolutionary processes undergoing in the history of the gene sfiithetiberg and Thornton, 2017)

Sucht y F LIINRFOK |fft2g¢ga dza (2 &euldSIOIN @e tantextidlBs LI | &

molecular evolution and paleogenetics

The basic methodology for ASR involemsstructinga phylogenetic tree from a multiple sequence

alignment (MSA) of homologous proteins.

ASR was first proposed in 1963 by Linus Pauling and Emile Zuck@rkuliig et al., 1963 a way

G2 GaNBO2yadNHzOGe FyOSaidNlt LINRPGSAya FNRY aSldsSy
effort, data availability (sequences), and the impossibility of synthetically constructing ancient
sequences were major limiting factors in the application of ASR. Another cornerstone in ASR history is
represented by the seminal work of W.M. Fi(gfitch, 1971) who introduces an algorithm using

maximum parsimony (aimed at minimizing the numbect@ngesneeded to explain the observed

data when constructing a phylogenetic tree)for inferring ancestral sequdimgaton, 2004)
Computational implementation of Fitch's algorithm was made available in the following years, albeit
around the same time criticism with respect to parsimbaged methods, like the impossibility of
accounting for heterogeneousubstitutionrate or the overestimation of commen-rare changes,

for ASR started to arig€ollins et al., 1994; Felsenstein, 1978; Yang et al.,.1995)

In another pivotal work in the field, J. Felsenstein introduces the concept of Maximum likelihood (ML)
methods for phylogenetic inferengg-elsenstein, 1981)The incorporation of more sophisticated

models of sequence evolution, accounting for multiple substitutions and heterogeneous mutation
rates, and a statistical framework for hypothesis testing render this method often more accurate and
powerful than parsimony and is now one of the widely used approaches for inferring phylogenies

(Sullivan and Joyce, 2005; Whelan et al., 2001)

In the early 2000s, technological limitations regarding sequence availability and compupetiesial

were overcome by improved phylogenetic algorithms, better sequencing data, and increased
computational power, rendering ABRisefultool for probing ancestral biochemical properties and

their transitions across evolutioModern ASR methods, whether based on ML or Bayesian inference,
require an evolutionary model describing the processes and mechanisms by which genetic sequences

evolve over time.
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Currently, the two mostised approaches for inferring phylogenies and ASR are based on Maximum
likelihood or Bayesian inferen€éang and Rannala, 201Zhe formeicalculates the likelihood of the

data givera model for evolution and a traepology The tree with the highest likelihood value is the
preferred one.On the other hand, the Bayesian approach combines the prior probability of a given
tree with the likelihood of the data (sequences) to generate a distribution of posterior probability on a
tree given the data. The tree with the highest posterior probability is ch@seelsenbeck and
Ronquist, 2001)

Choosing the optimal model is crucial for phylogenetic inference; different assumptions and the
complexity of different models can profoundly impact the final result. Common models used include
clock models for evolutionary changes over time, tree models for speciation and extinction processed,
and matrixes (e.g., JC69, GTR, LG) that describe nucleotide or amino acid sub$S8uitieas and
Joyce, 2005; Yang and Rannala, 200®)ile standard approaches use a single replacement rate
matrix to summarize the biochemical evolution of a protein MSA, it is known that different sites
undergo different substitution rates in proteins, depending on several factors like secondary and
tertiary structure, solvent exposition, function, and many othBiscrete character processing on a
phylogenetic tree relies on the use of Markov mo@@kng and Golding, 2016gcent advancements

have focused on improvingodel realism and computational efficiency, allowing for the analysis of
larger datasets and more complex evolutionary scenéfiasasov, 2023)t is clear, therefore, that a
single replacement matrix is not enough to capture the complexity of sequence ev@éng et al.,

2018)

A gamma distribution, whose shape parameter (alpha) determines the distribution and extent of rate
variation among sites, is often used to account for differentvateations among sites. A small alpha
indicates greater heterogeneity. Such a continuous distribution is often discretized in different rate
categories (typically-8 according to the chosen model), with every site assigned to one rate category
for computational efficienc{Mayrose et al., 2005 he empirical rates at which different amino acids
replace each other during evolution provided by the empirical matrix (in the case of proteins) are
modified by the gamma distribution, allowing each site to evolve at a different rate. The likelihood is
calculated using the substitution model for each site, and the process is repeated for each rate
category in the gamma distribution. The final likelihood for a site will be a weighted average of these

calculations, with the weight determined by the gamma distributf@ng, 2014)

The gamma distribution is often integrated into more complex models, such as the invariable sites
model (that allows some sites to remain invariable across evolution) or complex mixture models using

multiple substitution matrixe@inh et al., 2020)
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From a computed phylogenetic tree, the extant sequences and the substitution model ancestral
sequences (i.e., internal nodes on the tree) can be reconstructed using different methods. Among the
most used methods are ML, MP, or Bayesian inference, but other ones, such as hybrid (combining
both ML and Bayesian), distadeased, and joint reconstruction (which aims to find the most
probable combination of ancestral states for all nodes simultaneously), can be used. In this study, the

marginal ML reconstruction is us@®landall et al., 2016)

The probability of each possible ancestral state at each internal node is calculated for each site in the
sequences using ML, given the observed data and the evolutionary model. Each site in the extant MSA
contributes to the likelihood calculation for the corresponding site at the ancestral node. The
likelihood is summed for each site over all possible ancestral states, weighted by the total branch
length connecting a given ancestral node to extant sequences. The process is iterated over every
residue in the alignment, and the most probable ancestral site is chosen at egdostetpal., 2016)

This process is carried out under the assumption that each site (nucleotide or amino acid) in a
sequence evolves independently of the other sites. This assumption, despite common, is known to be
biologically unrealistic in several cage® and Goldman, 1998)n reality, due to structural and
functional constraints, sites often evolve in a correlated mafBehdenna et al., 2016Alternative
approaches can be used to overcome this limitation, such as the incorporation of generalized hidden
Markov models with more complex, conteldpendent evolutionary models, such asesolutionary

models that take into account global patterns of cooperative interactions between sequence elements

(Siepel and Haussler, 2004; Stupp et al., 2021)

This process makes it clear that the ASR outcome is highly influenced by the topology (i.e., the tree)
and the rate variation among sites (represented by branch lengths). The robustness of the
reconstruction decreases the longer the branches and the farther the ancestral node is from extant

sequencegHansorSmith et al., 2010)

Under a ML approach, like the one used in this study, ancestral states are calculated as the most likely
residue for each site. This allows us to evaluate the confidence oédbastructed sequences at

every site.

Several caveats and limitations must be considered when performing ASR and experimentally
characterizing ancestral sequencélhe accuracy of these methods strongly depends on the
alignment, the number and choice of extant sequences, their divergence time, and the choice of
scoring matrices and evolutionary models. For example, biases in extant sequence sampling, like
overrepresentation of certain lineages and incomplete sampling, can highly influence the accuracy of

the reconstructior(Joy et al., 2016)
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Substitution saturation can become a considerable issue for phylogenetic inference and, therefore,
ASR over long evolutionary distances. Rapidly evolving genes or very ancient (over a billion years)
divergence events can lead to multiple substitutions, resulting in an inaccurate estimation of
phylogenetic relationships, even when strongly suppofteldilippe et al., 2011)Appropriate and

careful sampling, filtering of saturated loci, and choice of the most appropriate evolutionary model
can mitigate the effect of such a phenomen@ornburg et al.,, 2017)Another challenge is
represented by the experimental validation of resurrected sequences. Expression and folding of
ancient sequences might not be feasible in modern cellular environments, making the experimental

investigation of resurrected proteins challengi@gmulya and Gillam, 2017)

1.4 Principles oStructuredlllumination Microscopy

Structured lllumination Microscopy (SIM) allows to achieve higher spatial resolution imaging beyond

the diffraction limit of conventional light microscopy.

The operating principles at the base of SIM consist of projecting a patterned illumination onto the
sample. The patterned (typically sinusoidal stripes of known spacing and orientation) excitation light
will then interact with fine structural details or features of the sample that are smaller than the
diffraction limits of conventional microscopy (e.g. subcellular structures like microtubules). Such
interaction gives rise to th&loiré effect, a visual phenomenotihat occurs when two repetitive

patterns with similar frequencies or orientations overlap or intgffdeggo and Shao, 2015)

Moiré fringes resulting from interference between patterns (i.e., the patterned incident light and the
fine details of the sample, such as the unknown spatial distribution of a fluorescent dye) contain high

spatial information about the sample’s dtiffraction features that would be otherwise unresolvable

Conventional microscopes are limited in their resolving power by the numerical aperture
(NA,maximum spatial frequency or angle that can be transmitted or collected by the optical system
due to the diffraction limit) and the wavelength of the incident light. Such a relationship is known as

Abbe’s diffraction limifAbbe, 1873; Huang et al., 2010)
Q _Tcki Q¢ —
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In Fourier space, spatial frequencies are represented radially from a central point, with higher
frequency points farther away from the center and the diameter representingnthgimum
observable spatial frequenci€Big 6 A). This representatigncalled the Optical Transfer function
(OTF), is equivalent to the point spread function (PSF) in the spatial domain and describes how
different frequency components are modulated upon passage thrdahghoptical systeifHecht,

2001). Due to the diffraction limits imposed by NA, any spatial frequency outside the circular aperture
in Fourier space is loghlue dots in Figs A). The 2D sinusoidal striped illumination pattern used in
SIM corresponds, in theourier space representation, to three frequency pofhtg 6 B): the central
frequency point (DC spot) represents the average intensity of the original image, the distance of the
other two points from DC encodes information about the frequency, the amplitude is represented by
brightnesgVangindertael et al., 2018)

Moiré fringes generated in the Fourier space would appear as distinct spots (or peaks) at higher
frequencies than the normal diffraction limit (i.e., outside the Fourier space's radial)c&itee the
original illumination pattern is known, it is possible to mathematically recover the original sample
frequencies from the lowerequency Moiré pattern of the frequency space around the three
components of the sinusoidal pattern. This procedure would correspond to extending the original
aperture along the direction imposed by the illumination pattern. By applying an illumination pattern
with a frequency close to the cutoff frequency of the microscope objective, it is possible to effectively
double the amount of information (i.e., regions of the frequency space) captured by the system
(Roéhrich and Koenderink, 2021; Vangindertael et al., Z8i8forresponds, in the Fourier space, to

an extension of the original aperture along the direction of the illuminating pattern (Fig. 6¢). To obtain
isotropic resolution enhancement, the illuminating pattern is rotated and pslsified (Fig. 6 D) to
produce nine images for 2D SIM (three phases and three rotations) and fifteen images for 3D SIM

(where resolution along theaxis is also improveds used in this study.

Using a 2D (or 3D for 3D SIM) Fast Fourier Transform (FFT), each raw image is Fourier transformed
from the spatial domain into the frequency domain, thereby converting spatial information into
frequency componentsHigher frequency Moiré fringes are computationally separated from the
conventional widdield image component and reassigned to their proper position in the Fourier
space. The reassigned higierquency Moiré fringes from all raw images are then combined to
create a composite Fourier space containing information encoded by the fringes. Finally, an inverse
Fourier transform is applied to reconstruct the final sugasolved SIM imagéFang et al., 2023;

Vangindertael et al., 2018)
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Fig 5: Principles of structured illuminatioA: Normal microscope observable region of frequencies in the reciprocal space,
the radius kQepresentsthe resolution limitB: a simple sinusoidal pattern in the reciprocal sp@evhenthe illuminating
pattern is superimposed with the sample, additional information (gray aregh#ated into the observable regiob:

Different orientations and phases of the illuminating patterns are used to effe@synceresolution isotropically

In this study, we used a recent improvement of SIM termed Lattice SIM. While its operating principles
are identical to conventional SIM, Lattice SIM uses a spot illumination pattern instead of grid lines,
generating a 2D optical lattice. Such a feature minimizes redundant light exposure, resulting in faster
imaging speed, better sigr@l-noise ratio, lower photobleaching, and lower phototoxi¢tiieng et

al., 2022)

1.5Mass Photometry: theory and operating principles

Mass photometry is a novel analytical technique developed in the last decade by the groups of Kukura
and Benesch at the University of Oxford in the early 2010s. MP allows the measurement of the
molecular mass of biomolecules and their interactions in solution. The key principle behind this
technique iscalled interferometric scattering; namelljght scattered by a single biomolecule in
contact with a surface (i.e., a glass coverslip) interferes with light reflected off that surface, thus
creating an interference pattern. The magnitude of this signal linearly scales with the molecule’s mass

because the amount of scattered light is also proportional to the mass of the molecule. The size and
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shape of biomolecules, specifically proteins, are not a limiting factor for MP since they have very
similar refractive indexes and little variations in densities. As long as the protein dimensions are
smaller than the wavelength used, the resulting scattered light will be dependent only on the particle
mass. The final result would consist of a histogram where-thésyrepresents the number of events
recorded (i.e., protein landing on the surface), and thgix shows the mass detected for each event
(Fig. 7) This representation allows for easy visualization of different species present in a sample as

well as their relative abundance.
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Fig 6: Operating principle of Mass Photometry. Molecules in solution landing on the measurement surface produce

scattering lightwhose contrast linearly correlates with the molecular mass of the landed particle. The resulting histogram
shows peaks corresponding to different molecular species present in the sample, with the height of each peak indicating the

relative abundance of that species.

MP is a powerful method for the detection of protg@rotein interactions, oligomerization, and
binding events with remarkable accuracy and sensitivity in aff@leemanner across a wide mass
range (from 30 kDa to BIDa). Another advantage is that such measurements can be carried out at

very low concentrations, thus reflecting physiological protein concentration in vivo in many cases
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2 Scope of this study

Tetrahymenathermophila mitochondrial citrate synthase has been reported fwssessa dual
function, working as dimeric enzyme in Kreb's cycle and as a structilaaient in the cytoplasm
during conjugation. Thisxceptional case where an enzyme gets recruited for additional, seemingly
unrelated, structural functions represents a remarkable tool for investigating the evolutionary process
underpinning the emergence elukaryoticintermediate filamendike structuresoutside metazoans.

In an attempt to unravehe mechanisms underpinnirfdament formation and dynamics in vivo and

in vitro, we provide evidence supporting that fiber formatisndue to buffer interference used in
previous studiesWe identified the putative chemical moiety triggering polydispersity and fibre
formation in vitro. In vivg immunofluorescence experiments wildbelledmutant cells further show

that such protein does not form extracytoplasmic filaments during conjugationtraidclear

mitochondrial inclusions are absemtiring starvation. Lastly, we show tHESinduced complexes
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are a common feature in theukaryotic version of this protein but absent in bacterial homologs.
Furthermore, using ancestral sequence reconstruction, we show that inME8induced ordered
fibers emerged in the last common ancestor of Hypenostomatida, where amorphous aggregates are

formedin extant eukaryotesand ancestral nodes leading up to the Hypenostomatida .clade

3 Materialsand methods

3.1 Phylogeny and ASR
Sequences homologous to thietrahyemnahermophilaCIT1 gene were collected via Blastp search

over nr and Transcriptome Shotgun assembly proteins (tsa_nr) NCBI databases.

Sequences were aligned using muscle v3.8, and the resulting multiple sequence alignment (MSA) was
then visualized in AliviegLarsson, 2014where noisy or uninformative sites were trimmed. An ML
phylogenetic tree was then constructed using RaxML 8(&fdmatakis, 2014)nder the LG+G4
evolutionary mode(Le and Gascuel, 2008upporting values for the tree were calculated in PhyML
(3.0) (Guindon et al., 201@)sing the approximate likelihoadtio statistical test (alrt). The final tree

was then visualized using FigTree.

Using the computed phylogenetic tree together with the MSA, ancestral sequences were inferred
using the codeML package within PAML (\(#&)g, 2007)Parsimony inference in PAUP (4.0a) based
2y I O0AYIFNRB GSNBAZY 2F GKS a{! o6m I IYAy2 I OARZ

script to assign ancestral gaps on the resurrected sequences. The state assignment for each node in

41



the tree (amino acid or gap) was then applied to the inferred ancestral sequ&éheesomplete tree

is shown irFig S1

3.3 Protein expression and purification

Vectors containing the constructs of interest were transformed into chemically competent
Escherichia colBL21 (DES3) cells. Resultant colonies were used to inoculate expression
cultures in LB medium containing §/& lactose (Fisher Chemicahd grown overnight at 30

°C and 200.p.m.

Cells were pelleted via centrifugation (5000 g, 15 min, 4 °C), resuspended in buffenM (20

Tris, 300 mM NaCl, 20mM imidazole, fHat 4 ¢ And disrupted via a Microluidizer
(Microfluidics) in three cycles at 15000 psi. Cells debris was removed by centrifugation (30000

A3 on dhdiie supernatant was loaded on a prepacked ™A column (1ml Higap

HP, Cytiva) equilibrated with buffer A using a peristaltic pumpHEEW 06, Heidolph). The

column was then washed fao-columnvolumewith buffer A.Proteins bound to the column

were eluted using buffer B (20Ya ¢ NAYaaz Mdolyi/Rf npvnimidazole, pH y 0 ® C dzNJi K ¢
purification and buffer exchange were achieved byekotusion chromatography (SEC) using

an ENrich SEC 650 column {Baul) with PBS asunning buffer. Protein integrity and purity

were verified by SDIBAGE and MP.

3.4 Mass photometry

Coverslips (1.5 H, 24 x 50 mm, Carl Roth) and CultureWellTM Reusable Gaskets were cleaned
with three consecutive rinsing steps of ddH20 and 100% isopropanol and dried under a
stream of pressurized air. For measurements, gaskets were assembled on coverslips and
placed on the stage of a TwoMP mass photometer (MP, Refeyn Ltd, Oxford, UK) with
immersion oil. Gasket wells were filled with 10 pL of buffer to enable focusing of the glass
surface. After focusing, 10 gamples were added and rapidly mixed while keeping the focus
position stableand measurements were started. All measurements were made at a final
protein concentration of 25nM. MP contrast values were calibrated to molecular masses
using in house made protein as a standard. All MP images were processed and analyzed using

DiscoverMP (Refeyn Ltd, v. 2022 Rh).order to quantify the degree of polydispersiye
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extracted relative count values for every pdak fitting a Gaussian distribution to it in

DiscoverMP.

Buffers and molecules were tested am®/1 concentration in 5GnM K& The effect of non
buffer agents was measured usiignM of the candidate molecule in 58M KT MOPS or
TRIS, whose effect on higher complexes is negligible, were used as buffering agents for such

measurements.

3.5Negative staijclass averageand 3D model reconstruction

Carboncoated copper grids (400 mesh) were hydrophilized by glow discharging (PELCO easiGlow, Ted
Pella). A 5 pl volume of a 15 pug/ml protein suspension was applied onto the hydrophilized grids and
stained with 2% uranyl acetate after a short washing step with dodiddlled water. Samples were

analyzed with a JEOL JEMO transmission electron microscope using an acceleration voltage of 120

kV. A F214 FastScan CCD camera (TVIPS, Gauting) was used for image acquisition. For 2D class
averaging with cisTEMGrant et al., 2018500 particles (i.ehere, small regions of the fibers) were

picked manuallyand 2D classes were calculatebh cisTEM401 small sections of the fibres
comprising & subunits were picked manually and averaged. From the resulting 2D classes a subset
(287 picks) was selected and creaftenin which a volume was calculated. The volume was visualized

in ChimeraX.

3.6 Tetrahymena culture
Tetrahymena thermophilstrains used in this work are the wildtype CU428.1 (Ctrl), theSiigfiHis

and CITEGFP strains. Cells were grown overnight in SPP (2% protease peptone, 0.1% yeast extract,
0.2 % dextrose, 0.0036 ferricEDTA) supplemented with 250 ug/ml penicillin G and 250 ug/ml
streptomycin sulfate, to medium density-3%1C cells/ml). For biolistic transformation, growing cells

were subsequently starved in 10 mM Tris buffer, pH 7.4. Fed and starved cells were both kept at 30°C
with agitation at 60 rpm. Culture densities were measured using the Neubauer ch&uobprgant

cells were prepared by mixing GiSttepHis and CITHGFP with complementary mating type427.4

wild-type after starvation.

43



3.7 Endogenous tagging detrahymenaCIT1 with StrepHis and EGFP tags

StrepHisand EGFP tags were independently integrated at tte¥r@inus of the macronuclear open

reading frame (ORF) of CIT1 (TTHERM_00529790) via homologous recombination using linearized
pCITiStrepHisNeo4 and pCIFEGFMeo4 vectors, respectively. The vector pStreiNéisd was

created first by inserting 57bp of codoptimized StrepHis tag in the bamHI/Spel sites of the modified
pNeo4 plasmidSparvoli et al., 2018)ontaining the paromomycin (Neo4) drug resistance cassette
(Mochizuki, 2008, Gene), by Quick Ligation (New England BiolabSifisg¢quently, to generate the
pCIT1StrepHisNeo4 vector, the @ SNXYAY | f TodoLIE YR Tncoll 2F oQ !
pStrepHisNeo4 vector at the Notl/BamHI and Xhol/Kpnl sites, respectiVbly.pCIT-EGFMNeo4
construct was obtained by replacing the StrepHis tag in the {8di@dHisNeo4 plasmid with the

EGFP tag taken from the pmE@N&®4 vector(Briguglio et al., 2013yvia bamHI/Spel digestion of

both plasmids and subsequent Quick Ligation. pSifEpHisNeo4 and pCITEGFMNeo4 vectors

were linearized with Notl and Kpnl prior to biolistically transforfigigahymenaPrimers usedre

listed in Supplementary Table M®full map of the construct is depictedrig. S2

3.8 Tetrahymenaiolistic transformation

TetrahymenaCU428.1 was grown to midg phase and starved for-2&h in 10mM Tris, pH 7.4. The
biolistic transformation was performed with 2@ synthetic DNA as described previo€lgssidy

Hanley et al.,, 1997; Chilcoat et al.,, 199Ppsitive transformants were selected b after
bombardment by adding 12@ig/ml paromomycin sulfate and fig/ml CdGl to the cultures.
Transformants were serially transferred 6x/week in increasing concentrations of drug and decreasing
concentrations of Cd{up to 4mg/ml paromomycin and 0.3 pg/ml CgGbr at least 8&veeks before

further testing. Successful integration and replacement of all endogenous alleles at each genomic

locus was tested by HPICR.

3.9RTFPCR assessment of gene taggintetnahymena

Overnight cultures of mitbg phase cells from each knockout strain were pelleted, washed once with

10 mM Tris pH 7.4, and total RNA was isolated using NucleoSpin RNA Mini kit for RNA purification
(Machereyb  3Sf 0 F OO02NRAY3 (2 GKS YIydzZl Ol &SNDONDE Ay ¢
total RNA was performed using HiQhpacity cDNA Reverse Transcription Kit (Applied Biosystems).

The cDNA was PCR amplified with GoTag DNA Polymerase (Promega) to assay the presence of the
corresponding CIT1 transcripts (ZB00 bp) in the epitopeagged strains using primers listed below.
wSIFOlA2ya ¢A0K LiNaivS @BEUL)avels A ik bdbdalleFtd bonfirm that equal
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amounts of cDNA were amplified. At least three clones each for the knockout strains were tested.

Primers used are iBupportinglable M9and resulting gel profiles Fig.S3and FigS4.

3.10 Westerrtio detect CIT4StrepHis

Whole cell lysates were collected from 5%&6lls from overnight cultures, washed once with 10mM
Tris pH 7.4, resuspended in 2x lithium dodecyl sulfate (LDS) sample buffer contamMdad, and
denatured at 95C for 10 min. Proteins were resolved with the Novex NUPAGE Gel systénBi€lL0

Tris gels, Invitrogen) and transferred to 0.45um PVDF membranes (ImfiBbildillipore). Blots

were blocked with 86 dried milk in 1x TNT (15 mM Tris, 140 mM NaCldU®%een 20, pH 8). The
mouse antiHis was diluted 1:3000 in a blocking solution. Proteins were visualized withoaiste
alkaline phosphatase (A&9njugated (Promega) diluted 1:7500 and with BCIP/NBT Color
development substrate (Promega). At least three clones each for the knockout strains were tested

Resulting gel is shown fing. S5.

3.11 Epifluorescencenicroscopy

For epifluorescence microscqpyetrahymenaells were washed once with b Tris pH 7.4 and

fixed with 4% paraformaldehyde (PFA) in 5M HEPES pH 7.4 at room temperature. Cells were
permeabilized with 0.%6 Triton XL00, and blocking was performed with 1% bovine serum albumin
(BSA) in TBS (25 mM Tris, 3 mM KCI, 140 mM NacCl, pH 7.4); CIT1 proteins were visualized with Strep
TactinXT conjugate BM8 (IBA Lifesciences) diluted in TBS 1:250. As mentioned €AMHEGFP
expressing cells were fixed, but immunolabeling did not enhance the visualization of the fusion
proteins Nucleic acids were stained on fixed cells with DAPI. Cells were mounted in 30% glycerol/TBS
and imaged on a Zeiss inverted microscope (Axion observer.Z1/ 7)equipped with an Axiocam 712
camera and using a Pkpochromat 100x objective, NA=1.4 Oil DIC M27. DAPI was exited using an
Argon laseat 353 nm, and emission was collected from 430 and 470 nm;tsitép conjugate DY

488 was excited at 488nm, and emission was collected from 506 to 548 nm. Brightfield images were

collected using a TL LED lamp ¥d3ntensity) as a light sourcéstacks were denoised, adjusted in
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brightness and contrast, and colored with the program ZEN blue 3.6. At least two clones each for the

knockout strains were tested.

3.12 Structured lllumination Microscopy

For Structured lllumination Microscopy, the mitochonescific stain MitoSpy CMX ROS (Biolegend)
was added to culture media to reach 400nM final concentratiom i€fore cell harvest. Fed, starved

and conjugants were fixed and stained using the same procedure as described for confocal microscopy
samples. Samples were imaged usangupetrresolution SIM microscop&diss Elyra 7 Lattice SIM
microscopg equipped witlPCO Edge 4.2 sSCMOS camera (dual systemg, alpha PlaApochromat

63x objective, NA.46 Oil Korr M27. StrepactinXT conjugate BM8 was excited with a 488 nm
Argon laserand emission was collected between 495 and 550 nm. MitoSpy CMX ROS was excited
using a 561 nm lasesnd emission was collected from 570 to 620 nm. Z stacks were processed using
Zen Black 2.3, and the resulting SIM images were colored, denoised, and adjusted in contrast and

brightness using ZEN Blue 3.6.
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4 Results and discussion

4.1 T.thermophilanCs in vitro fibre formation

We first set out to replicate the polymerization of the protein in vitro. To do thifietarologously
expressed thecodonoptimizedprotein in E.coliand purifiedit using aC terminal spacer sequence
(GSGGlollowed by a polyhistidine tag (as deed by Takedal997) We next acquired negative
stain electron microscopy images of thieefis and found them to be broadly consistent with prior
reportsregardingtheir length and width (Fi§ AandB). We were able to extraclass averages ard
low-resolution 3D reconstruction from our negative stain data, which shows dimers probably arranged
in two rows along the filament (Fi§.C). The shape of th&D model, despite the low resolution,
strongly resembles the-like arrangement proposed byuMata(Osamu Numata et al., 1980cWe

then assayed its seadlssembly state using mass photometi$pectrawere acquired at nanomolar
protein concentrations and under the same buffer conditions as those of Takeda et al. (1997).
producinga series of peaks in steps of roughly 100kD, corresponding to dimers, tetramers, hexamers,
and higherorder oligomers. These observations are consistent with filamentatifiber formation

(Fig.8 D), as had been observed previolklyndt et al., 2022)
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Fig 8: RecombinanfTetrahyemna thermophilenCS forms ordered fibers in vitrdk negative stain of recombinant mCS

protein. B mCS class average®. 3D reconstruction shows highly ordered fibrous structusmcCS fibers produce
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polydisperse MP OGNl 6KSNBE GKS Yl aa 2F SIFOK LIS O2BMBILMRY RA
performed by Dr. Thomas Heimerl, Philipps University of Marburg

4.2 In vivo localization

Next, we wanted to determine if thedibers would assemble into bigger filamemsTetrahymena
during conjugation. The original report us@dlyclonal antibodies to detect filaments during
conjugation To mitigatethe potential unspecific binding and cragsactivity of polyclonal antibodigs

we sought to use a fluorescence tag instddolwever, a GFP Fusion tag on thRer@inusresulted in

an inability to form fibrils, presumably becausea afteric hindrance (Fig. 9). Artédminal fusion was
equally not practical, as preliminary experiments indicated that it interfered with the correct

mitochondrial import, andonsequentlyprganism viability
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Fig. 9: Effects of StrepHis and GFP tags on polydispersity. MP spectra faagtrep (purple) and GR&gged (green) mCS
in 5mM MES, 50nM K@ pH7.5. StrepHisag in extant proteins does not impair polydispersity. In contrast;t&sfeled

constructs show a remarkable reduction in polydispersity in MES, likely due to the steric hindrance effect.

We, therefore,used a @erminal strep tagWSHPQFEKr highly specific immunofluorescengsing
anti-strep monoclonal antibodies directly conjugated with a4B¥ fluorophore This tag did not
disrupt fibril formation, and we verified using MP that @ttep antibodies can bind to thiers(Fig
10.)

Sucha strategy also allows for limited background noise, as seen by comparison witipevibells,

wherethe specificity of the antibody in vii®also confirmed
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Fig 10: Specificity of anttrep antibody for MEBiduced mCS fibersA: MP spectra of antitrep DY488 conjugateB: MP
spectra for stregaggedT. thermophilamnCS.C MP spectra of antibody and protein mixture show complexes with an
increased MW in respect to B table reporting MW of fitted peaks and expected stoichiometries. Measurements were

made in 5mM MES50 mMKGQ pH 7.5.

Next, through homologous recombination (HR), we introduced a C terminal straéptéathe CIT1
gene inT.thermophila As a control, we separately introduced the C terminal GFP fusion construct
because this fusion completely inhibited fibril formation (Big. allowing us to test whether
fibrillation, if present, is necessary for the correct positioning of the micromurcownregulating
enzyme activity during starvationfThe complete replacement of the CIT1 genéhenTetrahymena
micronucleus with its strefagged version was achieved by serial rounds of selection
Immunofluorescence images acquired for the wyjok and stregagged mutants stained with anti
strep monoclonal antibodies directly conjugated with a4B& fluorophore mitochondrial dye and
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DAPI revealed the docalization of mCS protein inside mitochondbiat the absence of filamentous
structures in the cytoplasm at any time point in conjugating celisg4and 7 hours after mixing), and

lack of clear association with pronuclei (EiQA, Fig.12 A). Theseresults strongly call into question

that mCS in Tetrahymena forms intermediate filaments during conjugation and imply that previous
findings may haveébeen artifacts resultingfrom unspecific antibodiesThe absence of clear,
detectable phenotypic effect in GFP and stiegged mutants in comparison to WT, even during

conjugation, suggests that the fisrmingability, ifpresent, iot essential ifTetrahymena
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Fig.11: In vivo immundluorescence microscopy of m@$6.confocal images of wiltype and stregtagged T.thermophila
conjugating cells at different time points after mixing mating pBjrSIM pictures comparing strépgged andsFPtagged

mutants during fed, starving, and conjugating conditions. The scale bar represents 10 um. Under any condition tested mCS is
shown to celocalize inside mitochondria and do not form clear foci inside the organelle upon staratias performed by

Dr. Daniela Spavroli, University of Montpellier.
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Fig 12: Top cell view of samples imaged in. Fig A: After mixing mating pairs, confocal images of-tyifet and strep
tagged T.thermophila conjugating cells at different time poBtsSIM pictures comparing strépgged and GFRgged
mutants during fed, starving, ancbnjugating conditions. The scale bar represents 10 Mamy mitochondria are

identifiable in the cell cortex in distinct stripatterns.A was performed by Dr. Daniela Spavroli, University of Montpellier.

Because fibrils do not form during conjugation in the cytoplasm, we wondered if they might serve
another purpose inside mitochondria. Using mass photometry experimeetaioticed that mCs

substrates oxaloacetate and acetglA abolish fibeformation in vitro, resulting in only dimers (Fig.
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Fig. B: mCS substrates aboligblydispersity. mCS fiber MP spectra measurediviSMES, 5nM K@, andpH 7.5show
how increasingnCS substrate concentrations abolish polydispersity. Iel@viorsuggests that fibers could represent a
inactive storage form of the enzyme.

We hypothesized that sudiberscould form as a way tdownregulate metabolism when nutrients
are scarce. This is a known regulatory mechanism for several other metabolic e(yghey and
Liu, 2016; IngerseNahar et al., 2010; Noree et al., 2018)d would be consistent witmCS
containing inclusions in mitochondtleat havebeen describetéh Tetrahymenaluring growth decline
We, therefore,performed the same microscopy experiments as before infagtknd starved cells. If
mCS forms catalytically inactifibers during starvation, intensity foci would be expected to be
present in mitochondria compared tomore diffuse signal iied cells,as observed for other similar
cases (Miura, 2022; Petrovska et al., 201#ighresolution SIM images of Strggged mutants and

wild-type cells under fed and starved conditions resulted in a rearrangement of mitochondria and cell
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membrane and morphology during starvation as was previously demons{@Gitedg and Hufnagel,
1992; Levy and Elliott, 196But no clear mCS foci inside the organelle. We also imaged our GFP
fusion construct, which cannot forfibersat all. We found its distribution within mitochondria to be
indistinguishable from the strefagged CS to the resolution of our measurements {Ei, Fig.12

B). Therefore, we also do not firelvidence thafibersform in response to nutrient stress inside the

mitochondria.

4.3 In vitrofiber formation is caused by a chemical moiety shared by some buffers

These conflicting results prompted us teepeamine our initiain vitrodata. We noticed thdibersare

readily observable only when MES is included in the sample buffer and screenedwith déveral

buffer conditions and pH values to identify in vitro conditions promoting the haylbder assembly of

the dimeric mCS. Surprisingly, highly polydisperse MP spectra are observed only in the presence of a
particular chemical moiety shared by MES, HEPES, PIPES, TES, CHES, d(uroB&®-(2
yl)amino]ethanel-sulfonic acid, where thpropanilgroup can be apparently replaced with a ring or
anything bigger than a methyl group) buffers across a wide range of pH seemingly independently of
the pk of the concentration of the buffer used. Other standard buffers, such as PBS, Tris;tdad Bis

propane yield mostly monodisperse peaks corresponding to dimers1&:igig. 8.)

Additionally, increasing MES concentrations abow#vbdo not directly correlate with an increase in
oligomeric complexes observed (Fl§). Such an effect could be explained by the saturation of
putative MESnteracting sites in the protein or the formation of equilibrium dynamics between fiber

formation and dissociation.

Since the original studies used a MigStaining solution as a polymerization buffer and a reducing,
tris-containing buffer for depolymerization, we speculate that the first observation of bundled
filaments in vitro could have been caused by the presence of additional components {Eugalitia,
which also possesses a filamduondling activity) or resulting from increased temperature and

ultracentrifugation acting on MEBduced fibers.

Molecules highly similar tMES, such as MOPS (differing from MES by only one carbon atom) and
CAPS, were also tested, and no higirder assembly was observed. This reveals that one single

carbon difference in the etharsulfonic part of the molecule is crucial for fiber formation.

Furthermore the simple addition of diber-inducing molecule to other buffers is sufficient to restore
polydispersity (Fidl4, Fig. 6), indicating that the interaction of the fiberomotingmoiety with the

protein is highly specifitinder the hypothesis that MES mimics the effect of an unknown biological
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Fig 14: mCSpolydispersity and relative stoichiometries across various buffers, molecules, and pH values. Corresponding
structures of the molecules tested are shown on the left, and the chemical moiety putatively eliciting polydispersity is

highlighted in red

ligand in vivo, canonical amino acids, nucleotides, and cofactors were tested, all yielding mostly

dimeric stoichiometries (§i16).

We identified only two biomolecules that could trigger polydispersity. The first was taurochajic acid
bile acid produced in the liver of mammals and metabolized by some gut béRidtan et al., 2016)
To our knowledge, taurocholic acid is not producedlbfrahymenaand it is unclear whether it
would ever accumulate this chemical at high concentrations in its cytoplasmine, which occurs in
TetrahymengKaya and Sano, 1991; Lv et al., 20aa)l Nmethyl taurine did not result in higher

orderassembly.
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Fig 15: Buffer concentration effect on polydispersity. Increasinfjer concentration does not result in an increase of-non

dimeric complexes observed. MP spectra show that MES concentration abdvedbes not correlate with an increase in

the amount of higher oligomers detected (left), showing a limiting additive effect of MES. Right: negative control using

increasing MOPS concentrations
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The other is serine, which inducpdlydispersityo a muchdiminished degree compared to MEgg.
14, Fig. 8). Togetherthese results imply that assembly into ordered fibrils is nphysiological
FSIFGAINBE 2F ¢SGNI KeyYSylQa OAGNYGS aeyidKlFasS odz

specific chemical moiety found in MES buffers that were used to discover this phenomenon.
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Fig 16: MP spectra foil. thermophilanCS in the presence of different amino acids and cofactors. All measurements were

made using 50nM KCand 5mM MOPS at pH 7.5. Molecules deemed to be essentfdddoformation (CaG)] ATP) were
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tested separately and in combination (polymerization buffer) and subjected to temperature shif€)(3Gthout any

noticeable effect

4.4 Mes-inducedpolydispersity in other organisms

To further investigate whether such an unusual feature is uniguetb@rmophilamnCS, we tested
homologs fromother presentday species across the eukaryotic tree of IEgtant sequences from
organisms belonging to very different eukaryotic supergroups (amoehlmzsthhokonts, discoba, and
SARRENd a bacterial homologere selected for testing MESJucedaggregationSurprisingly, all the
proteins tested yielded polydisperse spectra in the presence of MES (or related buffers), albeit NS
pictures revealed amorphous aggregates instead of ordiéreds. (Fig.17 A and BFig.18). While
every eukaryotic protein tested yielded polydisperse spectrum, albeit with different degrees of
higher complex formation, a closely related bacterial homolog fBwufilum rubicundunforder
Bacteroidales48.9®sidentity to T.thermophilanC$ appearto form only dimers under any condition
tested. This together with the fact that early branchinfyypanosomamCS shows ME®&duced

polydispersity, indicates that such behavior is likely an ancient feature restricted to eukaryotes

4.5 Evolutionary emergence of orderébers

WhetherMESinduced ordered fibers ar@ completely artificial outcomer the mimicking effect of a
real biological molecule possessed by Ciliates remains contenfiouslucidate the evolutionary
interval among which ordered fibers emerged, ancestral sequence reconstruction (ASR) was

performed on an mCS phylogenetic trégGJ).

Nodes leading up to th&é.thermophileclade were resurrected and tested for fiber formation. Despite

the high conservation among sequences, we found that ordered fibers were present only in the last
common ancestor of Hymenostomatida (8. Ordered fibers have been observed only in vitro in

the presence of MES and evolved much later than the conjugation process in ciliates. Thus, we must
conclude that such structures, if ever forming in vivo, are not an essential component of ciliates'
cytoskeleton in general. Is it not to exclude that other unidentified factors play a role in fiber
formation in protists like Paramecium, where other strategies could have been employed to-form IF

like proteins from mCS.
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Fig 17: MESinduced polydispersity is common in eukaryotes, but ordered fibers have evolved rekeliilyphylogeny of

mCSNodeslabeledwith circlesrepresent resurrected nodeé redribbon indicates amorphous aggregate formation in the

presence of MES, aralgreen helix indicates ordered fibers observed in vitoMP spectra of tested sequences in the

presence of MES show different degrees of polydispersity in Eukarya but not in bacteria. Despite yielding polydisperse

spectra, all sequences formed amorphous aggregates in vitro, with the exception of Bitaniophilaand the last

common ancestor of Hypenostomatida.
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Trypanosoma cruzi

Octopus bimaculoide

Saccharomyces cerevisiae

Paramecium tetraurelia

Fig. 18 Negative stairelectron microscopy imagesf extant eukaryotic mCS in 5M KC and 5mM MES revealed
amorphousaggregates for every sample testdel.tetraureliamCS appears to form bigger complexes similar in size to

Tetrahyemna, albeit nclearlyordered structure is identified. Scale bars correspond toi®.1 p
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4.6 Conclusions

We show hovthe fibre-formation of T. thermophilanCS is caused by a specific moiety shared by MES
and MESelated buffer molecules and how the same moiety triggers the higiger assembly of
eukaryotic mCS but not bacterial homologs. In vivo mCS-taggpd mutants further show the
absence of filaments at any time point during conjugation and no clear foci under starvation,
indicating that such protein does not play a structural role during meiosis and neither is implicated in

some form or metabolic regulation during nutrient stress.

With serine being the only plausible biological ligand capable of elfd#éndormationin vitro, there
remains a possibility that this phenomenon is somehow usef@ielnahymena Serine induces this
effect much less than any of the other Rbiological ligands, and a large fraction of dintersain

even in the presence of relatively high concentrations of serine. Weharefore,doubtful whether

this interaction is biologically meaningful, though we cannot fully rule out this possibility. mCS is also
posttranslationally modified by phosphorylation in Tetrahym@fajima et al., 1997)and this may
modulatefiber formation in ways that we did not test for here. However, it has been shown that mCS
filament formation is observed only in the dephosphorylated isoform of this en@gajiena and
Numata, 2002)Since mCS is the product of one gene and one single transcript, we would expect all
three isoforms to be detected by asstirep antibodies and GFP fusion. It remaiassiblethat strep

tags are not accessible to antibody binding when assembled into filanktowsever, e fact that
GFFfibre-deficient mutants performed successful conjugation implies that such strudtitrexists,

is not crucial for sexual reproductionTiatrahymena

Ordered structures usually imply function in bioldd@§arsh et al.,, 2013), and in the case of
Tetrahymen® @CS$S there was very strong circumstantial evidence that this protein really does form
cytoskeletal fibers in viviespite the clear lack of common IF hallmarks such as the presence of
extendedcoiled-coil segmentsthis would have made it a very exciting example of a relatively recently
evolvednovel cytoskeletal filamergnd one that evolved some mechanism to switch its localization
from the mitochondria to the cytoplasm during matihgdby the additionablata showing how mCS
fiber-formation could be linked to metabolic regulation, we speculated a plausible evolutionary
scenario under which such function could h&eto mCS nucleation and its further exploitation to
produce long filaments with a function unrelated to metabolisifas, our results imply that this is
probably not true.Therefore, the search for tractable examples of proteins that evolved into
cytoskeletal filamentsontinues. It seems implausible to us that cytoskeletal intermediate filaments
for the most part, emerged during embryogendgislimar, 2015; Koumandou et al., 2013; Wickstead

and Gull, 2011and have since not revolved anywhere. Despite our discoveries in this work, we
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remain convinced that the diverse cell biology of stogleed eukaryotes contains many more recent
evolutionary noveltiescytoskeletal and otherwisghat can serve as model systems for the evolution
of the complex biochemistry associated with eukaryofesour knowledge, this is the first report of a
xenobiotic molecule capable of triggering protein higheler complexes formatioWhethersuchan
effect is a simple coincidence exerted by unknown ligamdsterference of MES molecules with
charged surfaces of the proteinusknown and would require further investigationvitro and in vivo

in other protistan lineages tharetrahymena

Protein interactions have been extensively studadl the principles of oligomerization have been
recently surveyed. Many complexes ablestdfassemble in vitro are known to be evolutionarily
conserved, and in several cas#sir assembly reflects the underlying evolutionary and genetic
history.Protein homeoligomerizatioris widespread across biological systems, as many proteins need
to assemble into complexes to function or regulate their activityioften an evolutionary selected
feature, ashomo-oligomers can be more stable and allow for more complex structures and

interactions with regulating partners to be built up@inert et al., 2015; Levy and Teichmann, 2013)

However,the actual functional consequences of many proteomo-oligomers with respecto

simpler monomeric formeemain elusive, with little or napparentfunctional linkage between form

and function in some cas¢dussain et al., 2015; Kocabas et al., 2003; Sendker et al., \R0#2l4) a

huge variety of protein assemblies arose during evolution, the functional consequences associated
with the increased complexity entwined by higheder associations are not yet fully understood
O0DF 6 SNJ | YR .Tthé @D thdt mCSHcamn salisemble inthe presence of nobiological
molecules casts doubt on whether such a feature, namely mcS-bligomerization, truly represents

a selectable advantage at the organismal level or just a bizarre biochemical. &&fgetdlessour

results can serve ascautionary tale when probing biochemical features such assstfimblyn vitro

and when inferring biological meaning.

4.7 Outlook and Future Perspectives

Despite the negative result observiedTetrahymenawe are still convinced that a better glimpse of
early eukaryotes' diversity and evolutionary relationshiii help to unravel the evolutionary
complexity occurring in eukarya evolutiddeveral technological and methodological advances are
needed for a more robust framework for studying the evolution of ancient, complex systems such as

the eukaryotic cytoskeleton.

Phylogenetic relationships between parabasiapacies are crucial for understanding the actual

evolutionary path undertaken by singlelled eukaryotic lineages. Indeed comprehensive tree of

64



eukaryotes would help identify when key innovations in the cytoskeleton appeared and how they
spread or were lost in different grouggooting the eukaryotic tree of Life continues to be extremely
challenging for several reasgnsuch as the lack of outgroups, endosymbiotic events, rapid
diversification, and many others. Apart from methodological challenges, our understanding ef single
celled parabasalian lineages is almost nonexistétit respect to metazoans and planfBhis is
especially relevartb cytoskeletal componentspecificallthe emergence of eukaryotic intermediate

filaments

Advances towards a holistic understanding of cytoskeleton evolution alsestely on a better
understanding otthe presentday molecular and cell biology of unsuyed parabasalian protistan

lineages andheir phylogenetic placement in the tree of life.

Exploring more diverse lineages is cruitinla better understanding of early eukaryote cell biology
and the evolutionary radiation that occurredafter LECA (Burki et al., 2020)

As singlecelled eukaryotes often retain more ancestral features than multicellular organisms, a
comprehensive phylogenetic tree encompassing protists' diversity would allow the effective
reconstruction of transitional states leading to modern eukaryotic organisms and, thenefleneng

their molecular evolutionJnderstanding the functional diversity of extant eukaryotic microorganisms
is strongly intertwined with this approaclAs only a handful oprotists are cultivable and
transformable, only a glimpse of the molecular diversity entailed by this besuipeen studied so far.
Another important advantage given by a comprehensive eukarya tree is to better discriminate
between homolog features inherited from a common ancestor and true novel features genuinely
invented inEukaryotespotentially revealingonvergent evolution. Given the fundamental importance

of cytoskeletal proteins in exerting and regulating essential cellular proc#ssessolution of such
apparatus isnherently linked with the evolution of more complex processes and cellular features that
are unique to eukarydt isimportant to state that most of our knowledge about cell biology in higher
organisms mostly stems from studies carried out in model systemgearatalizedover the whole
kingdom While model organisms like yeast, fruit flies or mice provide invaluable insight into
eukaryotic cell biology, they represent a tiny fraction of the whole diversity in eukaryotes and are very
biased towardopisthokontsand plant® [ dz] SO SG It @ w1 wwhéh it 2odkRS Y S i
singlecelled eukaryotes, the few model organisms investigated revealed novel and important
biological functions, such as hydrogenosomeErichomonawvaginalis(Yarlett and Hackstein, 2005)
cortical structure and nuclear dimorphism in ciliates, mitosome&iandia (Tovar et al., 2003)
secondaryendosymbioses iBuglenaHrda et al., 2012nd novel photoreceptors i@hlamydomonas

(Sasso et al., 2018) name a few.
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It is obvious that advances in cultivation, identificatiamd genetic manipulation of more diverse
protistan lineages are paramount for a better understanding of eukarya complexity and damasity
inferring the biology of LEC&o far researchershave reliedmostly on sequences coming from
metagenomic samplesSuchan approach comes with several pitfalls that ultimately hamper a
thorough study of the phylogeny as well as the cell biology of prof@tdas et al., 2015)The
complexity ofeukaryotic genomes, together with their low abundance with respect to prokaryotic
ones,and biases in DNA extraction are only some of the hurdles encountered in metagenomic studies
(Dacks and Ginger, 2023; Xu and Zhao, 20b8)vercome these limitations, researchers often need
to combine metagenomics with other approaches like siogllegenomics, targeted sequencing of
marker genes, microscopy, and culturing when posdlB¢atranscriptomics can also provide
valuable complementary data on active gene expregSbakya et al., 2019)hile metagenomics is

a powerful tool, it should be used cautiously and in conjunction with other methods when studying

protist cell biology.

In silico identification of novel intermediate filament proteins, as previously stated, is a daunting task
due to their poor sequence conservation and repetitive sequences. One major technological advance
that could help tackle this problem is represented by Fold@&ak Kempen et al., 2028mploying a
structural alphabet called 3Di allows for rapid and accurate identification of similar structural motifs,
even when sequence conservation is low. In the contettteoin-vivo discovery of novel filamentous
cellular components, electron tomography represents a valuable tool that allovirsvisigation of
subcellular structures at very low resolutions2(bnm) inside the cellular context of the organism.
During electron tomography, multiple 2D TEM images are taken when tilting the sample and are
combined to reconstruct a final 3D image. Such an approach has revealed previdumsiywn
structures in various biological syste(Bdva and Barr, 2014; Sun et al., 2G2%) represents one of

the most powerful techniques for investigating novel IF proteins in sietigel eukaryotes.

In conclusion, despite not being clearly involved in cytoskeletal function, the-fineleMMES
dependent assembly of this protein family in Eukarya underlines the overlooked effect-of non
biological agents when performing biochemical analyses in-aitrancontext. While we provide
evidence for ruling out the role of mCS in ciliates conjugation, the quest for tractable, both
phylogenetically and biochemically, intermediate filament proteins should focus on overlooked single
celled lineages. Deciphering their evolutionary relationshipusecplored cell biology is paramount

for an integral understanding of molecular evolution.
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visualized ariinouse alkaline phosphatase (ABhjugated to the tagged CIT1 gene products. Clones 5 and 10 were used for

this study. Performed by Dr. Daniela Spavroli, University of Montpellier.
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