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Zusammenfassung

Der Ursprung des Lebens ist ein komplexes Thema, das weltweit wissenschaftliche
Diskussionen befeuert. Im Allgemeinen ist es akzeptiert, dass die Endosymbiose eine
zentrale Rolle bei der Eukaryogenese spielt. Fur diese Arbeit wurde die inside-out
Hypothese, welche sich auf die Asgard Archaeen stitzt und ein frihes
Endomembransystem voraussetzt, als Ausgangslage angenommen. Da Asgard
Archaeen noch nicht kultiviert wurden, stellen die TACK Archaeen mit ihrem
archaealen Modellorganismus Sulfolobus acidocaldarius einen der nachsten,
verfligbaren Verwandten der Eukaryoten dar. Interessanterweise wurde das Protein
ArnB des archaellum regulatory networks (Arn), welches strukturelle Homologien mit
dem Sec23/24 Protein des COPII-systems aufweist, in S. acidocaldarius Exosomen
gefunden. Entsprechend erweist sich ArnB als vielversprechendes Protein, um den
pra-endosymbiotischen Transport in Archaeen zu untersuchen.

Diese Arbeit umfasst eine Zusammenfassung der Forschungsergebnisse zu ArnB und
seinen assoziierten Proteinen. Hervorzuheben ist dabei die Untersuchung der
Interaktion von ArnB mit dem ZnF- und FHA-Domanen enthaltenden ArnA, welche
eine sequenzielle, phosphorylierungsabhangige strukturelle Transition mit globalen
Anderungen offenbart. Die Untersuchung des ArnAB-Komplexes ergab zum einen
neuartigen sequenziellen Phosphorylierungsmechanismus und zeigte die Gegenwart
des Sec23/24-Kernmotivs in allen Domanen des Lebens auf. In Zuge dieser Analysen,
konnten dem ArnAB-Komplex bzw. dem Sec23/24-Kernmotiv zahlreiche potenzielle
Funktionen zugeschrieben werden, die von der Beteiligung am Ubiquitin-Netzwerk bis
zur Bildung von COPII-Vesikeln und Assemblierungsrollen reichen. Zudem beinhaltet
diese Arbeit die Charakterisierung einer GPN-Loop-GTPase aus S. acidocaldarius,
SaGPN, welche ebenfalls mit dem Arn-System assoziiert ist und potentiell mit dem
ArnAB-Komplex interagiert. GPN-Loop-GTPasen stellen einen eigenen interessanten
GTPase-Typ dar, der durch nukleotidunabhangige Homodimere gekennzeichnet ist.
Durch die Kiristallstrukturen die in dieser Arbeit gelost wurden, lassen sich
mechanistische Unklarheiten im Zusammenhang mit GPN-Loop-GTPasen lésen und
ein Lock-Switch-Rock-Mechanismus flr archaeale GPN-Loop-GTPasen ableiten.
Zusammenfassend tragt diese Arbeit zum allgemeinen Verstandnis der GPN-Loop-
GTPasen bei und hebt das ArnAB-Sec23/24-Kernmotiv als eine der haufigsten und
funktional vielfaltigsten Protein-Faltungen in allen Bereichen des Lebens hervor.



Abstract

The origin of Life is an enigmatic topic that fuels scientific discussion all over the world.
In general, it is an accepted concept that endosymbiosis plays a central role within
eukaryogenesis. In this context the inside-out theory, which centers on the emerging
Asgard Archaea superphylum necessitating an early endomembrane system prior to
any endosymbiotic events, holds significant promise as a hypothesis. Since Asgard
Archaea had not been cultivatable the sister branch of TACK Archaea with its
genetically tractable Sulfolobus acidocaldarius is one of the closest, available model
organisms preceding the first eukaryotic common ancestor (FECA). Interestingly, the
archaellum regulatory network protein ArnB, which shares structural homology with the
membrane curvature protein Sec23/24 of COPI| vesicles, was abundantly found in
S. acidocaldarius exosomes. Accordingly, ArnB emerges as a promising research
target to study pre-endosymbiotic trafficking in Archaea.

This work encapsulates a culmination of research concerning ArnB and associated
proteins. Of particular note is the exploration of ArnB's interaction with its ZnF and FHA
domain-containing counterpart, ArnA, revealing a sequential, phosphorylation-
dependent structural transition with far-reaching implications. Investigation of the
ArnAB complex not only unveiled a novel sequential phosphorylation mechanism but
also underscores the ubiquity of the Sec23/24 core motif across all domains of life.
Accordingly, numerous potential functions can be attributed to the ArnAB complex or
the Sec23/24 core motif, spanning from involvement in the ubiquitin network to COPII
vesicle formation and even to other assembly roles. Additionally, this research delves
into the characterization of a GPN-loop GTPase from S. acidocaldarius, known as
SaGPN, which is implicated in the archaellum regulatory network as well and
potentially interacts with the ArnAB complex. Despite the relative neglect of GPN-loop
GTPases within the P-loop NTPases family, they represent a distinct GTPase type
characterized by nucleotide-state independent homodimerization. The SaGPN crystal
structures resolved mechanistic ambiguities surrounding GPN-loop GTPases,
proposing a lock-switch-rock mechanism for SaGPN and its archaeal counterparts.

In summary, this work advances the field of GPN-loop GTPases and positions the
ArnAB-Sec23/24 core motif as one of the most prevalent and functionally diverse
protein folds across all domains of life. Consequently, the presented research opens
avenues for further exploration and discoveries in the Archaea-to-Eukarya transition.

Vi
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Introduction

1.Introduction

1.1 The origin of life

The origin of life on Earth is an enduring scientific debate that has captivated
researchers for centuries (1). While there is obviously no doubt about that life existed
in early stages of the Earth, there seems to be a huge discrepancy about how vital
molecules and later life itself came to existence on earth. Despite the inherent
uncertainty, a few broadly agreed-upon points seem to arise from the debate. Earth, is
about 4.5 billion years old and was exposed to a tumultuous initial half-billion years
with celestial impacts capable of evaporating oceans and sterilizing the surface (2-5).
Moreover, well-preserved microfossils resembling modern blue-green algae, dating
back approximately 3.5 billion years, suggest early life's emergence (6). Additionally,
persuasive evidence even hints at life's presence 3.8 billion years ago right after the
big bombardment of the Earth-moon system stopped (7). While there is the possibility
that life was transported from an extraterrestrial source to Earth after it became
habitable, scientists usually assume a de novo beginning of life on our planet (8). In
conclusion, these foundational insights into a primordial Earth suggest a myriad of
potential pathways for the emergence of life. While certain initially prominent theories,
such as those based on the Miller-Urey experiment, are now vigorously debated,
others appear more plausible as of today (9-11). Nevertheless, there is one point
where all theories about the origin of life converge: regardless of how life originated on
Earth, once it appeared, evolution shaped and molded early life into the diverse array

of species we recognize today.

1.2 Evolution of phylogenetic trees

Evolution is a crucial process for the persistence of any organism, which is why human
curiosity naturally strives to unravel its mysteries not only for solely academic reasons
but also to harness it as a biotechnical tool for addressing modern problems (12).
However, our understanding of evolution is heavily based on CHARLES DARWIN
approach of a universal ancestor in combination with a cell being the smallest biological
unit. These theories led to the conclusion, that all life is related to a last universal

common ancestor known as LUCA (13, 14). From this primordial organism life

[1]



Introduction

diversified into many different branches, which are classified under the three kingdoms
of life: Bacteria, Archaea and Eukarya. Since the classification of Archaea in the 1970s
it was assumed that the three kingdoms emerged from one universal cell and therefore
there are three primary domains of life (15). Moreover, it was found that Archaea share
features with Bacteria, e.g. prokaryotic ribosomes, circular chromosomes, lack of
membrane-enclosed organelles, as well as Eukaryotes, e.g. DNA associated with
histones, various RNA polymerases, use of methionine in protein synthesis etc. (14).
With all these shared features it was discussed, weather Archaea actually present a
new domain of life with all three of them sharing the same LUCA which would promote
the assumed three-domain phylogenetic tree (16). The other possible option that was
early discussed that Eukarya evolved from the TACK (Thaumarchaeota, Aigarchaeota,
Crenarchaeota, Korarchaeota) superphylum which would led to a two-domain
phylogenetic tree with the oldest LUCA only being direct ancestors to Bacteria and
Archaea (17, 18). According to this, in recent studies more and more evidence was
presented, that Eukarya actually form a sister branch in the archaeal domain, hence,
the current understanding, although a non-unanimous one, of LUCA is that only two

primary domains of life directly branched from it (refer to Figure 1) (19-23).

Archaea
1]
4 TACK
7
S & Asgard
T o
: &§
Bacteria Archaea Eukarya Bacteria <  Eukarya Bacteria Eukarya
LUCA LUCA LUCA eo\a
e
e
e
Three domains Two domains
of life of life

Figure 1: Simplified evolution of phylogenetic trees from three to two domains. The tree of life, as
proposed by WOESE, was initially built upon three primary domains of life, incorporating the newly
discovered Archaea as a distinct lineage from the Last Universal Common Ancestor (LUCA). As
phylogenetics advanced, so did the tree of life. Despite ongoing debates throughout the years regarding
the primary domains of life, the widely accepted understanding now presents the tree of life as a two-
domain structure, with Archaea forming a sister branch within the eukaryotic lineage. Figure was inspired
by Eme et al. 2017.

The ongoing discourse regarding the intricate composition of the tree of life has been
spurred in 2015 by the revelation of a newfound class of Archaea originating from

within the TACK superphylum, now recognized as Asgard Archaea, which is arguably

[2]
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the most significant discovery in evolutionary biology since WOESE's identification of
Archaea in 1977 (15, 24). Through diverse genome analyses, Asgard Archaea exhibit
numerous components that serve as the foundation for eukaryote-specific genes
already inherent in these novel organisms (22, 25, 26). These homologues encompass
a range of eukaryotic signature proteins, including ribosomal proteins (e.g. S25e, L14e,
S30e), informational proteins (e.g. RNA polymerase A, ELF1, RpoG), cytoskeleton
elements (e.g. Actin, Gelsolin, Tubulin), the ubiquitin system (e.g. URM1, E1-E3
proteins), and components of the trafficking machinery (e.g. ESCRT I-lll and Sec23/24
orthologs, arrestin-like proteins) (24, 26). Consequently, these distinctive Archaea
emerge as formidable candidates for the 'missing link' between Archaea and
Eukaryotes, constituting a rapidly expanding superphylum comprising Loki-, Thor-,
Odin-, Baldr-, Hel-, Borr-, Heimdallarchaeota, among others (27-31). Noteworthy is
the observation that Asgard Archaea seemingly possess a somewhat ‘sluggish’
metabolism, posing challenges for cultivation and further in vivo exploration, with cell
division occurring at prolonged intervals, spanning weeks (32). Nevertheless, a
breakthrough has been recently achieved in cultivating two Asgard Archaea, namely
Prometheoarchaeum synthrophicum and Lokiarchaeum ossiferum, providing
unprecedented insights into this superphylum, which was limited before to
(meta)genome data (32, 33). Intriguingly, the structural composition of these Asgard
cells exhibits a lack of uniformity, presenting a complex and variable surface marked
by numerous engulfments. Despite the limited data available on these organisms, it
introduces compelling new perspectives to the ongoing discourse on
eukaryogenesis—the evolution of eukaryotes from the first to the last eukaryotic
common ancestor (FECA to LECA) (26).

1.3 Eukaryogenesis: From FECA to LECA

Eukaryotes are the most intricate and diverse cellular entities, the origins of which can
be traced back billions of years to the base of the phylogenetic tree. Although it is now
generally accepted that Archaea and Eukaryotes are evolutionarily closely related and
that Eukaryotes have probably descended from Archaea, the adoption of bacterial
traits in Eukaryotes is a more intricate process (26). Phylogenetic trees generally show
that Bacteria split off into a separate branch early in evolutionary history (Figure 1);

however, Eukaryotes share up to 67 % of their genome with Bacteria (34). These

[3]
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attributes include the ability to thrive even on suboptimal or harmful nutrition, parasitize
other eukaryotic organisms, be resilient under various environmental conditions
characterized by extreme temperatures, acidity, anaerobiosis or toxicity, and employ
defense mechanisms against potential threats from other organisms (35). Some of
these features may be explained by the process of horizontal gene transfer (HGT),
which involves the transfer of genetic information without the necessity of parentage
(non-sexual), making it difficult to understand the phylogenetics of eukaryotic
organisms (36, 37). Nevertheless, HGT is a well-documented process today and
involves many different mechanisms including conjugation, transduction,
transformation and others. This leads to an array of genes being transferred, not
autochthonously duplicated and evolving in new hosts without productional gene
transfer over the course of evolutionary history (38, 39). Therefore, sometimes the two-
domain tree of life is, arguably more fittingly, referred to as a web of life (40).
However, HGT alone does not account for all the bacterial similarities Eukaryotes
share with their prokaryotic distant relatives. It is universally accepted that the
emergence of eukaryotes is related to a process called endosymbiosis, where a
prokaryotic host cell took up another one without digesting it and forming a symbiotic
bond, pathing the way for the last eukaryotic common ancestor (LECA) (41). The most
prominent examples of endosymbiosis are surely the emergence of mitochondria and
chloroplasts where one of the endosymbionts was an a-proteobacterium or a
cyanobacterium, respectively. While endosymbiosis is recognized as a key process in
eukaryogenesis, aspects like the timing, the cellular nature of endosymbionts, the
complexity of cells prior to endosymbiosis and the quantity of these events are
controversial (42—44). Naturally, this leads to many hypotheses for endosymbiosis or
eukaryogenesis in general with each of them focusing on different observations.

For example, a model based on the first cultured Asgard Archaeon called the Entangle-
Engulf-Endogenize (E3®) model involves the interesting membrane shapes and
engulfments observed to obtain an endosymbiont (33). Moreover, the inside-out theory
focuses on the autonomy of nuclei and cell organelles shaping from the host around
the future nucleus in so called blebs from a nucleus starting point to full eukaryotic cell
(inside-out) (45). Others focus more on the bacterial similarities of Eukaryotes like the
syntrophy hypothesis with a &-proteobacterial host and two endosymbiotic events for
the formation of a nucleus and mitochondria respectively (43). Then there is the model

of serial endosymbiosis involving multiple events explaining the acquisition of big

[4]
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amounts of heterologous gene material (46, 47). While there are more and less
convincing theories with supportive data, it is difficult to compare and find similarities,
which might be the first step in discovery of an ultimate eukaryogenesis theory. In an
attempt to analyze and extract common ground between them, a recently published
framework based on phylogenetics and the phylogenetic definition of Eukaryotes
categorizes three groups of endosymbiotic theories (42). Based on this framework the
hydrogen hypothesis (48), the phagocytizing archaeon (49), the reverse flow (50), the
inside-out and the E3 model represent group one with the same two archaeal and a-
proteobacterium stem-linages (42) (Figure 2, left). In contrast, the syntrophy
hypothesis involves an additional lineage derived from &-proteobacteria, hence, is
classified as group two (Figure 2, middle). Group three involves the serial
endosymbiosis model with a multitude of endosymbiotic events, which have yet to be
determined (Figure 2, right). Notably, the E® and inside-out hypotheses are

phylogenetically indistinguishable while also sharing the same prerequisite of an

Inside-out Syntrophy Serial endosymbiosis
model hypothesis model LECA

autogenous
autogenous nucleus O S nucleus
Archaeal-derived
nucleus
<w <)

O

a-protobacterial-derived
endosymbiont/
mitochondrion

S &> O N
Archaeal-derived 6-protobacteria|-derived@ Archaeal-derived
host cell host cell/lendosymbiont host cell

Eukarya

other-bacterial
symbionts

Time

Endosymbiosis

Group 1 Group 2 Group 3

Figure 2: Eukaryogenesis hypotheses grouped based on phylogenetically distinguishability.
Group one involves one endosymbiotic event until the emergence of LECA, as displayed in the
corresponding phylogenetic tree. This group consists of the hydrogen hypotheses, reverse flow,
phagozytose-archaeon E® and inside-out model. The second group involves an additional stem lineage
and therefore an additional endosymbiotic event. Group three consists of the serial endosymbiosis
model which involves multiple endosymbiotic events before the emergence of LECA. The figure is
inspired by Donoghue et al. 2023.
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intricate cytoskeleton and early endomembrane system predating the endosymbiotic
event (42).

Overall, the emergence of an endomembrane system is quite relevant in the context
of eukaryogenesis and particularly for this work, which is why the next section focuses

on some fundamentals of archaeal and eukaryotic lipids.

1.4  Archaeal lipids and the lipid divide

As elaborated above, the emergence of eukaryotes involves in most cases an (Asgard)
archaeal host, with the exception of the syntrophy model, which leads to the intrinsic
problem known as the lipid divide (51). Lipids present essential building blocks in all
organisms with their most abundant occurrence in cell membranes, which are the
barriers that separate cells from their environment. While Eukaryotes share a lipid-
double layer that is similar to the bacterial membrane, Archaea have lipids that are
more suited for their extreme habitats including high temperature (>140°C), extreme
pHs (0-11), high pressure (>500 atm) and high salinity (<300 g/L NaCl) (52, 53). The
main differences between archaeal and bacterial lipids involve the different
stereochemistry (sn-1 instead of sn-3) of their glycerol backbones and the preference
of the archaea for ether-linked isoprenoid-based alkyl chains over ester-linked fatty
acyl chains in the formation of their hydrophobic components (52).

Given spatial separation membrane functions also include signaling, immunology,
metabolism and various trafficking mechanisms (54-56). Especially the latter requires
eukaryotic and bacterial organisms to be able to adjust lipid fluidity against
environmental factors to stay both rigid and flexible. Interestingly, no hints for
membrane manipulating factors known from Eukaryotes (e.g. cholesterol) were found
in Archaea, although other substances like carotenoids, polyprenols, quinones and
apolar polyisoprenoids are discussed to exert these functions in Archaea (57-60). In
consideration of all these factors it seems only natural that archaeal lipids differ quite
heavily from their eukaryotic descendants with comparably moderate habitats. In detail
this means that the backbone of archaeal membrane lipids is usually an sn-glycerol 1-
phosphat (G1P) in contrast to eukaryotic lipids having an sn-glycerol 3-phosphat (G3P)
scaffold. Furthermore, onto these glycerol phosphate backbones Archaea link
hydrophobic isoprenoid lipid tails over ether-bonds, whereas Eukaryotes link fatty acyl

chains via ester-bonds (61). Archaeal isoprene lipids, also called archaeol, are also
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known to form macrocycles as well as tetraethers as tail-to-tail linked glycerol-dialkyl-
glyceroldiether lipids with an additional glycerol known as caldarchaeol (62, 63).
Therefore, Archaea are even able to have membranes that are actually monolayers
instead of the usually known bilayer from Bacteria or Eukarya. Moreover, some
archaeols also include multiple cyclic features like cyclopentane to further stabilize
against high temperature (52). In addition, archaeal lipids are also more stable against
enzymatic digestion by lipases and have larger surface area per lipid than their
eukaryotic counterparts (62). As a result of all these specific lipids, archaeal
membranes feature a higher viscosity density of packing, overall stabilities as well as
lower chemical reactiveness and permeability to water and ions, matching the
conditions of an archaeal lifestyle (62, 64—67).

Considering all these differences between archaeal and eukaryotic/bacterial lipids it is
a rather intricate problem that eukaryotes came to have bacterial-like membranes,
given that most endosymbiosis models involve an archaeal host. This topic is still part
of an engaging discussion with theories ranging from hybrid membranes, proton flow
advantages of the ester carbonyl leading to energy efficiency or regioselectivity
advantage models (68-70). Interestingly, an archaeal-bacterial hybrid membrane
theory seems to be promising due to recent findings of bacterial lipids and their
corresponding synthase in archaeal organisms and vice versa (51, 61, 70-72). While
these discoveries challenge the previously held notion that Archaea exclusively employ
isoprenoid lipids, they provide only a subtle indication toward establishing well-founded
theories addressing the questions of why, how, and when the lipid divide occurred. The
capacity of archaea to synthesize both ester and ether lipids could lend support to an
inside-out theory, suggesting that the engulfment of the endosymbiont culminated in a
bypass of the bacterial membrane, ultimately giving rise to LECA. However, it's
important to note that for this scenario to unfold, a vesicle or rudimentary trafficking

system would be imperative, heavily relying on membrane curvature proteins (45).

1.5  Trafficking machinery in Eukaryotes

To comprehend the trafficking machinery in Archaea, a prudent approach might involve
an examination of the repertoire of eukaryotic transporting systems. Such a
retrospective view could unravel early endomembrane features. Therefore, this

segment focuses on eukaryotic vesicle formation systems and their key characteristics.
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The endomembrane system encompasses both coat protein complexes | and |l (COPI
& COPII), clathrin-coated vesicles, and the ESCRT system, capable of cleaving
vesicles from the membrane without enveloping them in a protein coat. These vesicle
formation systems play pivotal roles in a myriad of cellular processes, including
communication between the Golgi apparatus and endoplasmic reticulum, exo-
/endocytosis, viral budding, trans-nuclear transportation, and others (73, 74).
Consequently, the formation, organization, and cargo vary among the distinct types of

vesicles.

1.5.1 Coat protein vesicle assembly (clathrin, COP 1&l])

Protein-coated vesicles play a diverse role in various trafficking processes within
cellular organization. As implied by the name 'coat protein complex,' these vesicles are
enveloped by an assembly of proteins. Accordingly, these complexes consist of
multiple subunits with variations in both their composition and the process through
which they recruit to the membrane. The discovery of coated vesicles began with
clathrin-coated vesicles (CCVs), characterized by their distinctive football-like shape
composed of hexagons and pentagons. These lattices are constructed from three
clathrin subunits forming a triskelion-like shape (Figure 3, left). Each triskelion includes
multiple repeats, constituting the C-terminal 'leg' or heavy chain, which is bifurcated
into a proximal and a distal leg by the 'knee.' The middle section features an all-helical

‘ankle,’ and the N-terminal region forms a seven-blade B-propeller 'foot.' (75).

heavy chain adapter protein

L complexes
4 )
light chain \\
/ knee ?/ ¢
& )

Clathrin Triskelion Clathrin coated vesicle

Figure 3: Clathrin coat structure and assembled vesicle structure. The left shows the clathrin
triskelion with labels of the different regions assembling as a trimer. The right shows an assembled
coatomer with adaptor proteins responsible for membrane association and tetrameric clathrin forming
conjunctions. The Figure was inspired by https://www.mbi.nus.edu.sg/mbinfo/what-is-clathrin-mediated-
endocytosis, accessed at 31.01.2024.
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Moreover, the C-termini of the three heavy chains engage in interaction and are
encircled by three light chains arranged in a triangular orientation (76, 77). To construct
the clathrin coat, four clathrin triskelions interact, forming one edge of the fullerene-like
structure connected through an adapter protein complex, AP2 (Figure 3, right) (78).
However, clathrin itself is incapable of directly binding to the membrane and requires
various adapter protein complexes, such as the aforementioned AP2 complex, to
associate with the membrane and effectively form a cargo-loaded vesicle (79).
Alongside the membrane recruitment of clathrin subunits and the linking of clathrin
tetramers, the AP2 complex, comprising multiple subunits (a, B, y, 0, and u), also plays
a crucial role in cargo recognition (77, 80). Given the diversity of cargoes for various
vesicle types, specific recognition adaptors are essential for clathrin-coated vesicles
(CCVs). Examples include B-arrestins 1 and 2, epsins, or CALM (clathrin assembly
lymphoid myeloid leukemia protein) (81, 82). Furthermore, more than 30 auxiliary
proteins associated with CCVs are known, many of which are presumed to aid in cargo
identification (80). This intricate network results in numerous possibilities for cargo
recognition in CCVs, aligning seamlessly with their primary function in endocytosis.
CORPII vesicles, in contrast, consist of smaller protein subunits that are considerably
smaller than clathrin and lack a filamentous nature. The coat protein Il (COPII) complex
comprises only a few proteins, including the two heterodimeric complexes Sec23/24p
and Sec13/31p, a Sar1 GTPase, and the guanosine exchange factor (GEF) Sec12,
which is also responsible for recruiting Sar1 to the membrane (83, 84). Subsequent to
Sar1's recruitment to the membrane, Sec23/24 complexes are recruited themselves
by Sar1, where Sec24 serves as the cargo anchor, and Sec23 acts as a guanosine
activation protein (GAP) (85). The recruitment of Sec13/31 tetrameric subunits, forming
an outer layer, follows the acquisition of this first inner coat layer, and this process is
also mediated by Sar1, although the precise nature of the GTPase activity in all these
processes remains a subject of debate (83, 86). Due to the GTPase-dependent nature
of vesicle formation, with both the GAP and the GEF in close proximity, COPII vesicles
are considered relatively unstable, as the nucleotide-bound state of Sar1 affects both
assembly and disassembly (87). However, COPII vesicles exhibit flexibility, allowing
for different shapes and sizes, which is ideal for a vesicle transportation system
required to accommodate diverse and potentially bulky cargo, ranging up to 300 nm,
from the endoplasmic reticulum (ER) to the Golgi apparatus (85, 86).

CORPI vesicles are involved in both inter-Golgi transport and Golgi apparatus-to-ER
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trafficking. The coatomer is composed of various subunits that form a
heteroheptameric complex, including the a-, B-, B'-, y-, 8-, €-, and {-COP subunits (88).
In addition to these coat proteins, a small GTPase is necessary to manage all the
subunits. However, in this instance, it is not a Ras-like GTPase like Sar1 but rather an
Arf1-like GTPase. Arf1 is recruited to the membrane with the assistance of its
corresponding guanine nucleotide exchange factor (GEF) and subsequently recruits
the entire COPI complex en bloc, leading to membrane scission followed by uncoating
(89, 90). Similar to the role of the Sar1 GTPase in COPII vesicles, Arf1 plays a pivotal
role in various assembly and disassembly processes of the COPI system, with the
latter being particularly important, as cargo can only be released from an uncoated
vesicle (89). Intriguingly, after the complex is assembled, it remains stable for many
hours in the cytosol, distinguishing COPI vesicles from the COPII complex vesicles
(91).

6. vesicle docking and
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Figure 4: General coat protein assembly. After the GTPase is recruited to the membrane and
activated (1.) the coat complexes are recruited in a COPI/COPII specific way (2.) following membrane
curvature around loaded cargo receptors (3.) until full maturation (step 4.) and subsequent vesicle
release from the membrane (5.). A tether protein mediates coat disassembly (6.) so the vesicle can fuse
with the membrane to release its cargo (7.). The Figure was inspired by Béthune et al. 2018.
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In general, the assembly of coats can be summarized as follows: a GTPase is recruited
to the membrane by its guanine nucleotide exchange factor (GEF), leading to a
nucleotide switch, followed by the recruitment of the inner coat layer and subsequently
the outer coat, which can also occur simultaneously in the case of COPI (Figure 4).
Cargo sorting is already facilitated by the respective receptors (such as AP2, Sec23,
etc.), and the membrane begins to curve until complete scission is achieved.
Subsequently, coats are disassembled through GTP hydrolysis, according to the
current understanding of the GTPase function, followed by cargo unloading at the
destination due to membrane refusion (88). This implies that despite differences in
appearance, cargo, routes, and destination of coated vesicles, the overall mechanism
is similar, potentially indicating a universal origin. Furthermore, it is known that COPI
and clathrin adapter proteins share structural homology, further supporting an
evolutionary relationship (92). However, COPIl Sec23/24 does not share this
homology, suggesting an independent origin. This difference is also reflected in the
distinct recruiting processes (en bloc vs. sequential) and has sparked an open

discussion about the origin of coated trafficking machineries (93).

1.5.2 The ESCRT system

As mentioned earlier, coat proteins constitute a diverse and plentiful group of proteins
crucial for vesicle formation. However, an alternative trafficking machinery is capable
of generating vesicles without the need for coating proteins. This machinery is known
as ESCRT (endosomal sorting complex required for transport), and it can generate
lipid-only vesicles without the support of a structural scaffold. The ESCRT pathway
plays a key role in the biogenesis of multi vesicular bodies (MVBSs), transitioning from
early endosomes to eventually mature into lysosomes or vacuoles (94). Furthermore,
ESCRT proteins play crucial roles in viral budding and cytokinetic abscission,
showcasing the versatility of this cargo-recognition and membrane-sculpting system
(95). Comprising five main complexes, ESCRT-0, -I, -ll, -lll, and the ESCRT-
associated Alix/Bro1 complex, this system is responsible for transporting and sorting
ubiquitinylated cargo, involving over 30 proteins in total (96—99). The AAA ATPase
Vps4 contributes to regulating membrane scission, effectively separating the
assembled ESCRT complexes and releasing the vesicle (99). To initiate complex
assembly, the different ESCRT complexes are sequentially recruited to the membrane.
ESCRT-0, a hetero complex featuring two anti-parallel coiled coil-interacting GAT
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domains (Vps27/Hse1), is the first to be recruited upon detection of ubiquitin or
phosphatidylinositol 3-phosphate (100). Subsequently, the weakly membrane-binding
ESCRT-I, a heterotetrameric complex (Vps23, -28, -37, Mvb12) with a 20 nm rod-like
structure, associates with the ESCRT-0 complex, forming a 12-membered ring
structure (95, 101, 102). At the other end, ESCRT-I connects with the Y-shaped
ESCRT-Il heterotetramer (Vps36, -22, -25), where two subunits (Vps25) form a
homodimer (95). Thereby, the GLUE domain (GRAM-like ubiquitin-binding in EAP45)
of Vps36 in ESCRT-II enables recognition of phosphatidylinositol 3-phosphate and
ubiquitinylated cargo (103, 104). Additionally, ESCRT-II plays a crucial role in recruiting
the heterotetrameric ESCRT-III (Vps2, -20, -24, Snf7), which, unlike the other ESCRT
complexes, does not form a stable complex (95). Subsequently, the binding of Vps25
to Vps20 triggers the full assembly of ESCRT-III filaments, forming spirals that reshape
the membrane to create the vesicle structure (95). Once assembled, the ESCRT-III
complex cannot dissociate from the membrane, necessitating the action of Vps4.
Working in conjunction with the ESCRT-IIl complex, Vps4 exerts ATP-dependent force
on the premature vesicle, leading to reverse-topology membrane scission (Figure 5)
(105). Vps4 is also responsible in the disassembly of ESCRT-IIl proteins as well as
their recycling (106). These vesicles are subsequently released into the lysosome
lumen, forming intralumenal vesicles (ILVs) or, in the case of MVBs membrane
refusion, into the extracellular space, essentially becoming exosomes or extracellular

vesicles (EVs).

initiation recruitment ESCRT-llIl assembly ESCRT-lIl action disassembly
Vps4 complex
ESCRT-I /

ESCRT-0 ESCRT-II
complex complex\ complex EC%%R}I;I(H —A—
/ / /p -

ESCRT-III
subunits

Figure 5: ESCRT system vesicle assembly. Vesicle formation is initiated by the ESCRT-0 hetero
complex, followed by ESCRT-I, which in turn binds to the ESCRT-Il complex at its other end. ESCRT-III
subunits are then assembled into a filamentous complex until membrane scission is achieved, mediated
by ESCRT-Il. Release from the membrane and disassembly of the stable ESCRT-IIl filament is
orchestrated by Vps4. Figure is inspired by Henne et al. 2011.

The ESCRT system and coat protein complexes equip eukaryotic cells with potent
mechanisms to shape and remodel membranes, enabling precise trafficking and
maintaining cellular homeostasis. Nonetheless, in the context of an early

endomembrane system, whether pre- or post-endosymbiotic, it is plausible that these
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systems were not as sophisticated. This raises the intriguing question of how LECA

managed to facilitate trafficking through vesicular cargo transport.

1.6  What do we know about archaeal trafficking?

LECA could have originated in various ways, as discussed in the preceding sections.
According to the inside-out theory, it must have had a mechanism for facilitating
trafficking over membranes, possibly involving an archaeal host assumed to belong to
the Asgard superphylum (45, 107). Therefore, investigating trafficking machineries
from LACA (last archaeal common ancestor) to FECA (first eukaryotic common
ancestor) is of interest. Metagenome analysis of Asgard Archaea revealed many
trafficking-related or homologous proteins known from eukaryotes, such as ESCRT-I-
Il complexes, Sec23/24 homologs, WD40 domains, notably the clathrin terminal ‘foot'
domain consists of WD40 repeats, TRAPP, and arrestin domains (25, 75). Among
these, the ESCRT machinery seems to be commonly spread in the Asgard
superphylum, while coat-related homologs (Sec23/24) and clathrin homologs (WD40
repeats) were found only in Thorarchaeota (24, 25). Though members of the Asgard
Archaea may possess coat-like systems, unraveling their function and pathways is
challenging, especially since few to none Asgard Archaea, particularly no
Thorarchaeota, have been cultivated (108).

However, the TACK superphylum is the closest relative of the Archaea domain to the
Asgard sister phylum (25). Therefore, a TACK Archaeon could be a suitable candidate
to explore an early endomembrane system, if it existed before endosymbiosis.
Although there are no sequence-based results suggesting the origin of coat systems
in TACK Archaea, other membrane modeling proteins, including the cytokinesis-
involved GTPase FtsZ and ESCRT-IlIl complex homologs, have been identified (109).
Interestingly, research has demonstrated that ESCRT-IIl homologs play a substantial
role in cell division, even in a species lacking FtsZ or related genes (109, 110). This
observation raises the possibility of two distinct executions of cytokinesis. Considering
their structural similarity, despite differences in activation mechanisms, it underscores
the presence of related systems in Archaea (111). Notably, the TACK Archaeon genus
Sulfolobus is known to form exogenic vesicles containing ESCRT-III proteins, Vps4,
and a solid proteinaceous surface layer (S-layer) (112). Recent findings indicate that

extracellular vesicle (EV) formation in these Sulfolobus species is ESCRT-dependent,
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laying the foundation for an early endomembrane system (113). Additionally, some
Asgard Archaea use the ESCRT system not only for EV formation but also for sorting
based on ubiquitin recognition, similar to eukaryotes (114). However, despite
annotation for Thorarchaeota, the presence of coat protein structures or related
proteins could not be validated (24, 115, 116). Hence, the existence of coat complexes
as trafficking systems in Archaea remains uncertain, whether due to challenges in
identifying them from sequence data, potential annotation inaccuracies—as suggested
by Ferrelli et al.'s extensive structural analysis—or the possibility that coats are simply
not integral to archaeal trafficking. Regardless, delving into the in-depth exploration of
Asgard archaeal trafficking machinery (24) holds the promise of illuminating this
intriguing area. Unfortunately, current limitations in cultivating Asgard Archaea restrict
studies to laborious in vitro approaches. On the other hand, TACK Archaea, being
close relatives to the Asgard superphylum, boast ESCRT-related proteins and exhibit
extracellular vesicle (EV) formation capabilities. Among TACK archaea, Sulfolobus
acidocaldarius, a member of the Crenarchaeon phylum, emerges as a prime candidate
for investigating a potential early endomembrane system, regardless of its specific

characteristics.

1.7 Sulfolobus acidocaldarius - a model organism

Sulfolobus acidocaldarius is a hyperthermophile, acidophile (pH 2-3) Crenarchaeon,
now also known as Thermoproteota, and was found in hot springs like the Locomotive
Spring (Yellowstone National Park, USA) (117). The Sulfolobus acidocaldarius
genome is fully sequenced, with a redundancy of ~6-fold sequence coverage,
comprising 2,225,959 bp resulting in around 2300 gene products (118). It can thrive
on various carbon sources including a wide array of sugars and amino acids and is
also capable of aerobically oxidizing sulfur species to sulfuric acid (118). Moreover,
S. acidocaldarius stands out for its relatively high division rates among Archaea, with
duplication times ranging from 6.5-8 hours (with yeast extract) to 37-55 hours
(elemental sulfur), depending on the available nutrition (119). The species also exhibits
an intriguing UV-induced DNA damage repair mechanism. This process involves
cellular aggregation facilitated by pili structures, leading to DNA exchange for
homologous recombination repair between distinct cells (120). Additionally,

Sulfolobales species, including S. acidocaldarius, demonstrate the ability to produce
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toxins that inhibit the growth of other Sulfolobus species in their perimeter. This
mechanism serves to eliminate unwanted competition among different Sulfolobales
during DNA damage responses (121, 122). The release of toxins in S. acidocaldarius
is thought to be facilitated through vesicular release (121). Consequently, this
highlights the remarkable capacity of this archaeal organism to utilize extracellular
vesicles (EVs) for purposes extending beyond the mere disposal of unwanted
materials. Notably, S. acidocaldarius has been found to harbor proteins associated
with the ESCRT machinery, strongly indicating their role in the formation of
extracellular vesicles (112, 113, 123). The organism's close relationship to Asgard
Archaea, its thermophilic nature, proficiency in EV formation, rapid growth rates, robust
response to UV-induced DNA damage, comprehensive genome sequencing, diverse
metabolic pathways, and the presence of ESCRT-related proteins collectively position
it as an ideal model organism. S. acidocaldarius is not only valuable for studies on
DNA damage response and DNA replication but also holds promise for exploring
potential remnants of an early endomembrane system. The availability of both in vitro
and in vivo experimentation further enhances its suitability for detailed analyses in
these research areas. (118).

Interestingly, exosomes derived from S. acidocaldarius were discovered not only to
contain ESCRT-related proteins but also to exhibit a high abundance of a protein
known as ArnB (Saci_1211) (112). ArnB serves as a regulatory protein intricately
involved in the archaellum regulatory network (Arn) (124). The archaellum, functioning
as the motility structure in Archaea, bears a resemblance to the flagellum in Bacteria.
Moreover, the regulatory mechanism governing the archaellum is notably complex,

with certain pathways remaining not fully understood to date.

1.8 The Archaellum Regulatory Network

Many organisms utilize motility structures to facilitate movement, responding to various
signals such as chemical cues (chemotaxis), adhesion sites (haptotaxis), and
temperature (thermotaxis) or for general relocation (125). While Bacteria typically have
a flagellum for this purpose, Archaea possess a similar structure known as the
archaellum, resembling a type IV pilus (126). Sulfolobus acidocaldarius, like many
other archaeal species, can assemble the archaellum. However, the archaellum's role

in motility for Crenarchaeota is undirected, unlike chemotactic processes, and it is
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activated in response to stress, often linked to nutrient depletion, helping the archaeon
seek more favorable living conditions when necessary (127). This stress usually
involves nutrient depletion and allows the Archaeon to find more suitable living
conditions when necessary (128). Regardless, the assembly and disassembly of the
archaellum must be carefully regulated to ensure its use only when required. The
proteins responsible for this regulatory mechanism are collectively known as Arn (128).
Genes governing the formation of the archaellum fall under the regulation of an operon
known as arl (formerly fla), encompassing seven genes in the case of S. acidocaldarius
(arlB, arlX, arlG, arlF, arlH, arll, and arlJ) (129, 130). The archaellum primarily consists
of archaellin, a major structural filamentous protein represented by ArIB, featuring a
signal peptide cleaved by PibD before its integration into the filamentous structure.
Additionally, a motor complex is formed by Arll, Arld, ArlX, and ArlH (130). Arll acts as
a crucial ATPase involved in both archaellum assembly and rotation. It interacts with
the transmembrane platform protein ArlJ and the RecA family ATP-binding protein
ArlH, surrounded by ArlX, thought to function as a scaffold guiding the assembly of the
archaellum motor complex (127, 128, 130). The pseudo-periplasm-spanning proteins
ArlF and ArlG together create a stator complex against which ArlB rotates, driven by
ATP and facilitated by Arll (131, 132). The arl operon, commencing with the archaellin
gene arlB, is flanked by two regulatory paralogs, arnR positioned upstream of the
operon, and arnR1 situated downstream of the archaellum genes at the operon's end
(128). Collectively, these proteins form various heteromultimeric complexes, each
featuring an identical domain arrangement. This configuration includes an N-terminal
helix-turn-helix motif, a HAMP (histidine kinases, adenyl cyclases, methyl-accepting
proteins, and phosphatase) domain, a sensor domain believed to be associated with
starvation detection, and two C-terminal membrane helices (128, 133). Notably, these
regulators have been demonstrated to target the promoter of the archaellum genes,
robustly inducing the expression of arlB in response to nutrient depletion (133).
Furthermore, both ArnR and ArnR1 are thought to undergo regulation through
phosphorylation by the Ser/Thr kinase ArnC (134). ArnC assumes a pivotal role in the
archaellum regulatory network, orchestrating numerous phosphorylation-dependent
regulations (133, 134). Its regulatory function extends to the archaeal biofilm regulator
AbfR1, a confirmed positive regulator of arlB. Additionally, under nutrient-rich
conditions, ArnC can phosphorylate ArnB in the presence of its partner ArnA.

ArnB is a van Willebrand factor type A (VWA) containing protein that interacts with
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ArnA, a fork-head associated (FHA) domain containing protein via the zinc-finger (ZnF)
domain of ArnA (124). Notably, FHA domains are recognized for their interaction with
phosphorylated threonine residues, a feature abundantly present in ArnB's C-terminal
helix domain (124). Consequently, upon phosphorylation-dependent interaction, ArnB
and ArnA form a robust heterodimeric complex, resulting in a suppressed expression
of arlB (124, 134, 135). Conversely, dephosphorylation of the ArnAB complex,
facilitated by the phosphatase PP2A, induces ar/B expression, leading to the assembly
of archaellum structures (124, 134). Furthermore, the regulatory role of the complex is
underscored by the hypermotile phenotype resulting from the deletion of either arnA or
arnB. Another kinase, ArnD, has also the capability to phosphorylate ArnB, although
the specific context of this relationship remains unclear, except for the observation that
an arnD knockout induces hypermotility, whereas an arnC knockout results in
diminished motility in S. acidocaldarius (136). To decipher the intricacies of this
phosphorylation-dependent regulatory pathway involving the kinases ArnC, and
potentially other kinases, along with the PP2A phosphatase, a co-immunoprecipitation
(co-IP) assay was undertaken (134). This assay unveiled two additional targets of

PP2A, the universal stress protein with the gene name Saci_0887 and the GPN-loop

The Archaellum Regulatory Network

Archaellum
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Figure 6: Simplified summary of the Archaellum regulatory Network with focus on ArnB. ArnA
and ArnB form a complex mediated by ArnC and possibly also by ArnD. Upon nutrient starvation the
complex dissociates, probably by the intervention of PP2A, which triggers arlB expression, although it
is not fully clarified how this regulation is executed. The regulators ArnR and ArnR1, which are known
positive regulators of arlB, are also regulated by the phosphorylation of ArnC. Figure derived from
Bischof et al. 2019.
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GTPase Saci_1281, annotated as ATP/GTP binding protein, alongside ArnA and ArnB,
as primary targets. The pulldown assay leaves room for interpretation—whether the
interaction partners directly engage with PP2A or if they are secondary hits due to their
interactions with each other or the ArnAB complex. Nonetheless, these findings
introduce intriguing research avenues for investigating the archaellum regulatory
network and signal transduction in archaea. Although much of the archaellum
regulatory network's regulation has been elucidated, certain aspects, especially the
redundancy of regulatory functions, remain unclear. The formation and regulation of
the archaellum, particularly centered around the interaction of ArnA and ArnB,
continues to be a captivating subject. Moreover, given some structural features of
ArnB, it holds potential significance in discussions about an early endomembrane

system in Archaea.
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2.Motivation

The emergence of Eukaryotes through endosymbiosis is accepted in eukaryogenesis,
but the circumstances and processes leading to this event remain a subject of ongoing
debate. Despite numerous hypotheses for explaining eukaryogenesis by focusing on
different scientific findings, none have fully traced the origin of eukaryotes within an
endosymbiotic framework. One promising approach is the inside-out theory. However,
a crucial prerequisite for this theory is the involvement of some form of early
endomembrane system in the host, likely belonging to the Asgard archaeal
superphylum. Metagenome studies suggest the presence of several trafficking genes
found in eukaryotes within these Asgard archaea, making them to a promising target
for investigation, although the challenging cultivation of Asgard Archaea hinders their
suitability as model organisms. Notably, the TACK superphylum, a close relative of the
Asgard family, has been shown to contain homologs of the ESCRT trafficking system,
e.g. in the thermophile organism Sulfolobus acidocaldarius. This makes S.
acidocaldarius a prime target for studying pre-endosymbiosis trafficking.

Here, the exosomes of S. acidocaldarius exhibit a high content of ESCRT-III proteins
and other proteins involved in the archaellum regulatory network, such as ArnA and
ArnB. While ArnA and ArnB are known regulators for ArlB, subject to phosphorylation
by ArnC and dephosphorylation by PP2A, the exact mechanism of this regulation
remains unclear. It could be shown by ESSEN that ArnB corresponds to the core motif
of Sec23/24, the membrane curvature protein of COPII vesicles. Accordingly, the initial
working hypothesis of this thesis proposed that ArnB plays a role as an early Sec23/24
analog, functionally linked to vesicle biogenesis, i.e. exosome formation.
Consequently, a structure-focused approach was employed to characterize the ArnB-
Sec23/24 core motif, aiming to investigate this intriguing structural homology.
Additionally, the intricate regulation of (de)phosphorylation in ArnA and ArnB, lacking
both structural and functional assignments, became research subjects in this thesis.
Furthermore, previous data hinted towards possible interaction partners of ArnA and
ArnB potential contributing to their assigned function within the archaellum regulatory
network, prompting structural and functional characterization efforts for these potential
interaction partners. To explore different functional contexts of the ArnAB complex as
well as its interaction partners experiments involving proteome analyses, bioinformatic

analyses and enzymatic characterization were conducted.
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3.Publications

3.1 Archaeal GPN-loop GTPases involve a lock-switch-

rock mechanism for GTP hydrolysis

This paper was part of the collaboration of the Volkswagen Foundation Life? Program
involving the Albers group from Freiburg University and the Essen group from Marburg
University. The goal was to provide structural and functional support of the potential

ArnAB interactors as well as elucidating the archaeal class of GPN-loop GTPases.
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Summary
GPN-loop GTPases (GPNs) constitute a unique class of GTPases that form dimers

irrespective of the nucleotide-bound state and can even create heterodimers in
Eukaryotes, enabled by the presence of three paralogous GPNs in most eukaryotic
organisms. In Eukaryotes, they are recognized for their involvement in RNA
polymerase |l trafficking, DNA repair, and methylation-dependent transcription.
However, in Archaea, GPNs usually exist as singlets, as analyzed in the sequence
similarity network, with their function only to be speculated about. To explore this
understudied class of GTPases, the GPN-loop GTPase SaGPN from Sulfolobus
acidocaldarius was focused in this study, investigating its proteome. This work
provides fundamental structural support for SaGPN and GPNs in general, based on its
two distinct nucleotide states. Notably, the discovery of a closed state when bound to
GTP led to the formulation of a mechanism aptly named the "lock-switch-rock
mechanism" due to its illustrative depiction of the allosteric changes observed in this
GPN member. In this scenario, binding to GTP locks SaGPN in a state of high tension,
which is released during the switching event—either the hydrolysis of GTP to GDP or
the release of free phosphate—in a rocking-like motion. While the nucleotide affinities
of SaGPN support high binding efficiency, the low intrinsic GTPase activity appears to
be a hallmark of archaeal GPNs. Nevertheless, especially the latter suggests the
potential involvement of yet unobserved GAPs and/or GEFs in the mechanism of
GPNs. Proteomic data from the saGPN deletion strain suggests the involvement of the
GPN-loop GTPase in global homeostasis due to the significant impact on protein
levels, including ArIB, the major Archaellin. However, unaffected growth rates indicate
that the role of SaGPN might correspond to different lifestyles, as seen in the observed
loss of motility.

In comparison, eukaryotic GPNs have diverse roles, including participation in sister
chromatid cohesion (human) and acting as a chaperone for the assembly of the 12-
subunit RNA polymerase |l (S. cerevisiae). They are also implicated in processes like
mitochondrial homeostasis and ribosome biogenesis. Given the broad spectrum of
functions exhibited by eukaryotic GPNs, it is plausible that archaeal GPNs, such as
SaGPN, which undergo conformational switching between GTP- and GDP-bound
states, may play a similar role, potentially acting as a chaperone during multi-protein

assembly.
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Archaeal GPN-loop GTPases involve a lock-switch-rock

mechanism for GTP hydrolysis
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ABSTRACT Three GPN-loop GTPases, GPN1-GPN3, are central to the maturation and
trafficking of eukaryotic RNA polymerase Il. This GTPase family is widely represented
in archaea but typically occurs as single paralogs. Structural analysis of the GTP- and
GDP-bound states of the Sulfolobus acidocaldarius GPN enzyme (SaGPN) showed that
this central GPN-loop GTPase adopts two distinct quaternary structures. In the GTP-
bound form, the y-phosphate induces a closed dimeric arrangement by interacting
with the GPN region that is relaxed upon hydrolysis to GDP. Consequently, a rocking-
like motion of the two protomers causes a major allosteric structural change toward
the roof-like helices. Using a lock-switch-rock mechanism, homo- and heterodimeric
GPN-like GTPases are locked in the GTP-bound state and undergo large conformational
changes upon GTP hydrolysis. A AsaGPN strain of S. acidocaldarius was characterized
by impaired motility and major changes in the proteome underscoring its functional
relevance for S. acidocaldarius in vivo.

IMPORTANCE GPN-loop GTPases have been found to be crucial for eukaryotic RNA
polymerase Il assembly and nuclear trafficking. Despite their ubiquitous occurrence
in eukaryotes and archaea, the mechanism by which these GTPases mediate their
function is unknown. Our study on an archaeal representative from Sulfolobus acidocal-
darius showed that these dimeric GTPases undergo large-scale conformational changes
upon GTP hydrolysis, which can be summarized as a lock-switch-rock mechanism. The
observed requirement of SaGPN for motility appears to be due to its large footprint on
the archaeal proteome.

KEYWORDS GPN-loop, GTPase, sulfolobus, RNA polymerase Il, allostery

TPases are a large family of GTP-binding and -hydrolyzing enzymes that are widely
distributed across all three domains of life (1). They contain a highly conserved
GTPase domain (G domain) housing five fingerprint motifs responsible for coordination
of GTP and catalysis: G1 (also P-loop or Walker A motif) interacts with the 5’ phosphate
moieties of GTP, the G2 and G3 motifs are required for coordination of a magnesium ion
essential for catalysis, the latter of which specifically accommodates the 5’ y-phosphate
of GTP, and G4 and G5 establish specific binding of the nucleotides’ guanine base (2,
3). As GTPases cycle between their GTP and GDP-bound states via their intrinsic GTP
hydrolytic activity, they often function as molecular switches differentially regulating a
plethora of downstream effector proteins involved in crucial cellular processes (2, 4, 5).
Most GTPases belong either to the TRAFAC (translation factor association) class
involved in translation, signal transduction and intracellular transport, or the SIMIBI
(signal recognition particle, MinD, and BioD) class; members of the latter engage in
protein localization and trafficking, membrane transport, and chromosome partitioning
(1, 4, 6). Many well-studied GTPases, such as Ras and heterotrimeric G proteins (7-9),
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belong to the TRAFAC class, whose members generally do not form nucleotide-depend-
ent dimers (1). In contrast, homo- and heterodimerization of SIMIBI class proteins like the
signal recognition particle (SRP) and SRP receptor GTPases depends on ATP- or GTP-
binding (4, 10) and is hence relevant to regulation of their intrinsic ATP/GTP hydrolysis
activity, specific interactions with effector proteins, and their biological functions (6, 11,
12).

A novel type of SIMIBI GTPase, the GPN-loop GTPase, was discovered by structural
analysis of the GPN-loop GTPase PAB0955 (PaGPN, Uniprot: QQUYR9) from the euryarch-
aeon Pyrococcus abyssi (13). PaGPN adopts a homodimeric topology, whose quaternary
assembly was found to be independent of GTP binding (13). This characteristic of
GPN-loop GTPases sets them aside from other SIMIBI GTPases, which require switch-
dependent changes of their quaternary state to fulfill their biological function (6).
Another feature is the eponymous GPN motif in the G domain that is highly conserved in
archaeal PaGPN and eukaryotic orthologs. This motif (Gly-Pro-Asn) is inserted in between
the SIMIBI class motifs G2 and G3. GPN-loop GTPases were described to occur only
in archaea and eukaryotes, but not in bacteria (14). Eukaryotes typically feature three
GPN-loop GTPase paralogs: GPN1 (annotated before as Npa3, XAB1, or MBDin), GPN2
and GPN3. These paralogs play essential roles in nuclear localization and biogenesis of
the RNA polymerase Il (14-17). In yeast, deletion of genes encoding the XAB1 homologs
GPN1, GPN2 or GPN3 was found to be lethal (18). Furthermore, yeast GPNs assemble into
heterodimers with different yGPN combinations, which appear to be irrespective of the
nucleotide-bound state of the GPNs as pull-down assays, FRET, and molecular modeling
studies indicate (14, 19).

The biological function of archaeal GPN-loop GTPases remains unknown, although
they exhibit the highest sequence similarities with eukaryotic GPN1 orthologs (1, 19).
Nevertheless, the crystal structures of P. abyssi GPN (PDB: 1YR6 [apo form], 1YRA [GDP
complex], 1YR7 [GTP-y-S complex], 1YR8 [GTP complex], 1YR9 [GDP+HPO4* complex],
1YRB [GDP+Mg?* complex], 20XR [GDP+Mg?** complex, after GTP hydrolysis]) and yeast
GPN1 (also called Npa3, PDB: 5HCI [GDP complex], 5SHCN [GMPPCP complex]) revealed a
similar homodimeric topology, nucleotide coordination, and a mode of catalysis, which
involves the asparagine residue of the GPN motif (13, 16).

For long time, the cellular function of GPN-loop GTPases remained enigmatic. Homo
sapiens GPN1 was described first as an XPA-binding protein 1 (XAB1) or MBD2-interacting
protein (MBDin) because of its interaction with the nucleotide excision repair protein
Xeroderma pigmentosum group A protein (XPA) and methyl-CpG-binding protein MBD2,
thus putting forward a role in DNA repair and methylation-dependent transcription
(20, 21). Elucidation of the protein interaction network of all three GPN proteins in
yeast revealed their essential role in the regulation of nuclear import of multiple RNA
polymerase Il (RNAPII) subunits (22, 23). The interaction of yeast GPN1/Npa3 with RNAPII
subunit Rpb1 in vitro was stronger in the presence of GTP than GDP (24). Furthermore,
mutations in the G1, G2, G3, and GPN motifs of GPN1/Npa3 were either lethal or resulted
in a slow growth phenotype in yeast (23), collectively suggesting a link between the
nucleotide-bound state of GPN GTPases and their cellular function.

In the archaeon Sulfolobus acidocaldarius, the GTPase Saci1281 (from hereon:
SaGPN) represents the solitary GPN-loop GTPase. We previously identified SaGPN as
an interaction partner of the Ser/Thr specific protein phosphatase PP2A (25), which
we anticipate to play an important role in intercellular signaling pathways because S.
acidocaldarius possesses a diverse phosphoproteome (26). Interestingly, PP2A interacts
with ArnA and ArnB, which are described as negative regulators of the assembly of the
archaellum (25, 27, 28). PP2A deletion strains are therefore hypermotile and defective in
cell size regulation and metabolism (26).

We investigated the in vivo function of SaGPN in S. acidocaldarius, focusing on its
potential role in the regulation of archaella synthesis. We also analyzed the protein
structure and conformational changes of SaGPN by crystallization and HDX analysis. The
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results from this study shed light on the in vivo function of GPN-loop GTPase in archaea,
and we will also present a novel activation mechanism of GPN-loop GTPases.

RESULTS
GPNs occur in all domains of life

To provide an overview of GPN-loop GTPases (IPR004130), we analyzed and visual-
ized this protein family using a sequence similarity network (SSN), which provides
insights into protein relationships based on different sequence alignment scores (Fig.
1). Thereby, nodes correspond to protein sequences, and each edge represents one
relation, which scales in stringency with decreasing E-values, allowing clustering based
on this alignment threshold (29). Cluster analysis of IPR004130 with an E-value of 107
reveals that GPN-loop GTPases (GPNs) from archaea share a closer relation to GPN1 than
to GPN2 and GPN3, which is consistent with the essential diversity of GPNs in eukaryotes
(15). Moreover, GPN1 does not cluster with its sister paralogs GPN2/3, although the latter
shares the same cluster, suggesting a greater functional discrepancy between GPN1
and GPN2/3 than between GPN2 and GPN3. Additionally, it appears that GPNs of TACK
archaea, which include S. acidocaldarius, have a closer relationship with GPN1 than with
other archaeal GPN-loop GTPases such as P. abyssi (Fig. 1). Furthermore, Pyrococcus and
Sulfolobus GPNs begin to separate from each other at alignment scores with E-values
of <107, Segregation became even more evident at a slightly increased E-value cutoff
of <107, with the eukaryotic GPN1 clade being completely dissociated from archaeal
GPNs. Likewise, Pyrococcus-like GPNs are almost completely clustered separate from the
SaGPN-loop GTPases (Fig. 1). This indicates, that despite sharing identity to some extent,
these archaeal GTPases have some differences that are yet to be clarified. In our analysis
of 1,541 unique archaeal sequences, belonging to 469 different organisms, we found that
GPN-loop GTPases in archaea mostly occurred as singlets, with a total of 412 organisms.
However, 57 archaeal organisms had two or more GPN paralogs, refuting the established
assumption that archaea generally harbor only a single ortholog of GPN-loop GTPases
(16, 19, 30).

Interestingly, 4,331 bacterial sequences are found in the SSN of IPR004130, which can
be assigned to 1,859 different bacterial strains. Here, singlets also form the largest group
in the bacterial domain (762 organisms); 410 organisms were identified with two
paralogs, and 386 with three. In addition, some bacterial species even appear to have
four or more paralogs, exceeding the number of three, GPN1-GPN3, as known in
eukaryotes. However, all these bacterial members of IPR004130 share few relationships
with the clusters dominated by either archaeal or eukaryotic members. Structure
prediction and sequence alignments actually show that these bacterial GTPases miss the
GPN motif and are structurally more related to ARF-type small GTPases (Fig. S10). This
indicates that these bacterial members have been falsely annotated as GPN-loop
GTPases and hence play a different and maybe more diverse role in bacteria when
compared to eukaryotes or archaea. Furthermore, at an E-value of 107 archaeal
orthologs assemble almost exclusively within a single, large cluster and thereby share
links with almost every other archaeal GPN, whereas bacteria split into several small
clusters that have only minor relationships.

Biological effect of saGPN deletion on the archaeon S. acidocaldarius

SaGPN (Saci_1281, Uniprot: Q4J9A7) was identified as a specific interactor of the serine/
threonine protein phosphatase PP2A (25). In S. acidocaldarius, PP2A regulates growth,
cell size, and swimming motility (26). To investigate the physiological role of SaGPN in S.
acidocaldarius, a markerless in-frame deletion mutant was constructed. Deletion of
saGPN did not affect cell growth (Fig. 2A), whereas a pronounced decrease in swimming
motility on semi-solid gelrite plates was observed (Fig. 2B). Interestingly, electron
microscopy (EM) analysis showed that AsaGPN cells still assembled archaella. However,
these samples have to be taken after 4 h of starvation as otherwise archaella cannot be
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FIG 1 Sequence similarity network (SSN) of InterPro protein familiy IPR004130 (GPN-loop GTPases). The SSN shows connection between related proteins of the

input protein familiy at the given E-value cutoff of 107*. Cluster analysis numbers clusters based on member count, giving insights in overall cluster size. While

the archaeal GPNs are clustered with GPN1 in cluster 2, other eukaryotic GPNs (GPN2/3) are located in cluster 1, revealing differences between GPN1 and its

sister proteins. Additionally, cluster separation of cluster 2 is observable, where PaGPN, SaGPN, and GPN1 start to form their own subclusters. This is even more

pronounced at a higher stringency of 107* (dashed box), where SaGPN separates from cluster 2 alongside most other archaeal GPNs into cluster 3 (452 nodes)

and PaGPN is clustered away into its own cluster 9 (cyan). Nodes not found in clusters 2 and 3 clustered in smaller/singleton subclusters, which are not displayed

for clarity. Notably, bacterial members of IPRO04130 (lower left) miss the GPN-loop motif and are assignable to ARF-like GTPases (Fig. S10).

observed even in the wild type (WT) (Fig. 2C). To test whether deletion of saGPN affected
arlB expression (encoding the archaellum filament protein, archaellin), AsaGPN cells were
starved for nutrients for 0-4 h, and arlB expression was analyzed by Western blot analysis
and qRT-PCR (Fig. 2D). arlB expression generally increased during nutrient starvation in
both the wild-type strain MWO001 and AsaGPN mutant. However, ArIB protein levels were
significantly reduced in the AsaGPN mutant compared with those in MWO0O01. Similarly,
decreased arlB expression was observed on the RNA level when comparing the AsaGPN
mutant with MWO0O1 at 1, 1.5, 2, and 4 h after starvation (Fig. 2E). Thus, SaGPN affects the
archaellum regulation network and apparently acts as a positive regulator in S. acidocal-
darius.

To explore whether SaGPN affects other functions in S. acidocaldarius, we performed a
proteome-scale analysis of wild-type and AsaGPN S. acidocaldarius strains. These were
grown as biological triplicates and samples were taken from nutrient-rich and nutrient-
starved conditions. Each sample was measured as technical duplicates using a timsTOF
(trapped ion mobility spectrometry, time of flight) mass spectrometer before averaging
and further downstream processing. Measurement of these proteomes led to the
identification of 1,422-1,512 proteins per sample, which corresponded to a total of 1,627
different proteins of the 2,222 proteins encoded in the S. acidocaldarius genome.
Comparing the two nutritional states of the WT, it is apparent that most of the proteome
is nutrient-independent with only 37 proteins not identified in both states simultane-
ously (Fig. 3A). For a quantitative assessment of the measured protein abundances, data
were further filtered using a t test to analyze only hits that showed statistically significant
differences in abundance for data in their respective comparison. A total of 242 of the
1,492 (16.2%) overlapping proteins found in both nutritional states of the WT passed this
filtering, indicating that the expression levels of at least 16% of members of the
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FIG 2 Deletion of saGPN impedes motility and arlB (flaB) expression in S. acidocaldarius. (A) Growth curves of S. acidocaldarius MWOO1 (black line) and AsaGPN
mutant (gray line) in nutrient-rich medium. (B) Motility assays. Same amounts of cells from tested S. acidocaldarius strains were spotted on semi-solid gelrite
plates and incubated at 75°C for 5 days, then the plates were scanned and recorded. AarnA and AarnR/R1 strains were used as hyper-motile and non-motile
control, respectively. (C) Analysis of the archaellum formation in S. acidocaldarius strains. S. acidocaldarius MW0O1 and AsaGPN knockout were cultivated in
nutrient-depleted medium. After 4 h growth, cell samples were collected and applied to EM analysis. (D) ArIB expression on protein level and (E) arIB transcription
level in S. acidocaldarius. S. acidocaldarius MW001 and AsaGPN mutant were cultivated in nutrient-depleted medium for 4 h. Cell samples were taken at different
time points, and analyzed by Western blotting with a-ArIB (left) and gRT-PCR (right). A representative Western blot is shown (D) and Western blots from biological
triplicates were quantified. Relative transcription levels of arlB were normalized to secY. The values represent fold changes compared with the control from
biological triplicates. Significant differences between MW001 (dark boxes) and AsaGPN mutant (light boxes; P value < 0.05) were indicated by an asterisk.

proteome depend on nutrient availability. These data resemble previous label-based
iTRAQ quantification analyses, which also indicated nutrient-dependent proteome
changes of up to 12% (31). However, comparison of the AsaGPN proteomes with their
corresponding WT strains indicated that the amount of significantly altered proteins was
approximately two times as high for the knockout strains, with 546/1,413 (38.6%) for
nutrient-rich and 445/1,467 (30.3%) nutrient-starved conditions, respectively (Fig. 3A).
While this analysis reflected statistically significant changes, we also verified that the
changes in protein levels were appropriately high by additionally filtering for proteins
that showed a change of at least 50% in their respective comparison. This further filtering
for largely altered expression levels (>50%) yielded 83 proteins for the WTgtarved/WTrich,
134 for the WT,ich/AsaGPNyich, and 127 for the WTgtarved/AsaGPNgtarved cOmparison (Fig.
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FIG 3 Knockout of saGPN has extensive ramifications on the S. acidocaldarius proteome. (A) Venn diagrams of proteomic data comparing different nutritional
states of the wild type (WT) and saGPN deletion mutant. Diagrams show the number of overlapping and non-overlapping proteins that passed a one-paired
t-test <0.01, to check for variation of the biological triplicates and the technical duplicates of their measurement, in bold. The proportion of these proteins
filtered by the t-test to the total overlapping and non-overlapping proteins found is given in parentheses. The amounts of total proteins as identified by timsTOF,
i.e. without t-test filtering, are given in absolute numbers next to them. (B) Heatmaps of proteins that exhibited highly affected expression levels (>50%) in
their respective comparisons. The number of proteins that were severely affected is indicated below the maps. The scale bar represents the fold change of
over-regulation (red) to under-regulation (blue). Uniprot identifiers of the respective proteins are indicated next to the rows.

3B). Heatmap analysis of this filtering shows that the distribution of over- and underregu-
lated proteins is similar between WT states, whereas the knockout seems to have a more
pronounced effect on downregulation. Nevertheless, the absence of the GPN-loop
GTPase has profound effects on protein expression, even when only highly significant
and major changes are considered.

Evaluation of the gene ontology (GO) terms of the proteins shown in the heatmap
analysis (Fig. 3B) revealed that a large variety of different protein functions are affected
by the saGPN knockout (e.g., ArlB, Uniprot: Q4J9K5), pointing to a global role of SaGPN
in protein homeostasis (Table S4). However, given the unaffected growth rate of the
saGPN deletion strain, these changes in protein levels may correspond more to different
lifestyles of this archaeal organism, e.g., due to the observed loss of motility (Fig. 2).
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Biochemical and biophysical characterization of SaGPN

In size-exclusion chromatography, purified SaGPN (30.5 kDa) eluted as a monodisperse
peak at a volume corresponding to a molecular weight of ~60 kDa, suggesting SaGPN
forms a dimer in solution (Fig. STA and B). GTPase activity of SaGPN was highest in the
presence of Mg?* at the optimal growth temperature (75°C) of S. acidocaldarius (Fig. S1C).
However, this was not applicable for all experiments, as mechanical or chemical stress
could result in an onset of protein aggregation at 75°C, which is why the temperature
was adjusted to 65°C for kinetic experiments if not stated otherwise. SaGPN preferred
Mg?* as the cofactor over other tested metal ions (Fig. 4B). To determine the GTP
hydrolysis kinetics, SaGPN was incubated with 0-500 uM GTP at 65°C in the presence
of Mg?". The calculated GTP hydrolysis was plotted against the GTP concentration and
data were fitted with the Michaelis-Menten equation. The GTPase activity of SaGPN had
a Ky of 40.48 pM and a Vijax of 6.4 nmol-mg™"-min™" (36.4 nmol-L™"s™"), respectively (Fig.
4A).

Nucleotide binding efficiency of SaGPN was investigated by employing isothermal
titration calorimetry (ITC), yielding dissociation constants (Kp) in the low nanomolar
range for all nucleotides investigated. To avoid protein degradation throughout the
measurements, nucleotide affinity was determined at 65°C, revealing Kp values of 6.15
and 22.0 nM for GDP and the non-hydrolyzable GTP derivative GppNHp, respectively (Fig.
4C and D). At 25°C, the nucleotide affinity is even higher without a significant disparity
for triphosphate nucleotides, indicating that GppNHp is a suitable substitute for GTP (Fig.
S1D, E and F). Notably, dimerization of SaGPN is very stable against high dilutions
of <15 nmol as shown by massphotometry, as no dissociation was observed during
measurements (Fig. S1G).

SaGPN overall structure

The structure of SaGPN was determined from a monoclinic crystal form at a resolution of
1.8 A in its GppNHp-bound state (PDB: 7ZHF) and solved by molecular replacement,
covering residues Y2-A240, with one molecule in the asymmetric symmetry unit (a.s.u.)
forming a physiological dimer when crystal symmetry is applied. In addition to the
GppNHp structure, we have succeeded in solving the SaGPN structure in its GDP-bound
state from an orthorhombic crystal form (PDB: 7ZHK, Y2-A240) at a resolution of 2.4 A.
SaGPN for both crystal forms was purified before in a nucleotide-free state and co-
crystallized with the respective nucleotide (Fig. S9C). The GDP-bound structure contains
three molecules per a.s.u, where monomers A and C form together a physiological
dimer. Likewise, monomer B forms a dimer with its crystal mate B’. The difference
between both SaGPN dimers in this crystal form is minor, as a superposition of the
dimers yields an r.m.s.d value of only 0.24 A (445 Ca atoms). Interestingly, the SaGPN
dimer interface shows local heterogeneity near the GTP binding site (Fig. S12B through
D). In monomers A and B, a double hydrogen bond between N70 of the GPN motif with
Q106" is formed, whereas altered x> angles of N70” and Q106 of monomers C and A,
respectively, are consistent only with the formation of a single H-bond.

The general structure of SaGPN involves 12 a-helices and a five-stranded, parallel -
sheet that is sandwiched by a6/a8 and a1/a12, respectively (Fig. 5A). Moreover, several
small helices and helical turns consisting only of a few amino acids can be found
throughout the whole structure, including a5, a7, and a10. The crystal structures of both
crystal forms show homodimers of SaGPN, concurring with the SEC elution volume (Fig.
S1). The dimer interface emerges alongside the surface of helices a3, a5, a8, and al1,
whereby a8 contributes substantially to the dimeric assembly due to its central position
allowing the formation of a hydrophobic pocket. This pocket is covered by a roof-like
scaffold formed by a9-a11/a11"-a9’ (residues E178-N212) laying orthogonally over a8
helices (residues P143-R159) and parallel to the a2 (residues V58-Y65), the so-called skid
region, located at the opposite end. The eponymous GPN motif (residues G68-N70) is
found at the base of a3 (residues N70-L81), which is involved in activation of the inline
attacking water molecule (N70) and nucleotide coordination at the substrate pocket of
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FIG4 Despite showing low GTPase activity SaGPNs nucleotide binding is very efficient. (A) Michaelis-Menten plot of SaGPN activity at 65°C, revealing an activity

of 6.4 nmol hydrolyzed GTP per min and per mg of protein. Data represent mean + s.d. of n = 3 replicants. Error bars (standard deviation) of some data points are

too small to be visualized. (B) Effect of different bivalent metal ions on GTPase activity, which is highest with Mg**. Data represent mean =+ s.d. of n = 3 replicants.

(C) ITC measurement of SaGPN at 65°C (to avoid premature protein degradation) with titration against GDP, showing a substrate affinity of Kp = 6.15 nM for

GDP. (D) Same measurement with titration against GppNHp, showing a substrate affinity of Kp = 22.0 nM for GppNHp. Values are calculated from triplicate

measurements.

the second protomer. Notably, the water that is suitably positioned for inline attack has
still a distance of 3.4 A from the y-phosphate of the GppNHp substrate mimic. Accord-
ingly, additional conformational changes for the GPN motif may be feasible during
hydrolysis of GTP itself. Nucleotide binding is mainly guided by interactions with the
backbone; however, side chain interaction of D172 and K170 seems mandatory for
coordination of the base and the ribose, respectively. Additionally, the Walker A motif
(GxxxxGK[T/S], x = any amino acid) takes part in nucleotide binding, whereas K14 is
responsible for the coordination and orientation of the 3/y phosphates of the nucleotide;
T15 is the only proteinaceous part of the octahedral Mg** coordination sphere (Fig. 5B)
(32). Mg** coordination is also supported by the Walker B motif (hhhhD/E, h = hydropho-
bic), which interacts indirectly with the Mg?* ion over a water bridge to D102; the latter
residue also forms a hydrogen bond with the hydroxyl moiety of T15.

As mentioned above, we have succeeded in solving the SaGPN structure in its GDP-
bound state, allowing comparison between both states as well as with the only other
known archaeal GPN-loop GTPase structure, PaGPN from P. abyssi (see Discussion). Apart
from the missing y-phosphate the binding mode of Mg**-GDP to SaGPN is comparable to
that of Mg?*-GppNHp (Fig. 5C). Interestingly, we observe a water molecule coordinated
between D38 and N70” (primed residues mark the second protomer) close to the
position observed before for the inline attacking water molecule of the GppNHp-bound
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orientation.

state thus corroborating the role of N70” of the GPN motif in positioning the water
molecule for catalysis. However, due to the loss of the y-phosphate interaction, the GPN
loop detaches from the nucleotide, resulting in an opened substrate pocket around the
phosphates (Fig. 5D and E). Interestingly, attempts to derive a GDP-AIF4 - or GDP-Pj-
bound form that mimics the transition state or product of hydrolysis from the GDP-
bound form by soaking or co-crystallization failed, as we only got structures of the GDP-
bound state. Accordingly, the GDP-bound state of SaGPN apparently represents a
conformation, whose stability exceeds those of the non-covalently linked GDP-AIF4™- or
GDP-Pj-bound states.

Allosteric triggering of SaGPN by bound nucleotides

While the quaternary structures of the GppNHp and GDP dimer states are clearly
different for SaGPN (Fig. 6, rm.s.d values of 2.3 A over 442 Ca atoms after superposition),
structural changes of the different binding states for PaGPN are only subtle, as shown by
an rm.s.d value of 1.0 A (453 Ca atoms) between GTP- and GDP-bound states (1YR8 vs
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FIG 6 Allosteric changes of SaGPN upon nucleotide hydrolysis observed in crystal structure. (A) SaGPN skid region with corresponding allosteric changes upon
nucleotide hydrolysis, revealing the push-out movement of the a2 skids. Secondary structure elements are colored in a blue gradient (GppNHp state) or purple
gradient (GDP state) for better orientation, and GPN motif in yellow. (B) Top-down view on the roof helices with arrows indicating displacement between both
states upon nucleotide hydrolysis. (C) Overall structure alignment of both nucleotide states, revealing major allosteric changes between states on outside helices
as well as inside B-sheets. Most prominent helix shifts as calculated by Chimera are given in degrees.

1YRB). Considering the monomer itself, comparisons between SaGPN and PaGPN reveal
relatively small differences for the GDP-bound state, 1.3 A for 179 Ca atoms, which are
increased to 1.6 A (181 Ca atoms) for the GTP/GppNHp-bound states. Accordingly, the
GDP states of SaGPN and PaGPN are closely related, whereas the GTP-bound form of
SaGPN differs from its GDP state as well as the PaGPN states described before. Accord-
ingly, these large allosteric changes undergone by SaGPN upon nucleotide hydrolysis
are mostly rigid body-like motions, which are driven by a scissors-like movement of the
a2 (residues V58-Y65) skid region (Fig. 6A). Achieving this scissors-like motion seems to
involve many local changes throughout the whole GTPase assembly: the roof helices
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shift against each other (Fig. 6B) with the C-terminal a10 (residues S190-E194) tails
being pushed upwards, while a8 helices (residues P143-R159) move toward and a9/
al10 helices (residues E178-D188/5190-E194) drift away from each other. Moreover, a1l
(residues T15-N27) is stretched away from the skids and a3 (residues N70-L81) bases
move closer to each other, resulting in a convergence of the GPN motifs. Overall, the
allosteric movement of both SaGPN states takes primarily place alongside the dimer
interface. This also includes a1 (residues T15-N27) and a12 (residues L228-L239), which
are not part of the dimer interface yet contribute significantly to the scissors motion,
with displacements of 18.9° and 12.0°, respectively (Fig. 6C). Additionally, the y-phos-
phate-GPN interaction is lost after hydrolysis, resulting in a swivel-off motion of the
GPN-loop including the preceding a2 skids (residues V58-Y65), thus relaxing the whole
assembly.

In solution analysis of SaGPN allosteric movements

We furthermore probed the nucleotide-dependent changes of SaGPN in solution by
hydrogen-deuterium exchange (HDX) coupled to mass spectrometry. Coordination of
the GDP and GppNHp nucleotides by SaGPN is evidenced by a reduction in HDX in the
G1 motif (peptide F3-L17), compared to the apo state (Fig. 7A and B; Fig. S4 and S5).
Further conformational changes induced by GDP encompass helices a2 and a3 (peptides
Y55-D60 and V74-L79, Fig. 7B; Fig. S4), both of which exhibit elevated HDX, and helix
6 and the subsequent strand 5 displaying reduced HDX (Fig. S4). Binding of GppNHp
to SaGPN evokes even more pronounced perturbations in HDX (Fig. S5). In addition to
helices a3 and a4 incorporating more deuterium similar to the GDP-bound state, the
roof-constituting helices a9-a11 (residues E178-N212) specifically for GppNHp/SaGPN
incorporate more deuterium (peptides L151-L168, R183-L195, and K207-L213; Fig. 7A
and B). The changed incorporation rates go along with the significant movement of the
roof helices (residues E178-N212) observed in the crystal structure. Most notably, upon
GTP hydrolysis, helix a11 (E200-N212) moves with its center-of-mass (COM) by 3.0 A
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relative to its core SaGPN domain. This and the changed packing of the core domains
in the dimer cause an overall displacement of the a11 helices by 6.3 A (COM) relative
to each other with chain A as point of reference (Fig. 6B). Interestingly, the roof top
helices of SaGPN are not involved in crystal contacts, neither in the GDP- nor in the
GppNHp-bound form. On the contrary, parts of helices a6 (peptide A111-S121) close
to the subunit interface incorporate less deuterium, suggesting an altered topology of
SaGPN in presence of GppNHp. The large conformational changes between GDP and
GppNHp-bound SaGPN are also reflected in a direct comparison of their HDX behaviors
(Fig. S6). Notably, while changes in HDX can be interpreted as changes in the structural
assembly or movement of the region affected, the converse is no confirmation for a lack
of conformational changes as exemplified by the skid region.

GTPase activity and phosphorylation of SaGPN are not required for motility

In order to investigate the impact of nucleotide binding by SaGPN in vivo, we conceived
of mutants that, based on our crystal structure should be defective in GTP binding or
hydrolysis (i.e., K14, D38A, D102A, and GPN-AAA). All of these mutants were expressed in
Escherichia coli, purified, and tested for their GTPase activity, which was almost com-
pletely lost in all mutant proteins (Fig. S2A). When complementing the AsaGPN strain
with these SaGPN mutants, all mutant proteins could be expressed in S. acidocaldarius
(Fig. S2Q). Surprisingly, compared with the control, the swimming defect could partly
be restored by these SaGPN mutants, although they were catalytically inactive (Fig.
S7A). MANT-GTP binding assays indicated that these mutants still retained 20-50% of
the wild-type GTP-binding capacity (Fig. S7C), suggesting that nucleotide binding is
unusually strong for a GTPase, since nucleotides generally fail to bind to G1/Walker A
mutants (33). Apparently, SaGPN functions in vivo independently from its GTPase activity.

Notably, a phosphoproteomics study of S. acidocaldarius demonstrated that SaGPN
can be apparently phosphorylated at Y59 (26). A regulatory function for Y59 by
(de)phosphorylation can be ruled out as shown by the Y59F mutants swarming assay
(Fig. S7B). The in vivo and in vitro function of SaGPN is unaffected by the removal of this
putative site of phosphorylation (Fig. S7B).

DISCUSSION

GPNs are present in most organisms, in archaea occurring mostly as a single paralog
and in eukaryotes in triple paralogs (GPN1-GPN3), where they perform non-redundant
essential functions (14). However, little is known about this class of GTPases compared
to other guanosine nucleoside phosphate hydrolyzing enzymes like small GTPases or G
proteins. In 2007, GPNs were introduced by Gras et al. (13) as a self-activating, homodi-
meric GTPase family alongside the first GPN crystal structure from P, abyssi. Our data now
provide new insights into this understudied protein family of GPN loop GTPases.

We were able to solve crystal structures of SaGPN loaded with either an analog of
GTP or the hydrolysis product GDP. These structures reveal major changes of the GPN
quaternary assembly upon nucleotide hydrolysis, which have not been observed before.
After GTP hydrolysis and loss of the y-phosphate, the substrate pocket switches from a
closed into an open state by losing the interaction to the second protomer’s GPN motif.
When making a comparison between SaGPN and the only other characterized archaeal
GPN, PaGPN (sequence identity 33%) from the hyperthermophile P. abyssi, we found
that one of the most prominent differences is found in the region of the roof helices.
These helices differ in length and, most importantly, adopt alternative orientations when
comparing the PaGPN and SaGPN homodimers (Fig. S11). Additionally, the so-called skid
region comprising the a2-helix undergoes a prominent conformational change upon
transition from the GTP- to the GDP-bound state of SaGPN, but not of PaGPN (Movie S1;
Fig. S11). This lack of observable conformational changes for PaGPN may be caused by
the enhanced hyperthermophilic nature of P. abyssi (growth optimum at 96°C com-
pared to 80°C for S. acidocaldarius), which necessitates thermal activation. For example,
conformational differences between heat-activated and non-activated enzymes have
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been found for the dimeric homoserine dehydrogenase from Sulfurisphaera tokodaii
(34). Interestingly, the inactive homoserine dehydrogenase bound a non-cognate NADP*
cofactor and underwent conformational changes near its active site with release of this
cofactor only upon heat activation. Although in the PaGPN structures, a partial closing of
the catalytic cavity like in SaGPN was not observable, minor changes in the quaternary
structure could still reflect the onset of allosteric changes. Nevertheless, other factors like
crystal packing or harboring a second Mg*" ion in the PaGPN GDP structure (PDB: 1YRB)
may alternatively cause arrest of PaGPN in a single quaternary state.

Additionally, GPNs, including SaGPN, are annotated as GTPases activated by
dimerization (GAD), which are G proteins known for exhibiting GTPase activity in the
absence of GEFs or guanosine activation protein (GAP) (3). However, while dissociation
constants of GADs to guanosine nucleotides are reported to be within the low uM range,
SaGPN features an exceedingly high affinity for guanosine nucleotides in the low nM
range, matching the values of GTPases employing GEFs (3, 10, 35, 36). Furthermore, GPNs
are dimeric regardless of their nucleotide-bound state, distinguishing them from GADs
(10, 13). Accordingly, GPNs are different from most other G proteins and form a distinct
class of their own as defined by the major part of the IPRO04130 family. For example,
Q106 of SaGPN is the structural pendant of Q61 from the switch Il region of the small
G-protein Ras that contributes to catalysis by interacting with the y-phosphate via a
bridging water molecule. In the SaGPN dimer, Q106 is placed in its interface region. Here,
the side chain of Q106 H-bonds to that of N70” in the GDP-bound state, whereas it flips
to form a staggering interaction in the GTP-bound state. Despite conservation, Q61 in
Ras exerts a different function than Q106, as in the SaGPN dimer, this residue entangles
the two nucleotide binding states via the catalytically relevant N70 residues. Notably, the
comparably low GTPase activity appears to be a hallmark of archaeal GPN-loop GTPases
as shown by turnover rates of 6.4 nmol/min/mg (65°C) for SaGPN and 12 nmol/min/mg
(80°C) for the orthologous PaGPN (3, 13). These turnover rates may still allow a biological
function for archaeal GPN-loop GTPases in the absence of canonic GAPs and/or GEFs,
although the complete absence of at least an allosteric partner enhancing archaeal GPNs
GTPase function cannot be ruled out. The latter implies that the term “self-activated” as
originally introduced by Gras et al. might not be appropriate. Another issue is given by
the fact that kinetic experiments for SaGPN had to be performed at 65°C for technical
reasons, i.e.,, below the optimal growth temperature of 75-80°C of S. acidocaldarius.
Accordingly, nucleotide exchange rates, affinities, and the Michaelis-Menten-like kinetic
analysis of GTP hydrolysis might be affected. However, due to the apparently low intrinsic
GTPase activity and high guanosine nucleotide affinities, both nucleotide-bound states
of SaGPN have considerable half-lives. This may be particularly relevant for the GTP-
bound state to exert a potential function in regulation and protein-protein interaction.
For comparison, eukaryotic GPNs are not only involved in sister chromatid cohesion
(human) and, like a chaperone, the assembly of the 12-subunit RNA polymerase Il (S.
cerevisiae), but also in other biological processes such as mitochondrial homeostasis and
ribosome biogenesis (14, 16, 37, 38). Given this broad range of functions for eukaryotic
GPNs, archaeal GPNs like SaGPN with their conformational switching between GTP- and
GDP-bound states may exert a similar type of function, e.g,, by acting as a chaperone
during multi-protein assembly.

Deletion of GPNs is known to be lethal in eukaryotes (13, 14, 18), but interestingly
not in the case of the crenarchaeote S. acidocaldarius. This implies that the biological
context of archaeal GPNs differs from that of their eukaryotic counterparts. The deletion
of saGPN in S. acidocaldarius yields a phenotype with a highly reduced motility despite
lacking any apparent growth defect. The motility phenotype is not strictly dependent
on the catalytic capability of SaGPN to hydrolyze GTP, as different mutations in the
G-box, which cause impaired nucleotide binding and/or lack the ability to hydrolyze GTP,
resulted only in gradually diminished motility (Fig. 2; Fig. S7). These observations suggest
that the intrinsic GTPase activity of SaGPN is dispensable for motility of S. acidocaldar-
ius. However, it is unclear whether GTPase activity is of relevance to other processes
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that were not investigated in this study. Moreover, we showed that a mutation within
the a2-helix, Y59D, affects swarming similar to the G-box mutants besides decreasing
catalytic activity by ~70%. Nevertheless, this correlation between GTPase activity and
motility may be serendipitous as G-box mutants lack GTPase activity while still exhibiting
motility. Thus, the decreased motility of the surface-exposed Y59D mutant may be due
to distorted interactions with unknown downstream partners, which control synthesis,
assembly or, activity of the S. acidocaldarius archaellum.

A broader biological function of SaGPN than its requirement for motility is indica-
ted by our proteomics analysis of the saGPN knockout in S. acidocaldarius. Relative
protein quantification by timsTOF of the AsaGPN mutant compared to the wild-type
strain revealed an unexpectedly large number of proteins being affected in their levels.
Notably, these proteins are assigned to a highly diverse set of biological functions,
which are mostly not directly linked to motility. Compared to the pronounced metabolic
adaptation of the S. acidocaldarius proteome upon starvation (Fig. 3A), the even larger
impact of the saGPN deletion suggests a key role of SaGPN in protein homeostasis
of S. acidocaldarius. Interestingly, the saGPN deletion also resulted in a complete loss
of an ortholog of the universal stress protein family, UspD (Uniprot: Q4JA32). UspD
was undetectable in the proteome of the saGPN deletion strain, although it was
highly abundant in all WT samples (Table S4). Interestingly, UspD has only very limited
sequence identity (8-11%) to the known Usp proteins of S. acidocaldarius, UspA-UspC,
although it shares the typical Usp fold with the latter (Fig. S8). Given that SaGPN was
found together with UspA in a previous co-IP assay (25), it is notable that UspA levels are
almost unaffected in the saGPN deletion strain.

Since we were able to obtain snapshots of SaGPNs catalytic cycle, we propose a
mechanism, which we call “lock-switch-rock” mechanism (Fig. 8) that assigns a catalytic
function to the conserved Gly-Pro-Asn motif of GPN-loop GTPases. The GTP-bound state
as visualized by our structure of the SaGPN-GppNHp complex (7ZHF) shows a partial
closure of the nucleotide-binding site by the embracing interaction between the GPN
motif from the opposing SaGPN protomer and the y-phosphate (Fig. 5). As a conse-
quence, a water molecule that is coordinated between D38 from the G2 motif and N70’
of the GPN motif is now found in an inline attack position for initiating the Sy2 reaction
at the y-phosphate. When deprotonated, D38 acts here as a general base for transient
formation of the attacking hydroxide nucleophile like the corresponding residue in the
G2 box of other SIMIBI GTPases (13). Overall, the GTP-bound state of GPN-loop GTPases
with its closed GPN-lid corresponds to a ‘locked’ state. The quaternary structure changes
in a ‘rock’-like motion upon the ‘switch” event, i.e., nucleotide hydrolysis and phosphate
release. Its trigger may be other protein interaction partners as exemplified by eukaryotic
GPN-loop GTPases during RNA polymerase Il assembly, but these factors, if they exist, are
yet not known for SaGPN. Unfortunately, efforts to crystallize a transition mimic of the
SaGPN-GTP complex, i.e., the “switch” state, failed. Accordingly, we do not yet know the
exact nature of the “switch” state of GPN-loop GTPases as switching may be triggered
by either the hydrolysis event or the release of phosphate from the SaGPN-GDP-P; state.
In any case, the “rocking” motion causes an increased distance between the nucleotide
and the GPN loop besides changes at the distal side of the GPN dimer along the roof
helices. Interestingly, the interaction between D38/N70” with a water molecule is even
maintained in the GDP-bound form. This corroborates the notion that N70 of the GPN
loop is essential to position the attacking water in the GTP-bound state, while the Gly-Pro
motif caps helix a3’ at its N-terminus, so that it points toward the y-phosphate and D38
for stabilizing dipole-ion interactions.

Overall, hydrolysis to GDP with phosphate release removes these intimate interac-
tions between the GPN motif/helix a3” and the y-phosphate and subsequently drives the
switching from a locked state toward a relaxed state with a concurrent rocking motion
that affects the whole GPN dimer (Fig. 8; Movie S1).
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FIG 8 Lock-switch-rock (LSR) mechanism of SaGPN. After GTP binding and before nucleotide hydrolysis, SaGPN enters a locked state and stores tension

throughout the structure. GTP hydrolysis leads to a loss of interaction in the GPN loop, which allows the transition from the locked state to a relaxed state

in which a rocking motion is performed, stretching the GTPase assembly. Since these three steps represent the main catalytic states, we developed the

lock-switch-rock mechanism, or LSR mechanism, for easy visualization and reference.

MATERIALS AND METHODS
Strains and growth conditions

S. acidocaldarius wild-type strain MW0O01 and all derived mutants in this study (Table S1)
were cultivated at 75°C in Brock basal medium (pH 3.0-3.5, all salts for the media are
from Roth) supplemented with 0.1% (wt/vol) NZ-amine (Sigma-Aldrich), 0.2% (wt/vol)
dextrin (Roth), and 10 pg/mL uracil (Sigma-Aldrich) (39, 40). For S. acidocaldarius strains
containing complementation plasmids, uracil was not needed.

Construction of S. acidocaldarius AsaGPN mutant

The plasmid pSVA5117 for the markerless in-frame deletion mutant AsaGPN (Table S1)
was constructed as described previously (40). After transformation into S. acidocaldarius
MWO001, positive transformants were screened on first selection gelrite (Roth) plates
lacking uracil, then grown on second selection gelrite plates with uracil and 5-FOA
(100 pg/mL). Finally, AsaGPN mutants were screened by colony PCR with checking
primers (Table S2), and further sequencing.

Nutrient starvation assays and Western blots

Nutrient starvation assays and Western blots were performed as described (41). Briefly,
at an ODggq of 0.4-0.5, overnight S. acidocaldarius cultures were collected at 75°C and
re-suspended in Brock medium in the absence of NZ-amine and dextrin, followed by
cultivation at 75°C. Samples for the Western blot analysis were taken at the indicated
times.

RNA isolation and qRT-PCR

Total RNA samples were prepared with S. acidocaldarius cultures from nutrient starvation
assays and gRT-PCR analysis was performed as described before (25). secY is a house-
keeping gene, which was used as the reference gene for data normalization.

Transmission electron microscopy

AsaGPN and MWO0O1 strains were grown in 50 mL Brock’s medium supplemented with
0.1% (wt/vol) NZ-amine, 0.2% (wt/vol) dextrin, and 10 pg/mL uracil. At an ODggg =
0.2-0.3, nutrient starvation was done for 4 h to induce archaellation. Afterward, cells
were applied on freshly glow-discharged carbon/formvar coated copper grids (300 mesh,
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Plano GmbH) and incubated for 30 s. This was repeated three times and excess liquid was
blotted away. Cells were negatively stained with 2% (wt/vol) uranyl acetate (Ted Pella).
Imaging was done with Hitachi HT7800 operated at 100 kV, equipped with an EMSIS
XAROSA 20 Megapixel CMOS camera.

Motility assays

Motility assays were performed as described (40). S. acidocaldarius strain AarnA and
AarnR/R1 were used as a hypermotile and non-motile control, respectively. All strains
originate from previous work (27, 42).

MANT-GTP binding assays

Binding of fluorescent MANT-GTP [(2’-(or-3")-O-(N-methylanthraniloyl) guanosine
5’-triphosphate] (Jena-Bioscience) to SaGPN was measured by monitoring fluores-
cence increase upon binding to the protein utilizing a Fluoromax-4 spectrofluorom-
eter (Horiba). The excitation wavelength was set to 285 nm, and the emission
wavelength was set to 450 nm. Slit widths for both excitation and emission were
set to 10 nm. Binding was measured by incubation of 2.5 uM of SaGPN/variants with
MANT-GTP (5 pM) in buffer 50 mM MES pH 6.5, 150 mM NaCl, 5 mM MgCl;, (Roth)
at 25°C. Fluorescence was corrected for MANT-GTP fluorescence in the absence of
proteins. Fluorescence of SaGPN wild-type protein was set as 100% for relative
MANT-GTP binding analysis.

Sample preparation for proteomic mass spectrometry analysis

Strains were grown and subjected to 30 min starvation conditions as described above.
Subsequently, 200 pL cell pellet equivalents was lysed in 900 pL urea buffer (8 M
urea dissolved in 0.1 M NH4HCO3). After that, the samples were disrupted using glass
beads and a FastPrep-24 (MP Biomedicals) homogenizer (6.5 m/s, three cycles of
30 s, 5 min resting on ice between cycles) with subsequent centrifugation (50 min,
14,000 rpm). Supernatant concentration was determined using Bradford assay and
afterwards resuspended with the cell debris to yield full cell samples again. Protein
concentrations of full cell samples were estimated to be double the amount of the
supernatant concentration. Samples were adjusted to 40 pL (8 M urea dissolved in 0.1
M NH4HCO3) containing 100-200 mg protein based on the concentration estimation
and mixed with 1 pyL TCEP (0.2 M) with subsequent incubation (1 h, 37°C, 1,000 rpm).
About 1 pL iodoacetamide (0.4 M) was added and the solutions were incubated in
the dark (30 min, 25°C, 500 rpm), followed by addition of 1 pL N-acetyl-cysteine (0.5
M). Samples were incubated (10 min, 25°C, 500 rpm) and diluted with 10.3 pL urea
buffer (6 M urea dissolved in 0.1 M NH4HCO3), followed by the addition of 1.25 pL
Lys C (0.2 mg/mL, 1:400 wt/wt) and digestion (4 h, 37°C). Solutions were diluted with
145.3 uL urea buffer (1.6 M urea dissolved in 0.1 M NH4HCO3), mixed with 2 uL trypsin
(1:100 [wt/wt\), and digested (overnight, 37°C). pH was adjusted to <2 with 2.5 pL TFA
(0.1% [vol/vol]). Samples were centrifuged (1 min, 14,000 rpm) and transferred to an
equilibrated (0.1% [vol/vol] TFA) Chromabond Cjg spin column (30 s, RT, 2,000 rpm).
Peptides were eluted with 2 x 150 pL elution solution (50% [vol/vol] ACN, 0.1% [vol/
vol] TFA), dried in a vacuum centrifuge (45°C, 4,000 rpm) and resuspended in 30 pL
acetonitrile-TFA solution (10%[vol/vol], 0.1% [vol/vol]). Samples were then measured
using a timsTOF mass spectrometer in collaboration with the MarMass facility of Philipps
University Marburg.

Proteomics data evaluation

Data analysis of the timsTOF data was performed with MaxQuant 2.1.3 (43), sequence
data for S. acidocaldarius DSM 639 (2,222 entries) were downloaded from Uniprot.
MaxQuant parameters for label-free quantification (LFQ) analysis were set to a maximal
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peptide mass of 4,000 Da, up to three modifications per peptide, up to three missed
cleavages and the requirement of MS/MS for LFQ comparisons; all other parameters
are set to default. Protein abundances of biological replicates of the AsaGPN strain and
the wild type strain were filtered by a two-tailed, homoscedastic Student’s t test (P <
0.05) using a mean abundance difference of >10% as second criterion. The resulting lists
of proteins were used for protein heat maps after filtering with a mean abundance
difference of >50% and visualization by the pheatmap R package. Gene ontology
enrichment analysis was carried out using the GOATOOLS library (44), version 1.2.3, in
python. In this gene ontology enrichment analysis, terms are represented for molecular
function (MF), cellular component (CC), and biological processes (BP) of the identified
proteins. To implement the GOATOOLS library, gene ontology terms (GO-Terms) for S.
acidocaldarius DSM639 were downloaded using the QuickGO annotation online tool
(45). A total of 9,487 annotations were available for S. acidocaldarius DSM639 proteins
covering 1,548 gene products (70%); the remaining 674 are mostly still assigned as
“conserved archaeal proteins.”

Sequence similarity network and in silico analysis

Generation of primary SSN data was done with the EFI-Enzyme Similarity Tool (46)
web service (Uniprot Version: 2021_03; InterPro Version 87) based on InterPro Family
IPRO04130 (GPN-loop GTPases) with an UniRef90 restraint due to the size of the IPR
(29). SSNs were generated for E-values 107*° and 107 with subsequent cluster analysis
(standard options) and colorization. Analysis and visualization of the generated network
were performed with Cytoscape 3.8.2 using the yfiles organic layout (47).

Expression and purification of SaGPN

Recombinant overexpression of N-terminal Hisqg tagged SaGPN was performed in an
expression media containing 10 g/L tryptone (Sigma-Aldrich), 10 g/L NaCl, 5 g/L yeast
extract (Sigma-Aldrich) and 12.5 g/L lactose (Roth), employing BL21(DE3) Rosetta cells
(37°C, 150 rpm, 18 h). Harvesting (20°C, 5,000 rpm, 20 min) was followed by resuspension
in lysis buffer (150 mM NaCl, 50 mM Tris, 15 mM EDTA, pH = 8.0) and cell lysis via French
Press. The lysate was centrifuged (18,000 rpm, 20°C, 20 min), the supernatant heat-trea-
ted (55°C, 15 min) and centrifuged again (18,000 rpm, 20°C, 20 min) before being loaded
to a Ni-NTA column (5 mL). After sample application, the column was washed with nine
column volumes wash buffer (150 mM NaCl, 50 mM Tris, 25 mM imidazole (Roth), 15 mM
EDTA, pH = 8.0) and eluted with five column volumes elution buffer (150 mM Nadl,
50 mM Tris, 500 mM imidazole, pH = 8.0). The elution was concentrated (<2.5 mL) and
applied to a HiLoad 16/60 Superdex 200 pg (GE Healthcare) size-exclusion column, which
had been equilibrated with running buffer (150 mM NaCl, 50 mM Tris, 10 mM MgCl,,
pH = 8.0). Fractions containing SaGPN with a 260/280 nM ratio <0.55 were collected,
concentrated, frozen in liquid nitrogen and stored at —80°C. Protein concentrations were
determined by NanoDrop spectrophotometry for the apo-state; Bradford assays were
used to confirm concentrations of the nucleotide-bound SaGPN.

GTPase assays

GTPase activity of SaGPN was measured using the Malachite green assay (48). For a
600-pL reaction mix at 65°C 60 pL 10x SaGPN (final concentration 10 uM) was mixed with
60 pL 10x GTP stocks and adjusted to 600 pL with a buffer containing 50 mM Tris pH 8.0,
150 mM NaCl, and 10 mM MgCls. For each time point, 60 pL of that mixture was taken
and quenched with the Malachite green reaction solution. After incubation for 30 min,
the Malachite green solution developed its color and was measured. The absorption at
620 nm was measured and a phosphate standard was used for quantification.
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PP2A phosphatase activity assays

Serine/threonine phosphatase activity assay of PP2A was performed using the artificial
p-peptide RRA(pT)VA substrate (Promega) in lysis buffer containing 1 mM MnCl at 70°C
(26). The release of free phosphate from artificial p-peptides was measured using the
Malachite green assay as described above (48).

Crystallization of SaGPN

Crystallization screens were performed as sitting drop experiments with 24.5 mg/mL
SaGPN (Saci_1281, Uniprot: Q4J9A7) that includes the N-terminal Hisjp-tag
(MHHHHHHHHHHLEVLFQGPS) and 3 mM nucleotide in running buffer mixed in a 1:1
ration with the respective crystallization condition, using 0.3 pL of each. Crystallization
was observed in different conditions of all JCSG Core suits (NeXtal); however, the crystal
used for the structure determination of SaGPN(GppNHp) crystallized in the presence of
200 mM NacCl, 100 mM NaOAc (pH = 4.6) and 30% (vol/vol) MPD (JCSG Core lIlI/G11)
after 24 h. SaGPN(GDP) was crystallized in the presence of 200 mM MgCl,, 100 mM MES
(pH 5.5), and 40% (vol/vol) PEG 400 (JCSG Core I1/G3) after 24 h. SaGPN crystallization
in the apo-state was also attempted but resulted only in weakly diffracting crystals
(resolution > 7 A) and was therefore not suitable for structure determination. Crystals of
the apo state grew in many different conditions of the NeXtal JCSG Core suits I-IV.

Structure determination of SaGPN

Data collection was performed with the Swiss Light Source at Paul Scherrer Institute
in Switzerland. Phasing was done employing molecular replacement using BALBES
(GppNHp state) and PHASER (GDP state) of the ccp4 pipeline, followed by model
building with PDB-REDO and ARP/WARP (49-53), revealing one molecule per asym-
metric symmetry unit for the GppNHp-bound and three for the GDP-bound state.
The physiological dimeric state for the SaGPN-GppNHp complex can be generated by
applying crystal symmetry. For the SaGPN-GDP complex, the dimer is represented by
chains A/C and chains B/B’. Structure refinements were done by multiple rounds of
manual model building with Coot followed by phenix.refine (54, 55). For both nucleo-
tide-bound states, we were able to build residues Y2-A240 and some residues of the
Hisq1o-tag, resulting in only 14 disordered amino acids at the C-terminus. For the GDP
state, structural imposition of the SaGPN chains reveals an r.m.s.d. of 0.23 A for chains
A vs C and chains B vs C that is only slightly increased to 0.24 A for chains A vs B.
Structural analysis was carried out with PyMOL and visualization with Chimera 1.15
(56, 57). Fo-Fc omit maps showing the density around the nucleotides are shown in
Fig. S9. Structural morphing between the two nucleotide-bound states was done by
Chimera 1.15, rendering of the resulting poses (Movie S1) by Blender 3.6 (blender.org)
and Molecular Nodes (bradyajohnston.github.io/MolecularNodes).

Isothermal titration calorimetry

ITC experiments were carried out with purified SaGPN concentrated to a 100 uM stock
solution, corresponding to monomeric protein, and stored at —80°C as 300 uL aliquots.
Sample cell had a volume of 200 pL. For each run, SaGPN aliquots and nucleotide
stocks (800 uM) were thawed just prior to measurement. The sample cell of the MicroCal
PEAQ-ITC, (Malvern) was heated to 65°C or 25°C, before in total 40 pL of nucleotides was
added from the injection syringe using constant stirring (52 injections). Evaluation and
visualization of ITC data were performed with the Malvern evaluation software. A 1:1
model was used for fitting and calculating Kp/N-values. It should be mentioned that the
high affinity for guanosine nucleotides caused low data resolution. Accordingly, fittings
showed only a moderate significance for calculated N-values.
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Hydrogen-deuterium exchange mass spectrometry

HDX-MS experiments on SaGPN were carried out similarly as described previously (58).
The samples contained 50 uM SaGPN and 5 mM nucleotides (GDP, GppNHp) in a buffer
containing 50 mM Tris-Cl pH 8.0, 150 mM NaCl, and 10 mM MgCl,. Preparation of
the HDX reactions was aided by a two-arm robotic autosampler (LEAP technologies).
For deuterated samples, 7.5 pL of SaGPN solution (with or without nucleotides) was
supplemented with 67.5 uL of DO - containing buffer to start the exchange reaction.
After 10, 30, 100, 1,000 or 10,000 s at 25°C, samples (55 pL) were taken from the reaction
and mixed with 55 pL of quench buffer (400 mM KH,PO4/H3POy4, 2 M guanidine-HCl, pH
2.2) kept at 1°C. About 95 L of the resulting mixture was injected into an ACQUITY UPLC
M-Class System with HDX Technology (Waters [59]). Undeuterated samples of SaGPN
were prepared similarly by 10 - fold dilution of the protein solution with H,O - contain-
ing buffer. Samples were flushed out of the loop (50 pL) with H;O + 0.1% (vol/vol)
formic acid (flow rate of 100 uL/min) and guided to a column (2 mm x 2 c¢cm) packed
with immobilized porcine pepsin and kept at 12°C for proteolytic digestion. The peptic
peptides thus generated were collected on a trap column (2 mm x 2 cm) filled with
POROS 20 R2 material (Thermo Scientific) kept at 0.5°C. After 3 min, the trap column was
placed in line with an ACQUITY UPLC BEH C18 1.7 uM 1.0 X 100 mm column (Waters),
and the peptides were eluted at 0.5°C column temperature using a gradient of H,0 +
0.1% (vol/vol) formic acid (A) and acetonitrile + 0.1% (vol/vol) formic acid (B) at a flow
rate of 30 uL/min as follows: 0-7 min/95-65% A, 7-8 min/65-15% A, 8-10 min/15% A,
10-11 min/5% A, and 11-16 min/95% A. The peptides were ionized with an electrospray
ionization source (250°C capillary temperature, 3.0 kV spray voltage) and mass spectra
acquired in positive ion mode over a range of 50 to 2,000 m/z on a G2-Si HDMS mass
spectrometer with ion mobility separation (Waters), using Enhanced High Definition MS
(HDMSF) or High Definition MS (HDMS) mode for undeuterated and deuterated samples,
respectively (60, 61). Lock mass correction was implemented with [Glu1]-Fibrinopeptide
B standard (Waters). During each chromatographic run, the pepsin column was washed
three times with 80 pL of 4% (vol/vol) acetonitrile and 0.5 M guanidinium chloride, and
blank injections were performed between each sample. All measurements were carried
outin triplicate.

SaGPN peptides were identified from the undeuterated samples with the software
ProteinLynx Global SERVER 3.0.1 (PLGS, Waters), using the amino acid sequence of
SaGPN, porcine pepsin and their reverted sequences as database, and their deute-
rium incorporation determined with the software DynamX 3.0 (Waters) as described
previously (58).
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Fig. S1. Biochemical support data to SaGPN. (A) Purified SaGPN was analyzed on a Superdex 200
10/300 GL column. Molecular weight standard of 158, 44, 17, and 1.35 kDa are indicated. (B) Fractions
from (A) were analyzed by SDS-PAGE. (C) Temperature dependency of SaGPN hydrolysis activity.
Data represent mean +- s.d. of n=3 replicates (D) ITC measurement of SaGPN at 25 °C with titration
against GDP, showing a substrate affinity of Ko = 2.4 nM for GDP. (E) Same measurement with titration
against GppNHp, showing a substrate affinity of Ko = 3.2 nM for GppNHp. (F) ITC measurement of
SaGPN at 25 °C with titration against GTP, showing a substrate affinity of Kp = 2.2 nM for GTP. This
measurement was performed as a single run for check-up only. (G) Massphotometer measurement of
SaGPN with a final concentration of 50 nmol to check the potential dissociation of SaGPN dimer against
high dilution. No dissociation of the dimeric SaGPN could be observed.
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Fig. S2. GTPase activity of SaGPN mutants. (A) GTPase activity of SaGPN K14A, D38A, GPN-AAA
and D102A mutants (GTPase activity defect mutants) and (B) phosphorylation mutants (SaGPN Y59D
and Y59F), determined at 65 °C. Data represent mean +- s.d. of n=3 replicates. (C) Confirmation of
plasmid-based expression of HA-tagged SaGPN (GTPase activity defect mutants and phosphorylation
mutants) in the AsaGPN strain confirmed by western blot analysis. S. acidocaldarius cells were grown
in nutrient-rich medium without uracil and cell samples were taken at ODsoo of 0.4, which was analyzed
by Western blot with a-HA antibody.
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biological triplicates. Data represent mean +- s.d. of n=3 replicates.
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on sequence with secondary structure elements. Color code is explained by legend down right. (B-F)
HDX of respective time points mapped on structure with one protomer in ribbon and one in cartoon view
for orientation. (G) Cumulated HDX indicating if any HDX occurred during any time point with the highest
magnitude in difference displayed on the structure.
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Fig. S5. HDX difference of SaGPN GppNHp state — Apo state. (A) HDX of time points 10-10,000s
mapped on sequence with secondary structure elements. Color code is explained by legend down right.
(B-F) HDX of respective time points mapped on structure with one protomer in ribbon and one in cartoon
view for orientation. (G) Cumulated HDX indicating if any HDX occurred during any time point with the
highest magnitude in difference displayed on the structure.
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Fig. S6. HDX difference of SaGPN GppNHp state — GDP state. (A) HDX of time points 10-10,000s
mapped on sequence with secondary structure elements. Color code is explained by legend down right.
(B-F) HDX of respective time points mapped on structure with one protomer in ribbon and one in cartoon
view for orientation. (G) Cumulated HDX indicating if any HDX occurred during any time point with the
highest magnitude in difference displayed on the structure.
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Fig. S7. GTPase activity of SaGPN is dispensable for motility of S. acidocaldarius. (A) AsaGPN
strains were complemented with GTPase activity defect mutants varied in motifs G1 (K14A), G2 (D38A),
GPN (AAA) and G3 (D102A), and their swimming motility was determined. ‘ev’ represents empty vector
samples, i.e., ev AsaGPN is the control sample. (B) Analysis of the potential phosphorylation target
residue Y59 by complementation of AsaGPN with non-phosphorylatable Y59F and non-homologous
Y59D mutants. Swimming assays were carried out as in (A). Y59F could fully restore the swimming
motility defect in contrast to Y59D, showing that phosphorylation at Y59 is not relevant for SaGPNs
biological role. Significant differences of swimming motility between complementation of AsaGPN
mutant with wild type saGPN and with variants (p-value < 0.05) were indicated by an asterisk. (C) MANT-
GTP binding assays of SaGPN and its mutants show that GTP-binding is impaired by GTPase defect
and Y59 mutants. Significant differences of MANT-GTP binding between wild type SaGPN and variants
(p-value < 0.05) were indicated by an asterisk. Data represent mean +- s.d. of n=3 replicates.
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Fig. S8. Superposition of S. acidocaldarius Usp structure predictions. (A) Superposition of SaUspA
(cyan), SaUspB (magenta), SaUspC (yellow), and SaUspD (green). AlphaFold models (1) show good
alignment of core Usp domains, despite low sequence identities between UspA, UspB and UspC (19-
29%), and even lower of UspA/UspB/UspC to UspD (8-11%). (B) Superposition of SaUspD and SaUspB
(seq. id. 1%, r.m.s.d. 3.504 A for 64 Ca-positions) highlights their structural similarity. (C) Superposition
of the pairwise related SaUspA and SaUspC (seq. id. 29%, r.m.s.d. 1.845 A for 100 Ca-positions).
AlphaFold models were created using google colab running AlphaFold v2.3.2. with standard settings.
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Fig. S9. Fo-F. omit maps displayed around ligands of SaGPN structures confirming nucleotide
states. (A) Fo-Fc map around GppNHp reveals very well defined density including the y-phosphate
position. (B) Fo-Fc map around GDP showing no excessive density for a potential y-phosphate. (C) SEC
chromatogram showing a representative SaGPN purification with EDTA added during cell lysis and
subsequent purification steps (continues lines) and without EDTA (dashed lines). Corresponding peak
260/280 nm ratios are given next to them. The 0.52 ratio peak refers to a nucleotide free extraction of
SaGPN while the 0.79 ratio refers to a nucleotide bound state. Black graphs display absorption at 280
nm while red graphs refer to absorption at 260 nm wavelength.
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A0A285CT25
A0A0Q7SPZ1
AOAON8BPN72
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AOA1C4JJLO

PDB:6A8D
ARF GTPase

SaGPN no cnserved GPN motif

Fig. S10. Superposition of selected bacterial IPR004130 (GPN-loop GTPase) AlphaFold models
superposed on Chlamydomonas reinhardtii ARF small GTPase. (A) Superposition of C. reinhardtii
ARF small GTPase (PDB: 6A8D) revealing high similarity of bacterial annotated GPN-loop GTPase with
ARF like small GTPases. (B) Annotated bacterial GPNs also lack the fundamental GPN-loop as
visualized by the alignment with SaGPN (PDB: 7ZHF). C. reinhardtii ARF small GTPase is colored in
pink, SaGPN in cyan and bacterial GPNs are colored in different pale colors.
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Fig. S11. Structural comparison of SaGPN and PaGPN in both states. (A) Structural comparison of
SaGPN (GppNHp, blue) and PaGPN (GTP, brown, PDB: 1YRS8 (2)) after superposition on monomer A.
The roof helix region is highlighted as inlay in a top down view (right), the nucleotide cavity is shown as
inlay (left). (B) Structural comparison of SaGPN (GDP, purple) and PaGPN (GDP, yellow, PDB:
1YRB(2)) focusing both the roof helix region in a top down view (right) and the nucleotide cavity (left).
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Fig. $12. Structural localization of SaGPN mutants and other structural highlights. (A) Highlighting
of all residues that were mutated in this study for reference. (B) Structural comparison of different
SaGPN dimers (GDP chains A/C pink, GDP chains B/B’ purple, GppNHp cyan). (C) Focus on the dimer
of SaGPN GppNHp state showing the Q106/N70 interface. (D) Focus on the Q106/N70 interface of the
two different SaGPN-GDP dimers revealing the local asymmetry of the chain A/C dimer.
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Table S1. Strains and plasmids in this study.

Strains/plasmids  Genotype Source/Reference

Escherichia coli F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 AlacX74 Invitrogen

Top10 nupG recA1 araD139 A(ara-leu)7697 galE15 galK16
rpsL(Str?) endA1 A-

ER1821 L F ginX44 e14(McrA-) rfbD1 endA1 thi-1 A(yjiT- New England
opgB)114::1S10 (EcoKl R- M- McrBC- Mrr) + rpoS393(am) Biolabs
creC510 IrhA::IS3 ydeN::IS10

Rosetta (DE3) F-ompT hsdSs(rs" ms-) gal decm (DE3) pLysSRARE (CamR)  Novagen

pLysS

Sulfolobus

acidocaldarius

MWO001 Sulfolobus acidocaldarius DSM639 ApyrE (3)

MW351 MWO001 Asaci1210 (AarnA) 4)

MW 332 MWOQOO01 Asaci_1171Asaci_1180 (AarnR AarnR1) (5)

MW829 MWO001 Asaci1281 (AsaGPN) This study

Plasmids

pSVA407 Gene targeting plasmid, pGEM-T Easy backbone, (3)
pyrEFSSO and lacSSSO cassette; single crossover method

pSVA5142 In-frame deletion of saGPN, cloned into pSVA407 with This study
Ncol, BamHI|

pSVAaraFX-HA pRN-1 based shuttle vector with lacSSSO reporter gene (6)

pSVA5173 Complementation of AsaGPN with saGPN using its native This study
promoter, cloned into pSVAaraFX-HA instead of /acS with
Sacll and Xhol

pSVA5174 Complementation of AsaGPN with saGPNX'#A using its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA5175 Complementation of AsaGPN with saGPNP384 using its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA5176 Complementation of AsaGPN with saGPNGPN-AAA ysing its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA5177 Complementation of AsaGPN with saGPNP92A ysing its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA5193 Complementation of AsaGPN with saGPNY%% using its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA13433 Complementation of AsaGPN with saGPNY%9 using its This study
native promoter, cloned into pSVAaraFX-HA instead of lacS
with Sacll and Xhol

pSVA1037 Saci0884 (pp2a) with C-terminal His-tag cloned into (4)
pETDuet-1 with Ncol, BamHI in MCSI

p7XC3H FX cloning expression plasmid with C-term His tag (7)

p7XNH3 FX cloning expression plasmid with N-term His tag (7)

p7XNS3 FX cloning expression plasmid N-term Strep tag (8)

pSVA5145 saGPN cloned into p7XNS3 by FX cloning method This study

pSVA5146 saGPNKA cloned into p7XNS3 by FX cloning method This study
pSVA5147 saGPNP38A cloned into p7XNS3 by FX cloning method This study
pSVA5152 saGPNGPN-AAA cloned into p7XC3H by FX cloning method This study
pSVA5153 saGPNP102A cloned into p7XC3H by FX cloning method This study
pSVA5195 saGPNY%P cloned into p7XNH3 by FX cloning method This study
pSVA13434 saGPNY% cloned into p7XC3H by FX cloning method This study
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Table S2. Primers used in this study.

Primer Sequence (5°- 3') Purpose
name
primers for pSVA5142
9143 AACTGCTCAAACCTAGGTCAGGATCCCTCGCAATATCCGGTATAG AsaGPN downstr rev
9144 ACGTCGCATGCTCCCGGCCGCCATGTCCCATATCGCCCATCACAG — AsaGPN upstr fw
9169 GAACTTCGGCAGCCTTAACTAAAGTGGTCTTAC AsaGPN upstr rev ol
9170 AGTTAAGGCTGCCGAAGTTCAAAAGGTCTT AsaGPN downstr fw ol
9108 GCTCAAGACCGTACAAACTC AsaGPN check primer fw
9109 GTCACACCCAAGTTCTTGAG AsaGPN check primer rev
primers for pSVA5173
9149 GTCAGTGAGCGAGGAAGCCCACCGCCCTGCGGTGGATATAATGAC  saGPN compl fw
9150 CCGGAACGTCATACGGGTACTCGAGAAGCCTGGGGTTCGGTTCCT  saGPN compl rev
primers for pSVA5145
9141 ATATATGCTCTTCTAGTTACTTTATATTTGTACTAGGAACTGCA $aGPN expr fw
9142 TATATAGCTCTTCATGCAAGCCTGGGGTTCGGTTCCTCTGTTTC saGPN expr rev
Site-directed mutagenesis
saGPNK4A fyy
9153 TCAGGTGCAACCACTTTAGTTAAGGCTTTACAAGATTATTTG
IK14A
9154 CCTTAACTAAAGTGGTTGCACCTGAACCTGCAGTTCCTAG saGPN™* rev
D38A A
9155 TTAACCTAGCACCAGCAGTGGAAGTATTGCC SaGPNZ % fw
ID38A
9156 CTGCTGGTGCTAGGTTAATTATTGCTGTGTCTAACTCATTG saGPN>™ rev
IGPN-AAA
9157 GAATTAGCAGCTGCATCCTCACTAGTGATTTCCGTAGATC saGPN fw
SaGPNCPN-AAA ray
9158 TGAGGATGCAGCTGCTAATTCGTACTTATTCATCACATCATATAC
ID102A
9159 CGTTTTAGTTGCAACTCCTGGTCAAATAGAACTTTTTGC saGPN"T fw
ID102A
9160 CAGGAGTTGCAACTAAAACGTAATTGGCTTGAAGCTG SaGPN>T rev
Y59D
11266 GAGAGTACGTTGATGTAGATGATGTGATGAATAAGTACGA SaGPN™™ fw
Y59D
11267 ATCTACATCAACGTACTCTCTGGCATCG SaGPN™" rev
Y59F
11978 GAGAGTACGTTGATGTATTTGATGTG saGPN™ fw
Y59F
11979 AAATACATCAACGTACTCTCTGGC saGPN™" rev
primers qRT-PCR
1480 CCTGCAACATCTATCCATAACATACCGA secY-qRT-PCR-fw
1481 CCTCATAGTGTATATGCTTTAGTAGTAG secY -qRT-PCR-rev
1424 ACTGCGTCTACTGCGTTATCTTTATC flaB-qRT-PCR-fw
1425 GGAGATAAGTCTACACTAGATACACCAGAA flaB-qRT-PCR-rev
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Table S3. Crystallographic table for SaGPN structures.

SaGPN+GppNHp (7ZHF)

SaGPN+GDP (7ZHK)t

Data collection and processing

X-ray source, beamline

Detector

Wavelength (A)

Space group

Cell dimensions (a, b, c,
a,B.v)

Resolution (A)

Total reflections

Multiplicity

Unique reflections

Completeness (%)*

Rmerge

cc1/2

I/o(l)

Wilson B-factor (A2)

SLS, Beamline X06SA
DECTRIS EIGER X 16M
1.000009
1121
46.30A, 84.95A, 75.32A
90.00°, 95.62°, 90.00°
41.09-1.80
85,536
3.5
24,163
89.6 (64.1)

0.048 (0.098)
0.999 (0.999)
1(2.2)

1

4122

SLS, Beamline X06SA
DECTRIS EIGER X 16M
1.000031
C222,
117.69A, 141.88A, 100.24A
90.00°, 90.00°, 90.00°
4529 -2.40
133,417
43
30,856
76.8 (19.7)

0.066 (1.22)
0.998 (0.325)

12.9 (1.5)

52.8

Refinement

Resolution (A)
Rwork, Riree
Reflections (working, test set)
r.m.s.d. from ideal:
Bond lengths (A)
Bond angles (°)
Total number of atoms
Water
Chlorid lons
Average B-factor (A2)
Ligands
Ramachandran favored (%)
Ramachandran allowed (%)

Ramachandran outliers (%)

29.5 — 1.80 (1.9-1.8)
0.172, 0.204 (0.289)
24,806 (2757), 796 (96)

0.006
0.82
4,320
196
1
70.3
55.6
98.8
1.2
0.0

43.9-2.40 (2.5-2.4)
0.188 (0.256), 0.247 (0.332)
25,464 (716), 1283 (36)

0.002
0.55
6,114
351
0
70.8
51.4
99.6
0.4
0.0

Statistics for the highest-resolution shell are shown in parentheses.
T Dataset was corrected by STARANISO (9) for anisotropic diffraction. Cut-offs used direction 0.808 a*
+ 0.255 b* + 0.531 ¢* for best diffraction (2.40 A), 0.023 a* + 0.993 b* + 0.115 c* for worst diffraction

(3.25 A\). # Spherical completeness.
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Table S4 (separate file). timsTOF data and GO term analysis of S. acidocaldarius WT and saGPN

knockout strains.

Table S5 (separate file). SaGPN HDX data and evaluation.

Movie S1 (separate file). The movie shows a morph of the SaGPNs*GppNHp state towards its GDP-

bound state, visualizing the major allosteric changes upon nucleotide hydrolysis.
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3.2 Sequential conformational transition of ArnB, an

archaeal ortholog with Sec23/Sec24 core motif

This paper was part of the collaboration of the Volkswagen Foundation Life? Program
involving the Albers group from Freiburg University and the Essen group from Marburg
University. The paper provides a comprehensive summary of the data concerning the
ArnAB complex accumulated over the years since the last publication on this topic by
Ye et al. in 2020. Please note that the manuscripts layout was slightly altered to better

fit into this thesis.

Citation

L. Korf, W. Steinchen, M. Watad, F. Bezold, M. S. Vogt, L. Selbach, A. Penner, M.
Tourte, S. Hepp, S. V. Albers, L.-O. Essen, Sequential conformational transition of
ArnB, an archaeal ortholog with Sec23/Sec24 core motif, 2024 (under review in Nat.

commun.)

Contribution

The ArnAB complex structure discussed in this paper originates from a crystal grown
by A. Penner under supervision of F. Bezold. This protein structure, solved by L.-O.
Essen, was analyzed by M. S. Vogt and L. Korf. Follow-up experiments of
phosphorylation studies, proteomics sample preparation, bioinformatic research and
all necessary protein preparations were conducted by L. Korf. Data analysis, with the
exception of proteomics and HDX data, and interpretation of the data was done by L.
Korf in collaboration with L.-O. Essen. In addition, initial writing of the manuscript was
performed by L. Korf in collaboration with L.-O. Essen and W. Steinchen.
Administrative tasks surrounding the publication and organization of the data and files

was done by L. Korf.

Summary
The regulatory network governing the archaellum, the motility structure of Archaea,

involves an intricate interplay of proteins in various Sulfolobales species and other
Archaea. In Sulfolobus acidocaldarius, two key regulators, ArnA and ArnB, form a
heterocomplex. The interaction is mediated by the ZnF-domain of ArnA, predominantly
engaging with the B-barrel domain of ArnB, and by the phospho-Threonine (pThr)
interaction of the ArnA FHA-domain with the C-terminal helix bundle domain of ArnB.
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Notably, the sequential phosphorylation of ArnB by the kinase ArnC induces partial
unfolding and/or partial disordered structures due to excess negative charge. Despite
the challenges posed by the structural disorder, the FHA-ArnB interaction was traced
to the tip region of the two most C-terminal helices of ArnB. Multiple assembly
possibilities of the phosphorylated ArnAB complex, primarily based on the disordered
linker region of ArnA, include a normal 1:1 heterodimeric complex, a 1:1:X heterotrimer
with an additional partner, or polymerization in general leading to multiple higher mass
complexes. Beyond the regulation of the Archaellum formation during nutrient
limitation, proteomic data indicates that ArnA and ArnB play roles in metabolic
pathways of amino acids with additional nitrogen atoms. Knockouts of ArnA or ArnB
also impact central metabolic pathways, including the citrate cycle and carbohydrate
metabolism. Intriguingly, ArnB exhibits structural homology to Sec23/24, the primary
membrane curvature protein of the COPII vesicle system, suggesting a potential role
in an early endomembrane system in Archaea. However, while tempting, the
evolutionary analysis reveals diverse structural orthologs of ArnB, especially in plants
fungi, Asgard Archaea, Eukaryotes, and also Bacteria, raising questions about the
precise evolutionary connections and the timing of the potential trafficking function.

In summary, ArnA and ArnB are mainly associated with the archaellum regulatory
network by forming a heterocomplex featuring an intricate assembly. In addition,
association with exosomes of S. acidocaldarius and structurally similarities to the
Sec23/24 complex, suggests a potential regulatory function of archaeal exosomes,

even if their direct involvement remains uncertain.
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Abstract

ArnA and ArnB serve as regulators within the archaellum regulatory network by
affecting the levels of archaellum components ArlIB and ArlX in response to nutrient
cues. Together, they form either a loose or a tight complex, whose transition is directed
by phosphorylation via the kinase ArnC. For a structure-based analysis of this
transition we solved a cocrystal structure of the ArnA/ArnB complex revealing that the
zinc finger domain of ArnA interacts with the B-sandwich and C-terminal domain of
ArnB. HDX data corroborate the phosphorylation-dependent transition from loose to
tight ArnAB complexes. This transition depends on a structural transformation of ArnB
by sequential phosphorylation, exposing the interaction surface of the C-terminal
domain of ArnB for the forkhead-associated domain of ArnA. Furthermore, we found a
striking structural similarity between ArnB and the membrane-curving proteins of the
CORPII vesicle system, Sec23/Sec24. The common Sec23/Sec24 core motif can be
found in all domains of life, where it can apparently adopt a multitude of different
functions. Overall, this implies that Sec23/Sec24 orthologs with a function in vesicle
formation arose in Lokiarchaeota from related, but not necessarily functionally linked

relatives as found in TACK Archaea.

[65]



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Publications

Main Text

Introduction

The archaellum serves as the primary motility apparatus in Archaea, facilitating self-
locomotion and enabling adaptive habitat transitions . Its responsiveness to diverse
environmental stimuli is governed by a regulatory network known as the archaellum
regulatory network (Arn) 2. Within this intricate system, which regulates transcriptional
and translational adaptations, the proteins ArnA and ArnB play pivotal roles in the
Crenarchaeon Sulfolobus acidocaldarius, particularly in the regulation of ar/B (formerly
flaB), the gene encoding the archaellin 3-°. In the context of nutrient availability in S.
acidocaldarius, AmA and ArnB orchestrate the regulation of ariB 6. Notably, the von
Willebrand factor domain-containing ArnB forms a complex with the forkhead-
associated domain (FHA) protein ArnA 5. Deprivation of either ArnA or ArnB results in
an upregulation of arlB expression, leading to hypermotility in the organism €.
Furthermore, the interplay between nutrient levels and the formation of the ArnAB
complex affecting the formation of archaella has been elucidated °. Starvation
conditions induce a loss of interaction within the complex, subsequently promoting the
expression of arlB. Consequently, ArnA and ArnB are identified as negative regulators
of the archaellum when complex formation is established. Phosphorylation-dependent
interactions between ArnA and ArnB are facilitated by the phosphatase PP2A and the
kinase ArnC, maintaining a delicate balance between complex formation
(phosphorylation) and dissociation (dephosphorylation) 7. Despite in-depth in vitro and
in vivo studies, the exact interaction mode of ArnA and ArnB, purportedly located in
the C-terminal region of ArnB, remains elusive. Moreover, the mechanism by which
the ArnAB complex controls the ArlB levels remains enigmatic. The formation of ArnAB
oligomers that depends on phosphorylation is another feature 7. Intriguingly, we found
that the structural characteristics of ArnB with its intriguingly associated pB-sandwich,
von Willebrand factor type A (VWWFA) and a-helical domains form a structural blueprint
widely distributed among all domains of life, which also includes the eukaryotic COPII-
vesicle assembly factors Sec23/Sec24. However, functional divergence as observed
in archaeal proteins like the histones 8, which are functionally distinct in eukaryotes
despite sharing a common core fold, illustrates the limitation of relying solely on

structure-based function inference. Given this caveat we performed a biochemical and
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structural analysis of ArnAB interaction that revealed a novel mode of sequential

conformational change of its Sec23/Sec24 core motif by phosphorylation.

Results

Overall structure of the ArnA-ArnB complex and structural comparison with SavwWA2

We were able to solve the crystal structure of the VWA2 paralog ® and archaellum
regulating factor ArnB (UniProt: Q4J9H3, saci_1211) in its complex with ArnA (UniProt:
Q4J9H4, saci_1210). The ArnAB cocrystals comprise two complexes per asymmetric
symmetry unit, whose structures were solved by molecular replacement and refined at
2.5 A resolution. The ArnAB complexes are defined by electron density for residues
T2-S380 of ArnB and the zinc-finger (ZnF) domain of ArnA (P16-K42, Figure 1A, PDB:
8S05). The latter implies a loss of the FHA domain and the linker region of ArnA,
possibly by unspecific proteolysis as observed before when solving the structure of the
ArnA FHA domain 5. The overall architecture of ArnB corresponds mostly to its paralog,
the van Willebrandt Factor A (VWFA)-containing protein SavWA2, including the vVWFA
domain, an eight-stranded B-sandwich whose topology is split by the vVWFA domain,
as well as the C-terminal, four helix bundle motif, that has been classified as ArnB_C
domain (InterPro entry IPR040929) (Figure 1A) 2°. In contrast to SavWA2, the ArnB_C
domain of ArnB harbors an elongated helix pair at the terminal region of the motif,
revealing one of the most substantial structural differences between ArnB and SavWA2
(Figure 1D). This extension presents additional threonine residues that allow for
potential interaction of the forkhead-associated (FHA) domain of ArnA, known for its
ability to bind phospho-threonines, with ArnB (Figure 1D right panel) °. Moreover, ArnB
features an additional helix (P95-Q103) in the VWFA domain between 35 and a2 of
SavWAZ2 increasing the total helix count to ten (Figure 1D). The vVWFA domain of ArnB
also harbors a Na* ion coordinated by D46, S50, T110, T135 and D136 in the metal
ion-dependent adhesion site (MIDAS, Figure 1C).

While ArnA interacts strongly with its FHA domain to phosphorylated ArnB (see below),
the zinc finger domain (ZnF domain) itself is sufficient to promote an interaction without
a post-translational modification of ArnB. This ZnF domain belongs to the RanBP2-
type (IPR001876) and is characterized as a ZnF ribbon domains by two consecutive,
distorted B-hairpin motifs, which together a zinc ion via C21, C24, C35 and C38. The
interface of the ZnF domain of ArnA with ArnB has a rather moderate size of 504/574

A2 for ArnAB chains A/C and B/D, respectively. The interactions are mostly of
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hydrophobic nature and include the C-terminal B-hairpin motif (D31-Q41) of the ZnF
domain as well as the N-terminal B1-B2 loop (H12-K21) of the B-sandwich domain, it’s
a-helical linker to the ArnB_C domain (V286-1293) and adjacent residues of the
ArnB_C domain facing the ZnF domain. Accordingly, the ArnA-ArnB interaction based
on the ZnF domain appears to be rather weak as indicated by pulldown assays (Figure
S1A), but traceable by mass photometry 7. A further point for the uniqueness of the
ZnF-mediated ArnA-ArnB interactions are AF2-multimodels, which were unbiased of
the ArnAB structure and show almost an identical interaction as in the ArnA-ArnB
cocrystal structure for 4 of the 5 predicted ArnA-ArnB models (Figure S2) with
displacement r.m.s.d. values of 1.57-1.65 A for M1-Q25 of the ZnF domain. This
indicates that the intrinsic sequence covariation for ArnA and ArnB domains is already
significant enough to provide a robust indicator for the relatively small ArnB/ZnF
domain interface. Moreover, an ArnA-ArnB interaction is also displayed in solution by
SAXS data (Figure 1E) as the ab initio envelope as derived from the SAXS data is
fittable to the ArnA-FHA and ArnAB crystal structures. Here, the pair distance
distribution function P(r) suggests an overall elongated shape (Figure S3) and thereby
supports an ArnA-ArnB interaction based on the ZnF domain, as in the crystal
structure, with a flexible region followed by an unbound FHA domain due to a lack of

pThr anchor points.

Promiscuity of ArnB phosphorylation-dependent interaction sites

In the search for the entire interaction site of the strong ArnA-ArnB interaction based
on phospho-threonine interaction, we performed a comprehensive mass spectrometry-
based analysis. Notably, there are many potential interaction sites found in ArnB,
especially in the C-terminal HTH motif (Figure 2A) where interaction appears to be
most likely, based on structural analysis. Accordingly, we first opted to investigate the
phosphorylation pattern by the kinase ArnC (UniProt: Q4J9J0, Saci_1193) with the
previously reported phosphorylation conditions 7. Interestingly, we found that many
threonines in the ArmmB_C domain were phosphorylated during our in vitro
phosphorylation, raising some interesting questions about the native phosphorylation
conditions. However, as 60 minutes of incubation time at 55 °C yielded many different
potential interaction sites we opted to find the ones that are phosphorylated first.
Hence, we investigated the effect of different incubation times on the phosphorylation

pattern of ArnB. In time points of 5 min, 15 min, 30 min and 60 min (resembling our
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reference sample) the phosphorylation pattern of ArnB was analyzed in a tryptic digest
MS experiment. Interestingly, ArnA could still be efficiently pulled down along with ArnB
during purification with phosphorylation time of little as 5 min. Moreover,
phosphorylation of threonines located closer to the N-terminal side of the ArnB_C
domain takes place only after T353, T354, T359, T363 and T375 are phosphorylated
and only until T322, which aligns with the known phenomenon that multiple
phosphorylation usually occur as clusters in a protein 0. Accordingly, these main
threonines are phosphorylated after 5 minutes already, while other phosphorylated
threonines that have potential counterparts in VWA2 are found phosphorylated only
after 15 minutes or more incubation time. This may indicate ordered processivity of
hyperphosphorylation, like in the cyclin—~Cdk1-Cks1 system '" and goes along with the
threonines being located in the extension of the C-terminal HTH motif of ArnB, besides
T375, which are therefore not present in vVWA2. Additionally, it is reported that vVWA2
does not interact with ArnA 6, supporting the assumption that the C-terminal HTH
extension is the main interaction side for the ArnA FHA domain.

As this narrowed down the possible interaction sites, we attempted to identify the exact
position of the ArnB-FHA interaction by a comprehensive alanine mutagenesis study.
Inducing the mutation of either T353A+T354A or T359A+T363A it was not possible for
the FHA domain to interact with ArnB anymore, if phosphorylated for 5 min or less.
However, increasing the phosphorylation time to 60 min, ArnA could be pulled down
with ArnB without issues again. Additionally, even when threonines that were found to
be phosphorylated only after 5 min were mutated as well, ArnA could still be pulled
down along with ArnB, represented by the ArnB-T343A-T344A-T353A-T354A-T359A-
T363A-T371A-T375A mutant (Figure S1B). In general, this gives an idea of the more
likely interaction side of the FHA domains location at the C-terminal elongation of the
ArnB_C domain, but leaves it open if multiple FHA interaction sites play a role in the
interaction of ArnA and ArnB. However, the hyper-phosphorylation we observed leads
to multiple structural rearrangements, as discussed in the following, and hence are not
necessarily interaction sites but structural factors important for a correct ArnB-FHA

interaction.

HDX-MS reveals phosphorylation-dependent structural relieves of ArnB

In order to get insights into the interaction site(s) between ArnA and phosphorylated

ArnB in solution, we made use of the property of amide protons to exchange for protons
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from the aqueous solvent, the extent of which was traced upon incubation of the
proteins in deuterated buffer. This hydrogen/deuterium exchange (HDX) was then,
after digestion of the proteins into peptides, quantified by mass spectrometry (MS).
We subjected ArnA, ArnB, phosphorylated ArnB, and the ArnA/phosphorylated ArnB
complex to HDX-MS experiments, allowing us to resolve, i) the conformational
changes that ArnB undergoes upon phosphorylation, and i) the regions of ArnA and
phosphorylated ArnB establishing the interaction interface in their complex.

For ArnA and ArnB, we could identify 80 and 145 peptides, respectively, that covered
more than 90% of their corresponding amino acid sequences (Figures. S1A and S2A,
Supplementary Dataset 1). The HDX profile of ArnA corroborated its predicted domain
topology, in particular the disordered nature of the linker (S28-N99, where maximal
HDX was reached after 10 s of deuteration) joining the N-terminal ZnF domain to the
C-terminal FHA domain (Figure S4B). Upon complex formation of ArnA with
phosphorylated ArnB, HDX reduction became apparent in both the ZnF domain and
FHA domains thus marking the major sites of interaction for ArnA (S1C-D). Specifically,
the phosphate recognition module of the FHA domain constituted by R132 and R147
exhibited the strongest HDX reduction consistent with their role in FHA-mediated
phosphate recognition for strengthening the ArnA/ArnB interaction °.

The HDX profile of ArnB itself primarily showed regions of higher-order structure (low
HDX at 10 s of deuteration and progression in HDX over the time-course) and only
small disordered areas coinciding with short linkers of the crystal structure (Figures
S2B, Figure 1A). However, phosphorylation of ArnB induces widespread
conformational changes, according to HDX increases of the ArnB domain, in parts of
the B-sandwich and VWFA domains vicinity (Figure 3B). These changes may reflect
either a partial unfolding event or a disentanglement of the three associated domains.
Furthermore, binding of ArnA to phosphorylated ArnB, in turn, reduced the observed
HDX rates in proximity of the ArnA-ZnF domain binding site (Figure 3A). Notably, ArnB
residues D295-A310, constituting the N-terminal portion of helix a7, incorporate more
deuterium upon phosphorylation, whereas a reduction was apparent upon ArnA
binding (Figure S6). It may be hence speculated that the phosphorylation-induced
conformational change could be a prerequisite for tight ArnA binding. Likely due to the
phosphorylation of the threonine side chains, no peptides covering the C-terminus’
residues T353 onwards could be retrieved thus precluding further conclusions on this
presumed ArnA-FHA domain interaction site by HDX-MS of ArnB (Figure S5A).
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Overall, HDX-MS corroborates the binding site of the ArnA-ZnF domain on ArnB
observed in the complex structure (Figure 1) and provides evidence for a secondary

interaction site established with the ArnA-FHA phosphate recognition module.

tims-ToF proteomics data for ArnA and ArnB deletion strains

Although the roles of ArnA and ArnB in the archaellum regulatory network are
established %6, the mechanism by which regulation occurs under nutrient limitation
remains undisclosed. Consequently, we analyzed the Sulfolobus acidocaldarius
proteome of the AarnA and AarnB strains in two nutritional states in comparison with
the respective wild type (WT). For this analysis biological triplicates were grown of each
strain, and samples were taken under nutrient rich and starved conditions. Samples
were measured in a timsTOF (trapped ion mobility spectrometer) mass spectrometer
and quantified via label free quantification before averaging the technical duplicates of
each sample and further analysis. These measurements led to the identification of
1,699-1,710 proteins per sample leading to the identification of 1,723 overall proteins
of the 2,222 gene products known for the respective Sulfolobus acidocaldarius strain
(Supplementary Dataset 2). The comparison of the knockout strains with their
respective WT sample reveals 1,713-1,716 identified proteins per comparison with
overlapping count of 1,694-1,704 (98.7-99.4%). As the overall proteome is basically
unaffected by the deletions, we investigated the effects of the deletion strains under
higher stringency i.e. a two-tailed t-test with a p-value cutoff of <0.05. This analysis
revealed 325(rich)/384(starved) statistically changed proteins compared to the WT
proteome for the ArnA knockout and 398(rich)/510(starved) for the ArnB knockout,
respectively. In addition, we also included the stringency factor of a fold change of at
least 50% to not only check for statistical relevance but also for biological effects
(Figure 4A/B). As displayed in the volcano plot analysis (Figure 4A/B, S8-9), this
revealed 115(rich) / 243(starved) proteins for the AarnA and 185(rich) / 279(starved)
proteins for the AarnB strain passing that high stringency test. This shows that under
starvation conditions the effect on the proteome level is more prominent under nutrient
starved conditions for both knockouts. Moreover, the effect of the ArnB knockout is
also slightly more impactful on overall altered proteins both after t-testing and after
employing the additional fold change cutoff of 50%. To see if these statistically relevant
changes on the proteome level also reflect on the biology of S. acidocaldarius, we

conducted an intensive gene ontology (GO) term analysis (Figure 4C/D). Interestingly,
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this analysis showed that both knockouts have a preference for metabolic enzymes,
especially for additional nitrogen containing amino acids pathways. Nevertheless,
purine/nucleotide, acetyl-CoA and carbohydrate metabolism enzymes were also
significantly enriched after knockout of either ArnA or ArnB. Despite a small difference
in statistical significance and actual enrichment score the GO term analysis delivered
quite similar results for both knockouts. Notably, when comparing both knockouts with
each other, only 43-61% of the significantly altered proteins can be found in both
deletion strains simultaneously (Figure 4G). However, those significantly altered
proteins that can be found in both knockouts do share a very high correlation of 82-
86% (Figure 4E/F). Together this leads to the conclusion, that around half of the impact
of knocking out either ArnA or ArnB is apparently based on the interaction of them with
each other to some degree. Vice versa this means that the other half of the effected
protein levels are apparently independent from the ArnA-ArnB interaction or at least
without direct correlation. A comparison of these proteomics data with a deletion
variant of S. acidocaldarius that missed the GPN-loop GTPase SaGPN and exhibited
diminished motility '> shows that the proteome changes of the hypermotile ArnA and/or
ArnB deletion variants '3 are more modest. This suggests a more intimate involvement
of ArnA and ArnB in the regulation of motility than of SaGPN, which causes large-scale
changes in the proteome network. Accordingly, there is no correlation for significantly
altered protein levels between the SaGPN knockout and the ArnA or ArnB knockouts
(Figure S10). This suggests that the role of ArnA and ArnB in the archaeal regulatory

network is independent of SaGPN.

Evolutionary context of ArnB, which contains the Sec23/Sec24-core motif

In the current state of literature, the function of ArnB, a homolog of the vVWA2 protein
in S. acidocaldarius °, has been associated with the archaellum regulatory network. It
has been reported that ArnB is a negative regulator of the archaellin arlB, regulated by
the interaction with its partner ArnA. However, during investigation of ArnB we found
structural similarities with the membrane curvature proteins Sec23/24, which are
central components of the assembly machinery for eukaryotic COPIl vesicles.
Sec23/24 harbor a domain arrangement highly reminiscent of ArnB and even include
an N-terminal ZnF domain like ArnA. Accordingly, Sec23/24 contain as a core motif
the VWFA, B-sandwich and C-terminal helical domain, the latter being similar to the

ArnB_C domain, besides an additional C-terminal domain (Figure 5A). Superposition
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of the Sec24 core motif (PDB: 1m2v, P301-1749 of chain B) and ArnB reveals a
structural deviation of 5.7 A for 302 Ca atoms. Here, differences between the Sec24
core motif and ArnB are mostly found for the length of helices in the helix pair a9/a10
of the ArnB_C domain and the relative orientation of the 3-sandwich. Notably, the ZnF
domain of Sec23/Sec24 and that of ArnA in the ArnAB complex pack to different sites
of the B-sandwich of the core motif. In the ArnAB complex structure, the ZnF domain
occupies a site made up by an edge between the B-sandwich and the ArnB_C
domains, whereas in Sec23/Sec24 the ZnF-domain associates to the opposite site of
the B-sandwich domain (Figure 5B). Another feature in this context is the packing
between the Sec23/Sec24 core motif and the C-terminal domain. Although ArnB lacks
the gelsolin-type C-terminal domain of Sec23/24, the FHA domain of ArnA is predicted
to interact in a phosphorylation-dependent manner with the a-helix domain that
resembles the packing of the Sec23/Sec24 motif and the C-terminal domain.

The close relationship between the ArnAB assembly and the eukaryotic Sec23/24 core
motif prompt for a wider distribution of the Sec23/Sec24 core motif within the domains
of life. Using foldseek and the ArnB crystal structure we found a wider occurrence for
the ArnB/Sec23 core motif (Supplementary Dataset 3) than previously suggested by
the structural relationship between VWA2 from S. acidocaldarius and a VWA protein
from the actinobacterium Catenulispora acidiphila °. Structural orthologs are found in
other bacterial phyla than the actinobacteria. For example, Escherichia coli has a
predicted structural ortholog, YfbK, whose domain topology is found in ~5900 gene
products (status 01/24, Figure S11A). Besides matching Alphafold2 models from
Archaea including Euryarchaeota like Halorubrum we also find Sec23/Sec24 core
motifs in other Korarchaeota and Heimdallarchaeota (Figure S11B). More surprisingly,
the closest structural hits outside the archaeal domain are found in the plant and fungal
kingdoms despite marginal sequence identities. Orthologs in plants like Arabidopsis
thaliana and Zea mays (Figure S11C) currently lack an assigned function. Notably,
foldseek hits in the animal kingdom, apart from the expected Sec23/Sec24 orthologs,
lack a direct structural relationship to the Sec23/Sec24 core motif and ArnB (Figure
S11D).

Discussion
This work presents much needed structural information, supported in both solution and

crystal structure, of the ArnAB complex and features more information about its in vivo

[73]



333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

Publications

role. The role of ArnA, ArnB and its hetero complex has so far been associated with
the archaellum regulatory network, hence the name Arn 7. Nevertheless, their
biological role is not yet fully understood leaving open questions of why they are found
in exosomes and why they share a structural homology with the Sec23/24 complex.
Recently, it was reported that the ArnA homolog from Saccharolobus islandicus (Sis)
interacts with promotor sequences supporting a transcription factor role for ArnA 4,
although DNA binding was rather unspecific. However, during our work, we could not
find any support that ArnA from S. acidocaldarius (SaArnA) itself is capable of binding
DNA. Moreover, there are no structural indications that either ArnB or ArnA have DNA
binding sites, especially since the ZnF domain of ArnA, which would be an obvious
target, is part of a protein-protein interface. As SisArnA was purified from the native
organism, its DNA binding activity may depend on additional interaction partners than
ArnB or post-translational modifications, which require further elucidation.

Furthermore, our comprehensive proteomic data suggests involvement of ArnA and
ArnB in anabolic metabolism pathways. Accordingly, knockout of either of them lead
to a gene enrichment in enzymes concerning amino acid metabolism, especially N-rich
amino acids, carbohydrates and acetyl-CoA metabolism. This is particularly resembled
by changes in protein levels of the GIn-synthase (Q9HHO09), succincyl-CoA ligase
(Q4J9C0) or an MFS sugar transporter protein (Q4J710). Obviously, the known
overproduction of the archaellum, an indicator of hypermotility, caused by the
ArnA/ArmB knockouts 6, indicates per se changes of the metabolic repertoire in S.
acidocaldarius, when switching from a an immobile, sessile form to a planktonic
lifestyle. Compared to other proteomic data regarding proteins that are involved in the
Arn-system like the GPN-loop GTPase from S. acidocaldarius SaGPN, these changes
are completely different 2. While only half of the statistically relevant proteome
changes is common between ArnA and ArnB deletion strains, the intrinsic connection
between both is also mirrored by the nearly symmetrical alterations observed in
proteins that play pivotal roles in both strains. Therefore, we are confident to say that
the metabolic impacts we observed are directly related to the specific knockouts.
Accordingly, the large-scale proteome impacts observed for the SaGPN knockout
appear to be particularly more random. Notably, as SaGPN is being considered part
of the Arn system, physical association of the ArnAB complex with SaGPN might link
to a collaborative function of all three of them. This could also explain why the

previously reported PP2A co-IP assay ’ pulls down not only ArnA and ArnB but SaGPN
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as well. However, it may also be of coincidental nature and no physical association
connects the ArnAB complex with SaGPN. Nevertheless, the aspect of the ArnA-ArnB
interaction corresponds to a ‘flip switch’ depending on the phosphorylation state of
ArnB and its respective oligomeric state. These states are regulated by the PP2A and
ArnC phosphatase-kinase system and induce heterodimerization as well as higher
oligomerization upon threonine phosphorylation based on the FHA-pThr interaction.
Interestingly, the oligomerization processes possibly involve a (partially) unwinding or
loosening of the ArnB motifs. Accordingly, the stand-alone domain of PP2A exhibits a
more restricted array of control modes compared to ArnC, which exhibits an elongated
N-terminal region containing a TPR-like helical domain in addition to its C-terminal
Ser/Thr kinase domain and thereby offering a more diverse range of regulatory
mechanisms.

The Sec23/24-like domain architecture of ArnB with its B-sandwich, VWFA and C-
terminal helical bundle domain is conserved among all domains of life. Captivatingly,
the evolutionary connections between different kinds of proteins within all three
domains of life is apparent in their structure with only moderate changes. However,
due to a weak phylogenetic connection between them the functions of the eukaryotic
Sec23/24 exert completely different functions than their archaeal predecessors.
Therefore, the structural homology between ArnB features with Sec23/24 does not
necessarily place ArnB with the COPII vesicle system, as structural homologs of ArnB
can even be found in Escherichia coli (Figure S11A). Nevertheless, two main scenarios
appear likely: function in vesicle transport either arose late, i.e. in Asgard Archaea with
their symbiotic lifestyles with bacteria, or upon the transition to Eukaryotes, i.e. during
the manifestation of endosymbiosis. Moreover, a prerequisite for a functional switch
may be the association with exosomes as observed before '°, even when ArnA/ArnB
are not directly involved in exosome formation.

Interestingly, ArnB demonstrates a phosphorylation-dependent alteration of its
conformational flexibility as revealed by HDX-MS. Phosphorylation proceeds at
multiple, but specific sites and follows a pattern consistent with a model in which ArnC-
mediated phosphorylation starts at threonines located in the tip regions of the C-
terminal helical bundle (T353-T363). Subsequently, it propagates to threonine sites,
which are mostly buried within the helix bundle/VWFA domain interface (T371-T375),
and finally extends to sites closer to the N-terminus of the helix bundle domain. It is
worth noting that such a sequential phosphorylation and associated partial unfolding
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of the protein is not without precedence 617, For example, for p19'NK4d an ankyrin-
repeat protein, it is reported that the sequential phosphorylation within the helical
repeat domain progressively destabilizes the N-terminal half of the protein, ultimately
leading to the unfolding of the corresponding section 6. Moreover, the casein kinase
1a (CK1a) of Neurospora progressively hyper-phosphorylates the clock protein
FREQUENCY (FRQ), which triggers a conformational change driven by clustered
phosphorylation '7. In general, multi-phosphorylation exerts regulatory influence over
protein structures, facilitating bidirectional transitions between ordered and disordered
states 8. Notably, the sequential part of the phosphorylation patterns apparently does
not necessarily affect ArnB-FHA interaction, as different threonine mutants of ArnB
were still able to bind the FHA domain of ArnA, as long as alternative phospho-sites
were available (Figure 2C/D). However, these large-scale conformational changes
observed in ArnB align with a dual-point attachment of ArnA facilitated by both its ZnF
and FHA domains. This interaction could serve as the catalyst for the assembly of
larger molecular complexes involving ArnA and ArnB, resembling but not identical to
the established Sec23/Sec24 COPII coat formation.

Many of the intricacies surrounding the functionality and assembly of the ArnAB
complex stem from uncertainties related to the oligomerization behavior, as well as the
precise interaction point of the ArnA FHA domain and the role of the ArnA linker
domain. The absence of structural support has led to various plausible scenarios.
Consequently, we posit three primary operational modes governing the heterocomplex
formation of ArnA and ArnB, based on our structurally supported findings. Firstly, these
scenarios encompass the possibility of simple heterodimerization, where observed
oligomers may lack biological relevance. This could be attributed to their potentially
artificial nature in vitro, stemming from a deficiency in regulated phosphorylation,
underscored by the varying incubation times with ArnC, as illustrated in this and
previous studies 7 (Figure 6 top right). Secondly, it's conceivable that another element
plays a role in ArnAB function. Both DNA and other proteins, such as SaGPN and
SaUspA, identified in the previously reported co-IP assay on PP2A interaction
partners, emerge as potential targets (Figure 6 mid right). Lastly, polymerization based
on the FHA domain appears probable. Numerous phosphorylated states of the ArnAB
complex 7, especially with extended ArnC incubation times, hint at a multifaceted
interplay facilitated by the FHA domain-pThr interaction, thereby mimicking a
Sec23/24-like behavior (Figure 6 bottom right).
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In conclusion, the intriguing phosphorylation-dependent interaction between the
archaellum regulatory network proteins, ArnA and ArnB, not only adds to our
understanding of archaellum-related functions but also positions them as potential
precursors to COPIl homologs. This suggests a broader significance, possibly making
them among the earliest COPII-like proteins, which were already present in TACK

Archaea.

Methods
Materials
If not stated otherwise chemicals and materials were obtained from Carl Roth. Primers

were ordered from Microsynth.

Protein expression

Overexpression of recombinant proteins of this study was performed in LB medium (10
g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) supplemented with 34 pg/mL
chloramphenicol, using BL21(DE3) Rosetta cells. After induction of gene expression
(0.5 mM IPTG at ODe0oonm=0.6-0.8) cultures were incubated overnight (16 °C, 150 rpm,
18 h). Harvesting (20 °C, 5,000 rpm, 20 min) was followed by resuspension in lysis
buffer (150 mM NaCl, 50 mM Tris, pH=8.0). Cell pellets were either used freshly for

protein purification or frozen in liquid N2 and stored at -80 °C for later use.

Protein purification without phosphorylation

Cell pellets were lysed using a micro-fluidizer (2 min/2L cell pellet equivalent) after
harvesting. The lysate was centrifuged (18,000 rpm, 20 °C, 20 min), the supernatant
heat-treated (70 °C, 20 min) and centrifuged again (18,000 rpm, 20 °C, 20 min) before
being loaded to a Ni-NTA column (5 mL, Cytiva). After sample application, the column
was washed with 9 column volumes wash buffer (150 mM NaCl, 50 mM Tris, 25 mM
imidazole, pH=8.0) and eluted with 5 column volumes elution buffer (150 mM NaCl, 50
mM Tris, 500 mM imidazole, pH=8.0). The elution was concentrated (<2.5 mL) and
applied to a HiLoad® 16/60 Superdex® 200 pg (Cytiva) size-exclusion column, which
had been equilibrated with running buffer (150 mM NaCl, 50 mM Tris, pH=8.0).
Fractions containing the proteins, validated by SDS-PAGE, were -collected,

concentrated, frozen in liquid N2 and stored at -80 °C.
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Purification of the ArnAB complex - Phosphorylation of ArnB

For the generation of the phosphorylated ArnAB complex a 1L cell pellet of untagged
ArnC, which was expressed and harvested as described above, was added to the
ArnA-ArnB coexpression cell pellets before lysis. In addition, after the heat step ATP
(Sigma Aldrich) and MnCl2 (2.5 mM final concentration each) were added to the
supernatant before incubation in a water bath (55 °C, 5-60 min). Purification of the
phosphorylated complex was performed with Ni-NTA affinity chromatography and SEC

as described above.

Crystallization and structure determination of the ArnAB complex

Freshly purified, equimolar protein of ArnA and ArnB (4.85 mg/mL) was filtered with a
centrifuge reaction tube micro filter (Merck) prior to crystallization experiments. Initial
crystal hits of the ArnAB complex grew in well F11 of the JCSG Core Il Suite (NeXtal)
but were unsuitable for structure determination. Accordingly, a fine screen hanging
drop vapor diffusion experiment on 24-well plates by mixing 1 yL of crystallization
condition with 1 pL protein solution was conducted. The final monoclinic crystals grew
in the presence of 0.17 mol/L ammonium acetate, 0.085 mol/L sodium citrate pH 6.0,
25.5% (w/v) PEG 4000, 16.5% (v/v) glycerin after 5 months.

ArnAB data set was collected at the Swiss Light Source at Paul Scherrer Institute
(Switzerland). Structure determination of the ArnAB complex was done by molecular
replacement with the vVWA2 structure (PDB: 5A8J) from Sulfolobus acidocaldarius as
search model. Afterwards, the structure was refined by multiple rounds of manual
structure building with Coot '° followed by phenix.refine 2°, which also led to electron
density defining the ArnA ZnF-domain. Data collection and refinement statistics can be
found in Table S2. Protein structure was deposited to the Protein Data Base and can

be accessed via the code: 8S05.

Small angle X-ray scattering (SAX)
SAXS datasets were collected at the synchrotron Bio-SAXS beamline BM29 (ESRF)

Grenoble, France 2'. The wavelength A= 1.0 A and the sample-to-detector distance of

2.43 m resulted in scattering vectors, g, ranging from 0.0025 A" to 0.50 A-'. The
scattering vector is defined as g= 41 sinB/A, where 20 is the scattering angle. All
experiments were performed at 20 °C and the data were initially processed by the
ATSAS software package 2. SAXS data collection was performed in 150 mM NaCl,
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50 mM Tris (pH 8) buffer. One-dimensional datasets were subtracted from the buffer-
only spectrum then merged and analyzed in Primus 23. 1D-scattering of different
concentrations were merged, where appropriate, given that the lower concentrations
better represent low g data points. The radius of gyration was calculated by ScAtter 24,
The lo-values were calculated considering bovine serum albumin (BSA) as standard,
where the Ry was 33.6 +0.4 A and lo 93.13 +0.1. P(r) distance distribution functions
were calculated and refined by the program ScAtter. The distance r, where the P(r)
functions approach zero probability, identifies the maximal dimension (Dmax) of the
macromolecule. Using the refined data from ScAtter in GNOM-format ab initio models
for the corresponding SAXS-derived electron densities were calculated by averaging
20 rounds of DENSS 2°. These electron densities were fitted with structures and finally
visualized by ChimeraX. The SAXS data sets are deposited in SASBDB 26 with
accession codes SASDUW2.

Hydrogen/deuterium exchange mass spectrometry (HDX-MS).

Investigated proteins (ArnA, ArnB, ArnB~P, ArnA/ArnB~P) were employed as 50 uM
concentrated stocks solutions in 20 mM Tris-Cl pH 8.0, 150 mM NaCl. From these,
HDX reactions were prepared by an autosampler (LEAP Technologies) as follows: 6.5
ML of protein stock solution were pre-dispensed in a 96-well plate, 58.5 yL of a buffer
(20 mM Tris-Cl pH 8.0, 150 mM NaCl) prepared with 99.9% D20 added and incubated
at 25 °C for 10/30/100/1,000/10,000 s. The HDX reaction was stopped by transferring
55 uL of the reaction to 55 pL of quench solution (400 mM KH2PO4/H3PO4, 2 M
guanidine-HCI (pH 2.2) pre-dispensed in another 96-well plate cooled down to 1 °C.
95 L of the quenched reaction were injected into an ACQUITY UPLC M-Class system
with HDX Technology (Waters) operating at 0.5 °C through a 50-pL injection loop. Non-
deuterated samples were generated analogously with an H20-based buffer.

Samples were washed out of the loop with water + 0.1% (v/v) formic acid (100 pL/min)
and digested at 12 °C in a cartridge (2 cm x 2 mm) filled with either bead-immobilized
porcine pepsin or a 1:1 mixture of bead-immobilized protease type XVIII from Rhizopus
sp. and protease type Xl from Aspergillus saitoi. The resulting peptides were collected
on a trap column (2 mm x 2 cm; 0.5 °C) filled with POROS 20 R2 reversed phase resin
(ThermoFisher Scientific). After 3 min of digestion and trapping, the trap was placed in
line with an ACQUITY UPLC BEH C18 1.7 ym 1.0 x 100 mm column (Waters)

operating at 0.5 °C and the peptides eluted with a gradient of water + 0.1% (v/v) formic
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acid (eluent A) and acetonitrile + 0.1% (v/v) formic acid (eluent B) at 30 yL/min, as
follows: 0-7 min/95-65% A, 7-8 min/65-15% A, 8-10 min/15% A. The peptides were
guided to a Synapt G2-Si mass spectrometer (Waters) and ionized by electrospray
ionization (capillary temperature: 250 °C; spray voltage: 3.0 kV). Mass spectra were
acquired with MassLynX MS 4.1 (Waters) over 50 to 2,000 m/z in enhanced high-
definition MS (HDMSE)?728 or high-definition MS (HDMS) mode for non-deuterated and
deuterated samples, respectively. A short spray of [Glu1]-fibrinopeptide B standard
(Waters) every 45 s was employed for lock-mass correction. During peptide
separation, the protease column was washed three times with 80 uyL of 0.5 M
guanidine-HCI in 4% (v/v) acetonitrile, and blank runs (double-distilled H20) were
performed between each sample. All measurements were performed in triplicates for
each protease column type (separate HDX reactions).

Peptides were identified ProteinLynx Global SERVER 3.0.1 (PLGS, Waters) and
DynamX 3.0 (both Waters) from the non-deuterated samples acquired with HDMSE as
described previously?® employing low-energy, elevated-energy and intensity
thresholds of 300, 100 and 1,000 counts, respectively and matched using a database
containing the amino acid sequences of ArnA, ArnB, porcine pepsin, and their reversed
sequences (peptide tolerance = automatic; fragment tolerance = automatic; min
fragment ion matches per peptide = 1; min fragment ion matches per protein = 7; min
peptide matches per protein = 3; maximum hits to return = 20; maximum protein mass
= 250,000; primary digest reagent = non-specific; missed cleavages = 0; false
discovery rate = 100). For quantification of deuterium incorporation with DynamX,
peptides had to fulfil the following criteria: identification in two-thirds of the non-
deuterated samples; minimum intensity of 30,000 counts; maximum length of 30
residues; minimum number of products of three and 0.1 products per residue;
maximum mass error of 25 ppm; retention time tolerance of 0.5 minutes. Hereby, the
datasets generated with porcine pepsin or after digestion with proteases type Xlll and
XVIIl were pooled, and all spectra manually inspected. Residue-specific deuterium
uptake of peptides was calculated with DynamX. If a residue was covered by a single
peptide, the residue-specific deuterium uptake was equal to that of the whole peptide.
In the case of overlapping peptides for a given residue, the residue-specific deuterium
uptake was determined by the shortest peptide covering that residue. When multiple
peptides were of the shortest length, the peptide with the residue closest to the C-

terminus was utilized.
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Proteomics data evaluation

Sample preparation and measuring of the S. acidocaldarius proteomes was performed
as previously described '? in collaboration with the bioanalytics MarMass facility of the
Philipps-University of Marburg.

The timsTOF data was analyzed utilizing MaxQuant 2.1.3. Sequencing information for
S. acidocaldarius DSM 639, comprising 2,222 entries, was retrieved from the UniProt
database. For label-free quantification (LFQ) analysis, MaxQuant parameters were
configured as follows: maximum peptide mass of 4,000 Da, allowance of up to three
modifications per peptide, up to three missed cleavages, and the necessity of MS/MS
for LFQ comparisons; all other parameters remained at default settings. Protein
abundances from biological triplicates of the AArnA, AArnB and the wild type strain
were filtered using a two-tailed student’s t-test (p<0.05). The remaining proteins were
visualized in protein heat maps, with further filtering based on a mean abundance
difference of > 0.5 logz fold-change. Visualization was done using the pheatmap R
package 3° in addition to the gplots package 3'. The volcano plots were constructed by
plotting the log2 fold-change in protein abundance on the x-axis against the negative
logarithm (base 10) of the p-values (calculated from the student’s t-test) on the
ordinate. Plots were created using the ggplot2 32 and ggrepel 32 packages in R,
providing a comprehensive visualization of the proteomic changes in the context of
significance levels. Gene Ontology (GO) enrichment analysis was performed on the
sets of significant proteins (p<0.05) from each comparison using GOATOOLS library
version 1.2.3 34. The significance of the GO enrichment analysis was determined by
applying the Benjamini-Hochberg procedure with a false discovery rate (FDR)
correction at a significance threshold of p=0.05. The analysis was carried out with gene
ontology terms specific to S. acidocaldarius DSM639, obtained via the QuickGO 3°

annotation tool.

Mutagenesis of ArnB threonines

For point mutation of the different ArnB mutants 10-60 ng of starting vector was mixed
with 150 ng of corresponding primers (Table S1), 1.5 uyL DMSO, 1 uL dNTP mix (NEB),
0.5 pL of Phusion DNA-polymerase stock (~6 mg/mL) and adjusted to 50 pL with H20.
The PCR was performed for 18 cycles, primer suitable annealing temperatures (50-
56 °C) and an elongation temperature of 72 °C. PCR was followed by a Dpnl (2 pL,
NEB) digest (37 °C, 2h) and transformation into E. coli DH5a cells. Afterwards plasmids
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were extracted from overnight cultures using the QIAprep Spin Miniprep Kit (Quiagen)

and checked by Sanger sequencing.

Data availability
All data can be found in the supplementary information text or excel files. Protein

structures have been uploaded to the PDB.

Acknowledgements

We thank the beamline staff of the Swiss Light Source (SLS), PSI, Villigen,
Switzerland, as well as the beamline staff of the ESRF, Grenoble, France, for their
support. We also want to thank the staff of Marburg Mass spectrometry and
crystallization facility (MarXtal) for technical support. We acknowledge support by the
German Research Council (DFG) through the core facility for HDX-MS (project
numbers 260989694 and 324652314 to Gert Bange, Marburg). We want to thank the
Life? program of the Volkswagen Foundation for funding (Grant: Az-96727).

[82]



620

621
622

623
624
625

626
627

628
629
630

631
632
633

634
635
636

637
638
639

640
641

642
643

644
645

646
647

648

Publications

Bibliography

1.

10.

11.

12.

Jarrell, K. F. & Albers, S. V. The archaellum: an old motility structure with a new
name. Trends Microbiol. 20, 307-312 (2012).

Hoffmann, L. et al. Expanding the archaellum regulatory network — the eukaryotic
protein kinases ArnC and ArnD influence motility of Sulfolobus acidocaldarius.
Microbiologyopen 6, 1-14 (2016).

Lassak, K. et al. Molecular analysis of the crenarchaeal flagellum. Mol. Microbiol.
83, 110-124 (2012).

Lassak, K., Peeters, E., Wrobel, S. & Albers, S. V. The one-component system
ArnR: a membrane-bound activator of the crenarchaeal archaellum. Mol
Microbiol. 88, 125-139 (2013).

Hoffmann, L. et al. Structure and interactions of the archaeal motility repression
module ArnA-ArnB that modulates archaellum gene expression in Sulfolobus
acidocaldarius. J. Biol. Chem. 294, 74607471 (2019).

Reimann, J. et al. Regulation of archaella expression by the FHA and von
Willebrand domain-containing proteins ArmA and ArnB in Sulfolobus
acidocaldarius. Mol. Microbiol. 86, 24—36 (2012).

Ye, X. et al. The Phosphatase PP2A Interacts With ArnA and ArnB to Regulate
the Oligomeric State and the Stability of the ArnA/B Complex. Front. Microbiol.
11, 1849 (2020).

Henneman, B., van Emmerik, C., van Ingen, H. & Dame, R. T. Structure and
function of archaeal histones. PLoS Genet. 14, e1007582 (2018).

Mahajan, A. et al. Structure and function of the phosphothreonine-specific FHA
domain. Sci. Signal. 1, re12 (2008).

Nishi, H., Shaytan, A. & Panchenko, A. R. Physicochemical mechanisms of

protein regulation by phosphorylation. Front. Genet. 5, 1-10 (2014).

Kdivomagi, M. et al. Multisite phosphorylation networks as signal processors for
Cdk1. Nat. Struct. Mol. Biol. 20, 1415-1424 (2013).

Korf, L. et al. Archaeal GPN-loop GTPases involve a lock-switch-rock

[83]



649

650
651
652

653
654
655

656
657
658

659
660

661
662
663

664
665

666
667

668
669

670
671

672
673

674
675
676

677

Publications

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

mechanism for GTP hydrolysis. MBio 14, e0085923 (2023).

Reimann, J. et al. Archaeal signal transduction: Impact of protein phosphatase
deletions on cell size, motility, and energy metabolism in sulfolobus
acidocaldarius. Mol. Cell. Proteomics 12, 3908-3923 (2013).

Jiang, Z. et al. The FHA domain protein ArnA functions as a global DNA damage
response repressor in the hyperthermophilic archaeon Saccharolobus
islandicus. MBio 14, e0094223 (2023).

Ellen, A. F. et al. Proteomic analysis of secreted membrane vesicles of archaeal
Sulfolobus species reveals the presence of endosome sorting complex
components. Extremophiles 13, 67—79 (2009).

Kumar, A. et al. Phosphorylation-induced unfolding regulates p19INK4d during
the human cell cycle. Proc. Natl. Acad. Sci. U. S. A. 115, 3344-3349 (2018).

Querfurth, C. et al. Circadian conformational change of the Neurospora clock
protein FREQUENCY triggered by clustered hyperphosphorylation of a basic
domain. Mol. Cell 43, 713-722 (2011).

Thapar, R. Structural Basis for Regulation of RNA-Binding Proteinsby
Phosphorylation. ACS Chem. Biol. 10, 652-666 (2015).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 486-501 (2010).

Afonine, P. V. et al. Towards automated crystallographic structure refinement
with phenix.refine. Acta Cryst. 68, 352-367 (2012).

Pernot, P. et al. Upgraded ESRF BM29 beamline for SAXS on macromolecules
in solution. J. Synchrotron Radiat. 20, 660—-664 (2013).

Petoukhov, M. V. et al. New developments in the ATSAS program package for
small-angle scattering data analysis. J. Appl. Crystallogr. 45, 342—350 (2012).

Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. J. & Svergun, D. I.
PRIMUS: a Windows PC-based system for small-angle scattering data analysis.
J. Appl. Crystallogr. 36, 1277-1282 (2003).

Tully, M. D., Tarbouriech, N., Rambo, R. P. & Hutin, S. Analysis of SEC-SAXS

[84]



678

679
680

681
682
683

684
685
686

687
688
689

690
691
692

693

694
695

696

697
698

699
700

701
702

703

Publications

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

data via EFA deconvolution and Scatter. J. Vis. Exp. 167, €61578 (2021).

Grant, T. D. Ab initio electron density determination directly from solution
scattering data. Nat. Methods 15, 191-193 (2018).

Valentini, E., Kikhney, A. G., Previtali, G., Jeffries, C. M. & Svergun, D. |I.
SASBDB, a repository for biological small-angle scattering data. Nucleic Acids
Res. 43, D357-D363 (2015).

Geromanos, S. J. et al. The detection, correlation, and comparison of peptide
precursor and product ions from data independent LC-MS with data dependant
LC-MS/MS. Proteomics 9, 1683—1695 (2009).

Li, G. Z. et al. Database searching and accounting of multiplexed precursor and
product ion spectra from the data independent analysis of simple and complex
peptide mixtures. Proteomics 9, 1696—-1719 (2009).

Joiner, J. D. et al. HIlE represses the activity of the Salmonella virulence
regulator HilD via a mechanism distinct from that of intestinal long-chain fatty
acids. J. Biol. Chem. 299, 105387 (2023).

Kolde, R. CRAN - Package pheatmap. (2019).

Warnes, G. R. et al. Various R Programming Tools for Plotting Data [R package
gplots version 3.1.3]. (2022).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis. Springer (2016).

Slowikowski, K. Automatically Position Non-Overlapping Text Labels with

‘ggplot2’ [R package ggrepel version 0.9.4]. (2023).

Klopfenstein, D. V. et al. GOATOOLS: A Python library for Gene Ontology
analyses. Sci. Rep. 8, 1-17 (2018).

Binns, D. et al. QuickGO: a web-based tool for Gene Ontology searching.
Bioinformatics 25, 3045 (2009).

[85]



Publications

704  Figures

B-gandwich,ﬂuw;

ArnA-FHA

/‘..z:],i‘“,‘,_,,,n.:‘,

ArnA-ZnF

[ C-Terminal
" domain

705

706 Figure 1: Overall Structure of the ArnAB complex and comparison with SavWAZ2. A: Full structure
707 of ArnAB complex and domain overview showing the ArnA ZnF domain interaction site. Domains are
708  color-coded as follows: B-sandwich (green), VWFA (pink/purple), C-terminal domain (blue), ZnF domain
709  (yellow). B: Focus view on the ZnF interaction site with important residues showing as sticks.C: MIDAS
710  site of the VWFA domain of ArnB reveals Na* interacting residues. D: ArnB and vVWA2 (grey)
711 superposition with secondary structure elements numbering. The magnification shows the C-terminal
712 domain of ArnB with threonine residues shown as sticks and OH-groups as balls, structurally highlighting
713 potential FHA interaction sites. E: Ab initio envelope as calculated from SAXS-derived scattering vectors
714 using 20 iterations of DENSS2® for electron density modeling and ScAtter?* for refining GNOM-
715 processed SAXS data. For the ArnAB complex (top) a Dmax value of 15.7 nm was derived (Rg 4.16 nm),
716  the DENSS model density has a resolution of 33 A; the values for ArnB (bottom) alone are Dmax=7.5 nm,
717 Rg=2.41 nm, resolution=30 A. Structural models for the FHA domain of ArnA (orange), ArnB (grey) and
718  the ArnB/ArnA-ZnF complex were fitted by ChimeraX into SAXS densities.
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Figure 2: Promiscuity of ArnB phosphorylation sites. A: Sequence view of ArnB with trypsin
cleavage sites, amino acid count and highlighted all potential phosphorylation sites found during this
study. Domain coloring is analogous to Figure 1. B: Impact of phosphorylation time on threonine
phosphorylation by MS. Green highlights newly found threonines at the respective time point. C/D: SDS
gel pulldown assays showing that phosphorylation time has an impact on ArnB mutants, as different
ArmB mutants (upper bands) are not able to sufficiently interact with ArnA (lower bands) when
phosphorylation time is limited and, thus, cannot be pulled down anymore.
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Figure 3: HDX reveals ArnA ArnB interaction sites and impact of phosphorylation. A:
Cumulative HDX; i.e. highest scoring change per any given time point, of the phosphorylated ArnAB
where the phosphorylated ArnB HDX is subtracted from, revealing the interaction sites of ArnB with
ArnA. The dashed box focuses on the FHA interaction with the C-terminal helix as a possible
interaction site. The legend is representative for the whole figure. B: Impact of phosphorylation on
ArnB as shown by cumulative HDX of ArnB-phosphorylated ArnB. The changes in HDX suggest a
structure wide impact of the phosphorylation.
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734 Figure 4: Proteomics analysis of Sulfolobus acidocaldarius AarnA and AarnB strains in nutrient
735 rich and starved conditions compared to the wild type. A/B: ArnA/B knockout proteomic analysis
736 visualized as volcano plots in respect to the corresponding WT nutritional state. The top plots show
737 nutrient rich conditions and the bottom plots nutrient starved conditions. Sample size comprises n=3
738 biological triplicates per sample, including respective WT samples, as well as two technical duplicates
739 per measurements. Protein levels that have p-value < 0.05 and a logz Fold Change of >0.5 (i.e. >50%)
740 are colored blue, i.e. down regulated in the respective knockout and nutritional state, or red, i.e. up
741 regulated in the respective knockout and nutritional state. C/D: Gene enrichment analysis of respective
742 protein hits, clustering them into GO terms revealing mostly metabolic involvement. E/F: Scatter plots
743 of proteins found in both ArnA and ArnB knockout reveal high cross-effected protein rate, highlighting
744  their cooperative role in S. acidocaldarius. G: Venn diagrams of ArnA and ArnB knockouts show that
745 only ~half of the affected proteins (p<0.05) can be found in both knockouts, leaving room for individual
746  roles.
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Figure 5: ArnB is a structural homolog of the COPIl main membrane curvature factor Sec23/24.
A: Sec23/24 complex with analogous domain coloring to ArnB but in paler colors. Accordingly, the
Sec23/24 helical domain represents the C-terminal domain of ArnB and the C-terminal Sec23/24 domain
is colored orange. B: Superposition of Sec23/24 with ArnB without the C-terminal domain of Sec23/24
for clarification reasons, showing high structural alignment. C: Superposition of ArnA FHA domain onto
the C-terminal domain of Sec23/24 also reveals structural similarities and aligns well with a potential

interacting position in a respective ArnAB complex.
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757 Figure 6: Role of heterodimerization to the ArnAB complex in different functional scenarios. The
758  phosphorylation-dependent formation of tight ArnAB complexes due to tethering via ZnF domains and
759 FHA-pThr interaction apparently plays a role in the archaellum regulatory network and several metabolic
760 pathways. A ‘loose’ ArnAB complex is formed by the 1:1 interaction between the ArnA-ZnF domain and
761 ArnB. This single tether is augmented by ArnC-dependent phosphorylation of the ArnB_C domain and
762 the ArmA-FHA domain (tight ArnAB complex). Double-tethered ArnAB complexes may exist as
763 stoichiometric 1:1 assemblies (top, right) or multimeric higher complexes prone to polymerization
764 (bottom, right). In the tight ArnAB complex and the ArnA's long linker region may enable binding of
765  further interaction partners (mid, right). In this context, transition to loose ArnAB complexes and
766 disassembly is driven by dephosphorylation due to PP2A triggering further arlB production.
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Figure S1: ArnA/ArnB pulldown assays. A: SDS-PAGE with a comparison of Ni-NTA column
purifications of ArnA and ArnB without phosphorylation (left part, lanes 1-4) and with phosphorylation by
ArnC (right side, lanes 5-8). ArnB is only able to pulldown ArnA when they were subjected to prior
phosphorylation. 1: heat step, 2: flow through, 3: wash, 4: elution, MM: molecular marker, 5: elution, 6:
wash, 7: flow through, 8: heat step/ Pi assay. B: Ni-NTA purification of the multiple Thr->Ala mutant of
ArnB after 60 min phosphorylation by ArnC. Under these prolonged phosphorylation times this mutant
of ArnB depleted of threonines in the a-helical domain is still able to pulldown ArnA. 1: lysate, 2: heat
step, 3: Pi assay, 4: flow through, 5: wash, 6: elution.
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Figure S2: Superposition of experimental and predicted ArnAB complex. Theoretical complexes
for ArnAB were predicted by the AlphaFold2-Multimer pipeline and superimposed to the ArnAB crystal
structure. Left, complete alignment showing the different models. Disordered regions of the AF2 models
correspond to the linker region between the ZnF and FHA domains of ArnA. Right, detail view on the
ZnF domains in the ArnAB complex showing only minor deviations from the ArnAB cocrystal structure
(gray). The five AF2 models of the ArnAB complex are colored according to their rank in green, cyan,
pink, yellow and salmon.
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Figure S3: SAXS data analysis with scatter curves, Kratky plot and pairwise distribution function.
The plots show the average of technical triplicates for each of the three SAXS samples: loose ArnAB
complex (brown), ArnA (purple) and ArnB (green) with Dmax shown in parentheses.
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Figure S4: HDX supplementary data evaluation of ArnA. A: Each black bar represents a peptide of
ArnA identified in HDX-MS. B: The residue-specific HDX of individual ArnA and that of ArnA in complex
with ArnB~P is projected onto the ArnA amino acid sequence. C: The difference in residue-specific HDX
between ArnA in complex with ArnB~P and individual ArnA is projected onto the ArnA amino acid
sequence. Blue color denotes reduced HDX of ArnA when in complex with ArnB~P. D: Progression of
HDX over time for selected representative ArnA peptides derived from ArnA (red) and ArnA/ArnB~P
(blue) samples. Data represent mean = s.d. of n = 3 technical replicates (individual HDX reactions).
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Figure S5: HDX supplementary data evaluation of ArnB. A: Each black bar represents a peptide of
ArnB identified in HDX-MS. B: The residue-specific HDX of ArnB, ArnB~P and that of ArnB~P in
complex with ArnA is projected onto the ArnB amino acid sequence.
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Figure S6: HDX supplementary data evaluation of the impact of phosphorylation and
interaction of ArnA and ArnB. A-C: The difference in residue-specific HDX between A: ArnB~P and
ArnB, B: ArnA/ArnB~P and ArnB, and C. ArnA/ArnB~P and ArnB~P is projected onto the ArnB amino
acid sequence. Red color reflects elevated HDX of ArnB upon phosphorylation (A and B), and blue
color reflects reduced HDX upon phosphorylation (A and B) and ArnA binding (B and C).
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Figure S7: HDX MS of ArnA and ArnB peptides. Progression of HDX over time for selected
representative ArnB peptides derived from ArnB (red), ArnB~P (blue) and ArnA/ArnB~P (green)
samples. Data represent mean t s.d. of n = 3 technical replicates (individual HDX reactions).
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Figure S8: Volcano plot analysis of AarnA vs. WT comparison showing Uniprot IDs of over-
(red) or under-regulated (blue) proteins in the respective comparison. Only proteins with a
significance level of at least p<0.05 and a twofold change were considered. The analysis charts do
refer to the indicated knockout strain, i.e. which proteins were up- or down-regulated in the
knockout strain in comparison to WT. Higher significant levels are shown towards the right,
whereas the degree of changes are ranked from the top to the bottom.
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Figure S9: Volcano plot analysis of AarnB vs. WT comparison showing Uniprot IDs of over- (red)
or under-regulated (blue) proteins in the respective comparison. Only proteins with a significance
level of at least p<0.05 and a change of at least 50% were considered. The analysis charts do always
refer to the knockout strain, i.e. which proteins were up- or down-regulated relative to the WT; significance
levels increase from left to right, level changes from top to bottom. Some of the proteins with minor down-
regulated changes under starved conditions were cut off for simplicity but are listed in the proteomics

Table S3.
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Figure S10: Proteomic changes are independent in SaGPN and ArnA/ArnB knockout strains. A:
Correlation plot of the S. acidocaldarius ArnA vs. SaGPN knockout under nutrient-rich conditions,
revealing very weak correlation. B: Correlation plot of the S. acidocaldarius ArnB and SaGPN knockout
under nutrient-rich conditions. C: S. acidocaldarius ArnA vs. SaGPN knockout under nutrient starvation.
D: S. acidocaldarius ArnB vs. SaGPN knockout under nutrient starvation.
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Figure S11: Structural conservation of the Sec23/Sec24 core motif and the ArnB structure. The
ArnB crystal structure was subjected to foldseek search; selected hits as predicted by AlphaFold2 were
superimposed to the ArnB structure that is representative of the Sec23/24 core motif. A: For the bacterial
kingdom, the superposition of YfbK (Uniprot entry P76481) is shown. B: Archaeal orthologs from
Lokiarchaeota, Haloarchaea, Korarchaeota and Asgard archaea. Interestingly, the member of the
Lokiarchaeota is predicted to include a Sec23/24-like ZnF domain at an analogous position. C: Members
of the plant family not belonging to the Sec23/Sec24-family show a high degree of structural
conservation of the Sec23/Sec24 core motif, whereas animals hits (D) are predicted to be unrelated in
terms of their domain packing. Uniprot identifiers are given in parentheses.
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Table S1: Primers used for the side directed mutagenesis. Primers were used on the pETDuet™-1
coexpression vector encoding both arnB-Hiss and Strep-arnA.

Primer Sequence Introduced Mutation
CAGTAGAGCAAGCTAGAAAGATATCTAAGG T363A, fw
CCTTAGATATCTTTCTAGCTTGCTCTACTG T363A, rev
GAAGAATAGGTGCAGTAGAGCAAAC T359A, fw
GTTTGCTCTACTGCACCTATTCTTC T359A, rev
CGAAAGTATAGAGGCAGCTAGAAGAATAGG T353A_T354A, fw
CCTATTCTTCTAGCTGCCTCTATACTTTCG T353A_T354A, rev
GCTAATAGAGGCAGCTAGAAGAATAAGCG T343A_T344A fw
CGCTTATTCTTCTAGCTGCCTCTATTAGC T343A_T344A, rev
CTAGTGAAGTTGCTAAGAAGTTGAGG T375A, fw
CCTCAACTTCTTAGCAACTTCACTAG T375A, rev
CTAAGGAAATAGCTAGTGAAGTTACTAAG T371A, fw
CTTAGTAACTTCACTAGCTATTTCCTTAG T371A, rev
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Table S2: Crystallographic table for SaGPN structures.

ArnAB complex (8S05)

Data collection and processing

X-ray source, beamline
Detector
Wavelength (A)
Space group
Cell dimensions (a, b, c,

a, B, y)
Resolution (A)
Total reflections
Multiplicity
Unique reflections
Completeness, spherical (%)*
Completeness, ellipsoidal (%)f
Rmerge
CC1/2
Mean I/o(l)
Wilson B-factor (A2)

SLS, Beamline X06SA
DECTRIS EIGER X 16M
1.00000
1121
50.1 A, 147.4 A, 62.6 A
90.00°, 107.16°, 90.00°
49.14 -2.11 (2.36 - 2.11)
93365 (3307)

3.4 (2.4)

27478 (1375)

55.1 (9.7)

89.9 (52.3)

0.079 (0.505)
0.996 (0.638)

9.2 (1.8)

36.73

Refinement

Resolution (A)
Rwork, Rfree
Reflections (test set)
r.m.s.d. from ideal:
Bond lengths (A)
Bond angles (°)
Total number of atoms
solvent
ligands
Average B-factor (A2)
Ligands
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)

49.14-211(2.36-2.11)
0.2087 (0.3488), 0.2634 (0.2591)
27435 (1363)

0.009
1.10
6473
29
4
48.29
59.11
97.51
2.11
0.37

Statistics for the highest-resolution shell are shown in parentheses. 1+ Dataset was corrected by
STARANISO* for anisotropic diffraction. Cut-offs used direction -0.058 a* + 0.994 b* + 0.088 c* for best
diffraction (2.11 A), 0.588 a* + 0.809 c* for worst diffraction (3.54 A). # Tickle, 1.J., Flensburg, C., Keller,
P., Paciorek, W., Sharff, A., Vonrhein, C., Bricogne, G. (2016). STARANISO,
http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi. Cambridge, United Kingdom: Global Phasing
Ltd.
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4.Unpublished data

Most of the important data that originates from this work can be found in sections 3.1
and 3.2. However, some interesting data is not yet published and this section therefore

deals with this data.

4.1 Structure of PP2A from Sulfolobus acidocaldarius

The phosphatase PP2A from S. acidocaldarius stands as a pivotal element in the
dissociation of the ArnAB complex, thereby exerting a significant influence on the
functionality of both ArnA and ArnB. Consequently, it emerges as a primary focal point
for structural investigation, holding the potential to enhance the understanding of the
regulatory mechanisms governing ArnA and ArnB. Additionally, exploring PP2A's
structure may shed light on the intricate multi-phosphorylation pathway of ArnB,
potentially revealing a competitive phosphorylation-dephosphorylation mechanism at
play. Although the crystallization of the mega complex involving phosphorylated ArnAB
with PP2A remains elusive, successful attempts have been made to crystallize isolated
PP2A. The crystal structure of PP2A was determined from a monoclinic crystal form at
a resolution of 2.3 A for the complete residue range of N2-VV293. The crystal structure
revealed four protomers per asymmetric symmetry unit of two biological dimers formed
by chains A and C as well as chains B and D. Figure 7 summarizes the crystallographic
elucidation of the S. acidocaldarius PP2A structure.

Notably, the structure of PP2A in S. acidocaldarius closely mirrors the core structure
of eukaryotic PP2A, as visualized by the superposition with PP2A from Arabidopsis
thaliana (AtPP2A, PDB: 70BE) in Figure 7D. Accordingly, despite the missing
extension that is harbored by AtPP2A, the phosphatase core domain is quite similar
given an r.m.s.d. value of 1.15 A for 177 Ca atoms. Interestingly, despite PP2A strong
dimer character during other experiments the interface of a SaPP2A dimer is only
833.4 A2, as calculated by PDBePISA web server (137). Moreover, the catalytic cavity
apparently features only one not two manganese ions compared to the eukaryotic
structure. Nevertheless, this arguably explained by a lack of manganese during
crystallization of SaPP2A, as no manganese was supplemented during purification or

crystallization, resulting in a more ambiguous electron density in the area surrounding
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Figure 7: S. acidocaldarius PP2A crystal structure and comparison with PP2A from Arabidopsis
thaliana (PDB:70BE). A: Monomeric crystal structure with focus on the active cavity. B: Biological
assembly of SaPP2A as dimer reveals a small dimer interface. C: Overlay of active amino acids of
SaPP2A and AtPP2A reveal high similarities in the substrate pocket despite additional Mn2* and CI-
ions. D: Superposition of SaPP2A and AfPP2A reveals high structural similarity of the phosphatase core
domain.

the metal ions. However, the enzymatic cavity is quite similar to its eukaryotic ortholog,
as all the histidine and aspartates involved in the manganese coordination are
apparently conserved, both in sequence and in structural orientation. This observation
suggests the conservation of enzymatic mechanics across different evolutionary
stages. Furthermore, it unveils that in S. acidocaldarius, PP2A exists as a stand-alone
domain, hinting at the possibility that additional adaptors may be necessary for it to
fulfill its universal phosphatase role (138).

In conclusion, the PP2A from S. acidocaldarius does exhibit similarities to eukaryotic
PP2A, suggesting that its enzymatic properties may be derived from its eukaryotic
counterparts. Nevertheless, the interaction between phosphorylated ArnB and PP2A
remains elusive, due to the absence of obvious interaction sites or adaptors.
Consequently, further experimentation to unravel the intricacies of their interaction is

required.
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4.2 Methods

C-terminal Hise tagged PP2A was freshly purified (refer to protein production and
purification of Korf et al. 2024) and filtered before crystallization using a centrifuge
micro filter. Crystals of PP2A grew in the presence of 0.5 M Ammonium sulfate, 0.1 M
Tris pH 7.0, 30% (v/v) PEG 600, 10% (v/v) Glycerol (JCSG Core suite Il E8, NeXtal).

Diffraction data was collected at the Swiss Light Source at Paul Scherrer Institute
(Switzerland). Phasing was done by molecular replacement with PHASER (139) and
an AlphaFold2 (140) generated search model based on the native sequence of PP2A
using standard settings. Afterwards, the structure was refined by multiple rounds of
manual structure building with Coot (141) followed by phenix.refine (142). Refinement

and data collection parameters can be found in the crystallographic

Table 1: Crystallographic table of SaPP2A data collection parameters and refinement statistics.
Values in parenthesis show statistics for highest resolution shell.

Data collection and processing

X-ray source, beamline

Detector

Wavelength (A)

Space group

Cell dimensions (a, b, c,
a, B, y)

Resolution (A)

Total reflections

Multiplicity

Unique reflections

Completeness (%)

SLS, Beamline X06SA
DECTRIS EIGER X 16M
1.000031
P1211
72.35A, 117.04A, 87.48A
90.00°, 110.00°, 90.00°
47.67 -2.4 (2.36 - 2.3)
232704
3.9
59792 (2690)
98.40 (98.03)

Rinerge 0.098 (0.532)
cC1/2 0.995 (0.723)

Vo(l) 9.3 (2.8)

Wilson B-factor (A2) 33.21
Refinement

Resolution (A) 47.67-2.3(2.34-2.3)
Ruork, Riree 0.168 (0.222), 0.213 (0.300)

Reflections (working, test set)
r.m.s.d. from ideal:
Bond lengths (A)
Bond angles (°)
Total number of atoms
Water
Average B-factor (A2?)
Ligands
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)

59792 (2690), 3109 (147)

0.002
0.55
9,656
499
37.2
43.6
96.08
3.84
0.09
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5.Discussion

Biochemists all over the world commonly are taught that the shape of a protein is
directly linked to its corresponding function (143) —often simplified as ‘form follows
function’. While this might be a generic concept—analogous to BOHR'’S electron shell
or PAULING’S hybridization model—for understanding protein structures and their
functional relations it has limitations (144). Prior to deep-learning approaches most of
structural biology relied on comparing experimental and/or homology based model
structures for deriving functions (145). In this ‘form follows function’ scenario respective
analyses postulate that similar protein structures inherently share similar functions,
although this is not universally true. However, applying this concept is a valid approach
in many cases when trying to derive biological functions or enzymatic mechanisms
from structural data (144, 146). Nevertheless, discrepancies can arise due to distinct
evolutionary origins, concealed secondary functions, or incorrect annotations.

In the context of Archaea, these complexities pose significant hurdles due to a lack of
reliable functional and genetic data (147). There are several cases reported for
Archaea, where functional relations cannot be traced by structural similarity; one
prominent example of this is arguably represented by the archaeal histones of the
Halobacteria class (148). These histones are structurally highly related to eukaryotic
histones with the latter forming octameric nucleosomes. However, archaeal histones
mainly involve dimers to bind DNA and assemble into nucleosomes of variable size,
i.e. filaments, also referred to as hypernucleosomes (148). Given these features it is
hypothesized that the regulatory function of archaeal histones corresponds more to
bacterial histones (148). Other structure motifs that involve multiple functions include
the RossMANN fold (e.g. nucleotide cofactor binding domain (149) vs. ribonuclease
activity (150)), TIM barrels (catalyzing at least five different enzyme class reactions
(151, 152)), helical bundles (e.g. DNA binding (153) vs actin binding (154)) or the
Greek key motif (155). In conclusion, the discussion about novel archaeal gene
products should not only rely on structure-to-function inferences but also structure-
independent functional data. Consequently, the following discussion of the gene
products playing a claimed role in the archaellum regulatory network examined in this
study, SaGPN and the ArnAB complex, relies not only on straightforward, but error-
prone structure-to-function delineations, but also on large-scale proteomic analyses,

comparative structural bioinformatics and mechanistic studies.
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5.1 What is the function of archaeal GPN-loop GTPases?

G proteins constitute a pervasive family of proteins distributed across all domains of
life, showcasing diverse functions that surpasses many other protein families. This
family of proteins, also called GTPases, can be broadly categorized into two main
groups: the translation factors or TRAFAC group and the signal recognition particle
MinD and BioD or SIMIBI group (156). In the context of GTPases, attention often
centers on small Ras-like members, which include Sar1, of the TRAFAC subfamily.
However, they represent only one facet in the diverse world of GTPases, highlighting
their versatile nature. TRAFAC GTPases play pivotal roles in translation, signal
transduction, cell motility, and intracellular transport, supporting the array of functions
observed for GTPases (157). Another notable subgroup within the TRAFAC category
is comprised of the G protein-coupled receptors, distinguished by their unique
assembly feature of forming heterotrimers. In contrast, SIMIBI GTPases, representing
an evolutionarily older type of GTPase, exhibit a distinct assembly characteristics as
they are commonly activated by dimerization, setting them apart from the TRAFAC
group (158).

Notably, GPN-loop GTPases stand out as a captivating subset within the SIMIBI group,
as they do not undergo dimerization upon nucleotide acquisition. Instead, they
maintain their dimeric quaternary structure irrespective of the nucleotide-bound state,
at least within the context of Archaea (159). Although there are precedents for all-
dimeric NTPases in the SIMIBI class, encompassing proteins binding guanosine
phosphate nucleotides as well as adenosine phosphate nucleotides—exemplified by
GET3 and NifH—these differ from GPNs in that both GET3 and NifH depend on ATP
as opposed to the GPNs (158, 160, 161). Consequently, the GPN-loop GTPases
present a unique type within the SIMIBI group, featuring their distinctive structure and
assembly. In Eukaryotes, the GPN family encompasses three homologs with the ability
to form heterodimers—a characteristic limited in most Archaea, where GPN paralogs
are only observed in select species. Notably, in TACK Archaea like Sulfolobus, GPNs
exhibit functional proximity to Eukaryotic GPN1 rather than its paralogs GPN2 and
GPNB3, as illustrated in the GPN sequence similarity network (SSN, Figure 1, Korf et
al. 2023). Intriguingly, Eukaryotic GPN1 is primarily associated with a chaperone or
assembly-assisting role for RNA polymerase Il subunits and their nuclear transport
(162, 163). This suggests potential alternative or additional functions for archaeal

GPNs, particularly in the context of eukaryotic nuclear transportation.
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However, in contrast to Eukaryotes, Archaea possess only one, not three, RNA
polymerase complexes, intriguingly homologous to the eukaryotic RNA polymerase Il
complex. This suggests a potential role for SaGPN and other archaeal GPNs in the
assembly of archaeal RNA polymerase. The multifaceted changes observed in the
proteome of the saGPN knockout support such a role due to the significant impact on
protein levels. On the other hand, the knockout is non-lethal for S. acidocaldarius,
unlike eukaryotic GPN knockouts where the loss of either GPN1-3 is known to be lethal
(164). Moreover, no growth changes were observed in the AsaGPN knockout strain
compared to the wild type, strongly suggesting that SaGPN is not involved in critical
sustainability processes, which would include the assembly of RNA polymerase.

Nevertheless, an assembly function in general—a characteristic commonly known for
GTPases, e.g. in association with ribosome and tubulin assembly (165-167)—which
later evolved towards RNA polymerase assembly, could explain the apparent
functional disparity. This is particularly supported by the distinct roof-helices of
eukaryotic GPNs, one of the two regions exhibiting the most structural changes during
nucleotide hydrolysis. Additionally, AlphaFold2 models of eukaryotic (human) GPN1,
as referenced in Uniprot database entries, display low confidence values for the roof-
helices and often for the skid-region as well, these being the most likely interacting
regions of (archaeal) GPNs. Therefore, the acquisition of an additional RNA
polymerase assembly function may be attributed to the evolution of these specific
structural regions. Interestingly, a STRING analysis of SaGPN (Saci_1281) gives

predictions of associated functions derived from various bioinformatic and
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Figure 8: STRING Analysis of SaGPN (Saci1281) reveals interesting associated functions. Left
side shows the functional association of proteins within a network and the right side shows the
corresponding legend. While this STRING analysis shows potential functional association it does not
actually predict physical interaction. STRING version 11.5 with standard settings was used to generate
the analysis (202).
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experimental data Figure 8. In this network, the association between SaGPN and
SaPP2A is notable, possibly linked to the identification in Ye et al. 2020. Additionally,
other nodes suggest more functional partners; it's important to note that this kind of
analysis indicates functional association and not necessarily physical interaction.
Saci_1275, a translation initiation factor, Saci_1277, a large subunit ribosomal protein
l44e, and Saci_1280, a DNA polymerase sliding clamp responsible for anchoring the
catalytic subunit of DNA polymerase and other proteins to DNA during rapid replication,
are particularly intriguing and rank high in scores. This analysis primarily links SaGPN
with nucleic acid metabolism-related proteins, akin to eukaryotic GPNs. While this is a
prediction, the association of these proteins based on cooccurrence, neighborhood,
coexpression, and different databases adds an interesting layer to their potential
functional linkage.

In essence, it is important to highlight the limited availability of information regarding
archaeal GPNs. Currently, there are only two comprehensive reports exploring this
field of study—one presented above (Korf et al. in 2023) and the other introducing the
class of GPN-loop GTPases in 2007 without assigning any biological role (159).
Consequently, functional discussion has been initiated in Korf et al. in 2023, which are
of high relevance for other archaeal phyla as well. Moreover, beyond the structural
unveiling of the SaGPN dimer, which aligns with its universal assembly role based on
the described lock-switch-rock mechanism, the report introduces a nuanced challenge
in comprehending the functionality of GPNs. Specifically, the knockout of SaGPN in S.
acidocaldarius induced a surprising large-scale alteration of protein levels under
planktonic lifestyle conditions, yet it did not impact growth rates. Notably, the sessile
lifestyle exhibited motility-deficient phenotypes. Nevertheless, the observation of
diminished motility is also reflected by a reduction in ArIB levels in the planktonic state
as described by proteomic data.

Given these finding, a pivotal question arises in the distinction between observation
and correlation, raising the query of whether the observed changes are (1) direct
consequences of the SaGPN knockout or (2) whether there exists a concealed, indirect
connection. In the event of an active effect resulting from the knockout, SaGPN would
instigate a plethora of proteomic alterations, being directly implicated in various
processes, e.g. as a universal assembly factor. Despite the immense proteomic effects
this notion apparently conflicts with a lack of being essential for cellular homeostasis.

This scenario implies that the primary role of SaGPN is mostly the regulation of
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archaellum turnover, i.e. the loss of SaGPN is directly correlated to the loss of motility.
This proposition gains some support from the detection of SaGPN in the PP2A co-IP
assay alongside the already described archaellum regulators ArnA and ArnB (134).
Conversely, considering PP2A as a potential interaction partner, it appears feasible
that the extensive proteomic changes observed in the AsaGPN strain may be
associated with altered levels of PP2A. In this perspective, the observed changes
would be of an indirect nature, more likely linked to an effect on PP2A, known to exert
widespread proteomic effects (138). Nevertheless, the deletion of PP2A results in a
diminished growth rate, a phenomenon not in line with the observations from the
SaGPN deletion strain. Furthermore, SaGPN did not exhibit significant effects on the
activity of PP2A, as detailed in the supplementary material of Korf et al. 2023, rendering
this a somewhat improbable scenario.

Notably, the impact of another phosphatase, PTP (protein tyrosine phosphatase), on
proteome changes was investigated (138). Intriguingly, unlike the PP2A knockout, the
deletion of PTP does not influence growth rates. Additionally, the majority of affected
protein levels following PTP knockout were down-regulated, aligning seamlessly with
the observations from the AsaGPN strain. Consequently, the extensive proteomic
changes observed in SaGPN deletion strains might be linked to an indirect effect on
PTP function or levels. Furthermore, unlike the PP2A knockout, the deletion of PTP
did not seem to affect archaellum genes. This implies that the effects observed on
diminished motility in the AsaGPN strain might be directly associated with the absence
of SaGPN. This hints at a complex interplay involving both indirect and direct effects
of the SaGPN-induced proteomic changes. However, it has to be noted that the
knockout of SaGPN did not result in a significant reduction of PTP levels; on the
contrary, PTP levels even increased, albeit without the additional >50% change
restriction (refer to Table S4 in Korf et al. 2023, PTP=Q4JB88). While other observed
changes in protein levels, such as small ribosomal subunit protein uS11 (P39469) or
DNA polymerase 1 (P95690), could potentially contribute to large-scale proteome
changes, no clear correlation between proteome changes and unaffected growth rates
can be drawn.

Consequently, an alternative scenario of greater relevance may be involved, especially
considering the two distinct lifestyles adopted by S. acidocaldarius. The proteomic
data, confined to the planktonic lifestyle, presents challenges, as the sessile lifestyle

produces a unique phenotype that may not align entirely with the characteristics of the
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liquid culture lifestyle. In this context, the extensive proteomic effects observed might
be attributed to factors such as nutrient availability and lifestyle, as evidenced by
noteworthy proteome changes even in the wild type under various nutritional conditions
(refer to Figure 3 in Korf et al. 2023). In this proposed scenario, the direct effects of the
SaGPN knockout could be influenced or obscured by the lifestyle assumed in cultural
media. For instance, the loss of motility may not impact growth rates when nutrients
are abundant, yet proteomic differences can still manifest, a general concept known to
be involved in proteomic analyses (168). This could imply that the observed effects
related to archaellum changes are indeed associated with SaGPN, considering the
diminished motility observed in both lifestyles, i.e., loss of motility on solid media and
reduced ArIB levels under nutrient limitation. Furthermore, SaGPN, facilitated by the
lock-switch-rock mechanism, is inherently equipped for an assembly function of any
kind, aligning well with a potential role within the archaellum regulatory network. Given
the disparities in lifestyles and the magnitude of proteomic changes, confidently
extracting either a direct or indirect effect of the SaGPN knockout from the available
data is challenging. Nevertheless, a more universal assembly role for GPNs in Archaea
gains credibility based on the comprehensive data involving the lock-switch-rock
mechanism and its associated assembly function. Consequently, exploring other
potential roles for GPNs in Archaea based on the LSR assembly mechanism may be
a worthwhile avenue to pursue.

A universal assembly role might be one the most likely scenarios for archaeal GPNs
even if the exact targets remain elusive, however, an involvement in filamentous
protein assembly, which is a known concept for GTPases (167), could present an
interesting lead. For example, GPN1 from S. cerevisiae extends its functional
repertoire beyond its primary role in RNA polymerase assembly, namely an
involvement in microtubules assembly and maintenance of their integrity (169). While
archaeal origin of tubulins is debated it finds support in the notion that tubulins were
discovered in Thaumarchaeota (170), which is in line with current assumption of
eukaryogenesis involving Asgard archaea, close relatives of the TACK superphylum
(24). Furthermore, a potential affiliation with tubulins, or structural proteins in a general
sense, may offer insights into the intriguing phenotype observed on solid media plates
for S. acidocaldarius following the SaGPN knockout (refer to Figure 2, Korf et al. 2023).
Notably, Bacteria lack genuine GPNs; although annotated as such, bacterial 'GPNs'

share closer relations with small GTPases. This observation suggests a potential link
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between the kind of motility structure and the presence of GPN-loop GTPases as
eukaryotic cilia structures include microtubules. Furthermore, the evolution of bacterial
and archaeal motility structures appears to have followed distinct paths, despite
sharing mechanistic similarities (171), which could support a potential archaeal linage
of microtubule cilia assembled by GPNs.

Interestingly, the knockout of SaGPN revealed significant reduction of universal stress
proteins (Usp) proteins. This might add to the functional repertoire of archaeal GPNs
and not only enhances their potential roles but more likely lends further support to their
assembly function. Stress proteins are acknowledged for their chaperone-like functions
and their associations with motility (172, 173), this could indicate that GPNs may play
arole in an assembly function linked to stress response. In this regard, the Archaellum,
regulated by nutrient availability, stands out as a key target for these stress-responsive
assembly functions.

Moreover, a widely recognized prokaryotic tubulin, FtsZ, renowned for its pivotal
involvement in cell division, is identified in numerous archaeal species, thereby
supporting the potential existence of FtsZ-like cell division mechanisms in archaea
(123, 174). Contrarily, FtsZ is absent in Crenarchaeota, thereby excluding Sulfolobales
species from participating in such a division mechanism (123). However, it was
proposed that ESCRT-III orthologs mediate this function in thermophilic Crenarchaeota
(123) and they have been identified in exosomes of S. acidocaldarius as well (112).
Accordingly, it is plausible that archaeal GPNs may be intricately linked to the ESCRT-
like cellular divisional pathway, potentially assuming chaperone-like or regulatory
functions, particularly within Sulfolobales and similar organisms. This proposal may
rationalize the distinctive clustering pattern discerned in the SSN among archaeal
GPNs between Pyrococcus abyssi and Sulfolobus-like GPNs. Given that P. abyssi,
classified as an Euryarchaeon, houses FtsZ and governs division through the FtsZ
division machinery, it follows that GPNs from different archaeal phyla may exhibit
functional disparities (175). Consequently, the multifaceted array of functions within
the GPN-loop GTPases, as observed in Eukaryotes, adds further nuance to their roles
in different archaeal contexts, even in the presence of only a single paralog.
Nevertheless, both the ESCRT and FtsZ cell division pathways could potentially
incorporate archaeal GPNs as assembly factors, facilitating the assembly of single
subunits or multi-filaments. However, no noticeable changes in growth were observed

in liquid media for the SaGPN knockout, hinting that any potential role of SaGPN in cell
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division must be indirect, if indeed existent.

Moreover, eukaryotic GPNs are recognized for undertaking seemingly unrelated
functions, e.g. GPN1 also contributes to ribosome biogenesis; where a C-terminal
extension of GPN1 may play a role —a structural feature not found in archaeal GPNs
(162, 169). Consequently, this suggests a similar potential in Archaea where GPNs, in
general, may contribute to various functions, either directly or indirectly. This notion
finds support in the large-scale structural changes of the lock-switch-rock mechanism
describing SaGPNs mode of action as well as the substantial proteome-level changes
observed in S. acidocaldarius following the knockout of SaGPN. Hence, archaeal
GPNs encompass both the mechanistic toolkit and the associated functional network,
positioning them as crucial and versatile regulators/assembly factors capable of
contributing to diverse functional roles.

In conclusion, tracing possible archaeal GPN functions from eukaryotic GPN1
suggests an association with filamentous proteins, e.g. tubulin orthologs, leading to a
possible connection with cell skeleton and motility structures. The divergence to
bacterial motility, coupled with the respective absence of GPNs in this domain of life,
as well as the association with Usps might corroborate the association of archaeal

GPNs with motility. Moreover, the STRING analysis suggest association with
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Figure 9: Graphical summary of potential GPN functions in Archaea. Various potential functions
might be attributed to archaeal GPNs, all of which revolve around their assembly factor role. Given the
association with the assembly of RNA polymerase Il in Eukaryotes, it is probable that they assume a
similar role in Archaea (top), particularly since eukaryotic RNA polymerase Il bears a striking
resemblance to the archaeal RNA polymerase. Moreover, the assembly role of archaeal GPN loop
GTPases could potentially encompass filamentous proteins (bottom), including those associated with
tubulin-like structures, the assembly of ESCRT-related cell division proteins, or motility structures like
the archaellum.
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ribosomal as well as translational proteins, which in turn further supports a eukaryotic-
like function, although some aspects remain ambiguous due to the discrepancies
observed in our studies. Nevertheless, the potential repertoire of archaeal GPNs might
extends beyond assembly/integrity management of early tubulin orthologs, assembly
of motility structures as well as association with ESCRT-III-mediated cell division, to
encompassing the eukaryotic-like association with ribosomal proteins and assembly of
the RNA polymerase complex. While for many proteins, this would typically involve an
either/or scenario, the diversity of GPN functions observed in Eukaryotes, along with
the data obtained during this work, suggests a potential incorporation of all these
functions for archaeal GPNs.

This concludes the discussion on the potential roles of GPNs in archaea, with Figure 9

presenting a graphical summary of the discussed hypotheses for easy reference.

5.2  ArnB, the archaeal blueprint for eukaryotic Sec23/247?

ArnA and ArnB intricately involved in the regulatory network of the Archaellum,
orchestrating the regulation of the main archaellin in response to nutrient starvation
(135). The surprising structural resemblance to eukaryotic Sec23/24 COPIl membrane
curvature proteins (refer to Figure 5, Korf et al 2024) prompts consideration, apparently
challenging the conventional notion that "form follows function"—a phrase initially
employed for man-made structures by Louis SULLIVAN (176) but finding relevance in
biology as well (177, 178). This project was initiated with the emerging aim of exploring
archaeal proteins that share structural affinities with eukaryotic trafficking proteins,
predating any endosymbiotic events. The findings did not only provide structural,
biochemical and biophysical data to elucidate the mechanistic mode of operation but
also unveil intriguing scenarios regarding why ArnB is linked to Archaellum regulation
while sharing structural similarities with trafficking proteins that most likely emerged
later. In the following discussion, | will delve into the two most plausible scenarios,
exploring the intriguing elements associated with each.

5.2.1 Scenario I: ArnB, a function analogous to Sec23/24 proteins

Given the structural homology of ArnB to the principal membrane curvature proteins of
the COPII machinery in eukaryotes, it appears reasonable that ArnB may serve as a

precursor protein with a likewise function. Furthermore, the presence of ArnB and ArnA

[117]



Discussion

in secreted vesicles of S. acidocaldarius (112) not only supports a potential role in
vesicle formation but is also consistent with the inside-out theory for the formation of
FECA, i.e. fulfilling the prerequisites for an endosymbiotic event. In this context, ArnB
is capable to form multimeric complexes upon phosphorylation, surpassing the primary
heterodimeric species and potentially indicating polymerization (134). While none of
the higher multimers have been isolated and characterized beyond their multimeric
status to date, this proneness to auto-assembly is crucial for a coating or vesicle
formation protein. Moreover, SaGPN, identified as a potential interaction partner by a
co-IP assay (134), might serve as an assembly factor akin to a Sar1-Sec12 unit,
responsible for recruiting protein coats. Despite SaGPN not being a small Ras-like
GTPase, its potential role as an assembly factor could facilitate the formation of a

COPII-like coatomer in S. acidocaldarius. Thus, the interactions observed in the co-

immunoprecipitation assay may indicate a PP2A-regulated, ArnAB-SaGPN based

Sec 23/24

B Kinase Phosphatase
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GDP

Figure 10: COPII vesicle formation process and potential adaption in S. acidocaldarius. A:
Assembly of COPII vesicles showing Sec23/24 being recruited to the membrane by the membrane
anchored Sec12 and polymerization is facilitated by the GTPase Sar1. B: Adoption of the COPII vesicle
formation mechanism in S. acidocaldarius featuring the ArnAB complex and SaGPN in the role of Sar1.
The membrane anchor in this scenario is not clear. The phosphates PP2A and the kinase regulate
complex dissociation of the subunits. However, the hydrolysis of GTP triggered by the ArnAB complex
would be responsible for the coat protein dissociation from the membrane in this hypothetical scenario.
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vesicle formation system. In this context, ArnB could function as a direct functional
ancestor to Sec23/24. Within this hypothetical scenario, SaGPN would be recruited to
the membrane by an as-yet-unknown factor, stimulating the assembly of ArnAB
complexes and mediating a correct polymerization pattern that results in a curved
membrane and, ultimately, vesicle formation. Consequently, the ArnAB complex would
act as a GTPase-activating protein (GAP), similar to Sec23, facilitating the dissociation
of SaGPN and promoting vesicle formation (Figure 10) (179). Notably, a significant
challenge confronts this theory, besides SaGPN being no Ras-like GTPase: ArnA and
ArnB are intricately linked to the regulation of the Archaellum, a connection supported
by numerous experimental findings.

The question arises: How could a protein fulfill entirely different functions, even if it
possesses the necessary structural prerequisites of a correct fold? The phenomenon
of proteins serving multiple functions is a recognized concept, often explained by
various processes such as alternative RNA splicing, DNA rearrangement, or
posttranslational processing, some of which are relatively sophisticated concepts for
archaeal organisms (180). However, there exists another concept, prevalent in virtually
all domains of life, allowing a protein to have multiple functions—gene sharing or
protein moonlighting (181-183). In this paradigm, a protein performs two usually
unrelated functions without requiring posttranslational modifications, gene fusion, or
the use of multiple domains (180). This concept is known to apply to archaeal
organisms as well (184) , suggesting that ArnA and ArnB might exemplify cases where
they are not solely responsible for regulating the Archaellum based on nutrient
availability but also play a role in an early form of vesicular trafficking. It's worth noting
that the structure of eukaryotic Sec23/24 supports at least partial gene fusion with an
ArnA-like gene due to the direct presence of the ZnF domain in the Sec23/24 fold,
hence, this scenario may not qualify as a classic example of moonlighting. However, it
is plausible that the multifunctionality of ArnA and ArnB could have been established
prior to the occurrence of the gene fusion event. This temporal sequence could indeed
support a moonlighting scenario. Consequently, ArnB might possess the capacity to
fulfill both the role of an Archaellum regulator and a potential function in early COPII-
like trafficking.

In summary, the proposition of an early endomembrane system, rooted in the structural
homology between ArnB and Sec23/24, appears generally plausible, albeit subject to

debate regarding its probability. For instance, while the SaGPN GTPase might serve
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as a more universal assembly factor, ascribing a Sar1-like function to it remains
speculative, given the lack of evidence indicating similar functionality beyond a shared
GTP hydrolysis function. Additionally, the ArnA-ArnB polymerization, reliant on a
kinase sequentially phosphorylating ArnB, differs significantly from the COPII system.
Moreover, the presence of ArnB homologs in all domains of life suggests either a
universal role for these proteins—which is unlikely, considering they would probably
have been identified as trafficking proteins by now—or differentiation throughout
evolution. The latter seems more plausible based on the comprehensive bioinformatic
results, although it cannot be entirely ruled out that ArnB might possess functions
associated with Sec23/24.

5.2.2 Scenario ll: ArnAB complex is unrelated to vesicle trafficking

Undoubtedly, ArnB emerges as a structural homolog to the Sec23/24 complex,
suggesting a potential shared function. This natural conclusion aligns with a common
approach often utilized when handling similar protein structures, as evidenced by
numerous tools (such as homology models) employed in predicting protein functions
and structures, particularly in the pre-deep learning era (185). Hence, investigation of
structural similarities frequently yields functional analogies, even when the sequences
of two proteins are not conserved.

However, with ArnB, the structural homology to the Sec23/24 core motif might
potentially mislead in identifying functional similarities. It is not unprecedented for
proteins to adopt similar structures without apparent functional relations, indicating
individual evolutionary origins—a phenomenon, albeit less common, that has been
reported (186, 187). Instances of proteins sharing folds with unrelated proteins of
different functions abound, encompassing examples such as ferredoxin, ribosomal
protein L7/L12, crambin, eglin C, Eco-RV endonuclease, various toxin families, and
others. (186). Moreover, these proteins do not share similarities on a sequence level
either, which is an additional factor that proteins tend to be of different origin (188).
While proteins sharing a similar fold as well as a functional relation without sequence
conservation is not a rare phenomenon (185), this aspect contributes to the disparity
of ArnB and Sec23/24. Consequently, considering the established phenomenon that
proteins from various origins can evolve toward similar structures (188), the structural
association between ArnB and the Sec23/24 core motif might be coincidental, although

unlikely given the spatial arrangement of three domains in a common core motif and

[120]



Discussion

the wide array of organisms harboring this motif.

In addition, it is assumed that new functions arising through mutation are incorporated
into the primary function before subsequent diversification and gene duplication occur
(188, 189). Therefore, if ArnB and Sec23/24 do not share a functional relation in S.
acidocaldarius, it could be attributed to a later evolutionary event where an ArnB-like
precursor evolved towards vesicular trafficking functions. For example, in
Lokiarchaeota Sec23/24-like proteins, summarized in the IPR006896 family, can be
found that already share a Sec23/Sec24-trunc domain, i.e. including the ZnF domain
near the B-sandwich domain (Figure S11B, Korf et al. 2024). Interestingly, there are
also other, more ArnB-like proteins in Asgard Archaea with a length of ~400 amino
acid potentially presenting a closer relative (Figure S11B, Korf et al. 2024).
Accordingly, the discovery that the Sec23/24 core motif is present in all domains of life,
including Bacteria (refer to Korf et al. 2024), supports a divergent evolution scenario.
Here, the ancestor of the Sec23/24 is probably to find within the Asgard Archaea
phylum, whereas the TACK Archaea Sec23/24 core motif protein evolved towards
ArnB/VWAZ2. As a result, ArnB could potentially be a sister protein to Sec23/24, lacking
a direct functional connection due to an early divergence in evolutionary pathways.
Moreover, it was proposed that protein structures are not as diverse as initially thought,
with the basic kit of protein folds likely numbering only in the thousands (190). Hence,
the Sec23/24 core motif may represent a remarkably versatile and universal fold with
significant potential for functional diversity, giving notion towards an array of function
in all domains of life.

However, the widespread presence of the ArnB fold does not rationalize why ArnA/B
were discovered in S. acidocaldarius exosomes (112). Interestingly, orthologs of the
Sec23/24 core motif from the plant domain are associated with the ubiquitin network,
such as the WAV3 E3-ubiquitin ligase from Arabidopsis thaliana (Figure S11C Korf et
al. 2024, Uniprot: QILTAG). The ubiquitin network is known to be involved in a myriad
of cellular processes, including cargo recognition and the ESCRT system (191).
Therefore, if ArnB also shares functional relations with the WAV3 E3-ubiquitin ligase,
it is plausible that the ArnAB complex plays a role in general assembly functions or
cargo sorting of exosomes in S. acidocaldarius. Notably, ESCRTIII subunits are unable
to directly bind to ubiquitin (191), a prerequisite for ubiquitin ligases, and only ESCRTIII
orthologs have been identified in Crenarchaeota thus far (106, 113). Nevertheless,

ESCRTIII subunits prevent cargo from diffusing from the nascent vesicle (191) and are
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therefore relevant for ubiquitin related cargo sorting and trafficking.

Other plausible explanations for the presence of ArnA/B in exosomes include the
notion that ArnA/B may serve as cargo within exosomes or are membrane-associated
to regulate Archaellum formation by enhanced localization. On the other hand, there is
a possibility that ArnB exhibits functional multiplicity, such as moonlighting, as
discussed earlier, although this remains more speculative in nature, despite the
elevated likelihood attributed to the apparent omnipresence of the ArnB fold (183). It is
worth noting that proteins associated with sugar metabolism and the tricarboxylic acid
(TCA) cycle are often suggested to exert moonlighting functions (183). Interestingly,
this observation aligns with the highly enriched carbohydrate, amino acid, and TCA
cycle affected proteins identified in proteome knockout studies of ArnA and ArnB in S.
acidocaldarius (refer to Korf et al. 2024). While this does not necessarily elucidate the
presence of these proteins in exosomes, it further heightens the likelihood of their
involvement in moonlighting functions.

However, the intriguing discovery that Sec23 can regulate the autophagosome in
eukaryotes based on nutritional availability through a phosphorylation-
dephosphorylation cycle indicates at least a potential connection on a regulatory level
(179). Considering that Archaea lack an autophagy pathway, the idea might seem
somewhat speculative. However, it has been discovered that Archaea harbor
homologs of the autophagy pathway (192). Therefore, it is plausible that the mode of
regulation has been conserved over the course of evolutionary diversification. The
heteromerization of the ArnAB complex and its regulation, however, relies on a
sequential phosphorylation pattern, as described in Korf et al. 2024. Consequently, the
phosphorylation behavior of ArnB appears to differ from the phosphorylation of
Sec23/24, for which sequential phosphorylation has not been reported. Yet, given the
differences in habitats, primary functions, and the relatively unknown mechanisms of
archaeal signal transduction, it is conceivable that the phosphorylation pattern has
evolved over time.

Regardless, ArnA and ArnB serve apparently as regulators of the Archaellum as their
primary function (135) and they are notably enriched in exosomes (112). It's worth
noting that the structure of the Archaellum is a type IV Pili-like structure (128), whose
structural analogs are also expressed in S. acidocaldarius as part of the UV-induced
DNA damage response (120). In this context, S. acidocaldarius cells aggregate over

these pilins, facilitating DNA repair through the transfer of DNA from one cell to
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another, followed by subsequent homologous recombination (193). Accordingly, ArnA
and ArnB could potentially serve as additional regulators for the UV-induced DNA
damage upregulation of pilins. Two plausible reasons emerge: either the original cell
aims to efficiently produce more pilins and discards ArnA/B regulators by swiftly
extracting them in exosomes, or ArnA/B as cargo of these exosomes facilitate the
(up)regulation of pilin formation in the exosome recipient, thereby increasing the
chances of surviving UV-induced DNA damage. Here, ArnA and ArnB function as
cargo within the exosomes, which appears to be feasible, given their presence in
exosomes and that no direct DNA- or membrane binding site could be identified (Korf
et al. 2024). Notably, the recent discovery of the ArnA homolog in Saccharolobus
islandicus, SisArnA, revealed its association with the UV-induced damage response.
Interestingly, the knockout of SisarnA and SisarnB resulted in a more DNA damage-
resistant phenotype, accompanied by elevated transcription levels of respective DNA
response genes (194). Overall, this implies that the ArnAB complex in S.
acidocaldarius might be similarly involved, potentially elucidating the presence of
ArnA/B in exosomes, supporting a rapid 'getting-rid' scenario to initiate pilin formation.
Although direct DNA binding of ArnA and ArnB, as observed in the homologs from S.
islandicus, has not been reported for S. acidocaldarius, the potential association with
(UV-induced) DNA damage response seems plausible, offering a potential explanation
for their occurrence in exosomes.

In conclusion, ArnB emerges as a structural homolog of Sec23/24, albeit with low
sequence identity. However, beyond the structural homology, these proteins do not
appear to share apparent functions. Given the ubiquity of the Sec23/24 core motif
across all domains of life, a more universal role with a wide array of function seems to
arise as a prominent scenario. Moreover, a divergent evolutionary pathway for the
TACK/Asgard Sec23/24 ancestor would explain the structural similarities of ArnB and
Sec23/24 without any functional relation. Consequently, the presence of ArnA and
ArnB in S. acidocaldarius exosomes may be indicative of a role in UV-induced DNA
damage response, as observed in other Sulfolobales species. Therefore, ArnB could
either represent a sister version of Sec23/24 evolving differently or exemplify proteins
which share only structural homology. In any case, a functional relation to Sec23/24 or
a COPII-like behavior of ArnB in S. acidocaldarius appears less likely, especially when
considering archaeal homologs of ArnA/B and their potential cargo role in respective

exosomes.
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5.3 ArnB, a potential chaperone-like assembly platform?

Considering that the structural homology between ArnB and Sec23/24 might be a
misleading avenue for exploring potential roles and interacting factors, it may be more
productive to examine what is already known about the ArnAB complex. The primary
function attributed to ArnA and ArnB revolves around heterodimerization or
dissociation of the complex, subsequently regulating the Archaellum based on nutrient
availability. In this process, ArnB undergoes sequential phosphorylation by the kinase
ArnC, facilitating a robust interaction with the FHA domain of ArnA (refer to Korf et al.
2024). Furthermore, this phosphorylation induces a stepwise unfolding or structure-
loosening effect throughout the entire ArnB fold, involving all three main domains.
Thus, ArnB represents one of the rare cases where sequential phosphorylation
introduces charge repulsion into the structure, leading to subsequent (partial)
unfolding—similar to the known mechanisms observed in the ankyrin repeats protein
p19INK4d or somewhat akin to the Cdc37-Hsp90 complex (195, 196). Interestingly,
Hsp90 and the cochaperone Cdc37 are integral components of a chaperone system
that undergoes regulation not only by a PP2A family phosphatase, PP5, and multi-
phosphorylation but also involves the recruitment of multiple client kinases (197).
Moreover, PP5 comprises a PP2A-like Mn?* dependent phosphatase domain as well
as a tetratricopeptide repeat domain (TPR). Within this system, phosphorylation of
Cdc37 triggers partial unfolding of its C-terminal domain, leading to further
phosphorylation of Hsp90. The subsequent exposed amphipathic region of Hsp90 then
serves as a docking site for protein kinase clients (196, 198). Dephosphorylation of
client kinases and their dissociation from the Hsp90-Cdc37 system relies on the
Ser/Thr phosphatase PP5 (197).

Notably, the kinase ArnC, responsible for the heterocomplexation of ArnA and ArnB,
also features a TPR domain in addition to its kinase effector domain. Additionally, ArnB
is known to associate with multiple kinases (134), and the PP2A bait co-IP assay
revealed a potential interaction partner of PP2A and ArnA/B to be a universal stress
protein, SaUspA, proteins known to be involved in phosphorylation-dependent
regulation (172, 199). The sequential phosphorylation mechanism observed in ArnB
bears some resemblance to the Hsp90-Cdc37 system, particularly when considering
features such as TPR-mediated docking, chaperone activities, and the association with
multiple kinases—all characteristics and functions already linked to the ArnAB

complex. Furthermore, Hsp90 is recognized for mediating the membrane association
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of target proteins and binding to phospholipids (200, 201). Considering these aspects,
it becomes conceivable that the ArnAB complex may participate in a chaperone-like
system regulated by ArnC-SaPP2A-mediated phosphorylation and dephosphorylation,

respectively. However, in this hypothetical scenario, ArnC involves the TPR domain,
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Figure 11: Graphic summary of hypothetic ArnAB functions and associations. Top: A potential
function, possibly rooted in the structural homology of ArnB with Sec23/24, is the role in COPIl-like
exosome formation. The complete clarification of how the ArnAB complex associates with the membrane
is yet to be achieved, even if SaGPN might present such a target, contributing to its classification as one
of the less probable scenarios. Mid: ArnA and ArnB may be linked in a signal transduction pathway,
with ArnC potentially serving as the primary kinase that regulates other kinases. The release from the
complex in this scenario would be triggered by PP2A. Bottom: ArnAB might play a role in the UV-
induced DNA damage response, influencing the regulation of UV pili formation analogous to S.
islandicus. A critical aspect of this hypothesis involves the depletion of the ArnAB complex from the
cytosol via exosomes.
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while SaPP2A has only an effector domain, which is recruited to the complex.
Additionally, the unfolding of ArnB could potentially serve as a platform analogous to
the phosphorylation-dependent platform of Hsp90, facilitating the assembly of the
chaperone macro complex. Furthermore, the kinase ArnD, associated with ArnB (134),
may contribute to further regulation or act as a client kinase factor. Conversely, ArnB
might simply function as a client protein recruited by the PP2A-ArnC system and be
subservient to their regulation. Nonetheless, this system could represent a chaperone-
like signal transduction system similar to Hsp90, already present in Archaea, and
involved in the regulation of nutrient-dependent Archaellum production. Even
considering that Hsp90 proteins are not conserved among Archaea, a regulation
system similar to it might be available, especially considering the nuanced nature of
protein structure evolution, as extensively discussed earlier. While this proposition
remains a hypothesis, the seemingly coincidental association of numerous similar
factors, determined in various independent experiments, raises questions about the
likelihood of mere chance. Therefore, | propose that the observed regulation of the
Archaellum, as demonstrated by ArnA and ArnB, might involve an Hsp90-like
chaperone system, presenting a universal assembly factor and/or phosphorylation
platform.

For a convenient summary and visualization, Figure 11 provides a graphical abstract
of the predominantly discussed scenarios, arranged in order of increasing relevance

from top to bottom.
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6.Conclusion and Outlook

This study represents groundbreaking research with a structural focus on proteins
involved in the Archaellum regulatory network, aiming to elucidate their origins and
relationships with eukaryotic functionalities. The proteins ArnA, ArnB, PP2A, ArnC,
SaUspA, and the GPN-loop GTPase SaGPN, identified through the Sulfolobus
acidocaldarius PP2A co-IP assay, were extensively investigated using structural,
biochemical, biophysical, and bioinformatic approaches.

The study delved into the intricacies of the ArnA-ArnB complex formation, revealing a
sequential phosphorylation and subsequent unfolding process involving global
changes. This not only advanced the mechanistic understanding of these proteins but
also shed light on the general signal transduction mechanisms in Archaea.
Bioinformatic analyses provided insights into the functional diversity, ubiquity, and
structural intricacies of the ArnAB complex. Notably, while structural homologies
between ArnB and Sec23/24 are probably unrelated towards a function in trafficking,
the Sec23/24 core motif was found to be inherent in all domains of life. This clearly
adds a higher importance to the Sec23/24 core motif, the observed functional diversity
of the motif and the phosphorylation intricacies surrounding the ArnAB complex.
Moreover, the potential role of ArnA/B in the UV-induced DNA damage response as
observed in other Sulfolobales species is proposed for further investigation, offering
insights into archaeal-specific functions of the Sec23/24 core motif. Accordingly, further
exploring ArnB-like proteins identified by bioinformatic tools during this study could
unveil even more functional potential. Consequently, further research fo the sequential
phosphorylation and the search for analogous archaeal proteins may illuminate
archaeal signal transduction pathways. Additionally, the existence of a chaperone-like
assembly platform or signal transduction pathway in Archaea is proposedly an
intriguing avenue for exploration, with comprehensive structural analysis of the ArnAB
complex and associated partners considered crucial.

In addition to all that, the findings of the present work significantly contributed to the
understanding of GPN-loop GTPases, unraveling the novel lock-switch-rock
mechanism that is crucial for comprehending all GPNs. While attempts to crystallize
the 'switch' state of SaGPN faced challenges, alternative methods, such as using not
yet tested metal ion complexes or additives, is suggested. Interaction studies of

associated proteins based on STRING analysis could serve as a starting point to delve
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deeper into GPNs in the archaeal clade. The absence of GPNs in bacteria might offer
interesting research regarding the link between different motility structures and the
presence of GPNs, thereby potentially also enhancing understanding of
eukaryogenesis based on motility structures.

In summary, this work involves structural investigations of understudied archaeal
proteins, advancing knowledge of their eukaryotic counterparts and contributing to the
understanding of potential eukaryogenesis pathways. Of particular note are the
proposed lock-switch-rock mechanism for archaeal GPNs as well as the found
omnipresence and functional diversity of the Sec23/24 core motif. Furthermore, the
project yielded at least four novel protein structures, resulting in two first author
publications and opens avenues for future studies to comprehensively elucidate the

emergence of Eukaryotes and the origin of life.
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