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Summary

The dynamin-related human guanylate-binding protein 1 (GBP1) mediates host
defenses against microbial pathogens. Upon GTP binding and hydrolysis, auto-inhibited GBP1
monomers dimerize and assemble into soluble and membrane-bound oligomers, which are
crucial for innate immune responses. How higher-order GBP1 oligomers are built from dimers,
and how assembly is coordinated with nucleotide-dependent conformational changes, has

remained elusive.

In this thesis, medium-resolution cryo-electron microscopy-based structural data of
soluble and membrane-bound GBP1 oligomers show that GBP1 assembles in an outstretched
dimeric conformation, both on the surface of a simple membrane model system and within disk-
like soluble oligomers composed of 30 subunits. In both oligomeric states, the surface-exposed
helix a4’ of the large GTPase domain has been identified to contribute to the lateral
oligomerization interface. By re-analyzing and probing nucleotide- and dimerization-dependent
movements of the large GTPase domain, a coordinated movement of helix a4’ and o3 was
shown to mediate nucleotide hydrolysis and facilitate GBP1 oligomerization and formation of

an antimicrobial protein coat on a gram-negative bacterial pathogen.

Results of this thesis reveal a sophisticated activation mechanism for GBP1, in which
nucleotide-dependent structural changes coordinate dimerization, oligomerization, and

membrane binding to allow encapsulation of pathogens within an antimicrobial protein coat.






Zusammenfassung

Das Dynamin-verwandte humane Guanylat-bindende Protein 1 (GBP1) vermittelt
Wirtsabwehr gegen mikrobielle Pathogene. Nach der Bindung und Hydrolyse von GTP
dimerisieren autoinhibierte GBP1-Monomere und bilden l6sliche und membrangebundene
Oligomere, die fiir die angeborene Immunantwort entscheidend sind. Es ist jedoch unklar, wie
hoher geordnete GBP1-Oligomere aus Dimeren aufgebaut werden und wie die Assemblierung

mit nukleotidabhiingigen konformationellen Anderungen koordiniert wird.

In dieser Arbeit zeigen strukturelle Daten von l6slichen und membrangebundenen
GBP1-Oligomeren, die auf mittlerer Auflésung basieren, dass GBP1 in einer ausgestreckten
dimeren Konformation sowohl auf der Oberfldche eines einfachen Membranmodells als auch
innerhalb von scheibenférmigen I6slichen Oligomeren aus 30 Untereinheiten zusammengebaut
wird. In beiden oligomeren Zustinden wurde festgestellt, dass die oberflichenexponierte
Helix a4' der groBen GTPase-Domine zur lateralen Oligomerisierungsschnittstelle beitrégt.
Durch erneute Analyse und Untersuchung nukleotid- und dimerisierungsabhiangiger
Bewegungen der groBen GTPase-Doméne konnte eine koordinierte Bewegung von Helix a4'
und a3 aufgezeigt werden. Diese vermittelt Nukleotidhydrolyse und ermoglicht
Oligomerisierung von GBP1 und Bildung einer antimikrobiellen Proteinhiille auf einem

gramnegativen bakteriellen Pathogen.

Die Ergebnisse dieser Arbeit enthiillen einen ausgekliigelten Aktivierungsmechanismus
fir GBP1, bei dem nukleotidabhéngige strukturelle Verdnderungen die Dimerisierung,
Oligomerisierung und Membranbindung koordinieren, um ein Einkapseln von Pathogenen in

einer antimikrobiellen Proteinhiille zu ermoglichen.
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1 Introduction

1.1 Innate immunity against microbial pathogens

Microbial pathogens are a major threat to health, which is why immune defenses are
essential for host survival. The vertebrate immune system has evolved two branches of defense
strategies: innate and adaptive immunity. The innate immune system constitutes the first line
of defense. Physical and chemical barriers, such as epithelial barriers (skin and mucous
membranes) and external mucous secretions of bioactive molecules, prevent pathogens from
entering internal environments. Humoral and cell-mediated immune responses play a vital role
in promptly recognizing and initiating a proinflammatory response against invading pathogens.
In 1944, Menkin observed for the first time a fever-promoting substance in mammalian hosts
that led to the discovery of endogenous soluble factors involved in inflammation, later on
termed “cytokines” (Cohen et al., 1974). The discovery of the inflammatory and toxic effects
of lipopolysaccharides (LPS) by Condie et al. (1955), the identification of interferons as a factor
interfering with viral replication by Isaacs and Lindenmann (1957), and the characterization of
dendritic cells as potent stimulators of lymphocytes by Steinman and Witmer (1978) are only

some of the main findings that contributed to the concept of innate immunity.

In contrast to the innate immune response, the adaptive immune system specifically
targets and combats pathogens in the late phase of infection and generates immunological
memory (Burnet, 1976). While antigen-specific receptors on lymphocytes trigger adaptive
immune responses, innate immune responses against microbial pathogens are mediated by
phagocytic cells such as macrophages and dendritic cells. Janeway (1989) postulated that
recognition of microbial molecules by pattern recognition receptors discriminates self from
invading pathogens and activates the immune system. With the discovery of Toll-like receptors
as sensors for innate immune responses by Lemaitre et al. (1996) and Poltorak et al. (1998), the
mechanism that triggers the activation of innate immunity has been decoded. Activation of the
innate immune response initiates the secretion of proinflammatory cytokines, the activation of
inflammasome complexes that trigger inflammatory cell death, and the recruitment of immune

effector cells to eliminate pathogens or infected cells.
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1.1.1 Pathogen recognition by PAMPs

Pathogen recognition is mediated by recognizing evolutionary conserved repetitive
molecules on pathogens, termed pathogen-associated molecular patterns (PAMPs), through
pattern recognition receptors (PRRs). PAMP recognition triggers PRR-induced downstream
signaling pathways to fight off pathogenic invaders by activating gene expression and synthesis
of proinflammatory cytokines and chemokines (Akira et al., 2006). Different classes of
microbial pathogens display several different but also common PAMPs which are recognized
by a range of PRRs (Figure 1) (Mogensen, 2009). As a key feature of pathogen recognition,
several PRRs become stimulated at the same time through a variety of PAMPs (Akira et al.,
2006). Toll-like receptors (TLRs) comprise the major class of PRRs and are transmembrane
proteins localized at the cellular or endosomal membranes. Bacterial pathogens might be
recognized by their unique components of the cell wall. Examples include lipoproteins,
peptidoglycan, lipopolysaccharides in gram-negative bacteria, and lipoteichoic acid in gram-
positive bacteria. Also flagellin proteins of the bacteria flagella and bacterial DNA containing
unmethylated CpG motifs are recognized by TLRs (Hayashi et al., 2001; Hemmi et al., 2000).
Similarly, B-glycans of the fungal cell wall and GPI-mucin and glycoinositol-phospholipids of
protozoan parasites are sensed by TLRs (Mogensen, 2009). Viral pathogens might be
recognized by TLRs via their genetic material (DNA, dsRNA, ssRNA) and surface
glycoproteins. Another class of PRRs recognizes cytoplasmic PAMPs such as RIG-1-like
receptors (RLRs) and NOD-like receptors (NLRs). While RLPs comprise a class of interferon-

Viruses Gram-positive Gram-negative Fungi Protozoa
bacteria bacteria Zymosan

GPI
anchors

1)

GP  DNA RNA DNA LP PG LTA | DNA Porin PG LPS Eﬁ—glycani

TLRs: TLR2,4 TLR9 TLR3,7/8  TLR9 TLR2 TLR2 TLR2 TLR9 TLR2 TLR2 TLR4 TLR5 TLR2 TLR2 TLR2,4 TLR9 TLR2,4

RLRs: ! RIG-/MDA5
: (PKR)

NLRs: NALP3 NALP3 NALP3  NOD2,  NALP3  NOD2,  IPAF
; NALP1/3 i NALP1/3

DNA sensors: + + +

Figure 1. Pathogen recognition through pathogen-associated molecular patterns (PAMPs).
Different classes of pathogens exhibit various unique but also common PAMPs recognized by a set of
pattern recognition receptors (PRRs). GP: glycoproteins, LP: lipoproteins, PG: peptidoglycans, LTA:
lipoteichoic acid, LPS: lipopolysaccharides, TLRs: Toll-like receptors, RLPs: RIG-1-like receptors,
NLRs: NOD-like receptors. From Mogensen (2009).
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inducible RNA helicases that detect cytoplasmic RNA, NLRs are innate immune receptors
which sense microbial components in the cytosol, i.e. bacterial peptidoglycan fragments
(Kanneganti et al., 2007; Yoneyama et al., 2004). These examples indicate that despite the

pathogen diversity in nature, pathogen recognition follows relatively similar mechanisms.

1.1.2 Lipopolysaccharide — a bacterial toxin of gram-negative bacteria

The cell wall of gram-negative bacteria is composed of an inner membrane, a thin
peptidoglycan layer, a periplasmic space, and an outer membrane that contains complex LPS.
As a major component of the outer membrane, LPS ensures the integrity of the bacterial
membrane and protects gram-negative bacteria, such as E. coli, Salmonella, and Shigella, from
its surroundings (Papo and Shai, 2005). LPS is a bacterial endotoxin and serves as PAMP for
recognizing gram-negative bacteria and triggering inflammation. High exposure of LPS may
cause a range of pathological conditions including fever, septic shock, and neuroinflammation
which has been shown to lead to neurodegenerative pathology under systematic exposure
(Batista et al., 2019; Brown, 2019; Kell and Pretorius, 2015; Kozak et al., 1994; van der Poll et
al., 2017).

LPS is an amphiphilic molecule comprising lipid A, a core domain, and the O-antigen
(Figure 2). Above a critical concentration, its amphiphilic property allows for the formation of
LPS micelles (Gutsmann et al., 2007). The structure of LPS can be summarized as follows
(Erridge et al., 2002; Kalynych et al., 2014; Raetz and Whitfield, 2002): the O-antigen is the
outermost domain of LPS and is built of repetitive O-units of three to six sugar residues. These
O-units form polymers of various lengths and differ in composition and chemical linkage of
their individual carbohydrate subunits for different bacteria strains. Smooth LPS exhibits full
O-antigen whereas rough LPS lacks O-antigen. The O-antigen is bound to the outer core of the
core domain that consists of at least three B-1,3-linked hexoses and is 3-1,3-linked to a heptose
of the inner core. The inner core comprises two to three heptoses attached to the base of one to
three KDOs (3-Deoxy-D-manno-oct-2-ulosonic acid). The base is a-2,6-linked to lipid A.
Lipid A is the hydrophobic anchor of LPS and contains two [-1,6-linked phosphorylated
glucosamines attached to multiple B-hydroxy acyl chains with additional acyl chains attached
to the B-hydroxy group. These chains vary in length between 10 and 16 carbons. The toxic
property of LPS mainly originates from the lipid A portion that is one of the most potent PAMPs
known (Akira et al., 2006; Park et al., 2009; Trent et al., 2006). Structural differences in lipid A
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| O-antigen | OuterCore | Inner Core [ Lipid A |

Rough LPS

Semi-rough LPS |

Smooth LPS |

Figure 2. General structure of lipopolysaccharide (LPS). LPS consists of lipid A, an inner and outer
core, and the O-antigen. Lipid A is built of two phosphorylated (P, yellow) glucosamines (GIcN, red)
and several acyl chains. The inner core comprises three KDOs (3-Deoxy-D-manno-oct-2-ulosonic acid,
cyan) and two to three heptose (purple) that may be phosphorylated with phosphate, pyrophosphate, 2-
aminoethylphosphate and 2-aminoethylpyrophosphate (P, yellow). The outer core comprises at least
three hexoses (green). The O-antigen is built of repetitive O-units of three to six sugar residues (white).
Presence and length of the O-antigen define its classification into rough, semi-rough, and smooth LPS.
Adapted from Page et al. (2022).

and LPS determine the pathogenicity of a bacterial strain (Backhed et al., 2003). LPS detached
from the bacteria, e.g., during replication, as result of death or lysis, or through secretion via
bacterial outer membrane vesicles (Kulp and Kuehn, 2010; Page et al., 2022), activates cell
surface Toll-like receptor 4 (TLR4) signaling, which leads to the expression of transcription
regulators and the production of cytokines and chemokines such as interleukin-1f3 and type-I
interferons. Intracellular sensing of LPS and signaling ultimately results in the activation of the
non-canonical inflammasome, the initiation of pyroptosis and cytokine release, and the

clearance of intracellular bacterial pathogens by macrophages (Page et al., 2022).

1.1.3 Inflammatory and antimicrobial responses

An infection with antimicrobial pathogens leads to the induction and expression of
genes involved in inflammatory responses and antimicrobial host defenses, such as pro-
inflammatory cytokines, type-I interferons, and chemokines (Akira and Takeda, 2004; Akira et
al., 2006). Central key players in these signaling cascades are cytosolic supramolecular
inflammasome complexes that activate inflammatory caspases resulting in the processing of the
pro-inflammatory cytokine interleukin-1 (IL-1(3) and pyroptotic cell death (Figure 3) (Jimenez
Fernandez and Lamkanfi, 2015; Martinon et al., 2002; Rathinam and Fitzgerald, 2016). In

infections with microbial pathogens, Toll-like receptor (TLR) signaling induces transcription
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Figure 3. Canonical NLRP3 and non-canonical inflammasome pathways. Recognition of pathogen-
associated patterns (PAMPs) or danger-associated molecular patterns (DAMPs) activates the canonical
NLRP3 inflammasome. NEK?7 is recruited and stabilizes the NLRP3 inflammasome complex. Pro-
caspase-1 is recruited by ASC and active caspase-1 proteolytic cleaves pro-IL-1p and gasdermin D
initiating pore complex formation and pyroptosis. Mature IL-1f is released as result of pyroptotic cell
death. The non-canonical inflammasome caspases-4/5 (human) and caspase-11 (mice) sense cytosolic
LPS, become active, and proteolytic cleave gasdermin D triggering pyroptosis and cytokine release via
the canonical NLRP3 inflammasome caspase-1 pathway. Adapted from Man (2018) and Rathinam and

Fitzgerald (2016).

of the IL-1[ precursor (pro-IL-1[) that only becomes active upon proteolytic cleavage mediated
by activated caspase-1. Caspase-1 is activated upon ligand sensing and assembly of several
family members of canonical inflammasomes (Martinon et al., 2002). Canonical
inflammasomes recognize different PAMPs and danger-associated molecular patterns

(DAMPs, e.g., ATP and uric acid) through their individual NOD-like receptor (NLR) (Davis et
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al., 2011; Kanneganti et al., 2007). For example, the NLRP7 inflammasome recognizes
bacterial lipopeptides (Khare et al., 2012), while the NLRP3 inflammasome recognizes a wide
range of PAMPs and is the best characterized family member. It comprises the NLR family
member NLRP3, the adaptor protein ASC (apoptosis-associated speck-like protein containing
a caspase recruitment domain), and pro-caspase-1. NLRP3 has a C-terminal leucin-rich repeat
(LRR) domain sensing PAMPs, a central nucleotide binding domain (NBD or NACHT
domain), and an N-terminal pyrin domain (PYD) that interacts with the N-terminal PYD of
ASC, thereby recruiting its adaptor protein. The C-terminal caspase recruitment domain
(CARD) of ASC interacts with the N-terminal CARD of pro-caspase-1 facilitating its
autoproteolytic cleavage and activation. On one hand, active caspase-1 proteolytically cleaves
accumulated pro-IL-1p resulting in the secretion of active IL-1 from the cell and the initiation
of IL-1B-mediated downstream signaling (Kanneganti et al., 2007; Martinon et al., 2002;
Thornberry et al., 1992). On the other hand, it proteolytically cleaves gasdermin-D (GSDMD)
initiating pyroptosis. In its auto-inhibited state, the C-terminal domain (CT-GSDMD) binds to
the N-terminal domain (NT-GSDMD), thus preventing the formation of membrane pores.
Caspase-1-mediated cleavage allows NT-GSDMD to oligomerize and insert into the plasma
membrane which results in membrane perforation and permeabilization (Devant and Kagan,
2023). Besides caspase-1, human caspase-4 and caspase-5 (or caspase-11 in mice) activated by
the non-canonical inflammasome also cleave and activate GSDMD (Downs et al., 2020;
Kayagaki et al., 2015). These non-canonical caspases directly sense lipopolysaccharides (LPS),
presumably through several positively charged motifs in their CARD, which induces its
catalytic activity (Shi et al., 2014). Active caspases of the non-canonical inflammasome further
contribute to the release of cytokines via a secondary activation of the canonical NLRP3

inflammasome caspase-1 pathway (Downs et al., 2020).

The mature and active cytokine IL-1f is an essential mediator of the inflammatory
response (Weber et al., 2010). Downstream signaling via various pathways leads to the
activation of the transcription factors NFkB, c-Jun, c-Fos, c-Myc, and ATF2, that regulate
expression of many pro-proliferative and host defense proteins, such as pro-inflammatory
cytokines IL-1, IL-6 and IL-8, tumor necrosis factor o (TNF-a) and Interferon-y (IFN-y). In
response to PAMPs, IL-1P signaling thereby mediates a large number of antimicrobial
processes, including immune cell recruitment, activation, and differentiation, cell proliferation,

and pathogen clearance (Oeckinghaus and Ghosh, 2009; Weber et al., 2010).
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Like IL-1p, the cytokine IFN-y plays an important role in many antimicrobial processes
(Tau and Rothman, 1999). For example, it up-regulates the major histocompatibility (MHC)
class I and II antigen presentation pathway, which promotes the recognition of foreign peptides
from intracellular pathogens by cytotoxic T cells and accelerates CD4+ T cell activation
(Boehm et al., 1997; Schroder et al., 2004). Moreover, IFN-y stimulates macrophage-mediated
clearance of pathogens by increasing their ability for pinocytosis and receptor-mediated
phagocytosis, and by promoting pathogen degradation through autophagy (Page et al., 2022;
Xu et al., 2007). Microbial killing is further enhanced by increasing the activity of enzymes
involved in the production of reactive oxygen species (ROS) and reactive nitrogen
intermediates (RNI), resulting in cellular stress and inflammatory signaling (Park et al., 2004).
IFN-y has also been shown to prime microphages in response to LPS, which enables a faster
and intensified response in bacterial clearance (Jurkovich et al., 1991). At the same time, IFN-y
induces a set of antimicrobial genes to combat infections. One prominent group that is essential
for IFN-mediated cell-autonomous pathogen control is the family of IFN-induced GTPases
belonging to the dynamin superfamily proteins (Rafeld et al., 2021). Members of the IFN-
induced GTPase family can be divided into one of the following subfamilies based on their
molecular mass (Kim et al., 2012; MacMicking, 2004): 21-47 kDa immunity-related GTPases
(IRGs), 65-73 kDa guanylate-binding proteins (GBPs), 72-82 kDa myxovirus (MX) resistance
proteins, 200-285 kDa very large inducible GTPases (VLIGs/GVINs). In infected cells,
GTPases of the IRG and GBP family promote oxidative stress responses, autophagy, membrane
lysis including the disruption of pathogen-containing vacuoles, and assembly of the

inflammasome complex (Feeley et al., 2017; Rafeld et al., 2021).
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1.2 Guanylate-binding proteins (GBPs)

IFN-stimulated genes (ISGs) encoding antimicrobial or immune-modulating proteins
are a central pillar in IFN-induced cell-autonomous immunity (Borden et al., 2007). In 1983,
biochemical experiments with [FN-primed human fibroblasts led to the identification of an
IFN-induced protein with a molecular mass of roughly 65 kDa (Cheng et al., 1983). In this
approach, the protein bound to beads with immobilized guanine nucleotides. Hence, this protein
is known as human guanylate-binding protein 1 (GBP1). Since then, the protein family of
guanylate-binding proteins has been expanded, with GBP1 as the best characterized and central

member in GBP-mediated immunity.

1.2.1 Members of the dynamin superfamily

Guanylate-binding proteins (GBPs) are interferon-inducible, dynamin-related GTPases
that mediate cell-autonomous immunity against a wide range of microbial pathogens (Kutsch
and Coers, 2021; MacMicking, 2012; Meunier and Broz, 2016; Praefcke, 2018; Santos and
Broz, 2018). As members of the dynamin superfamily proteins (DSPs), they share
evolutionarily conserved structural features, such as a large GTPase (LG) domain or G-domain
and a helical bundle comprising a middle domain (MD) and a GTPase effector domain (GED)
(Figure 4) (Praefcke and McMahon, 2004; Prakash et al., 2000a). DSPs, including GBPs, are
mechano-chemical GTPases that assemble into regular oligomers and function as molecular
switches controlled by nucleotide binding and hydrolysis (Daumke and Praefcke, 2016; Kutsch
and Coers, 2021). GBPs share the common features of DSPs in having low nucleotide binding
affinities, displaying an oligomerization-dependent increase in GTPase activity, and interacting
with lipid membranes (Daumke and Praefcke, 2016; Ghosh et al., 2006; Praefcke et al., 2004;
Praefcke and McMahon, 2004; Prakash et al., 2000a).

While classical dynamins localize to plasma membranes, trans-Golgi network,
endosomes, caveolae, and phagosomes functioning in clathrin-mediated and non-clathrin-
mediated budding events, other members are involved in mitochondrial fission (dynamin-
related protein 1, Drpl) and fusion events (mitofusins and optic atrophy 1, OPA1), caveolae
stabilization (Eps15 homology proteins, EHDs), ER tubule fusion (atlastins, ATLs), or plant
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Figure 4. Domain architecture of dynamin superfamily proteins. Domains are represented by
different color und different shade depending on their sequence homology. The common structure is
denotated for classical dynamins comprising the GTPase domain (cyan/blue), middle domain (MD,
green), and GTPase effector domain (GED, orange/red). In dynamin, the MD and GED are also referred
to as stalk domains. Adapted from Praefcke and McMahon (2004).

cell cytokinesis (e.g., Arabidopsis dynamin-like proteins, ADLs) (Figure 5) (Hales and Fuller,
1997; Hu et al., 2009; Kang et al., 2003; Labrousse et al., 1999; Olichon et al., 2002; Orso et
al., 2009; Pracfcke and McMahon, 2004; Ramachandran and Schmid, 2018; Stoeber et al.,
2012). The functional activities of DSPs are, however, not restricted to membrane remodeling
processes only. They further include membrane-independent functions, as some members,
including proteins of the GBP and Mx family, are interferon-inducible GTPases that mediate
microbial resistance and showing antiproliferative activities (Figure 5) (Daumke and Praefcke,
2016; Kutsch and Coers, 2021; Pilla-Moffett et al., 2016; Ramachandran and Schmid, 2018;
Staeheli et al., 1986).
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Figure 5. Cellular location and function of dynamin superfamily proteins. CCV: clathrin-coated
vesicle, EHD: Eps15 homology protein, ER: endoplasmic reticulum, GBP: guanylate-binding protein,
LPS: lipopolysaccharide, Mx: Myxovirus resistance protein, OPA1: optic atrophy 1, PCV: pathogen-
containing vacuole. Modified from Praefcke and McMahon (2004).

1.2.2 Structure and domain architecture of GBPs

Structurally, GBPs are composed of a dynamin-related large GTPase (LG) domain that
features a unique “guanine cap” around the nucleotide-binding site, a helical middle domain
(MD, a7-11), and a helical GTPase effector domain (GED, a12-13). The crystal structure of
full-length GBP1 describes a closed monomeric conformation (Figure 6, left) (Prakash et al.,
2000a). In this conformation, the GED folds back interacting with the LG domain via a salt
bridge network (Vopel et al., 2010) and a C-terminal farnesyl moiety is harbored in a
hydrophobic pocket (Ji et al., 2019). In the dimeric state, GTP binding and hydrolysis lead to
large structural rearrangements of the MD and, presumably, the GED (Figure 6, right) (Cui et
al., 2021; Kuhm et al., 2023). GBP paralogs share an overall sequence identity of 54% to 88%
(Olszewski et al., 2006). While the LG domains are most conserved, the GEDs display the
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Figure 6. Crystal structure of monomeric and dimer GBP1. Left: Domain architecture of
farnesylated human GBP1 (PDB 6kl1z) in its nucleotide-free, monomeric state. The farnesyl moiety
(black, FAR) is harbored in a hydrophobic pocket (dashed box) making it inaccessible to bind to
membranes (Ji et al., 2019). Right: Domain architecture of dimeric human GBP1 (PDB 7¢59) generated
as SWISS-MODEL (Waterhouse et al., 2018) based on the published crystal structure of GBP5-AGED
bound to the GTP transition state analogue GDP+AlF;. LG: large GTPase, MD: middle domain, GED:
GTPase effector domain.

greatest divergence. In contrast to dynamin, GBPs carry neither a pleckstrin homology (PH)
domain nor a proline-/arginine-rich domain (PRD), which would provide additional protein

interaction sites (Faelber et al., 2011; Prakash et al., 2000a).

Three of the seven human GBP members are post-translationally farnesylated (GBP1)
or geranylgeranylated (GBP2 and GBPS5), facilitating their membrane interaction (Britzen-
Laurent et al., 2010; Olszewski et al., 2006). Covalent attachment of hydrophobic isoprenoid
groups of 15-carbon (farnesyl) or 20-carbon (geranylgeranyl) to cysteines via thioether linkage
is mediated by a C-terminal prenylation motif. This motif is the CaaX box and consists of the
cysteine (C), which will be prenylated, two aliphatic amino acids (aa), and an amino acid that
determines the type of prenylation (X). While farnesyltransferases (FTase) recognize CaaX box
motifs ending in either a methionine, serine, alanine, or glutamine, geranylgeranyl-transferases
I and II (GGTase I and II) recognize motifs ending in leucin (Novelli and D'Apice, 2012).
Examples of other lipid anchors are the GPI anchor attached to C-terminal carboxyl groups via
amide linkage and fatty acid tails through myristoylation of N-terminal glycines via amide
linkage or through palmitoylation of specific cysteines via thioester linkage. Lipid anchors not
only mediate membrane association but might also be involved in protein-protein interactions,

e.g., through prenyl-binding domains (Kloog and Cox, 2004).
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Among members of the dynamin superfamily, the LG domain is the most highly
conserved region (Figure 7A). In comparison to Ras-like GTPases, LG domains of DSPs
display various insertions that vary in length and position between members (Daumke and
Praefcke, 2016; Niemann et al., 2001). Nucleotide-binding in the LG domain is mediated by
the consensus G1-G4 motifs (Saraste et al., 1990). In GBP1, but not in other GTPase families,
the ribose is additionally stabilized by a phosphate and guanine cap (Prakash et al., 2000b).

These two unique features are highly flexible in the monomeric nucleotide-free state. Upon

A P-loop Switch I Switch II G4

(G1) (G2) (63)

N/TKxD
Consensus GXXXXGKS/T T DxxG RD
Dynaminl SVLE 60 GSGIVYRRPLV 136 pLPEMTKVPVGDQ 205 GVIPNLPELM
Drpl SVLE 54 GTGIVYRRPLI 146 pLPEMTKVPVGDQ 212 AVIPgNLPELM
MxA SVLE 98 GSGIVYRCPLV 178 DLPEITRVAVGNQ 244
OPA1 SVLE 318 SGEMMYRSPVK 398 BLPEVINTVTSGM 464
Mitofusinl SVIN 104 GIGHIYNCFLS 178 [USPETDVTTELDS 234
EHD2 SFIQ 89 GPEPTYDCFVA 153 BTPEILSGAKQRV 219
GBP1 LMN 70 TVQSHUKGIWM 97 WTEELGDVEKGDN 178
Atlastini FLMD 115 GSEREYTGIQI 146 TQETFDSQSTLR 212
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Figure 7. Dynamin superfamily proteins: GTPase domain. (A) Sequence alignment of G1-G4 motifs
of selected members of the dynamin superfamily. Conserved canonical residues are highlighted in black
or dark gray. The catalytic arginine and serine in the P-loop are shown in red. UniProt accession number:
Q05193 (human dynaminl), 000429 (human Drp1l), P20591 (human MxA), 060313 (human OPA1),
Q8IWA4 (human mitofusinl), QINZN4 (human EHD?2), P32455 (human GBP1), Q8WXF7 (human
atlastinl). (B) Structure of the large GTPase dimer of GBP1 in complex with GDP<AIF, (PDB 2b92).
(C) Close view of the nucleotide binding pocket and catalytic mechanism of GBP1. Adapted from
Daumke and Praefcke (2016).
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GTP binding, the guanine cap becomes ordered and forms a hydrophobic pocket stabilizing the
guanine base (Ghosh et al., 2006). The phosphate cap, in turn, covers the phosphate groups of
GTP (Prakash et al., 2000b). Motif G1 or “P-loop” comprises the consensus GxxxxGK(S/T)
and encloses the phosphate groups. Motif G2 and G3 bind the y-phosphate and undergo
nucleotide-dependent structural changes (“switch regions”). In GBP1, G2 is in the unique
phosphate cap replacing the canonical switch I; G3 is located in switch II. The conserved Ser52
of the P-loop, the conserved Thr75 of G2, and the conserved Asp97 of G3 coordinate the
GTPase cofactor Mg?* which bridges the - and y-phosphate (Figure 7B, C) (Ghosh et al., 2006;
Praefcke et al., 1999; Prakash et al., 2000a). As for atlastins, motif G4 comprises a conserved
arginine-aspartate (RD) guanine base-binding motif in GBPs (Bian et al., 2011; Byrnes and
Sondermann, 2011; Praefcke et al., 1999; Prakash et al., 2000b). The RD motif replaces the
canonical (N/T)KxD of most GTPases.

1.2.3 GTPase activity of GBPs

Like other dynamin superfamily members, GBPs dimerize via a highly conserved
surface across the nucleotide-binding site, the “G interface”, leading to stimulation of their
GTPase activity (Daumke and Praefcke, 2016; Ghosh et al., 2006). GTP binding promotes the
formation of a head-to-head dimer via the G interface (Figure 7B) (Ghosh et al., 2006; Wehner
et al., 2012). In-depth structural studies of GBP1 show that the phosphate cap and switch II
undergo structural repositioning and are stabilized in the dimeric conformation. Both contribute
to the G interface. Additional loop regions including the P-loop participate in the G interface
and interact with the guanine base in trans (Figure 7C) (Wehner et al., 2012). In the dimeric
state of GBP1, Ser73 and Thr75 of the phosphate cap position a catalytic water molecule
preparing for a nucleophilic attack to cleave the phosphoanhydride bond between the y- and
B-phosphate (Ghosh et al., 2006). The catalytic Arg48 of the P-loop, termed “arginine finger”,
now faces toward the nucleotide binding pocket and stabilizes the negative charge of the GTP
hydrolysis transition state (Ghosh et al., 2006; Praefcke et al., 2004), similar to the cation-
dependent GTP hydrolysis mechanism of other DSPs (Ash et al., 2012).

GBPI1 is the best characterized GBP member. Upon GTP hydrolysis, intramolecular
rearrangements induce an opening of each protomer by disrupting a salt bridge network
between Arg227 and Lys228 of the LG domain and four aspartates of the GED, thereby
releasing the farnesyl moiety (Ince et al., 2021; Sistemich et al., 2020; Vopel et al., 2010). Time-
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resolved Forster resonance energy transfer (FRET)-studies found that the open GBP1
conformation is stabilized by MD:MD interactions (Sistemich et al., 2020). Structural data of
the GBP5 and GBP1 dimers showed a rotation and crossover of its MDs which is stabilized via
intermolecular MD:MD interactions (Figure 6, right) (Cui et al., 2021; Kuhm et al., 2023).
However, the GED is missing in these constructs and thus, there is no structural knowledge of

full-length GBPs.

GBP1 and GBP3 share the unique ability to hydrolyze GTP in two consecutive cleavage
steps to guanosine monophosphate (GMP). This is achieved by repositioning the nucleotide
within the nucleotide-binding pocket after the first hydrolysis step (Ghosh et al., 2006;
Schwemmle and Staeheli, 1994). In this conformation, the released y-phosphate is now replaced
by the B-phosphate and the same catalytic process including the same catalytic residues can be
used to hydrolyze GDP to GMP. This appears to be a unique feature among DSPs (Daumke
and Praefcke, 2016). While GBP2 has a significantly reduced efficiency to catalyze the second
hydrolysis step, GBP5 only hydrolyzes GTP to GDP. Xavier et al. (2020) identified Gly68 in
switch I, which could constitute the mechanistic differences between GBP1, GBP2, and GBP5

in GDP hydrolysis. The functional differences, however, remain unclear.

1.2.4 Oligomerization of GBPs

As stated earlier, members of the dynamin superfamily share the ability to assemble into
regular oligomers, thereby functioning as mechano-chemical enzymes (Daumke and Praefcke,
2016; Praefcke and McMahon, 2004). Dynamin, for example, has been shown to assemble on
membrane into helical filaments templates via the helical stalk domain (Chappie et al., 2011;
Faelber et al., 2019; Faelber et al., 2011; Hinshaw and Schmid, 1995; Kong et al., 2018;
Reubold et al., 2015; Takei et al., 1995). Three main interfaces in the stalk domain are described
that stabilize the crisscrossed dimer and further enable the assembly of two stalk dimer in trans.
Upon nucleotide hydrolysis, dynamin filaments employ a power stroke mechanism leading to
membrane constriction and friction (Ganichkin et al., 2021; Mears et al., 2007; Morlot et al.,

2010; Roux et al., 2006).

In the human GBP family, GBP1-3 and GBPS5 have been shown to dimerize when bound
to GTP. The GTP-binding and hydrolysis-induced open GBP1 conformation not only promotes
membrane interaction and oligomerization of GBP1 dimers on lipid membranes but also

facilitates self-oligomerization into soluble tubular polymers (Figure 8) (Shydlovskyi et al.,
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2017; Sistemich et al., 2021; Sistemich et al., 2020). For both oligomeric states, it has been
proposed that the GBP1 dimer exhibits an outstretched conformation with the LG domains
facing outwards, based on low-resolution electron microscopy data (Kuhm et al., 2023;
Shydlovskyi et al., 2017; Zhu et al., 2024) and by employing FRET to elucidate intra- and
intermolecular changes in the distances between protein domains (Shydlovskyi et al., 2017;
Sistemich et al., 2021; Sistemich et al., 2020). While the released farnesyl moiety attaches to
lipid membranes stabilizing GBP1 dimers in the membrane-bound state, it is also crucial for
mediating self-polymerization. As shown by Sistemich et al. (2020), GBP1 assembles into
small polymeric units as soon as a critical concentration of GBP1 dimers is reached. In the
initial small disk-like polymers, the farnesyl moiety is supposed to be in a hydrophobic core in
the center of the disk. Cooperative GTP hydrolysis stabilizes these small polymers and
promotes further assembly of larger polymeric structures. Only recently have studies focused
on mechanistic and immunological relationships which show that both the membrane-bound
and the polymeric GBP1 state are crucial in mediating host defense against microbial pathogens
as described in detail in 1.3. Of the geranylgeranylated paralogs GBP2 and GBPS, only GBP2
can self-polymerize. However, both GBP2 and GBPS5 can form mixed polymers with GBP1
(Dickinson et al., 2023). This is supported by the finding that GBP1-3 and GBPS5 dimerize both
as homo- and heterodimers (Kutsch et al., 2018). Homodimers of prenylated GBP1, GBP2, and
GBP5 can all bind to host membranes, whereas nonprenylated members are recruited to
membranes via hetero-interactions with prenylated paralogs (Britzen-Laurent et al., 2010).

Structural studies of the GBP1 and GBP5 homodimers show that lateral interactions between

Membrane-bound state | | Polymeric state

Giant unilamellar vesicle GBP1

Figure 8. GBP1 oligomerization states. Left: AF-488 labeled GBP1 (green) incubated with GDP+AlF,
binds to rhodamine red labeled giant unilamellar vesicles (GUVs, magenta) (Sistemich et al., 2021).
Right: GBP1 incubated with GTP polymerizes into ring-like structures (orange arrows) and tubular,
elongated structures (white arrowheads) (Shydlovskyi et al., 2017).
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two LG domains (G interface) and between two MDs stabilize the open conformation (Cui et
al., 2021; Kuhm et al., 2023). How the oligomeric interfaces between GBP dimers are built and
how nucleotide hydrolysis coordinates the higher-order GBP assemblies has remained

unknown.

1.2.5 Antimicrobial activities of GBPs

GBPs are key players in innate immunity against microbial pathogens and demonstrate
versatile functionality. Numerous studies show their importance, particularly in combating
bacterial infections (Figure 9) (Kutsch and Coers, 2021; Rivera-Cuevas et al., 2023). On one
hand, GBPs enhance the activation of the noncanonical inflammasome resulting in caspase-4-
dependent pyroptosis, as shown during bacterial infections with Legionella pneumophila,
Salmonella typhimurium, or Shigella lexneri (Bass et al., 2023; Santos et al., 2020; Wandel et
al., 2020). On the other hand, GBPs activate the canonical inflammasome by means of the lytic
breakdown of invading bacteria and release of pathogen-associated molecular patterns
(PAMPs), as shown in Francisella novicida or Toxoplasma gondii infections (Fisch et al., 2020;
Man et al., 2015; Meunier et al., 2015), or through GBPI1-dependent GMP production and
catabolism into uric acid, a DAMP that activates the NLRP3 inflammasome (Xavier et al.,
2020). Although great progress has been made in studying GBPs’ antibacterial functions, a
more comprehensive molecular and mechanistic understanding of the individual role of each
member in inflammatory responses is required. In this sense, GBPs also bind to and disrupt
pathogen-containing vacuoles (PCVs), but how they recognize and rupture PCVs is still largely

unknown (Coers, 2013; Kutsch and Coers, 2021).

Besides its antibacterial activity, GBPs convey immunity against viral pathogens. In
general, GBPs interfere with the viral replication mechanism and boost type-I interferon
production in response to viral PAMPs (Feng et al., 2017; Kim et al., 2012). For example, they
affect viral capsid trafficking by remodeling the actin cytoskeleton, block maturation of HIV
envelope proteins and impair with the activity of the RNA-dependent RNA polymerase of
hepatitis C virus (HCV) (Itsui et al., 2009; Krapp et al., 2016; Zou et al., 2017). In contrast,
GBP1 has been shown to be induced by HCV and to act as a pro-viral factor for the HCV life
cycle (Bender et al., 2024), pointing out that the underlying antiviral mechanisms of GBPs

remain subject of future research.
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Figure 9. GBP-mediated antibacterial activities. GBPs detect cytosolic bacteria and pathogen-
containing vacuoles (PCVs). This leads to an increase in membrane fluidity of intracellular bacteria
making them vulnerable to antimicrobial peptides and initiates the rupture of PCVs, both leading to the
release of pathogen-associated molecular patterns (PAMPs) and the formation of GBP platforms. Host
defense mediated by GBPs ultimately activates inflammatory responses and triggers pyroptotic cell
death. Modified from Rivera-Cuevas et al. (2023).
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1.3 GBP1 fights off intracellular bacterial pathogens

Host defense against intracellular bacterial pathogens such as Shigella and Salmonella
is orchestrated by GBP1, a cytosolic lipopolysaccharide (LPS) immune sensor and surfactant
(Figure 10) (Kutsch et al., 2020; Santos et al., 2020; Zhu et al., 2024). As mentioned earlier,
infections with gram-negative bacteria trigger caspase-4-dependent pyroptosis. Caspase-4 is an
innate immune receptor for intracellular lipopolysaccharide (LPS) and becomes activated upon
direct interaction with the lipid A domain of LPS via its caspase activation and recruitment
domain (CARD) (Shi et al., 2014). GBP1 boosts the release of LPS from intracellular bacteria
into the host cell cytosol (Goers et al., 2023). Polymerized GBP1 and GBP2 cluster and
aggregate cytosolic LPS to form GBP-LPS hubs for non-canonical inflammasome activation

(Dickinson et al., 2023; Kutsch et al., 2020).

GBP1 polymerization is not only required for accelerating caspase-4 activation, but also
for establishing an antimicrobial microcapsule or coatomer on the surface of intracellular gram-
negative bacteria (Figure 10). In this process, soluble GBP1 polymers bind to membrane
attached LPS of the bacterial pathogen and rearrange into a stable protein coat encapsulating
the bacterial cell. The membrane-bound GBP1 coat acts as surfactant disrupting the protective
O-antigen layer of the outer membrane of gram-negative bacteria (Kutsch et al., 2020). By
breaking down the integrity of the bacterial envelope, the lipid A domain of LPS becomes
unmasked and accessible. As shown by Kutsch et al. (2020), GBP1-encapsulated bacteria are
vulnerable to cationic antimicrobial peptides (CAMPs). Polymyxin B, for example, increases
the permeability of the outer membrane and triggers bacteriolysis by interacting with the
negatively charged phosphates groups of the inner core of LPS and lipid A (Acikalin et al.,
2017; Moffatt et al., 2019). The O-antigen layer conveys protection against such interactions
but GBP1-mediated permeabilization of the O-antigen layer cancels out its protective function
(Kutsch et al., 2020). Simultaneously, permeabilization of the O-antigen layer increases the
outer membrane fluidity which has been shown to block actin tail formation and to inhibit actin-
based bacterial dissemination of cytosolic S. flexneri (Kutsch et al., 2020; Piro et al., 2017;
Wandel et al., 2017).

By encapsulating bacteria, GBP1 not only causes the breakdown of the LPS barrier but
also recruits other GBP paralogs and components of the inflammasome pathway to the bacterial
surface which are proposed to form a platform for caspase-4 activation (Figure 10) (Santos et

al., 2020; Wandel et al., 2020; Zhu et al., 2024). In contrast, Dickinson et al. (2023)
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demonstrated that GBP1 coatomer formation is dispensable for acceleration of caspase-4
activation, raising the question of what function the GBP1-mediated caspase-4 recruitment to
intracellular bacteria actually has. Although it is known that caspase-4 requires GBP2 and
GBP5 for being recruited to the bacterial surface in HelLa cells and that GBP3 promotes
caspase-4 activation (Santos et al., 2020; Wandel et al., 2020), mechanistic understanding of
the hierarchical GBP network is elusive. These are just two of many unanswered questions to
fully understand GBP-driven immunity. Disregarding the exact underlying molecular
framework of GBP1-mediated host defense, GBP1 polymerization and coatomer formation are
prerequisite for any of its antimicrobial function. This emphasizes the significant role of GBP1
oligomerization in innate immune responses and highlights the importance of having a detailed

mechanistic understanding of its assembly process.
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Figure 10. GBP1 oligomerization as key to cell autonomous immunity against intracellular
bacterial pathogens. GBP1 oligomerization is mediated through lipopolysaccharide (LPS). GBP1-LPS
hubs provide a platform for caspase-4 activation leading to pyroptosis and cytokine release. Polymeric
GBP1 is required for encapsulating gram-negative bacteria in an antimicrobial GBP1 coat, thus
recruiting GBP paralogs to bacterial pathogens. The GBP1 coat breaks down the integrity of the bacterial
envelope, thereby 1) enhancing antimicrobial peptide activity and promoting bacterial lysis, 2) blocking
actin-driven dissemination, and 3) unmasking lipid A, and, possibly, recruiting and activating caspase-4.
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2 Scope of the thesis

GBPI-driven immunity against microbial pathogens has been the subject of intense
research in recent decades. However, mechanistic details of the GBP1 oligomerization process
have remained unclear. GBP1 is a key player in mediating host defense against intracellular
bacteria such as Shigella and Salmonella. In infected cells, GBP1 assembles into soluble
polymers and establishes a dense protein coat or coatomer encapsulating bacterial invaders.
While GBP1 polymers promote caspase-4-dependent pyroptosis by accelerating noncanonical
inflammasome activation, the GBP1 coatomer breaks down the integrity of the bacterial

envelope.

Many recent studies have aimed to understand the cellular mode of action of GBP1
following infection. However, it is equally important to understand the detailed mechanism of
assembly at the structural level that precedes any cellular function. Our structural knowledge
of its assembly to date is limited to the insights we have gained from several monomeric and
dimeric crystal structures in different nucleotide states and from initial low-resolution data on
its polymeric state. Extensive biophysical studies have addressed determinants for GBP1
assembly and contributed to the structural characterization of its oligomeric states.
Nevertheless, questions remain about the architecture and the interface of GBP1 within the

oligomer and as to how nucleotide-dependent conformational changes facilitate assembly.

The scope of this thesis is to characterize GBP1 oligomerization structurally and
biochemically to develop a model of its activation mechanism. To this end, medium-resolution
structures of membrane-bound GBP1 to a simple membrane model system and soluble GBP1
polymers were obtained by cryo-electron microscopy. By combining these new and already
known structural data, structure-guided mutants of the oligomeric interface and of an identified
conformational rearrangement upon nucleotide hydrolysis were generated and biochemically
analyzed. The physiological role of these mutants in establishing the GBP1 coatomer was tested

in an in vitro binding assay to gram-negative pathogenic bacteria.
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3 Materials and Methods

3.1 Materials

3.1.1 Instruments

Agarose Gel Electrophoresis System
AKTA Pure Protein Purification System
Benchtop Centrifuge 5415 R
Centrifuge Avanti J-26 XP
Chromatography columns:
HiLoad Superdex 200 16/600
Superdex 200 Increase 5/150 GL
HiTrap Butyl HP
Eppendorf Research plus pipettes
Glow discharger GloQube Plus
HPLC 1200 LC System
CA, US
HPLC reversed-phase Hypersil ODS C18
100 x 4.6 (5 um) column
Microplate Readers:
Infinite 200
Spark
Mini Extruder
Peristaltic Pump Reglo Analog ISM827B
pH-Meter
Photometer BioPhotometer
Photometer NanoDrop 2000

Plunge freezer Vitrobot Mark IV
Scales

SDS-PAGE System XCell SureLock Mini-Cell

Spectropolarimeter J-720

Thermocycler C1000 Touch

Transmission electron microscopes:
Talos L120C

Titan Krios G3i

Ultracentrifuge Optima MAX-XP
homogenizer SONOPLUS HD 2070

Biometra, Gottingen, DE
Cytiva, Marlborough, MA, US
Eppendorf, Hamburg, DE
Beckman Coulter, Krefeld, DE

GE Healthcare, Chicago, IL, US
GE Healthcare, Chicago, IL, US
GE Healthcare, Chicago, IL, US
Eppendorf, Hamburg, DE

Quorum Technologies, Lewes, UK
Agilent Technologies, Santa Clara,

Thermo Fisher Scientific,
Waltham, MA, US

Tecan, Mannedorf, CH

Tecan, Mannedorf, CH

Avanti Polar Lipids, Alabaster, US

Ismatec, Glattbrugg, CH

Mettler-Toledo, Giellen, DE

Eppendorf, Hamburg, DE

Thermo Fisher Scientific,
Waltham, MA, US

FEI, Hillsboro, OR, US

Sartorius, Gottingen, DE

Thermo Fisher Scientific,
Waltham, MA, US

JASCO Corporation, Tokyo, JP

Bio-Rad, Hercules, CA, US

Thermo Fisher Scientific,
Waltham, MA, US
Thermo Fisher Scientific,
Waltham, MA, US
Beckman Coulter, Krefeld, DE Ultrasonic
Bandelin Electronic, Berlin, DE
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3.1.2 Chemicals

1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(18:1 DOPS)
1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-
inositol-4',5'-bisphosphate) (18:1 P1(4,5)P)
1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine N-(lissamine rhodamine B
sulfonyl) (16:0 Liss Rhod PE)
2'/3'-O-(N-Methyl-anthraniloyl)-guanosine-
5'-[(B,y)-imido]triphosphate (mant-GMPPNP)
2'/3'-O-(N-Methyl-anthraniloyl)-guanosine-
5'-diphosphate (mant-GDP)
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic ~ Carl Roth, Karlsruhe, DE

Avanti Polar Lipids, Alabaster, US
Avanti Polar Lipids, Alabaster, US

Avanti Polar Lipids, Alabaster, US

Jena Biosciences, Jena, DE

Jena Biosciences, Jena, DE

acid (HEPES)
Acetic acid
Acetone
Acetonitrile
Agar-agar
AlexaFluor488-C5-maleimide

AlexaFluor647-C2-maleimide

Aluminum chloride

Ammonium sulfate

Ampicillin sodium salt
Bis(sulfosuccinimidyl)suberate (BS3)

Brain Polar Lipid Extract (Porcine)
Carbenicillin disodium salt
Chloroform

Cholesterol

Coomassie brilliant blue R250
Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

Ethanol

Ethidiumbromid

Ethylenediaminetetraacetic acid (EDTA)

Farnesyl pyrophosphate (FPP)

Folch fraction I bovine brain lipids

Guanosine-5'-[(B,y)-imido]triphosphate

(GMPPNP)

Guanosine-5'-(y-thio)-triphosphate (GTPyS)

Guanosine diphosphate (GDP)

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Thermo Fisher Scientific,
Waltham, MA, US

Thermo Fisher Scientific,
Waltham, MA, US

Sigma-Aldrich, Steinheim, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Thermo Fisher Scientific,
Waltham, MA, US

Avanti Polar Lipids, Alabaster, US

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Avanti Polar Lipids, Alabaster, US

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Cayman Chemical, Ann Arbor,
MI, US

Sigma-Aldrich, Steinheim, DE

Jena Biosciences, Jena, DE

Jena Biosciences, Jena, DE
Jena Biosciences, Jena, DE
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Guanosine monophosphate (GMP)

Guanosine triphosphate (GTP)

Glycerol

Hydrochloric acid

Imidazole

Isopropanol

Isopropyl B-D-1-thiogalactopyranoside (IPTG)

Kanamycin sulfate

Lipopolysaccharides from E. coli O55:B5
(LPS-O55:B5)

Magnesium chloride hexahydrate

Methanol

Phenylmethylsulfonylfluoride (PMSF)

Sodium chloride

Sodium dodecyl sulfate (SDS)

Sodium fluoride

Sodium hydroxide

Tetrabutylammonium bromide (TBAB)

Tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI)

Uranyl acetate dihydrate

3.1.3 Enzymes and other reagents

2-Log DNA Ladder

DNase I

Restriction Endonucleases

T4 DNA Ligase

T4 Polynucleotide kinase

Unstained Protein Molecular Weight Marker

3.1.4 Equipment and consumables

Amicon Ultra Centrifugal Filters
Carbon-coated Cu300 grids

Colloidal gold beads (5 and 10 nm)
Corning 96-well Black Flat Bottom Polystyrene
NBS Microplate

Macro cell quartz glass HighPerformance, 0.1 cm

Ni Sepharose HP
Nunc MicroWell 96-well polystyrene plates

NuPAGE MES SDS Buffer (20X)

Jena Biosciences, Jena, DE
Jena Biosciences, Jena, DE
Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE

Carl Roth, Karlsruhe, DE
Invivogen, San Diego, CA, US

Sigma-Aldrich, Steinheim, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Carl Roth, Karlsruhe, DE
Sigma-Aldrich, Steinheim, DE
Carl Roth, Karlsruhe, DE

Merck, Darmstadt, DE

NEB, Frankfurt a.M., DE
NEB, Frankfurt a.M., DE
NEB, Frankfurt a.M., DE
NEB, Frankfurt a.M., DE
NEB, Frankfurt a.M., DE
Fermentas, St. Leon-Rot, DE

Merck, Darmstadt, DE
Quantifoil Micro Tools,
Grof3lobichau, DE
Sigma-Aldrich, Steinheim, DE
Corning, Corning, NY, US

Hellma, Miillheim, DE

Cytiva Sweden, Uppsala, SWE

Sigma-Aldrich, Steinheim, DE

Thermo Fisher Scientific,
Waltham, MA, US
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NuPAGE MOPS SDS Buffer (20X)
NuPAGE Novex 4-12% Bis-Tris
QUANTIFOIL Cu300 R 1.2/1.3
UltrAuFoil Au200 R 2/2

Whatman membrane filters

3.1.5 Kits

KOD Hot Start polymerase Kit
innuPREP Plasmid Mini Kit 2.0

3.1.6 Bacteria strains

Thermo Fisher Scientific,
Waltham, MA, US
Thermo Fisher Scientific,
Waltham, MA, US
Quantifoil Micro Tools,
GroBlobichau, DE
Quantifoil Micro Tools,
GroBlobichau, DE
Sigma-Aldrich, Steinheim, DE

Merck, Darmstadt, DE
Analytik Jena, Jena, DE

Table 1. List of bacteria strains used in this thesis.

Bacteria strain Genotype

E. coli BL21 (DE3)} FompT hsdSg (rs~, mg") gal dem (DE3)

E. coli DH5aS

F ¢80lacZAM15 A(lacZY A-argF)U169 recAl endAl hsdR17(rx", mk")

phoA supEA44 N thi-1 gyrA96 relAl

¥ Novagen, Merck, Darmstadt, DE

3.1.7 Plasmids

Table 2. List of plasmids used in this thesis for bacterial expression (pQE-80L) and co-expression
(pRSFDuet-1). MCS: multiple cloning site.

Repression

Plasmid Size Promotor Affinity tag Resistance
module
pQE-80L?Y 4,751 bp TS5 MCS1: N-term MRGS-6xHis laclq ampicillin
MCS1: N-term MGSS-6xHi .
pRSFDuet-17 3,829 bp T7 erm XIS lacl kanamycin

MCS2: C-term S-tag

¥ Qiagen, Hilden, DE
¥ Novagen, Merck, Darmstadt, DE
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3.1.8 Media and buffers

Lysogeny Broth (LB) 10 g/l Tryptone
5¢gl Yeast extract
10 g/1 NacCl
pH adjusted to 7.0 with NaOH
LB Agar plates 15 g/l Agar-agar
in Lysogeny Broth (LB)
Terrific Broth (TB) ordered from Carl Roth, Karlsruhe, DE
Lysis buffer A 50 mM Tris-HCI pH 7.9
500 mM NaCl
5mM MgCl
10 % Glycerol
Lysis buffer B 50 mM Tris-HCl pH 7.9
500 mM NaCl
5 mM MgCl
Ni-NTA wash buffer 50 mM Tris-HCl pH 7.9
150 mM NaCl
5mM MgCl
10 mM Imidazole
Ni-NTA elution buffer 50 mM Tris-HCl pH 7.9
150 mM NaCl
5mM MgCl
150 mM Imidazole
HIC buffer A 50 mM Tris-HCl pH 7.9
5mM MgCl
2 mM DTT
HIC buffer B 50 mM Tris-HCl pH 7.9
5mM MgCl
1.2M (NH4)2SO4
2mM DTT
SEC buffer / Storage buffer 50 mM Tris-HCI pH 7.9
150 mM NaCl
5mM MgCl
2 mM DTT
Assay buffer A 50 mM Tris-HCI pH 7.9
150 mM NaCl
5 mM MgCl»
Assay buffer B 50 mM HEPES pH 7.9

150 mM NaCl
5mM MgCl»
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HPLC buffer 100 mM Potassium phosphate buffer
pH 6.5
10 mM Tetrabutylammonium
bromide (TBAB)
7.5% (v/v)  Acetonitrile
Farnesylation buffer 50 mM Tris-HCl pH 7.9
150 mM NaCl
5 mM MgCl
10 uM ZnCl
SDS-PAGE sample buffer, 4x 250 mM Tris-HCI pH 8.5

SDS-PAGE sample buffer, 5x

3.1.9 Software

AlphaFold2
CDNN 2.1
CTFFINDA4
Chimera v.1.16

ChimeraX v.1.5

Dynamo
ESPript v3.0
GCTF

Image] v.1.53t
IMOD v.4.11
MotionCor2
OriginPro 2021b
Relion4.0
SerialEM
SWISS-MODEL
TomoBEAR

100 mM DTT

1.6 mM EDTA

8 % (W/V) SDS

40 % (v/v)  Glycerol

0.01 % (w/v) Bromphenol blue

300 mM Tris-HCI pH 8.5
125 mM DTT

2 mM EDTA

10 % (w/v)  SDS

50 % (v/v)  Glycerol

0.01 % (w/v) Bromphenol blue

Jumper et al. (2021); Mirdita et al. (2022)
Bohm et al. (1992)

Rohou and Grigorieff (2015)

Pettersen et al. (2004); UCSF Resource for
Biocomputing, Visualization, and Informatics
Meng et al. (2023), UCSF Resource for Biocomputing,
Visualization, and Informatics

Castano-Diez et al. (2012)

Robert and Gouet (2014)

Zhang (2016)

Schneider et al. (2012)

Kremer et al. (1996)

Zheng et al. (2017)

OriginLab Corporation, Northampton, MA, US
Kimanius et al. (2021)

Mastronarde (2005)

Waterhouse et al. (2018)

Balyschew et al. (2023)
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3.1.10 Protein structures and EM maps

Table 3. List of protein structures displayed in this thesis.

Protein PDB Nugz(t):lde Species Method Resolution Reference
GBP1 1dg3 apo Homo X-ray 1.8 A Prakash et al. (2000a)
& P sapiens diffraction ’ ’
2d4h GMP Homo Xeray 29A  Ghosh et al. (2006)
sapiens diffraction
2bSw  GMP-AIF, ~ 1Homo X-ray 22A  Ghosh et al. (2006)
sapiens diffraction
2692 GDPeAlF, ~ Homo X-ray 32A  Ghosh et al. (2006)
sapiens diffraction
2be9  GMppNp ~ Homo  Xeray 28A  Ghosh et al. (2006)
sapiens diffraction
’rla GDP-AIF, quo Electron 26.8 A This thesis, Weismehl
sapiens  miCroscopy et al. (2024)
GBP1: Homo Electron .
14-33G 8q4l apo sapiens  microscopy 51A Fisch et al. (2023)
GBP5 7e5a  GDPeAIF, ~ 11omo Xeray 25A  Cuietal. (2021)
sapiens diffraction
. Homo X-ray Byrnes and
Atlastin 3g5¢ GDP sapiens diffraction 304 Sondermann (2011)
. Homo X-ray
4idp GMPPNP sapiens diffraction 2.6 A Byrnes et al. (2013)
. Homo X-ray
Dynamin 5d3q GDP sapiens diffraction 1.7 A Anand et al. (2016)
Homo X-ray .
3zyc GMPPNP sapiens diffraction 22A Chappie et al. (2011)

Table 4. List of EM maps displayed in this thesis. STA: subtomogram averaging, SPA: single particle

analysis.
Protein EMDB Nuz:;:zlde Species Method Resolution Reference
GBPI 18806 GDP-AlF,  ..om° STA 268 A  Lhsthesis, Weismehl
sapiens et al. (2024)
Homo This thesis, Weismehl
18698  GDP+AlF, sapiens SPA 37.0 A et al. (2024)
43091 GTP Homo STA 170 A Zhuetal. (2024)
sapiens
43153 GTP Homo STA 97A  Zhuetal. (2024)

sapiens
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3.2 Molecular Biology

3.2.1 Transformation of chemically competent E. coli cells

Chemically competent Escherichia coli bacteria were prepared according to Chung et
al. (1989). Plasmids were transformed using the heat shock method according to standard
procedures (Green and Sambrook, 2012). E. coli DH5a and BL21 (DE3) strains were used for

plasmid propagation and protein expression, respectively.

3.2.2 Site-directed mutagenesis

Site-directed mutagenesis of double-stranded plasmid DNA was carried out either by
QuikChange mutagenesis (Agilent Technologies) or by a non-overlapping primer approach
(NEB) according to the manufacturer’s instructions with the following adaptations: KOD Hot
Start polymerase was used as DNA polymerase for both approaches and T4 Polynucleotide
kinase, T4 DNA Ligase, and Dpnl restriction endonuclease were used instead of the KLD
Enzyme Mix (NEB) according to manufacturer’s protocols and standard procedures (Green and
Sambrook, 2012). For primer design, the QuikChange Primer Design tool (Agilent
Technologies) and the NEBaseChanger tool (NEB) were used, respectively. Oligonucleotides

used in this thesis are listed in Appendix A.

3.2.3 Isolation of plasmid DNA
Plasmid DNA was isolated from bacterial lysates using innuPREP Plasmid Mini Kit 2.0

(Analytik Jena) according to the manufacturer’s instruction.

3.2.4 DNA sequencing

DNA sequencing was done by LGC Genomics (Berlin) using the Sanger sequencing
method and the sequencing primers pQE-80L fw (5’ -CGGAT AACAA TTTCA CACAG-3')and
pQE-80L rv (3'-GGTCA TTACT GGAGT CTTG-5"). Sequencing results were analyzed using
Clustal Omega (Sievers et al., 2011).

3.2.5 Expression constructs

Human GBP1 constructs were generated by QuikChange mutagenesis (point mutations
D199A, D199K, M139D, M139E, and M139R) and a non-overlapping primer approach (A207-
213, A207-216, and A207-223) using the pQE-80L-GBP1 plasmid; a kind gift from Dr. Gerrit
Praefcke (G.P.). The natural variant A409G (VAR 046550) of human GBPI1
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(UniProtID: P32455) was used in this study. All constructs used are listed in Table 5. Human
GBP1 constructs comprise an uncleavable N-terminal MRGS-Hise-tag; the human
farnesyltransferase (FTase) subunit A (in multiple cloning site 1) an uncleavable N-terminal

MGSS-Hiss-tag.

Table 5. Expression constructs. G.P.: construct has been provided by Dr. Gerit Praefcke.

Construct Remarks Vector
GBP1 WT full-length wild-type; provided by G.P. pQE-80L
GBP1 Q577C C-terminal Cys mutant, pQE-80L
from Sistemich and Herrmann (2020)
GBP1 A207-213 helix 04’ variant (Gly-Ser substitution) pQE-80L
GBP1 A207-216 helix 04’ variant (Gly-Ser substitution) pQE-80L
GBP1 A207-223 helix a4’ variant (Gly-Ser substitution) pQE-80L
GBP1 M139D helix a.3-04’ mutant pQE-80L
GBP1 M139E helix a.3-04’ mutant pQE-80L
GBP1 M139R helix a3-a4’ mutant pQE-80L
GBP1 D199A pivot point mutant pQE-80L
GBP1 D199K pivot point mutant pQE-80L
GBP1 RK(227-228)EE from Vopel et al. (2010) pQE-80L
LG-WT isolated Large GTPase (LG) domain of GBP1 pQE-80L
LG-A207-213 isolated Large GTPase (LG) domain of GBP1, pQE-80L
helix a4’ variant (Gly-Ser substitution)
LG-A207-216 isolated Large GTPase (LG) domain of GBP1, pQE-80L
helix a4’ variant (Gly-Ser substitution)
LG-A207-223 isolated Large GTPase (LG) domain of GBP1, pQE-80L

helix a4’ variant (Gly-Ser substitution)

FTase provided by G.P. pRSFDuet-1
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3.3 Biochemistry

3.3.1 Protein expression and purification

The expression and purification protocols described below are modified from Sistemich

and Herrmann (2020).

3.3.1.1 Protein over-expression in E. coli

Wild-type GBP1 and all constructs generated by site-directed mutagenesis (see 3.2.2
and 3.2.5) were expressed from pQE-80L vector as N-terminal Hiss-tag fusions in E. coli BL21
(DE3). For in vivo farnesylation, GBP1 constructs were co-expressed with N-terminal Hiss-
tagged farnesyltransferase (FTase) from pRSFDuet-1. Following bacterial transformation by
heat shock, cells were plated on LB agar plates containing 100 pg/ml ampicillin or, in case of
co-expression with pRSFDuet-1-FTase, 50 pg/ml kanamycin and 100 pg/ml ampicillin and
incubated at 37 °C for 16-20 h. Expression cultures of 11 TB-medium supplemented with
respective antibiotics were 1:50 inoculated with a pre-inoculum in LB-medium containing the
expression constructs and incubated at 37 °C and 90 rpm. Protein expression was induced by
addition of 100 uM IPTG at an optical density at 600 nm (ODeoonm) of 0.8 absorbance units
(AU). Expression cultures were grown for another 16-18 h at 20 °C. Cells were harvested by
centrifugation at 4 °C and 4,000 rpm for 20 min in a JLA-8.1000 rotor. Cell pellets were either

used directly for protein purification or transferred into a 50 ml falcon tube and stored at -20 °C.

3.3.1.2 Preparation of cell lysates from E. coli

Cell pellets were resuspended in 50 ml lysis buffer A supplemented with 10 uM
DNase I and 300 uM PMSF. Resuspended cells were lysed by sonication for 2-times 2 min on
ice with an amplitude of 60% and a pulse on/off time of 0.5 s. The cell suspension was then

centrifuged at 4 °C and 18,000 rpm for 45 min in a JA 25.50 rotor.

3.3.1.3 Purification of non-farnesylated GBP1 constructs

Purification of non-farnesylated GBP1 constructs were performed at 4 °C. Cell lysates
were subjected to immobilized metal affinity chromatography (IMAC) on a gravity flow
column loaded with 2 ml Ni Sepharose HP resin. After equilibrating the column with 10 CVs
lysis buffer B (lysis buffer A without glycerol) and loading the lysate, the column was washed
with 5 CVs Ni-NTA wash buffer (containing 10 mM imidazole) and His-tagged protein was
eluted with 5-10 CVs Ni-NTA elution buffer (containing 150 mM imidazole). Eluted protein

was concentrated using a 10 kDa cut-off centrifugal filter and subjected to size exclusion
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chromatography using a HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare)
equilibrated in SEC buffer. After SDS-PAGE analysis, GBP1 protein containing fractions were
combined and concentrated using a 10 kDa cut-off centrifugal filter. The protein concentration
was determined by the Lambert-Beer law. Protein samples were flash frozen in liquid nitrogen

and stored at -70 °C.

3.3.1.4 Purification of farnesylated GBP1 constructs

For biochemical studies, farnesylated GBP1 constructs were purified similar to the non-
farnesylated constructs (see 3.3.1.3). Cell lysates containing the co-expressed N-terminal Hise-
tagged FTase were subjected to IMAC using Ni Sepharose HP resin. Following IMAC, eluted
protein was concentrated using a 10 kDa cut-off centrifugal filter and buffer exchanged to HIC
buffer B (containing 1.2 M (NH4)2SO4). Farnesylated GBP1 was separated from unmodified
protein and FTase by hydrophobic interaction chromatography (HIC) using a Butyl Sepharose
HP (GE Healthcare) column in a step-wise decreasing salt gradient from 1.2 M (NH4)>SO4 (HIC
buffer B) to 0 M (NH4)2SO4 (HIC buffer A) according to Sistemich and Herrmann (2020).
Fractions containing farnesylated GBP1 were pooled, concentrated using a 10 kDa cut-off
centrifugal filter, and subjected to size exclusion chromatography as performed for non-
farnesylated GBP1.

For structural studies, in vitro farnesylated GBP1 was prepared by Dr. Paul Lauterjung
(Ruhr-University Bochum). Non-farnesylated GBP1 was purified as described in 3.3.1.3 and
farnesylation by enzymatic modification was performed using 60 uM GBP1, 1.25 uM self-
prepared FTase, and 150 uM farnesyl pyrophosphate (FPP) in Farnesylation buffer in a glass
vial at 4 °C overnight. FTase was purified according to Dickinson et al. (2023). Farnesylated
and non-farnesylated GBP1 were separated by hydrophobic interaction chromatography (Butyl
Sepharose HP, GE Healthcare), followed by a second size exclusion chromatography run in

SEC buffer according to Dickinson et al. (2023).

3.3.1.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was used to separate and analyze proteins by molecular mass according to Laemmli (1970).
Protein samples were prepared in 1x SDS-PAGE sample buffer and heated 5 min at 95 °C.
Unstained Protein Molecular Weight Marker (Fermentas), 14 to 116 kDa, was loaded as
reference. NuUPAGE 4-12% Bis-Tris protein gels (Invitrogen) were used for electrophoresis in

1x MES or MOPS running buffer (Invitrogen). Gels were stained with Coomassie Brilliant Blue
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staining solution (45% (v/v) ethanol, 10% (v/v) acetic acid, 0.3% (w/v) Coomassie Brilliant

Blue R-250) and destained in MQ water.

3.3.1.6 Determination of protein concentration

Protein concentration was determined by Lambert-Beer law using the protein absorption
measured at 280 nm (A280nm) in @a NanoDrop 2000 spectrophotometer with d = 1 cm (NanoDrop
Technologies) and the molar extinction coefficient of the protein at 280 nm (€280 nm). Using the
ProtParam tool (Wilkins et al., 1999), 230 nm values of 45,840 M-'cm! for full-length GBP1 and
35,410 Mlem! for the isolated LG domain (both including the N-terminal Hise-tag) were

determined and used for calculations by the Lambert-Beer law:

A280 nm

Cprotein [M] = (eq.3.1)

E280nm X d

3.3.2 Protein labeling with fluorescent probes

For FRET studies, the purified cysteine mutant Q577C was used to label GBP1 at its C-
terminus with thiol-reactive AlexaFluor488-C5-maleimide dye (AF488, Thermo Fisher
Scientific). For in vitro binding assays, GBP1 wild-type and mutants were labeled with
AlexaFluor647-C2-maleimide dye (AF647, Thermo Fisher Scientific). Maleimide-conjugated
dyes readily react with sulfthydryl groups and form a chemically stable thio-ether bond between
the dye and cysteines of the protein. Labelling of GBP1-AF647 constructs was performed by
Dr. Miriam Kutsch (Heinrich Heine University Diisseldorf).

As described by Sistemich and Herrmann (2020), DTT was removed from purified
protein by ultrafiltration and buffer exchange to Assay buffer A. Labeling was performed at an
equimolar ratio of protein and dye on ice for 10 min in order to minimize labeling of intrinsic
cysteines. The labeling reaction was stopped by the addition of 2 mM DTT and unreacted dye
was removed by ultrafiltration and buffer exchange to Assay buffer A. The concentration of
bound dye was determined by the Lambert-Beer law using the dye absorption (Amax) measured

at the absorption maximum ()habs) for each dye:
A
l (eq. " )

where emax 1S the extinction coefficient of the dye at the absorption maximum (see Table 6).
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Table 6. Properties of maleimide-conjugated Alexa Fluor (AF) dyes. Data derived from Invitrogen.

Dye MW (Da) dabs’ (nm) Aem' (NM) €max (M ecm™) CF280 nm"
AF488 ~721 491 516 71,000 0.11
AF647 ~1250 651 671 268,000 0.03

S longest-wavelength absorption maximum

T fluorescence maximum

¥ molar extinction coefficient at the longest-wavelength absorption maximum
* correction factor (CF2s0 nm = €280 nm/€max)

Protein concentrations of AF labeled GBP1-Q577C were corrected for dye contribution

using the correction factors CFago nm for AF488 and AF647:

A280 nm "~ Amax X CFZSO nm

Cprotein [M] = (eq.3.3)

gprotein xd

and the degree of labeling (DOL) was determined:

Cdye

DOL = (eq.3.4)

Cprotein

The DOL was typically between 0.9 and 0.95 for GBP1-Q577C-AF488 and 0.1 and 0.15 for
the GBP1-AF647 constructs.

3.3.3 Liposome preparation

Lipid stocks were prepared in chloroform or chloroform/methanol (3:1 v/v) and stored
at -20 °C. Liposomes were prepared from Porcine brain polar lipids (BPL, Avanti Polar Lipids)
or Folch fraction I bovine brain lipids (Folch, Sigma-Aldrich) in glass tubes by drying 40 pul of
a 25 mg/ml lipid stock in chloroform under an argon stream. For FRET measurements, lipid
mixtures were supplemented with 0.5% (w/w) 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine N-(lissamine rhodamine B sulfonyl) (Liss Rhod PE, Avanti Polar Lipids). If
specified, Folch lipids were supplemented with 10% (w/w) 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (18:1 PS (DOPS)), 10% (w/w) 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol-
4'.5'-bisphosphate) (18:1 PI(4,5)P2), or 25% (w/w) cholesterol (all Avanti Polar Lipids).
Residual chloroform was removed under vacuum for 60 min. The homogenous lipid film was
rehydrated in 1 ml Assay buffer A to reach a final lipid concentration of 1 mg/ml. Lipid
rehydration was performed in a water bath at 55 °C for 60 min, followed by five freeze-thaw

cycles. Liposomes were extruded to 0.1 pm filters using a mini extruder (Avanti Polar Lipids).
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3.3.4 Liposome co-sedimentation assay

For co-sedimentation assays, 5 uM farnesylated GBP1 was mixed with 0.5 mg/ml
extruded liposomes (0.1 um, see 3.3.3) and the respective nucleotide (2 mM GTP, 500 uM
GTPyS, 500 uM GMPPNP, 200 uM GDP-AlFx, 1 mM GDP) in 40 pl Assay buffer A or Assay
buffer A supplemented with 300 uM AICIz and 10 mM NaF. Samples were incubated 1 min
(GTP), 5 min (GTPyS, GMPPNP) or 10 min (apo, GDP+AlFx, GDP) at RT. Liposomes were
sedimented via ultracentrifugation for 10 min at 70,000 rpm (TLA-100, Beckman) and 20 °C.
Supernatants were collected and mixed with 10 pul 5x SDS-PAGE sample buffer. Pellets were
incubated with 50 pl 1x SDS-PAGE sample buffer for 30 min and resuspended. Samples were
analyzed by SDS-PAGE in MES buffer (see 3.3.1.5) loading 2.0 ug protein per well.

3.3.5 FRET-based liposome binding assay

The FRET-based liposome binding assay was performed with farnesylated GBP1-
Q577C-AF488 (donor, D, see 3.3.2) and liposomes supplemented with 0.5% Liss Rhod PE
(acceptor, A, see 3.3.3) in Assay buffer A (apo, GTP) or Assay buffer A supplemented with
300 uM AICI3 and 10 mM NaF (GDP+AlFy). Liposomes (0.5 mg/ml) and protein (5 uM or
0.5-20 uM) were incubated in the absence or presence of 2 mM GTP and 200 uM GDP-AlF,,
respectively. Measurements were performed in a 96-well black non-binding surface microplate
(Corning) in a total volume of 100 pl using a microplate reader (Spark, Tecan). Emission
spectra were recorded for Aexp =495 nm (7.5 nm bandwidth) before adding nucleotides, and
after 1 min (GTP) and 15 min (GDP+AlFy) of incubation at RT. Spectra were corrected for the
contributions from direct A excitation upon D excitation. FRET efficiencies (E) were calculated
using the ratio between D and A emission intensities (Ip and I4) following D excitation at
Aemd = 520 nm and Aem,a = 590 nm, respectively:

I
E=—2
Ip+1,

(eq.3.5)

3.3.6 Circular dichroism measurements

GBP1 were dialyzed against 10 mM potassium phosphate pH 7.8, 150 mM NaF and
circular dichroism (CD) spectra were recorded from 260 nm to 190 nm (1 nm bandwidth) using
a Jasco J-720 spectropolarimeter at 20 °C. Samples were scanned at 2.5 uM protein
concentration in quartz cuvettes with a pathlength of 0.1 cm (Hellma), a scanning speed of
100 nm/min, and a data pitch of 0.1 nm. Averages of 10 buffer-subtracted spectra were analyzed

in CDNN 2.1 (Bohm et al., 1992) for secondary structure determination.



3 Materials and Methods 39

3.3.7 Polymer crosslinking assay

For crosslinking, all assay reagents and dilutions were prepared in Assay buffer B
(comprising HEPES). A buffer exchange of non-farnesylated and farnesylated GBP1 stored in
Assay buffer A (comprising Tris-HCI) to Assay buffer B was performed by ultrafiltration using
a 10 kDa cut-off centrifugal filter. Crosslinking was carried out in a 96-well plate using 20 uM
protein. For each construct, non-farnesylated and farnesylated protein were incubated without
any nucleotide (apo) or with 200 uM GDP, 300 uM AICI; and 10 mM NaF (GDP-AlFx) for
15 minat RT. 8 pl of each sample was mixed with 1 ul of a4 mM stock of the homobifunctional
amine-to-amine crosslinker bis(sulfosuccinimidyl)suberate (BS3, Thermo Scientific) in water
(20-times molar access). The crosslinking reaction was incubated for 30 min at RT and stopped
by adding 1 pl 0.5 M Tris-HCI pH 7.9. After 10 min of incubation, samples were mixed with
2.5 ul 5x SDS sample buffer and analyzed by SDS-PAGE in MOPS buffer (see 3.3.1.5) loading
1.0 pg protein per well.

3.3.8 Light-scattering based polymerization assay

Polymerization of farnesylated GBP1 was monitored by measuring the apparent
changes in absorbance as result of changes in light scattering over time using a microplate
reader (Infinite 200, Tecan) at a wavelength of 350 nm (9 nm bandwidth). Measurements were
performed at a protein concentration of 10 uM (GTP) or 20 uM (GDP<AIFy) in 100 pl Assay
buffer A or Assay buffer A supplemented with 300 uM AICl; and 10 mM NaF. If indicated,
0.1 mg/ml to 10 mg/ml lipopolysaccharides from E. coli O55:B5 (LPS, Invivogen) were added
before initiating polymerization. Baselines were measured over 3 min with intervals of 30 s and
polymerization was then initiated by adding I mM GTP or 200 pM GDP. The polymerization
reactions were measured over 40 min with intervals of 20 s. Signals were corrected for the

contribution of protein alone (baseline).

3.3.9 Nucleotide binding assay

Nucleotide binding was analyzed using the non-hydrolysable GTP analogue N-
methylanthraniloyl guanosine-5'-[(B,y)-imido]triphosphate (mant-GMPPNP, Jena Bioscience)
or mant-GDP (Jena Biosciences). Varying protein concentrations of non-farnesylated GBP1 or
isolated LG domain ranging from 0.02 uM to 40 uM were prepared in a black 96-well
microplate in Assay buffer A. After adding 0.5 uM mant-GMPPNP or mant-GDP to each well,
fluorescence was excited at Aex =355 nm (10 nm bandwidth) and fluorescence emission was

detected at Aem =448 nm (10 nm bandwidth) in a microplate reader (Spark, Tecan).
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Fluorescence was corrected for mant-nucleotides only. For each construct, averages of three
independent measurements were plotted against the protein concentration. Equilibrium
dissociation constants K; were calculated in OriginPro (OriginLab Corporation) by fitting a

quadratic equation to data according to Kunzelmann et al. (2005):

AO + BO + Kd - \/(AO + BO + Kd)z - 4AOBO
2B,

F = Fpin+ (Fmax - Fmin) (eq' 3-6)

where Fuin and Fuax denote the minimal and maximal fluorescence intensities, 4y the increasing

total protein concentration, and By the constant mant-nucleotide concentration.

3.3.10 Nucleotide hydrolysis assay

The catalytic GTPase activity of non-farnesylated GBP1 and the catalytic GDPase
activity of isolated LG domains were analyzed by mixing varying protein concentrations with
I mM GTP or GDP at 37 °C in Assay buffer A. Aliquots of 2 ul were taken at defined time
points, diluted 1:15 in HPLC buffer, heat-inactivated at 80 °C for 1 min, and either analyzed
directly or stored at -20 °C. All reactions were performed in duplicates, end product formation
was performed in triplicates. Nucleotides were separated by reversed-phase HPLC (Hypersil
ODS C18, Thermo Fisher) and nucleotide composition was analyzed by integration of the
nucleotide absorbance at 254 nm. Initial rates of GTP or GDP hydrolysis were obtained from
linear regression. Specific activities were calculated by dividing the initial rates by protein
concentration. Apparent Ky values for dimer formation and maximum catalytic activities (Kmax)
were calculated in OriginPro (OriginLab Corporation) by fitting a quadratic equation to data

according Praefcke et al. (1999):

K K
Ao +7d—\/(A0+7d)2—A02

4o

specific activity = kyqx (eq.3.7)

3.3.11 Analytical size-exclusion chromatography

Dimer formation of non-farnesylated GBP1 and isolated LG domains were analyzed by
analytical size-exclusion chromatography (Superdex 200 5/150, GE Healthcare) as described
by Ince et al. (2017). Samples of 20 uM protein without nucleotide (apo) and with the addition
of 200 uM GDP or GMP, 300 uM AICl; and 10 mM NaF (GDP+AIFx or GMP+AlFx) were
incubated at RT for at least 10 min before subjecting to analytical size-exclusion

chromatography in Assay buffer A.
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3.3.12 In vitro binding assay

All in vitro binding assays of GBP1 to pathogenic bacteria were performed by
Dr. Miriam Kutsch (Heinrich Heine University Diisseldorf), who also wrote this section.
Binding of GBPI to bacteria was analyzed as described previously (Dickinson et al., 2023;
Kutsch et al., 2020). An overnight culture of pathogenic E. coli (DSM1103) expressing eGFP
was diluted 1:30 and grown at 37 °C under shaking at 140 rpm in 5 ml LB. After 2 hours, 3 ml
bacterial culture was pelleted, washed with 1x PBS, and fixed in 4% formaldehyde in PBS,
pH 7.4 for 20 min. Formaldehyde-fixed bacteria were washed twice with 1x PBS. For the
in vitro binding assays, bacteria were diluted in Assay buffer A supplemented with 50 uM BSA
and shortly centrifuged at 500x g onto the cover slide of a glass bottom 10 mm microwell dish.
Wild-type and mutant GBP1-AF647 (see 3.3.2) were diluted in Assay buffer A supplemented
with 50 uM BSA, mixed with GTP, and the mixture was added to and gently mixed with
bacteria at t =0 min (final concentrations: 10°-3 x10°® bacteria/ml, 10 uyM GBPI1, and 2 mM
GTP). Time-lapse confocal microscopy imaging was used to visualize GBP1 binding to bacteria
over time. Images were collected every 1.5 min and after 30 min, different field of views were
imaged for quantification. Imaging was performed on an inverted Zeiss 880 Airyscan Laser
Scanning Confocal Microscope using a Zeiss Plan-Apochromat 63x/1.4 oil DIC M27
objective. All images were processed with Fiji. Quantitative analysis of high content confocal
microscopy images was done using the machine learning-based image analysis platform

HRMAnN2.0 (Fisch et al., 2021; Fisch et al., 2019b).

3.3.13 Structure analysis, sequence alignment, and model generation

Protein structures (Table 3) were analyzed in Chimera (Pettersen et al., 2004).
Molecular superimposition, morphing of conformations, and preparation of figures of protein
structures was performed in Chimera. EM maps (Table 4) were analyzed in ChimeraX (Meng
et al., 2023). Fitting protein structures into EM maps and preparation of figures including EM
maps was performed in ChimeraX. Sequence alignments were performed with Clustal Omega
(Sievers et al., 2011) and ESPript (Robert and Gouet, 2014). The model of outstretched dimeric
GBPI1 (PDB 8rla) was generated in Chimera as SWISS-MODEL (Waterhouse et al., 2018)
based on the published crystal structure of GBP5-AGED (PDB 7e5a) combined with the
AlphaFold2 prediction (Jumper et al., 2021; Mirdita et al., 2022) of the dimeric MD and GED
of GBPI1. Structural predictions of the helix a4’ variants with Gly-Ser substitutions were

generated with AlphaFold2.
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3.4 Transmission electron microscopy

3.4.1 Negative-stain electron microscopy

For negative-stain EM analysis of membrane-bound GBP1 oligomers, 10 uM
farnesylated GBP1 was reconstituted on 0.5 mg/ml liposomes in Assay buffer A supplemented
with 2 mM GTP or 200 uM GDP, 300 uM AICl; and 10 mM NaF (GDP+AlFx) and incubated
for 1 min (GTP) or 10 min (GDP<AIFx) at RT. For negative-stain EM analysis of soluble GBP1
polymers, 10 uM farnesylated GBP1 was mixed with 200 uM GDP, 300 uM AIClz and 10 mM
NaF in Assay buffer A and incubated for 15-20 min at RT. Samples were diluted 1:10 in Assay
buffer A (containing GTP or GDP+AlFy) and 3.5 pl were applied to glow-discharged carbon-
coated copper grids (QUANTIFOIL Cu300 R 1.2/1.3, Quantifoil Micro Tools), incubated for
30 s, blotted, stained with 3.5 ul 2% (w/v) uranyl acetate for 30 s, blotted again, and air-dried
for at least 2 h. All samples were imaged using a Talos L120C electron microscope (Thermo
Fisher Scientific) at 120 kV on a Ceta Detector.

For quantification of uniform protein coat formation, the number of gaps per GBP1-
coated liposomes was assessed in a blinded experiment. For each construct (GBP1 wild-type
and A207-223), 100 micrographs of single liposomes were collected randomly and gaps within
the protein coat were counted by seven independent experimenters. Averages were calculated

and the P values were derived by an unpaired #-test.

3.4.2 Cryo-electron microscopy

3.4.2.1 Grid preparation

Membrane-bound GBP1 oligomers were prepared in Assay buffer A in the presence of
200 uM GDP, 300 uM AICIl; and 10 mM NaF (GDP+AIFy) as described in 3.4.1. Prior to
plunge-freezing, 5 nm gold fiducial beads were added to the samples at 1:40 ratio. 4 ul of
undiluted sample was applied on glow-discharged UltrAuFoil R 2/2 gold grids (Quantifoil
Micro Tools), back-blotted for 2 s, flash-frozen in liquid ethane using a Vitrobot Mark II device
(FEI), and stored under liquid nitrogen conditions. Soluble GBP1 polymers were assembled by
incubating 5 uM farnesylated GBP1 with 200 uM GDP, 300 uM AICl3 and 10 mM NaF
(GDP-+AIFy) in Assembly buffer A for 20-30 min at RT. 4 pul of undiluted sample was applied
on glow-discharged UltrAuFoil R 1.2/1.3 gold grids (Quantifoil Micro Tools), back-blotted for
2 s, flash-frozen in liquid ethane using a Vitrobot Mark II device (FEI), and stored under liquid
nitrogen conditions. Grids were screened and optimized using a Talos L120C electron

microscope (Thermo Fisher Scientific) at 120 kV on a Ceta Detector.
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3.4.2.2 Cryo-ET data collection

For membrane-bound GBP1 oligomers, a total set of 104 tilt series was imaged on a
Titan Krios G3i electron microscope (Thermo Fisher Scientific) operated at 300 kV. Tilt series
of +/- 60° were acquired at magnification of 42,000x (1.1 A per pixel in super-resolution mode)
using SerialEM with a Hybrid-STA (Sanchez et al., 2020). Frame stacks with an exposure dose
of 2.8 e/A? for non-zero tilted projection and 14.4 e/A? for zero tilted projection were recorded
on a Gatan K3 electron detector. Defocus values varied from -2.0 um to -5.0 um. Detailed

experimental information is summarized in Appendix B.

3.4.2.3 Cryo-ET image processing and tomogram reconstruction

Image processing and tomogram reconstruction of GBP1-coated liposomes was carried
out in collaboration with Xiaofeng Chu (Kudryashev Lab, Max-Delbriick-Center, Berlin). Raw
images output were directly fed to TomoBEAR (Balyschew et al., 2023), a workflow engine
for streamlined processing of cryo-electron tomographic data for subtomogram averaging.
Briefly, the TomoBEAR pipeline was described as follows (see Figure 11): raw images were
sorted according to different tilt series, MotionCor2 (Zheng et al., 2017) was used for correcting
beam-induced motion, IMOD (Kremer et al., 1996) was used for generating tilt stacks, fiducial
beads were detected by Dynamo (Castano-Diez et al., 2012), GCTF (Zhang, 2016) was used

for defocus estimation, IMOD was then used for fiducial model refinement and tomographic

B
tomoBEAR

file rename and sorting
s motion correction by MotionCor2
° tilt image normalization

tilt stack generation by IMOD

] fiducial marker detection by Dynamo

stack cleanning

tilt stack generation by IMOD

fiducial model refinement by IMOD

ctf estimation by GCTF

tomogram reconstuction by IMOD

Figure 11. Cryo-ET image processing workflow. (A) Raw images output from electron microscope.
(B) Pipeline of processing and reconstruction executed by TomoBEAR (Balyschew et al., 2023).
(C) Snapshot of the reconstructed tomogram (upper panel) and enlarged view of the marked GBP1
covered vesicle (lower panel). Figure was prepared and provided by Xiaofeng Chu (Kudryashev Lab,
Max-Delbriick-Center, Berlin).
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reconstruction. Coordinates for sub-tomograms were manually generated in Dynamo by
DipoleSet models to describe vesicular geometry. Each liposome was handled as a dipole with

a center and a radius which could output the coordinate of the membrane surface.

3.4.2.4 Subtomogram Averaging

Subtomogram Averaging (STA) was performed by Xiaofeng Chu (Kudryashev Lab,
Max-Delbriick-Center, Berlin). The STA pipeline of membrane-bound GBP1 is summarized in
Appendix C. Segments were cropped and classified by Dynamo using coordinates of the
membrane surface (see 3.4.2.3). Preliminary classification was executed with 70,160 segments
and six classes at pixel size of 17.6 A. Four classes with clear density of membrane and GBP1
protein were selected (46,782 segments). Selected segments were further classified into six
classes at pixel size of 4.4 A. Subsequently, a class of 6,145 segments with clear GBP1 density
was selected for the Dynamo 3D refinement which resulted in a map of membrane-bound GBP1
dimers at a moderate resolution of ~26 A. Resolution and Fourier Shell Correlation curve was

computed as described by Scheres and Chen (2012).

3.4.2.5 Cryo-EM data collection

A set of 6,483 micrographs of soluble GBP1 polymers were acquired on a Titan Krios
G3i electron microscope (Thermo Fisher Scientific, 300 kV) at magnification of 81,000x
(0.53 A per pixel in super-resolution mode) using EPU (Thermo Fisher Scientific). Frame
stacks with an exposure dose of 1.165 e/A? were recorded on a Gatan K3 electron detector
using defocus values between -0.7 pum and -2.0 um. Detailed experimental information is

summarized in Appendix B.

3.4.2.6 Single particle analysis

For single particle analysis (SPA) of polymeric disks, dose-fractionated image stacks
were subjected to MotionCor2 (Zheng et al., 2017) and CTFFIND4 (Rohou and Grigorieft,
2015) in Relion4.0 (Kimanius et al., 2021). An initial particle set of 101,449 particles (4.24 A
pixel size) was generated by manual and template-based particle picking in Relion4.0 followed
by 2D classification rounds for cleaning. Afterwards, 3D classification using an initial
reconstruction of a particle subset was performed and best classes were selected (53,452
particles). Following several rounds of 3D classification using a manual created low-pass
filtered map of one planar disk lacking GED domains, a final set of 15,952 particles allowed
for an initial low-resolution 3D reconstruction (~37 A) of stacked polymeric disks without
applying symmetry, displaying the general composition of its assembly. The SPA workflow for
polymeric GBP1 disks is summarized in Appendix D.
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4 Results

4.1 Sample preparation for cryo-electron microscopy

Highly pure protein, optimized sample conditions, and optimal conditions cryo-EM grid
preparation are key aspects of any successful protein structure determination by cryo-electron
microscopy (cryo-EM). This chapter deals with the purification process of Hiss-tagged
farnesylated human GBPI, the optimization of GBP1 coat formation on liposomes, and the

screening of optimal grid conditions for cryo-EM data acquisition.

4.1.1 Protein purification of GBP1

Human GBP1 co-expressed with human farnesyltransferase (FTase) has been shown to
be farnesylated in vivo in an E. coli expression system (Fres et al., 2010; Sistemich and
Herrmann, 2020). Alternatively, GBP1 can be farnesylated in vitro by enzymatic modification
using purified FTase and non-farnesylated GBP1 (Dickinson et al., 2023; Sistemich and
Herrmann, 2020), both as described in 3.3.1. Farnesylated GBP1 was purified by immobilized
metal affinity chromatography (IMAC) followed by hydrophobic interaction chromatography
(HIC) and size exclusion chromatography (SEC). Representative results of the purification
process are shown in Figure 12. As reported and validated by Fres et al. (2010) and Sistemich
and Herrmann (2020), the pooled fractions of the HIC (~75 mS/cm) represent farnesylated
GBPI1, while non-farnesylated GBP1 together with FTase elute at reduced salt concentration
(~45 mS/cm). This way, farnesylated protein was successfully purified from non-farnesylated

protein.

All farnesylated GBP1 constructs used for biochemical assays and negative-stain EM
analysis in this thesis were purified following the same in vivo farnesylation protocol. Protein
used for cryo-EM studies in this thesis has been purified by my collaboration partner Dr. Paul
Lauterjung (Ruhr University Bochum) according to the in vitro farnesylation protocol as
specified in 3.3.1, in order to maximize farnesylation efficiency. For detailed biochemical

studies, purified protein was labeled with fluorescence probes as described in 3.3.2
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Figure 12. Protein purification of farnesylated GBP1. Representative SDS-PAGE (A-C) and
chromatograms (D-E) for the invivo farnesylation method by co-expression with human
farnesyltransferase (FTase). (A) Overexpression of GBP1 upon IPTG induction in E. coli BL21 (DE3).
(B) Immobilized metal affinity chromatography (IMAC) using Ni Sepharose HP resin. SN: supernatant,
FT: flow-through, W: wash, E: elution. (C) Final product and loading controls. 5 pug final protein was
loaded in the last lane. (D) Hydrophobic interaction chromatography (HIC) following IMAC. Elution
by decreasing salt concentration ((NH4)2SOs4). Pooled fractions for size exclusion chromatography
(SEC) are marked with a black line. (E) Size exclusion chromatography (SEC). Pooled fractions of the
final protein are marked with a black line.
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4.1.2 Optimization of GBP1 coat formation on liposomes

GBP1 has been shown to form a protein coat on gram-negative bacteria and artificial
liposomes, the so-called coatomer (Kutsch et al., 2020; Piro et al., 2017; Shydlovskyi et al.,
2017; Sistemich et al., 2021). For a structural analysis of the membrane-bound GBP1 coatomer,
protein coat formation was analyzed on liposomes derived from two brain lipid mixtures (Folch
extract and Brain Polar Lipid extract, BPL) using liposome co-sedimentation assays (see 3.3.3
and 3.3.4). Since the GED opening of GBP1 including the release of its farnesyl moiety strongly
depends on binding and hydrolysis of GTP (Shydlovskyi et al., 2017; Sistemich et al., 2021;
Sistemich et al., 2020), binding to liposomes was tested in the presence of different nucleotides
(Figure 13). Sedimentation of GBP1 was observed in the presence of GTP and the GTP
transition state analogue, GDP+AlFy, but not in the presence of GDP or the non-hydrolysable
GTP analogues, guanosine 5'-O-[y-thio]triphosphate (GTPyS) and guanosine-5'-[(B,y)-
imido]triphosphate (GMPPNP). Sedimentation was not dependent on the presence of liposomes
as reported previously (Fres et al., 2010; Shydlovskyi et al., 2017), suggesting the formation of

non-membrane-bound, ‘soluble’ polymers which can also be sedimented (Figure 13).
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Figure 13. Liposome co-sedimentation assay. GBP1 was incubated with indicated nucleotides and
respective liposomes of brain-derived lipid extracts. SN: supernatant fraction, P: pellet fraction.

To distinguish between liposome binding and liposome-independent polymer
formation, a FRET-based liposome-binding assay with donor-labeled GBP1 and acceptor-
labeled liposomes was employed (see 3.3.5). Prominent changes in the FRET efficiency
indicating membrane binding were only observed when BPL liposomes and GDP+AlFx were
used (Figure 14A). At GBP1 concentration greater than 10 uM, the FRET signal saturated
indicating full coating of the liposomes (Figure 14B).
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Figure 14. FRET-based liposome binding assay. (A) Ratiometric FRET efficiencies of GBP1-
Q577C-AF488 (donor) incubated with indicated liposomes supplemented with Liss Rhod PE (acceptor)
and indicated nucleotides. Data from three independent replicates are shown as mean =+ SD.
(B) Concentration dependency of GBP1 binding to liposomes. Acceptor intensity of varying GBP1-
Q577C-AF488 (donor) concentration at constant BPL liposome concentration supplemented with
Liss Rhod PE (acceptor).

Indeed, in negative-stain transmission electron microscopy (TEM, 3.4.1), a stable
protein coat was only observed for BPL liposomes in the presence of GDPAlFx (Figure 15).
In rare cases, soluble polymers have been found to be attached to protein-coated BPL liposomes
(Figure 16). In contrast, in the presence of liposomes constituted by Folch lipids, liposome-

independent polymer formation was favored over membrane binding.

Regarding the differences in protein reconstitution between the two used brain extracts,
there is no detailed information about their composition in literature or provided by the
suppliers. Brain polar lipid (BPL) extract is derived from a total lipid extract by precipitation
with acetone, which is not done in the Folch extraction procedure (Folch et al., 1957). Acetone
precipitates phospholipids, while, for example, glycolipids and other simple lipids dissolve
readily in acetone (Hanahan et al., 1951). To study the differences between Folch and BPL
liposomes, acetone precipitation with the Folch extract was performed according to Hanahan et

al. (1951). However, there was no significant improvement in liposome-binding with lipids

GTP GDP-AlFx GTP 7 GDP-AIlFx

Figure 15. Negative-stain TEM of GBP1 reconstitution. Arrows indicate stable GBP1 coat, arrow
heads represent soluble polymers of GBP1. Scale bars are 100 nm.
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Figure 16. Rare binding events of soluble polymers to coated BPL liposomes. Oligomerization
initiated with GDP+AlF,. Arrows: attached polymers. Arrow heads: soluble polymers/disks. Scale bars
as indicated.

derived from this procedure (Figure 17). Next, specific lipids were supplied to Folch liposomes
and tested whether they may rescue GBP1-binding. Since GBP1 has a C-terminal polybasic
motif (**¥*RRR>*) which is required for binding to bacteria (Kutsch et al., 2020; Piro et al.,
2017), supplementation of lipids with negatively charged head groups
(10% phosphatidylinositol-4,5-bisphosphate or 10% phosphatidyl-serine) was tested in the
FRET-based liposome binding assay. However, this did not increase GBP1 binding (Figure 17).
Finally, Folch lipids were supplemented with 25% cholesterol in order to modulate membrane
fluidity and elasticity. Indeed, this approach increased membrane-binding and FRET efficiency
in the Folch mixture almost to the same level as seen for BPL liposomes. This may indicate that

high membrane fluidity and elasticity promote GBP1 binding to liposomes.
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Figure 17. FRET-based liposome binding assay for probing differences between BPL and Folch
lipids. Ratiometric FRET efficiencies of GBP1-Q577C-AF488 (donor) incubated with indicated
liposomes supplemented with Liss Rhod PE (acceptor) and indicated nucleotides. DOPS: 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine. PI(4,5)P2: phosphatidylinositol-4,5-bisphosphate. AcetonPrecip:
acetone precipitation. Data from three independent replicates are shown as mean + SD.
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4.1.3 Screening of optimal cryo-EM grid conditions

Having optimized the reconstitution of pure, farnesylated GBP1 on liposomes, different
conditions for preparing cryo-EM grids were probed. First, GBP1-coated liposomes were
applied on carbon-coated grids at the same protein concentration and buffer composition as in
the oligomerization reaction (see 3.4.2.1). Although some of the liposomes clustered within the
holes, these conditions were already found to be suitable for cryo-electron tomography
(cryo-ET). However, during data acquisition of tilt series, the high electron dose caused the
carbon of the grids to deteriorate, especially at high tilt angles, which made this data less
suitable for further image analysis. Switching to UltrAuFoil R 2/2 gold grids resolved this issue
and provided a cryo-ET tilt series dataset suitable for tomogram reconstruction and

subtomogram averaging.

Second, cryo-EM grid conditions for soluble polymers observed in Figure 15 were
optimized to acquire a single particle data set. In a first attempt, increasing protein
concentrations ranging from 10 uM to 40 uM were screened on carbon-coated grids. In all
tested conditions, the carbon was coated with particles and most of the holes were found empty.
In cases where there were particles in the ice, clustering and preferred orientation were
observed. Systematic attempts were made to reduce particle clustering and the attachment of
the particles to the carbon support. This included increasing the ionic strength using NaCl
concentrations up to 300 mM, increasing the acidity by lowering the pH to pH 5.0, and
performing a second sample application step after blotting to saturate the carbon support first.
However, no improvement was observed, and most holes remained empty, only a few showed
either large protein clusters or had too few particles in it. Changing from carbon-coated grids
to UltrAuFoil R 1.2/1.3 gold grids reduced the number of empty holes and improved the overall
number of single particles in the holes, though partial clustering and preferred orientation
persisted. These grid conditions were used for a cryo-EM single particle dataset (see exemplary

micrograph in section 4.2.2).
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4.2 Cryo-electron microscopy of GBP1 oligomers

GBP1 has been shown to assemble into large oligomers in solution and on lipid
membranes (Kuhm et al., 2023; Shydlovskyi et al., 2017; Sistemich et al., 2021; Sistemich et
al.,2020; Zhu et al., 2024), but detailed structural insights into the oligomeric states are missing.
Applying cryo-ET imaging and subtomogram averaging of GBP1-coated liposomes as well as
single particle cryo-EM imaging of polymeric GBP1 in solution, this section focuses on the

overall architecture of GBP1 oligomers.

Conditions for sample and grid preparation were optimized as described in 4.1.2 and
4.1.3. A set of 115 cryo-ET tilt series was collected for the membrane-bound GBP1 coatomer
and reconstructed into tomograms together with my collaboration partner Xiaofeng Chu (see
3.4.2.2 and 3.4.2.3). For single particle cryo-EM imaging of soluble GBP1 polymers, 6,483

micrographs were acquired as described in 3.4.2.5.

4.2.1 Overall architecture of the membrane-bound GBP1 coatomer

In the reconstructed cryo-ET volumes of BPL liposomes, the GDP+AlFx-bound GBP1
coatomer was well recognizable (Figure 18A). The protein coat had an average height of
28.3 nm + 1.6 nm (Figure 18B), which agrees well with the theoretical dimension of a dimeric,
outstretched GBP1 dimer (~28.8 nm, Figure 18C). Subtomogram averaging of 70,160 segments
picked along the liposome surface was performed by my collaboration partner Xiaofeng Chu
and resulted in a map of membrane-bound GBP1 dimers at a moderate resolution of ~26 A
(Figure 19A, Appendix C). The dimension of the density corresponded to the outstretched
conformation of dimeric GBP1. Although the map did not allow for a detailed molecular fitting
of the GBP1 dimer, it suggested the potential oligomerization interfaces (Figure 19B). Based
on the absence of density outside the dimer, the MD and GED were apparently not involved in
higher order assembly. However, it cannot be excluded that the potentially existing, weak
interactions between these domains may have been averaged out as a result of a high flexibility
within the oligomer. In contrast, the dimeric LG domains displayed lateral contacts mediating

the formation of a two-dimensional protein lattice.
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Figure 18. Analysis of the membrane-bound GBP1 coatomer. (A) Cross section of the cryo-ET
volume of GBP1-coated BPL liposomes. Scale bar is 100 nm. (B) Quantification of the coatomer height.
22 coated liposomes at five random positions were analyzed by measuring the distance from the lipid
membrane to the very top of the coatomer (n=110). Average is shown as mean + SD. (C) Theoretical
length of outstretched GBP1. Left: GBP5-AGED dimer in complex with GDP+AlF, (PDB 7e5a), Right:

GBPI in apo state (PDB 1dg3).
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Figure 19. Architecture of the membrane-bound GBP1 coatomer. (A) Subtomogram averaging
result of the GBP1 coatomer, done by Xiaofeng Chu (Max Delbriick Center). Coatomer height (n=110,
mean + SD) correlates with theoretical length of an outstretched dimeric GBP1 model, generated as
SWISS-MODEL (Waterhouse et al., 2018) based on the published crystal structure of GBP5-AGED
combined with the AlphaFold2 prediction (Jumper et al., 2021; Mirdita et al., 2022) of the dimeric MD
and GED of GBP1 (see 3.3.13). (B) Side and top view slices of the subtomogram averaging result.
Dashed lines indicate the respective slice position. The outstretched dimeric GBP1 model is fitted into
the protein densities.

4.2.2 Overall architecture of soluble GBP1 polymers

In the absence of lipid membranes and presence of GDP+AlFx, GBP1 polymerized into
stable disk-like structures with an outer diameter of 58.7 nm+ 1.0 nm (Figure 20A, B)
consistent with recently reported findings (Kuhm et al., 2023; Shydlovskyi et al., 2017). Aiming
to obtain an overview of the polymeric assembly, single particle cryo-EM imaging was
performed. Particles of polymeric disks were highly heterogeneous and allowed only for a low-
resolution 3D reconstruction at a resolution of ~37 A, which nevertheless provided a basic
understanding of the discs’ architecture (Figure 20C, Appendix D). 30 subunits arrange into a
planar ring-like structure and show a prominent central density connecting to the outer ring via
faint protein densities. The distance between the outer and inner ring was ~28 nm, corroborating
with the dimension of the dimeric GBP1 model in its open outstretched conformation. In this
orientation, the farnesyl moieties constitute the central ring-like density with a pore size of few
nanometers in diameter, whereas the LG dimers assemble in the peripheral ring. Faint protein
densities next to one LG dimer match the dimension of the MD (~8 nm) and the diffused
densities between the MD and the prominent density of the C-terminal farnesyl ring match the
dimensions of the GED (~15nm), suggesting that GBP1 dimers in the outstretched
conformation are the building blocks of the polymers. The model further indicates that

interdimeric interfaces are established between LG domains laterally. 2D classification of short
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tubular structures in side views further showed that larger oligomeric assemblies are apparently
formed by stacking of planar disks (Figure 20D). The distance between two disks was ~8 nm
which agrees well with the dimension of two stacked GBP1 dimers (Figure 20E). Although the
largest 3D class from classification supports a stacking mechanism, minor populations within
2D classes appear offset, suggesting that at least some particles or regions have helical
symmetry (Appendix D). Together, both the membrane-bound and polymeric state reveal an
outstretched dimeric conformation of GBP1, and regions at the periphery of the LG domain

dimer contribute to the higher-order oligomeric assembly.
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Figure 20. Architecture and analysis of soluble GBP1 polymers. (A) Cryo-EM micrograph of
polymeric assembly into disk-like structures. Arrow: planar disk in top view, arrow head: stacked disks
in side view. Scale bar is 100 nm. (B) Quantification of the diameter of disks in top view and stacks in
side views (n=25). Averages are shown as mean =+ SD. (C) Z-slice of the GBP1 polymer 3D
reconstruction. Individual building blocks are labeled and the outstretched dimeric GBP1 model is fitted
into the protein densities. Dimensions of individual protein domain densities are indicated and correlate
with the disk diameter (n=25, mean = SD). (D) 2D classes of stacked polymeric disks. The outstretched
dimeric GBP1 model is placed into the protein densities. The diameter (n=25, mean £+ SD) and the stack
height are indicated. Top: three stacks, bottom: five stacks, arrow: middle pore. Scale bars are 20 nm.
(E) 2D class of stacked polymeric disks modeled with the outstretched GBP1 dimer model. Distances
between the LG domain and MD of two stacks were determined at Co atoms of indicated amino acids.
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4.3 The peripheral helix a4’ in the LG domain mediates oligomerization

Both medium-resolution structures of the membrane-bound GBP1 coatomer and soluble
GBP1 polymers obtained by cryo-electron microscopy suggested that lateral interaction
between dimeric LG domains build the oligomeric interface. In this section, this oligomeric

interface was biochemically characterized in a structure-function approach.

4.3.1 Re-analysis of structural transitions from the monomeric to dimeric state

To delineate the oligomerization interfaces within the GBP1 oligomer via the LG
domains, previously described structural transitions from the monomeric apo to the dimeric,
assembly-competent GDPeAlFx-bound state were re-analyzed (Ghosh et al., 2006; Prakash et
al., 2000b). A prominent structural rearrangement was observed for helix a4’ at the distal side
of the G interface that shifts by ~9 A to avoid a steric clash with the opposing LG domain
(Figure 21). As this structural transition is induced by dimerization, helix a4’ was considered
as suitable candidate for establishing the lateral interface between two LG domain dimers of

the outstretched GBP1 conformation.
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Figure 21. Structural transitions of the LG domain upon dimerization. (A) Outstretched dimeric
GBP1 model (see Figure 19) with the LG dimer highlighted in the box. Structure of the (B) LG dimer
(GDP-AlFx-bound, PDB 2b92) and (C) superimposition of the GDP+AlFs-bound (PDB 2b92) and the

apo state (PDB 1dg3, transparent). The structural rearrangement of helix a4’ is highlighted in the box.
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4.3.2 Design of helix a4’ variants with Gly-Ser substitutions

In order to probe whether the observed motion might also generate an oligomeric contact
site upon dimerization, GBP1 variants in which specific parts of the protruding helix a4’ were
exchanged with a glycine-serine linker were designed based on structural predictions

(Figure 22).
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Figure 22. Design of helix a4’. Sequence of GBP1 with respective constructs marked (top). Close view
of helices a4, o4’, and the K-Loop with start (K207) and respective end positions (S213, D216, R223)
of wild-type GBP1 (lower left), and AlphaFold2 predictions (Jumper et al., 2021; Mirdita et al., 2022)
of the constructs showing the respective regions replaced by GGGS-linkers (lower right). A207-213
contains two GGGS repeats due to a longer distance.

Analytical size-exclusion chromatography (SEC) and circular dichroism (CD)
measurements confirmed that the overall protein structure was maintained in the helix a4’
variants (Figure 23). As indicated in Figure 23A, there are no significant differences in the
analytical SEC profiles between the a4’ mutants and the wild-type GBP1. As expected, the
RK(227-228)EE mutant eluted earlier in gel filtration compared to wild-type, in line with a
more extended conformation. CD measurements indicated no significant secondary structure
changes of wild-type GBP1 and the a4’ mutants (Figure 23B). Since only the tertiary structure
is altered in GBP1 RK(227-228)EE, the spectrum and secondary structure prediction did not
differ from wild-type GBP1. Hence, the three generated helix a4’ constructs are suitable to use

for further biochemical and structural characterization.
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Figure 23. Helix a4’ protein structure. (A) Analytical size-exclusion chromatography. Wild-type
GBP1 and the open GBP1 mutant RK(227-228)EE were used as references for changes in the overall
protein architecture. The peak of the monomeric wild-type GBP1 species is highlighted in yellow for
comparison. (B) Circular dichroism. Top: CD spectra normalized according to the cell path length,
protein concentration and number of amino acid residues. Bottom: Secondary-structure determination
using CDNN 2.1.

4.3.3 Characterization of soluble polymer formation in the helix a4’ variants

First, the ability of the three designed helix a4’ variants to dimerize and polymerize was
analyzed by using a crosslinking-based approach (Figure 24A, 3.3.7). Without nucleotide (apo),
both non-farnesylated and farnesylated wild-type protein remained in a monomeric state.
Addition of GDPeAlFx led to dimerization of all non-farnesylated constructs, whereas
farnesylated wild-type protein showed a dramatic shift toward higher molecular weight species
at the top of the gel. In addition, the monomeric and dimeric states vanished for wild-type
GBPI1, suggesting that this species represents the crosslinked disks (Figure 20). Like wild-type,
a variant with a Gly-Ser substitution of a lysine-rich loop (the K-loop) preceding helix a4’
polymerized in the presence of GDP+AlFx (construct A207-213), and some dimeric species were
detected. When further substituting parts of helix a4’, the equilibrium shifted from polymers to
dimers, suggesting that GDP+AlFx-induced polymerization, but not dimerization, was impaired.
While the GBP1 A207-216 variant showed reduced polymer formation, polymerization of the
A207-223 variant was mostly abolished.
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Figure 24. Polymerization-deficient helix a4’ variants. (A) Crosslinking assay of helix a4’ variants.
The respective oligomeric states based on molecular weight are indicated. Asterisks indicate successful
polymerization. FAR: farnesylated. (B) Light scattering-based polymerization assay of helix o4’
variants. Polymerization is induced by GTP (top) and GDP+AIF, (bottom). (C) Sedimentation assay of
oligomerization-deficient A207-223 mutant in the absence of lipids. SN: supernatant. P: pellet.
(D) Negative-stain TEM of polymeric disk formation (arrow heads). Scale bars are 500 nm.

Second, using a light scattering-based approach (3.3.8), the polymerization of
farnesylated GBP1 in the presence of GTP and GDP+AlFx was monitored over time. In the
presence of GTP, wild-type GBP1 showed typical polymerization kinetics with an initial lag
phase, which was followed by a strong increase and decrease in light scattering, due to the GTP
hydrolysis-dependent assembly and disassembly of oligomeric structures (Shydlovskyi et al.,
2017; Sistemich et al., 2020) (Figure 24B). In contrast, the three mutants showed only small
increases in light scattering under these conditions. In the presence of GDP+AlF, farnesylated
wild-type GBPI1 steadily polymerized over a time span of 40 min, representing the slow
formation of disk-like structures (Shydlovskyi et al., 2017) (Figure 20). In accordance with the
crosslinking assay, both A207-213 and A207-216 variants polymerized in the presence of
GDP-AlFx, but with slower kinetics. In contrast, GBP1 A207-223 did not polymerize,
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suggesting a crucial role of helix a4’ in oligomer formation. Sedimentation experiments and
negative-stain TEM analysis further supported these findings. While wild-type GBP1 was
sedimented in the presence of GDP+AlFx, the vast majority of mutant A207-223 remained in
the supernatant (Figure 24C). Using negative-stain TEM, polymeric disks were only observed

for wild-type GBP1, but not for the GBP1 A207-223 mutant (Figure 24D).

4.3.4 Characterization of coatomer formation in the A207-223 mutant

Next, the effect of the A207-223 substitution on the formation of the GBP1 coatomer
was investigated. In the monomeric state, helix a4’ is involved in an intramolecular LG:GED
interaction via a salt bridge network between R227/K228 and the four glutamate residues 556,
563, 568, and 575 within helix a12/13 (Vopel et al., 2010) (Figure 25). To address whether the
GBP1 A207-223 variant can adopt the open dimeric state with an accessible farnesyl moiety,
liposome co-sedimentation experiments were performed and revealed that both wild-type
GBPI and the A207-223 variant bound to BPL liposomes (Figure 26A). This implies that the
A207-223 variant like wild-type GBP1 has an accessible farnesyl anchor and can exist in an
open dimeric conformation. Interestingly, the GBP1 A207-223 variant failed to establish a
uniform protein coat on BPL liposomes, but rather formed protein patches on liposomes
resulting in a high number of gaps within the protein coat (Figure 26B, C). This observation
suggests that weaker interactions between GBP1 dimers prevent the formation of a stable
protein coat. Hence, helix 04’ is not only crucial for the oligomerization of soluble GBP1

polymers, but also for the formation of a uniform and stable protein coat on membranes.

Guanine cap
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Figure 25. Intramolecular LG:GED contacts. The crystal structure of full-length GBP1 in the closed
monomeric state (apo, PDB 1dg3) shows a salt bridge network between R227/K228 of helix a4’ (LG)
and the four glutamate residues 556, 563, 568, and 575 of helix a12/13 (GED), stabilizing the closed
conformation (Vopel et al., 2010).
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Figure 26. Coatomer formation of the polymerization-deficient A207-223 mutant.
(A) Sedimentation assay in the presence of BPL liposomes. SN: supernatant. P: pellet. (B) Negative-
stain TEM of GBP1-coated liposomes. Arrow heads indicate gaps within the patched protein coat. Scale
bars are 100 nm. (C) Quantification of gaps within the protein coat per liposome (n=100) in negative-
stain TEM micrographs in a blinded experiment. Data are averages from seven independent
experimenters and are represented by mean + SD. Significance was derived by an unpaired #-test.
**EP <0.001.
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4.4 Helix a4’ is crucial for GDP hydrolysis

Since GBP1 polymerization is dependent on GTP and GDP hydrolysis (Figure 24B)
(Shydlovskyi et al., 2017), GTP binding affinities and GTPase activities were determined for
the helix a4’ mutants (see 3.3.9 and 3.3.10). Affinities of the helix a4’ mutants for binding a
non-hydrolysable, fluorescently labelled GTP analogue resembled that of wild-type GBP1
(Figure 27A). Furthermore, all helix a4’ mutants retained their ability to hydrolyze GTP;
however, GDP hydrolysis and thus GMP production was abolished for all of them
(Figure 27B, D). Wild-type GBP1 showed a concentration-dependent increase in specific
GTPase activity that can be explained with a dimerization-dependent, cooperative hydrolysis
mechanism (Ghosh et al., 2006). The apparent K, for wild-type GBP1 dimer formation was
1.9 uM with a maximum catalytic GTPase activity, kmax of 55.3 min™!. The catalytic GTPase
activity of the A207-223 variant was increased 1.7-fold compared to wild-type, presumably due
to the lack of steric restrains within the dimer, while the apparent K, of the mutant resembled
that of wild-type (Figure 27C). Also, the GBP1 A207-213 and A207-216 variants retained a
similar cooperative GTPase activity to wild-type GBP1 with a slightly reduced dimerization

affinity (1.8-fold and 3.0-fold lower affinity for A207-216 and A207-213, respectively).

While full-length GBP1 cannot utilize GDP when provided as a substrate, but only from
preceding GTP hydrolysis, the isolated LG domain lacking the auto-inhibiting GED shows
GDP-induced dimerization and an increased GDPase activity (Ince et al., 2021). To explore
why the helix a4’ mutants produce less GMP than wild-type GBP1, assembly and GDPase
activity of the isolated LG domains were determined (see 3.3.10 and 3.3.11). As expected, the
wild-type LG domain eluted as a monomer in the absence of nucleotide (apo), but efficiently
dimerized in the presence of GDP+AlFx and GMP+AlFx, mimicking the first and second GTP
hydrolysis step, respectively (Figure 28A). Also, the a4’ variants were monomeric in the apo
state and dimerized in the presence of GDP+AlFx. However, they did not form dimers in the
presence of GMPeAlFy (Figure 28A). When offering GDP as substrate, the a4’ variant LG
domain constructs showed a drastically reduced catalytic GDPase activity as compared to the
wild-type LG (Figure 28B), even though the binding affinities toward mant-GDP resembled
that of wild-type (Figure 28C). These data indicate that GTP-induced dimerization and the
subsequent GTP hydrolysis is not affected by mutations in helix a4’. However, mutations in

o4’ promote LG dimer dissociation upon the first GTP hydrolysis step.
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Figure 27. GTP binding affinities and GTPase activities of helix a4’ variants. (A) Nucleotide
binding. Fluorescence of mant-GMPPNP (0.5 uM) at varying GBP1 concentration for indicated
constructs. Data points are averages from three independent experiments and are represented by
mean + SD. Equilibrium dissociation constants K; were calculated by fitting a quadratic equation to data
using eq. 3.6. WT data in Figure 27A, Figure 33C, Figure 35A are derived from the same experiments
performed with all constructs in parallel and provided here for comparison. (B) GTP hydrolysis (left),
GDP production (middle), and GMP production (right) of 2 uM wild-type GBP1 and respective helix
o4’ variants derived from two independent experiments. (C) Specific activity of cooperative GTP
hydrolysis. Initial hydrolysis rates (n=2) were normalized to the protein concentration and plotted
against protein concentration. Dimer dissociation constants, Ky, and maximum catalytic GTPase
activities, kmax, were calculated by fitting a quadratic equation to data using eq. 3.7. (D) End product
formation of GTP hydrolysis for GBP1 helix a4’ constructs after 30 min (n=3, mean + SD). WT data
in Figure 27D, Figure 33B, Figure 35B are derived from the same experiments performed with all
constructs in parallel and provided here for comparison.
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Figure 28. GDPase activities and GDP binding affinities of isolated LG domains for helix a4’
variants. (A) Analytical size-exclusion chromatography of isolated LG domains. Dimeric fractions are
highlighted in blue, monomeric fractions in yellow. (B) Specific activity of cooperative GDP hydrolysis
of isolated LG domains. Initial hydrolysis rates (n=2) were normalized to the protein concentration and
plotted against protein concentration. Upper panel: the dashed line represents a fit for WT using eq. 3.7
(Ka=110 uM = 50 uM, kyar = 120 min! + 40 min™). Lower panel: dashed lines are a guide to the eye.
(C) Nucleotide binding. Fluorescence of mant-GDP (0.5 uM) at varying GBP1 concentration for
indicated isolated LG domain constructs, as described in the legend of Figure 27A.
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4.5 Helix a4’ is crucial for GBP1 binding to pathogenic bacteria

In fighting off bacterial invaders, GBP1 establishes a stable protein coat on the surface
of bacteria (Kutsch et al., 2020; Piro et al., 2017). To characterize the biological relevance of
helix a4’, an in vitro binding assay of fluorescent labeled GBP1 to a gram-negative bacterial
pathogen was performed in collaboration with Dr. Miriam Kutsch (Heinrich Heine University

Diisseldorf), who performed the in vitro binding assays and analyses (see 3.3.12).

While wild-type GBP1 formed a stable protein coat around pathogenic E. coli, the mutants
showed impaired capacity in encapsulating bacteria (Figure 29, Figure 30). For the A207-213
and A207-216 variants, binding to the surface of gram-negative bacteria was reduced and small
protein spots on the bacterial surface instead of a continuous protein coat were observed at early
time points (Figure 30). Even though the A207-223 variant was still able to bind to artificial

liposomes (Figure 26), it completely failed to form a protein coat on pathogenic E. coli. Since
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Figure 29. In vitro binding assay of GBP1 helix a4’ variants. (A) Confocal microscopy images of
fluorescent labeled wild-type GBP1 and helix a4’ variants (magenta) targeting pathogenic E. coli
(DSM1103) expressing eGFP (green). Representative WT images in Figure 29A, Figure 34C and
Figure 36A are identical and derived from the same experiments performed with all constructs in
parallel. (B) Quantification of GBP1-targeted (GBP1") bacteria in in vitro binding assay after 30 min.
Graphs are averages from three independent experiments and are represented by mean + SD. One-way
ANOVA with Dunnett’s multiple comparisons test comparing to GBP1 WT" bacteria was used, all
statistically significant comparisons are shown. ***P < (0.001. WT data in Figure 29B, Figure 34D and
Figure 36B are derived from the same experiments performed with all constructs in parallel and
provided here for comparison. Experiment and analysis were performed by Dr. Miriam Kutsch (Heinrich
Heine University Diisseldorf), with proteins provided by me.
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the formation of soluble polymers is affected in these variants (Figure 24), not membrane
binding per se, polymerization via the helix a4’ interface seems to be a prerequisite for GBP1
binding to the surface of gram-negative bacterial pathogens and hence, for establishing an

antimicrobial protein coat.
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Figure 30. GBP1 binding to gram-negative bacterial pathogens over time. Time-lapse confocal
microscopy of fluorescent labeled wild-type GBP1 and helix a4’ variants (magenta) targeting
pathogenic E. coli (DSM1103) expressing eGFP (green). Scale bars are 5 um. Time points are in
minutes. Arrow heads point to representative stable protein coats around bacteria; arrows point to
representative single protein spots on the surface of bacteria. Experiments were performed by
Dr. Miriam Kutsch (Heinrich Heine University Diisseldorf), with proteins provided by me.
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4.6 A coordinated movement of helix a4’ and helix a3 mediates nucleotide
hydrolysis

Helix 04’ has been identified to contribute to the oligomeric interface of GBP1 and
undergoes structural rearrangement upon nucleotide hydrolysis, crucial for GDP hydrolysis and
binding to pathogenic bacteria. This chapter focuses on how this structural rearrangement is

coordinated within the LG domain and how oligomerization is related to this.

4.6.1 Re-analysis of nucleotide-dependent structural transitions

Further analyzing the nucleotide-dependent structural transitions of the GBP1 LG
domain for the available nucleotide states (Ghosh et al., 2006; Prakash et al., 2000b), a coupled
motion of helix 04’ and the adjacent helix a3 was observed, while the latter of which
contributes to the dimerization interface (Figure 31). This suggested that dimerization-
dependent structural changes are coordinated between helices a3 and a4’: while a coordinated
o3-04’ movement was apparent upon GTP-induced dimerization from the apo to GMPPNP-
bound state, helix a4’ moves independently of helix a3 from the dimeric GMP<AlFx- to the
GMP-bound monomeric state. Instead, a simultaneous motion of helix a4’ and the guanine cap
was observed between the two states, hinting at a long-range conformational coupling of these
two elements during GDP hydrolysis. Upon nucleotide release, helices a3-a4’ simultaneously

move back toward a closed conformation.

Analysis of these structural transitions further identified a salt bridge between Lys234
of the 6 strand and Asp199 located in helix a4, which may couple the motions of helix a4’
with the guanine cap (Figure 31). This was reminiscent of a lever motion, with the salt bridge

of Lys234-Asp199 acting as the pivot point.
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Figure 31. Nucleotide-dependent structural transitions in the GTPase cycle of GBP1. Transitions
of structural elements of the GBP1 LG domain are visualized by superimposing (i) the GMPPNP-bound
(PDB 2bc9) and GDPeAlFi-bound state (PDB 2b92, transparent), (ii) the GDPe+AlFs-bound and
GMP+AlFs-bound state (PDB 2b8w, transparent), (iii) the GMP+AlFs-bound and GMP-bound state
(PDB 2d4h, transparent), (iv) the GMP-bound and apo state (PDB 1dg3, transparent), and (v) the apo
and GMPPNP-bound state (transparent). The salt bridge between D199 and K234 is shown. Note that
the guanine cap is disordered in the apo state.
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4.6.2 Design and characterization of mutants interfering with the coordinated
helix a3-a4’ motion

Next, two mutants were designed to evaluate the hypothesis that dimerization-dependent
structural changes are coordinated between helices a3 and a4’. One mutant should lock helix
o4’ to helix a3 in a closed state, as observed in the monomeric apo and GMP-bound states. The
other mutant should lock helix a4’ to helix a3 in a more open conformation, as in the dimeric
GMP-AlFx-bound, GDP+AlFx-bound, and GMPPNP-bound conformations. For the locked
state, Met139 in helix o3 was mutated into an aspartate which should form a new salt bridge to
Arg223 within helix a4’ (Figure 32). To stabilize helix a4’ in an open state, Met139 was
mutated into a glutamate which, due to its longer side chain compared to the aspartate, should
introduce a greater distance between the helices. Additionally, by mutating Met139 into an
arginine, a mutant was designed to unlock helix a3 and helix a4’ due to repulsion with the

opposing Arg223.

GMPPNP — GDP-AIF, — GMP-AIF, — GMP —  apo

Pivot point

p6

a3-04’ in “open” state a3-04’ in “closed” state

Figure 32. Coordinated helix a3-04’ movement in different nucleotide states. Structural

rearrangement of helix a3 and a4’ upon nucleotide hydrolysis are displayed and the salt bridge between
D199 and K234 is shown (pivot point). PDB accession codes: GMPPNP (2bc9), GDP+AlFx (2b92),
GMP-AIF, (2b8w), GMP (2d4h), apo (1dg3).

Analytical size-exclusion chromatography of the non-farnesylated mutants validated
GDP+AlFx-dependent locking of M139D in the monomeric state, while M139E was indeed able
to dimerize (Figure 33A). Also, the MI139R mutant dimerized, although with reduced
efficiency. While all three mutants showed similar nucleotide affinities compared to the wild-

type protein, GTP hydrolysis of M139D and M139E was completely abolished (Figure 33B, C);
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Figure 33. Characterization of mutants interfering with the coordinated helix a3-a4’ motion.
(A) Analytical size-exclusion chromatography of M139 mutants. Dimeric fractions are highlighted in
blue, monomeric fractions in yellow. (B) End product formation of GTP hydrolysis for M139 mutants
after 30 min (n=3, mean + SD), as described in the legend of Figure 27D. (C) Nucleotide binding for
M139 mutants. Fluorescence of mant-GMPPNP (0.5 uM) at varying GBP1 concentration for indicated
constructs, as described in the legend of Figure 27A.

even though preventing the release of the GED by crosslinking to helix a4’ still allowed for
GTP but not GDP hydrolysis (Ince et al., 2021). The M139R mutant, however, hydrolyzed GTP
but failed to hydrolyze GDP, suggesting a specific deficit in the second hydrolysis step.

Interestingly, in the farnesylated state, GDP+AlFx-dependent dimerization and higher
order oligomerization of the dimerization-capable mutants M139E and M139R were blocked
(Figure 34A, B). Accordingly, these mutations also abolished binding to pathogenic E. coli and
prevented the formation of a stable protein coat (Figure 34C, D). When the coordinated a3-a4’

motion is hindered as in the designed Met139 mutants, it appears that farnesylated GBP1 fails
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to adopt an open conformation, and thus, oligomerization and coatomer formation are
prevented. A correctly coordinated o3-a4’ motion is therefore required for releasing the
farnesyl-stabilized GED from helix a4’ (Figure 25), allowing GBP1 to fulfill its biological

function in innate immunity.
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Figure 34. Oligomerization of dimerization-capable M139 mutants. (A) Crosslinking assay of M139
mutants. The respective oligomeric states based on molecular weight are indicated. Asterisks indicate
successful polymerization. FAR: farnesylated. (B) Light scattering-based polymerization assay of M139
mutants. Polymerization is induced by GTP (top) and GDP+AlF (bottom). WT data is the same as
shown in Figure 24B and provided here for comparison. (C) Confocal microscopy images of wild-type
GBP1 and M139 mutants targeting pathogenic E. coli, as described in the legend of Figure 29A.
(D) Quantification of GBP1-targeted bacteria in in vitro binding assay, as described in the legend of
Figure 29B. Experiment and analysis in (C) and (D) were performed by Dr. Miriam Kutsch (Heinrich
Heine University Diisseldorf), with proteins provided by me.
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4.6.3 Design and characterization of mutants interfering with the lever motion

To study the potential lever motion and explore a possible function of the pivot point,
the salt bridge between Lys234 and Asp199 was disrupted by mutating the Asp199 to either an
alanine or lysine. Although there was no significant difference in nucleotide affinity
(Figure 35A), both mutations led to a dramatic reduction in GTP hydrolysis and GMP
production as compared to wild-type (Figure 35B). The mutants showed strongly reduced

polymerization upon GTP addition, while dimerization and polymerization for GDPeAIFx-
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Figure 35. Characterization of mutants interfering with the lever motion. (A) Nucleotide binding
for D199 mutants. Fluorescence of mant-GMPPNP (0.5 uM) at varying GBP1 concentration for
indicated constructs, as described in the legend of Figure 27A. (B) End product formation of GTP
hydrolysis for D199 mutants after 30 min (n=3, mean + SD), as described in the legend of Figure 27D.
(C) Crosslinking assay of D199 mutants. The respective oligomeric states based on molecular weight
are indicated. Asterisks indicate successful polymerization. FAR: farnesylated. (D) Light scattering-
based polymerization assay of D199 mutants. Polymerization is induced by GTP (top) and GDP+AlF
(bottom). WT data is the same as shown in Figure 24B and provided here for comparison.
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Figure 36. Oligomerization of pivot point mutants. (A) Confocal microscopy images of wild-type
GBP1 and D199 mutants targeting pathogenic E. coli, as described in the legend of Figure 29A.
(B) Quantification of GBP1-targeted bacteria in in vitro binding assay, as described in the legend of
Figure 29B. Experiment and analysis in (A) and (B) were performed by Dr. Miriam Kutsch (Heinrich
Heine University Diisseldorf), with proteins provided by me. (C) Light scattering-based polymerization
assay of pivot point mutants in presence of lipopolysaccharide (LPS). Polymerization is induced by GTP
and promoted by LPS.

induced assembly were not restricted (Figure 35C, D), indicating that the oligomeric interface
via helix a4’ can still be established. In support of this hypothesis, the pivot point mutants
encapsulated pathogenic E. coli with similar efficiencies as wild-type GBP1, suggesting that
LPS present on the bacterial surface stabilizes GBP1 oligomerization (Kutsch et al., 2020)
(Figure 36A, B). In line with this observation, addition of LPS facilitated GTP-induced

polymerization of the pivot point mutants in a concentration-dependent manner (Figure 36C).

Together, these findings and the published structural data suggest that the nucleotide-
loading status of the LG domain coordinates movements of the guanine cap and/or helix a3-04’

via a pivot point, allowing GBP1 oligomerization.
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5 Discussion

In this study, new and previously described structural data of GBP1 have been
synthesized with biochemical and mechanistic experiments to characterize GBP1’s biological
function in innate immunity and elucidate the activation mechanism for GBP1 oligomerization.
By assembling into large polymers and a membrane-bound protein coat, GBP1 plays a crucial
role in the innate immune response against microbial pathogens. The peripheral helix a4’ in
the large GTPase (LG) domain was proven to be decisive in establishing the oligomeric
interface and facilitating the formation of an antimicrobial protein coat. Results of this thesis
reveal that coordinated movements of structural elements in the LG domain of GBPI1 are a
prerequisite for a nucleotide-driven activation mechanism allowing oligomerization and

membrane binding.

In the following, the architecture of the oligomeric GBP1 building blocks is discussed
in regard to published biophysical and structural data. By combining existing and new structural
and functional information derived from this thesis, a model for a nucleotide-driven activation
mechanism in GBP1 is proposed. In particular, the prominent role of helix a4’ of the large
GTPase domain is discussed. Furthermore, the importance of LPS in facilitating and stabilizing
GBP1 assembly is elucidated and the role of the nucleotide-driven activation mechanism as a
regulatory safeguard in GBP-mediated host defense is emphasized. To conclude, perspectives

for future GBP research are discussed.

5.1 Outstretched, dimeric GBP1 as the oligomeric building block

To date, human GBP1 has been associated with various host defense processes to defeat
bacterial infections. It has been shown that GBP1 oligomerization into soluble polymers boosts
the release of LPS and triggers caspase-4 activation resulting in pyroptosis (Dickinson et al.,
2023; Goers et al., 2023). By establishing an antimicrobial coat on intracellular gram-negative
bacteria, GBP1 breaks down the integrity of the bacterial surface, which promotes antimicrobial
peptide-mediated lysis, blocks actin-driven dissemination, and might provide a platform for
caspase-4 activation (Kutsch et al., 2020; Piro et al., 2017; Santos et al., 2020; Wandel et al.,
2017; Zhu et al., 2024). On a structural level, monomeric GBP1 exhibits a closed auto-inhibited
state and shows no antimicrobial activity. Its decisive role in mediating innate immune

responses to fight off invading cytosolic bacteria relies on its ability to form large protein
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assemblies. However, structural insights into the architecture of these macromolecular
complexes are missing and it has not yet been examined how single building blocks interact

with each other and stabilize the oligomeric conformation.

What is structurally known about GBP1? After the crystal structure of monomeric full-
length GBP1 was described (Prakash et al., 2000a), structural investigations of the isolated large
GTPase (LG) domain of GBP1 revealed for the first time its dimeric conformation in different
nucleotide-loading states (Ghosh et al., 2006). A deeper understanding of how GBP1 dimerizes
and forms oligomers was achieved through a set of elaborated FRET experiments and the
previous observation of soluble GBP1 polymers in negative-stain transmission electron
microscopy (Ince et al., 2017; Shydlovskyi et al., 2017; Sistemich et al., 2021; Sistemich et al.,
2020). The focus of these experiments was mainly set on the GTP hydrolysis-dependent
conformational changes in GBP1 and its membrane-binding ability. The GED which in the
nucleotide-free monomer is bound to the LG domain was shown to prevent dimerization via
the G interface (Vopel et al., 2010). Together, a model for GBP1’s oligomerization mechanism
was proposed in which GBP1 cycles between a closed and open conformation and the opened
GBP1 dimer is incorporated in the polymer. The crystal structure of the GBP5 dimer lacking
the GED (GBP5-AGED) extended this model by showing that the MDs undergo large structural
rearrangements and dimerize in a crisscrossed fashion forming another dimerization interface
(Cui et al., 2021). Cryo-EM studies on full-length GBP1 underpinned this crisscrossed dimeric
conformation (Kuhm et al., 2023). However, due to high flexibility of the GED further
information on the full-length dimeric conformation could not be obtained. Based on these new
findings, a model for GBPI’s oligomerization mechanism evolved but was still missing
important features: what is the architecture of GBP1’s oligomeric states? How are they

stabilized and what part of GBP1 contributes to the oligomeric interface?

In this work, structures for both the membrane-bound and polymeric state were obtained
by cryo-electron microscopy. The results of cryo-ET data presented here demonstrate that
human GBP1 binds to lipid membranes in an open, outstretched conformation (Figure 19).
Within the coatomer, the overall shapes of the LG domain and MD match well with the recently
published crystal structure of the GBP5 dimer (Cui et al., 2021) and the cryo-EM structure of
the GBP1 dimer in complex with GDP+AlFx (Kuhm et al., 2023). In both dimeric structures,
the MDs move by 30° via the hinge region and cross each other. In relation to the data presented
here, this suggests that the coatomer is comprised of dimeric building blocks with crisscrossed

MDs that are extended by elongated GEDs. The GEDs extend in parallel toward the membrane
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surface, allowing the C-terminal farnesyl moiety to insert into the lipid bilayer. The observed
conformation is in accordance with the theoretical dimension of outstretched GBP1 and with
previous biophysical and structural studies predicting an upright orientation of GBP1 on
membranes (Sistemich et al., 2021), and within soluble polymers (Peulen et al., 2023;
Shydlovskyi et al., 2017; Sistemich et al., 2020). In the absence of lipid membranes,
outstretched GBP1 dimers polymerize into planar disk-like structures of 30 building blocks
(Figure 20). Polymeric disks, in turn, might stack into larger tubular structures, as also reported
recently (Shydlovskyi et al., 2017; Sistemich et al., 2020). The observed preference of
membrane-independent oligomerization for Folch liposomes versus BPL may reflect the
consumption of soluble oligomers at the expense of coatomers in the presence of BPL
liposomes. Together with the observed rare binding events of GBP1 polymers to BPL liposomes
(Figure 16), these findings might correlate with a recent model by Kutsch et al. (2020)
proposing that GBP1 must assemble into soluble oligomers first, in order to “drill” into the O-
antigen layer of gram-negative bacteria, bind to the bacterial outer membrane, and establish a

stable protein coat.

Results of this thesis demonstrate that these oligomeric structures are stabilized via
lateral interactions of the LG domains between two dimeric GBP1 building blocks. In the
monomeric state, this newly identified interface is blocked by the GED suggesting an auto-
inhibiting mechanism in which the GED prevents both the formation of the G interface and the
oligomer interface. Based on what is known from the previous literature and the here described
new insights, the model of GBP1 oligomerization could be extended as follows (Figure 37):
monomeric GBP1 is in an auto-inhibited state. GTP binding triggers the formation of dimers

via the G interface which further assemble into oligomeric building blocks. The oligomeric
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Figure 37. Model of GBP1 oligomerization. Monomeric GBP1 is auto-inhibited and adapts an open,
outstretched dimeric conformation upon GTP binding and hydrolysis. Activated dimers assemble into a
soluble 30-mer with the LG domains facing outwards and the farnesyl moieties in the center. Mediated
by LPS, polymeric disks stack into polymeric structures. GBP1 polymers bind to lipid membranes and
establish a dense protein coat which is stabilized by LPS on the surface of gram-negative bacteria.
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building blocks are outstretched dimers that form upon GTP hydrolysis. They assemble into a
soluble 30-mer, the polymeric disk. These disks are the building blocks for macromolecular
structures. Assembly of polymers and the membrane-bound coatomer is mediated by

interactions between two LG domain dimers and is facilitated and stabilized by LPS.

When we compare GBP1 to other members of the dynamin superfamily, the
outstretched, dimeric GBP1 conformation with crisscrossed MD-GED is not surprising
(Figure 38). For dynamin, a large-scale rearrangement of the bundle signaling element (BSE)
was observed from the closed nucleotide-free to the open GTP-bound state (Anand et al., 2016;
Chappie et al., 2011). The oligomeric building blocks of dynamin are crisscrossed stalk dimers;
however, dimerization of the building blocks is particularly mediated through the stalk interface
without involvement of the GTPase domains. The GBP1 conformations rather resemble those

of the closely related atlastin family (Bian et al., 2011; Byrnes et al., 2013; Byrnes and
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Figure 38. Structural rearrangements of dynamin superfamily proteins. Structures were
superimposed on their GTPase domains. Nucleotide-free (GBP1) and open states (dynamin, atlastin) are
opaque. The second protomer and the GTPase domains of the nucleotide-free (GBP1, opaque) and open
states (dynamin, atlastin, both opaque) are displayed in wires. PDB-IDs: 1dg3 (GBP1, nucleotide-free),
8rla (model of outstretched GBP1 dimer, this study), 3zyc (dynamin, GMPPNP), 5d3q (dynamin, GDP),
3q5e (atlastin, GDP), 4idp (atlastin, GMPPNP). LG: large GTPase, MD: middle domain, GED: GTPase
effector domain, BSE: bundle signaling element.
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Sondermann, 2011). The two GEDs of the GDP-bound atlastin dimer point away from each
other while the GTPase domains establish the G interface. This is reminiscent of the dimeric
full-length GBP1 model in complex with GMPPNP (Ghosh et al., 2006). In the GMPPNP-
bound state, the GEDs of atlastin move from a rather horizontal position (open state) to a
vertical position (closed state) and cross over via a linker region upon nucleotide binding and
hydrolysis (Byrnes et al., 2013). This parallel conformation of the GEDs forms a new dimeric
interface, as also shown in the GBP5 and GBP1 structures (Cui et al., 2021; Kuhm et al., 2023).
Using small-angle X-ray scattering experiments (SAXS), Cui et al. (2021) proposed a
conserved dimeric assembly for GBPs in which the GEDs fold back to the LG domain of the
opposing protomer. Cryo-ET data presented here suggest an elongated dimer with outstretched
GEDs which is contradictory to this model, but it is supported by cryo-EM data of the GBP1
dimer in which the GEDs are disordered (Kuhm et al., 2023). As shown by Peulen et al. (2023),
nucleotide-free GBP1 has a high intrinsic flexibility, particularly in the absence of a farnesyl
anchor. Together with SAXS data presented in the mentioned study, this raises the question of
whether GBPs might form additional transient intermediate structures not directly accessible to

structural analyses.

Parallel studies to this work on soluble GBP1 polymers and the coatomer further support
the model of outstretched GBP1 as the oligomeric building block (Kuhm et al., 2023; Zhu et
al., 2024). In both studies, the high flexibility of GBP1 building blocks prevented high
resolution information of its assemblies, as is the case in the oligomeric structures described
here. While Kuhm et al. (2023) used a similar approach with a simple membrane model system
and the GTP hydrolysis state analogue GDP+AlFx, Zhu et al. (2024) studied the coatomer on
genetically modified Salmonella minicells and the natural substrate GTP. In this approach, the
authors propose a dynamic GBP1 dimer model with monomeric GBP1 as building blocks
(Figure 39). Unlike in this thesis, Zhu et al. (2024) performed STA with a tight dimeric and
monomeric mask focusing on a single building block molecule. The membrane-bound structure
described here used a rather wide mask to display the overall architecture of the coatomer with
several building blocks present. This approach allowed general conclusions on how GBP1
building blocks interact with each other but might omit information on a single building block
level. However, the outstretched dimer model of this thesis matches very well with the proposed
monomeric map described by Zhu et al. (2024). Based on the presented data, it is thus more
likely that dimeric rather than monomeric GBP1 are the oligomeric building blocks.

Nevertheless, their dimeric map indicated an orientation of GBP1 different from that described
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Figure 39. Comparison of GBP1 coatomer models. Subtomogram averaging maps by Zhu et al.
(2024) using a “monomeric” and “dimeric” mask are shown. Left: The model of the outstretched dimer
of this thesis was fitted into the density of their monomeric map. Right: Protomers of the outstretched
dimer model were fitted separately into the dimeric map resembling the dynamic GBP1 dimer model by
Zhu et al. (2024). Note that the MDs and GEDs clash in this fit.

here: while MDs and GEDs might still interact, the LG domains point in opposite direction
(Figure 39). It is uncertain if these observations are simply the result of different subtomogram
averaging strategies and limited resolution, or if they arose from the different sample
conditions. The use of Sa/monella minicells and GTP as natural substrate could have provided
a more native glimpse at the dynamics of the GBP1 coatomer. It might describe possible

rearrangements in the oligomeric building blocks following GTP hydrolysis/assembly. This
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would resemble the structural rearrangements in the hydrolysis-dependent powerstroke of
dynamin during membrane fission events (Chappie et al., 2011; Ganichkin et al., 2021).
However, the available data do not yet allow any conclusions to be drawn about biological
relevance. Hence, high-resolution structural details on such a dynamic macro-molecular

machine remain the subject of future research.

5.2 Nucleotide-driven activation mechanism in GBP1

The cryo-ET and cryo-EM structures of membrane-bound and polymeric GBP1
obtained in this thesis not only revealed outstretched, dimeric GBP1 as the oligomeric building
block, but also provided first insights in the oligomeric interface between peripheral regions of
the LG domain dimer. In this study, helix a4’ has been identified to contribute to this interface.
It has further been shown that helix a4’ participates in nucleotide-dependent coordinated
movements in the LG domain. The here presented data and the available structural and
functional information of GBP1 thus provide the molecular basis for a nucleotide-driven
activation mechanism governing the motions of helix a4’, helix a3, the guanine cap, and the
GED, thereby coordinating the nucleotide-loading state with oligomerization and membrane

binding (Figure 40).

Nucleotide-free GBP1 exists in an auto-inhibited, monomeric form where the GED is
locked to helix a4’ in a closed conformation and the farnesyl moiety is inaccessible (Ji et al.,
2019; Prakash et al., 2000a). The guanine cap is in an open conformation, whereas helix o4’ is
in a locked conformation, thereby blocking the G interface in the LG domain (Prakash et al.,
2000a). GTP-binding to GBP1 induces a simultaneous closing of the guanine cap and a
coordinated opening of helix a3-a4’, like a forward lever motion via the identified pivot point
in the LG domain. These conformational changes allow for LG domain dimerization and
GTPase activation (Ghosh et al., 2006; Prakash et al., 2000b; Wehner et al., 2012). At the same
time, helix a4’ pushes the GED away from the LG domain thereby releasing the farnesyl moiety
from its pocket and facilitating the crisscross arrangements of the stalks (Cui et al., 2021; Ghosh
etal., 2006; Ince et al., 2021; Kuhm et al., 2023; Sistemich et al., 2020; Vopel et al., 2010). The
farnesyl moiety can insert into the membrane (Britzen-Laurent et al., 2010), while helix a4’ is
available to form a stable oligomeric interface via the LG domains. GTPase-induced
movements of helix a4’ between the GMPPNP- and GDP+AlFx-bound X-ray structures are

rather minor, yet may further promote the GTP hydrolysis-dependent oligomerization via helix
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o4’ (Ghosh et al., 2006; Shydlovskyi et al., 2017). Following GDP hydrolysis, the GBP1 dimer
dissociates in the GMP-bound state concomitant with an opening of the guanine cap and a
partial closing of helix a4’, while helix a3 remains in an open conformation. Upon nucleotide
dissociation, helix a3 and a4’ synchronously move back toward a closed conformation, which

describes a backward motion of the lever arm.
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Figure 40. Model of the nucleotide-driven activation mechanism in GBP1. GTP-binding induces a
simultaneous closing of the guanine cap and a coordinated opening of helix a.3-a4’ via the salt bridge
D199-K234 (pivot point), allowing LG dimerization and GTPase activation. Helix a4’ motion releases
the GED from the LG and the farnesyl moiety becomes accessible. GBP1 dimerizes in a crisscrossed
conformation and lateral LG interactions via helix a4’ build the oligomeric interface. Dimeric GBP1 in
an outstretched conformation is the building block of higher-ordered assemblies. 30 dimers assemble
into planar polymeric disks that stack into large soluble polymers. Polymers are required to establish a
protein coat (coatomer) on bacterial pathogens. Following GDP hydrolysis, GBP1 dimers dissociate,
the guanine cap opens, and helix a4’ partially closes. Upon nucleotide dissociation, helix a3 together
with helix a4’ take a closed conformation. Interference with the overall lever motion or impairing the
lever arms destabilizes the GBP1 dimer leading to dimer dissociation. LG: large GTPase, MD: middle
domain, GED: GTPase effector domain.
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By interfering with the lever motion or impairing the lever arms, the GBP1 dimer is
destabilized and dissociates. It appears that in these cases the overall lever motion between the
guanine cap and the combined motion of helix a4’ and helix a3 is decoupled. Both helices are
in proximity with the dimer interface and likely destabilize the GTP-bound GBP1 dimer,
abrogating GTPase activation and thus affecting oligomerization. Impairing the lever arm, e.g.,
by altering helix o4’ in the A207-223, A207-216, and A207-213 mutants, by unlocking helices
a3-a4’ in the M139R mutant, or by covalently locking the GED to helix a4’ (Ince et al., 2021),
abolishes GMP production. As these constructs interfere with the interplay between helix a4’
and a3, the lever mechanism via the pivot point might still allow for GTPase activation, but the

GDP-bound dimer is destabilized. Accordingly, dimer dissociation is favored over consecutive

GDP hydrolysis.

5.3 The role of helix a4’ of the large GTPase domain

In the proposed activation mechanism, the central role of helix a4’ of the LG domain is
striking. Results of this structure-function approach demonstrate its significance for the
assembly of GBP1 dimers into polymeric structures and formation of a uniform protein coat on
lipid membranes. In nucleotide-free GBP1, the GED folds back, interacts with parts of helix
o4’, and stabilizes the closed monomeric state (Figure 25). The interaction of helix a4’ with
the GED not only prohibits the establishment of the G interface, but also covers the newly
identified oligomerization interface. Although the resolution of the presented cryo-ET and cryo-
EM structures limit detailed structural analysis, the generated constructs clearly demonstrate
that the oligomeric interface is formed via parts of helix a4’. Structural and biochemical data
suggest that these lateral LG domain interactions observed in the membrane-bound coatomer
may also stabilize interactions within soluble polymers. The oligomeric interface via helix a4’
therefore appears to be uniformly structured in both GBP1’s oligomeric states. Hence, helix
o4’ has multiple functions in the GTPase cycle of GBP1: preventing LG dimerization and GED
opening in the nucleotide-free auto-inhibited state, while it promotes GED opening and allows

LG domain dimerization and oligomerization in the activated state.
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5.4 LPS-stabilized assembly mechanism of GBP1

As reported, polymeric GBP1 directly binds to lipopolysaccharide (LPS) and transitions
into an LPS-stabilized protein coat on the bacterial surface (Kutsch et al., 2020). Severely
weakening the lateral interactions via helix a4’, thus abolishing its polymerization as in the
A207-223 variant, completely prevented encapsulation of gram-negative bacteria. When
restricting the assembly of higher-ordered polymers but not the formation of polymeric disks,
as in the A207-213, A207-216 variants and the pivot point mutants, GBP1 still established a
coatomer on pathogens. This might be explained by an LPS-stabilized assembly mechanism of
higher-ordered polymers on the surface of the pathogens (Dickinson et al., 2023; Kutsch et al.,
2020), which also compensates for the reduced oligomerization efficiency of the pivot point
mutants. The here provided pivot point mutants can therefore contribute to the study of the
O-antigen specificity of GBP1 and should be tested for their ability to encapsulate bacterial

strains with different LPS compositions.

LPS facilitates and stabilizes the assembly of GBP1. This might explain the limited
resolution in the cryo-ET and cryo-EM data due to high flexibility of GBP1, in particular its
helical GED. To understand the complex mechanism in how GBPI interacts with LPS more
detailed in vitro and in situ biophysical and structural studies are required. It would be of
interest to visualize the interaction of GBP1 polymers with lipid membranes (as shown in
Figure 16) and with the O-antigen layer on artificial liposomes and bacteria. Initial data from
Kuhm et al. (2023) indicate that studying LPS stabilized polymers by cryo-EM is a promising

approach but requires further optimization.

5.5 The GBP activation mechanism as a regulatory safeguard

Taken together, coordinated movements in the LG domain enable dimerization via the
G interface and at the same time make the oligomeric interface accessible. Hence, GBP1
displays a self-activation mechanism. In a cellular environment, such a mechanism must be
tightly regulated to protect uninfected cells. Fisch et al. (2023) show that phosphorylation of
GBPI1 and binding of the regulatory 14-3-3c protein to phosphorylated GBP1 control its
activity and limit self-damage. Using cryo-EM, the authors demonstrate that 14-3-3c interacts
with GBP1, presumably via the GED and helix a4’. Even though the achieved resolution did

not allow for detailed structural analysis, the conformation of 14-3-3c directly blocks the
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LG domain Blocking nucleotide-driven GBP1 self-activation

(copy 2) 14-3-3c

(copy 1)
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Figure 41. Regulatory 14-3-3c protein blocks nucleotide-driven GBP1 self-activation. 14-3-3c
interacts with phosphorylated GBP1 (PDB 8g4l), presumably via GED and helix a4’, and prevents
coordinated movements in the LG domain (red dotted line). Note that the cryo-EM structure is a
polyalanine rigid body docked model of nucleotide-free GBP1 (PDB 1f5n) and 14-3-3c dimer
(PDB lywt). LG: large GTPase, MD: middle domain, GED: GTPase effector domain.

opening of the GED and the establishment of both the G interface and the oligomer interface
(Figure 41). In this way, GBP1 can be kept inactive by physically hindering the coordinated
movements in the LG domain, thus preventing its nucleotide-driven activation. This
observation further suggests that the nucleotide-driven activation mechanism of GBPI is
particularly required for releasing the GED. In contrast to the closely related atlastin protein
family, the identified pivot point is highly conserved within the GBP family (Figure 42). The
fact that atlastin is lacking a C-terminal GED further supports this hypothesis. GBP2, like
GBPI, exists as a closed monomer in its nucleotide-free state (Cui et al., 2021). Protein structure
predictions of GBP3 (AF-Q9HORS-F1), GBP4 (AF-Q96PP9-F1), GBP6 (AF-Q6ZN66-F1),
and GBP7 (AF-Q8N8V2-F1) also suggest a closed monomeric conformation with the GED
attached to the LG domain (Varadi et al., 2022). GBP5 (AF-Q96PP8-F1), on the other hand,
adopts an open monomeric conformation with the GED already being detached, as also shown

by Kutsch et al. (2018).

It can be hypothesized that the nucleotide-driven activation mechanism of GBP1, and
likely of all other members beside GBPS5, might serve as a regulatory safeguard in activating
GBP-mediated antimicrobial immune responses. But why does this not apply to GBP5? In

contrast to GBP1-4, GBPS5 does not contribute to the GBP platform on gram-negative bacteria
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Figure 42. Sequence alignment of the intramolecular lever. Structural elements of PDB 1dg3 (GBP1)
are shown. The pivot point residues and the generated helix a4’ variants for GBP1 are marked. GBP:
human guanylate-binding protein. ATL: human atlastin. UniProt accession numbers: P32455 (GBP1),
P32456 (GBP2), Q9HORS (GBP3), Q96PP9 (GBP4), Q96PP8 (GBPS5), Q6ZN66 (GBP6), Q8NEV2
(GBP7), Q8WXF7 (ATL1), Q8NHHY (ATL2), Q6DDS88 (ATL3).

but has been shown to be a positive regulator of the canonical NLRP3 inflammasome. In this
way, GBP5 enhances caspase-1 activation in response to cytosolic LPS by linking caspase-4
activation with the activation of the NLRP3 inflammasome (see Figure 9) (Fisch et al., 2019a).
It can be speculated that this unique role does not require strict structural safety measures or
that a facilitated activation is beneficial in triggering immune responses upon bacterial

infection.

5.6 Perspectives for future research on GBP-mediated immunity

Structural insights into GBP1’s activation mechanism promote understanding of its
macromolecular assemblies and their cellular function in infections. This thesis reveals the
overall architecture of GBP1 building blocks in their active oligomeric states and identifies the
peripheral helix a4’ in the large GTPase domain to be critical for establishing the oligomeric
interface. The results will make a significant contribution to the conceptualization of further
studies aiming for high-resolution insights into the oligomeric interface. On this basis, more
detailed questions can be addressed: is there a direct interaction between two a4’ of adjacent
GBP1 dimers, or does the oligomeric interface involve additional parts of the LG domain? Is
this interface specific for GBP1 oligomers or can GBP1 interact with other members of the

GBP family in a similar fashion? Can hetero-oligomerization via the a4’ interface be a
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mechanism to recruit GBP1 paralogs to the surface of bacteria as shown by Santos et al. (2020);
Wandel et al. (2020); Zhu et al. (2024)? To clarify the latter aspect, the role of individual
members of the membrane-bound GBP platform could be studied by using specific interface

mutants, ideally in combination with structural studies on the hetero-dimeric assemblies.

Results of this work further demonstrate that nucleotide-dependent structural changes
coordinate GBP1 oligomerization toward the formation of an antimicrobial protein coat. It can
be speculated whether the proposed LPS-stabilized activation mechanism also plays a role for
the conversion of the soluble GBP1 polymers to the membrane-bound coatomer on bacteria.
Moreover, it would be relevant to gain insights into the structural dynamics of the established
GBPI1 coatomer during the GTPase cycle. Thus, the native function as a possible macro-
molecular machine could be studied, which would shed light on what happens to outstretched
GBP1 dimers once they formed the coatomer. High-resolution structures of GBP1’s oligomeric
states stabilized by LPS, for example, will address how these cytosolic and membrane-bound
complexes contribute to the activation of the innate immune response on a molecular and
mechanistic level. Particularly, it will be of interest to study the supramolecular
GBP1:LPS:caspase-4 complex required for caspase-4 activation. Which moieties of GBP1 and
LPS interact with each other? How does this complex recruit caspase-4? Based on the described
architecture of soluble GBP1 polymers, it can be speculated that the polymers provide a
platform for caspase-4 activation by facilitating the formation of LPS micelles. In this way,
cytosolic lipid A could be clustered and exposed for direct interaction with caspase-4 initiating

inflammatory and antibacterial responses.

Together, combining structural and mechanistic knowledge of GBP1’s assemblies with
its cellular functions in initiating and accelerating the innate immune response will be key for
future studies to delineate the mechanisms of how GBP1 as dynamic molecular machine

orchestrates GBP-mediated immunity.
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Appendix A

Appendix Table A. List of oligonucleotides used in this thesis for site-directed mutagenesis (see 3.2.2).

List of oligonucleotides

Oligonucleotide Nucleotide sequence (5’-3°)

A207-213 fw A GGT GGA GGT AGT CAA AAA GAT GAA ACT TTT AAC C

A207-213 rv GA TCC ACC GCC CAG GGA GTA TGT CAG GTA C

A207-216_fw GGC GGA GGT TCT GAA ACT TTT AAC CTG CCC

A207-216_rv AGA ACC TCC GCC CAG GGA GTA TGT CAG GTA C

A207-223 fw GGT TCT CTC TGT ATC AGG AAG TTC TTC

A207-223 rv TCC GCC CAG GGA GTA TGT CAG GTA C

M139D fw GGA ACC ATC AAC CAG CAG GCT GAT GAC CAA CTG TAC
TAT GTG ACA

M139D rv TGT CAC ATA GTA CAG TTG GTC ATC AGC CTG CTG GTT
GAT GGT TCC

MI139E_fw GGA ACC ATC AAC CAG CAG GCT GAG GAC CAA CTG TAC
TAT

MI139E rv ATA GTA CAG TTG GTC CTC AGC CTG CTG GTT GAT GGT
TCC

M139R_fw CC ATC AAC CAG CAG GCT AGG GAC CAA CTG TAC TAT

M139R rv ATA GTA CAG TTG GTC CCT AGC CTG CTG GTT GAT GG

D199A fw CAA CCC CTC ACA CCA GCT GAG TAC CTG ACA TAC

D199A rv GTA TGT CAG GTA CTC AGC TGG TGT GAG GGG TTG

D199K fw GGA CAA CCC CTC ACA CCA AAG GAG TAC CTG ACA TAC
TCC

D199K rv GGA GTA TGT CAG GTA CTC CTT TGG TGT GAG GGG TTG

RK(227-228)EE_fw

RK(227-228)EE_rv

A318* fw
A318* rv
Q577C_fw

Q577C_rv

TCC

CT TTT AAC CTG CCC AGA CTC TGT ATC GAG GAG TTC
TTC CCA AAG AAA AAA TGC TTT GT

AC AAA GCA TTT TTT CTT TGG GAA GAA CTC CTC GAT
ACA GAG TCT GGG CAG GTT AAA AG

G GAG AAC GCA GTC CTG TAA TTG GCC CAG ATA GAG
CTC TAT CTG GGC CAA TTA CAG GAC TGC GTT CTC C

GGA TTT CAA AAA GAA AGC AGA ATA ATG AAA AAT GAG
ATA TGC GAT CTC CAG ACG AAA ATG AGA

TCT CAT TTT CGT CTG GAG ATC GCA TAT CTC ATT TTT
CAT TAT TCT GCT TTC TTT TTG AAA TCC
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Appendix B Cryo-EM data collection and processing

Appendix Table B. Cyro-EM data collection and processing for the membrane-bound GBP1 coatomer
(EMD-18806) and polymeric GBP1 disks (EMD-18698). STA: subtomogram averaging, SPA: single
particle analysis.

Data collection and processing EMD-18806 EMD-18698
EM reconstruction method STA SPA
Microscope FEI Titan Krios G31  FEI Titan Krios G3i
Image detector Gatan K3 Gatan K3
Magnification 42,000 81.000
Voltage (kV) 300 300
Electron exposure (e/A?) 130.0 60.6
Defocus range (um) -2.0--5.0 -0.7--2.0
Pixel size (A) 1.1 0.53
Symmetry imposed C1 C1
fomograms parile 6.146 15952
Map resolution (A) 26.8 37.0

FSC threshold 0.143 0.143
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Appendix C

GBP1

Subtomogram averaging pipeline of membrane-bound

- )jq > f
oK

EH <
8441 12709
12.43% 18.71%

B 3D classification KA SR

pixel size: 17.6 A

3D classification
pixel size: 4.4 A

3D refinement
pixel size: 4.4 A

Appendix Figure C. Subtomogram averaging pipeline of membrane-bound GBP1. (A) Cropped
segments from GBP1 tomograms are displayed by “dynamo_gallery”. (B) Two steps of 3D
classification were implemented in pixel size of 17.6 A and 4.4 A. Boxes of the dashed line denote the
selected classes for next steps. (C) 3D refinement result of the selected class and gold-standard FSC
curve. Map was low-passed to 25 A. Figure was prepared by Xiaofeng Chu (Kudryashev Lab, Max-

Delbriick-Center, Berlin).
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Appendix D Image processing workflow for polymeric GBP1 disks

—
=
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Appendix Figure D. Image processing workflow for polymeric GBP1 disks. Boxes denote selected
3D classes for next steps. 3D refinement result is shown together with gold-standard FSC curves, Euler
angle distribution of particles contributing to the final reconstruction, and cylindrical coordinate
transformation visualizing the surface of the 3D reconstruction at the heights of the peripheral LG

domains.
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Appendix E Abbreviations

(v/v) volume per volume

(W/v) weight per volume

2-ME 2-mercaptoethanol

A absorbance or amplitude

a.u. arbitrary unit

ASC adaptor molecule apoptosis-associate speck-like protein
containing a caspase recruitment domain

AU absorbance unit

BPL brain polar lipids

BSA bovine serum albumin

CARD caspase activation and recruitment domain

CF correction factor

CTD C-terminal domain

Cv column volume

Da Dalton (g/mol)

DAMP danger-associated molecular pattern

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DOL degree of labeling

EDTA ethylenediaminetetraacetic acid

EM electron microscopy

FRET fluorescence resonance energy transfer

GBP guanylate-binding protein

GED GTpase effector domain

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

HIC hydrophobic interaction chromatography

Hise hexahistidine tag

IFN-y Interferon-y

IL Interleukin

IMAC immobilized metal affinity chromatography

IPTG isopropyl B-D-1-thiogalactopyranoside

IRG immune related GTPase

LB Lysogeny Broth

LG large GTPase

LPS lipopolysaccharides

LRR leucine rich repeat

MD middle domain

MW molecular weight

NF-«xB nuclear factor 'kappa-light-chain-enhancer' of activated B-cells

NLR NOD-like receptor

OD optical density

PAGE polyacrylamide gel electrophoresis

PAMP pathogen-associated molecular pattern
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PCV pathogen containing vacuole
PRR pattern recognition receptor
PYD Pyrin domain
ROS reactive oxygen species
RT room temperature
SDS sodium dodecyl sulfate
SEC size exclusion chromatography
SPA single particle analysis
STA subtomogram averaging
TEM transmission electron microscopy
TLR toll-like receptor
TNF tumor necrosis factor
Tris 2-Amino-2-(hydroxymethyl)-1,3-propanediol
wt wild type
Aem emission wavelength
Aex excitation wavelength

One letter code and three letter code for amino acids

T Q m m g a »

Ala
Cys
Asp
Glu
Phe
Gly
His

Alanine
Cysteine
Aspartate
Glutamate
Phenylalanine
Glycine
Histidine

Ile Isoleucine Arg  Arginine

Lys Lysine Ser  Serine
Thr  Threonine

Val Valine

Leu Leucine
Met Methionine

Asn  Asparagine Trp  Tryptophane

< g2 < H »n =

Pro  Proline Tyr  Tyrosine

o vz z R -

Gln  Glutamine

Chemical elements are abbreviated with the general symbols of the periodic table. For amino

acids, the general one-letter and three-letter codes are used.
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