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General Introduction
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1.1. Cell autonomous immunity

In vertebrates, the immune system is divided in two complementary lines of defense:
First, the innate immunity which is a non-specific defence mechanism and second the
adaptive immunity which is a specific defense mechanism that acts on pathogens mem-
orised from a previous infection [1]. Both lines of defense are complementary and the
innate immunity triggers processes that recruit specialised immune cells to the site of
infection. From a pathogen side of view, individual cells are an attractive hiding place as
well as a nutrient source. It is therefore not surprising that individual cells from all three
domains of life have developed a repertoire of defense strategies to deal with intracellu-
lar pathogens called cell-autonomous immunity. [2-4] (Figure 1.1).

In order for cells to recognise an infection, distinguishing self from non-self is a crit-
ical characteristic. The recognition of exogenous components can be achieved via pat-
tern recognition receptors (PRR) that are able to detect pathogen-associated molecular
patterns (PAMPs), among others the bacterial flagellum, microbial DNA or lipopolysac-
charides (LPS) which are part of the outer membrane of gram-negative bacteria [5]. After
pathogen detection, ways to promote pathogen restriction and elimination have evolved
(Figure 1.1).
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Figure 1.1: Schematic overview of cell-autonomous immunity. Different defense strategies of a cell to target
either intracellular pathogens residing in the cytosol or within pathogen containing vacuoles are depicted.
Cells can inhibit the growth of the pathogen (left), the pathogen can be selectively eliminated (middle) or the
cell can enter an inflammatory type of programmed cell death called pyroptosis (right).

The inhibition of pathogen growth can be achieved by limiting essential nutrients,
whereas a selective form of autophagy called xenophagy eliminates pathogens that have
been marked for degradation [6-8]. Lastly, the host cell can decide to enter an inflam-
matory type of programmed cell death called pyroptosis, thereby destroying the growth
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niche of the pathogen [9, 10]. Apart from functions within the cell, further strategies
have evolved warning neighboring cells, for example by secreting cytokines, potentially
inducing the expression of antimicrobial proteins.

1.2. Guanylate binding proteins (GBPs)

1.2.1. Discovery of interferon inducible human guanylate binding pro-
teins.

In vertebrates, the expression of effector proteins involved in cell-autonomous immu-
nity can be induced by cytokines such as interferons (IFN). One such class of effec-
tor proteins are called guanylate binding proteins (GBPs). GBPs have been identified
40 years ago in fibroblastic cells that had been stimulated with type II interferon (in-
cluding interferon gamma (IFN-y)), a cytokine with an immunomodulatory function
[11]. Human GBPs (hGBPs) are strongly induced by interferons and levels of 3 x 10°
molecules per human fibroblast cells have been reported after a 24 h treatment with IFN-
Y [12]. Moreover, the name GBP originated from the capability to bind guanosine-5’-
triphosphate (GTP), guanosine 5’-diphosphate (GDP) and guanosine 5’-monophosphate
(GMP) [11]. The capability to bind to nucleotides, specifically guanylates was utilised for
purification and enabled further protein characterisation [12]. In total seven GBPs have
been identified in humans (hGBP1 to hGBP?), located in a cluster on chromosome 1 [13].
Besides in humans, GBPs have been found in many other species such as primates, mice,
rats, but also in zebrafish and plants as for example Arabidopsis thaliana [4]. In recent
years, the crucial role of GBPs in cell-autonomous immunity became apparent. Within
the host cell, GBPs can assemble into large antimicrobial defense complexes targeting
a wide range of pathogens including viruses, bacteria and parasitic protozoan [14-19].
Additionally, GBPs can serve as a signalling platform, recruiting downstream effectors
important for pathogen restriction or elimination (20, 21].

1.2.2. Structure and domain architecture of human GBPs
The crystal structure of human GBP1 has been determined more than 20 years ago [22].
The hGBP1 monomer consists of a globular N-terminal large GTPase domain (LG do-
main, Figure 1.2a-b, dark blue) and a C-terminal a-helical domain. The C-terminal heli-
cal domain (CTHD) is again divided into a middle domain (MD; o7-a11, Figure 1.2 a,b in
light-green) and a GTPase effector domain (GED; «12-013, Figure 1.2 a,b in orange) [22].

In the absence of guanine nucleotides, GBP1 resides in its resting state with the GED
folded back onto the MD making contact with the LG-domain (Figure 1.2 a,b). Nu-
cleotide free GBP1 is 13nm long and exhibits a rod-like shape. Additionally, the LG-
domain of GBP1 has been shown to dimerise in a nucleotide dependent manner. To
structurally investigate the LG-domain dimer a non hydrolysable GTP transition state
mimic (GDP-AlF3) was used to lock the protein in its dimeric conformation. The crystal
structure of the GBP1 LG-domain dimer stabilised with GDP-AlF; revealed a large buried
interface of approximately 3900 A2 with the nucleotide binding site closely located to the
interface [23] (Figure 1.2 c, d).

Previous experiments using quantitative Forster resonance energy transfer (FRET)
with full length GBP1 predicted major rearrangements of the a-helical stalk region in-




4 Chapter 1

a. L c A B
Nucleotide < & )
binding site /

o Calll

LG

481 592

o o
GTP GDP GMP
. NH " riHL N{\NH
: . R S B W
- o

sy b

OHOH OHOH

o
o
/=
=
?/
P4
I
5
o

3
Q-
o
Q-
o
Q-
o
o
4
5
o-b
o
g-b
o

OHOH

Figure 1.2: Domain architecture of GBP1 (a) Atomic model of monomeric GBP1 (PDB ID 1dg3) in cartoon rep-
resentation [22]. Individual o-helices in the middle domain (green) and GTPase effector domain (orange and
red) are numbered sequentially. (b) Schematic representation displaying the domain architecture. LG: Large
GTPase domain (blue), MD: Middle domain (green), GED: GTPase effector domain (orange and red). CAAX
represents a C-terminal sequence motif enabling the prenylation of GBP1. (c) Atomic model of the GDP-AlF3
stabilised LG-domain dimer of GBP1 (PDB ID 2b92) in cartoon representation [23]. The bound nucleotide is
highlighted in cyan. (d) Schematic representation of the LG-domain dimer displayed in (c). (e) GBP1 is able
to hydrolyse guanosine-5’-triphosphate (GTP) to guanosine 5’-diphosphate (GDP) and further to guanosine
5’-monophosphate (GMP).

duced by nucleotide binding and hydrolysis of GTP to GDP and further to GMP (Fig-
ure 1.2€) [24].

1.2.3. GTP hydrolysis of GBPs

A remarkable feature of GBP1 is its ability to hydrolyse GTP to GDP and then further
to GMP in a two-step reaction, successively cleaving a single phosphate group [23, 25]
(Figure 1.2e). Whereas GBP2 is also able to convert GTP to GMBP, although much less
efficient resulting in ~10% GMP, GBP5 is only able to hydrolyse GTP to GDP [26, 27]. The
high intrinsic GTPase rate of 80 min~! is achieved independently from external GTPase-
activating proteins but depends on a cooperative mechanism of GTP hydrolysis most
likely achieved by multimerisation of GBP1 [22, 28, 29]. Important to note is that GTP-
hydrolysis only occurs upon GBP dimerisation with the active site located at the interface
formed between two LG-domain monomers (Figure 1.2c).
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1.2.4. GBPs belong to the dynamin-like protein superfamily
Members of the dynamin-like protein superfamily share structural and biochemical prop-
erties that make them unique. GBPs together with other proteins such as dynamin,
myxovirus resistance proteins (Mx), optic atrophy protein 1 (OPAl), mitofusin or at-
lastin belong to the superfamily of dynamin-like proteins [30, 31] (Figure 1.3). Func-
tionally, members of the dynamin-like protein superfamily are involved in membrane-
remodelling events as for example fission, fusion or membrane tethering [32, 33]. Other
functions include organelle maintenance and responses to intracellular pathogens [33].
The function of dynamin-related proteins was often closely related with its ability to self-
assemble into higher-order structures.

Structurally, the members of this protein family all contain a GTPase domain and
an elongated o-helical bundle domain and have been described to self-assemble in a
nucleotide dependent way (Figure 1.3). A common mechanism includes conformational
changes of the a-helical domain induced by GTP hydrolysis in the LG domain [30, 34].

e

.
Atlastin Dynamin1 Myxovirus resistance protein 1
(PDB ID: 1dg3) (PDB ID: 5vgr) (PDB ID: 3snh) (PDB ID: 3szr)

Figure 1.3: Structural comparison of members of the dynamin-like superfamily. Common structural fea-
tures include a GTPase domain (dark blue) as well as a C-terminal helical part (light blue). Depicted are hu-
man GBP1 (PDB ID: 1dg3 [22]), human atlastin (PDB ID: 5vgr [35]), human dynamin 1, additionally containing
a pleckstrin homology domain in grey (PDB ID: 3snh [36]) and human myxovirus resistance protein 1 (PDB ID:
3szr [37]).

Another common feature for members of the dynamin-like superfamily is their low
affinity for guanine nucleotides (in the micro-molar range), caused by fast dissociation
rates [30, 31]. Mechanistically, a cooperative mechanism including protein oligomeri-
sation is underlying the GTP hydrolysis and the high intrinsic GTPase activity (kcat ~
2min~! to 100 min!) is achieved without additional GTPase-activating proteins [30].

1.2.5. Isoprenylation and membrane binding of GBPs

Similar to other members of the dynamin-like protein superfamily, GBPs are also able
to associate with membranes. In this case membrane association is achieved via a post-
translational modification called isoprenylation that involves the attachment of either a
C15 farnesyl group or a C20 geranylgeranyl group to the C-terminal cysteine of a protein
[38-40]. The isoprenyl-group is highly hydrophobic and can therefore act as a lipid an-
chor. Out of the seven human GBPs, GBP1, GBP2 and GBP5 have been shown to either
be farnesylated (GBP1) or geranylgeranylated (GBP2 and GBP5) [41, 42] (Figure 1.4a).
The isoprenylation is catalysed by either a farnesyl transferase (FTase) or a geranylger-
anyl transferase (GTase). Both enzymes are hetero-dimers consisting of either FNTA and
FNTB for the FTase or of FNTA and PGGT1B for the GTase [43, 44]. Those transferases
recognise a certain amino acid sequence called CaaX-box at the C-terminus of the target-
protein which determines the type of isoprenylation [45]. The C in the CaaX-box corre-
sponds to the cysteine that is able to get isoprenylated, followed by two aliphatic amino
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acids (referring to the a in the CaaX-box). The amino acid representing the X determines
the type of isoprenylation. While farnesyltransferases mainly recognise the CaaX-box,
if the X corresponds to a methionine, serine, glutamine, alanine or cysteine, geranylger-
anyl transferases preferentially recognise the CaaX box with X corresponding to a leucine
or a glutamic acid [46].
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Figure 1.4: Isoprenylation of GBPs (a) Overview of isoprenylated GBPs. The C-terminal sequences, including
the cysteine that can undergo isoprenylation, are depicted. (b) Atomic model of monomeric farnesylated GBP1
(PDB ID 6k1z) in cartoon representation [47]. The individual domains are color-coded and the farnesylation
moiety is labelled in cyan. (c) Hydrophobic surface representation of (b) visualizing the hydrophobic pocket
shielding the farnesyl moiety (cyan, stick representation) from the cytosol. Yellow corresponds to hydrophobic
regions, turquoise to hydrophilic areas. Amino acids of GBP1 in close proximity to the farnesyl molecule are
highlighted.

The C-terminal amino acid sequence of GBP1 is CTIS enabling farnesylation whereas
the C-terminus of GBP2 (CNIL) and GBP5 (CVLL) are prone to get geranylgeranylated.
Following the isoprenylation, proteins typically undergo two additional post-processing
steps: proteolysis and methylation. The residues C-terminal of the prenylated cysteine
are proteolytically cleaved off by a protein peptidase followed by a carboxyl methylation
of the prenylated cysteine itself [39, 48-50]. The isoprenylation of a protein including the
subsequent methylation increases its hydrophobicity. It can therefore be responsible for
changes in the sub-cellular location of proteins, facilitating membrane interactions [42].
But membrane association of farnesylated GBP1 has been further shown to be depen-
dent on GTP hydrolysis, most likely inducing a structural rearrangement of the protein
that makes the prenylation site accessible [51]. In its nucleotide free form, the farnesyl
moiety of GBP1 is shielded in a hydrophobic pocket which is mainly made up by amino
acids located at the GED of the protein [47] (Figure 1.4 b,c).
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Despite the fact that GBP1, GBP2 and GBP5 have been shown to be isoprenylated
in vivo [42], GBP1 has been identified to be the first member of the GBP family asso-
ciating with pathogens as well as with pathogen containing vacuoles. Subsequently to
GBP1, membrane association of other GBP members gets initiated [20, 21, 52-55]. What
precisely determines the ability of GBP1 to be the first member to be recruited to mem-
branes is not yet fully understood. Multiple groups have proposed that a triple arginine
motif at the C-terminus of GBP1 together with its farnesylation is necessary for the re-
cruitment to membranes [56, 57]. Neither GBP2 nor GBP5 have this polybasic motif
nearby their C-terminus. Interestingly, even non-prenylated GBP members can be re-
distributed to membranes in a hierarchical manner, potentially via hetero-interactions
with isoprenylated GBPs [42].

1.2.6. Location in the cells

In the absence of activating signals, GBPs are typically expressed at low-to-medium basal
levels. Upon IFN-y induction, GBP1 has been found mainly in the cell cytosol displaying
small granular patterns, despite its capability to be isoprenylated [42, 51]. The addition
of GDP-AlF;3 induced a redistribution of GBP1 to membranes in IFN-y treated cells, high-
lighting that membrane association of GBP1 does depend on its farnesylation as well as
on nucleotide binding and hydrolysis [51, 58].

The other two isoprenylated GBP members have been observed associating with ei-
ther the perinuclear membranes (GBP2) or the Golgi apparatus (GBP5) [42]. The non-
prenylated members GBP3 and GBP4 are localised in the cytosol in a diffuse manner and
are only able to bind to membranes when being recruited through hetero-interactions
with isoprenylated GBP members [42, 51]. GBP6 and GBP7 are the least studied mem-
bers of the GBP family. Unlike the other GBP members, they are only expressed in very
specific cell types, namely the esophagus or the liver respectively [59, 60].

1.2.7. Evolutionary aspect of GBPs

As stated previously, guanylate binding proteins can be found in a broad range of or-
ganisms. Besides in vertebrates, GBPs have also been identified in plants and algae and
thereby in organism lacking an IFN-inducible immune system [61]. A common feature
in most species is that GBPs are chromosomally clustered as it has also been observed
for human GBPs (clustering on chromosome 1) [13]. GBP genes are thought to have
undergone gene conversions as well as duplications. While mice have eleven GBPs, Ara-
bidopsis thaliana has three different GBPs and eight GBPs are found in zebrafish [4].
Interestingly, GBP3 and GBP4 from zebrafish additionally contain a caspase activation
and recruitment domain (CARD) that can be found in human inflammasome-associated
proteins such as caspase-4 or ASC (apoptosis-associated speck-like protein containing
a CARD) [62]. Inflammasomes are large multi-protein complexes located in the cyto-
plasm that can recognize pathogen-associated molecular patterns and respond through
the maturation of cytokines and pyroptotic cell death [63-65]. Potentially in humans,
GBPs and CARD containing proteins have evolved into two separate proteins. Such evo-
lutionary hints can help decipher potential roles of human GBPs regarding inflamma-
some activation.
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1.2.8. Antimicrobial functions of GBPs

Following a cytokine induction, GBPs play an important role in cell-autonomous im-
munity targeting a wide range of pathogens. The first time GBPs were linked to an an-
tiviral effect was against Encephaloymyocarditis virus (EMCV) and Vesicular stomatitis
virus (VSV) [14] and has further been shown to among others target hepatitis C virus
(HCV) and human immune deficiency virus (HIV) [15, 16]. A couple of years later, GBPs
were also found to have an effect on protozoa like Toxoplasma gondii (Tg) and bacteria
[17-19]. By now it is established that GBPs play an important role targeting many intra-
cellular pathogens such as Shigella, Salmonella or Mycobacterium tuberculosis that are
causing major health problems around the world [66, 67].

How GBPs are able to target such a wide variety of pathogens is still unclear. GBP1 has
been shown to play a role in detecting and potentially disrupting the parasitophorous
vacuole (PV) of Tg as well as the pathogen membrane itself [52, 53]. The parasitophorous
vacuole is derived from the host plasma membrane when entering the host cell via en-
docytosis and can be used as a replication niche by certain pathogens. It thereby differs
severely in membrane composition compared to the membrane of Tg itself. While only
GBP1 was able to coat Tg, GBP2 and GBP5 were also shown to be up-regulated by IFN-y
contributing to Tg growth restriction independent of coat formation [68].
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Figure 1.5: Overall structure of lipopolysaccharides (a) Schematic representation of the gram-negative bacte-
rial cell envelope. (b) Schematic representation of different lipopolysaccharide strains differing in their overall
length and polysaccharide composition (O-Ag: O-Antigen).

While farnesylated GBP1 has been shown to form a coat around gram-negative bac-
teria there has been no evidence so far that GBP1 can lead to membrane rupture of gram-
negative bacteria [20, 21, 69]. The outer membrane of gram-negative bacteria consists
of lipopolysaccharides (LPS) that play an important role in keeping the integrity of the
outer membrane and maintaining its function as a barrier for detergents or toxins [70]
(Figure 1.5 a). LPS molecules consist of an inner lipid A moiety, core sugars and variable
repeating units of lipopolysaccharides called O-antigens (Figure 1.5 b) [71]. LPS lacking
the O-antigen are referred to as rough LPS, whereas LPS containing the O-antigen are
called smooth LPS, which originates from the morphology of the bacterial colonies.

Different modes of action have been proposed for GBPs to carry out their role in cell
autonomous immunity. One mechanism that has been described before is the ability of
GBP1 to interact directly with lipopolysaccharides (LPS), more precisely with the inner-
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Figure 1.6: Overview of guanylate binding proteins targeting pathogen containing vacuoles as well as gram-
negative bacteria.  Pathogens can enter a cell via various strategies. Following an endocytic entry, the
pathogens are enclosed in a pathogen containing vacuole (PV). GBPs have been shown to associate with some
PVs and to bind directly to the LPS of gram negative bacteria. Certain GBP members are further able to acti-
vate caspase-4 which once activated induces the maturation of cytokine precursors IL-14 and IL-18 as well as
gasdermin, resulting in pyroptosis.

most lipid-A moiety [69]. For gram-negative bacteria it is currently assumed that first
GBP1 binds to LPS, which recruits other GBPs as well as caspase-4 to the bacterial mem-
brane [20, 21]. Once activated, caspase-4 is then able to cleave and activate cytosolic
gasdermin-D (GSDMD) [72], of which the N-terminal part oligomerises at the plasma
membrane, forming ring-shaped pores causing pyroptosis and cytokine release [73, 74]
(Figure 1.6). Another mode of action has been reported recently, where GBP1 has been
shown to trigger LPS release after GBP1 coat formation [54]. Potentially, membrane re-
modelling capabilities of GBPs could result in LPS liberation, making the LPS available
for caspase-4.

How and if GBPs interact with gram-positive bacteria is even less understood. Mouse
GBPs have been shown to interact with the PV of gram-positive Listeria monocytogenes
[66]. In contrast to gram-negative bacteria, multiple groups were unable to observe a
coat of human GBP1 around gram-positive bacteria [54, 56, 69]. Puncta formation of
GBP1 on L. monocytogenes was observed recently and was dependent on the endolyso-
somal damage of the PV [75]. Whether this binding of GBPs occurs directly on the bac-
teria itself or rather on the pathogen containing vacuole, needs further examination.

Important to note is that the cell type can have an effect on the ability of GBP1 to
coat pathogen membranes as observed for human A549 epithelial cells where GBP1
failed to target Tg and Chlamydia trachomatis versus in human macrophages where co-
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localisation of GBP1 with Tg and Chlamydia trachomatis was observed [52]. Addition-
ally, GBPs preferentially target certain pathogens as shown in co-infected cells. In those
experiments GBP1 preferentially targeted S. flexneri over Francisella novicida [55], but
little is known what drives this preferential binding. The different types of LPS are one
plausible explanation, but first structural information on how precisely GBPs interact
with LPS needs to become available.

To counteract the targeting by GBPs, pathogens developed their own escape strate-
gies. The pathogenic S. flexneri for example, possesses an E3 ubiquitin ligase (IpaH9.8)
that is able to ubiquitinate several GBP members, marking it for proteasomal degrada-
tion, thus suppressing the host cells defense line [47, 67, 76, 77].

1.3. Cryogenic electron microscopy (cryo-EM)

In recent years the importance of GBPs in cell-autonomous immunity has become more
and more apparent. While most studies have been performed using optical microscopy;,
less information about the molecular structure of GBPs is available. Therefore, we aimed
to use cryogenic electron microscopy to study the structure of GBP dimers as well as
GBP coats on membranes. The resolution of an optical microscope is determined by its
diffraction limit. Whereas this limits the resolution to a range of hundreds of nanometres
this is not sufficient to resolve protein structures that are a few nanometres in size. By
using shorter wavelengths obtained from highly accelerated electrons (2 pm for 300 keV
electrons), the resolution can be pushed further, enabling structure determination of in-
dividual proteins. As electrons are strongly scattered by air, the microscope column of
an electron microscope needs to operate in vacuum which is not suited for aqueous bi-
ological samples since they would immediately evaporate in vacuum. To prevent evap-
oration, samples are handled in cryogenic conditions. Ice crystals on the other hand can
damage the sample and alter the contrast of the image.

To overcome this issue, a method of sample vitrification was developed [78, 79]. By
quickly freezing a thin biological sample on a support grid in liquid ethane (-180°C),
an amorphous glass like state called vitreous ice can be achieved which enables imag-
ing of biological material in a close to native state on a (cryo) electron microscope (Fig-
ure 1.7 a,b). A massive progress in cryogenic electron microscopy (cryo-EM) resulted
from the introduction of direct electron detectors (DED) in 2012 combined with a vast
improvement of image processing algorithms [80]. Using DEDs made it possible to di-
vide a single image into a movie of frames and subsequently correcting for the beam-
induced motion [81].

Protein particles in vitreous ice imaged in focus do not have enough contrast to de-
tect individual particles. While acquiring micrographs at a defocus helps to create phase
contrast, it also alters the information of the image. That is the reason why after ac-
quiring hundreds to thousands of images with multiple frames and subsequent motion
correction, a typical single particle cryo-EM image processing workflow continues with
the estimation of the contrast transfer function (CTF) [82, 83] (Figure 1.7c). The CTF esti-
mation and correction is necessary, to correct for the alterations resulting from imaging
at a defocus.

Another difficulty when performing cryo-EM of biological samples is the poor signal
to noise ratio, resulting from the usage of an extremely low electron dose in order to pre-
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Figure 1.7: Overview of cryogenic electron microscopy (a) Schematic representation of sample vitrification.
A thin biological sample on a support grid is flash frozen in liquid ethane, resulting in vitreous ice. The flash-
cooled sample can be imaged on a cryogenic electron microscope. (b) Different magnifications within an EM
grid, ranging from an overview image of the support grid (left), to an individual gridsquare, an individual hole,
to an acquired micrograph (right). (c) Exemplary image processing workflow for single particle cryo-EM. (d)
Schematic representation of the concept underlying cryo-electron tomography.

vent sample damage. That is why after particle picking and particle extraction, classify-
ing particles into 2D averages is performed. The 2D classification increases the contrast
and has the potential to sort different views and conformations of a protein. In a next
step particles from multiple 2D classes are fed into a 3D reconstruction algorithm to ob-
tain a 3D volume from 2D projection images [84]. After a first 3D initial model, multiple
rounds of 3D refinement follow, before a final 3D EM reconstruction is achieved.

By now ~29,000 3D electron density maps have been deposited at the EM databank
(August, 2023) and there is a clear trend that more and more structures are being solved
by cryo-EM which becomes apparent when comparing the amount of submitted struc-
tures either solved by X-ray crystallography or cryo-EM. While the overall number of
submitted PDB structures determined via X-ray crystallography stayed quite stable over
the last 10 years (around 9,000 per year), the submitted cryo-EM structures have gone
from 119 in 2013 to 4,582 structures in 2023, visualizing the vast growth that the field of
cryo-EM has undergone (wwpdb.org) [85]. Moreover, the final resolution of the cryo-EM
maps have improved. In 2023, 73 % of the entries in the electron microscopy data bank
(EMDB) had a resolution better than 4 A (Figure 1.8a). The highest resolution obtained
by cryogenic EM so far has been achieved for apoferritin reaching an atomic resolution
of 1.22 A and 1.25 A respectively [86, 87]. At such high resolution, individual atoms can
be resolved and hydrogens are visible. Besides the great progress, most of the cryo-EM
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structures found in the EMDB stay in a certain molecular weight range, namely between
100 kDa and 1000 kDa (~70 %) (Figure 1.8b).

a b
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Figure 1.8: Statistics of cryo-EM structures deposited in the EMDB (a) Resolution of cryo-EM structures de-
posited in the EMDB in A in the time period from 2015 to 2023. (b) Overview of the molecular weight of struc-
tures deposited at the EMDB (in 2023).

While cryogenic EM was originally especially suited for larger complexes since the
amount of signal scales with the mass of the protein, the sizes of solved protein struc-
tures have become smaller and smaller and different research groups have managed to
solve the structure of proteins that are even below 50 kDa [88].

Cryogenic electron microscopy offers advantages over techniques such as protein
crystallography, notably in its ability to image flexible proteins in their instantaneous
configurations. For objects with a unique conformation that prohibits signal averaging,
cryo-electron tomography has been developed as an alternative imaging method. In-
stead of taking a single micrograph, the same field-of-view is imaged at a range of tilt
angles which can subsequently be reconstructed into a 3D volume called a tomogram
[89-91] (Figure 1.7d).

Disadvantages of cryogenic EM on the other hand are the low signal to noise ratio
resulting from low-dose imaging which is used to reduce sample damage. In order to
obtain enough information for a 3D reconstruction, usually a large number of particles
from hundreds to thousands of micrographs are aligned. For small particles, the low con-
trast makes this alignment process challenging and it is thus more difficult to obtain a
high resolution 3D reconstruction. Another reoccurring problem in many cryogenic EM
projects is a strong preferred particle orientation. A thin ice layer is necessary in order
for the electrons to penetrate. At the same time particles in this thin layer are more likely
to interact with the air-water interface. A bias of particle orientation limits the angular
information used to generate 3D maps and can make the interpretability of the obtained
EM maps harder. There are different possibilities on how to approach preferred particle
orientation [92]. Adding detergent can alter the properties of the air-water interface, aid-
ing in the redistribution of particle orientations. Similarly, using EM grids coated with a
thin carbon layer can sequester particles away from the air-water interface, achieving a
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comparable effect. Another possibility is to acquire the dataset with different tilt angles
in order to get a more complete coverage in particle distribution, but there are additional
challenges that can arise from a tilted-stage acquisition [93]. Tilting the specimen stage
can lead to an increase in beam-induced particle movement, a focus gradient across the
micrograph as well as an increase in the apparent ice thickness, making the image pro-
cessing of the sample more challenging. Finally, the addition of a binding partner can
help in redistributing the particles in the ice by changing the propensities of the molec-
ular surface, additionally increasing the size (and therefore the alignable mass) of the
protein. An example of such a potential binding partner is discussed in the following
paragraph.

1.4. Nanobodies

Q0
o

Heavy chain

Variable regions
Variable regions

Constant regions
Constant regions

Camelid heavy Nanobody (Nb) Human
chain antibody antibody

Figure 1.9: Schematic representation of Nanobodies (a) Nanobodies are single variable domains derived from
heavy chain antibodies found in sera of camelidae (b) Schematic representation of a conventional human
antibody consisting of heavy and light chains as comparison.

Nanobodies are single variable domains derived from heavy chain antibodies found
in sera of Camelidae [94] (Figure 1.9 a). Compared to conventional antibodies the anti-
gen binding site of nanobodies is made up by just a single variable domain (Figure 1.9 a,
b) and thus nanobodies are only around 15 kDa in size (compared to 150 kDa for a con-
ventional antibody). Their small size and potentially high target affinity make nanobod-
ies a useful tool in structure determination. Besides increasing the overall mass of a com-
plex (and thus the alignable mass), nanobodies have also been shown to stabilize pro-
teins in certain conformational states [95-97]. Additionally, nanobodies are extremely
stable regarding pH and temperature ranges and can even withstand reducing environ-
ments of eukaryotic cells without loosing target specificity [98]. These characteristics fa-
cilitate the expression of fluorescently labeled nanobodies, known as intrabodies, which
track antigens within living cells [99, 100]. This approach effectively links structural stud-
ies with functional analysis.
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1.5. Outlook of this thesis

In Chapter 2 we characterise eight different nanobodies that were derived by immu-
nizing llamas with either monomeric GBP1, farnesylated GBP1 or nucleotide stabilised
dimeric GBP1. SEC-MALS experiments confirmed the ability of all eight nanobodies
to bind to GBP1 and surface plasmon resonance was used to determine the affinity.
We identified nanobodies that were only able to bind to dimeric GBP1 as well as two
nanobodies preventing dimer formation. By using only the LG-domain of GBP1 we
could further pin-point the binding site of the nanobodies. With the help of cryogenic
electron microscopy we solved the structure of the GBP1 dimer bound to two different
Nanobodies which helped us to describe the putative interface of the nanobodies. In
this chapter we further show that some of the identified nanobodies specifically bind to
GBP1 whereas they are unable to bind to GBP2. With this work we set the groundwork
to utilise those nanobodies as intrabodies which could provide a powerful tool in target-
ing specific GBP members within cells, intracellularly localizing dimeric vs monomeric
GBPs as well as studying the effect of coat formation and its disruption on downstream
effects as for example caspase-4 activation.

In Chapter 3 we use one of the nanobodies identified in Chapter 2 in order to solve the
cryogenic EM structure of the nucleotide stabilised GBP1 dimer. A cross-over arrange-
ment of the middle domain of GBP1 was observed, resulting in a parallel, outstretched
configuration. This arrangement suggested that the potentially isoprenylated carboxyl-
termini of the GBP1 dimer are oriented in the same direction, enabling a densely packed
coatomer on membranes. Visualisation of this GBP1 coatomer was achieved on small
unilamellar vesicles derived from brain polar lipid extract, as well as on three different
types of LPS. We demonstrated that GBP1 dimers constitute the primary building blocks
of the formed coat. Based on the obtained cryogenic EM structure, we introduce mu-
tations located at the linker region between the large GTPase-domain and the middle
domain and show reduced membrane binding. Finally, we show for the first time that
farnesylated GBP1 is able to form tubular membrane protrusions which could be an im-
portant mechanism for destabilizing membranes or making LPS molecules accessible
for caspase-4.

In Chapter 4 we investigate the differences in their self-assembly properties of GBP1 and
GBP2. To do so, we generated geranylgeranylated GBP2 as well as a GBP2-CTIS mutant
that can be farnesylated. Successful isoprenylation was confirmed using liquid chro-
matography mass spectrometry. The effects of isoprenylation on the ability to dimerise
and oligomerise were further investigated using size exclusion chromatography coupled
to multi angle light scattering (SEC-MALS) as well as with electron microscopy tech-
niques. While we could show for the first time that geranylgeranylated GBP2 formed
similar micelle like structures as farnesylated GBP1, there was no coat formation ob-
served. Farnesylated GBP2-CTIS on the other hand failed to self-oligomerise and coat
membranes. Finally, we analyse the effects of isoprenylation on the GTPase activity of
GBP2 and observe a reduced activity for geranylgeranylated GBP2 in contrast to an in-
creased activity of farnesylated GBP1 and GBP2-CTIS.
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A nanobody toolbox for GBP1

Guanylate binding protein 1 (GBP1) is a large guanosine triphosphatase (GTPase) of the
dynamin superfamily, able to promote interferon inducible cell-autonomous immunity
and cell death. Structurally, GBPI consists of an N-terminal large GTPase domain and an

extended a-helical C-terminal domain. While the crystal structure of the GBP1 monomer
has been determined, the nucleotide-induced GBPI1 dimer has resisted crystallisation. A

high degree of structural flexibility and low molecular weight also pose challenges for
structure determination by cryogenic electron microscopy (cryo-EM). In order to increase
the effective molecular weight and to stabilise certain conformational states of GBP1, we
explored the possibility to utilise conformation-specific nanobodies. Here, we present and
characterise eight GBP1-binding nanobodies (Nbs) derived from llama immunisation with
conformationally stabilised GBP1 preparations. We evaluated their specificity for GBPI

over its closest homolog GBP2 using size exclusion chromatography coupled to multi-

angle light scattering (SEC-MALS) and determined their affinities by surface plasmon res-

onance (SPR). For a subset of Nbs we also characterised the GBP1 binding site by cryo-EM.

To mechanistically study the effect Nbs can have on the ability of GBPI to coat membranes,

we set up a fluorescence microscopy experiment. With this set of newly identified Nbs, we
open up the possibility to structurally stabilise the GBP1 dimer, facilitating structure de-

termination. Moreover, it enabled us to structurally and functionally investigate the rele-

vance of certain structural states essential for coat formation.

This chapter has not been published. Contributions to the work have been made by Tanja Kuhm, Lennart
Pagani, Cecilia de Agrela Pinto, Alex Fish, Els Pardon and Arjen J. Jakobi
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2.1. Introduction

Over the last decade guanylate binding proteins (GBPs) have emerged as important play-
ers in cell-autonomous immunity [1, 2]. Following a cytokine induction, they have been
linked to defend the host against cytosolic and vacuole-resident bacteria as well as par-
asites and viruses. [3-10]. While the exact mechanism of action remains incompletely
understood, GBPs have been shown to restrict pathogen replication [11-13]. Although
guanylate binding protein 1 (GBP1) has been shown to be actively involved in the lysis
of toxoplasma gondii (Tg) containing vacuoles as well as the pathogen membrane itself,
GBP1 induced membrane rupture of other pathogen membranes has not been observed
yet [10].

Notably, GBP1 directly interacts with lipopolysaccharides (LPS) on the outer mem-
brane of gram-negative bacteria [9, 14, 15], forming supramolecular complexes that can
coat the entire bacterial surface [9, 14, 15]. This interaction initiates the assembly of
other GBP family members (GBP2-GBP4), leading to the recruitment and activation of
caspase-4 [15]. Activated caspase-4 subsequently cleaves gasdermin D, triggering an in-
flammatory type of programmed cell death known as pyroptosis [16, 17]. Given GBP1’s
role as the primary member recruited to pathogens and pathogen-containing vacuoles,
this chapter primarily focuses on GBP1.

Structurally, GBP1 comprises an N-terminal large GTPase (LG) domain and an ex-
tended purely a-helical C-terminal domain, which can be subdivided into a middle do-
main (MD) and a GTPase effector domain (GED) [18]. In addition, GBP1 possesses a
prenylation motif, allowing farnesylation of a cysteine residue at the C-terminus [19].
Prenylation enables recruitment of GBP1 to intracellular membranes [20]. Although
crystal structures of monomeric GBP1 and the nucleotide-dependent dimer of the LG
domain are available [18, 21], high-resolution structures of the full-length GBP1 dimer
and its detailed organisation on membranes remain elusive. Different models of poten-
tial GBP1-dimer structures have been postulated [22, 23] but lack experimental verifica-
tion.

A high degree of structural flexibility and low molecular weight of the GBP1 dimer
(130 kDa) make cryo-EM structure determination challenging [22]. One strategy to limit
protein flexibility in structural biology is the use of conformational stabilisers. A widely
applicable strategy uses chemical cross-linking which unspecifically introduces cova-
lent bonds between two close reactive amino-acid residues [24-26]. Disadvantages of
cross-linking include the possibility to favor the most compact configuration over other
conformations as well as the possibility to introduce artificial interactions [27]. Besides,
establishing a suitable cross-linking protocol can require extensive rounds of optimi-
sation. Another approach to limit conformational flexibility of proteins includes the
binding of either immunoglobulin derivatives such as antibodies or nanobodies or non-
immunoglobulin binders [28]. Non-immunoglobulin binders comprise of a scaffolding
protein forming the structural core, while target-specific binder sequences are gener-
ated by directed evolution [28]. Such binders include affibodies, anticalins, DARPins or
monobodies [29-32]. The main advantages of such non-immunoglobulin binders is that
it circumvents the need of animal immunization, besides other advantages such as low
production costs, high solubility and thermal stability [33].
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Nanobodies on the other hand are an immunoglobulin derivative type of stabiliser
[34, 35]. They consist of a single variable domain derived from heavy chain antibodies
found in sera of Camelidae [36]. Compared to antibodies, they are small in size (~ 15
kDa) and are therefore well suited to specifically recognise, bind and stabilise a partic-
ular conformational state of the protein. The combination of high target affinity and
conformational specific binding makes Nbs a useful tool in structure determination us-
ing cryo-electron microscopy or crystallography [35, 37-39].

Nbs contain three hyper-variable complementarity determining regions (CDRs) re-
sponsible for antigen binding. The CDR3 loop of most Nbs is longer compared to con-
ventional antibodies and is able to adapt a finger-like structure that can recognise and
strongly bind to small clefts and active sites of enzymes. [37, 40]. Nbs have the potential
to decrease protein flexibility by locking the target proteins in a specific conformation
[38, 39, 41]. Among the attractive properties of Nbs are, that they can be expressed in
bacteria, their good solubility and their extraordinary stability regarding temperature
or pH [42-45]. As Nbs are able to even withstand reducing environments of eukaryotic
cells without losing target specificity, they can be expressed as fluorescently labelled in-
trabodies, specifically marking antigens inside living cells [46, 47], enabling the coupling
of structural data and functional data.

Here, we were interested to identify Nbs stabilising the full length GBP1 dimer to aid
structure determination by cryo-EM. More precisely, we sought for Nbs that are specific
for monomeric GBP1, dimeric GBP1 or farnesylated GBP1 in order to establish a compre-
hensive toolkit that allows discriminating between different structural and oligomeric
states of GBP1 for mechanistic studies in vitro and in the cell.

We present eight different Nbs that were raised either against monomeric GBP1,
farnesylated GBP1 or nucleotide stabilised dimeric GBP1. We characterise their abil-
ity to bind GBP1 using SEC-MALS experiments and determine their affinity by surface
plasmon resonance (SPR). To probe the specificity of our Nbs for GBP1, we also tested
whether the Nbs were able to bind to GBP2, the most closely related member of the hu-
man GBP family. We further structurally mapped the binding site of selected Nbs on
recombinantly produced GBP1 by cryo-EM. Our nanobody toolkit will allow addressing
important outstanding structural and mechanistic questions related to GBP1 function
in cell-autonomous immunity.

2.2. Results

Discovery of conformation-specific Nbs for GBP1.

In this chapter, we explore Nb discovery to identify binders that stabilise specific confor-
mational states of GBP1 to support structural and functional studies. Our primary goal is
to identify Nbs which will enable structure determination of the GBP1 dimer. However,
the identification of Nbs specifically targeting monomeric or dimeric and farnesylated
or non-farnesylated GBP1 could enable us to better understand the conformational and
oligomeric states GBP1 has to undergo in order for its antimicrobial function to be ef-
fective. We therefore immunised llamas with either monomeric GBP1 with/without C-
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terminal farnesylation or unmodified dimeric GBP1 (Figure 2.1).

Monomeric GBP1

Farnesylated GBP1 mRNA extraction from Gene amplification, create

/ Immunization Lymphocytes phage library

_— farnesylation " O é @ ©
GBP1 dimer / HQOOO
©000 | ypeuoumouy

Phage library expression Validation with ELISA Sequence analysis

Figure 2.1: Generation of conformation-specific Nbs for GBP1. Left: Schematic representation of the do-
main architecture of GBP1. LG: Large GTPase domain (blue), MD: Middle domain (green), GED: GTPase ef-
fector domain (orange and red). A schematic representation of farnesylated GBP and a potential GBP1-dimer
is also shown. Right: Overview of Nb generation, selection and validation. Blood samples are taken from a
previously immunised llama, RNA is extracted from blood lymphocytes, reverse-transcribed into cDNA, PCR-
amplified and cloned into a phage display library. Clones are validated using enzyme-linked immunosorbent
assay (ELISA) and sequences of binding Nbs are further analysed to cluster Nb families. The figure was partly
generated with BioRender.

We identified a total of 71 Nbs raised against farnesylated monomeric GBP1 (12 Nbs),
GDP-AlFs-stabilised dimeric GBP1 (42 Nbs) or non-farnesylated monomeric GBP1 (17
Nbs) belonging to 36 different families (Table 2.1). A nanobody family is defined by a
high degree of amino acid sequence identity in their CDR3 loop (identical length and
>80% sequence identity), typically indicating that they recognise similar epitopes [48].
Whereas Nbs that were raised against farnesylated GBP1 and dimeric GBP1 show cluster-
ing into distinct CDR families, nine out of the 17 Nbs raised against the non-farnesylated,
monomeric GBP1 cluster into CDR families also identified for Nbs raised against GDP-AlFs-
stabilised dimeric GBP1, namely family 11, 12 and 14 (Table 2.1).
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Table 2.1: Summary of identified Nbs that were raised against farnesylated GBP1, GDP-AlF3-stabilised dimeric
GBP1 and monomeric GBP1

Raised against Noof No o1 of Family No of 1.\Ibs Nbs in this study
Nbs families names per family
Farnesylated 12 10 1 3 Nb74
GBP1 2-10 one each
11 14 Nb77
SGtI;_P AlFs 12 12 Nb76 and Nb202
bilised 42 18 Nb193 (fam%ly 18)
dimer 13-28 one each Nb195 (family 14)
Nb196 (family 25)
11 6
12 2
Monomer 17 11 14 1
29-36  oneeach Nb75 (family 29)

Selection and purification of eight Nbs that were raised against GBP1.

The sequences of the obtained Nbs were analysed by multiple sequence alignment (MSA)
showing large differences in the three complementarity-determining regions of the se-
quences (CDRs) as expected (Figure 2.2, Supplementary Figure 2.20 and Supplementary
Figure 2.21).

For this study, we selected eight different Nbs that were raised against either farne-
sylated monomeric GBP1 (GBP1F), non-farnesylated monomeric GBP1 or unmodified
dimeric GBP1-GDP-AlF3 (Table 2.1). We chose one Nb (Nb74) that was raised against
GBP1p, six Nbs that were raised against GDP-AlF3-stabilised dimeric GBP1 and one Nb
(Nb75) that was raised against monomeric GBP1 (Table 2.1). Nb74 was raised against
GBP1f and belongs to family 1. It was selected for this study because it belongs to a
family with multiple members. Having multiple Nbs in one family can be of advantage
if expression or stability of the Nb is poor, as single amino acid mutation can potentially
improve those properties [48]. The same reasoning was used when choosing Nbs that
were raised against GDP-AlF3-stabilised dimeric GBP1. We chose Nb77 from family 11
as well as Nb76 and Nb202, both belonging to family 12, only differing in two individual
amino acids (Figure 2.2a, Figure 2.10c). To increase the probability to target different
eipitopes, we also chose Nbs from different families that had only one member per fam-
ily (Nb193 from family 18, Nb195 from family 14 and Nb196 from family 25) as well as
Nb75 that was raised against monomeric GBP1 and belongs to family 29 (Table 2.1).

In a first step, Nbs were successfully expressed and purified, which was verified by an
SDS-PAGE revealing a single band without visible contaminants indicating high purity
at a molecular weight around 10 kDa (Figure 2.2b,c).
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a CDR2

1 . . . . 50 .
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Figure 2.2: Multiple sequence alignment and Nb expression and purification schematic. (a) Multiple se-
quence alignment (MSA) of Nbs used in this chapter. Primary sequences were used as input for Clustal Omega
[49]. The three complementarity-determining regions of the sequences (CDRs) are highlighted above the MSA.
The letters E M or D indicate whether the Nbs were discovered using monomeric farnesylated GBP1 (F), non-
farnesylated monomeric GBP1 (M) or unmodified dimeric GBP1-GDP-AlF3 (D). The box around Nb76 and
Nb202 indicates that they belong to the same family. Residues are coloured by physicochemical property of
the side chain (grey: hydrophobic, light blue: polar, red: negatively charged, dark blue: positively charged, yel-
low: aromatic, green: special cases). The consensus sequence (100 %) is shown below the alignment together
with conserved physicochemical classes (I: aliphatic, a: aromatic, c: charged, h: hydrophobic, -: negative, p:
polar, +: positive, s: small, u: tiny, t: turn-like). (b) Schematic of Nb expression and purification. After expres-
sion and centrifugation, the supernatant (SN) was removed. The pellet was resuspended, before performing an
osmotic shock. The supernatant of a following centrifugation step was used as input for an ion metal affinity
chromatography (IMAC). In a final step a size exclusion chromatography (SEC) was performed. (c) Represen-
tative SDS-PAGE analysis of purified Nbs with a pure protein band around 10 kDa corresponding to the size of
the Nbs.
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Selected Nbs show specificity for conformational and oligomeric states of
GBP1

We next probed Nb selectivity for monomeric or dimeric GBP1 via size exclusion chro-
matography coupled to multi-angle light scattering (SEC-MALS). SEC-MALS experiments
identified two Nbs (Nb74 and Nb76) that were able to bind monomeric GBP1 as ob-
served from the shift in molecular weight (My) by roughly 13 kDa, consistent with the
molecular weight of a 1:1 complex of GBP1 with Nb74 or Nb76. To test whether Nb74
and Nb76 also bind the GBP1 dimer, we repeated the experiments with the GDP-AlIF3-
stabilised dimer preparations of GBP1 (Figure 2.3a,b). We observed the molecular weight
to increase by ~26 kDa confirming a 2:2 stochiometry and that Nb74/Nb76 binding does
not interfere with GBP1 dimerisation. For Nb76 we observed an additional peak with
a My of 178 kDa (Figure 2.3b) indicating that the binding stochiometry between Nb76
and GBP1 is not always strictly 2:2. Although we have not resolved the exact composition
of this additional peak, the shift to higher elution volumes is an indication for a more
compact conformation and the observed behaviour was reproducible (Supplementary
Figure 2.22a).

a 250 b
—— GBP1 Dimer Mo/nomer 250 GBP1 Dirr|1er Mor;orner
—— GBP1-Nb74 1.0 GEPL-ND76 1.0
GBP1-GDP-+AIF3
200{ — GBP1-GDP+AIF;-Nb74 200 g:gi'ggg'::? D76
0.8 - - > | 0.8
© = © =
Q 155 kDa — =4 ] 157 kDa —_ z
2150 2 g =150 o
9 069 « 129 kDa | 0673
%) N w N
s s 8 8
©100 0.4 g 100 0.4 §
s z 2 z
50 2 50 2
o 0.0 r0.0
8 10 12 14 16 0 8 10 12 14 16

Elution Volume (ml) Elution Volume (ml)

Figure 2.3: Nb74 and Nb76 bind to monomeric and dimeric GBP1. (a-b) SEC-MALS profiles showing that
Nb74 and Nb76 bind to monomeric and GDP-AlF3-stabilised dimeric GBP1 shifting the molecular weight by
roughly 13 kDa for the monomer or by 26 kDa for the dimer. The My of the Nb is ~12 kDa, consistent with a
1:1 and 2:2 binding stochiometry with the GBP1 monomer and dimer, respectively (b) The binding of Nb76 to
dimeric GBP1 results in an additional peak with an estimated Myy of 178 kDa. This 178 kDa peak is shifted to
the right relative to the 157 kDa peak indicating a more compact conformation.

Contrary to Nb74 and Nb76 which are not selective toward the oligomerisation state
of GBP1, we also identified four Nbs (Nb193, Nb195, Nb196 and Nb202) that exclusively
bind the GDP-AlF;3-stabilised dimer of GBP1 and not monomeric GBP1. This suggests
that this Nb subset binds an epitope located at the dimerisation interface of two GBP1
molecules. Depending on the Nb, the molecular weight of the GBP1 dimer (My = 129
kDa) shifted by 7 kDa for Nb196 (Figure 2.4c) up to 26 kDa for Nb195 (Figure 2.4b). With
an estimated molecular weight of 12 kDa per Nb, the shift in molecular weight indicate
that these Nbs bind with either 1:2 or 2:2 stochiometry. Steric hindrance resulting from
two Nbs binding could be one reason of why we only observe one Nb binding to the LG
domain dimer. The crystal structure of GBP1-LG has been shown to be C2 symmetric
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[21], which we assumed to be true for the full-length GBP1 dimer as well. The binding of
only one Nb to the GBP1 dimer could be an indication that the full-length GBP1-dimer is
in fact not C2 symmetric or that the binding of one Nb causes a conformational change
of the GBP1-dimer preventing the second Nb from binding.

a b
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—— GBPL-ND103 / 1.0 —— GBP1-Nb195 1.0
GBP1-GDP+AIF5 GBP1-GDP+AIF;
2001 — GBP1-GDP-AIF5-Nb193 2001 — GBP1-GDP-AIF;-Nb195
0.8 0.8
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Figure 2.4: Nb193, Nb195, Nb196 and Nb202 bind to dimeric GBP1. (a-d) The addition of 2:1 molar excess of
Nb193, Nb195, Nb196 and Nb202 shifts the molecular weight of GDP-AlF3-stabilised dimeric GBP1 (Myy = 129
kDa) by 7 kDa (Nb196) up to 26 kDa (Nb195) indicating the binding of 1-2 Nbs per GBP1-dimer. None of the
four Nbs binds monomeric GBP1 (Myy = 64 kDa).

Surprisingly, we also found two Nbs (Nb75 and Nb77) which entirely disrupt the pre-
formed GDP-AlF3-stabilised GBP1 dimer. Instead, our SEC-MALS data revealed a peak
with My of 77 kDa, consistent with a 1:1 complex of monomeric GBP1 with Nb75 or
Nb77 (Figure 2.5a,b). In accordance, when incubated with monomeric GBP1 we found
equivalent peaks, confirming Nb75 and Nb77 bind the GBP1 monomer in a 1:1 complex.
These results suggest that Nb75 and Nb77 recognise and compete for an epitope rele-
vant for GBP1 dimerisation. Consistently, we find 1:1 GBP1/Nb complexes irrespective
of whether we add the Nb to a pre-formed GBP1 dimer or whether we attempt to form
GBP1 dimers after pre-incubation of monomeric GBP1 with Nb75 or 77 (Supplementary
Figure 2.22Db).
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Figure 2.5: Nb75 and Nb77 compete with GDP-AlF3-induced dimerisation of GBP1. (a-b) SEC-MALS profiles
of monomeric GBP1 and Nb75 or Nb77 (1:2 molar excess) show a molecular weight shift of approximately 15
kDa relative to the molecular weight of monomeric GBP1 alone, consistent with formation of a 1:1 GBP1:Nb
complex. Incubation of Nbs with preformed GDP-AlF3-stabilised GBP1 dimer lead to dissociation of GBP1
dimers and formation of 1:1 GBP1:Nb complexes.

GBP1-specific Nbs have affinities in the picomolar to nanomolar range.
Most relevant applications of Nbs require high target affinity. When using Nbs for struc-
ture determination, high affinity binders facilitate complex purification and reduce un-
specific background. In applications involving nanobody-based intrabodies, cellular ex-
pression levels of intrabodies are limited to avoid cell stress, requiring high affinity for
target binding in the cell.

To determine the affinity and specificity of our Nbs for GBP1 we used surface plas-
mon resonance (SPR) (Figure 2.6a). To facilitate GBP immobilisation on the SPR chip, we
expressed and purified GBP1 containing a C-terminal Avi-tag, a 15 amino acid peptide
tag that allows biotinylation at a single lysine residue contained within its sequence us-
ing the bacterial biotin ligase BirA [50]. To confirm biotinylation of GBP1, we used a gel
shift assay with the tetrameric bacterial biotin receptor streptavidin. The interaction of
biotin and streptavidin is very strong (Kp~ 10~'* mol/L) and can withstand the denatur-
ing condition of an SDS-PAGE [51]. The characteristic ladder pattern of high-molecular
weight species on SDS-PAGE, resulting from the formation of streptavidin complexes
with biotinylated substrates, confirmed successful biotinylation of GBP1 (Figure 2.6c).

After biotinylation, GDP-AlF; stabilised dimeric GBP1 was immobilised onto SPR
chips coated with DNA oligonucleotide duplexes carrying streptavidin (Figure 2.6b). Nbs
were injected into the sensor chip with increasing concentrations ranging from 1 nM
to 256 nM and SPR sensorgrams were recorded (Figure 2.6d). From the sensorgrams,
association rates (ko,), dissociation rates (korr) and dissociation constants (kp) were
determined (summarised in Figure 2.6e). The kps range from 63 pM for the strongest
binder (Nb195) to 4.5 nM for the weakest binder (Nb193). With kps in the picomolar to
nanomolar range all Nbs can be considered strong binders. Consistent with SEC-MALS
experiments, Nb75 and Nb77 were unable to bind to dimeric GBP1 (Supplementary Fig-
ure 2.23).
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Figure 2.6: Surface plasmon resonance (SPR) experiments to determine the affinity between GBP1 and dif-
ferent Nbs. (a) Schematic representation of an SPR experiment (b) and of the chip used for immobilising bi-
otinylated GBP1 onto complementary DNA oligonucleotides coupled to streptavidin (SA). (c) SDS-PAGE anal-
ysis of GBP1 and GBP2 biotinylation. Bands containing GBP1 and GBP2 shift to higher order molecular weight
species indicating complete biotinylation. (d) SPR sensorgrams showing the kinetics of Nb74, Nb76, Nb193,
Nb195, Nb196 and Nb202 binding to the GDP-AlF3-stabilised dimer of GBP1-Avi. Increasing concentrations
of Nbs (ranging from 1 nM to 256 nM) were injected into the sensor chip containing the immobilised dimer
of GBP1-Avi. (e) Summary of the association rates (koy), dissociation rates (k, f f) as well as dissociation con-

stants (kp).
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Previously, SEC-MALS experiments showed that Nb75 and Nb77 are able to dissoci-
ate the GBP1 dimer (Figure 2.5) by forming stable 1:1 complexes with monomeric GBP1.
The results of the SPR experiment indicate that the Nbs were unable to dissociate the
GBP1 dimer immobilised on the SPR chip. One potential explanation lies in the fact that
biotinylated GBP1 is immobilised on the SPR chip, preventing conformational states of
GBP1 necessary for Nb75 and Nb77 to bind. Another explanation could result from the
immobilisation process itself, which massively increases the local GBP1 concentration
and hence the probability of self-interaction might outcompete Nb binding. In order to
determine the kp of Nb75 and Nb77 the SPR experiments will need to be repeated with
immobilising monomeric GBP1 onto the chip.

A subset of selected Nbs binds to the large GTPase domain of GBP1

To narrow down the epitopes more precisely, we cloned and purified the large GTPase
domain (LG) of GBP1 (amino acid residues 1-311) (Supplementary Figure 2.19c). Similar
to full length GBP1, the LG domain of GBP1 has been shown to dimerise in a nucleotide
dependant manner [21]. SEC-MALS experiments revealed that Nb193, Nb195, Nb196
and Nb202 all bind to the GDP-AlFj3 stabilised LG domain dimer, shifting its molecular
weight (Mw = 69 kDa) by 16 kDa (for Nb196) up to 26 kDa (for Nb195) (Figure 2.7a-d).

These molecular weight shifts follow a similar trend as observed for full length GBP1
(Figure 2.4) indicating 2:2 or 1:2 stochiometries of Nb:LG complexes for different Nbs.
In accordance with previous experiments, we do not observe binding of Nb193, Nb195,
Nb196 and Nb202 to the LG domain monomer which under these condition elutes in
a peak with a molecular weight of ~36 kDa corresponding to the LG domain monomer
alone (Figure 2.7a-d).

To test if the Nbs that are able to bind the LG domain dimer compete for the same
binding site, we first incubated the LG domain dimer with Nb195, followed by another
incubation step with either Nb193 or Nb202 prior to the SEC-MALS experiment. We ob-
served a shift in molecular weight by ~26 kDa when adding Nb195 consistent with a 2:2
complex (Mw = 96 kDa). The molecular weight does not increase further when we in-
cubate the GDP-AlF3-stabilised LG domain of GBP1 with a second Nb, indicating that
Nb193 and Nb202 bind at a similar location as Nb195, sterically preventing the other Nb
to bind (Figure 2.8a).

Conversely, when adding Nb195 and Nb74 simultaneously to the GBP1 dimer, we
observed an upward shift in molecular weight by 44 kDa to an absolute molecular weight
of the complex of 173 kDa, indicating the binding of three to four Nbs (Figure 2.8b). We
therefore conclude that Nb195 and Nb74 bind non-competitively to different epitopes
on the GBP1-dimer.

To determine whether Nb75 and Nb77 would also be able to dissociate the GBP1
LG domain dimer, we performed SEC-MALS experiments and realised that they do not
bind the LG domain (Figure 2.9a,b). The LG domain dimer also remained intact after
addition of Nb75 or Nb77 with a SEC-MALS peak and associated molecular weight of 70
kDa corresponding to an LG dimer with no Nb bound. Equivalently, Nb75 and Nb77 did
not bind the LG monomer.
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Figure 2.7: Nb193, Nb195, Nb196 and Nb202 bind to the GDP-AlF3-stabilised LG domain of GBP1. (a-d) SEC-
MALS experiments revealed that Nb193, Nb195, Nb196 and Nb202 bind to the GDP-AlF3-stabilised LG domain
of GBP1 shifting the molecular weight by 16 kDa (Nb196) up to 26 kDa (Nb195). The Nbs did not bind to the
monomeric LG domain of GBP1.
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Figure 2.8: Adding multiple Nbs to GBP1 or GBP1-LG. (a) Nb 193, Nb195 and Nb202 are unable to bind si-
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responding to an LG domain dimer with two Nbs bound. (b) SEC-MALS experiments show that multiple Nbs
(Nb74 and Nb195) can bind to GBP1 simultaneously. The molecular weight shifts by 44 kDa compared to the
GDP-AlF3-stabilised dimeric GBP1, corresponding to three to four bound Nbs.
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Nbs of the same family cluster demonstrate different binding behaviours.
In view of the broadly different binding characteristics observed in our experiments,
we wanted to probe whether Nbs from the same family (i.e. with high sequence iden-
tity) share consistent interaction properties. We therefore investigated Nb76 and Nb202
which were both raised against dimeric GBP1 and only differ in two amino acid positions
(out of 133 amino acid positions in total) (Figure 2.10a, indicated with a star).

a __CDRI___ ___coRe

1 ] 70
Nb76 QUQLVESGGGLVQAGGSLELACAASGRTFSTYAMGWFEQAPCEEREFVAAZSWTGSTY YATSVEGEFTIS
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Figure 2.10: Nb76 and Nb202 share high sequence identity, but display different binding characteristics
towards GBP1. (a) Pairwise sequence alignment of Nb76 and Nb202. Primary sequences were used as input for
Clustal Omega [49]. Residues are coloured by physicochemical property of the side chain (grey: hydrophobic,
light blue: polar, red: negatively charged, dark blue: positively charged, yellow: aromatic, green: special cases).
The two differing residue positions (73 and 101) are highlighted with a red asterisk. (b) SEC-MALS profiles
show that while Nb76 binds both monomeric GBP1 and GDP-AlF3-stabilised dimeric GBP1, Nb202 exclusively
binds the GBP1-dimer. Of note, binding of Nb76 to the GBP1 dimer results in an additional peak of 178 kDa
which is absent for Nb202. (c) Nb76 and Nb202 both only bind to the GDP-AlF3-stabilised dimeric LG domain
and not to the monomeric LG domain.

SEC-MALS analysis revealed different binding behaviours for Nb76 and Nb202 with
GBP1. While Nb76 formed a complex with monomeric GBP1 resulting in an upward My
shift from 63 kDa to 77 kDa, Nb202 does not bind monomeric GBP1 (Figure 2.7d and Fig-
ure 2.10b). Both Nb202 and Nb76 on the other hand bind to GDP-AlF3-stabilised dimeric
GBP1. Unlike for Nb76, the binding of Nb202 did not result in an additional peak around
178 kDa. To further understand where the Nbs bind on GBP1, we studied the interaction
of Nb76 and Nb202 with the monomeric and GDP-AlF3-stabilised dimeric LG domain of
GBP1. Both Nbs were able to bind to the dimeric LG domain of GBP1, but unable to bind
to the monomeric LG domain (Figure 2.10c). This suggests that Nb76 needs additional
binding sites outside of the LG domain enabling it to bind to monomeric full-length
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GBP1. Together, these observations suggest that despite the high sequence identity of
both Nbs, they recognise different epitopes.

A subset of selected Nbs are able to differentiate between GBP1 and GBP2.
The human genome encodes seven GBPs (GBP1-GBP7) which are highly similar in pri-
mary sequence. Among the human GBPs, GBP1 and GBP2 are most closely related. Both
proteins reveal a high sequence similarity and when comparing the crystal structures of
monomeric GBP1 and monomeric GBP2, the structures reveal an almost identical fold
with a backbone root mean square deviation (r.m.s.d) of 3.1 A over 572 residues (Fig-
ure 2.11 a,b). Since we were aiming for Nbs specific for GBP1, we tested cross-reactivity
with GBP2.

To test this we repeated the SEC-MALS based interaction assays with monomeric and
GDP-AlF;3-stabilised dimeric GBP2. In the presence of Nb74 or Nb76, GBP2 still eluted
in a peak corresponding to a molecular weight of the monomeric GBP2 (65 kDa, Fig-
ure 2.11c,d, dark-blue and cyan) or dimeric GBP2 (126 kDa, Figure 2.11c, d, light-green
and grey). These experiments demonstrate that Nb74 and Nb76 did not bind to GBP2
and hence are specific for GBP1 (Figure 2.11c,d and Table 2.2). Having identified Nbs
that are specific for GBP1 provides us with a tool to differentiate between GBP1 from
other closely related GBPs. Likewise, SEC-MALS experiments with Nb193, Nb195, Nb196
and Nb202 and GBP2 showed no binding of Nbs to GBP2, indicating that these Nbs are
also specific for GBP1 (Supplementary Figure 2.24 and Table 2.2).

Although some Nbs seem to be highly specific for GBP1 we also identified two Nbs
(Nb75 and Nb77) that are able to bind both monomeric GBP1 and GBP2 (compare Fig-
ure 2.12a,b and Figure 2.5a,b). As for GBP1, Nb75 and Nb77 are able to disrupt the pre-
viously formed GDP-AlF3-stabilised dimer of GBP2 resulting in a 1:1 Nb:GBP2 complex.
The ability to disrupt the GBP2 dimer was slightly reduced for Nb77 resulting in a resid-
ual dimer peak with associated molecular weight of ~129 kDa (Figure 2.12b, grey).
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Figure 2.11: Nb74 and Nb76 are specific for GBP1. (a) Structural comparison of monomeric GBP1 and GBP2.
The crystal structures of GBP1 (PDB ID: 1dg3 [18]) and GBP2 (PDB ID: 7e58 [52]) in their monomeric form are
overlayed to display the high degree of structural similarity. (b) Pairwise sequence alignment of human GBP1
(UniProt: P32455) and human GBP2 (UniProt: P32456). Primary sequences were used as input for Clustal
Omega [49]. Secondary structure elements for GBP1 [18] are displayed for guidance. The colour of the alpha-
helices and beta-sheets correspond to the domain architecture of GBP1 shown in Figure 2.1 and used through-
out the text (blue: Large GTPase domain, green: Middle domain (MD), orange/red: GTPase effector domain).
Residues are coloured by physicochemical property of the side chain (grey: hydrophobic, light blue: polar, red:
negatively charged, dark blue: positively charged, yellow: aromatic, green: special cases). (c-d) SEC-MALS ex-
periments show that Nb74 and Nb76 do not bind to monomeric or GDP-AlF3-stabilised dimeric GBP2 contrary
to equivalent experiments with monomeric and dimeric GBP1 (as displayed in Figure 2.3).
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Figure 2.12: Nb75 and Nb77 dissociate the GDP-AlF3-stabilised dimer of GBP2. (a-b) SEC-MALS profiles
showing that Nb75 or Nb77 (in 2:1 molar excess) dissociate the pre-formed GDP-AlF3-stabilised dimer of GBP2,
equivalent to observations with GBP1 (see Figure 2.5). The profiles are consistent with 1:1 Nb:GBP2 complexes
with an upward molecular weight shift of ~13 kDa relative to monomeric GBP2.

Table 2.2: Summary of SEC-MALS data obtained with different Nbs and monomeric or GDP-AlF3-stabilised
dimeric GBP1, GBP1 LG domain or GBP2. *: Indicates the presence of another peak of unknown stochiometry
with a molecular weight of 180 kDa (Supplementary Figure 2.22a).

Nano- Raised Fam- GBP1 GBP1 LG LG GBP2 GBP2
body against ily mon. dimer mon. dimer mon. dimer
Nb74  farnes. GBP1 1 Yes  Yes No No No No
Nb75  mon. GBP1 29 Yes B‘reaks No No Yes B.reaks
- dimer - dimer
Nb76  dim. GBP1 12 Yes  Yes” No Yes No No
Nb77  dim.GBPI 11  Yes LS Ng No  yes DAk
— dimer - dimer
Nb193 dim. GBP1 18 No Yes No Yes No No
Nb195 dim. GBP1 14 No Yes No Yes No No
Nb196 dim. GBP1 25 No Yes No Yes No No
Nb202 dim. GBP1 12 No Yes No Yes No No

E
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2.2.1. SPR experiments confirm the specificity of Nbs towards GBP1

In order to confirm that six out of the eight Nbs were indeed specific for GBP1 and do
not bind GBP2, we performed SPR experiments. As for GBP1, we immobilised dimeric
biotinylated GBP2 onto an SPR chip (Figure 2.6b, c). Different to the experiments for
dimeric GBP1 for which no interaction with Nb75 and 77 could be established, we did
observe binding of GBP2 to Nb75 or Nb77 (kp of 37.4 nM and 88.2 nM) (Figure 2.13, up-
per row), potentially resulting from incomplete dimer formation of GBP2 on the sensor
chip. Consistent with this interpretation, SEC-MALS profiles with biotinylated GBP1-Avi
and GBP2-Avi in their GDP-AlF;3 stabilised dimeric states confirmed a larger monomer
fraction in the GBP2-Avi sample compared to GBP1-Avi (Supplementary Figure 2.25). All
the other Nbs were unable to bind to GBP2 consistent with our SEC-MALS experiments
and the above stated kp for GBP2 binding to Nb75 or Nb77 need to be considered care-
fully, as the fits were not reliable (Figure 2.13).
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Figure 2.13: Surface plasmon resonance (SPR) experiments to determine the affinity between dimeric GBP2
and different Nbs. SPR sensorgrams showing the binding kinetics of GBP2 with different Nbs. Increasing con-
centrations of Nbs (ranging from 1 nM to 256 nM) were injected into the sensor chip containing immobilised
GBP2. Nb75 and Nb77 bind to GBP2 (upper panel) enabling the determination of dissociation constants (kp
of 37.4 nM for Nb75 and 88.2 nM for Nb77, uppermost panel). Other tested Nbs did not bind to GBP2 (lower
three panels).
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2.2.2. Nb75 interferes with coat formation of farnesylated GBP1
Farnesylated and nucleotide-activated GBP1 has previously been shown to be able to
bind to giant unilamellar vesicles (GUVs) using fluorescence microscopy [53]. To un-
derstand whether disrupting the GBP1 dimer has an effect on coat formation of puri-
fied farnesylated GBP1 (GBP1f) (Supplementary Figure 2.19d, €), we used fluorescently
labelled GBP1r (GBP1:-Q577C-AF647) and Texas Red DHPE labelled brain polar lipid
extract (BPLE)-derived GUVs.

GBP1.-AF647

Texas Red DHPE Composite

Nb75 added before coat formation

Nb75 added after coat formation

Figure 2.14: Confocal fluorescence imaging of GBP1 - on GUVs with Nb75. GBP1-Q577C-AF647 shows weak
binding to Texas Red DHPE labelled GUVs when adding GDP-AlF3 (top panel). When Nb75 was bound to
GBP1-Q577C-AF647 before addition to the GUVs, coat formation of GBP1 is completely lost (middle panel,
white arrows). The addition of Nb75 after coat formation, had no effect on GBP1r-Q577C-AF647 binding to
GUVs (lower panel).

When GBP1r is activated by GDP-AlFj3 it uniformly stains the GUVs (Figure 2.14 up-
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per row). Incubation of GBP1r with Nb75 for 1h at RT prior to nucleotide activation
completely abolishes GBP1f coat formation on GUVs, indicating that Nb75 interferes
with coat formation (Figure 2.14 middle row). Together with our observation that Nb75
prevents GBP1-dimer formation, this suggests that GBP1 dimerisation is a prerequisite
for GBP1 coat formation.

To test if Nb75 is also able to disrupt a pre-formed GBP1g coat on GUVs, we incu-
bated the GBP1g-coated GUVs for 50 min with Nb75 while imaging in regular intervals.
Different to the SEC-MALS experiments where Nb75 was able to dissociate pre-formed
GBP1-dimers, Nb75 was not able to break the GBP1f coat (Figure 2.14 bottom row). Pos-
sibly, the Nb75 epitope is no longer accessible in the pre-formed GBP1 coat. Alterna-
tively, coat formation could be energetically favorable and inter-coat interactions may
out-compete Nb75 binding.

2.2.3. Cryo-EM single-particle analysis of GDP-AlF3 stabilised GBP1 dimer

only resolves the LG domains

One primary goal of this thesis is to obtain the 3D structure of the full-length GBP1
dimer, which has so far remained elusive. To this end, we employed cryo-EM single
particle analysis of highly purified nucleotide-bound GBP1. Cryo-EM analysis of the
GDP-AlF; stabilised GBP1 dimer resulted in 2D classes with strong preferred orientation
(Figure 2.15a,b). Most classes showed one particular orientation (Figure 2.15b, top two
panels) consistent with the projection of the dimerised LG domains and resulting in a
low resolution 3D reconstruction with strong directional resolution anisotropy. Fitting of
a previously solved atomic structure of the GBP1 LG domain dimer (PDB-ID: 2b92, [21])
into the obtained cryo-EM map revealed that the middle domain and the C-terminal
GTPase effector domain were absent in our 3D reconstruction (Figure 2.15c,d).

The inability to resolve those domains is most likely due to a high degree of flexibility
resulting from a linker region in close proximity to the LG domain between the a6 he-
lix and the a7 helix (Figure 2.11b). Nbs have the potential to decrease protein flexibility
by stabilising specific target conformations [38, 39, 41]. Exploiting those characteristics,
we incubated different Nbs with a GDP-AIF3 stabilised GBP1 dimer prior to vitrification.
Since our aim was to stabilise the MD and GED in a conformation suitable for structure
determination by cryo-EM, we excluded Nbs that we previously found to bind the LG do-
main. We converged on Nb74 for our subsequent cryo-EM experiments. Single-particle
analysis of cryo-EM micrographs obtained with the GBP1 dimer in complex with Nb74
resulted in 2D class averages displaying a more diverse set of particle orientations that
showed promise for cryo-EM structure determination (Figure 2.15e). These results will
be further discussed in chapter 3.

2.2.4.Nb195 and Nb196 bind to the GDP-AlF3 stabilised dimeric LG do-

main of GBP1.
Our SEC-MALS analysis already indicated that Nb195 and Nb196 putatively bind at the
interface between two LG domains in the GBP1 dimer. To test this hypothesis, we used
cryo-EM single-particle analysis to structurally map the epitopes of Nb195 and Nb196
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2D class average

€  GBP1-GDP-AIF3-Nb74 f 2D class average

Atomic model
(PDB-ID: 2b92)

Figure 2.15: Cryo-EM structure of GBP1-GDP-AIF;3 only resolves LG domains. (a) Representative cryo-EM
micrograph (b) 2D class averages and (c) 3D cryo-EM density map of the GDP-AlF3-stabilised GBP1-dimer. (d)
The atomic model of the GDP-AlF3 stabilised GBP1 LG domain (PDB-ID: 2b92, [21]) fitted into the 3D cryo-EM
density map. (e) Cryo-EM micrograph of GBP1-GDP-AlF3-Nb74 (f) and the associated 2D class averages.

on the GDP-AlF; stabilised GBP1-dimer (Figure 2.16a and Figure 2.17).

For Nb195, the 2D class averages and density map from a low-resolution 3D recon-
struction show two Nbs binding at the interface of the LG domain dimer (Figure 2.16b,c).
The 2D class averages indicate preferred particle orientation and the middle domain
(MD) and GTPase effector domain (GED) of GBP1 are not visible in the 3D reconstruction
similar to the results from single-particle analysis of the GBP1-dimer alone (compare to
Figure 2.15d). The atomic model of the GDP-AlF; stabilised GBP1-LG domain (PDB-ID:
2b92, [21]) fits well into the EM density map, highlighting that Nb195 indeed binds at
the interface between the two LG domain monomers colored in grey and dark blue (Fig-
ure 2.16d). Consistent with the 2D classes, a comparison of the cryo-EM density map of
GBP1:Nb195 to that obtained with the GDP-AlF3-stabilised GBP1 dimer alone reveals the
absence of interpretable density for the MD and GED (Figure 2.16e and Figure 2.15¢,d).

2D class averages of the GBP1-dimer incubated with Nb196 also showed strong pre-
ferred particle orientation (Figure 2.17b). Different to Nb195, we only observe one single
Nb binding in this case which is in accordance to SEC-MALS experiments displaying a
molecular weight shift of 7 kDa upon addition of Nb196 compared to 26 kDa for Nb195
(Figure 2.4b,c). This difference could be due to a lower affinity of Nb196 (0.58 nM for
Nb196 compared to 0.06 nM for Nb195 (Figure 2.6e)). Alternatively, Nb196 might bind
to elements of the GBP1-dimer that are not following the C2 symmetry of the LG-domain
dimer, potentially explaining why Nb196 only bind with 1:2 stochiometry. Again, the MD
and GED were absent in our 3D reconstruction. (Figure 2.17c,d). When comparing both
structures, the most prominent difference is that we can only visualise Nb196 bound to
one side of the GBP1-dimer and instead of a Nb binding orientation perpendicular to
the short axis of the LG domain dimer, it appears tilted by a ~ 45° angle (Figure 2.17e)
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Figure 2.16: Cryo-EM structure of GBP1-GDP-AlF3 with Nb195. (a) Representative cryo-EM micrograph (b)
2D class averages and (c) 3D cryo-EM density map of the GDP-AlF3-stabilised GBP1-dimer bound to Nb195.
(d) The atomic model of the GDP-AlF3 stabilised GBP1 LG domain (PDB-ID: 2b92, [21]) fitted into the 3D cryo-
EM density map. (e) Comparison of the 3D cryo-EM density map of GDP-AlF3-stabilised GBP1-dimer obtained
in the presence or absence of Nb195.

relative to the LG dimer.

To rationalise why Nb195 and Nb196 exclusively bind GBP1 and not GBP2, we ex-
amined the interface between the Nbs and the GDP-AlF3-stabilised LG domain of GBP1
based on our 3D reconstructions. We performed a sequence alignment between GBP1
and GBP2 and plotted the sequence identity onto the LG domain dimer (Figure 2.18a-c).
While the limited resolution of our reconstructions do not allow a conclusive description
of the interaction interfaces, from crude patch mapping of the segment intersections of
the LG and Nb densities, we identified a number of residues potentially interacting with
Nb195 (Figure 2.18b). Nb195 binds at the interface of two LG domains with amino acids
from both molecules contributing to the interface (Figure 2.18b, orange or black). This
explains why Nb195 only binds to dimeric GBP1 but not to the monomer. To further
rationalise the specificity that Nb195 displays for GBP1 over GBP2, we also examined
residues at the interface that differ between both sequences (corresponding residues
for GBP2 are in parentheses) and identified Q72 (K72), D188 (E186), Q194 (E192), R244
(K242), R245 (K243), K246 (Y244), Q249 (H247) and K252 (Q250) as putative candidates.

The residues at the interface between GBP1 and Nb196 are all located on one of LG
monomers (Figure 2.18c). As for Nb195 we identified a number of residues differing be-
tween GBP1 and GBP2 (in parentheses), namely D188 (E186), Q194 (E192), E200 (D198),
E261 (D259), Q264 (E262), D268 (E266) that were positioned at the interface putatively
contributing to the specificity of Nb196 towards GBP1. To rationalise why Nb196 does
not bind the monomeric LG domain, we compared the structures of the dimeric LG do-
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Figure 2.17: Cryo-EM structure of GBP1-GDP-AIF3; with Nb196. (a) Representative cryo-EM micrograph (b)
2D class averages and (c) 3D cryo-EM density map of the GDP-AlF3-stabilised GBP1-dimer bound to Nb196.
(d) The atomic model of the GDP-AlF3 stabilised GBP1 LG domain (PDB-ID: 2b92, [21]) fitted into the 3D cryo-
EM density map. (e) Comparison of the 3D cryo-EM density map of GDP-AlF3-stabilised GBP1-dimer obtained
in the presence of Nb195 or Nb196.

main (PDB:2b92) with the LG domain of monomeric GBP1 (PDB:1dg3) (Figure 2.18d).
Although the crystal structure of the GBP1 monomer lacks tracing of residues 189-194,
we could still observe structural differences in areas close to the interface with Nb196,
which may affect binding of Nb196 to monomeric GBP1. Interestingly, when compar-
ing all publicly available structures of human GBP LG domains, we realised that the
GDP-AlFs stabilised dimeric structures all had this loop region resolved (Figure 2.18e, left
panel). Additionally, the loop was also resolved in the GBP2 monomer although slightly
shifted in position compared to the dimeric structures of GBP1-LG and GBP5. Contrary,
the loop was not resolved in the crystal structures of monomeric GBP1 (PDB ID: 1dg3),
GBP1¢ (PDB ID: 6klz) and GBP5 (PDB ID: 7e59) indicating structural flexibility in this
region (Figure 2.18e, right panel).
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Figure 2.18: Close-up of the putative interface of Nb195/Nb196 and GBP1 (a) Atomic model of monomeric
GBP1 (PDBID: 1dg3) in cartoon representation (LG: Large GTPase domain (blue), MD: Middle domain (green),
GED: GTPase effector domain (orange and red)) as well as side-by-side display of atomic model and surface
representation of the GDP-AlF3 stabilised dimeric GBP1 LG domain (PDB ID: 2b92). The color coding of the
surface representation corresponds to the sequence identity between GBP1 and GBP2. Magenta or dark grey
refers to an identical sequence between GBP1 and GBP2 whereas white or light grey represents a difference
in primary sequence between GBP1 and GBP2. (b) Potential amino acid residues of GBP1 involved in bind-
ing Nb195 are highlighted. Nb195 binds at the interface between two GBP1-LG domains. Residues belonging
to the same LG domain are either labelled in orange or black. (c) Residues of GBP1 likely to be involved in
binding Nb196 are highlighted. (d) Structural comparison between the GDP-AlF3 stabilised dimeric LG do-
main of GBP1 (PDB ID: 2b92) in cyan superposed with the LG domain of monomeric GBP1 (PDB-ID: 1dg3) in
grey. Residues located at the interface between GBP1 and Nb196 are represented as sticks. (e) Comparison of
available structures of GBPs in the loop region between amino acid position 189 and 197. The loop region is
resolved for the GBP1-LG-dimer (PDB ID: 2b92, in cyan), GBP5-LG-dimer (PDB ID: 7ckf, in dark blue), GBP5-
R356A-dimer (1-487) (PDB ID: 7e5a, pink) and the GBP2 monomer (PDB ID: 7e58, in light green). The same
sequence is not resolved in the structures available for the monomer of GBP1 (PDB ID: 1dg3, in grey), farne-
sylated GBP1 (PDB ID: 6klz, in red) and GBP5 (PDB ID: 7e59, in yellow) indicating structural flexibility in the
loop region.
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2.3. Discussion

GBP1 is a key player in cell-autonomous immunity. It has been shown to form a coat
functioning as a signalling platform on gram-negative cytosolic bacteria as well as on
pathogen-containing vacuoles and promotes caspase-4 induced cell death [14, 15]. The
conformational changes that GBP1 has to undergo in order to dimerise and oligomerise
to form a membrane-associated coat remain unsolved. In our study we generated and
characterised eight different Nbs that are able to interact with GBP1 to establish a molec-
ular toolbox to further structurally and functionally characterise GBP1 by structural tech-
niques such as cryo-EM/cryo-ET, but also by utilising those Nbs as intrabodies for cellu-
lar studies.

We identified two Nbs (Nb74 and Nb76) that are able to specifically bind to the GBP1
monomer and GBP1 dimer. Importantly, these Nbs show high specificity for GBP1 over
its closest homolog GBP2 despite their high degree of sequence identity. Both Nbs could
be very useful for structural investigation of GBP hetero-dimers that have been postu-
lated previously [20, 54].

SEC-MALS analysis showed that Nb75 and Nb77 are able to dissociate GBP1 and
GBP2 dimers. It will be interesting to investigate if those Nbs are also able to dissoci-
ate other GBP dimers and to map their epitopes. The Nb binding site is not exclusively
located at the LG dimer interface as determined by SEC-MALS experiments. When us-
ing the LG domain of GBP1, Nb75 and Nb77 were unable to interact and to dissociate
the dimer. This is surprising as the LG domain dimer forms a large contact surface [21].
The observation that Nb75 was able to inhibit coat formation, but unable to disrupt a
preformed GBP1 coat, could result from a densely packed GBP1-coat hindering Nb75
binding. This could also explain why Nb75 and Nb77 are unable to bind to immobilised
GBP1 on an SPR chip. Either there was sterical hindrance for the Nbs to bind, or by hav-
ing the dimers immobilised on its C-terminus they could not undergo a conformational
change necessary for the dimers to break apart facilitating Nb binding. Lastly, it could
also be that the Nb concentration range that we used in the SPR experiment (1 nM to
256 nM) was too low to break the GBP1 dimer apart. For GBP2, it could be a possibility
that the GBP2 dimer formation was not complete explaining why we do observe binding
of Nb75 and Nb77 to GBP2. In order to correctly determine the kp of Nb75 and Nb77 to
GBP1 or GBP2, it is necessary to perform an SPR experiment having monomeric GBP1
or GBP2 immobilised onto the chip.

Structural analysis of the GDP-AlF3 stabilised dimer of GBP1 could not resolve the
middle domain and the C-terminal GTPase effector domain (GED) of GBP1 indicating
a high degree of flexibility of those regions. Additionally, the particle distribution of the
GBP1-dimer showed strong preferred orientation. Together with a relatively low molec-
ular weight (~ 130 kDa) for cryo-EM, resolving the cryo-EM structure of the GBP1-dimer
appeared challenging. In a first attempt, we ended up with a 3D reconstruction only
containing interpretable density for the LG domain dimer. The addition of Nb74 to
the GBP1-dimer resulted in a better particle distribution and more diverse 2D classes
also comprising the MD. Our findings regarding the cryo-EM structure of GDP-AlF3 with
Nb74 will be discussed in detail in chapter 3.
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For Nb195 and Nb196 we obtained cryo-EM reconstructions visualising the bind-
ing of the Nbs to the LG domain and confirming the results from SEC-MALS analysis.
Whether the GBP1-dimer is only able to bind one Nb196 as observed in the cryo-EM
reconstruction and in SEC-MALS experiments or whether this is a concentration and
affinity dependent observation is still under investigation. There is also the possibility
that the binding of Nb196 to the GBP1-dimer induces a small structural rearrangement
preventing the binding of a second Nb.

When analysing the interface between Nb195 and Nb196 with GBP1, we observed
a number of residues located at the interface that differ between GBP1 and GBP2 ex-
plaining why both Nbs specifically bind to GBP1. We also took a closer look at the loop
between amino acid position 189 and 197 involved in the binding of Nb196. We realised
that Nb196 only binds to one LG-monomer and not like Nb195 at the interface of two LG
domains. Surprisingly, Nb196 was unable to bind to the LG domain monomer, indicat-
ing structural changes between the monomer and the dimer of GBP1 in this loop region.
Unfortunately the loop was not resolved in the available crystal structures of the GBP1
monomer (PDB-ID:1dg3) as well as the farnesylated GBP1 monomer (PDB-ID:6k1z) in-
dicating a high degree of structural flexibility when being monomeric. Interestingly, we
also observed the same loop missing in the monomeric GBP5 structure, whereas it was
present for the GBP2-monomer, although slightly shifted compared to the structure of
the GBP1-LG-dimer or the GBP5-dimer.

2.4. Conclusions and Outlook

Taken together, we characterised eight different Nbs on their abilities to interact with
GBP1 or GBP2, determined the affinity and further described the interfaces of two Nbs
using cryo-electron microscopy. By utilising those Nbs as intrabodies it might be possi-
ble to address important and so far unanswered questions regarding the precise role of
GBP1 and GBP2 within cells as well as investigating the importance of coat formation of
GBPs for downstream mechanistic effects like caspase-4. Using Nb74 or Nb76 that are
only able to bind GBP1, but not GBP2 as fluorescently labelled intrabodies could be a
powerful tool to follow native, non labelled GBP1 in cells. The identification of Nbs that
are specific for GBP1 while being unable to bind GBP2, further enables differentiation
between a GBP1 homo-dimer and a GBP1-GBP2 hetero-dimer in vitro which could be
used for structural studies. By having identified a set of Nbs that only bind to the GBP1-
dimer but not the GBP1-monomer, we would be able to differentiate between oligomeric
states within cells and study the importance of it. Additionally, the discovery of Nbs that
are able to break the GBP1 and GBP2 dimer apart set the foundation for future experi-
ments. By utilising those Nbs as intrabodies it will enable us to study the relationship
between GBP dimers, the ability to coat membranes and the biological role of GBPs to
function as a signalling platform for caspase-4. The identified Nbs can also be used to
increase the molecular weight and thereby the signal to noise ratio when utilising cryo-
EM for structure determination of the 130 kDa small GBP1 dimer. Adding multiple Nbs
that can bind simultaneously to GBP1 could further increase the contrast in cryo-EM
and might help stabilising flexible regions of the protein that are otherwise difficult to
visualise.
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2.5. Materials and Methods

Plasmid construction

GBP1 and GBP2

Codon-optimised synthetic DNA encoding human GBP1 (UniProt accession P32455)
and human GBP2 (UniProt accession P32456) was cloned into the Ncol/Notl linearised
pETM14 vector containing an N-terminal Hisg tag and 3C cleavage site, yielding pETM 14-
GBP1 (AJLD0030) or pETM14-GBP2 (AJLD0036) (Table 2.5).

GBP1-LG domain

The hGBP1-LG domain consists of an N-terminal 6xHis-tag and an HRV-3C cleavage
site. The hGBP1 construct (AJLD0030 ) and pETM14 vector (AJLV0009) were amplified
in DH5a and isolated by plasmid preparation (Promega) according the manufactures in-
structions. The hGBP1-LG domain was amplified by PCR from pETM14-hGBP1 (AJLD-
0030) utilising primers AJLO030 and AJL0257 (Table 2.3). Both the PCR product and vec-
tor were cut/digested with Notl and Ncol. The cleaned PCR product was ligated into the
dephosphorylated vector and the correct plasmid (AJLD0217) was confirmed via DNA
sequencing (Macrogen).

GBP1-Avi

The Avi-tag (GLNDIFEAQKIEWHE) was introduced at the C-terminus of GBP1 by PCR
amplification using the primers AJLO-0002 and AJLO-0058 (Table 2.3). GBP1-Avi was cut
with Notl and Bsal and cloned into the Ncol/Notl linearised pETM14 vector contain-
ing an N-terminal Hisg tag and 3C cleavage site, yielding pETM14-GBP1-Avi (AJLD0040)
(Table 2.5).



2. A nanobody toolbox for GBP1 51

GBP2-Avi

Fragment amplification of the insert was performed using the primers AJLO-0110 and
AJLO-011 (Table 2.3) introducing the Avi-tag (GLNDIFEAQKIEWHE) at the C-terminus
of GBP2 as well as creating overhang sequences. The backbone (AJLV009) was amplified
with the primers AJLO-012 and AJLO-013 (Table 2.3). The resulting Gibson assembly
fragments were confirmed by gel electrophoresis using a 1 % agarose gel. The Gibson
assembly reaction was carried out using NEB Gibson Assembly Master Mix where the
fragments were combined at 0.5 pmol of DNA and incubated at 50°C for 1h. After the
assembly, the reaction was transformed into DH5a chemically competent cells.

Protein expression and purification

GBP1 and GBP2

Proteins were expressed in E.coli BL21(DE3) (Supplementary Table 2.4) using auto in-
duction in lactose-containing media. Pre-cultures were grown in LB-medium o/n at
37°C. For protein expression, ZYP5052 medium was inoculated at 1/50 (v/v) with pre-
culture and cells were grown at 37°C at 180 rpm for 3-4 h before lowering the tempera-
ture to 20°C for 15-20 h. Cells were harvested by centrifugation at 4°C and 4000 rpm and
the cell pellet was resuspended in lysis buffer (50 mM HEPES pH 7.8, 500 mM Nac(l, 0.1 %
Triton X-100) on ice. The cells were disrupted by three successive freeze-thaw cycles. To
digest genomic DNA, 1-10 ug/ml DNAsel was added and incubated on a rotating wheel
for 1-2 hours at 4°C. To separate cell debris, the lysate was centrifuged at 20,000 x g for
40 min at 4°C. The supernatant was applied to TALON (Takara) affinity resin. The bound
fraction was washed with 20 column volumes (cv) of wash-buffer (50 mM sodium phos-
phate, 300 mM NaCl, 10 mM imidazole, pH 7.4) and eluted in the same buffer containing
150 mM imidazole. The eluent was dialysed into 3C cleavage buffer (50 mM HEPES pH
7.4, 150 mM NacCl, 0.5 mM DTT) and incubated with 1:100 mol/mol 3C protease o/n at
4°C. Following cleavage, the proteins were further purified via size exclusion chromatog-
raphy using a GE Superdex200 Increase 10/300 GL column (GE Healthcare) in running
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM DTT).

GBP1-LG domain

Protein expression, cell harvesting and bacterial lysis was performed as described for
GBP1. To separate cell debris, the lysate was centrifuged at 30,000 x g for 30 min at 4°C.
The supernatant was applied to Ni-NTA affinity resin. The bound fraction was washed
with 20 cv of wash buffer (50 mM HEPES pH 7.4, 500 mM NaCl) and eluted in the same
buffer containing 300 mM imidazole. The proteins were further purified via size exclu-
sion chromatography using a GE Superdex200 Increase 10/300 GL column (GE Health-
care) in running buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM DTT).

GBP1-Avi and GBP2-Avi

C43(DES3) cells transformed with pCDFDuet-BirA (AJLD0192) were transformed with ei-
ther GBP1-avi (AJLD0040) or GBP2-avi (AJLD0078) (Table 2.5). Pre-cultures were grown
in LB-medium o/n at 37°C. For protein expression, TB medium was inoculated with
1/166 (v/v) with pre-culture and cells were grown until an OD of one at 180 rpm. Protein
expression was induced with 0.5 mM IPTG and biotin was added to a final concentration
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of 0.1 mM, before lowering the temperature to 22°C for o/n expression at 180 rpm. The
harvesting and protein purification was done as described for GBP1. The biotinylation
of GBP1-avi and GBP2-avi was confirmed by performing an SDS-page analysis. Protein
samples were heated to 95°C. After letting the sample cool down to RT again, streptavidin
was incubated with the protein sample for 5 min before loading the sample onto an SDS-
PAGE. By analysing the shift in Myy to higher molecular weight species, the overall degree
of biotinylation can be determined.

Nb generation, selection and purification

Nb generation

Llamas were immunised either with purified monomeric GBP1, farnesylated GBP1 or
GDP-AlF;-stabilised dimeric GBP1. From each llama a blood sample was taken and the
peripheral blood lymphocytes were isolated followed by the purification of RNA and syn-
thesis of cDNA. Nb coding sequences were then PCR-amplified and cloned into a phage
display library, creating libraries with > 10® independent clones.

Nb selection

For phage display selections, farnesylated, monomeric or GDP-AlF3-stabilised dimeric
GBP1 was solid phase coated in 50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM DTT and
selections were performed in the same buffer. To identify GBP1-specific Nbs, the His-tag
was detected by an anti-His monoclonal antibody followed by the addition of an anti-
mouse-antibody conjugated to alkaline phosphatase. As a substrate for alkaline phos-
phatase conjugates, 2 mg/ml of 4-Nitrophenyl phosphate disodium salt hexahydrate
(pNPP) was used. In total 78 clones were found positive for the dimeric GBP1-GDP-AlF3,
26 on GBP1Fr and 33 clones for monomeric GBP1. We selected Nbs from different fami-
lies and performed SEC-MALS analysis to investigate the binding behaviour.

Expression and purification
Nbs were expressed in E.coli WK6 (su-) cells. Pre-cultures were grown overnight in LB
medium containing 100 pg/ml ampicillin, 2 % glucose and 1 mM MgCl,. TB medium
(2.4 % yeast extract, 2 % tryptone, 0.4 % glycerol, 17 mM KH,POy, 72 mM K, HPO,), sup-
plemented with 100 pg/ml ampicillin, 0.1 % glucose and 2 mM MgCl, was inoculated
with a 1:50 (v/v) dilution of the pre-culture and cells were grown at 37 °C with 190 rpm.
Protein expression was induced with 1 mM IPTG at an ODggonm between 0.7-1.2, before
lowering the temperature to 25 °C for 18 hours of expression. Cells were harvested by
centrifugation at 4 °C and 4000 x g for 20 min. For lysis, by osmotic shock, a pellet of a 1
1 culture (with OD600 nm = 25) was resuspended with 10 ml TES buffer (0.2 M Tris pH 8,
0.5 mM EDTA, 0.5 M sucrose) for 2 hours on a rotating wheel. Next, 30 ml TES/4 buffer
(TES buffer, four times diluted in H,O) was added and left on a rotating wheel for 1 h.
The resuspended cell lysate was centrifuged for 30 min at 8000 x g and the super-
natant was kept. Approximately 1 ml of Ni-NTA agarose (Qiagen) was utilised for purifi-
cation of the lysate resulting from 1 1 culture. Pre-equilibrated Ni-NTA agarose beads, in
50 mM sodium phosphate, 1 M NaCl, pH 7, were added to the supernatant and left to in-
cubate on a rotating wheel for 1 h at room temperature. Following incubation the beads
were washed with 20 ml of 50 mM sodium phosphate, 1 M NaCl, 10 mM imidazole, pH
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7 and protein was eluted with 2.5 ml 50 mM sodium phosphate, 150 mM NaCl, 300 mM
imidazole, pH 7. The elution fractions were dialysed (Spectra/Por 3, 3.5 kDa cut-off)
over night against 50 mM HEPES, 150 mM NaCl pH 7.5 and subsequently concentrated
(Amicon, 3 kDa cut-off) to concentrations between 150 uM to 500 uM prior to storage at
-80°C.

Preparation of GDP-AlF3-stabilised GBP1/GBP2 or GBP1-LG dimers
15uM of full length GBP1/GBP2 or GBP1-LG was incubated with 200 uM GDP, 10 mM
NaFE 300 uM AlCl3, 5 mM MgCl, and 1 mM DTT for 10 min at RT.

SEC-MALS

GBP1, GBP1-LG, GBP2 and Nbs were analysed using analytical size exclusion chromatog-
raphy coupled to multi-angle light scattering (SEC-MALS). Purified protein samples were
resolved on a Superdex200 Increase 10/300 GL column (GE Healthcare) connected to a
high-performance liquid chromatography (HPLC) unit (1260 Infinity II, Agilent) running
in series with an online UV detector (1260 Infinity Il VWD, Agilent), an 8-angle static light
scattering detector (DAWN HELEOS 8+; Wyatt Technology), and a refractometer (Optilab
T-rEX; Wyatt Technology).

For SEC-MALS measurements, full length GBP1/GBP2 and GBP1-LG were diluted
to a final concentration of 15uM in SEC buffer (50 mM HEPES pH 7.4, 150 mM Na(l,
0.5 mM TCEP or DTT) with or without the GTP transition state mimic. Depending on the
experiments Nbs were added prior to nucleotide dependent dimer formation or after-
wards in either an equimolar ratio or in a 2:1 molar excess. On the basis of the measured
Rayleigh scattering at different angles and the established differential refractive index
increment of value of 0.185 ml*g~! for proteins in solution with respect to the change
in protein concentration (dn/dc) , weight-averaged molar masses for each species were
calculated using ASTRA software (Wyatt Technology; v.7.3.1).

Surface plasmon resonance (SPR)

SPR experiments were carried out on a BIAcore T200 system (GE Healthcare) at 25°C. Avi-
tag biotinylated GBP1 and Avi-tag biotinylated GBP2 were immobilised on SPR sensor
chips (Biotin capture Kit series S, GE Healthcare). All binding studies, as well as dilutions,
were performed in SPR running buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 0.5 mM
TCEB 0.005 % (v/v) Tween-20). Dilution series of Nbs (1 nM to 256 nM) were injected
at a flow rate of 50 pl/min for 60 s and the dissociation time was set to 60 s. The last
dissociation step was 600 s for a reliable determination of k,¢s. The chip surface was
regenerated after every Nb with 6 M guanidinium hydrochloride dissolved in 250 mM
sodium hydroxide. Data from the reference flow cell was subtracted for all runs and
kinetic parameters were evaluated using BIAcore T200 evaluation software (version 3.2).

GUV preparation

Per experimental condition, 30 ul of 10 mg/ml BPLE (Avanti Polar Lipids), was added to
10 ul of 0.1 mg/mL Texas Red 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium (Texas Red DHPE, Invitrogen) and 4 pl of 10 mg/mL DSPE-PEG(2000)-
biotin (Sigma Aldrich). 30 pl of this solution was carefully aspirated and spread onto a
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Polyvinyl alcohol (PVA) coated glass cover slide (5 % PVA was prepared in water, dried on
a 22x22 mm cover slide for 30 min at 50 °C), prior to an additional 30 min in a desicca-
tor connected to a vacuum pump. To the dried lipid film 250 ul of inside buffer (50 mM
HEPES (pH 7.5), 150 mM NacCl, 50 mM sucrose) were added and lipids were allowed to
swell in the dark for 15 min with gentle shaking. The giant unilamellar vesicles (GUVs)
were collected and freshly used.

Confocal fluorescence microscopy

Preparation of the imaging chamber

Glass coverslips (22x40 mm) were attached with UV resin, to a home-made pre-drilled
piece of plexiglass, to form the imaging chambers. The chambers were flushed with 2
mg/mL BSA-biotin, containing 3 moles of biotin per mole of BSA (BioVision). After re-
moval of Biotin, the chambers were washed with buffer (50 mM HEPES (pH 7.5), 150 mM
NaCl) and incubated further 5 minutes with 1 mg/mL Avidin (Thermo Fisher) prior to
addition of the GUVs for imaging.

Maleimide labelling of GBP1£-Q577C

Alexa Fluor 647 (Thermo Fisher) dissolved in DMSO to a final concentration of 10 mM
was added drop-wise to the protein until a 20x molar excess was achieved. Prior to ad-
dition of the fluorophore, the protein was reduced for 5 min with 0.5 mM TCEP. After
addition, the sample was incubated 2 h at room temperature. Separation of the labelled
protein from excess dye was performed according to the manufacturer using a desalt-
ing column (5 ml, HiTrap Desalting, Cytiva) in 50 mM HEPES pH 7.4, 150 mM NaCl and
0.5mM.

Mixing of GBP1y-GDP-AlF; with GUVs

5ul of protein solution consisting of 18.5uM GBP1g-GDP-AlF;3 and 1.5uM of GBP1p-
Q577C-GDP-AlF3, labelled with Alexa 647-C2-maleimide was either pre-incubated with
Nb75 in a 1:5 molar excess for 60 min at RT or Nb75 was added after mixing GUVs with
GBP1. 20pl of Texas Red DHPE labelled GUVs were mixed with 5ul protein solution
resulting in a final protein concentration of 4 uM.

Confocal microscopy

Imaging was performed on a Nikon A1R confocal microscope using a Nikon SR Apo TIRF
100x 0il/1.49 NA objective. The excitation wavelength of the lasers was 561 nm (for Texas
Red DHPE) and 640 nm (for GBP1-AF647). Images were processed with Fiji software.

Single particle cryo-EM

GBP1-GDP-AlF3 dataset

A total of 3.0uL of 0.7 mg/ml GBP1-GDP-AlF; was applied to glow-discharged Quan-
tifoil grids (QF-1.2/1.3, 300-mesh holey carbon on copper) on a Leica GP2 vitrification
robot at 99 % humidity and a temperature of 22 °C. The sample was blotted for 4 s from
the carbon side of the grid and immediately flash-cooled in liquid ethane. Micrographs
were acquired on a FEI Titan Krios (Thermo Fisher Scientific) operated at 300 kV. Im-
ages were recorded on a K2 Summit direct electron detector (Gatan) with a pixel size of
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1.09 A. Image acquisition was performed with EPU Software (Thermo Fisher Scientific),
and micrographs were collected at an underfocus varying between -3.5 um and —0.5 pm.
We collected a total of 48 frames accumulating to a total exposure of 60 e~ /A2. In total,
1,193 micrographs were acquired.

GBP1-GDP-AlF3-Nb74 dataset

GBP1 was incubated in a 1:1 molar ratio with Nb74 for 70 min at RT, before adding
GDP-AlF; and incubating additionally for 10 min at RT. Vitrification was performed as
described for GBP1-GDP-AlFs. Micrographs were acquired on a FEI Titan Krios (Thermo
Fisher Scientific) operated at 300 kV. Images were recorded on a K3 Summit direct elec-
tron detector (Gatan) at a magnification of 105kx, corresponding to a pixel size of 0.834 A
at the specimen level. Image acquisition was performed with EPU 2.8.1 Software (Ther-
mo Fisher Scientific), and micrographs were collected at an underfocus varying between
—-2.2pum and -0.6 um. We collected a total of 50 frames accumulating to a total electron
exposure of 60 e~ /A2, In total, 5,214 micrographs were acquired.

GBP1-GDP-AlF3-Nb195 dataset

GBP1-GDP-AlF3; was incubated with Nb195 in a 1:3 molar excess for 30 min at RT. A total
of 3.6 uL of 0.6 mg/ml GBP1-GDP-AlF3-Nb195 was applied to glow-discharged Quantifoil
grids (QF-1.2/1.3, 300-mesh holey carbon on copper) on a Leica GP2 vitrification robot
at 99 % humidity and a temperature of 20 °C. The sample was blotted for 10 s from the
carbon side of the grid and immediately flash-cooled in liquid ethane. Micrographs were
acquired on a JEM 3200FSC TEM (JEOL) operated at 200 kV. Images were recorded on a
K2 Summit direct electron detector (Gatan) at a magnification of 40kx, corresponding
to a pixel size of 0.94 A at the specimen level. Image acquisition was performed with
SerialEM, and micrographs were collected at an underfocus varying between —2.5um
and -0.5 um. We collected a total of 53 frames accumulating to a total electron exposure
of 60 e /A2, In total, 195 micrographs were acquired.

GBP1-GDP-AlF3-Nb196 dataset
GBP1-GDP-AlF3 was incubated with Nb196 in a 1:4 molar excess for 30 min at RT. Vit-
rification and data acquisition was performed as described for GBP1-GDP-AlF3-Nb195.
45 frames accumulating to a total electron exposure of 60 e~ /A2 were collected. In total,
436 micrographs were acquired.

Single-particle image processing

GBP1-GDP-AlF;

1,193 movies of GBP1-GDP-AlF3 were processed in cryoSPARC v3.1 [55]. Patch-motion
correction and patched CTF estimation were followed by manual particle picking [56,
57]. Those manual picks were used to train a Topaz model [58] from which 240,487 par-
ticles were extracted. After multiple rounds of 2D classification, particles assigned to
classes displaying secondary structure were used as an input to perform ab initio recon-
struction to generate 5 different models (67,197 particles). Three classes were used for
heterogeneous refinement imposing C2 symmetry. A final non-uniform refinement [59]
consisting of 35,715 particles resulted in a 4.9 A resolution structure that only covered
the LG domain of GBP1.
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GBP1-GDP-AlF3-Nb74

The GBP1-GDP-AlF3-Nb74 dataset was processed using cryoSPARC v3.3.2 [55]. The in-
built patch-motion correction [56] routine in cryoSPARC was used to correct for stage
drift and beam-induced specimen movement over the acquired frames. 5,208 micro-
graphs were selected for further processing and patched contrast transfer function (CTF)
determination [57] was performed in cryoSPARC. Using a blob-based particle picker,
2,171,521 particles were extracted and cleaned via multiple rounds of 2D classification,
each consisting of 50 - 100 classes.

GBP1-GDP-AlF3-Nb195

195 movies of GBP1-GDP-AlF3-Nb195 were processed in cryoSPARC v4.2.1 [55]. Patch-
motion correction and patched CTF estimation were followed by particle picking with
a blob picker [56, 57]. 2D class averages resulting from those picks were used to train
a Topaz model [58] from which 46,492 particles were extracted. After multiple rounds
of 2D classification, particles displaying distinct particle features were used as input for
ab initio reconstruction to generate 3 different models (11,427 particles). Two classes
were used for heterogeneous refinement without imposing symmetry resulting in a 10.4
A resolution structure only covering the LG domain of GBP1 bound to Nb195 which is
displayed in Figure 2.16c containing 7200 particles.

GBP1-GDP-AlF3-Nb196

436 movies of GBP1-GDP-AlF3-Nb195 were processed as described for GBP1-GDP-AlF3-
Nb195. 47,750 particles were extracted from a trained Topaz model [58]. After multiple
rounds of 2D classification, particles displaying distinct particle features were used as
input for ab initio reconstruction to generate one model (10,281 particles). The model
was further used as input for homogeneous refinement without imposing symmetry re-
sulting in a 9 A resolution structure. The EM map only covers the LG domain of GBP1
bound to one Nb196 which is displayed in Figure 2.17c.

Bioinformatic analysis

Multiple sequence alignment

The sequences of Nb74, Nb76, Nb77, Nb193, Nb195, Nb196 and Nb202 were used as
input for Clustal Omega [49]. The resulting sequence alignment was displayed and con-
sensus sequences computed in MView [60].
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Figure 2.19: Expression and purification of GBP1, GBP1; and GBP1-LG. (a) Expression of GBP1 from
BL21(DE3) cells (P: Pellet, SN: Supernatant) and ion metal affinity chromatography (IMAC) visualised on an
SDS-Page (L: Load, FT: Flow through, W: Wash, El: Elution). GBP1 has a molecular weight of 67 kDa. (b) Size
exclusion chromatography profile of GBP1 as well as the corresponding fractions visualised on an SDS-PAGE.
(c) SDS-PAGE of purified GBP1-LG with an expected molecular weight of 35 kDa. (d) Expression of farnesy-
lated GBP1 from BL21(DE3) cells (P: Pellet, SN: Supernatant) and ion metal affinity chromatography (IMAC)
visualised on an SDS-Page (L: Load, FT: Flow through, W: Wash, El: Elution). (e) Hydrophobic interaction
chromatography (HIC) profile to separate farnesylated GBP1 (first peak) from non-farnesylated GBP1 (second
peak) together with the corresponding fractions visualised by SDS-PAGE.
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Primary sequences were used as input for Clustal Omega [49]. The three complementarity-determining re-
gions of the sequences (CDRs) are emphasised above. The Nbs characterised in this study are emphasised in

red (Nb76

CA16774, Nb77: CA16708, Nb193: CA16794, Nb195: CA16805, Nb196: CA16802, Nb202: CA16775)

and the corresponding Nb families are highlighted on the very left of the alignment. Residues are coloured by

physicochemical property of the side chain (grey: hydrophobic, light blue: polar, red: negatively charged, dark

blue: positively charged, yellow: aromatic, green: special cases).
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Figure 2.22: Binding of Nb75, Nb76 and Nb77 to GDP-AlF;3 stabilised dimeric GBP1. (a) SEC-MALS experi-
ments reveal that the behaviour of Nb76 binding to GDP-AlFj3 stabilised dimeric GBP1 is reproducible as shown
with three different experiments. Additionally to the expected molecular weight of a GBP1-dimer with two
bound Nbs (around 160 kDa), we observe another peak with a molecular weight around 180 kDa which is
shifted to the right indicating a more compact shape of the molecule. The composition of this 180 kDa com-
plex is still unclear. (b) SEC-MALS experiments show that binding of Nb75 or Nb77 to GBP1 before adding
GDP-AlF3 prevents dimer formation completely (grey and orange). Moreover, a previously GDP-AlF3 stabilised
GBP1 dimer can be broken apart, when adding Nb75 or Nb77 (cyan and yellow) resulting in a peak with a
molecular weight around 78 kDa corresponding to monomeric GBP1 with one Nb bound.
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Figure 2.23: Surface plasmon resonance (SPR) experiments show no binding of Nb75 and Nb77 to GDP-AIF3
stabilised dimeric biotinylated GBP1. SPR sensorgrams of Nb75 and Nb77 with dimeric GBP1-Avi. Increasing
concentrations of Nbs (ranging from 1 nM to 256 nM) were injected into the sensor chip to which dimeric
biotinylated GBP1 was immobilised. The sensorgrams show no interaction between Nb75 or Nb77 and dimeric
GBP1.
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Figure 2.24: SEC-MALS experiments show that Nb193, Nb195, Nb196 and Nb202 do not bind GBP2. The Nbs
193, 195, 196 and 202 which are capable of binding to the GDP-AlF3 stabilised LG domain dimer of GBP1 (see
Figure 2.7) are unable to bind monomeric GBP2 or GDP-AlF3 stabilised dimeric GBP2, highlighting the ability

of those Nbs to bind specifically to GBP1.

a
200
GBP1-Avi-GDP+AlIF3
1.0
175
150 0.8
S12s 128 kDa— z
o 067
wn (93
© 100 £
p g
% 75 ~72kDa 0.4 5
=
=
50 02
25
0.0
0
8 10 12 14 16

Elution Volume (ml)

o
N
o
o

Molar Mass (kDa)
= = = =
N w ~ o N w ~
w o w o w o w

o

—— GBP2-Avi-GDP-AlF3

o o iy
o © )

o
B
Normalized dRI

8

10 12 14

Elution Volume (ml)

16

Figure 2.25: SEC-MALS experiments of GDP-AIF3 stabilised biotinylated GBP1-Avi and GBP2-Avi. (a-b) Bi-
otinylated GBP1-Avi and GBP2-Avi are able to form GDP-AlFj3 stabilised dimers with a molecular weight around
128 and 122 kDa. For GBP2-Avi the ratio of monomeric GBP2-Avi (66 kDa) is larger compared to GBP1-Avi.
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Table 2.3: Primer sequences used in this manuscript.

Oligo name Description Sequence
AJLO-0002 pUC57-hGBP1-fw ggtctcccatggegagegagatccacatg
AJLO-0004 pUC57-hGBP1-rev ggtctceggecgcttattagetg
AJLO-0006 pUC57-hGBP2-fw ggtctceccatggegecggaaatcaacctge
AJLO-0007 pUC57-hGBP2-rev ggtctceggecgcttattacagaatg
AJLO-0030 T7-promotor-fw taatacgactcactataggg
AJLO-0058 pUC57-hGBP1-Avi- ggggggacggcecgcttattcatgecattcaattttctgeg
rev cttcaaaaatatcgttcaggccgcetgatggtgecacgcectt
AJLO-0110 pETM14-hGBP2-Avi-  tgttccaggggcccatggcgecggaaatcaacc
gibson-fw
AJLO-0111 pETM14-hGBP2-Avi-  tggtggtgctcgagtttattcatgccattcaattttctg
gibson-rev cgcttcaaaaatatcgttcaggccgctgeccagaatgttgea
AJLO-0112 pETM14-gibson-fw ggttgatttccggegecatgggeccctggaaca
AJLO-0113 pETM14-gibson-rev tgcaacattctgggcagceggectgaacgatat
ttttgaagcgcagaaaattgaatggcatgaataaactc-
gagcaccacca
AJLO-0257 hGBP1-LG-rev gcggecgcttattagcacggcaggtca

Table 2.4: Bacterial host strains used in this chapter.

Strain Description Reference
E.coli DH5a Cloning host Invitrogen
E.coliBL21(DE3) Expression host for GBPs Thermo Fisher Scientific
[61]
E.coliWK6 Expression host for Nbs Zell & Fritz, 1987 [62]
E.coli C43(DE3) Expression host for pCDFDuet- Immunosource
BirA with GBP1-avi or GBP2-avi
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Table 2.5: Vectors and Constructs used in this manuscript.

Name Description Source/ Reference
AJIV0009 pETM14: E.coli expression vector (KanR) [63]
AJIV0038 pCDFDuet: E.coli expression vector (SmR) Merck Millipore (No-
vagen)
AJLDO0001 pUC57-hGBP1: Subcloning vector pUC57 GenScript
with synthetic gene of hGBP1 optimised for
E.coli expression (AmpR)
AJLD0002 pUC57-hGBP2: Subcloning vector pUC57 GenScript
with synthetic gene of hGBP2 optimised for
E.coli expression (AmpR)
AJLD0030 pETM14-hGBP1: E.coli expression vector Derived from AJLV0009
(KanR) with hGBP1 and AJLD0001
AJLD0036 pETM14-hGBP2: E.coli expression vector Derived from AJIV0009
(KanR) with hGBP2 and AJLD0002
AJLD0039 pUC57-hGBP1-Avi Derived from AJLD0001
AJLD0040 pETM14-hGBP1-Avi: E.coli expression vector Derived from AJLV0009
(KanR) with hGBP1-avi and AJLD0039
AJLD0042 pOPIN]J-BirA: E.coli expression vector (AmpR) Derived from addgene
containing N-His6-GST-BirA (plasmid 26045) [64]
AJLD0074 pMES4y-CA16697: C-His6-tagged Nb (Nb74) Instruct-ERIC
raised against farnesylated GBP1 (PID7267)
AJLD0075 pMES4y-CA16736: C-His6-tagged Nb (Nb75) Instruct-ERIC
raised against monomeric GBP1 (PID7267)
AJLD0076 pMES4y-CA16774: C-His6-tagged Nb (Nb76) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLD0077 pMES4y-CA16708: C-His6-tagged Nb (Nb77) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLD0078 pETM14-hGBP2-Avi: E.coli expression vector Derived from AJLV0009
(KanR) with hGBP2-avi and AJLD0002
AJLDO0192 pCDFDuet-BirA: E.coli expression vector Derived from AJLD0042
(SmR) and AJLV0038
AJLDO0193 pMES4y-CA16794: C-His6-tagged Nb (Nb193) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLD0195 pMES4y-CA16805: C-His6-tagged Nb (Nb195) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLD0196 pMES4y-CA16802: C-His6-tagged Nb (Nb196) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLD0202 pMES4y-CA16775: C-His6-tagged Nb (Nb202) Instruct-ERIC
raised against dimeric GBP1 (PID7267)
AJLDO0217 pETM14-hGBP1-LG: E.coli expression vector Derived from AJLD0030

(KanR) with large GTPase domain of hGBP1




Structural basis of membrane
targeting and coatomer assembly
by human GBP1

Guanylate-Binding Proteins (GBPs) are interferon-inducible guanosine triphosphate hy-
drolases (GTPases) that mediate immune effector functions against intracellular patho-
gens. A key step for the antimicrobial activity of GBPs is the formation of homo- and
hetero-oligomeric complexes on the membrane of pathogen-associated compartments or
cytosol-invasive bacteria. Similar to other large GTPases of the dynamin family, oligomeri-
sation and membrane association of GBPs depend on their GTPase activity. How nu-
cleotide binding and hydrolysis prime GBPs for membrane targeting and coatomer for-
mation remains unclear. Here, we report the cryo-EM structure of the full-length human
GBP1 dimer in its guanine nucleotide-bound state and resolve the molecular ultrastruc-
ture of GBP1 coatomer assemblies on liposomes and bacterial lipopolysaccharide mem-
branes. We show how nucleotide binding promotes large-scale conformational changes of
the middle and GTPase effector domains that expose the isoprenylated carboxyl-terminus
for association with lipid membranes. Our structure reveals how the o-helical stalks of
the middle domain form a parallel arrangement firmly held in a unique cross-over ar-
rangement by intermolecular contacts between adjacent monomers. This conformation
is critical for GBP1 dimers to assemble into densely packed coatomers on target mem-
branes. The extended o-helix of the effector domain is flexible and permits intercalation
into the dense lipopolysaccharide layer on the outer membrane of gram-negative bacterial
pathogens. We show that nucleotide-dependent oligomerisation and GTP hydrolysis yield
GBP1 membrane scaffolds with contractile abilities that promote the formation of tubu-
lar membrane protrusions and membrane fragmentation. Collectively, our data provide

This chapter is available as a preprint on bioRxiv (https://doi.org/10.1101/2023.03.28.534355) and has been
accepted in Nature Structural & Molecular Biology. Contributions to the work have been made by Tanja Kuhm,
Clémence Taisne, Cecilia de Agrela Pinto, Luca Gross, Stefan T. Huber, Evdokia A. Giannopoulou, Els Pardon,
Jan Steyaert, Sander J. Tans, Arjen J. Jakobi.
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a structural and mechanistic framework for interrogating the molecular basis for GBP1
effector functions in intracellular immunity.
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3.1. Introduction

Robust mechanisms for recognition and elimination of microbial pathogens are essen-
tial for maintaining the integrity of mammalian organisms. These are the central tasks
of the innate immune system and the humoral arm of the adaptive immune system,
which cooperate to ensure that a rapid response is formed to eliminate pathogens from
extracellular spaces. Yet, many clinically relevant microbes have developed strategies
to breach this barrier by surviving and replicating inside host cells [1]. As a response,
mammalian cells have evolved molecular machinery that elicits effector mechanisms to
combat intracellular microbes at the level of individual cells [2]. These include pathogen
elimination by autophagy, effector immune activation by interferon (IFN) cytokines and
the activation of inflammasome complexes [3-7]. To subvert cytosolic surveillance, some
intracellular pathogens co-opt the host cell endomembrane system to remain sequester-
ed in customised pathogen-associated vacuoles [1, 8]. Other pathogens actively disrupt
this compartment to replicate in the cytosol [9-11]. In either case, the machinery of cell-
autonomous immunity forms the last line of defense against such pathogens.

One of the most potent effector systems in cell-autonomous immunity leads to the
release of type I and type Il interferon cytokines and expression of IFN-stimulated genes.
Among the most strongly induced genes is a conserved superfamily of dynamin-like
guanosine triphosphatases (GTPases) including the family of Guanylate-Binding Pro-
teins (GBPs) [12, 13]. Over the past decade, GBPs have been recognised as key players in
mediating host defense against intracellular vacuole-resident and cytosolic bacteria, but
also parasites and viruses [14-17]. GBPs have been proposed to be recruited to the mem-
brane of some PCVs to form sensory platforms [4, 7], affect vacuolar integrity [6, 18], or
to engage with the membrane of cytosolic gram-negative bacteria and parasites directly
[16, 18-21].

The human genome encodes seven GBP paralogs sharing similarities with other mem-
bers of the dynamin-like GTPase superfamily that undergo guanine nucleotide-depen-
dent oligomerisation and mediate diverse biological functions in promoting membrane
fusion or fission [22]. GBPs have a high intrinsic GTPase activity for hydrolysis of guano-
sine-5’-triphosphate (GTP) to guanosine-5’-diphosphate (GDP) without the requirement
for auxiliary GTPase activating proteins or guanine nucleotide exchange factors [23-
25]. The enzymology of GBPs is unique among the dynamin superfamily in that some
GBPs can also bind GDP with high affinity to produce guanosine-5’-monophosphate
(GMP) [26, 27], which can affect bacterial growth and inflammamatory signaling [28].
In the absence of infection, GBPs mainly localise to the cytosol, and some associate
with endogenous membranes [29]. Upon interferon induction, GBPs are recruited to
and rapidly assemble into supramolecular coatomers on pathogen-enclosing compart-
ments (PCVs) [18]. Recent studies showed that GBPs can also encapsulate cytosolic
gram-negative bacteria. In this case, co-recruitment of other effectors and release of
lipopolysaccharides (LPS), a glycosylated lipid component of the outer membrane of
gram-negative bacteria, activate the non-canonical inflammasome pathway leading to
caspase-4 dependent cleavage of gasdermin D and pyroptosis [6, 20, 21, 30]. GTPase
activity-dependent GBP recruitment to endogenous, PCV or microbial membranes re-
lies on post-translational modifications of a CaaX isoprenylation motif at the carboxyl-
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terminus. Three members of the human GBP family contain CaaX motifs that lead to co-
valent attachment of 20-carbon geranylgeranyl (GBP2 and GBP5) or 15-carbon farnesyl
moiety (GBP1) and mediate membrane association in vivo [29, 31]. In its nucleotide-free
resting state the farnesyl moiety of GBP1 is buried in a hydrophobic pocket and requires
GTP binding to be released [32]. The associated conformational changes promote ac-
cessibility of its farnesyl anchor for engagement with lipid membranes and can mediate
self-oligomerisation into micellar structures in the absence of lipids [33, 34]. All reported
antimicrobial functions of GBPs are critically dependent on GBP1 isoprenylation, ren-
dering mechanistic insight into the conformational changes that facilitate physical en-
gagement with membranes important for our understanding of their role in cytosolic
host defense. In the absence of high-resolution structural data on full-length GBP1 in
its activated state, or of native state structures of membrane-associated GBP assemblies,
important mechanistic questions related to their mode of action remain unclear.

Here, we determined the cryo-EM structure of the full-length nucleotide-bound di-
mer of human GBP1. Our structure reveals large scale conformational changes of the a-
helical middle domains and GTPase effector domains that stabilise the GBP1 dimer in an
extended conformation suitable for association with biological membranes. In vitro bio-
chemical analysis and electron tomography of membrane-assembled farnesylated GBP1
oligomers suggest a critical role of this conformation in GBP coatomer formation on en-
dogenous and bacterial membranes. Importantly, we show that membrane-associated
GBP1 assemblies possess GTPase-dependent membrane remodelling capacity that may
underlie observations reporting GBP-dependent modulation of membrane integrity and
LPS release. Our data provide a structural framework for further studies aiming at un-
ravelling the molecular mechanism of antimicrobial and antiviral activities of GBPs.

3.2. Results
Cryo-EM structure of the GBP1 dimer

GBP1 is a multidomain protein consisting of an N-terminal large GTPase (LG) domain
and a C-terminal a-helical region (C-terminal helical domain, CTHD), which can be fur-
ther subdivided into a middle domain (MD; «7-a11) and an elongated C-terminal GT-
Pase effector domain (GED; a12-a13) [Figure 3.1a] [35]. In the absence of guanine nu-
cleotides, the GED folds back onto the MD to span the entire GBP1 molecule and makes
extensive interactions with the LG domain and the MD, which are important to main-
tain GBP1 in the resting state. Quantitative Forster resonance energy transfer (FRET)
experiments previously predicted that nucleotide binding and hydrolysis induce major
rearrangements of the a-helical stalk region by liberating a latch mediating interaction
of «12 with the LG domain [36]. This rearrangement results in an extended conforma-
tion that releases the C-terminal C15-farnesyl moiety required to reversibly associate
with membranes. To map these conformational changes on a structural level we used
cryogenic electron microscopy (cryo-EM) to solve the structure of human GBP1 bound
to GDP-AlF3, a compound assumed to represent the transition state of GTP hydroly-
sis [37]. Unlike the isolated LG domain that readily dimerises under several guanine
nucleotide conditions [37], full-length GBP1 forms stable dimers only in the presence
of GDP-AlF3 [Figure 3.1b,c, Supplementary Data Figure 3.8]. 2D class averages of the
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GDP-AlF;-stabilised GBP1 dimer showed one predominant class [Figure 3.1d, top panel]
making up 92 percent of the total particle set. Only a small subset of classes showed
signatures of densities that we assigned to the a-helical stalk [Figure 3.1d, middle and
lower panel]. Consistently, 3D reconstructions from this data set converged on the LG
domain dimer, with no visible density for the stalks comprising MD and GED, and an
angular distribution of particles that was indicative of strong preferred orientation [Sup-
plementary Data Figure 3.9]. We hypothesised that the stalks are either highly flexible,
or engage in preferential interactions at the air-water interface. To mitigate these effects,
we sought to identify strategies to limit the structural heterogeneity by stabilising the
extended conformation.

A novel nanobody specific for the GBP1 middle domain

We raised camelid antibodies (nanobodies) specific for human GBP1 by immunising lla-
mas with recombinant GBP1. We then constructed a phage display library from mRNA
isolated from peripheral lymphocytes [38] and selected nanobodies specific for GBP1 by
panning, which were confirmed by ELISA using immobilised GBP1. We next tested a
subset of nanobodies from different complementarity-determining region (CDR) clus-
ters on their ability to bind the GDP-AlF;-stabilised GBP1 dimer using SEC-MALS and
mass photometry. Of several candidates, we selected one nanobody (Nb74) that bound
both GBP1 monomers and dimers in an apparent 1:1 molar ratio [Figure 3.1e, Supple-
mentary Data Figure 3.10, Supplementary Table 3.2]. To confirm whether Nb74 binds the
extended stalk, we acquired cryo-EM micrographs of GDP-AlF3 stabilised GBP1 dimer
in the presence of Nb74. 2D class averages revealed pronounced density protruding
from the LG dimer, suggestive of better preservation of the a-helical stalk in this sam-
ple. Several 2D classes also showed additional density in close proximity to the MD,
indicating that Nb74 selectively binds the a-helical region in the extended conformation
[Figure 3.1f-g].

Large conformational changes induce a cross-over arrangement of the

MDs in nucleotide-bound GBP1

We next determined the 3D structure of Nb74-bound GBP1 dimers in complex with
GDP-AlF3, yielding a pseudo-C2 symmetric 3D reconstruction at a nominal resolution
of 3.7 A [Figure 3.1h-i, Supplementary Data Figure 3.11]. We found better resolved den-
sity in the stalk region when not imposing C2 symmetry, suggesting some residual struc-
tural flexibility of the MD and GED in the dimer which was supported by local resolution
analysis and flexible refinement [Supplementary Data Figure 3.11, Figure 3.12 and Sup-
plementary Data Movie SM1].

GBP1 associates into dimers via the LG domains, with additional contacts formed
between the MDs. The Nb74 nanobody binds the MD at the junction formed by helices
a7-8 and 010-11 [Figure 3.1h]. In the dimer the MDs form a cross-over arrangement in
which the linker regions Gly>?”- Val®!6 connecting LG domain and MD cross each other,
such that the MDs associate with the LG domain of the respective pairing monomer and
extend in parallel from the LG dimer. The GED (residues 481-592) is likely flexible and
not visible in our structure. The LG dimer interface is stabilised by a large contact sur-
face formed across the A-face of the GTPase domain, induced by cross-monomer coor-




74 Chapter 3

farnesylation site

o
N
=]
o

GBP1-GDP-AIF; Monomer
175] — GBPL L0
GBP1 1mM GTP
~—— GBP1 1mM GDP
,\150 GBP1 1mM GMP 129 0.8
T —— GBP1-GMP-AIF; “kDa z
£125| — GBP10.5mM GppCp S
« ~—— GBP1 0.5 mM GTPyS 067 f -
é 100{ — GBP1 0.5 mM GppNHp % Linker
- £
B s 045
2 =
50 0.2
25
0 0.0
8 10 12 14 16
e Elution Volume (ml) i
200
10 GDP*AIF3
175
150 0.8
= —
125 5 g
7 067 K-
8100 B SIS
= £ It 32 %°
5 £ =)
g 75 045 o 20—~ Nb
s § :‘ S\é\ binqing
0.2 A RES site
2 S
25 D RS GDP-AIF3
0 0.0 1 -
8 10 12 14 16 5nm

Elution Volume (ml)

Figure 3.1: Cryo-EM structure of the GDP-AIF3 stabilised GBP1 dimer. (a) Atomic model of monomeric GBP1
(PDBID 1dg3) in cartoon representation alongside a schematic representation displaying the domain architec-
ture. LG: Large GTPase domain (blue), MD: Middle domain (green), GED: GTPase effector domain (orange and
red). Individual o-helices in the MD and GED are numbered sequentially. (b) Size-exclusion chromatogram
and multi-angle laser light scattering (SEC-MALS) analysis of GBP1 with different nucleotides. GBP1 appears
monomeric on SEC-MALS in the presence of GTP, GDP, GMP, GMP-AlIF3, GppCp, GTPyS or GppNHp, while a
dimer peak emerges in the presence of GDP-AlF3. The experimentally determined molecular weight is plotted
across the chromatographic peak and is reported in kDa. (c) Representative cryo-EM micrograph and (d) 2D
class averages of GBP1-GDP-AlF3. Scale bar in (d) is 5 nm. (e) Size-exclusion chromatogram and MALS anal-
ysis of recombinant GBP1:Nb74 complex in the presence and absence of GDP-AlF3. An SDS-PAGE analysis
of peak fractions is also shown (molecular marker in leftmost lane, in kDa). (f) Cryo-EM micrograph and (g)
2D class averages of GBP1-GDP-AlF3-Nb74 (scale bar 5 nm). (h) 3D cryo-EM density map of the GDP-AlF3-
stabilised GBP1-dimer bound to Nb74. (i) Refined atomic model of the GBP1-dimer as derived from fitting
into the cryo-EM density in (h). The nucleotide binding sites located at the LG dimer interface are highlighted
in orange.
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dination of the GDP-AlF; ligand [Supplementary Data Figure 3.13] and is consistent with
crystal structures of the nucleotide-bound LG domain dimer [37]. The conformational
change induced by nucleotide binding leads to partial unraveling of the C-terminal part
of helix a6 (I1e3%4-Ser??%) and the N-terminal end of helix o7 (Cys310 - Val®1%) to form the
linker region of the domain cross-over in which the MD swings out to form a new in-
terface with the respective pairing monomer in the GBP1 dimer [Figure 3.2a-d]. This
interface is primarily formed by a hydrophobic patch between the LG domain of one
monomer and an aliphatic stretch of residues at the C-terminal end of the linker re-
gion and helix o7 (residues Ala315 - 11e322) in the other monomer [Figure 3.2c,d]. While
the MDs undergo a large spatial transformation relative to the resting state, their overall
conformation of helices a7-a11 remains essentially unchanged with a root mean square
deviation (r.m.s.d) of 2.03 A relative to the nucleotide-free resting state after superim-
posing Ca atoms of the MD (residues 327-481). The parallel arrangement of the MD is
stabilised by a series of charged residues along helices «9-a11 that form an electrostatic
zipper across the protruding stalks [Supplementary Data Figure 3.14]. Towards the C-
terminal end of the MD, helices a11 of both monomers come into close proximity and
form an additional contact site. While the EM density at this location was not of suffi-
cient quality to identify individual interactions contributing to this interface, it appears

Large GTPase
domain (LG)

o N
~  GTPase effector domain (GED)

Figure 3.2: Structural details of the GDP-AlF; stabilised GBP1 dimer. (a) The full-length nucleotide-free GBP1
monomer (pale colours; PDB ID 1dg3) is superposed onto one of the monomers in the GDP-AlF3 stabilised
GBP1 dimer (bright colours) by least-squares superposition of their LG domains. Dimer formation involves
a large conformational rearrangement in which the a-helical MDs swing across each other to form a parallel
arrangement protruding from the LG domains. (b-d) Close-up of the cross-over region (in cartoon representa-
tion, superposed on the EM density) formed by a linker region Gly307-val®18 originating from partially unrav-
elled helices a6 and o7. (c) Residues 307-316 which are part of a linker connecting 6 and o7 need to flip by
180° when changing from the monomer into the dimer conformation. Relevant residues in the nucleotide-free
conformation are labelled in grey. (d) The dimer conformation is stabilised by a hydrophobic pocket formed
by residues located on o3, a4’ and o7 (highlighted in yellow), interacting with an aliphatic stretch encompass-
ing residues Ala315-11e322 on helix o7 of the second monomer. (e) Flexibility of the a-helical MD, visualised
through flexible refinement. End points of the density morph along one exemplary latent space dimension are
displayed (green and gray densities). The arrow indicates the direction of movement.
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showing abundant formation of flower-like GBP1 micelles. (b) Close-up of individual GBP1r-GDP-AlF3 mi-
celles formed by GBP1f alone or in the presence of Nb74 (GBP1y:Nb74). A GBP1f micelle formed in the pres-
ence of GTP is also shown (scale bar 20 nm). (c) Close-up of a cryo-EM micrograph with a GBP1z-GDP-AlIF3
flower showing discernible repetitive elements (left panel). Cryo-EM 2D class average of GBP1 micelles (right
panel) highlighting spherical densities at the perimeter and spokes pointing towards the particle center (scale
bar 20 nm). (d-e) Radially averaged intensity profiles of GBP1 micelles plotted on top of a cryo-EM 2D class
average of GBP1-GDP-AlF3 micelle (top panel) or on top of a negative stain image of a GBP1y-GDP-AlF3 mi-
celle formed with Nb74. A second ring of globular density is visible at 8 nm distance from the perimeter. (f)
Schematic representation of GBP1-GDP-AlF3 micelle formation.

to provide additional stabilisation to the pseudo-symmetric parallel MD arrangement.
This interpretation is supported by 3D flexible refinement [Figure 3.2e, Supplementary
Data movie SM1], which shows that both MDs undergo concerted motion relative to the
LG domains. Close inspection of the EM map revealed additional weak density inter-
spersed between helix o3 and o3’ in the LG domain, and protruding beyond the apical
end of the MD. To visualise these map regions, we used a model-independent imple-
mentation of local density sharpening [39, 40] to improve scaling of weak densities rela-
tive to the better resolved parts. This allowed tracing the «3-03’ loop (residues 156-167)
[Supplementary Data Figure 3.15a]. In addition, we observed tubular density protruding
from helices a11, which likely corresponds to the N-terminal end of the flexible helices
a12 of the GEDs [Supplementary Data Figure 3.15a,b].
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Farnesylated GBP1 forms micellar structures upon nucleotide binding

Our structure of the GDP-AlF3-stabilised dimer was obtained with recombinant pro-
tein devoid of the farnesyl modification at the C-terminal CTIS motif normally required
for association with membranes [41]. In our structure, the MDs point away from the
LG domains as parallel stalks, compatible with a model in which nucleotide binding
primes both farnesyl anchors to insert into the membrane. To test this hypothesis, we
co-expressed GBP1 together with the human farnesyl transferase machinery to purify
natively farnesylated GBP1 (GBP1f). Unexpectedly, size-exclusion chromatography of
GBP1r in the presence of GDP-AlF3 did not yield GBP1 dimers as observed for unmod-
ified GBP1 [Figure 3.1b]. Instead, in a subset of our SEC-MALS experiments we noted
an additional peak corresponding to higher molecular weight species [Supplementary
Data Figure 3.10]. Negative stain imaging of this peak fraction revealed circular parti-
cles of 58 nm diameter, reminiscent of flowers consisting of discernible petals with a
dense spherical perimeter and spoke-like protrusions towards the particle center [Fig-
ure 3.3a,b]. These structures are consistent with previous observations [33] and were
present in higher occurrences if no size-exclusion separation was performed before the
imaging experiments.

To test whether these structures are exclusively formed with transition-state stabilised
GBP1 or more generally occur with actively hydrolysing GBP1, we also prepared sam-
ples in the presence of GTP and observed equivalent particles [Figure 3.3b] albeit at
lower occurrence and requiring higher GBP1r concentrations. To gain more insight into
the molecular architecture of these homo-oligomeric assemblies, we prepared cryo-EM
samples of GBP1f in the presence of GDP-AlF; [Supplementary Data Figure 3.16] and
performed 2D class averaging [Figure 3.3a,c]. Additional electron cryotomograms of
GBP1f micelles revealed that these are 3D micelles and not 2D disc-like structures [Sup-
plementary Data Figure 3.17, Supplementary Data Movie SM3]. The GBP1 assemblies
in these tomograms and the 2D averages appear highly ordered. The increased detail of
cryo-EM micrographs of individual flower-like particles allowed us to discern spherical
densities at the particle periphery connected to spokes that extend radially towards the
center. We ascribe the spherical densities (4.5 nm + 0.7 nm in diameter, n = 50) to the LG
domains and the spokes to the a-helical stalks. We next quantified the dimension of the
observed structures to correlate the observed features to our high-resolution model of
the GBP1-dimer. If two oppositely oriented GBP1 dimers assemble through interactions
at the C-terminus of their respective MDs, the resulting assembly is expected to span 28
nm [see Figure Figure 3.1i].

Instead, we found the rim-to-rim diameter of the assemblies to be 58.1 nm + 1.2 nm
(n = 33), suggesting that additional structural elements need to make up the remaining
distance. To map the location of the MD within the flower-like assembly, we incubated
GBP1y with GDP-AlF;3 in the presence of Nb74. Negative stain images of this sample
contained flower-like particles that contained an additional spherical density at approx-
imately 8 nm radial distance to the peripheral LG domain [Figure 3.3d-f]. This estimate
is in agreement with the relative distance of Nb74 bound to the MD and the LG domain
as determined in our cryo-EM structure of the Nb74-bound GBP1 dimer [Figure 3.1h-
i]. The overall particle radius of 29 nm is consistent with a GBP1 containing a fully un-
latched «12 helix [compare Figure 3.1a,i]. This leads us to conclude that the remaining
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density of the petal towards the particle center must originate from the C-terminal part
of the MD and the GED. The particle center in both negative stain (5.6 nm + 0.8 nm in
diameter (n=27)) and cryo-EM micrographs (6.3 nm + 1.1 nm in diameter (n=22)) dis-
plays higher contrast than the peripheral LG domain and MD/GED spokes of the petal.
Since the diameter of the particles is incompatible with a fully extended conformation of
the entire GED, we hypothesise that this density corresponds to a cluster of «13 helices
of the GED and the exposed farnesyl anchors [Figure 3.3g].
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Figure 3.4: Coatomer formation and membrane remodeling capability of GBP1. (a) Confocal fluores-
cence imaging of Alexa647-labelled GBP1f binding to DHPE-texas red-labelled BPLE GUVs in the presence
of GDP-AlF3. (b) Cryo-EM micrograph of GBP1r-GDP-AlF3 binding to BPLE liposomes. (c) Close-up of BPLE
SUVs with or without GBP1r-GDP-AlF3 coat. (d) Radially averaged intensity profile across a GBP1g-coated
SUV (e) Cryo-EM micrographs of tubular protrusions (asterisks) formed on GBP1-coated SUVs. (f) GBP1
coatomer formation is concentration dependent. A visible coat starts to form at GBP1y concentrations of
7uM. At a concentration of 15 uM and higher, GBP1-coated tubular protrusions (asterisk) become visible and
are the dominant structures at concentrations exceeding 30 uM. (g-i) In the presence of GTP, GBP1f remodels
SUVs into spherical micelles (arrows) and short filaments (asterisks). Scale bar in (h-i): 50 nm. (j) Dual-trap
membrane fragmentation assay: A donor bead coated with rhodamine 6G-labeled membrane is held in place
by an optical trap in a flow cell operating at constant pressure. A second, uncoated "catch" bead is held in
an additional optical trap at 6 um distance of the donor bead. Lower panel: GBP1g-dependent membrane
scission/fragmentation would result in membrane transfer from the bead-supported donor membrane to the
catch bead. The schematic transfer of membrane vesicles is shown for illustrative purposes only and the pre-
cise structure of membrane fragments and GBP1 scaffold is unclear. (k) Representative confocal fluorescence
images illustrating GBP1g-dependent lipid transfer from the donor bead (DB) to the catch bead (CB). Scale
bar: 1 um. (I) Integrated fluorescence intensity time traces of the inter-bead space and the catch bead in the
presence of GBP1r and GTP. Solid lines represent mean fluorescence intensities of 18 experiments and shaded
areas represent 95% confidence intervals.
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Figure 3.5: Electron cryo-tomography of GBP1 coatomers (a) Electron cryo-tomogram of GBP1-coated lipo-
somes. Projected z-stack of reconstructed tomogram and close-up of an individual z-slice showing discernible
repetitive subunits. (b) Segmented tomogram from (a); GBP1: pink, membranes: green. (c) Cryo-EM mi-
crograph of GBP1p-coated liposomes in the presence of Nb74. The close-up shows a comparison to GBP1p-
coated liposomes in the absence of Nb74 (lower panel). The presence of Nb74 results in only partially coated
liposomes with a higher degree of structural disorder.

GBP1r forms dense coatomers on liposomes and scaffolds tubular mem-

brane protrusions

Fluorescently labelled GBP1f (GBP1£-Q577C-AF647) uniformly stains brain polar lipid
extract (BPLE)-derived giant unilamellar vesicles (GUVs), suggesting homogeneous GBP1
coverage based on fluorescence [Figure 3.4a]. To determine at the structural level if the
GBP1 conformation observed in the lipid-free GBP1r micelles is relevant for GBP1 as-
sociation with membranes, we mixed BPLE-derived small unilamellar vesicles (SUVs)
with GBP1g-GDP-AlF; or GBP1r-GTP for TEM analysis. Cryo-EM micrographs of these
samples showed SUVs densely covered with a proteinaceous coat of 29.6 nm (+ 3.1 nm,
n=47) radial extension [Figure 3.4b-d], consistent with the dimensions of the extended
GBP1f conformation observed in the lipid-free GBP1 micelles. Strikingly, we observe ei-
ther fully coated SUVs or SUVs devoid of any GBP1 coat [Figure 3.4b,c], suggesting that
cooperativity in membrane association may affect efficacy of GBP1 coating potential. On
a subset of SUVs, we observed extended tubular protrusions of 59.8 nm (+ 2.4 nm, n=37)
diameter scaffolded by GBP1 in an arrangement indistinguishable from that on spheri-
cal liposomes at the level of detail discernible from these images. Cryo-EM micrographs
of such structures in unsupported ice revealed these protrusions to be highly flexible
[Figure 3.4e], precluding 2D averaging. The formation of protrusions was highly con-
centration dependent, transitioning from uniformly coated SUVs to scaffolded tubule
extrusion beyond a certain threshold concentration [Figure 3.4f]. 2D class averages and
associated power spectra of negatively stained protrusions show repetitive features that
are consistent with overall dimensions of laterally associated GBP1 molecules [Supple-
mentary Figure 3.18, Figure 3.1i]. The micrographs did not allow us to uniquely discrim-
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Figure 3.6: Effect of GBP1 variants on membrane association. (a) Schematic overview of the GBP1 dimer
highlighting individual point mutation sites of tested variants. (b) Multiple sequence alignment of all human
GBP paralogs zooming in on the linker region (307-316) between o6 and «7. The overall linker region is highly
conserved; D308 is conserved across all GBPs containing prenylation motifs (+GBP3). (c) Mass photometry
spectra of nucleotide-free GBP1, GBP1-GDP-AlF3 and GDP-AlF3-stabilised GBP1 variants. The determined
molecular weights are indicated and show that the point mutations did not affect the ability of the GBP1 vari-
ants to dimerise. (d) Representative SDS-PAGE analysis of co-sedimentation assay of GBP1 variants with
BPLE liposomes. S: Supernatant, P: Pellet (e) Quantitative analysis of the co-sedimentation assay. The sum
of densitometric intensities of protein in the pellet and supernatant fractions was used to determine the rela-
tive percentage of GBP1 in each fraction. The mean intensity and standard deviation are displayed. Statistical
significance was determined using Welch’s t-test with Bonferroni correction (: P<0.05;": P<0.01)

inate whether the protrusions contain membrane or are formed by excess GBP1 through
aggregation of exposed farnesyl anchors similar to GBP1 micelle formation. To test these
possibilities we also performed concentration series experiments with GBP1 in the ab-
sence of lipids. Under these conditions, we observed increased formation of micellar
assemblies but no formation of tubular structures, suggesting that tubule formation by
GBP1 involves extrusion of membrane material [Supplementary Data Figure 3.19].
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GTP hydrolysis promotes GBP1-dependent membrane fragmentation

We next tested whether GBP1 scaffolding of membrane protrusions persists in condi-
tions that allow active GTP turnover. Importantly, for conditions containing GTP we ex-
clusively observe short tubular membrane stubs scaffolded by a GBP1 coat while coated
SUVs were absent in our micrographs, suggesting that GTP hydrolysis drives GBP1-de-
pendent scission or fragmentation of liposomes [Figure 3.4g-i, Figure 3.21]. Consistent
with the higher GBP1 concentrations required for formation of micelllar assemblies in
the absence of lipids, we observed weaker binding to GUVs for equimolar levels of GBPg
in the presence of GTP compared to GDP-AlF3 [Figure 3.4a, Supplementary Data Fig-
ure 3.20], providing additional support for a threshold-dependent activity of GBP1.

To probe the consequences of GTP-dependent GBP1 coatomer formation on mem-
branes in real time, we made use of a dual-trap optical tweezer assay coupled to confo-
cal fluorescence imaging. Two 2 um silica beads were held in optical traps at 6 um trap
separation within a laminar flow cell operated at constant pressure. One bead coated
with a bilayer membrane containing rhodamine 6G-labelled lipids served as a mem-
brane donor, whereas the second uncoated "catch" bead served to sequester lipid ma-
terial released from the donor bead [Figure 3.4j]. We monitored lipid transfer from the
donor bead to the catch bead via fluorescence using confocal microscopy [Figure 3.4k,
Supplementary Data Movie SM2]. In the absence of GBP1p, fluorescence in the inter-
bead space and on the catch bead remained at constant baseline level [Figure 3.41]. We
then dispensed GBP1 into the flow channel in close proximity to the donor bead and in
the presence of GTP. If GTP-dependent membrane scaffolding by GBP1r results in mem-
brane fragmentation/ scission, membrane fragments released from the donor bead will
be sequestered by the catch bead under continuous flow. Indeed, we found lipid fluo-
rescence in the inter-bead space and on the catch bead to increase ~2-fold and ~7-fold,
respectively, approximately 30 seconds after addition of GBP1r (n=18) [Figure 3.41]. This
suggests that lipid material is released from the donor bead in a GBP1r-dependent man-
ner. Altogether our data indicate that GBP1 scaffolding can promote severing of bilayer
membranes and lipid release under conditions that permit GTP hydrolysis.

In tomographic reconstructions of GBP1 assemblies on SUVs we observe that GBP1 cov-
ers the entire SUV by assembling into three-dimensional coatomers, which appear to
be stabilised by tight lateral association of GBP1 subunits [Figure 3.5a-b, Supplementary
Data Movie SM3 and SM4]. The partially regular appearance of the GBP1 coat in indi-
vidual z-slices from these tomograms is indicative of short range order of the GBP1 coat,
and appears to be mediated primarily via interactions of adjacent LG domains.

To test this hypothesis, we also acquired cryo-EM micrographs of GBP1-coated SUVs
in the presence of Nb74, which through its interactions with the MD domain may steri-
cally affect the lateral association of GBP1 dimers in a dense coatomer [Figure 3.1h,i]. In-
deed, for these conditions we frequently observed SUVs that were only partially coated
and showed signs of structural disorder in the protein coat [Figure 3.5c], supporting an
important role of an unperturbed GBP1 dimer conformation in coatomer assembly.
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Figure 3.7: GBP1r coat formation on LPS micelles of bacterial pathogens (a) Schematic representation of
complex O-antigen containing LPS molecules from S. enterica sv. Typhimurium, smooth LPS E.coli 0111:B4
and deep rough LPS from S. enterica sv. Minnesota R595 (green: 2-keto-3-deoxyoctonic acid; grey: L-glycerol-
D-manno-heptose; blue-green: galactose; pink: glucose; red: 2-amino-2-deoxyglucose; light blue: Colitose;
brown: Rhamnose, yellow: Abequose, darkblue: Mannose). Cryo-EM micrographs of the three types of LPS
in the absence (left column) and presence of GBP1r-GDP-AlF3 (right column). (b) Selected 2D class average
of GBP1f bound to E.coli O111:B4 LPS. Leftmost panels: The extended GEDs projecting toward the mem-
brane surface are visible in the average (white arrow). The atomic model of the GDP-AlF3-stabilised GBP1
dimer is superposed onto the projected density. (c) Schematic of nucleotide-dependent activation of GBP1 for
membrane binding. Hypothetical encounter complex for initial dimerisation (based on PDB ID 1dg3/2b92),
formation of the cross-over conformation of GBP1 dimers upon nucleotide binding with extended GED, and
1D model of the GBP1 coatomer on membranes. The radial extension of O-antigen containing LPS is shown
for comparison.

The cross-over conformation of the GBP1 dimer is critical for membrane
association

We next asked whether the cross-over arrangement of the nucleotide-activated GBP1
dimer is required for membrane association. To test this hypothesis, we sought to iden-
tify mutants that disrupt the interfaces stabilising this extended conformation but retain
the ability to form dimers by association through the LG domains. First, we analysed
sequence conservation in the 06-a7 region forming the loop structure in the cross-over
conformation, the MD-LG interface, the electrostatic zipper motif and the C-terminal
contact site of the MD, and designed point mutants to weaken conserved motifs and in-
teractions [Figure 3.6a-b; Supplementary Data Figure 3.22 and Figure 3.23]. The main
interface in the GBP1 dimer is formed between the LG domains of both monomers, con-
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tributing 2138 A% (62%) of the total buried surface area of the dimer interface as inferred
from our structure. We therefore expected the different variants to retain their ability
to form dimers via the LG domain and to perform GTP hydrolysis [Figure 3.6c, Supple-
mentary Data Figure 3.24], but to possibly disrupt the parallel arrangement of the MDs
and affect the conformation-dependent ability of GBP1 to associate with membranes.
To test this hypothesis, we mixed brain polar lipid extract SUVs with GBP1f variants ac-
tivated by GDP-AlF3 and performed co-sedimentation assays followed by quantitative
SDS-PAGE analysis of pellet and supernatant fractions. Of four variants tested, two mu-
tants in the cross-over region showed a 33% (D308S; p<0.05) and 44% (D308S/L309A/-
P310A; p<0.01) reduction in the membrane-bound fraction compared to the WT con-
trol [Figure 3.6d-e]. These bulk observations are supported by negative stain imaging of
SUVs incubated with the two GBP1 variants [Supplementary Data Figure 3.25], showing
substantially decreased coatomer formation on individual SUVs but no complete dis-
ruption. For variants affecting the LG-MD and MD-MD interface we found no significant
effect [Figure 3.6e, Supplementary Data Figure 3.26], suggesting that the ability to form
the cross-over arrangement is a determining factor for efficient membrane recruitment
of GBP1.

GBP1 dimers form the essential unit of GBP coatomers on LPS micelles

Apart from targeting intracellular membranes, GBP1 has been reported to directly asso-
ciate with lipopolysaccharides (LPS), a glycosylated lipid component of the outer mem-
brane in gram-negative bacteria. LPS consists of a lipid A moiety mediating the integra-
tion in the membrane leaflet, a core region of non-repetitive oligosaccharides and the
O-antigen consisting of an extended and branched chain of repetitive oligosaccharides.
The LPS composition can vary greatly between bacterial strains.

To determine whether GBP1 coatomer formation is dependent on the specific oligo-
saccharide structure of LPS, we incubated nucleotide-activated GBP1g with three dif-
ferent LPS chemotypes from bacterial pathogens differing in the presence of inner and
outer core sugars and O-antigen components; Salmonella Typhimurium LPS containing
extended O-antigen (LPS-ST), smooth LPS from Escherichia coli O111:B4 (LPS-EB) and
deep rough LPS from S. enterica sv. Minnesota R595 consisting of only the lipid A core
[Figure 3.7a]. Outer-core and O-Ag containing LPS forms elongated bilamellar micelles,
whereas deep rough LPS displays semi-vesicular morphology. For all three cases we ob-
serve formation of dense and elongated GBP1 coatomers on remodelled LPS micelles,
extending ~28 nm from the central lipid bilayer and sandwiching a parallel layer of con-
tinuous density with ~5-7 nm cross-section, compatible with the estimated thickness
of a micellar bilayer and fuzzy contributions of oligosaccharide residues [Figure 3.7a].
These dimensions are in agreement with those determined from GBP1 coatomers on
brain polar lipid SUVs, suggesting the overall modes of assembly in these coatomers
are equivalent. As GBP1 forms equivalent coatomers on all LPS forms tested, we con-
clude that the primary association with LPS membranes is mediated by insertion of the
C-terminal farnesyl anchor in the lipid layer, but our image data preclude quantitative
conclusions on potential affinity differences for certain types of LPS over others. Analo-
gous to micellar GBP1 assemblies and coatomers on lipid SUVs that we use as model sys-
tem for endogenous membranes, the coat on LPS micelles appears highly ordered with
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GBP1 molecules assembling in register as concluded from side and top views of coated
LPS micelles [Supplementary Data Figure 3.27]. To analyse the detailed mode of GBP1
assembly within the coatomers, we performed 2D class averaging of individual rims of
GBP1-coated LPS micelles [Figure 3.7b]. 2D class averages of the GBP1 coat revealed low-
resolution densities compatible with our high-resolution GBP1 dimer structure viewed
in projection, suggesting that GBP1 dimers form the repeating unit in mature coatomers.
In some of the classes, we also observed rod-like density extending from the MD towards
the LPS lipid surface, supporting a model in which an extended «12 of the GED reaches
out for association with the membrane [Figure 3.7b].

Together, our results support a model in which nucleotide binding by GBP1 unlatches
the C-terminal all-a-helical MD and GED from the LG domain, leading to a swing-like
conformational transition of the MD that re-associates with the LG of the adjacent mono-
mer and forms a parallel arrangement of extended GEDs for association with mem-
branes [Figure 3.7c]. Interestingly, the dimensions of an extended GED are compatible
with the lateral dimensions of extended bacterial LPS O-antigen (LPS-ST: 10.3 + 3 nm,
(n=23), LPS-EB: 13.1 + 2.1 nm (n=11), both measured in negative stain-EM), suggest-
ing that these may be a functional adaption to allow intercalation between the dense
O-antigen and core oligosaccharide decoration of the LPS layer and coatomer formation
on LPS-containing membranes.

3.3. Discussion

GBPs have recently emerged as important effector molecules in cell-autonomous im-
munity against intracellular bacteria, and GBP1 forms the central organising unit of this
cellular response. The main antimicrobial function of GBP1 has been ascribed to its
ability to coat the membrane of pathogen-containing compartments or the outer mem-
brane of gram-negative cytosolic bacteria, where it appears to form a multivalent sig-
naling platform for the activation of the non-canonical inflammasome [16, 17, 20, 21].
Coat formation is dependent on nucleotide binding and self-assembly of GBP1. While
the functional consequences for GBP1 in intracellular immunity have been firmly estab-
lished by these studies, the mechanistic underpinnings of these functions remain cur-
rently unclear.

Our cryo-EM and cryo-ET data show that the ultrastructure of GBP1 coatomers on
lipid and LPS membranes consists of ordered arrays of GBP1 dimers with their a-helical
MDs and GEDs protruding in parallel towards the membrane surface. The molecular
envelope of the repeating unit that we infer from these data is consistent with our high-
resolution cryo-EM structure of the full-length GDP-AlF3-stabilised GBP1 dimer, display-
ing a cross-over arrangement of the MD and extended GEDs anchored to the membrane.
We found membrane association of GBP1 to be critically dependent on the ability to
form cross-over dimers. This cross-over conformation GBP1 is consistent with a recent
crystallographic structure of a truncated GBP5 dimer [42] and resembles that of atlastins
[43], which are related but functionally different members of the dynamin-like protein
(DLP) superfamily of large membrane-associated GTPases. Interestingly, GBPs and at-
lastins appear to share a set of key structural features stabilising this conformation: a
conserved linker region that mediates the MD cross-over, an extended hydrophobic in-
teraction region that latches the MD onto the LG domain of the opposing monomer,
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and a series of weak interactions holding together the C-terminal o-helices of the MD.
While the atlastins and other dynamin-like proteins associate with membranes through
C-terminal amphipathic helices, GBPs are unique among the DLPs in the requirement
of isoprenylation for membrane binding. Another distinguishing feature of GBPs is the
long, extended a-helical effector domain. While the LG domains and MDs of the GBP1
dimer unit appear rigid, the GED appears to exhibit substantial flexibility. Our data pro-
vide important clues for these specialisations. Assembling densely packed coatomers on
outer membranes of gram-negative bacteria spiked with extended LPS oligosaccharide
chains requires elongated flexible elements that can intercalate between the O-antigen
of complex LPS cores. Intriguingly, the dimensions of the extended GED are consistent
with the estimated length of LPS chains with extended O-antigen [44], suggesting that
the isoprenylated GEDs can act as flexible anchors that allow GBP1 to breach the LPS
permeability barrier and assemble densely packed coatomers that are stabilised through
interactions between the LG domains of neighbouring dimers.

We found GBP1 coat formation to occur in an all-or-none fashion, with the frac-
tion of coated liposomes strongly dependent on GBP1 concentration. This indicates
that coatomer formation is a cooperative process, where successful formation of a GBP
coat is dependent on a critical threshold concentration. Cooperativity is a hallmark of
processes that require a sharp transition in their biological response, for example by
digital activation. The antimicrobial function of GBPs is induced through activation of
the interferon pathway that massively upregulates expression of interferon-stimulated
genes (ISGs). Interestingly, GBPs are among the most strongly induced ISGs, with basal
transcription levels elevated up to three orders of magnitude upon interferon induction
[12, 45]. A thresholded response to self-assembly may provide GBPs with the ability
to prevent coating of intracellular membranes at cellular concentrations under home-
ostatic conditions and to only activate this function in the presence of infection.

Several recent studies linked GBP1 coatomer formation to the activation of the non-
canonical inflammasome pathway, involving recruitment of caspase-4 to the GBP coat
and induction of inflammatory cell death (pyroptosis) [16, 20, 21]. Pyroptosis is depen-
dent on cleavage of gasdermin D by caspase-4, which in turn is activated by binding to
the lipid A component of LPS [46, 47]. Caspase-4 dependent pyroptosis is abrogated in
the absence of GBP1, suggesting that caspase-4 cannot bind lipid A on bacterial outer
membranes by itself. How does GBP1 facilitate access to lipid A components? Our
data show that high GBP1 concentrations lead to tubulation of lipid membranes and
LPS micelles, indicating that GBP1 has membrane remodelling activity. The tip of mem-
brane tubules forms a region of maximum curvature, which could facilitate access to the
membrane-embedded acyl chains of lipid A otherwise shielded by the dense oligosac-
charide chains of LPS and therefore inaccessible to the ligand-binding CARD domain of
caspase-4. A recent study reporting tomographic data on GBP1 coatomer suggested the
coat consists of GBP1 monomers [48], which is inconsistent with the GBP1 dimer units
observed in our cryo-EM and cryo-ET data reported here and with previous biochem-
ical studies that established homodimer formation as a prerequisite for membrane as-
sociation of GBP1 [34]. Interestingly, LPS and GBP1-dependent retrieval of caspase-4 in
cellular pull-downs requires GDP-AIFx [21], confirming the functional relevance of the
GBP1 dimer conformation in the membrane-bound oligomers under conditions mim-
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icking the transition-state of GTP hydrolysis. Local remodelling of bacterial membranes
by GBP1 oligomers may therefore provide platforms for caspase-4 recruitment and acti-
vation and reconciles observations displaying discontinuous GBP1-dependent recruit-
ment of caspase-4 on cytosol-invasive Gram-negative bacteria [21].

All structural data in our study has been acquired using GBP1 arrested in an acti-
vated, but non-hydrolysing state. In its native cellular environment GBP1 can bind and
hydrolyse GTP likely leading to further structural rearrangements throughout the hy-
drolysis cycle. This raises the question of the functional consequences that these struc-
tural changes impose on GBP1-coated membranes. Unlike for the transition-state sta-
bilised GBP1 coatomers, we do not observe coated liposomes in the presence of GTP. In-
stead, we observed fragmented GBP1-decorated membranes (short filaments) or flower-
like assemblies resembling, but distinctly different from the micellar structure observed
for GBP1y-GDP-AlF; in the absence of lipids. While our present data precludes quan-
titative conclusions, our observations are indicative of the ability of GBP1 to fragment
membranes. How the GBP1 coatomer and GTP-dependent conformational changes re-
late to this property will be important questions for further studies. Importantly, the
concentrations required for GBP1 remodelling activity in the presence of GTP were at
least 8-fold increased compared to the situation with GBP1-GDP-AlF;. Since the con-
centration of "activated" GBP1 in the presence of GTP will always be lower than that for
the non-hydrolysable GTP analog GDP-AlF; at equimolar concentrations, this observa-
tion is consistent with a threshold-dependent response of GBP1 activity.

Our data firmly establish nucleotide-dependent GBP1 dimers as the assembling unit
for GBP coatomer formation. Important questions, for example how the GBP1 coat is
stabilised, how GBP1 recruits and integrates non-prenylated GBP family members into
the coatomer, and how these heterotypic interactions affect the functionality of the GBP
coat remain unsolved.
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3.4. Materials and Methods

Plasmid construction

GBP1

Codon-optimised synthetic DNA encoding human GBP1 (UniProt accession P32455)
was cloned into the Ncol/Notl linearised pETM14 vector containing a N-terminal Hisg
tag and 3C cleavage site, yielding pETM14-GBP1.

GBP1 variants

Expression vectors containing GBP1 variants were generated from pETM14-GBP1 by
quickchange mutagenesis using appropriate oligos [Supplementary Table 3.7]. Muta-
tions were confirmed by DNA sequencing (Macrogen Europe B.V., Amsterdam, Nether-
lands).

pCDFDuet-FNTA-FNTB

A co-expression vector for farnesyl transferase (FTase) was constructed using the pCDF-
Duetl (Novagen) vector backbone. FNTA inserts were PCR-amplified with AJLO-023 and
AJLO-024 from pANT7-FNTA-cGST (DNASU HsCD00630808). To allow subcloning into
MCS1 of pCDF-Duetl, BsmBI sites compatible with Ncol and Notl overhangs were in-
serted at the 5’- and 3’-ends of FNTA. The BsmBI-digested FNTA fragment was cloned
into Ncol/Notl digested pCDF-Duetl, yielding pCDF-Duet-FNTA. For cloning of FNTB
into MCS2 of pCDF-Duet-FNTA, FNTB was PCR-amplified from pANT7-FNTB-cGST (DN-
ASU HsCD00077919) using AJLO-25 and AJLO-026 [Supplementary Table 3.7] to create
a 5’-Ndel site and a 3’-BsmBI site compatible with Xhol overhang. An internal Ndel
site in pANT7-FNTB-cGST was removed by Quickchange mutagenesis with AJLO-027
and AJLO-028. The Ndel/BsmBI-digested FNTB fragment was cloned into Ndel/Xhol-
digested pCDF-Duet-FNTA, yielding the FTase co-expression vector pCDF-Duet-FNTA/-
FNTB.

pCDFDuet-His6-FNTA-FNTB

The pJET1.2 constructs containing FNTA or FNTB were obtained by amplification of
AJLDO0007 or AJLD0022 [Supplementary Table 3.8] using AJLO-023 - AJLO-026 [Supple-
mentary Table 3.7], following the manufacturer recommendations. The pCDFDuet- His6-
FNTA-FNTB (AJLD0063) vector was obtained by Gibson assembly. The DNA fragments
originated from AJLD0052, AJLD0053 and AJLV0038 using primers AJLO-076 - AJLO-078,
AJLO-083 and AJLO-090 - AJLO-093 [Supplementary Table 3.7]. Successful cloning was
confirmed at all stages by DNA sequencing (Macrogen Europe B.V,, Amsterdam, Nether-
lands).

Protein expression and purification

GBP1 and GBP1-variants

Proteins were expressed in E.coli BL21(DE3) [Supplementary Table 3.1] using auto- in-
duction in lactose-containing media. Pre-cultures were grown in LB-medium o/n at
37°C. For protein expression, ZYP5052 medium was inoculated at 1/50 (v/v) with pre-
culture and cells were grown at 37°C and 180 rpm for 3-4 h before lowering the tempera-
ture to 20°C for 15-20 h. Cells were harvested by centrifugation at 4°C and 4000 rpm and
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the cell pellet was resuspended in lysis buffer (50 mM HEPES pH 7.8, 500 mM NacCl, 0.1%
Triton X-100) on ice. The cells were disrupted by three successive freeze-thaw cycles. To
digest genomic DNA, 1-10 ug/ml DNAsel was added and incubated on a rotating wheel
for 1-2 hours at 4°C. To separate cell debris, the lysate was centrifuged at 20,000 x g for
40 min at 4°C. The supernatant was applied to TALON (Takara) affinity resin. The bound
fraction was washed with 20 column volumes (cv) of wash-buffer (50 mM sodium phos-
phate, 300 mM NaCl, 10 mM imidazole, pH 7.4) and eluted in the same buffer containing
150 mM imidazole. The eluent was dialysed into 3C cleavage buffer (50 mM HEPES pH
7.4,150 mM NaCl, 0.5 mM DTT) and incubated with 1:100 mol/mol 3C protease o/n at 4
°C. Following cleavage, the proteins were further purified via size exclusion chromatog-
raphy using a GE Superdex200 Increase 10/300 GL column (GE Healthcare) in running
buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 0.5 mM DTT).

Farnesyl transferase

His-FNTA-FNTB was expressed as described before for GBP1. After harvesting, the cell
pellet was placed on ice and resuspended in lysis buffer (50 mM HEPES pH 7.8, 150 mM
Na(l, 0.1% Triton X-100). A reduced salt concentration of 150 mM was necessary to avoid
disassembly of the FNTA/FNTB . After separating the cell debris, the supernatant was
applied to Ni-NTA (GE Healthcare) affinity resin. The bound fraction was washed with 20
column volumes (cv) of wash-buffer (50 mM HEPES pH 7.8, 150 mM NacCl, 0.5 mM DTT,
10-30 mM imidazole) and eluted in the same buffer containing 250 mM imidazole. The
proteins were further purified via size exclusion chromatography using a Superdex200
Increase 10/300 GL column (GE Healthcare) in running buffer (50 mM HEPES pH 7.4,
150 mM NaCl, 0.5 mM DTT).

In vivo farnesylation of GBP1

Co-translational farnesylation of GBP1 was performed essentially as described [41]. E.coli
BL21(DE3) cells were co-transformed with pETM14-GBP1 and pCDFDuet1-FNTA-FNTB
plasmids. The expression and initial purification of GBP1 was performed as described
for pETM14-GBP1. To separate non-farnesylated and farnesylated GBP1 (GBP1p), an
additional hydrophobic interaction chromatography (HIC) step was performed.

Briefly, NH;,SO4 was added to the protein solution in 3C cleavage buffer to a final
concentration of 1 M. The solution was bound to a HiTrap Butyl HP column (GE Health-
care), washed with 30 cv of high salt buffer (1.5 M NH4SO4, 50 mM Tris-HCI pH 8, 2
mM MgCl,, 2 mM DTT) before elution over 20 cv with a linear gradient into low salt
buffer (50 mM Tris-HCI pH 8, 2 mM MgCl,, 2 mM DTT). Fractions containing the GBP1g
were pooled and further purified by size exclusion chromatography on a Superdex200
Increase 10/300 GL column (GE Healthcare) in running buffer (50 mM HEPES pH 7.4,
150 mM NacCl, 0.5 mM DTT).

In vitro farnesylation of GBP1

In vitro prenylation of GBP1 was adapted from [49]. In brief, 5uM purified GBP1 was
incubated with 5uM FTase for farnesylation and supplemented with 25 uM farnesyl py-
rophosphate (FPP) (Cayman) in prenylation buffer (50 mM HEPES pH 7.2, 50 mM NacCl,
5 mM DTT, 5 mM MgCl,, 20 uM GDP). The reaction mixtures was incubated for 60 min



90 Chapter 3

atroom temperature and dialysed o/n at 4° into running buffer.

Preparation of GDP-AlF3-stabilised GBP1 dimers
15 uM of GBP1 was incubated with 200 uM GDP, 10 mM NaF, 300 uM AICl3, 5 mM MgCl,
and 1 mM DTT for 10 min at RT.

Nanobody generation, selection and purification

Nanobody generation

Llamas have been immunised either with purified monomeric GBP1, farnesylated GBP1
or GDP-AlF3-stabilised dimeric GBP1. From each llama a blood sample was taken and
the peripheral blood lymphocytes were isolated followed by the purification of RNA and
synthesis of cDNA. Nanobody coding sequences were then PCR-amplified and cloned
into a phage display library, creating libraries with > 10® independent clones.

Nanobody selection

For phage display selections, farnesylated, monomeric or GDP-AlF3-stabilised dimeric
GBP1 was solid phase coated in 50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM DTT and
selections were performed in the same buffer. To detect the presence of GBP1-specific
nanobodies, the His-tag was detected by an anti-His monoclonal antibody followed by
the addition of an anti-mouse-antibody conjugated to alkaline phosphatase. As a sub-
strate for alkaline phosphatase conjugates, 2 mg/ml of 4-Nitrophenyl phosphate dis-
odium salt hexahydrate (pNPP) was used. In total 78 clones were found positive on the
dimeric GBP1-GDP-AlF3, 26 on GBP1r and 33 clones on monomeric GBP1. We selected
Nanobodies from different families and performed a SEC-MALS analysis to investigate
the binding behaviour. Nanobody 74 was chosen because it binds to GBP1 in a 1:1 ratio
without breaking the GDP-AlF;3-stabilised GBP1 dimer apart.

Expression and purification

Nanobody 74 (Nb74) was expressed in E.coli WK6 (su-) cells. Pre-cultures were grown
overnight in LB medium containing 100 pg/ml ampicillin, 2 % glucose and 1 mM MgCl,.
TB medium (2.4 % yeast extract, 2 % tryptone, 0.4 % glycerol, 17 mM KH,POy4, 72 mM
K2HPO,), supplemented with 100 pg/ml ampicillin, 0.1 % glucose and 2 mM MgCl, was
inoculated with a 1:50 (v/v) dilution of the pre-culture and cells were grown at 37 °C with
190 rpm. Protein expression was induced with 1 mM IPTG at an ODggonm between 0.7-
1.2, before lowering the temperature to 25 °C for 18 hours of expression. Cells were har-
vested by centrifugation at 4 °C and 4000 x g for 20 min. For lysis, by osmotic shock, a
pellet of a 1 I culture (with OD600nm = 25) was resuspended with 10 ml TES buffer (0.2
M Tris pH 8, 0.5 mM EDTA, 0.5 M sucrose) for 2 hours on a rotating wheel. Next, 30 ml
TES/4 buffer (TES buffer, four times diluted in H»O) was added and left on a rotating
wheel for 1 h.

The resuspended cell lysate was centrifuged for 30 min at 8000 x g and the super-
natant was kept. Approximately 1 ml of Ni-NTA agarose (Qiagen) was utilised for purifi-
cation of the lysate resulting from 1 1 culture. Pre-equilibrated Ni-NTA agarose beads, in
50 mM sodium phosphate, 1 M NaCl, pH 7, were added to the supernatant and left to in-
cubate on a rotating wheel for 1 h at room temperature. Following incubation the beads
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were washed with 20 ml 50 mM sodium phosphate, 1 M NaCl, 10 mM imidazole, pH 7
and protein was eluted with 2.5 ml 50 mM sodium phosphate, 0.15 M NaCl, 0.3 M imida-
zole, pH 7. The elution fractions were dialysed (Spectra/Por 3, 3.5 kDa cut-off) for 3 days
against 50 mM HEPES, 0.15 M NaCl pH 7.5 and subsequently concentrated (Amicon, 3
kDa cut-off) to concentrations between 150 uM to 500 uM prior to storage at —-80 °C.

Biophysical analysis

SEC-MALS

The oligomerisation states of GBP1 at 15uM in the presence and absence of GTP and
nucleotide analogs were estimated using analytical size exclusion chromatography cou-
pled to multi-angle light scattering (SEC-MALS). Purified protein samples were resolved
on a Superdex200 Increase 10/300 GL column (GE Healthcare) connected to a high-
performance liquid chromatography (HPLC) unit (1260 Infinity II, Agilent) running in
series with an online UV detector (1260 Infinity Il VWD, Agilent), an 8-angle static light
scattering detector (DAWN HELEOS 8+; Wyatt Technology), and a refractometer (Optilab
T-rEX; Wyatt Technology).

For SEC-MALS measurements, proteins were diluted to a final concentration of 15 uM
in SEC buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM TCEP or DTT) with or with-
out the GTP transition state mimic or with 1 mM of GTP, GDP, GMP and 0.5 mM of Gp-
pCp, GTPyS or GppNHp and incubated for 5 - 10 min at RT prior to injection. On the
basis of the measured Rayleigh scattering at different angles and the established differ-
ential refractive index increment of value of 0.185 ml*g™! for proteins in solution with
respect to the change in protein concentration (dn/dc), weight-averaged molar masses
for each species were calculated using ASTRA software (Wyatt Technology; v.7.3.1).

Mass photometry

GBP1-WT and GBP1 variants were purified as described before. The data was collected
on a Refeyn OneMP instrument using the AcquireMP software (version 2.3 and 2.4). Sil-
icon gaskets (Culture Well Reusable gaskets, Grace Biolabs) were adhered to clean cover
slips (High Precision cover slips, No. 1.5, 24 x 50 mm, Marienfeld). For measurements,
samples were diluted in 50 mM HEPES pH 7.5, 150 mM NaCl to final concentrations be-
tween 12.5nM to 75nM. Data was acquired and analysed using DiscoverMP (version 2.3
and 2.4), using the smallest acquisition window and default settings.

GTPase activity assay

To determine the GTPase activity of GBP1 the GTPase-Glo™ Assay (Promega) was utilised
[50], using the protocol for intrinsic GTPase activity. Briefly, 5ul of 5uM GBP1 (WT or
variants) in running buffer was added per well to a 384 well plate. 5l of 2 x GTP solu-
tion containing 10 uyM GTP and 1 mM DTT was added to the same well. The reaction was
incubated at RT for 60 min. 10l of reconstituted GTPase-Glo reagent was added to the
reaction and incubated for 30 min at RT while shaking. Finally, 20 pl of detection reagent
was added and after another incubation step of 10 min the luminescence was measured
using a micro plate reader (Synergy’ MH1, BioTek). BSA was used as a negative control
and measurements were performed in triplicates.
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Liposome preparation

SUV preparation

1 mg of brain polar lipid extract (BPLE, Avanti Polar Lipids) and 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, Avanti Polar Lipids), purchased as chloroform solutions were
each dried under a gentle N2 stream. The resulting lipid film was further dried in a des-
iccator connected to a vacuum pump for 1 h. To hydrate the lipid film, 1 ml of 50 mM
HEPES (pH 7.5), 150 mM NaCl was used. Small unilamellar vesicles (SUVs) were pre-
pared with an Avanti Mini Extruder (Avanti Polar Lipids) with hydrophilic polycarbonate
membranes with a pore size of 0.1 um. The solution of swollen lipid was filled into one of
the syringes and monodisperse emulsions of SUVs were produced by passing this mix-
ture through the membrane at least 11 times. The SUVs were stored at 4 °C until further
use.

GUV preparation

Per experimental condition, 30 ul of 10 mg/ml BPLE (Avanti Polar Lipids), was added to
10l of 0.1 mg/mL Texas Red 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium (Texas red DHPE, Invitrogen) and 1 % (v/v) DSPE-PEG (2000)-biotin
(Sigma Aldrich). 30 pl of this solution was carefully aspirated and spread onto a Polyvinyl
alcohol (PVA) coated glass cover slide (5 % PVA was prepared in water, dried on a 22x22
mm cover slide for 30 min at 50 °C), prior to an additional 30 min in a desiccator con-
nected to a vacuum pump. To the dried lipid film 250 pl of inside buffer (50 mM HEPES
(pH 7.5), 150 mM NaCl, 50 mM sucrose) were added and lipids were allowed to swell in
the dark for 15 min with gentle shaking. The giant unilamellar vesicles (GUVs) were col-
lected and freshly used.

Confocal fluorescence microscopy

Preparation of the imaging chamber

Glass coverslips (22x40 mm) were attached, with UV resin, to a home-made pre-drilled
piece of plexiglass, to form the imaging chambers. The chambers were flushed with 2
mg/mL BSA-biotin, containing 3 moles of biotin per mole of BSA (BioVision). After re-
moval of Biotin, the chambers were washed with buffer (50 mM HEPES (pH 7.5), 150 mM
NaCl) and incubated further 5 minutes with 1 mg/mL Avidin (Thermo Fisher) prior to
addition of the GUVs for imaging.

Maleimide labelling of GBP1-Q577C

Alexa Fluor 647 (Thermo Fisher) dissolved in DMSO to a final concentration of 10 mM
was added dropwise to the protein until a 20x molar excess was achieved. Prior to ad-
dition of the fluorophore, the protein was reduced for 5 min with 0.5 mM TCEP. After
addition, the sample was incubated 2 h at room temperature. Separation of the labelled
protein from excess dye was performed according to the manufacturer using a desalt-
ing column (5ml, HiTrap Desalting, Cytiva) in 50 mM HEPES pH 7.4, 150 mM NacCl and
0.5mM.

GBP1p-GDP-AlF;3
The GTP transition state mimic was prepared as described before. 20l of Texas red
DHPE labelled GUVs were mixed with 5 pl protein solution consisting of 18.5 uM GBP1f-
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GDP-AlF3 and 1.5 uM of GBP1;-Q577C-GDP-AlF3, labelled with Alexa 647-C2-maleimide,
resulting in a final protein concentration of 4 uM. The mixture was incubated at 30 °C for
30 minutes prior to imaging.

GTP-activated GBP1

20l of GUVs were mixed with 5pl protein solution consisting of 18.5uM GBP1r and
1.5uM of GBP1£-Q577C, labelled with Alexa 647-maleimide. 5pul of 10mM GTP was
added to the well directly prior to imaging.

Confocal microscopy

Imaging was performed on a Nikon A1R confocal microscope using a Nikon SR Apo TIRF
100x 0il/1.49 NA objective. The excitation wavelength of the lasers was 561 nm (for Texas
Red DHPE) and 640 nm (for GBP1-AF647). Images were processed with Fiji software.

Dual trap bead-supported membrane transfer assay

Bead-supported bilayer preparation

Lipid bilayer coated silica beads were prepared by mixing lipids in chloroform in the de-
sired molar ratios: 84.69 mol% DOPC (850375, Avanti), 15 mol% DOPS (840035, Avanti),
0.15 mol% 18:1 Liss Rhodamine PE (810150, Avanti), 0.16 mol% Biotin lipids DSPE-PEG
(2000) Biotin (880129, Avanti).

Lipids were dried to a thin film on the walls of a flask. After removal of residual chlo-
roform, the flask was wrapped in aluminum foil and placed in a desiccator overnight.
Lipids were resuspended in 1 mL deionised H,O (dH,O) to a final lipid concentration of
1 mg/ml, then resuspended for 30 min in a 37°C water bath and subsequently subjected
to three freeze-thaw cycles. The lipid solution was extruded 21x using an Avestin-LF-1
extruder with a 100 nm membrane. 10 pL of the lipid solution was added to 89.5 uL H,O
containing NaCl and 0.5 pL of a 5% solids solution of 2 um silica microparticles (Sigma
Aldrich) to a final concentration of 0.1 mM lipids and 1 mM NaCl, followed by incuba-
tion on a lab rotator at room temperature for 45 min. Finally, 30 puL of the solution was
diluted into 270 pL GBP buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 5 mM MgCl, and
0.5 mM DTT). For the catching bead, 10 pL of a 200 mM NaCl solution was mixed with
1 puL NTV-DNA 3.5 kDa and 2 pL antiDIG-beads (QDIGP-20-2 ProSciTech), followed by
incubation for 30 min on a lab rotator at 4°C and finally diluted in 290 pL GBP buffer.

Optical trapping and confocal microscopy

Optical trapping experiments were performed in a LUMICKS C-Trap. One bead contain-
ing bead-supported bilayer and one uncoated bead were successively trapped in one
of the LUMICKS C-Trap lasers. The bead pairs were then moved far downstream close
to the upper wall of the flow chamber to ensure straight, laminar flow upon switching
of the running solution. The bead pairs were flushed at least 30 seconds with GBP-1
buffer + 1 mM GTP at 0.1 bar before dispensing sample containing GBP-1 buffer + 100
pM GBP-1 + 1 mM GTP into the flow chamber. A 532 nm laser operated at 8 mW was used
to excite 18:1 Liss Rhodamine PE and confocal fluorescence images were acquired in a
14.15x3.35 pm window at 50 nm pixel size to measure Liss Rhodamine PE lipid fluoroes-
cence. The red channel (638 nm) was used to visualise the beads and as internal control
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for potential dirt particles in the flow channel. Prior to adding GBP1F, the beads were
flushed for at least 30 seconds with GBP1 buffer supplemented with 1 mM GTP. The time
of solute arrival at the first bead was calibrated with a fluorescent dye in separate exper-
iments and estimated to 9 s. To determine fluorescence intensity time traces, the z-axis
profile of the inter-bead space and the catch bead was selected in Image]J and the total
relative fluorescence of each frame was processed in Origin. For baseline correction the
average fluorescence across 30 seconds prior to addition of GBP1r was subtracted from
each data set, resulting in a baseline of 0 A.U. All curves were averaged with the "Aver-
age multiple curves" option in Origin and the resulting average time traces with the 95%
confidence interval were plotted using Python’s matplotlib library.

Liposome co-sedimentation assays

Wild-type GBP1 and GBP1 variants were in vitro farnesylated as described above. Exper-
iments were also performed with in vivo farnesylated GBP1 for comparison. The GTP
transition state mimic was prepared as described before. GBP1-WT or GBP1 variants
were diluted to 2uM and mixed with 1 mg/ml BPLE SUV liposomes in SEC buffer to a
final volume of 100 ul. Samples were incubated for 60 min at RT, followed by ultracen-
trifugation (Beckman Coulter Optima L-90K, Rotor: 42.2 Ti) at 222,654 x g for 20 min at
4°C. The pellet and supernatant fractions were separated as quickly and gently as possi-
ble prior to analysis, whereby 15 ul were loaded onto a 4-12 % SurePAGE Bis-Tris gel for
separation by SDS-PAGE.

The lanes of interest were identified and the bands automatically detected using the
Gel doc Image Lab software (v. 6.1.0.07). After automatic background subtraction, the
sum of intensities of the protein present in the pellet and supernatant fractions was used
to determine the relative percentage of GBP1 in each fraction. The pelletation assay was
performed five to seven times to compute fractional average intensities and standard
deviations.

Negative staining EM

3.5uL of protein or lipid solution was applied onto a freshly glow-discharged carbon-
coated copper mesh grid (Quantifoil). After 1 min, grids were washed twice with 12 uL
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5mM DTT) followed by staining with
3.5uL of 2 % (w/v) uranyl acetate at room temperature. At each step, excess sample,
wash solution and stain were blotted with filter paper and finally grids were air dried
for 15 min. Grids were imaged on a JEM 1400Plus TEM (JEOL) operated at 120 kV and
recorded on a bottom-mounted TVIPS F416 CMOS camera.

To observe micelle formation, 0.5 - 2 mg/ml of GBP1r-GDP-AlF3 or 8 mg/ml of GBP1r
with 1 mM of GTP was applied onto a carbon grid. The incubation time for GBP1-
GDP-AlF3; was 10 min at RT and 2 min at RT for GTP respectively. To analyse membrane
binding of GBP1F, 1 mg/ml of GBP1r was added together with all other components to
form the GTP-transition state mimic (see above). SUVs were added in a 1:10 dilution
(10 mg/ml, d = 100 nm and incubated for 10 min at RT. For filament formation to occur,
samples needed to incubate o/n at 4°C, 30 min at 30°C or the concentration needed to
increase to 2 mg/ml following an incubation step of 10 min at RT.
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Single particle imaging

GBP1-GDP-AlF; dataset

A total of 3.0uL of 0.7 mg/ml GBP1-GDP-AlF; was applied to glow-discharged Quan-
tifoil grids (QF-1.2/1.3, 300-mesh holey carbon on copper) on a Leica GP2 vitrification
robot at 99 % humidity and a temperature of 22 °C. The sample was blotted for 4 s from
the carbon side of the grid and immediately flash-cooled in liquid ethane. Micrographs
were acquired on a FEI Titan Krios (Thermo Fisher Scientific) operated at 300 kV. Im-
ages were recorded on a K2 Summit direct electron detector (Gatan) with a pixel size of
1.09 A. Image acquisition was performed with EPU Software (Thermo Fisher Scientific),
and micrographs were collected at an underfocus varying between —-3.5 um and -0.5 pm.
We collected a total of 48 frames accumulating to a total exposure of 60 e /A%. In to-
tal, 1,193 micrographs were acquired. Data acquisition parameters are summarised in
Supplementary Table 3.3.

GBP1-GDP-AlF3-Nb74 dataset

GBP1 was incubated in a 1:1 molar ratio with Nb74 for 70 min at RT, before adding
GDP-AlF3 and incubating additionally for 10 min at RT. A total of 3.0 uL of 0.7 mg/ml
GBP1-GDP-AlF3 bound to Nb74 was applied to glow-discharged Quantifoil grids (QF-
1.2/1.3, 300-mesh holey carbon on copper) on a GP2 vitrification robot at 99 % humidity
and 22 °C. The sample was blotted for 4 s from the carbon side of the grid and imme-
diately flash-cooled in liquid ethane. Micrographs were acquired on a FEI Titan Krios
(Thermo Fisher Scientific) operated at 300 kV. Images were recorded on a K3 Summit
direct electron detector (Gatan) at a magnification of 105kx, corresponding to a pixel
size of 0.834 A at the specimen level. Image acquisition was performed with EPU 2.8.1
Software (Thermo Fisher Scientific), and micrographs were collected at an underfocus
varying between —2.2 um and —0.6 um. We collected a total of 50 frames accumulating to
a total electron exposure of 60 e~ /A2. In total, 5,214 micrographs were acquired.

GBP1y-GDP-AlF3

A total of 3.0 uL of 1 mg/ml GBP1r-GDP-AlF3 was applied to glow-discharged Quantifoil
grids (QF-1.2/1.3, 300-mesh holey carbon on copper) on a Leica GP2 vitrification robot
at 97 % humidity and 20°C. The sample was blotted for 4 s from the carbon side of
the grid and immediately flash-cooled in liquid ethane. Grids were imaged on a JEM
3200FSC TEM (JEOL) operated at 300 kV. Images were recorded on a K2 Summit direct
electron detector (Gatan). Two different datasets were acquired one at a magnification
of 30kx, corresponding to a pixel size of 1.22 A at the specimen level and the other one at
a magnification of 15kx, corresponding to a pixel size of 2.449 A. Image acquisition was
performed with SerialEM [51], and micrographs were collected at an underfocus varying
between -3pum and —1pum. We collected a total of 60 frames accumulating to a total
electron exposure of 48.37 e~ /A? (for the dataset at 30kx) or to a total electron exposure
of 12.92 e /A2 (for the dataset at 15kx). In total, 395 (dataset at 30kx) or 606 (dataset at
15kx) micrographs were acquired.
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GBP1-GDP-AlF3 with LPS from E.coli O111:B4 (LPS-EB), Salmonella Minnesota R595
(LPS-SM) or Salmonella Typhimurium (LPS-ST)

1 mg/ml GBP1g-GDP-AlF; was mixed with 0.22 mg/ml LPS-EB (InvivoGen), LPS-SM (In-
vivoGen) or LPS-ST (Enzo) and incubated for 30 min at 30 °C. 3.0 uL of the mixture were
applied on to glow-discharged Quantifoil grids (QF-1.2/1.3, 200-mesh holey carbon on
copper) on a Leica GP2 vitrification robot at 98 % humidity and 22 °C. The sample was
blotted for 4 s from the carbon side of the grid and immediately flash-cooled in liquid
ethane. Grids were imaged on a JEM 3200FSC TEM (JEOL) operated at 300 kV. Images
were recorded on a K2 Summit direct electron detector (Gatan) using automated image
acquisition in SerialEM [51]. Data collection statistics for each dataset are summarised
in Supplementary Table 3.6.

Single-particle image processing

GBP1-GDP-AlF3-Nb74

The GBP1-GDP-AlF3-Nb74 dataset was processed using cryoSPARC v3.3.2 [52]. The in-
built patch-motion correction [53] routine in cryoSPARC was used to correct for stage
drift and beam-induced specimen movement over the acquired frames. 5,208 micro-
graphs were selected for further processing and patched contrast transfer function (CTF)
determination [54] was performed in cryoSPARC. Using a blob-based particle picker,
2,171,521 particles were extracted and cleaned via multiple rounds of 2D classification,
each consisting of 50 - 100 classes. Classes only containing the LG domain of the protein
were actively sorted out as they did not yield a full 3D reconstruction [Supplementary
Data Figure 3.28]. Selected 2D classes comprising 119,071 particles were used to train
a Topaz model [55], which was then used to extract a total of 6,539,167 particles. Fol-
lowing particle extraction, four iterative rounds of 2D classification were performed and
2D class averages were selected displaying secondary structure features. 500,186 par-
ticles were used to perform ab initio reconstruction to generate five different models.
Three classes were selected for heterogeneous refinements without imposing symme-
try or imposing C2 symmetry. A single class with 187,161 particles was selected and
used for non-uniform refinement [56] either without imposing symmetry or with im-
posed C2 symmetry [Supplementary Data Figure 3.11]. Per-particle defocus and global
CTF refinement improved the resolution to 3.7 A (Table 3.4). Local resolution was esti-
mated in cryoSPARC [57] and visualised in ChimeraX [58]. Map sharpening was done
in cryoSPARC by applying the overall B-factor estimated from Guinier plots. For flexi-
ble refinement, the final particle stack of the cryo-EM density was clipped to 256 pixel,
fourier-cropped to 96 pixel (pixel size 2.2240 A) and used as input for cryoSPARC v4.1.1
3D Flexible Refinement ([59]) with 4 latent dimensions. Morphs of the density along the
four dimensions of the latent space were generated to display different modes of flexi-
bility and were displayed in ChimeraX [58].

GBP1-GDP-AlF;

1,193 movies of GBP1-GDP-AlF; were processed in cryoSPARC v3.1 [52]. Patch-motion
correction and patched CTF estimation were followed by manual particle picking. Those
manual picks were used to train a Topaz model [55] from which 240,487 particles were
extracted. After multiple rounds of 2D classification, particles assigned to classes dis-
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playing secondary structure were used as an input to perform ab initio reconstruction
to generate 5 different models (67,197 particles). Three classes were used for heteroge-
neous refinement imposing C2 symmetry. A final non-uniform refinement [56] consist-
ing of 35,715 particles resulted in a 4.9 A resolution structure that only covered the LG
domain of GBP1.

GBP1-GDPp-AlF3

Images of GBP1-GDPr-AlF; micelles were processed in cryoSPARC v3.1.0 [52]. Patch-
motion correction and patched CTF estimation were followed by manual particle pick-
ing and 2D classification.

GBP1-GDPp-AlF3 with LPS-EB

The dataset was processed using cryoSPARC v3.3.2 [52]. After patch-motion correction
and patched CTF estimation, the particle segments were generated from traced fila-
ments using the cryoSPARC filament tracer. After multiple rounds of 2D classification,
classes displaying clear molecular features were used as templates for the cryoSPARC
template picker. Extracted particles were again subjected to multiple rounds of 2D clas-
sification.

Atomic model building

Atomic models of the GTPase Domain of human GBP1-GDP-AlF; (PDB ID 2b92) [37]
and the C-terminal stalk (aa 320 - 483) of GBP1 (PDB ID 1dg3) [35] were rigid body-fitted
into the cryo-EM density. Manual model building was performed in Coot 0.9.5 [60] fol-
lowed by real-space refinement against one of the half maps in Phenix 1.13 [61]. The
second half map was used as a test map for assessment of overfitting. Ligand geome-
try and restraints for GDP-AlF; were generated using the electronic Ligand Builder and
Optimisation Workbench (eLBOW) [62] implemented in Phenix. Secondary structure re-
straints were used throughout the refinement. A locally sharpened and filtered map was
generated using the hybrid version of LocScale [39], which integrates reference based
sharpening for modelled regions [63] with generalised scattering properties of biologi-
cal macromolecules for unmodelled regions approximated by pseudo-atoms [40]. The
atomic displacement factors of the combined model were refined using 10 Refmac [64]
iterations as implemented in servalcat [65] with the keywords 'refi bonly’. Prior to refine-
ment, all the atomic displacement factors were set to 40 A2,

Tomography

GBP1r-GDP-AlF3 with liposomes

For the dataset of GBP1r-GDP-AlF3 together with liposomes, a total of 3.5 pL of 1 mg/ml
GBP1g-GDP-AlF;3 containing freshly extruded liposomes (1 mg/ml of BPLE, Avanti, d =
100 nm) and 10 nm gold fiducials (1:5 (v/v)) was applied to glow-discharged Quantifoil
grids (QF-1.2/1.3, 200-mesh holey carbon on copper, Quantifoil) on a Leica GP2 vitri-
fication robot (Leica) at 98 % humidity and 20 °C. The sample was blotted for 4 s from
the carbon side of the grid and immediately flash-cooled in liquid ethane. Grids were
imaged on a JEM 3200FSC TEM (JEOL) operated at 300 kV. Images were recorded on a
K2 Summit direct electron detector (Gatan) at a magnification of 12kx, corresponding
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to a pixel size of 3.075 A at the specimen level. Image acquisition was performed with
SerialEM [51], and micrographs were collected at a nominal defocus of -5 pm or -4 pm.
Bidirectional tilt series were acquired from 0° to -60° and from 0° to 60° with a 2° incre-
ment. We collected tilt series of 61 micrographs each consisting of 10 frames and a total
electron exposure of 93.94 e~ /A? for tomogram-33 and tomogram-39 (1.54 e /A? per tilt
increment). For tomogram-50, we collected a tilt series of 61 micrographs consisting of
20 frames and a total electron exposure of 100.04 e~ /A? (1.54 e~ /A? per tilt increment).
Micrographs were motion-corrected with MotionCor2 [53] and dose-weighted according
to their accumulated electron exposure [66]. CTF correction was performed using ctf-
phaseflip from the IMOD package [67] and the tilt series was aligned using patch track-
ing and reconstructed using weighted back-projection as implemented in Etomo from
the IMOD package. Segmentation of lipid membranes and protein coat was performed
with tomoseg as part of the EMAN2 package [68] on reconstructed tomograms binned
by a factor of 2. Segmented tomograms were visualised with ChimeraX [58].

Bioinformatic analysis

Multiple sequence alignment

The sequence of hGBP1 - hGBP7 (UniProt: P32455, P32456, Q9HOR5, Q96PP9, Q96PPS8,
Q6ZN66, Q8N8V2) were used as input for Clustal Omega [69]. The resulting sequence
alignment was displayed and consensus sequences computed in MView [70].

Sequence conservation

The sequence of hGBP1 (UniProt: P32455) was used as input for the ConSurf Server [71]
to search the UniRef90 database with the HMMer [72] using one iteration. The resulting
sequence alignment was displayed and consensus sequences computed in MView [70].
The conservation was mapped onto the atomic model using ChimeraX [58].
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3.5. Supplementary

Table 3.1: Bacterial host strains used in this manuscript.

Strain Description Reference

E.coli DH5a Cloning host Invitrogen

E.coli Expression host Thermo Fisher Scientific [73]
BL21(DE3)

E.coli WK6 Expression host for Nanobodies  Zell & Fritz, 1987 [74]
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Figure 3.8: Individual SEC-MALS experiments for GBP1 with different guanine nucleotides. In the presence
of GTP, GDP, GMP, GMP-AlIF3, GTPYS, Guanosine-5'-[(f,y)-imido]triphosphate (GppNHp) and Guanosine-
5’-[(B,y)-methyleno]triphosphate (GppCp) GBP1 appears monomeric, while a GBP1 dimer peak emerges in
the presence of GDP-AlF3. The experimentally determined molecular weight is plotted across the chromato-

graphic peak and is reported in kDa.
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Figure 3.9: Image processing for GBP1-GDP-AlF3;. Single-particle analysis processing workflow GBP1-
GDP-AlIF3 converged on the LG domain dimer. A majority of 2D classes (92% of all particles) showed a top
view representative of the LG domain dimer. A subset of 2D classes also comprised the MD domain of both
monomers (red boxes).
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Table 3.2: Summary of SEC-MALS measurements.

Average molecular weight
[kDa]

No of measurements

GBP1

GBP1-GDP-AlF;

GBP1r
GBP1:-GDP-AIF;
GBP1-Nb74
GBP1-GDP-AlF;-Nb74
GBP1y-Nb74
GBP1-GDP-AlF;-Nb74

66.4 + 2.1 kDa
134.6 kDa + 4.1 kDa
66.1 kDa + 0.3 kDa
67.6 kDa + 1.7 kDa
79.9 kDa + 3.0 kDa
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Figure 3.10: GBP1 - Nb74 interaction. (a) SEC-MALS experiments showing that farnesylated GBP1 (GBP1f)
appears primarily monomeric in the absence and in the presence of GDP-AlF3 (My = 66 kDa and 67 kDa).
Nb74 binds GBP1f with 1:1 stochiometry both in the absence and in the presence of GDP-AlF3. For conditions
containing GDP-AlF3, we frequently observed an additional peak close to the void volume of the SEC column
corresponding to higher molecular weight species. The inset shows SDS-PAGE analysis of the SEC-MALS input.
(b) Mass photometry analysis confirming that GBP1 is monomeric in the presence of GDP-AlF3 and the 1:1
stochiometry of Nb74 binding to GBP1f. Note that rare events corresponding to large GBP1 assemblies such
as those observed by SEC-MALS may not be detected in the chosen field-of-view for the experiments shown.
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Figure 3.11: Image processing and structure determination of GBP1-GDP-AlF3-Nb74. The processing work-
flow is displayed for both the C1 reconstruction and for the reconstruction with C2 symmetry imposed.
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Table 3.3: Summary of cryo-EM data collection and data processing.

GBP1- GBP1-GDP-AIF;- GBP1;-

GDP-AlF; Nb74 GDP-AlF;
Data collection
Microscope TES Titan TFS Titan Krios JEOL

Krios JEM3200FSC
Voltage (kV) 300 300 300
Detector Quantum-K2  Quantum-K3 Quantum-K2
Energy filter Gatan Bio- GatanBioquantum  In-column

quantum omega filter
Micrographs collected (no.) 1193 5208 395/ 606
Pixel size (A) 1.09 0.834 1.22/2.449
Electron exposure (e-/1A2%) 60 60 48 /13
Frame number 48 50 60
Exposure time (s) 10 2.2 12
Defocus range (um) -0.5t0 -3.5 -0.6to -2.2 -1.0to -3.0
Data processing
Symmetry imposed Cc2 ClorC2
B-factor (A?) 231.1 158.3 (Cl1), 168.4

(C2)

Final number of particles 35,715 181,161
Final map resolution () 4.9 3.7 (C1), 3.6 (C2)

Map resolution range (A)

3.0-6.0

* Due to strong preferred orientation, the map resolution range for GBP1-GDP-AlF3 is not conclusive.
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Table 3.4: Summary of model refinement/validation statistics for the cryo-EM structure of GBP1-GDP-AlF3-
Nb74.

GBP1-GDP-AIF3;-Nb74

Model refinement PDB 8cqb
Initial model used (PDB code) 1f5n and 2b92
Primary sequence (Uniprot ID) P32455
Model resolution
FSC map-model (0.5)** 3.97 (4.06 unmasked)
Map sharpening B-factor (A?) -158.3
Model composition
Non-hydrogen atoms 7688
Protein residues 956
Nucleotides 2
Ligands 4
B-factors
Overall (A?) 74.77
Protein (A%) 75.13
Ligand (A?) 52.60
Validation
MolProbity score 0.94
Clashscore 5.28
RMSD
Bond lengths (A) 0.005
Bond angles (°) 0.993
Rotamer outliers (%) 1.29
Ramachandran plot
Favored (%) 93.49
Allowed (%) 6.09
Disallowed (%) 0.42

** Map-model FSC computed against globally sharpened map



https://www.ebi.ac.uk/pdbe/entry/pdb/8cqb
https://www.ebi.ac.uk/pdbe/entry/pdb/1fn5
https://www.ebi.ac.uk/pdbe/entry/pdb/2b92
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a

C1 Symmetry

b Symmetry
RN

Figure 3.12: Comparison of a cryo-EM map of GBP1-GDP-AlF3-Nb74. (a) without imposed symmetry (C1) or
(b) with C2 symmetry imposed. Imposing strict C2 symmetry resulted in symmetrisation artefacts arising at
the C-terminal part of the MD domain.

Figure 3.13: Guanine nucleotide binding site. (a) Location of one of the two GDP-AlF3 ligands at the GBP1
dimer interface and close-up of the catalytic site with the ligand in stick representation superposed onto the
cryo-EM density. The catalyic arginine R48 and residues in close proximity to the ligand are also highlighted in
stick representation. (b) GDP-AlF3 ligand displayed with cropped cryo-EM density.
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Figure 3.14: Overview of charged residues in the C-terminal helical domain (CTHD) of the GBP1 dimer. (a)
Charged residues at the interface between the CTHDs are displayed as sticks for one of the monomers. The
CTHD of the other monomer is displayed in surface representation with its mapped electrostatic potential.
Note that the resolution of the EM density map in this region did not allow unambiguous modelling of their
side chain conformations and only preferential rotamers are shown without reference to potential interactions.
(b) and (c) Close-up of the MD interfaces between two GBP1 monomers in the dimer. Residues with opposing
charges can be found on both sides of the interface, potentially stabilising the two parallel middle domains of
the GBP1 dimer by electrostatic interactions.
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extended

Figure 3.15: LocScale map of the GBP1-Nb74 dimer. (a) Locally sharpened density maps (LocScale2 [39])
reveal additional density protruding from helix «11 consistent with a flexible GED. (b) The locally sharpened
map also allowed tracing the a3-o3’ loop (residues 156 to 167), highlighted in light blue.



3. Supplementary

115

Figure 3.16: Representative cryo-EM micrograph of GBP1r in the presence of GDP-AlIF3. In the absence of
lipids, farnesylated GBP1 oligomerises into flower-like assemblies.

Table 3.5: Summary of data collection parameters of cryo-electron tomograms.

Tomogram 33 and Tomo- Tomogram 50
gram 39
Content GBP1g-GDP-AlF; + BPLE  GBP1p-GDP-AlF3 + BPLE
liposomes liposomes
Pixel size (A) 3.075 3.075
Total electron exposure 93.94 (1.54 per incre- 100.04 (1.64 per incre-
(e-/A2%) ment) ment)
Tilt range (°) -60 to 60 -60 to 60
Increment (°) 2 2
Acquisition scheme Bidirectional Bidirectional
Frame number 10 per increment 20 per increment
Exposure time per in- 2.0 3.0
crement (s)
Defocus (um) -5.0 -4.0
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Figure 3.17: Tomographic z-stack of spherical, micellar GBP1 assemblies. Slices through the z-stack show
the varying diameter of GBP1 -GDP-AlF3 assemblies consistent with a spherical geometry. Associated movie:
Supplementary Data movie SM3.
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Figure 3.18: GBP15-GDP-AlF3 tubular protrusion. 2D class average of negatively stained GBP1r-GDP-AlF3
tubular protrusion (left panel). The computed power spectrum shows a principal layer line at 0.086 A", corre-
sponding to a periodicity of 11.6 nm along the filament axis (right panel).
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Figure 3.19: Micelle formation of GBP1-GDP-AlF; is concentration dependent. Formation of micellar as-
semblies of GBP1-GDP-AlF3 (white arrows) starts beyond a threshold concentration of around 7 uM.

Texas Red DHPE GBP1:-AF647 Composite

t=0min

t =3 min

Figure 3.20: Confocal fluorescence imaging of GBP1r on GUVs. GBP1£-Q577C-AF647 shows weak binding
to texas red-DHPE labelled GUVs 3 min after the addition of 1 mM GTP (white arrows). Scale bars correspond

to Sum.
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119 pM GBP1¢ + 1 mM GTP (no SUVs) 2 mg/ml SUVs + 119 uM GBP1; + 1 mM GTP 2 mg/ml SUVs

Figure 3.21: GTP-induced assembly of GBP1 micelles and membrane fragmentation. Micelle formation
of GBP1f (black arrows) was observed after addition of 1 mM GTP to a highly concentrated GBP1f solution
(119 M) in the absence of lipids (left panel). Upon addition of 2 mg/ml SUVs, GBP1 remodelled SUVs into
spherical micelles (middle panel; arrows) and short filaments (white asterisks). A sample containing 2 mg/ml
of SUVs without GBP1F is shown for comparison (right panel).
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Figure 3.22: Multiple sequence alignment (MSA) of human GBP1-GBP7. Primary sequences of GBP1 - GBP7
(UniProt: P32455, P32456, Q9HORS5, Q96PP9, QI6PP8, Q6ZN66, Q8N8V2) were used as input for Clustal Omega
[69]. Secondary structure elements for GBP1 [35] are displayed for guidance. The colour of the alpha-helices
and beta-sheets correspond to the domain architecture of GBP1 shown in Figure 3.1a and used throughout the
main text (blue: Large GTPase domain, green: Middle domain (MD), orange/red: GTPase effector domain).
Residues are coloured by physicochemical property of the side chain (grey: hydrophobic, light blue: polar,
red: negatively charged, dark blue: positively charged, yellow: aromatic, green: special cases). The consensus
sequence (100 %) is shown below the alignment together with conserved physicochemical classes (1: aliphatic,
a: aromatic, c: charged, h: hydrophobic, -: negative, p: polar, +: positive, s: small, u: tiny, t: turnlike).
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Figure 3.23: Sequence conservation mapped onto the structure of the GBP1-GDP-AlF3-dimer. Highly con-
served regions are displayed in magenta whereas less conserved areas are shown in cyan. Residues with a
conservation higher than 95 % are shown in stick representation. Right panel: Close-up of the cross-over
linker region. The primary sequence of highly conserved stretches is displayed below (blue asterisk: highly
conserved and buried residue, yellow circumflex: highly conserved and exposed residue).
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Figure 3.24: GTPase activity assay of GBP1. GTPase activity of non-farnesylated GBP1 and in vitro farnesy-
lated GBP1 WT and GBP1 variants was determined using the GTPase-Glo™ Assay (Promega). Low lumines-
cence signal corresponds to high GTPase activity. Bovine serum albumin (BSA) was used as a negative control
(n=5).
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Figure 3.25: Effect of GBP1 variants on dimerisation and of GBP1 variants on membrane binding. Left
panel: Individual mass photometry spectra revealing that variants D308S and D308A-L309A-P310A do not
influence the ability of GBP1 to form dimers. Right panel: Negative stain EM of GBP1y, GBP1r-D308S and
GBP1r-D308A-L309A-P310A bound to SUVs. Areduction in membrane binding for GBP1y-D308S and GBP1 -
D308A-L309A-P310A is observed, but the capability to bind to membranes is not entirely lost. Scale bars cor-
respond to 200 nm in the left column and 100 nm in the right column.



122 Chapter 3

in vivo farn. in vitro farnesylated GBP1
GBP1 D308A,
L309A,
WT WT  Y143A D308S  P310A S372R  K466D
kba s M P S P S P S P S P S P S P
140 : ek
115
80
- GBP1
65 F
50
- FNTA-
40 - FNTB
30
25
15

BPLE

Figure 3.26: SDS-PAGE analysis of co-sedimentation assays. Representative uncropped SDS-PAGE gel from
Figure 3.6 showing the result of a co-sedimentation assay of GBP1 variants with BPLE-derived liposomes
liposomes. S: Supernatant, P: Pellet
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Table 3.6: Summary of data collection parameters of LPS-datasets

LPS- LPS-EB-  LPS- LPS-SM- LPS- LPS-ST-

EB GBP1- SM GBP1- ST GBP1f-

GDP-AlF; GDP-AIF; GDP-AlF;
Micrographs col- 488 561 118 515 79 437
lected (no.)
Pixel size (A) 1.288 1.288 2.449 1.288 1.891 1.891
Electron expo- 46.68 48.01 16.15 43.01 32.02 26.53
sure (e-/A2%)
Frame number 50 50 50 50 60 48
Exposure time 15 15 15 15 15 12
(s)
Defocus range -10to -1.0 to - -1.0to -1.0 to - -1.0to -1.0 to -
(um) -3.5 3.0 -3.5 3.5 -3.5 3.5

Figure 3.27: Top views of filaments formed by GBP1 on LPS-EB. (a) Putative top views of GBP1g-decorated
LPS micelles are indicative of a highly ordered coat. The diameter of these projections was determined to be
60 nm. (b) For comparison, a GBP1g micelle with a diameter of 58 nm is shown.

GBP1-GDP*AlF; LG of GBP1-Nb-GDP *AlF;

Figure 3.28: Comparison of 3D reconstructions of the LG dimer-like particles from the GBP1-GDP-AlF3 and
GBP1-GDP-AlF3-Nb datasets. (a) 2D classes representative for projections of the LG domains of the GBP1
dimer from both datasets. Scale bar corresponds to 4 nm. (b) 3D reconstructions based on particles from 2D
classes in (a) displaying density consistent with a dimeric LG domain. Rightmost panels: Comparison of both
maps to the 3D reconstruction of GBP1-GDP-AlF3-Nb dataset using all particles.
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Table 3.7: Primer sequences used in this manuscript (f indicating the forward primer and r the reverse primer).

A] Description Sequence

LO-

002 hGBPI1-f GGTCTCCCATGGCGAGCGAGATCCACATG

004 hGBPI1-r GGTCTCCGGCCGCTTATTAGCTG

023 FNTA-f CGTCTCCCATGGCGGCCACCGAGGG

024 FNTA-r CGTCTCCGGCCGCTTATTATTGCTGTACATTTGTTGG

TGAGTC

025 FNTB-f CATATGGCTTCTCCGAGTTCTTTCACC

026 FNTA-r CGTCTCCTCGATTATTAGTCGGTTGCAGGCTCTGCCG

027 FNTB-QC-f TTGACTGCTGCGTATGTGGGTGCAAGGTGTGGA

028 FNTB-QC-r TCCACACCTTGCACCCACATACGCAGCAGTCAA

074 GBP1-Q577C-f  CATTTTGGTCTGCAGGTCTGCAATCTCGTTTTTCATGAT

075 GBP1-Q577C-r  ATCATGAAAAACGAGATTGCAGACCTGCAGACCAAAATG

076 FNTA-His6- TTTTGTTTAACTTTAATAAGGAGATATACCATGCATCATCAT
Gib-f CACCACCAC

077 FNTA-His6- ACTTAAGCATTATGCGGCCTTATTGCTGTACATTTGTTGGT
Gib-r GAG

078 pCDFDuetl- CTCACCAACAAATGTACAGCAATAAGGCCGCATAATGCT
Gib-spacer-f TAAGT

083 pCDFDuetl- GTGGTGGTGATGATGATGCATGGTATATCTCCTTATTAAA
Gib-r GTTAAACAAAA

090 pCDFDuetl- GAGCCTGCAACCGACTAATAATCGAGTCTGGTAAAGAAA
Gib-f CCG

091 pCDFDuetl- AAAGAACTCGGAGAAGCCATTATGTATATCTCCTTCTTAT
Gib-spacer-r ACTTAACTAATATA CTAAG

092 pANT-FNTB- CTTAGTATATTAGTTAAGTATAAGAAGGAGATATACATAAT
Gib-f GGCTTCTCCGAGT TCTTT

093 pANT-FNTB- CGGTTTCTTTACCAGACTCGATTATTAGTCGGTTGCAG
Gib-r GCTC

138 GBP1-Y143A-f  GCGATGGATCAGCTGGCGTATGTTACCGAACTGAC

139 GBP1-Y143A-r  GGTCAGTTCGGTAACATACGCCAGCTGATCCATCGC

146 GBP1-D308S-r CGCGTTCTCCATGCACGGCAGGCTACCGCTGCTAATCGC

147 GBP1-D308S-f  GCGATTAGCAGCGGTAGCCTGCCGTGCATGGAGAACGCG

152 GBP1-V316A- GCTGTTTTCGATTTGCGCCAGCGCCGCGGCCGCGTTCTC
L317A-r CATGCACGG

153 GBP1-V316A- CCGTGCATGGAGAACGCGGCCGCGGCGCTGGCGCAAATC
L317A-f GAAAACAGC

164 GBP1-K466D-r GGTCATGCTTTCCTTGCTATCCAGGTAGGTCTGCAGAATCTC

165 GBP1-K466D-f  GAGATTCTGCAGACCTACCTGGATAGCAAGGAAAGCATGACC

184 GBP1-D308A- CGCGTTCTCCATGCACGCGGCGGCGCCGCTGCTAATCGC
P310A-r

185 GBP1-D308A- GCGATTAGCAGCGGCGCCGCCGCGTGCATGGAGAACGCG
P310A-f

291 GBPI1-R370D-r  GTGATCAACGTCTTTAAAGCTGCTATCAATGAACACCTC

292 GBP1-R370D-f  GAGGTGTTCATTGATAGCAGCTTTAAAGACGTTGATCAC
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Table 3.8: Vectors and constructs used in this manuscript.

Name Description Source/ Reference
AJLV- pETM14: E.coli expression vector (KanR) [75]

0009

AJLV- pCDFDuet: E.coli expression vector (SmR) Merck Millipore (No-
0038 vagen)

AJLV- pJET1.2/blunt: Positive selection cloning vector Thermo Fisher Scien-
0040 (AmpR) tific

AJLD- Subcloning vector pUC57 with synthetic gene of GenScript

0001 hGBP1 optimised for E.coli expression (AmpR)

AJLD- GST-tagged-FNTA in vitro expression vector DNASU clone
0007 pANT7 (AmpR) HsCD00630808

AJLD- GST-tagged-FNTB in vitro expression vector DNASU clone
0008 pANT7 (AmpR) HsCDO00733069

AJLD- Ndel site removed from pANT7-FNTB-cGST Derived from AJLD0008
0022 (AmpR)

AJLD- pETM14-hGBP1: E.coli expression vector (KanR) Derived from AJLV-0009
0030 and AJLD0001

AJLD- pCDF-Duet-FNTA: Intermediate vector for Derived from AJLV0038
0031 cloning purposes (SmR) and AJLD0007

AJLD- pCDFDuet-FNTA-FNTB: E.coli co-expression vec- Derived from AJLV0038
0035 tor for in vivo farnesylation of hGBP1 (SmR) and AJLD0022

AJLD- pJET1.2 His6-FNTA: Intermediate vector for Derived from AJLV0040
0052 cloning purposes (AmpR) and AJLD0007

AJLD- pJET1.2 FNTB (Ndel removed): Intermediate vec- Derived from AJLV0040
0053  tor for cloning purposes (AmpR) and AJLD0022

AJLD- pETMI14-hGBP1-Q577C: E.coli expression vector Derived from AJLD0030
0056 (KanR), point mutation for site-specific labelling

AJLD- pCDFDuet-His-FNTA-FNTB: E.coli co-expression Derived from AJIV0038,
0063 vector (SmR) to express His-FNTA-FNTB AJLDO0052, AJLD0053
AJLD- pMES4y-CA16697: C-His6-tagged nanobody Instruct-ERIC

0074 (Nb74) raised against farnesylated GBP1 (PID7267)

AJLD- pETM14-hGBP1-Y143A: E.coli expression vector Derived from AJLD0030
0147 (KanR) with point mutation

AJLD- pETM14-hGBP1-1316A-V317A: E.coli expression Derived from AJLD0030
0150 vector (KanR) with point mutation

AJLD- pETM14-hGBP1-D308S: E.coli expression vector Derived from AJLD0030
0151 (KanR) with point mutation

AJLD- pETM14-hGBP1-D308A-1L309A-P310A: E.coli ex- Derived from AJLD0030
0153 pression vector (KanR) with point mutation

AJLD- pETMI14-hGBP1-K466D: E.coli expression vector derived from AJLD0030
0158 (KanR) with point mutation

AJLD- pUC57-hGBP1-R370D: Subcloning vector with Derived from AJLD0001
0244 point mutation

AJLD- pETM14-hGBP1-R370D: E.coli expression vector Derived from AJLD0244
0247 (KanR) with point mutation and AJLV0009




Studying the effect of GBP
prenylation on
self-oligomerisation and coat
formation.

Out of the seven human guanylate binding proteins, three are prenylated. A prenylation
is a posttranslational modification that involves the attachment of either a C15 farnesyl
group or a C20 geranylgeranyl group to the C-terminal cysteine of a protein. By increas-
ing the hydrophobicity of a protein, a prenylation can facilitate membrane interactions.
Despite the fact that GBP1, GBP2 and GBP5 have been shown to be prenylated in vivo,
GBP1 has been identified to be the first GBP1 member on pathogens as well as pathogen
containing vacuoles initiating the binding of other members of the GBP family. While
GBP1 gets farnesylated, GBP2 and GBP5 are geranylgeranylated. To better understand
what drives the self-assembly of GBPs and what properties are responsible for coat forma-
tion on membranes, we used biophysical methods and electron microscopy techniques to
study farnesylated GBP1 and geranylgeranylated GBP2 as well as a GBP2 mutant enabling
its farnesylation. We showed for the first time that geranylgeranylated GBP2 forms similar
micelle like structures as farnesylated GBPI1. At the same time, geranylgeranylated GBP2
and a farnesylated GBP2 mutant failed to coat membranes, highlighting that it is more
than the type of prenylation responsible for coat formation on membranes.

This chapter has not been published. Contributions to the work were made by Tanja Kuhm, Cecilia de Agrela
Pinto, Adja Zoumaro-Djayoon and Arjen J. Jakobi
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4.1. Introduction

Guanylate binding proteins belong to a group of interferon inducible large GTPases that
play a crucial role in targeting intracellular pathogens [1-5]. Humans have seven dif-
ferent GBPs with a high degree of sequence homology. Nevertheless, the different GBPs
have been shown to exhibit distinct sub-cellular locations within the cells [6], as well
as different functions within the process of cell-autonomous immunity for instance in
caspase-4 recruitment and activation [4, 5, 7].

Out of the seven human GBPs, GBP1, GBP2 and GBP5 are prenylated on a C-terminal
cysteine [6, 8]. Prenylation is a posttranslational modification that involves the attach-
ment of either a C15 farnesyl group or a C20 geranylgeranyl group to the C-terminal
cysteine of a protein [9]. The reaction is catalysed by either a farnesyl transferase (FTase)
or a geranylgeranyl transferase (GGTase). Both enzymes are hetero-dimers consisting of
either a farnesyl-protein transferase alpha and beta subunit (FNTA and FNTB, respec-
tively) for the FTase or of FNTA and protein geranylgeranyl transferase type I subunit
beta (PGGT1B) for the GGTase. Those transferases recognise an amino acid sequence
called CaaX-box at the C-terminus of the target protein whose specific sequence deter-
mines the type of prenylation [10]. The C in the CaaX-box corresponds to the cysteine
to which the prenyl group will be covalently attached, followed by two aliphatic amino
acids (a) and a C-terminal residue (X) which determines specificity for FTase or GGTase.
Farnesyltransferases preferentially bind the CaaX-box, if the X corresponds to a methion-
ine, serine, glutamine, alanine or cysteine and geranylgeranyl transferases preferentially
bind the CaaX box with X corresponding to a leucine or a glutamic acid. The C-terminal
amino acid sequence of GBP1 is CTIS enabling farnesylation whereas the C-terminus of
GBP2 (CNIL) and GBP5 (CVLL) are preferentially geranylgeranylated. The prenylation of
a protein increases its hydrophobicity and can therefore be responsible for changes in
the sub-cellular location of proteins and can facilitate membrane interactions [6]. De-
spite the fact that GBP1, GBP2 and GBP5 all have been shown to be prenylated in vivo [6],
GBP1 has been identified to be the first GBP1 member on pathogens as well as pathogen
containing vacuoles initiating the binding of other members of the GBP family includ-
ing non-prenylated members [3-5, 7, 11, 12]. Multiple groups have proposed that a triple
arginine motif (RRR584-586) at the C-terminus of GBP1 together with its farnesylation is
necessary for the recruitment to membranes [13, 14]. Neither GBP2 nor GBP5 have this
polybasic motif nearby their C-terminus.

Another difference between the members of the human GBPs lies in their GTPase
activity. For GBP1, GMP is the major product of GTP hydrolysis (90%), whereas GBP2
hydrolyses GTP mainly to GDP (85%-90%) and only 10%-15% are further hydrolysed to
GMP [15, 16]. A point mutation in GBP1 (G68A) that has been shown to inhibit the GDP
to GMP hydrolysis step, without interfering with the hydrolysis from GTP to GDP [17]
was unable to target F novicida [12]. This highlights that additionally to the prenylation
moiety and the adjacent polybasic stretch, also the GDPase activity of GBP1 can have an
influence on the targeting of specific intracellular pathogens.

Additionally to membrane binding, the farnesylation of GBP1 has also been shown to
facilitate self-assembly resulting in micellar structures as discussed in chapter 3. Whether




128 Chapter 4

other prenylated members such as GBP2 are also able to self-assemble in the absence of
lipids is still unknown.

In this study, we therefore investigated the differences between GBP1 and GBP2 in re-
gards to their self-assembly properties as well as the abilities of geranylgeranylated GBP2
to interact with brain polar lipid extract derived small unilamellar vesicles and LPS-EB.
To investigate the effect of farnesylation and geranylgeranylation, we created a GBP2-
CTIS construct that can be farnesylated in vitro. The effects of prenylated GBP2 as well
as GBP2-CTIS on its ability to dimerise and oligomerise were analysed using biophysical
assays and electron microscopy. Finally, we investigated the effects of prenylation on the
GTPase activity of GBP2 and compare the results to GBP1. With this study we showed for
the first time that geranylgeranylated GBP2 (GBP2) is able to form micellar structures
in vitro that are similar to earlier observed GBP1r micelles. In accordance with literature
from studies performed in vivo, we did not observe coat formation by GBP2; or GBP2-
CTISF, confirming that coat formation of GBPs is not exclusively dependent on the type
of prenylation.
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4.2. Results

4.2.1. Purification of prenyltransferases and GBP2 constructs

In order to study the ability of geranylgeranylated GBP2 to self-assemble and bind mem-
branes, we expressed and purified full-length GBP2 as well as the corresponding human
geranyl-transferase from E.coli (Figure 4.1a).

Cc
Protein Centrifugation ~ Affinity chromatography SEC 200
expression FNTA-FNTB
FNTA-PGGT1B 1.0
175
FNTA- FNTA-
| M FNTB & M PGGTBI
- > > ES 1501 s 0.8
. o] 7 | =
M ¢ N ) a -4
‘ s H Q125 5
~ °
s 8 0
g 100 =
b {
. ~ £
R PN 90 kDa
{/‘ Farnesylated GBP1 r_ou 75 0.4 (ZLJ
—Cys-SH —Cys-SNKN‘\NL =
I FNTA ]
Tis TNTE TIS 50
0.2
25 15
@/Q Geranyl-geranylated GBP2 é
@ o @D -cyostt P 00
q FNTA ! 0
NIL PGB NIL 8 10 12 14 16 18
Elution Volume (ml)
e f g
GBP2__ GBP2-CTIS B7-BY B10-B12 B7-B9 B11-B12 __GBP2CTIS ___ GBP2
El =] == 600 > 2 "~ B10- B7- BI1- &
GBP2-CTIS — GBP2 L B9 Bl2 M~
185
250 500 115
200 S 400
£
@
150 £300
£
5
100 5200
<
50 100 \I\ - 7 s
25
\
20 0 20 4

5 10 15 10 15
Elution Volume (ml) Elution Volume (ml)

Figure 4.1: Purification of prenyl-transferases and GBP2 variants. (a) Schematic representation of protein
expression and purification workflow. (b) GBP1 is farnesylated on its C-terminal cysteine by FNTA-FNTB,
whereas GBP2 is geranylgeranylated by FNTA-PGGT1B. (c) SEC-MALS experiments demonstrating complex
formation of FNTA-FNTB or FNTA-PGGT1B, resulting in a molecular weight of 93 kDa for FNTA-FNTB and
of 90 kDa for FNTA-PGGT1B. Inset: SDS-PAGE analysis showing individual components of the complexes
(MWENTA = 44.4 kDa, MWEpNTR = 48.8 kDa, MWpgaT1p = 42.4 kDa). (d) SDS-PAGE analysis of an IMAC
purification of GBP2 and GBP2-CTIS (L: Load, El: Elution). GBP2 and GBP2-CTIS showing high abundance of
protein at the expected molecular weight around 67 kDa. (e) SEC elution profile of GBP2-CTIS (f) and GBP2.
(g) SDS-PAGE of SEC runs in (e-f). Fraction B7-B9 were pooled, concentrated and used for further experiments.

To clarify whether the observations were dependent on the type of prenyl modifica-
tion, we also created a GBP2 construct in which we swapped the native GBP2 CaaX box
sequence CNIL (GBP2), which is typically geranylgeranylated, for CTIS (from GBP1) en-
abling farnesylation (Figure 4.1b) [6, 10]. Successful purification and complex formation
of FNTA-FNTB and FNTA-PGGT1B to perform in vitro farnesylation and in vitro geranyl-
geranylation was confirmed by SDS-PAGE and SEC-MALS (Figure 4.1c). For ENTA-FNTB
we determined a molecular weight of 93 kDa which is in accordance with its theoretical
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molecular weight of 93.2 kDa. FNTA-PGGT1B eluted with an experimentally determined
molecular weight of 90 kDa which is close to its theoretical molecular weight of 86.7 kDa.
Both GBP2 and GBP2-CTIS expressed well and were purified via ion metal affinity chro-
matography, followed by a size exclusion chromatography (Figure 4.1d-f). The purity of
the sample was verified by SDS-PAGE (Figure 4.1g).

4.2.2. Confirmation of GBP2 prenylation via LC-MS

To confirm in vitro geranylgeranylation of GBP2 and in vitro farnesylation of GBP2-CTIS,
we used liquid chromatography-mass spectrometry (LC-MS). Trypsin digested and acid-
ified peptides were run over a reverse phase chromatography column and the eluent was
sprayed into the mass spectrometer. Fragments of GBP2 containing the C-terminal cys-
teine with geranylgeranyl modification eluted at a retention time around 11.7 min (Fig-
ure 4.2a and Supplementary Figure 4.10). The mass difference associated with the cys-
teine was determined to be 272.3 Da which is in excellent agreement with the theoretical
weight of a geranylgeranylation moiety of 273.5 Da (Figure 4.2a). We were unable to de-
tect fragments without the geranylgeranyl modification indicating that the majority of
GBP2 protein was geranylgeranylated. Fragments originating from in vitro farnesylated
GBP2-CTIS eluted at a retention time of 11 min and had an additional mass of 204.2 Da
associated on its C-terminal cysteine corresponding to the theoretical molecular weight
of a farnesyl moiety of 205.4 Da (Figure 4.2b and Supplementary Figure 4.11). These
results confirmed that we can selectively prenylate GBP2 and GBP2-CTIS in vitro.
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Figure 4.2: LC-MS analysis of GBP2 prenylation. LC-MS chromatogram (intensity vs retention time) of (a)
GBP2 and (b) GBP2-CTISr. The y4 fragment containing the prenylation is highlighted with an arrow. The full
chromatograms are shown in Supplementary Figure 4.10 and Supplementary Figure 4.11.

4.2.3. Prenylation of GBP2 influences the SEC-MALS profiles of the nu-

cleotide activated state.
In chapter 3 we have demonstrated that prenylation of GBP1 in combination with nu-
cleotide activation leads to the formation of dimers that further assemble into high-order
micellar assemblies. Intriguingly, dimer peaks of farnesylated GBP1 are absent in its
SEC-MALS profiles, presumably because the micellar assemblies do not enter the SEC
column (Supplementary Figure 4.12 and [18]). Similar to GBP1, GBP2 dimerises in the
presence of GDP-AlF3, causing a shift of its molecular weight from 64 kDa (monomer) to
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125 kDa (dimer) (Figure 4.3a) in the SEC-MALS profile.
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Figure 4.3: SEC-MALS analysis of prenylated GBP2. (a) SEC-MALS experiments of WT GBP2 with its original
C-terminal CNIL sequence showed GBP2 dimerisation when GDP-AlF3 was added. (b) In vitro geranylgerany-
lated GBP2 eluted in a peak corresponding to its monomeric form when GDP-AlF3 was added (MW ~62 kDa).
The peak at 86 kDa corresponds to the geranyl-transferase FNTA-PGGT1B from the prenylation reaction. (c)
GBP2-CTIS containing the C-terminal sequence of GBP1 (CTIS) was able to dimerise when adding GDP-AlF3.
(d) As described in (b), in vitro farnesylated GBP2 eluted in a peak corresponding to its monomeric form when
GDP-AlF3 was added (MW ~68 kDa). The peak at 90 kDa corresponds to the farnesyl-transferase FNTA-FNTB.

To test whether geranylgeranylation of GBP2 influences the dimerisation observed
with SEC-MALS experiments, we used in vitro geranylgeranylated GBP2. As for GBP1p,
GBP2; only displayed in a monomer peak with a molecular weight of 62 kDa when
GDP-AlF; was added. We observed an additional peak of 86 kDa, consistent with the
FNTA-GGT1 complex that was still present from in vitro geranylgeranylation (Figure 4.3b).
To test whether the exchange of the CaaX-box from the original GBP2 amino acid se-
quence CNIL to CTIS affected its ability to dimerise, we repeated the same experiment
with farnesylated and non-farnesylated GBP2-CTIS. We observed that GBP2-CTIS di-
merised upon GDP-AlF3 addition, shifting the molecular weight from 66 kDa to 130 kDa
(Figure 4.3c). Similar to geranylgeranylated GBP2 and farnesylated GBP1, farnesylated
GBP2-CTIS resulted in a monomer peak at 67 kDa/71 kDa and a second peak of the far-
nesyl transferase FNTA-FNTB around 90 kDa (Figure 4.3d). In analogy to our observa-
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tions with GBP1 (chapter 3), we hypothesise that the prenylation of GBP2 promotes the
assembly of dimers into higher-order structures which cannot migrate through the size
exclusion column.

4.2.4. Geranylgeranylated GBP2 forms micellar structures upon nucleotide
binding.
Negatively stained electron microscopy images of nucleotide-activated farnesylated GBP1
revealed micellar structures with a diameter of ~58 nm (chapter 3, [19]). To test whether
geranylgeranylated GBP2 would also be able to form similar structures, we acquired neg-
atively stained electron microscopy images of GBP2 in the presence of GDP-AlFs5.
Indeed, we observed circular particles of GBP2¢ (Figure 4.4a, red arrows). The ob-
served particles had comparable features to the earlier described GBP1r micelles in
chapter 3. The overall particle diameter determined from negative stain EM was be-
tween 56 nm and 77 nm. The GBP2; micelles seem to be less regular and less dense
compared to those observed for GBP1r, making it more difficult to determine the diam-
eter accurately. Nevertheless, the distribution of diameters is in a range comparable to
the average particle diameter of ~58 nm observed for GBP1r micelles (chapter 3). Simi-
lar to GBP1 micelles, we could identify spherical densities at the outer rim of the micelle
with an overall diameter of 4 nm, connected to spokes that extend towards a dense cen-
ter with a diameter of around 10 nm (Figure 4.4b), suggesting that their overall architec-
ture is preserved. To obtain higher resolution detail, we acquired cryo-EM micrographs
of GBP2¢ in the presence of GDP-AlF3. Analogous to the negative stain images, we ob-
served micellar structures of around 62 nm in diameter (Figure 4.4c), comparable to the
particle diameter of ~58 nm observed for GBP1r micelles. For visualisation purposes,
we denoised some of the cryo-EM micrographs containing GBP2¢ micelles using Topaz-
Denoise (Figure 4.4d). Consistent with the negative stain images, the observed micelles
appeared partly disordered, but key features were similar to those observed for GBP1p
micelles (Figure 4.4e,f).

By taking previous observations for farnesylated GBP1 into account, and the high-
sequence similarity between GBP1 and GBP2, it is likely that the observed spherical
densities at the outer rim of the micelles correspond to the LG-domain of GBP2. The
overall rim-to-rim diameter of the structures around 60 nm further implies that GBP2,
similar to GBP1p, is able to form an outstretched conformation with an extended GED
domain where the geranylgeranylated 13 of the GED cluster at the center of the micelle
(Figure 4.4f).
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Figure 4.4: Micellar self-assembly by GBP2;-GDP-AlF3. (a) Negative stain image of GBP25-GDP-AlF3 show
micellar structures with varying diameters between 56 nm and 77 nm. (b) Close up of GBP2; micelle with
an overall diameter of 56 nm, a dense particle center of 10 nm in diameter and spherical densities of 4 nm
in diameter at the perimeter. (c) Cryo-EM image of GBP2¢ micelles with a diameter between 61 nm and 62
nm. (d) Topaz-Denoise was used to remove high-frequency noise of cryo-EM micrographs to better visualise
GBP2; micelles. (e) Cryo-EM image of GBP1r micelles shown as comparison. (f) Schematic representation
of different oligomeric states of GBP1 and GBP2. The cryo-EM structure of the GDP-AlF3 stabilised dimer of
GBP1 only resolved the LG-domain and middle domain (chapter 3).
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4.2.5. Geranylgeranylated GBP2 does not coat SUVs or LPS

Following the observation that geranylgeranylated GBP2 was able to form micellar struc-
tures when activated with nucleotides, we next wanted to study potential coat forma-
tion of GBP2; using an in vitro reconstituted membrane system. Although GBP2 has
been shown to be prenylated in vivo [6], the formation of GBP2 coats on intracellular
or pathogen membranes on its own has not been observed yet. Instead GBP2 has been
shown to associate with membranes in a hierarchical manner being recruited to a pre-
formed GBP1r membrane coat [4, 5, 7].

To test whether GBP2¢ behaves similar in an in vitro system, we used negative stain
microscopy of nucleotide activated GBP2¢ incubated with small unilamellar vesicles
(SUVs) derived from brain polar lipid extract (BPLE). We did not observe coat formation
around SUVs, which we concluded from SUVs appearing similar to SUV images with-
out GBP2 present (Figure 4.5a, c). To test whether GBP2; can coat O-antigen contain-
ing LPS-EB as a surrogate for gram-negative membranes of intracellular pathogens, we
again performed negative stain experiments. Unlike GBP1f, which forms a discernible
coat around LPS micelles (Figure 4.5d, left panel), we observed GBP2¢ to mainly form
undefined aggregates as well as occasional GBP2; micelles (Figure 4.5d, right panel and
close-up).

The LPS itself appeared uncoated and similar to LPS that was imaged without the
addition of protein (Figure 4.5b), suggesting that GBP2; does not interact with LPS at all.
To further investigate this point, we resorted to a system containing deep rough LPS from
S. enterica sv. Minnesota R595 (LPS-SM), for which we had previously observed strong
differences in micellar morphology in the presence or absence of GBP1f (chapter 1 and
Figure 4.5¢, left and middle panel). Instead, for GBP2; we only observed naked LPS-SM
eggshells (Figure 4.5e, right panel).
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Figure 4.5: Nucleotide activated GBP2; does not form a dense coat on SUVs or LPS. (a) Negative stain images
of bare BPLE SUVs and (b) LPS-EB. (c) Negative stain images comparing GBP1y and GBP2; on BPLE SUVs.
Yellow asterisks indicate bare BPLE-SUVs. (d) Negative stain images comparing GBP1y and GBP2; on LPS-
EB. Orange asterisks indicate bare LPS-EB, red arrows point at GBP2; micelles. (e) Cryo-EM micrographs of
deep rough LPS from S. enterica sv. Minnesota R595 (LPS-SM) and LPS-SM coated with GBP1f adapted from
chapter 3 (left and middle panel) are compared with LPS-SM incubated with GBP2; (right panel).
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The previous experiments demonstrated that GBP2 lacks the ability to form mem-
brane coats. To investigate the possibility that GBP2; may form smaller or less ordered
associations with membranes that may be difficult to discern with the limited resolu-
tion of negative stain EM, we imaged GBPg in the presence of BPLE SUVs using cryo-
EM. For better comparison, we first acquired cryo-EM micrographs of uncoated SUVs
(Figure 4.6a) as well as of GBP1g-coated SUVs (Figure 4.6b). Cryo-EM micrographs con-
firmed our observation from negative stain-EM that nucleotide activated GBP2 is un-
able to form a dense coat on SUVs (Figure 4.6c) when using similar protein concentra-
tions as for GBP1f (22 uM for GBP2; in Figure 4.4c and 15 pM for GBP1f in Figure 4.4b).
Detailed comparative analysis of SUV membranes in the presence and absence of GBP2
showed additional densities associated with the membrane (resulting in membranes ap-
pearing less smooth) only when GBP2; was present, suggesting GBP2; may sparsely
decorate rather than fully coat SUV membranes (compare Figure 4.6a and c; Figure 4.6d).
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Figure 4.6: Cryo-EM micrographs of nucleotide activated GBP2; on SUVs. (a) Cryo-EM micrograph of
a BPLE SUV. (b) GBP1r-GDP-AlF3 incubated with SUVs, imaged by cryo-EM. (c) Cryo-EM micrographs of
GBP2;-GDP-AlF3 on SUVs. (d) Topaz-denoised micrographs of GBP2;-GDP-AlF3 on SUVs [20].
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4.2.6. Farnesylated GBP2-CTIS does not form micelles or coatomers.

Our previous experiments showed that unlike GBP1r, GBP2 does not form dense mem-
brane coats. To understand whether coat formation is linked to farnesylation and not
prenylation in general, we repeated our membrane binding experiments with farnesy-
lated GBP2-CTIS. As shown above, farnesylated GBP2-CTIS behaves similarly to GPB2¢
in SEC-MALS experiments (Figure 4.3b and c).

a GBP1.-GDP-AIF, GBP2-CTIS;-GDP-AIF,

GBP1.-GDP AlF; + SUVs

Figure 4.7: Comparison of micellar self-assembly and membrane coatomer formation by GBP1 and GBP2-
CTISE. (a) Negative stain image of GBP1r-GDP-AlF3 showing formation of flower-like GBP1 micelles with a
diameter of 58 nm. (b) Negative stain image of GBP2-CTISr-GDP-AlF3 does not show any distinct morpho-
logical features. (c) Negative stain image of GBP1y-GDP-AlF3 binding to BPLE liposomes. Coated SUVs and
tubular protrusions can be observed. (d) Membrane binding is not visible for GBP2-CTIS p-GDP-AlF3.

To test whether nucleotide-activated farnesylated GBP2-CTIS forms micellar assem-
blies similar to GBP1r and GBP2; we imaged farnesylated GBP2-CTIS by negative stain
EM. Surprisingly, we did not observe micelles (Figure 4.7 compare a and b). Rather,
in some areas, we observed unstructured aggregation of GBP2-CTISr (Supplementary
Figure 4.13, red arrows). Since GBP2; can form micellar assemblies similar to GBP1p,
this observation suggests that prenylation per se is not sufficient for GBP self-assembly,
but that a combination of primary sequence and native prenylation motif determine the
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self-assembly properties of prenylated GBPs. Likewise, farnesylated GBP2 did not coat
SUVs in contrast to GBP1r (Figure 4.7c and d), again highlighting that coatomer forma-
tion is dependent on GBP1-specific properties.

4.2.7. A triple arginine motif (RRR584-586) at the C-terminus of GBP1 is

required for membrane binding.

In an attempt to identify the GBP1-specific sequence motifs facilitating tight associa-
tion with membranes, we investigated the C-terminal primary sequence of GBP1 and
GBP2 (Figure 4.8a). Multiple groups have previously proposed that a triple arginine mo-
tif (RRR584-586) at the C-terminus of GBP1 together with its farnesyl moiety is a neces-
sary requirement for the recruitment to gram-negative bacterial membranes [2, 13, 14].
To rule out that defective dimerisation of this mutant may prevent membrane binding,
we purified the GBP1-R584-586A mutant to perform SEC-MALS experiments. These re-
sults showed that GBP1-R584-586A dimerised in the presence of GDP-AlFs, resulting in
an elution peak with a molecular weight around 130 kDa (Figure 4.8b).

To test whether farnesylated GBP1-R584-586A was still able to bind to LPS-EB and
BPLE SUVs in vitro, we activated the protein with GDP-AlF3 prior to incubation with
LPS or SUVs and imaged the sample using negative stain electron microscopy. As de-
scribed before (chapter 3) GBP1r forms a coat around LPS-EB micelles (Figure 4.8c,
top left). Binding to LPS-EB was completely disrupted for farnesylated GBP1-R584-586A
(Figure 4.8c, top panel, middle and right). To our surprise, GBP1-R584-586AF formed or-
dered, straight tubes by self-polymerisation which we never observed before. We also
performed the same experiments with BPLE-derived SUVs instead of LPS-EB. As de-
scribed in detail in chapter 3, we observe a dense coat of GBP1y on SUVs as well as mem-
brane protrusions (Figure 4.8c, bottom panel, left). In contrast, GBP1-R584-586AF was
unable to bind to BPLE-SUVs. Instead GBP1-R584-586AF again self-interacted, forming
short filaments.
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Figure 4.8: Functional analysis of the RRR584-586 motif of GBP1. (a) Structural comparison of monomeric
GBP1 and GBP2. The crystal structures of GBP1 (PDB ID: 1dg3 [21]) and GBP2 (PDB ID: 7e58 [22]) in its
monomeric form are overlayed to display the high degree of structural similarity. The C-terminal o-helix 13
is highlighted and a sequence alignment is shown, highlighting the RRR584-586 motif in GBP1 and the preny-
lation site at the C-terminal cysteine. (b) SEC-MALS experiments of GBP1-R584-586A. (c) Negative stain micro-
graphs of activated GBP1y and GBP1-R584-586Af incubated with LPS-EB or BPLE-SUVs. Orange and yellow
asterisks indicate bare LPS-EB or bare BPLE-SUVSs, respectively.
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4.2.8. Farnesylation of GBP2-CTIS increases its GTPase activity.

As the formation of micelles and coatomers of GBP1 is dependent on its GTPase activity,
we wanted to test whether our purified GBP constructs are all active and how the preny-
lation affects this activity. To determine the GTPase activity we used the GTPase-Glo™
Assay (Promega) [23], with BSA as a negative control. In this assay, a low luminescence
signal corresponds to highly active proteins. For GBP1, we observed a strong increase in
activity, when the protein was farnesylated. GBP1 has been described to be able to hy-
drolyse GTP in a cooperative manner (21, 24]. This cooperative mechanism of GTP hy-
drolysis is most likely linked to multimerisation of GBP1. As we have shown farnesylated
GBP1 to self-oligomerise into micellar assemblies, it is tempting to speculate that these
assemblies are responsible for the higher GTPase activity observed (Figure 4.9, compare
dark-blue with red or yellow).

Non-prenylated GBP2 as well as non-prenylated GBP2-CTIS was 9-fold more active
than non-prenylated GBP1, again highlighting how subtle primary sequence differences
between GBP1 and GBP2 can have a notable effect. Surprisingly, we observed a decrease
in activity when GBP2 was geranylgeranylated compared to an increase in activity when
GBP2-CTIS was farnesylated. This was particularly surprising, since we did not observe
ordered oligomerisation states for GBP2-CTISy with negative stain-EM. With our cur-
rent data we are unable to explain these differences, but they show that that the type of
prenylation could play an important role in regulating the activity of GBPs.
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Figure 4.9: The effect of prenylation of GBP1 and GBP2 on its GTPase activity GTPase activity of non-
farnesylated GBP1, in vivo farnesylated GBP1 and in vitro farnesylated GBP1 was compared to GBP2 in its
non-prenylated or geranylgeranylated form as well as to farnesylated and non-farnesylated GBP2-CTIS using
the GTPase-Glo™ Assay (Promega). Low luminescence signal corresponds to high GTPase activity. Bovine
serum albumin (BSA) was used as a negative control (n=3).
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4.3. Discussion

Both GBP1 and GBP2 have been shown to be prenylated in vivo [6]. Although GBP1 and
GBP2 share a high degree of homology, in vivo experiment have shown that both pro-
teins have different sub-cellular locations. While farnesylated GBP1 forms oligomers as-
sociating at the plasma membrane, GBP2; was found at the perinuclear membrane [6].
Important to note is that GBPs are able to influence the location of other GBP members
including the recruitment of non-prenylated family members to membranes [6].

Although GBP2 is prenylated and can generally associate with membranes in vivo, it
is not found to associate with pathogen-associated vacuoles or bacterial membranes in
the absence of GBP1. Instead, GBP2 requires a pre-formed GBP1 coat to be recruited to
these membranes [4, 5, 7]. The precise reason for GBP1y’s preferential recruitment is not
completely resolved. To investigate differences originating from the type of prenylation,
we created a GBP2-CTIS mutant that we were able to farnesylate in vitro. It is worth not-
ing that in vivo many prenylated proteins are further processed after the addition of the
prenylation. In a first step, the amino acids on the C-terminus subsequent of the preny-
lated cysteine are proteolytically removed followed by a methylation of the prenylated
cysteine [9, 25, 26]. Both of these processes are absent in our in vitro system and could
potentially influence membrane binding properties.

In our study, we wanted to investigate the effect of GBP2 prenylation on the ability
of GBP2 to oligomerise and to form coatomers on SUVs as well as on LPS micelles in
vitro. We observed that prenylation of GBP2 affected its ability to dimerise and simi-
lar to GBP1F, we were able to observe GDP-AlF3 induced GBP2¢; micelles. Although the
micelles were less frequent compared to GBP1r and seemed incomplete, the overall di-
ameter of 60 nm suggests that GBP2 can form a similar outstretched conformation with
the geranylgeranyl moiety pointing to the inside of the micelle and the LG-domains lo-
cated on the periphery. Recently, another group has used dynamic light scattering (DLS)
experiments to show that GDP-AlF3-stabilised GBP2 is able to self-assemble [27]. Our
electron microscopy data confirm this observation and establish that the observed self-
assembly is functionally linked to the formation of GBP2; micelles [27].

While we did observe self-assembly into micellar structures similar to GBP1F, it was
challenging to decisively establish association with SUVs or LPS membranes since unlike
the highly dense coatomers observed for GBP1r we could not identify similar structure
for GBP2;. Consistent with literature showing that GBP1 is required for recruitment of
GBP2 to incracellular bacterial membranes, [4, 5, 7], we do not observe GBP2 binding to
LPS in vitro. Contrary to these observations, a recent study reported direct interaction
of GBP2; with LPS by analysing the altered mobility of GDP-AlF; activated GBP1r and
GBP2; in the presence of LPS using native PAGE [27]. However, GBP2¢ needed a roughly
100 times higher LPS concentration to show the same shift in mobility as GBP1 indi-
cating a substantially lower affinity towards LPS [27]. Our experiments were performed
at LPS and protein concentrations established from our LPS-binding experiments with
GBP1p. It is thus possible that LPS binding of GBP2 could be observed with electron
microscopy if using higher concentration of GBP2 or LPS. Furthermore, since gram-
negative pathogens display broad variation in their abundance and composition of LPS
on the outer membrane, the affinity between GBPs and LPS could also be dependent on
the specific type of LPS. In support of this, another study recently showed that when co-
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infecting cells with E novicidaand S. flexneri, GBP1 preferentially targeted S. flexneri[12].
It will thus be interesting to extend the studies into the interaction between farnesylated
GBP1 and geranylgeranylated GBP2 with different types of membranes.

We found that a farnesylated variant of GBP2 (GBP2-CTIS) is unable to form micelles
and coatomers on SUVs in vitro. The functional dependence and interchangeability of
GBP1 and GBP2 in intracellular pathogen defense was recently also tested by creating
GBP1:GBP2 chimeras in vivo [12]. These studies showed that both GBP1 (containing
a farnesyl) and GBP1-CNIL (containing a geranylgeranyl) were recruited to E novicida,
while GBP2 and GBP2-CTIS were not [12]. Consistent with our in vivo observations, this
suggests other molecular features in addition to the type of prenyl modification con-
tribute to determining membrane targeting. Interestingly, the exchange of farnesyl for
geranylgeranyl modification in GBP1-CNIL increased recruitment to F novicida whereas
no difference was observed for S. flexneri [12]. These comparative studies suggest that
geranylgeranyl and farnesyl-modifications may contribute to regulating specificity for
certain LPS sub-types. Additionally, the same group was able to show that by exchanging
the last 14 amino acids of GBP2 to those of GBP1 (including the triple arginine (RRR584-
586) motif), they could restore binding to S. flexneri but not to E novicida, again high-
lighting the intricate interplay between LPS composition and prenylation type [12] for
pathogen specificity of GBPs.

The polybasic motif (RRR584-586) of GBP1 was shown to be required for coat for-
mation on pathogen membranes [2, 12, 27, 28]. Building on these observations, we here
showed for the first time in vitro that binding to both LPS-EB and to BPLE-SUVs was
completely abrogated when all three arginines of this motif were mutated to alanines
(GBP1-R584-586A). To our surprise, GBP1-R584-586AF in the absence of membranes
formed straight and ordered filamentous structures which is in stark contrast to the mi-
cellar assemblies observed for the wild-type protein. This might explain that puncta
formation, but no coat formation on bacteria has been observed for this mutant using
fluorescence microscopy [2] . The absence of the polybasic motif in GBP2 could explain
why farnesylated GBP2-CTIS cannot form membrane coats. Introducing the RRR584-
586 motif into a GBP2-construct as well as creating a GBP1 mutant with a C-terminus
that can be geranylgeranylated will be next steps to better understand the precise molec-
ular requirements triggering coat formation of GBPs.

The farnesylation of GBP1 increased the GTPase activity (in our case 9-fold), which
we linked to the formation of self-assembled GBP1r micelles as previously hypothesized
[19]. To our surprise both non-prenylated GBP2 and non-prenylated GBP2-CTIS on their
own already display a much higher GTPase activity compared to non-prenylated GBP1.
Important to note is that while both GBP1 and GBP2 exhibit GTPase activity, they differ
in their reaction products and nucleotide affinities. While GBP1 is able to hydrolyse GTP
to GMP, the main reaction product of GBP2 is GDP [15, 16]. At the same time, it has been
noted for GBP1 before that the product of GTP hydrolysis could change depending on
the state of prenylation, from producing mainly GMP (85%) when being non-prenylated
to 30% of GMP when being farnesylated [29]. It has also been reported that GBP1r hy-
drolysis consists of a slow initial phase followed by a fast hydrolysis phase which corre-
lated with the observation of turbidity indicating polymerisation [19].

Since both GBP2 and GBP2-CTIS displayed the same GTPase activity, the exchange of
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the C-terminal CNIL to CTIS motif does not seem to affect the hydrolysis rate of unmod-
ified GBP2. Intriguingly, geranylgeranylation of GBP2 decreased, whereas farnesylation
increased its GTPase activity. This observation was surprising since farnesylated GBP2-
CTIS does not seem to self-assemble, contrasting the hypothesis that the cooperative ef-
fect in GTP-hydrolysis observed for GBPs is linked to their ability to oligomerise beyond
the dimer state. In support of this, farnesylated GBP1 and farnesylated GBP2-CTIS dis-
play comparable GTPase activity, highlighting that the type of prenylation potentially af-
fects GTPase activity of GBPs. One alternative possibility could be that the higher GTPase
activity of farnesylated GBP2-CTIS over geranylgeranylated GBP2 is related to a favored
extended conformation of the GED. However, the absence of GBP2-CTISF oligomers in
our experiments is yet another factor that remains unsolved. It should be noted, that
our current GTPase assays are end-point measurements that cannot capture reaction
rates and cooperativity effects. More detailed studies using kinetic monitoring of GTPase
activity will be required to deduce a mechanistic model for the observations described
here.

4.4. Conclusions and Outlook

In this study we successfully geranylgeranylated GBP2 as well as farnesylated GBP2-CTIS
in vitro to study the ability of GBP2 to self-assemble and to interact with LPS and SUVs.
While prenylation prevented dimerisation for both GBP2; and GBP2-CTISF, only GBP2
was able to form nucleotide activated micelles. Coat formation on either SUVs or LPS
was not observed for both constructs highlighting the importance of additional features
in GBP1 responsible for coat formation.

In a first step, constructs containing the last 14 amino acids of GBP1 including the
RRR584-586 motif close to the CaaX motif could be tested to see whether this enables
GBP2-CTIS to associate with membranes in vitro [12]. For GBP2, we could introduce
the RRR584-586 motif, leaving the C-terminus with its geranylgeranylation site intact. In
case those constructs lead to coat formation, this would enable the ultrastructure deter-
mination of GBP2; on LPS, investigating whether the coat is formed by GBP2-dimers.
Further research also needs to clarify, whether the type of prenylation determines the
affinity or preference for certain types of LPS or membranes. The GTPase activity assay
performed in this study gives indications that the type of prenylation might also have an
effect on the GTPase activity of GBPs. Additional experiments need to elucidate whether
this could be a potential mechanistic effect used by the cells to up or down regulate the
GTPase activity of GBPs. It has been shown with fluorescence experiments that GBPs are
able to form large oligomers on the membranes of pathogens functioning as a signalling
platform for other players such as caspase-4 [4, 5]. Ultimately, the goal will be to visualise
those signalling platforms with high resolution cryo-electron microscopy to determine
the ultrastructure of the complex.
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4.5. Materials and Methods

Plasmid construction

GBP1 and GBP2

Codon-optimised synthetic DNA encoding human GBP1 (UniProt accession P32455)
and human GBP2 (UniProt accession P32456) was cloned into the Ncol/NotI linearised
pETM14 vector containing an N-terminal Hisg tag and 3C cleavage site, yielding pETM14-
GBP1 or pETM14-GBP2.

GBP2-CTIS

In order to test a GBP2 variant containing the CTIS motif from GBP1 enabling its far-
nesylation, we generated a pETM14-GBP2-CTIS construct by quickchange mutagenesis
using the appropriate oligos (AJLO-116 and AJLO-117, Supplementary table 4.2). Muta-
tions were confirmed by DNA sequencing (Macrogen Europe B.V,, Amsterdam, Nether-
lands).

pCDFDuet-His6-FNTA-FNTB

The pJET1.2 constructs containing FNTA or FNTB were obtained by amplification of
AJLD-007 or AJLD-022 (Supplementary table 4.3) using AJLO-023 - AJLO-026 (Supple-
mentary table 4.2), following the manufacturer recommendations. The pCDFDuet-His6-
FNTA-FNTB (AJLD-063) vector was obtained by Gibson assembly. The DNA fragments
originated from AJLD-052, AJLD-053 and AJLV-038 using primers AJLO-076 - AJLO-078,
AJLO-083 and AJLO-090 - AJLO-093 (Supplementary table 4.2). Successful cloning was
confirmed at all stages by DNA sequencing (Macrogen Europe B.V,, Amsterdam, Nether-
lands).

pCDFDuet-His6-FNTA-PGGT1B

The pCDFDuet-His6 FNTA-PGGT1B (AJLD-061) vector was obtained by Gibson assem-
bly. The DNA fragments originated from AJLD-052, AJLD-054 and AJIV-038 using primers
AJLO-076 - AJLO-078, AJLO-080, AJLO-081, AJLO-083 and AJLO-090 - AJLO-091 (Supple-
mentary table 4.2). Successful cloning was confirmed at all stages by DNA sequencing
(Macrogen Europe B.V,, Amsterdam, Netherlands).

Protein expression and purification

GBP1, hGBP1-R584-586A, GBP2, GBP2-CTIS
Protein expression was performed as described in chapter 2. For completeness: Proteins
were expressed in E.coli BL21(DE3) (Supplementary Table 4.1) using auto induction in
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lactose-containing media. Pre-cultures were grown in LB-medium o/n at 37 °C. For pro-
tein expression, ZYP5052 medium was inoculated at 1/50 (v/v) with pre-culture and cells
were grown at 37 °C at 180 rpm for 3-4 h before lowering the temperature to 20 °C for 15-
20 h. Cells were harvested by centrifugation at 4 °C and 4000 rpm and the cell pellet was
resuspended in lysis buffer (50 mM HEPES pH 7.8, 500 mM NacCl, 0.1 % Triton X-100) on
ice. The cells were disrupted by three successive freeze-thaw cycles. To digest genomic
DNA, 1-10 ug/ml DNAsel was added and incubated on a rotating wheel for 1-2 hours at
4°C. To separate cell debris, the lysate was centrifuged at 20,000 x g for 40 min at 4 °C.
The supernatant was applied to TALON (Takara) affinity resin. The bound fraction was
washed with 20 column volumes (cv) of wash-buffer (50 mM sodium phosphate, 300 mM
NaCl, 10 mM imidazole, pH 7.4) and eluted in the same buffer containing 150 mM imi-
dazole. The eluent was dialysed into 3C cleavage buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 0.5 mM DTT) and incubated with 1:100 mol/mol 3C protease o/n at 4 °C. Following
cleavage, the proteins were further purified via size exclusion chromatography using a
GE Superdex-200 Increase 10/300 GL column (GE Healthcare) in running buffer (50 mM
HEPES pH 7.4, 150 mM NacCl, 0.5 mM DTT).

FNTA-FNTB and FNTA-PGGT1B

Protein expression was performed as described for GBP1. To prevent the FNTA-FNTB or
FNTA-PGGT1B complex from falling apart, the salt concentration in the lysis buffer was
reduced to 150 mM NaCl. Protein purification was performed with Ni-NTA beads keep-
ing the NaCl concentration at 150 mM, followed by a purification step via size exclusion
chromatography using a GE Superdex200 Increase 10/300 GL column in running buffer.

Preparation of GDP-AlF3-stabilised GBP1/GBP2 or GBP2-CTIS dimers
15 uM of full length GBP1/GBP2 or GBP2-CTIS was incubated with 200 uM GDP, 10 mM
NaE 300 uM AlCl3, 5 mM MgCl, and 1 mM DTT for 10 min at RT.

In vitro prenylation of GBP1, GBP2 or GBP2-CTIS

In vitro prenylation of GBP1 and GBP2 was adapted from [30]. In brief, 5uM purified
GBP1 or GBP2 was incubated with 5 uM FNTA-FNTB for farnesylation or with 5 uM FNTA-
PGGT1B for geranylgeranylation and supplemented with 25 uM farnesyl pyrophosphate
(FPP) or geranyl pyrophosphate (GPP) (both from Cayman) in prenylation buffer (50 mM
HEPES pH 7.2, 50 mM NaCl, 5 mM DTT, 5 mM MgCl,, 20 uM GDP). The reaction mix-
tures was incubated for 60 min at room temperature and dialysed o/n at 4 °C into run-
ning buffer (50 mM HEPES pH 7.4, 150 mM NacCl, 0.5 mM DTT).

Liquid chromatography-mass spectrometry (LC-MS)

Sample preparation

For the trypsin digestion, 20 puL of digestion buffer (25 mM Tris buffer (pH 8.1) supple-
mented with 1 mM CaCl, and 5 mM TCEP) was added to 10 uM - 25 uM of proteins. Alky-
lation of cysteine residues was performed by adding 3 uL of 50 mM iodoacetamide fol-
lowed by 15 min of incubation in darkness. Digestion was performed by adding 10 pL of
0.2 mg/ml Trypsin Gold (Promega) followed by overnight incubation at 37°C. Samples
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were centrifuged at 15000 rpm for 15 min, and 10 uL of the reaction volume was injected
in an LC-MS system.

LC-MS Method

The LC-MS analysis were performed using an Agilent LC/MS system consisting of a high
pressure liquid chromatography set-up coupled to a triple-quadrupole (QQQ) mass spec-
trometer (G6460C) equipped with a standard electrospray ionisation (ESI) source. Both
systems were operated through MassHunter data acquisition software (version 10.1).
The tryptic digested peptides were acidified with 25 mM FA and delivered to a CSH C18
guard-column and a CSH C18 column (Waters) (2.1 mm by 50 mm, 1.7 um pore size)
at 40 °C with a flow rate of 0.5 ml/min using the following binary gradient: 5% B (ACN,
25 mM FA), ramp to 95% B in 8 min followed by a 2 min hold at 95% B, 2 min ramp back
to 5% B and 3 min re-equilibration (A, MilliQ, 25 mM FA). Next, peptides were eluted
from the column and the eluent was sprayed into the mass spectrometer operated in
data-dependent mode, as in dynamic multiple-reaction monitoring (AMRM) mode us-
ing transitions. The transitions were generated from protein sequences with Skyline [31].
The modified peptides were selected from in silico digested tryptic peptides based on
prior knowledge of the medication location in their sequences. Non-modified peptides
were selected based on their length (7-25 amino acids). Each MRM transition was op-
timised for the fragmentor voltage and collision energy. The dMRM was acquired in
positive mode with a cycle time of 500 ms.

Biophysical analysis

SEC-MALS

Proteins were analysed using analytical size exclusion chromatography coupled to multi-
angle light scattering (SEC-MALS). Purified protein samples were resolved on a Superdex-
200 Increase 10/300 GL column (GE Healthcare) connected to a high-performance liquid
chromatography (HPLC) unit (1260 Infinity II, Agilent) running in series with an online
UV detector (1260 Infinity II VWD, Agilent), an 8-angle static light scattering detector
(DAWN HELEOS 8+; Wyatt Technology), and a refractometer (Optilab T-rEX; Wyatt Tech-
nology). For SEC-MALS measurements, proteins were diluted to a final concentration of
15 uM in SEC buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM TCEP or DTT) with or
without the GTP transition state mimic. On the basis of the measured Rayleigh scatter-
ing at different angles and the established differential refractive index increment value of
0.185 ml*g™! for proteins in solution with respect to the change in protein concentration
(dn/dc), weight-averaged molar masses for each species were calculated using ASTRA
software (Wyatt Technology; v.7.3.1).

Liposome preparation

SUV preparation

1 mg of brain polar lipid extract (BPLE, Avanti Polar Lipids) was purchased as chloro-
form solution and dried under a gentle N2 stream. The resulting lipid film was further
dried in a desiccator connected to a vacuum pump for 1 h. To hydrate the lipid film, 1
ml of 50 mM HEPES (pH 7.5), 150 mM NaCl was used. Small unilamellar vesicles (SUVs)
were prepared with an Avanti Mini Extruder (Avanti Polar Lipids) with hydrophilic poly-
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carbonate membranes with a pore size of 0.1 um. The solution of swollen lipid was filled
into one of the syringes and monodisperse emulsions of SUVs were produced by passing
this mixture through the membrane at least 11 times. The SUVs were stored at 4 °C until
further use.

Negative staining EM

3.5uL of protein or lipid solution was applied onto a freshly glow-discharged carbon-
coated copper mesh grid (Quantifoil). After 1 min, grids were washed twice with 12 pL
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM DTT) followed by staining with
3.5uL of 2 % (w/v) uranyl acetate at room temperature. At each step, excess sample,
wash solution and stain were blotted with filter paper and finally grids were air dried
for 15 min. Grids were imaged on a JEM 1400Plus TEM (JEOL) operated at 120 kV and
recorded on a bottom-mounted TVIPS F416 CMOS camera.

Single particle cryo-EM

GBP2;-GDP-AlF;5 + SUVs dataset

The transition state of GBP2; was obtained as described before. It should be noted
that the sample still contains FNTA-PGGT1B from the in vitro geranylgeranylation of
GBP2. SUVs were added in a final concentration of 1 mg/ml and incubated with GBP2-
GDP-AlFs for 45 min at 30 °C followed by 2h at 4 °C. A total of 3.0 uL of 1.5 mg/ml GBP2-
GDP-AlF; + SUVs was applied to glow-discharged Quantifoil grids (QF-1.2/1.3, 300-mesh
holey carbon on copper) on a Leica GP2 vitrification robot at 98 % humidity and a tem-
perature of 20 °C. The sample was blotted for 4 s from the carbon side of the grid and im-
mediately flash-cooled in liquid ethane. Micrographs were acquired on a JEM 3200FSC
TEM (JEOL) operated at 300 kV. Images were recorded on a K2 Summit direct electron
detector (Gatan) at a magnification of 20kx, corresponding to a pixel size of 1.891A at
the specimen level. Image acquisition was performed with SerialEM, and micrographs
were collected at an underfocus varying between -3 um and -1 pm. We collected a total
of 60 frames accumulating to a total electron exposure of 20.18 e~ /A2, In total, 740 mi-
crographs were acquired. Topaz-Denoise was used to increase the signal to noise ratio
of the cryo-EM micrographs [20].

GBP25-GDP-AlF; + LPS-SM dataset

The transition state of GBP2; was obtained as described before. It should be noted that
the sample still contains FNTA-PGGT1B from the in vitro geranylgeranylation of GBP2.
Deep rough LPS from S. enterica sv. Minnesota R595 (LPS-SM) was added in a final con-
centration of 0.5 mg/ml and incubated with 2 mg/ml GBP25;-GDP-AlF3 for 30 min at
30°C followed by 2h at 4°C. The vitrification process was performed as described pre-
viously. Micrographs were acquired on a JEM 3200FSC TEM (JEOL) operated at 300 kV.
Images were recorded on a K2 Summit direct electron detector (Gatan) at a magnifica-
tion of 15kx, corresponding to a pixel size of 2.449 A at the specimen level. Image acqui-
sition was performed with SerialEM, and micrographs were collected at an underfocus
varying between -4 pm and -1 pm. We collected a total of 60 frames accumulating to a
total electron exposure of 11.52 e~ /A2,
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GBP1g-GDP-AlF3; + SUVs dataset

1 mg/ml GBP1g-GDP-AlF; was mixed with 1 mg/ml BPLE SUVs and incubated for 30
min at 30°C. 3.5pL of the mixture were applied on to glow-discharged Quantifoil grids
(QF-1.2/1.3, 200-mesh holey carbon on copper) on a Leica GP2 vitrification robot at 98
% humidity and 20°C. The sample was blotted for 4 s from the carbon side of the grid
and immediately flash-cooled in liquid ethane. Grids were imaged on a JEM 3200FSC
TEM (JEOL) operated at 300 kV. Images were recorded on a K2 Summit direct electron
detector (Gatan) at a magnification of 20kx, corresponding to a pixel size of 1.891 A at the
specimen level. Image acquisition was performed with SerialEM [32], and micrographs
were collected at an underfocus varying between -3 pm and -1 um. We collected a total
of 100 frames accumulating to a total electron exposure of 43 e~ /A2,

GTPase activity assay

To determine the GTPase activity of GBP1 the GTPase-Glo™ Assay (Promega) was utilised
[23], using the protocol for intrinsic GTPase activity. Briefly, 5l of 5uM protein in GT-
Pase buffer was added per well to a 384 well plate. 5ul of 2 x GTP solution containing
10puM GTP and 1 mM DTT was added to the same well. The reaction was incubated
at RT for 75 min. 10pl of reconstituted GTPase-Glo reagent was added to the reaction
and incubated for 30 min at RT while shaking. Finally, 20 ul of detection reagent was
added and after another incubation step of 15 min the luminescence was measured us-
ing a micro plate reader (Synergy’ MH1, BioTek). BSA was used as a negative control and
measurements were performed in triplicates.
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4.6. Supplementary
Table 4.1: Bacterial host strains used in this chapter.
Strain Description Reference
E.coli DH5a Cloning host Invitrogen
E.coliBL21(DE3) Expression host for GBPs Thermo Fisher Scientific

(33]
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Figure 4.12: SEC-MALS experiments of in vitro and in vivo farnesylated GBP1. SEC-MALS experiments reveal
that prenylated GBP1 stays monomeric (MW = 66 - 68 kDa) when GDP-AlF3 is added independent on whether
farnesylation was achieved in vitro (a) or in vivo (b). The in vitrofarnesylated GBP1 sample still contains FNTA-
FNTB with a determined molecular weight between 91 and 96 kDa.

Figure 4.13: GBP2-CTIS aggregates visualised with negative stain EM. Negative stain images show GBP2-
CTISF aggregations (red arrows) as well as non coated SUVs (yellow asterisk).
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Table 4.2: Primer sequences used in this manuscript.

fwd

Oligo Description Sequence
name
AJLO-002 pUC57-hGBP1-fw ggtctcccatggegagegagatccacatg
AJLO-004 pUC57-hGBPl-rev  ggtctccggecgcttattagetg
AJLO-006  pUC57-hGBP2-fw ggtctceccatggegecggaaatcaacctge
AJLO-007 pUC57-hGBP2-rev  ggtctccggecgcttattacagaatg
AJLO-023  FNTA-fw cgtctcccatggeggecaccgaggs
AJLO-024  FNTA-rev cgtctceggecgcttattattgetgtacatttgttggtgagtc
AJLO-025  FNTB-fw catatggcttctccgagttctttcacc
AJLO-026  FNTA-rev cgtctcctcgattattagtcggttgcaggetctgeeg
AJLO-076  FNTA-His6-Gib-fw ttttgtttaactttaataaggagatataccatgcatcatcatcacca
ccac
AJLO-077  FNTA-His6-Gib-rev  acttaagcattatgcggccttattgctgtacatttgttggtgag
AJLO-078  pCDFDuetl-Gib- ctcaccaacaaatgtacagcaataaggccgcataatgcttaagt
spacer-fw
AJLO-080  GGT1-Gib-fw cttagtatattagttaagtataagaaggagatatacatatatggcgg
ccactgaggat
AJLO-081  GGT1-Gib-rev cggtttctttaccagactcgattattcttatgtggagatatgtacatt
ctct
AJLO-083  pCDFDuetl-Gib- gtggtggtgatgatgatgcatggtatatctccttattaaagttaaac
rev aaaa
AJLO-090 pCDFDuetl-Gib-fw gagcctgcaaccgactaataatcgagtctggtaaagaaaccg
AJLO-091 pCDFDuetl-Gib- aaagaactcggagaagccattatgtatatctccttcttatactt
spacer-rev aactaatatactaag
AJLO-092  pANT-FNTB-Gib- cttagtatattagttaagtataagaaggagatatacataatggcttc
fw tccgagttcttt
AJLO-093  pANT-FNTB-Gib- cggtttctttaccagactcgattattagtcggttgcaggctc
rev
AJLO-116 QC hGBP2-CTIS- gcctggagccgatctgcaccatcagctaataageggecgeactc
rev
AJLO-117 QC hGBP2-CTIS- gtgcggcegcttattagetgatggtgcagatcggetccagge
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Table 4.3: Vectors and Constructs used in this manuscript.

Name Description Source/ Reference
AJIV-009 pETMI14: E.coli expression vector (KanR) [34]
AJIV-038 pCDFDuet: E.coli expression vector (SmR) Merck Millipore (No-
vagen)
AJIV-040 pJET1.2/blunt: Positive selection cloning vec- Thermo Fisher Scien-
tor (AmpR) tific
AJLD- pUC57-hGBP1: Subcloning vector pUC57 GenScript
001 with synthetic gene of hGBP1 optimised for
E.coli expression (AmpR)
AJLD- pUC57-hGBP2:  Subcloning vector pUC57 GenScript
002 with synthetic gene of hGBP2 optimised for
E.coli expression (AmpR)
AJLD- GST-tagged-FNTA in vitro expression vector DNASU clone
007 PANT? (AmpR) HsCD00630808
AJLD- GST-tagged-FNTB in vitro expression vector DNASU clone
008 PANT7 (AmpR) HsCD00733069
AJLD- Ndel site removed from pANT7-FNTB-cGST derived from AJLD-008
022 (AmpR)
AJLD- pETM14-hGBP1: E.coli expression vector Derived from AJLV-009
030 (KanR) with hGBP1 and AJLD-001
AJLD- pETM14-hGBP2:  E.coli expression vector Derived from AJLV-009
036 (KanR) with hGBP2 and AJLD-002
AJLD- pJET1.2 His6-FNTA: Intermediate vector for Derived from AJLV-040
052 cloning purposes (AmpR) and AJLD-007
AJLD- pJET1.2 FNTB (Ndel removed): Intermediate Derived from AJLV-040
053 vector for cloning purposes (AmpR) and AJLD-022
AJLD- pJET1.2-PGGT1B: Intermediate vector for Derived from AJLV-040
054 cloning purposes (AmpR) and AJLD-060
AJLD- pENTR223.1-PGGT1B: sub-cloning vector DNASU clone ID
060 containing PGGT1B (SmR) HsCD00082643
AJLD- pCDFDuet-His-FNTA-PGGT1B: E.coli co- Derived from AJLV-038,
061 expression vector (SmR) to express His-FNTA-  AJLD-052 and AJLD-054
PGGT1B
AJLD- pCDFDuet-His-FNTA-FNTB: E.coli co- Derived from AJLV-038,
063 expression vector (SmR) to express His- AJLD-052 and AJLD-053
FNTA-FNTB
AJLD- pETM14-hGBP2-CTIS: E.coli expression vec- derived from AJLD-036
084 tor (KanR)
AJLD- pETM14-hGBP1-R584-586A: E.coli expression  GenScript
250 vector (KanR)
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Developments to target small and flexible proteins with cryo-EM

In this thesis, we investigated the oligomerization ability of guanylate binding protein 1
(GBP1), an interferon-inducible GTPase that has been shown to have an antimicrobial
activity by targeting membranes of intracellular pathogens or pathogen containing com-
partments. We were able to solve the cryo-EM structure of the full-length human GBP1
dimer in its guanine nucleotide-bound state and resolve the molecular ultrastructure of
GBP1 coatomer assemblies on liposomes and bacterial lipopolysaccharide membranes,
providing a framework to interrogate the molecular basis for GBP1 effector functions in
intracellular immunity. In chapter 3, we also discuss the problems we encountered when
trying to solve the cryo-EM structure of the nucleotide stabilized GBP1-dimer. With its
molecular weight of 130 kDa the GBP1-dimer is considered small for structure determi-
nation using cryo-EM. In order to prevent damage of biological samples, an extremely
low electron dose is used, resulting in a low signal to noise ratio. In order to accurately
align and average individual particles, enough signal is necessary. The low contrast of
small proteins makes this alignment process challenging and it is thus more difficult to
obtain a high resolution 3D reconstruction. The additional flexibility of the C-terminal
domain of GBP1 and the strong observed preferred particle orientation made the GBP1-
dimer a challenging project for structure determination. As further discussed in chap-
ter 3, the use of nanobodies (Nbs) that had been raised against GBP1 decreased protein
flexibility and improved particle distribution.

While the small size of Nbs has been previously highlighted as advantage multiple
times, having a binding partner with a larger molecular mass can be beneficial when per-
forming cryo-EM on small proteins. By increasing the overall molecular mass, particles
can be more easily detected and aligned accurately enabling structure determination of
small proteins or increasing their resolution. One development to increase the molec-
ular mass of small proteins was the creation of so called megabodies [1]. Megabodies
comprise a nanobody coupled to a scaffold protein, resulting in an overall molecular
weight of ~56 kDa or ~100 kDa (as compared to the 15 kDa of a Nb by itself), with-
out affecting antigen specificity or affinity [1] (Figure 5.1a). The increase in molecular
weight enables more accurate particle picking of the megabody-antigen complex, due
to the increased signal to noise ratio and facilitates the alignment necessary for aver-
aging. Another advantage of using megabodies for cryo-EM structure determination is
that they can help to achieve a more heterogeneous particle distribution by changing
the propensities of the molecular surface [1]. The megabody can further stabilize the
protein, thereby preventing it from unfolding.

Another approach to increase the size of Nbs is the assembly into a so called Legob-
ody [2]. Hereby, the Nb is bound to two scaffolds, a Fab fragment of an antibody raised
against the Nb and a maltose binding protein fused to a part of protein A which is able
to bind the Nb [2] (Figure 5.1b). The overall construct has a molecular weight of 120 kDa
and was shown to facilitate cryo-EM structure determination of two small proteins with
a molecular weight of around 22 kDa which otherwise would have been too small to be
resolved by cryo-EM. The additional size and particular shape of the Legobody facilitates
particle alignment as described previously for the megabodies.

To tackle the problem of flexibility and heterogeneity in cryo-EM, there were various
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MBP fused to a
part of protein A

Nanobody

Figure 5.1: Overview of the megabody and legobody assembly. (a) Structural representation of two megabod-
ies consisting of a Nb coupled to a scaffold protein. The image is adapted from [1]. (b) Structural representation
of alegobody adapted from [2].

improvements in software throughout the last years. Typically, 3D reconstruction meth-
ods in cryo-EM result in a single rigid 3D structure, where moving parts of the protein
are blurred out and poorly resolved. New algorithms can take flexibility into account
and infer a model of the particle flexibility from the 2D images [3-5]. We made use of
this to visualize the flexibility of the a-helical middle domain of GBP1 in chapter 3.

Nanobodies have the potential to link structural data with functional data.
Since their discovery in 1993 [6], Nbs have become a versatile tool in various applications
such as molecular imaging, as nanobody-mediated drug delivery system or as tools in
structural biology [7]. A powerful application to link structural data with functional data
is to use Nbs as fluorescently labelled intrabodies inside cells [8]. As shown in chap-
ter 2, we were able to identify Nbs that would only bind to dimeric GBP1 and not to
its monomeric form, as well as Nbs that would prevent dimerisation. With those Nbs,
we found a way to differentiate between oligomeric states of GBP1 as well as to actively
interfere with the dimerisation and coat formation of GBP1 to study the biological impli-
cations on downstream effectors of GBP1 in regards to pathogen restriction and pyrop-
tosis. If the observed specificity of multiple described Nbs for GBP1 holds true for the
other GBP homologs (GBP3-GBP?7), it could be a powerful tool to study earlier described
hetero-dimers of GBP [9]. With the here identified Nbs we created a toolbox for future
biochemical and cell biological studies of GBPs.

Alternatives of Nb generations without requiring animal immunization

One disadvantage of Nbs is that the generation often involves animal immunization,
which in addition to requiring living animals is costly and time consuming. Another
option to generate Nbs is from synthetic libraries or naive libraries [10-12] which are
especially useful when working with toxic, harmful or contagious material that cannot
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be injected into an animal or when working with DNA which might fail to trigger an
immune response [13]. To create a naive library blood is taken from a non-immunized
animal making use of the natural diversity of the animal’s immune system [14]. For a
synthetic library, a scaffold structure is chosen and the sequences at the complementary
determining regions are randomised [13]. The disadvantage of naive libraries lies in the
fact that they require large amounts of blood from animals and in order to obtain Nbs
that bind the target with high affinities an affinity improvement step might be necessary
[13, 14]. Additionally, the immune system was not specifically triggered and therefore
no over-expression of the target specific Nbs occurred. Nbs generated synthetically on
the other hand can result in stability problems and exhibit more issues regarding proper
folding of the Nbs [15].

Improvements towards a publicly accessible Nb database

Despite the various areas of application and huge potential Nbs possess, it is not trace-
able how many Nbs have been generated up to date. Databases to monitor Nbs are
sparse and not well managed, which is especially surprising considering that Nb gen-
eration most of the time involves animal immunization which additionally to the need
of using living animals is timely and costly. First attempts to collect Nb sequences in a
general databank have been made by the Institute collection and analysis of Nbs (iCAN)
[16] and the Single Domain Antibody Database (sdAB-DB) [17]. A newer attempt from
the integrated Nb database for immunoinformatics (INDI) identified 18.000 sequences
originating from either manually curating publications, from structures in the protein
databank or from the NCBI GenBank (August 2021) [18]. As this is most likely only a
small fraction of all discovered Nb sequences, it highlights the importance of standard-
ized databases for Nb sequences, to avoid repetitive immunization of animals with the
same antigen and to benefit a broader scientific community.

Structural biology in times of structure prediction methods
Within the last years, the field of structural biology has undergone some drastic changes
with the introduction of structure prediction methods such as AlphaFold2 or RoseTTA-
Fold [19, 20]. Those structure predictions provided results that were very close to exper-
imentally determined structures, which has been considered a massive developmental
progress. With the ability to use the AlphaFold algorithm and by having a large collection
of pre-calculated protein structures in the AlphaFold Database at the European Bioinfor-
matics Institute, the availability of predicted protein structures has massively increased
[19, 21, 22]. Despite the advantages coming from such a fast Al-driven structure deter-
mination, there are still some major considerations. First of all, AlphaFold only predicts
the polypeptide part of the protein, unable to predict ligands, ions or posttranslational
modifications. Moreover, AlphaFold displays difficulties when predicting larger proteins
or protein complexes. In the case of the full length GBP1-dimer, AlphaFold failed to
correctly predict the cross-over arrangement of the middle domain and C-terminal a-
helical domain which we determined experimentally, once more highlighting the de-
mand for experimental structural biology.

Finally, the results from AlphaFold do not represent the different states a protein can
adopt, but rather represents one fold. The strength on the other hand is that it enables
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structural biologists to use AlphaFold as a tool, setting the starting point for further ex-
perimental work, to understand the proteins mechanism as well as its role in a cellu-
lar environment. Especially docking protein-structure predictions into molecular en-
velopes obtained from cryo-electron tomography has a lot of potential to get further in-
sights of large multi-protein assemblies.

Advances in sample preparation for cryo-EM

While there have been impressive advances in the field of structure prediction, sam-
ple preparation for cryo-EM has remained largely unchanged over the years and sample
preparation often keeps being the bottleneck in the cryo-EM workflow. Common prob-
lems in sample preparation are related to the ice thickness and originate from the fact
that reproducing a certain ice thickness can be challenging. Other issues arise from the
interaction of proteins with the air-water interface which can result in preferred par-
ticle orientation, but also in protein denaturation and protein aggregation [23]. Solu-
tions to circumvent the above described challenges, include the addition of binding
partners, the addition of detergents or the use of thin support films. Recently there
have also been technical advances circumventing the blotting step in sample prepara-
tion which is difficult to precisely control. Those technical advances include the devel-
opment to spray picoliter-sized droplets of solution onto a grid before rapidly plunge-
freezing the grids (Spotiton) [24-26]. Another development are nanofluidic chips, that
contain nanochannels with a uniform thickness, eliminating the issue of proteins to po-
tentially interact with the air-water interface and the advantage of very small picoliter
sample volumes [27]. Combining those methods with the potential to perform a more
efficient grid screening, could benefit challenging projects such as ours to accelerate EM
grid preparation with thin ice and a good coverage of particle orientation, enabling 3D
structure determination.

One big potential in cryo-EM lies in the possibility to perform time-resolved struc-
tural studies that are in the millisecond range. While the actual freezing process is quite
fast, the steps of sample deposition and blotting usually take multiple seconds limiting
achievable time-resolution cryo-EM [28]. There are however multiple attempts to make
time-resolved cryo-EM feasible. In the case of GBP], this could enable us to follow the
structural changes induced by GTP hydrolysis as well as coat formation on membranes
and potential membrane deformations. One approach is to mix two solutions together
either before applying them on an EM-grid or directly on the grid, while the second ap-
proach is to use flash-photolysis [26, 29-32]. Flash-photolysis uses molecules that can
be light activated (such as a caged form of GTP), which are illuminated by a light source
just before plunge freezing the EM grid.

Understanding the antimicrobial mechanism of GBPs

Recent progress has been made to resolve the ability of GBP1 to directly bind to LPS, ini-
tiating the binding of other members of the GBP family as well as caspase-4 and creating
a signalling platform [33-36]. In chapter 3 we add to this knowledge by describing the
ultrastructure of the GBP1 coat on SUVs as well as on different types of LPS using cryo-
EM. Despite this progress, the mechanistic implications of coat formation are still un-
known. GBP1-induced membrane rupture has not been shown for gram negative bacte-
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ria yet, but we observed membrane tubulation and membrane deformation as described
in chapter 3, which could be a more indirect way of destabilizing membranes. Addition-
ally, tubulation might enable the presentation or liberation of LPS molecules to cytosolic
binding partners such as caspase-4 [37, 38], that are otherwise unable to interact with
the lipid-A part of the LPS. Quantitative methods measuring LPS release as well as time
resolved high resolution experiments resolving different time steps of GTP-hydrolysis
and its effect on membranes will hopefully give important clues on the mechanism un-
derlying GBP1 coat formation.

One remaining mystery is how GBPs are able to interact with a very broad range of
membranes, including the membranes of protozoan such as Toxoplasma gondii, gram
negative bacteria but also to host-derived pathogen containing vacuoles. How are GBPs
able to target such a broad range of membranes, without targeting their own hostmem-
branes? The identification of patterns enabling the GBPs to differentiate self from non-
self will be of major interest. So far, there is also no explanation why it could be use-
ful that GBP1 contains a farnesylation moiety while GBP2 and GBP5 are geranylgerany-
lated. In chapter 4 we study what kind of effect the type of prenylation has on self-
oligomerization processes as well as its interaction with membranes in vitro. Systems
studying GBPs in vivo have shown that despite their prenylation, GBP2 and GBP5 are un-
able to coat gram-negative bacteria or Toxoplasma gondii by themselves [34, 39]. Study-
ing different types of parasites might give some indications on whether geranylgeranyla-
tion preferentially interacts with certain types of membranes or types of LPS. First hints
in this direction have emerged from studies with FE novicida and S. flexneri, where a mu-
tant allowing geranylgeranylation of GBP1 showed an increased recruitment to E novi-
cida compared to farnesylated GBP1 [40]. Additionally, determining the affinity between
farnesylated and geranylgeranylated GBPs and different types of membranes might give
some insights on why there are GBPs with either a farnesyl or a geranylgeranyl moiety.
Studying the effect of prenylation on the GTPase activity of GBPs more systematically
might also help to understand the impact different types of prenylation can have on the
GTPase activity for example whether this could be a potential mechanistic effect used by
the cells to up or down regulate the GTPase activity of GBPs.

The ultimate goal will be to mechanistically study the signalling platform including
multiple GBP members as well as caspase-4 on biological membranes and to resolve
this structure with cryo-EM and cryo-ET. One major difficulty will result from the fact
that the different GBPs are similar in molecular weight, potentially adopting a compa-
rable fold. Ideally we would like to use our earlier described Nb toolbox (chapter 2) to
help us differentiate different GBP members as well as specifically label them fluores-
cently to follow the assembly of the complex. For this purpose using a correlated light
and electron microscopy (CLEM) approach could be extremely powerful enabling high
resolution imaging in a cellular context.
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Summary

Mammalian cells have acquired a repertoire of defense strategies to deal with intracellu-
lar pathogens summarized as cell-autonomous immunity. In this thesis we studied one
family of interferon inducible effector proteins involved in this process called guanylate
binding proteins (GBPs). GBPs have been shown to combat a broad variety of pathogens
including bacteria, viruses and protozoa. Due to their important antimicrobial role we
used a structural approach to better understand the underlying oligomerization prop-
erties of GBPs, their organization on membranes as well as the functional implication
originating from membrane binding.

In Chapter 1 we introduced the general concept of cell-autonomous immunity, a process
that describes the ability of an individual cell to defend itself against invading pathogens.
We moved on describing key effector proteins involved in this process called guanylate
binding proteins. Their structure and function was discussed in detail as they were the
main protein of interest in this thesis. After we emphasized the ability of GBPs to hy-
drolyse GTP and to bind to membranes, we highlighted their location within the cell and
especially their antimicrobial functions. We closed this chapter by introducing the main
technique used in this thesis namely cryogenic electron microscopy and we explained
what nanobodies (Nbs) are and how they can be useful for the structural characteriza-
tion of proteins.

In Chapter 2 we explained the production and characterization of conformational spe-
cific Nbs that were derived by immunizing llamas with either monomeric GBP1, farne-
sylated GBP1 or nucleotide stabilized dimeric GBP1. We described different nanobod-
ies that can be used as tools to determine the structure of the GBP1-dimer as well as
nanobodies that were able to disrupt GBP1-dimer formation and GBP1-coat formation.
We further showed in this chapter that some of the identified nanobodies bind to GBP1
while being unable to interact with GBP2. To further understand this specificity, we
compared GBP1 and GBP2 on a sequence level and structural level and determined the
putative interfaces between GBP1 and two of the nanobodies using cryo-electron mi-
croscopy. With the characterization of those conformational specific nanobodies raised
against GBP1, we set the groundwork for future research. Using those nanobodies within
cells will potentially enable us to determine the localization of certain conformational
states of GBP1 as well as the effects caused by disrupting GBP1-dimer formation or GBP1-
coat formation on downstream effector molecules.

In Chapter 3 we used one of the nanobodies characterized in chapter 2 to help us solve
the cryo-EM structure of the nucleotide stabilized GBP1 dimer. Previous attempts solv-
ing the structure of the GBP1-dimer without a nanobody present failed due to strong pre-
ferred particle orientation of the GBP1-dimer and a high degree of structural flexibility.
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We showed that the GBP1-dimer adopts a cross-over shape of its middle domain result-
ing in an outstretched conformation with potentially isoprenylated carboxyl-termini of
the GBP1 dimer pointing into the same direction. This was especially interesting as it ex-
plained how farnesylated GBP1 formed a dense coat on SUVs and different types of LPS-
micelles which we imaged using cryo electron microscopy. Additionally, we observed
that farnesylated GBP1 formed tubular membrane protrusions, a potential mechanism
for GBP1 to destabilize membranes.

In Chapter 4 we expanded our view from GBP1 to GBP2 and took a closer look at the
differences of their self-assembly properties and abilities to coat membranes. We suc-
cessfully geranyl-geranylated GBP2 (GBP2) in vitro as well as farnesylated a GBP2-CTIS
mutant. This enabled us to study whether the observed results originated from the type
of prenylation or from GBP specific characteristics. While we showed that GBP2; forms
similar micelle like structures as farnesylated GBP1, there was no coat formation ob-
served for GBP2 or farnesylated GBP2-CTIS. Despite highlighting that additionally to
the type of prenylation, GBP1 possesses certain characteristics enabling coat formation
that GBP2 seems to lack, we also revealed that the type of prenylation had an effect on
the GTPase activity of GBP2.

To conclude the thesis, in Chapter 5 we put our findings into a broader context. We
discussed the current state of research, highlighted ongoing developments in the field
and made suggestions for future experiments.



Samenvatting

Dierlijke cellen hebben een repertoire aan verdedigingsstrategieén ontwikkeld om intra-
cellulaire pathogenen af te wenden. Samengevat is dit de cel-autonome immuniteit. In
dit proefschrift onderzochten wij één van de interferon induceerbare eiwit families ge-
naamd "guanylate binding proteins"(GBPs). Het is aangetoond dat GBPs verschillende
pathogenen tegengaan, waaronder bacterién, virussen en protozoa. Vanwege hun be-
langrijke antimicrobiéle rol onderzochten wij met een structuur-gerichte aanpak de on-
derliggende oligomerisatie eigenschappen van GBPs, hun organisatie op het membraan
en de functionele implicaties die voortkomen uit membraan binding.

In Hoofdstuk 1 introduceerden we het algemene concept van cell-autonome immu-
niteit, een process dat beschrijft hoe een cel zich kan verdedigen tegen binnengedrongen
pathogenen. Daarna beschreven we de belangrijkste eiwitten in dit proces, de "guany-
late binding proteins". We hebben de structuur en functie van deze eiwitten, de focus
van dit onderzoek, in detail uiteengezet. Eerst benadrukten we hoe GBPs GTP kunnen
hydrolyseren en membranen kunnen binden, vervolgens lichtten we hun locatie bin-
nen de cel en in het bijzonder hun antimicrobiéle functie uit. We sloten het hoofstuk
af met een introductie van de belangrijkste techniek gebruikt in dit proefschrift, cryo-
electronen microscopie, en we lichtten toe wat nanolichamen ('nanobodies’, Nbs) zijn
en hoe deze nuttig kunnen zijn voor het characteriseren van de structuur van eiwitten.

In Hoofdstuk 2 legden we de productie en characterisatie van conformatie-specifieke
Nbs uit die worden gewonnen door lama’s met monomerisch GBP1, gefarnesyleerd GBP1,
of nucleotide-gestabiliseerd dimerisch GBP1 te immunizeren. We beschreven verschil-
lende nanolichamen die gebruikt kunnen worden om de structuur van de GBP1 dimeer
te bepalen en nanolichamen die in staat zijn de dimerisatie en vachtvorming van GBP1
te verstoren. Daarnaast toonden we in dit hoofdstuk aan dat sommige geidentificeerde
nanolichamen in staat zijn GBP1 te binden, maar geen interactie vertoonden met GBP2.
Om deze specificiteit verder te begrijpen vergeleken we GBP1 en GBP2 op sequentie-
niveau en structuurniveau en bepaalden we het vermoedelijke bindingsraakvlak tussen
GBP1 en twee van de nanolichamen door middel van cryo-electronen microscopie. Met
de characterisatie van deze conformatie-specifieke nanolichamen tegen GBP1 hebben
we het fundament gelegd voor toekomstig onderzoek. Het gebruik van deze nanolicha-
men stelt ons mogelijk in staat om de localisatie van zekere conformationele toestanden
van GBP1 te bepalen en de effecten te bestuderen van het verstoren van GBP1 dimerisa-
tie en vachtvorming op effectormoleculen.

In Hoofdstuk 3 benuttigden we één van de nanolichamen beschreven in hoofdstuk 2

Dank aan Maarten Joosten voor het vertalen van deze samenvatting.
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om de cryo-EM structuur van de nucleotide-gestabiliseerd dimerisch GBP1 op te lossen.
Eerdere pogingen om de structuur op te lossen zonder nanolichaam mislukten vanwege
de sterke preferentiéle oriéntatie van de GBP1 dimeer en een hoog gehalte aan structu-
rele flexibiliteit. Wij waren in staat aan te tonen dat de GBP1 dimeer een gekruisde vorm
aanneemt in het middelste domein, wat resulteert in een uitgestrekte conformatie met
mogelijke geisoprenyleerde carboxyl-uiteinden van de GBP1 dimeer in dezelfde richting
gericht. Dit is in het bijzonder interessant omdat het uitlegt hoe GBP1 in staat is een
dichte vacht te vormen rondom SUVs en verschillende typen LPS-micellen die we heb-
ben bekeken met behulp van cryo-electronen microscopie. Daarnaast observeerden we
dat gefarnesyleerd GBP1 in staat is om buisvormige membraanuitstulpingen te vormen,
een potentiéel machanisme voor GBP1 om membranen te destabiliseren.

In Hoofdstuk 4 breidden we onze blik uit van GBP1 tot GBP2 en namen een dich-
tere kijk op de verschillen in hoe deze eiwitten zichzelf monteren en een vacht vormen
rondom membranen. We slaagden erin GBP2 in vitro te geranyl-geranyleren (GBP2¢)
en om een GBP2-CTIS mutant te farnesyleren. Dit maakte het mogelijk om te bestude-
ren of de eerder geobserveerde resultaten voortkwamen uit het type prenylatie of uit de
GBP-specifieke eigenschappen. Hoewel het ons lukte om aan te tonen dat GBP2 verge-
lijkbare micelstructuren vormt als gefarnelyseerd GBP1, konden we geen vachtvorming
observeren voor GBP2¢ of gefarnelyseerd GBP2-CTIS. Ondanks dat we uitlichtten dat
naast het type prenylatie, GPB1 eigenschappen bezit die vachtvorming mogelijk maken
die GBP2 niet lijkt te delen, waren we in staat om aan te tonen dat het type prenylatie
een effect had op de GTPase activiteit van GBP2.

Ter afronding van het proefschrift plaatsten we in Hoofdstuk 5 onze bevindingen
in een bredere context. We zetten de huidige staat van onderzoek uiteen, lichtten de
voortdurende ontwikkelingen toe in het veld en maakten suggesties voor toekomstige
experimenten.
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