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Abstract

Guanylate binding proteins (GBPs) are interferon-y-activated large GTPases, ef-
fective against intracellular pathogens like Tozoplasma gondii. Their host-protective
functions require oligomerization, however, the oligomer structures have not been com-
pletely resolved yet. Here, we provide dimer models for hGBP1 and the murine GBPs 2
and 7 (mGBP2 and mGBP7) based on integrative modeling that involves the crystal
structure of the G domain dimer of hGBP1, cross-linking mass spectrometry (XL-MS),
small angle X-ray scattering (SAXS), protein-protein docking, and molecular dynamics
(MD) simulations of hGBP1, mGBP2 and mGBP7. We first compare the sequences
and protein dynamics of the monomeric hGBP1, mGBP2, and mGBP7, finding that
the M/E domain of all three proteins is highly mobile featuring a hinge movement,
yet this motion is less pronounced in mGBP7 while its GTPase (G) domain is more
flexible. These differences can be explained by the variations in the sequences between
mGBP7 and hGBP1/mGBP2 and extend to their dimers. While hGBP1 and its close
orthologue mGBP2 dimerize via their G domains, mGBP7 shows a variety of possible
dimer structures, among them parallel and crossed-stalk conformations. The G domain
is only partly involved in mGBP7 dimerization, which provides a rational why mGBP7,
unlike hGBP1 and mGBP2, can dimerize in the absence of GTP. The different GBP
dimer structures, which still exhibit hinge movements to certain degrees, are expected
to encode diverging functions, such as a destabilization of pathogenic membranes or
fusion of the parasitophorous vacuole membrane with the autophagic machinery.

Keywords: guanylate binding proteins, protein—protein docking, MD simulation,
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1 Introduction

Dynamin superfamily proteins (DSPs) are mechanochemical enzymes, converting GTPase
activity into some of the highest torques observed for proteins, which is then used for
membrane fusion or fission.*# In contrast to the smaller Rat sarcoma virus (Ras)-like
GTPases, DSPs exhibit lower substrate affinity but higher basal hydrolysis rates, which
is highly stimulated upon oligomerization.” Furthermore, no accessory proteins, such as
GTPase-activating proteins or guanine nucleotide exchange-factors are required since these
functions are already encoded in the corresponding GTPase effector domain.® The oligomers
of DSPs form ordered rings, lattices or helices, thereby tubulating membranes,? and are
thus involved in critical cellular functions, such as endocytosis, mitochondrial membrane
tubulation, cell division, and vesiculation.”*

Since some of the DSPs have been studied separately, the nomenclature of domains is not
unified, although they are functionally homologous and feature a modular composition of
domains. Some examples are depicted in Fig. . The GTPase domain (G domain) is the only
conserved domain at the sequence level, and it shows the typical motifs of a nucleotide-binding
domain (G1-Gb5, switchl (SW1), switch2 (SW2)), in total spanning about 300 continuous
residues. GTPase activity, although stimulated by multimerization, is usually not dependent
upon it.™ In the case of dynamin, an intramolecular interaction can replace intermolecular
complementation of the G domains.”” Other domains of DSPs are structurally conserved,
even if they are not homologous in sequence. The bundle signaling element (BSE or neck or
helical bundle 1) is an elongated helical domain that is in contact with the G domain via the
so-called hinge 2 and connects to the stalk (or trunk or middle/effector-domain or helical
bundle 2) domain via hinge 1. The membrane interaction can be mediated by a pleckstrin

homology (PH) domain, the L4 loop, a variable domain (VD), a paddle or a C-terminal

region (Fig. and B).”
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Figure 1: Structural organization and dimerization modes of DSPs and GBPs. (A)
Schematic domain organization of selected DSPs: atlastin 1 (ATL1), myxovirus resistance protein 1
(MxA), bacterial dynamin like protein (BDLP), dynamin-related protein 1 (Drpl), OPA1 (from
optic atrophy gene 1).2610 DSPg exhibit a highly conserved large GTPase domain (G domain, red),
a structural element or domain for membrane binding (violet) which can be a transmembrane (TM)
domain, the L4 loop of the G domain, a paddle domain, a variable (VD) domain, or a pleckstrin
homology (PH) domain, two elongated a-helical bundle domains called stalk (green), and a bundle
signaling element/helical bundle (BSE/HB, orange). The function of each DSPs is given on the
right. (B) Schematic domain organization of GBPs. They are split into three domains: the large
GTPase (G) domain (red), the middle (M) domain (green), and the effector (E) domain (blue),
followed by a region responsible for membrane binding. It is either a CaaX box for isoprenylation
or an elongated C-terminal (CT) tail. (C) The structure of mGBP7 is shown as cartoon. The
helices discussed in this work (a4’, a7-13) are indicated. At the C-terminus, mGBP7 features a
helical CT tail, while hGBP1 and mGBP2 become isoprenylated with either a farnesyl (hGBP1)
or a geranylgeranyl (mGBP2) group (2D structures on the right). (D) Close-up of the G domain
of mGBP7. The four conserved GTP-binding site motifs and other important structural elements
are highlighted: P-L or G1 (dark red), SW1 or G2 (blue), SW2 or G3 (magenta), G4 plus loop L2
(G4+L2, turquoise), loop L1 (green), guanine cap (GC, red), and a4’ (red). The bound nucleotide
GTP is shown with sticks and colored by atom type and Mg?* is shown as a yellow sphere. (E)
Known DSP dimerization modes are shown for Drpl (PDB ID 4BEJ),™ hGBP1 (PDB ID 2BC9)3
featuring the G-G domain dimer,2 ATL1 (PDB ID 3Q5D),22 and BDLP (PDB ID 2W6D).23 In
general, the dimerization occurs via the stalk regions (Drpl) or via the G domains (ATL1, hGBP1,
BDLP). Panels A, B, and E were created with BioRender.
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One subfamily of DSPs is the guanylate binding protein family (GBPs, Fig. ), which are
known, among others, for their anti- Tozoplasma gondii,**™7 anti-HIV *® and anti- Chlamydia

L9200 activity. Using bioinformatic/phylogenetic methods, seven human GBPs

trachomatis
(hGBP1 to hGBP7) and 11 murine GBPs (mGBP1 to mGBP11) have been identified.***!' In
this work, we will concentrate on hGBP1, mGBP2, and mGBP7, continuing our previous
studies of hGBP1,% mGBP2,% and mGBP7.%Y The GBPs exhibit three domains (Fig. :
(1) a GTPase domain (G domain) for GTP binding and hydrolysis (Fig. [ID), (2) a middle
domain (M domain) for regulation, and (3) a GTP effector domain (E domain) for interactions
with lipid membranes. The M and E domain (called M/E domain herein) give the GBPs an
elongated shape. The E domain can contain a CaaX motif at the C-terminus, which is the
case for hGBP1 and mGBP2, resulting in an isoprenyl lipid anchor after post-translational
modification, while in the case of mGBP7 the protein harbors about 50 more residues at the
C-terminus, which were shown to be essential for membrane binding of the protein (Fig.
and C).** mGBP2 is the murine orthologue of the well-studied hGBP1. It has been shown
that mGBP2 binds to the membrane of the T. gondii parasitophorous vacuole before mGBP7;
however, the deletion of mGBP7 — compared to mGBP2 — results in a higher lethality of mice
infected by the parasite.*®0 The membrane of the parasitophorous vacuole originates from
lipids of the host cell and the parasite hides within the vacuole to escape from the host cell
defense response. GBPs cycle between monomeric, dimeric, and polymeric states, with the
polymer being formed by thousands of subunits on the parasitophorous vacuole membrane of
T. gondii.%®

To achieve oligomerization, DSPs use up to four interfaces in the helical (stalk) region, and
only once a full helical turn around the invaginated membrane is completed, the G domains
come into contact with the membrane (,,grip“). The substrate GTP, which has previously
been loaded, is now processed to GDP, which leads to a conformational change (,,pull“),
where the dynamin filaments slide against each other, constricting the membrane. GDP

is weaker in promoting oligomerization, possibly leading to dissociation once the cycle is
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complete.“®*® While nucleotides are necessary for oligomerization of most DSPs, mGBP7 can
form dimers in the absence of GTP, whereas mGBP2 dimerization is mostly dependent on
nucleotide binding.”* Nucleotide-independent oligomerization has also been found for OPA1
(from the optic atrophy gene 1, Fig. [[J]A).™ Moreover, GBPs are able to hydrolyze GDP
further to GMP, which suggests that they remain in an oligomeric state even after hydrolysis.
The second hydrolysis takes place either in a tetrameric state, or in a drastically extended
conformation of the dimer.??3% According to Sistemich et al.,*Y binding of GTP to hGBP1
leads to solvent exposure of the farnesyl anchor, then dimerization via the G domains takes
place, and in the transition state, the helix «12 folds out and/or further oligomerization
occurs. When GTP is scarce, these polymers dissociate, indicating that GMP cannot stabilize
the polymer.?! Oligomers are also more strongly associated with membranes, due to the
high local concentration of membrane-binding motifs.”# Several studies suggest functional

33H35

heterodimerization as a key concept for DSPs, especially proteins that are localized on

the same chromosome and are thus transcribed together tend to associate.**% With regards
to GBPs, this specifically applies to mGBP1/mGBP2 and mGBP3/mGBP7.

Membrane fission is likely to require several continuous cycles of constriction, until the
membrane tubule thickness is thin enough for the two eventually separating bilayers to touch
each other. Examples of DSPs enabling fission are dynamin, dynamin-related protein 1
(Drpl), and Dnmlp, a yest protein homologous to Drpl. Fusion, on the other hand, requires
the association of at least two proteins to opposing membranes (tethering) and subsequent
conformational change, putting them in close spatial proximity to initiate the fusion process.*"
Fusion DSPs, such as atlastin, Seylp, mitofusins, OPA1, MGMIlp, and LeoA/B/C, have
permanent membrane binding ability, function as dimers, and have a fused BSE/stalk
domain.*” Intriguingly, some proteins can serve both functions, i.e., fission and fusion, such
as Vpslp and NosBDLP.®* It is likely that different dimerization motifs could confer different

functions. Dimer structures of DSPs that are deposited in the Protein Data Bank (PDB)

display G domain dimers (hGBP1, Irga6, dynamin), crossed-stalk dimers (dynamin), parallel
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(BDLP, Seylp) and antiparallel (SX9) stalk dimers (Fig. [lE), and higher-order oligomers
that combine several of these interfaces.

Whether GBPs actively destabilize pathogenic membranes, including parasitophorous
vacuole membranes, or fuse them within the autophagic machinery, or both, is still unknown.
However, information about their dimerization patterns and dynamics could yield important
hints. Thus far, only two partial dimer structures of GBPs are available.#¥ The structure by
Ghosh et al.¥ is a dimer only formed by the G domains of hGBP1, while in the structure
reported by Cui et al. two C-terminally truncated human hGBP5 molecules, comprising the
G and M domains, interact lengthwise, with a cross formed at the base of the G domains.
This dimerization mode is similar to the one known for atlastin, which cycles between this
and the G domain dimer structure as seen for hGBP1.5%4Y Based on molecular dynamics
(MD) simulations, we have previously unraveled a large-scale hinge motion taking place in
monomeric and dimeric hGBP1%4 and mGBP2,%** which is also present in the membrane-
bound protein form. For the dimer structures, we assumed the presence of the G domain
dimer as reported for hGBP1.® Here, we test for the existence of alternative dimer structures
of hGBP1, mGBP2, and mGBP7 by applying a combination of protein-protein docking,
small-angle X-ray scattering (SAXS), and cross-linking mass spectrometry (XL-MS). The
stability of the resulting dimer models is analyzed using MD simulations, which at the same
time allows us to contrast the dynamics in the GBP monomers and dimers as well as to
pinpoint the important residues in the dimerization interfaces. In this study, we provide
evidence, that mGBP7 prefers different dimerization modes as compared to hGBP1 and
mGBP2, which ties in with some differences in their sequences and dynamics that are reported

here too.
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2 Results

2.1 Sequence, structural and biochemical comparison of hGBP1,

mGBP2 and mGBP7

First, we compare the protein sequences, molelular structures and biochemical properties of

hGBP1, mGBP2, and mGBP7. Their most relevant properties are summarized in Table

Membrane binding and protein assembly All three GBPs are composed of a G, M,
and E domain,*! with the M and E domain sometimes grouped together as an M/E domain
(Fig. [IB and C). mGBP2 is a close orthologue of hGBP1 with 66.2% sequence identity and
both feature a CaaX motif (residues 589-592) leading to isoprenylation. The mGBP7, on
the other hand, contains 49 additional residues at the C-terminus (590-638, called CT tail)
compared to mGBP2, which mediate the protein binding to a membrane (Fig. [[JC).246
Residues 598-620 were predicted as a transmembrane (TM) helical region using TMpred“2
and mutation experiments indeed confirmed the CT tail to be essential for membrane binding
of mGBP7.2% Thus, all three proteins can bind to lipid membranes. Moreover, in the cytosol,
they form vesicle-like structures (VLS), which can also result from hetero-assembly of mGBP2
co-localizing with mGBP1/3 or mGBP7 with mGBP3.%%%l However, mGBP2 and mGBP7
do not co-localize in VLS.*? For hGBP1 it has been shown that in the presence of GTP
and the farnesyl lipid anchor it polymerizes with the E domain being folded out, leading
to the formation of hGBP1 disks that assemble into tubes and in wvitro, they can tether
membranes.“* Binding of GTP to hGBP1 shifts the monomer—dimer equilibrium in favor
of the dimer, which enhances the GTP hydrolysis.*® However, this was suggested to loosen
the contacts between the G domains defining the dimer, provoking E domain contacts to be

formed, which is followed by GDP hydrolysis and dimer dissociation, #3240
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Table 1: Summary of properties of hGBP1, mGBP2, and mGBP7. Abbreviations:
GBP — guanylate binding protein; VLS — vesicle-like structure; h — human; m — murine, Kp —
dissociation constant; CT tail — additional C-terminal residues; 3-letter code for amino acids.

Property

hGBP1

mGBP2

mGBP7

Sequence length (UniProt ID)

592 (P32455)

589 (QYZOESG)

638 (Q91Z40)

Sequence identity [%] mGBP2: 66.2 hGBP1: 66.2 hGBP1: 50.2
mGBP7: 50.2 mGBP7: 46.6 mGBP2: 46.6

Sequence similarity [%)] mGBP2: 76.3 hGBP1: 76.3 hGBP1: 63.0
mGBP7: 63.0 mGBP7: 58.8 mGBP2: 58.8

Lipid anchor yes yes no

(CTIS; farnesyl)

(CTIL; geranylgeranyl)

(elongated CT tail)

GTP binding for dimerization favored yes no

GTP — GDP — GMP yes yes yes

GTP affinity (Kp in uM) 1.1% 0.4548 0.2244
GTP binding residues (G4) TLRD TLRD TVRD

G domain stabilization by GTP yes?2 yes® no (in this paper)
Cytosol organization VLS VLS VLS
Colocalization with other GBPs not known mGBP1/3% mGBP3

Abbreviations: GBP — guanylate binding protein; VLS — vesicle-like structure; h — human; m —
murine, Kp — dissociation constant; CT tail — additional C-terminal residues; 3-letter code for
amino acids.

GTP binding and hydrolysis The G domain contains the four G motifs (G1-G4) needed
for the GTP hydrolysis, the guanine cap, the loop 1 (L1), and the a4’ helix involved in
membrane interactions (Fig. [ID). All three GBPs can hydrolyze GTP to GMP in a two-step
mechanism, which is a big difference to other DSPs where the hydrolysis stops at GDP 24950
However, none of the GBPs is able to directly bind GDP, i.e., it can only be processed
as an intermediate following GTP hydrolysis.*##®4¥ The GTP binding affinity is slightly
different between the proteins, with mGBP7 having the highest and hGBP1 the lowest affinity

(Table . To understand the differences in the GTP binding, we aligned the sequences of
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hGBP1, mGBP2, and mGBP7 using T-coffee®?2 and analyzed their amino acid compositions
in terms of physicochemical properties (Fig. S1). This extends to a representation of their
electrostatic potential surface (EPS) for the whole protein and the GTP binding site in
particular (Fig. S2). All three GBPs are rather negatively charged on one side of the protein
along the M/E domain, yet feature a mix of positive and negative charges on the opposite
side, yet with a higher share of positive charges in the G domain on that protein side. Of the
three proteins, mGBP7 is the most negative on either side, followed by mGBP2. However,
the GTP binding region of mGBP2 is more positive than in hGBP1, which might explain
mGBP2’s higher affinity for GTP.4%® Though this reasoning should be taken with caution,
as the GTP affinity of mGBP7 is even higher, yet its GTP binding region is not more positive
but contains mixed charges.

The G1 motif, also called phosphate-binding or P-loop (P-L), is highly conserved and is
key for GTP binding and hydrolysis. The two most important residues are R48 serving as
arginine finger and K51 being responsible for GTP hydrolysis. The K51A mutant drastically
impairs GTP binding: in hGBP1 by ~50-fold (Kp = 53 uM),4” in mGBP2 by ~100-fold
(Kp = 44.1 uM),*¥ and mGBP7 lost its GTP binding ability altogether.** Moreover, only
negligible GTP hydrolysis and no dimerization takes place for the K51A mutant of hGBP1 and
mGBP2, while the mGBP7 mutant can still dimerize as it does not require GTP for this. The
R48A mutant of hGBP1 showed a slightly increased GTP binding affinity (Kp = 0.34 uM)
but a decreased GTP hydrolysis, and dimerization still takes place.*® Kravets et al. further
revealed in 2016 that the R48A mutant has a decreased capacity for recruitment to the
parasitophorous vacuole membrane, while the K51A mutant lacks this ability completely,
which is accompanied by its inability to polymerize/localize in a VLS and to control T. gondii
growth at all.?® For hGBP1, Zhu et al. demonstrated in 2013 that the antiviral function

t.59 These observations underscore

against influenza virus A is reduced by the K51A mutan
the importance of the G1 motif for the function of these GBPs.

The sequences of the next two G motifs, G2 and G3 (also called switches SW1 and SW2),

10
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feature like G1 only minor changes among the three proteins. Only for the surrounding
residues of SW1 we identified changes, such as Q72 and H74 in hGBP1 and mGBP2 became
R72 and E74 in mGBP7. In hGBP1, the mutants Q72A, H74A, T75A and E99A led to a
decreased GTP binding and hydrolysis with reduced GMP production.*” Another function
of H74 was recently identified, as it was found to play a critical role as a distant molecular
switch for the E domain releasing from the G domain of hGBP1.*¥ The SW2 of mGBP7
harbors more hydrophobic and also more positively charged residues, while in mGBP2 these
are more polar and negatively charged than in hGBP1 and mGBP7. However, the key
residues T75 of SW1 needed for interactions with Mg?™ as well as S73 of SW1 and E99 of
SW2 required for coordinating the nucleophilic water molecule during the hydrolysis reaction
are the same.**” For mGBP2, only data of an E99A mutant is known, which shows decreased
GTP hydrolysis, a low multimerization capability, and a reduced binding to parasitophorous
vacuole membranes.”*¥® For mGBP7, there are no such mutation data available yet.

The G4 motif, which is responsible for mediating nucleotide specificity together with the
loop 2 (G4+12), is more positively charged in mGBP7 than in the other two GBPs. The first
residues of that motif are not very different among the three proteins. An interesting change
occurred at position 182 and 184 in mGBP2/7 and hGBP1, respectively, where a valine is
found in mGBP7 as compared to a leucine in hGBP1 and mGBP2. The mutations D182N
and D184N in hGBP1 and mGBP2, respectively, resulted in a 20 fold lower affinity for GTP
and led to a reduction in the GTP hydrolysis rate, cooperativity, and GMP formation.2247
Moreover, the D182N mutant of mGBP2 might have a similar effect on multimerization and
controlling T. gondii growth as the K51A mutant, which is dysfunctional with regard to GTP
hydrolysis.””8 The position 182 is therefore an interesting candidate for future mutational

studies of mGBP7 to assess its involvement in GTP binding and hydrolysis.

G domain loops The most important element for dimerization of hGBP1 is the guanine

cap, which is an unstructured loop region.**4 In hGBP1, two arginine residues, R240 and

11
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R244 exhibit a key role for the dimerization.”® Interestingly, mGBP7 has oppositely charged
residues in that region. Examples are R244 in hGBP1 and R242 in mGBP2 that converted to
D242 in mGBP7, and K246 in hGBP1 and Q244in mGBP2 became E244 in mGBP7 (Fig. S1).
As a result, the overall charge of the guanine cap in mGBP7 is —3 while it is neutral in
hGBP1 and mGBP2. The other larger loop region of the G domain is the loop 1 (L1), which
in mGBP2 is more hydrophobic and polar but less charged than in hGBP1 and mGBP7.
It can therefore interact with the geranylgeranyl lipid anchor and also the helix a12 of the
E domain.*® The a4’ helix, which belongs to the G domain, also interacts with the «12 as well
as with «13 via salt bridges, which keeps the E domain close to the G domain.?* For hGBP1
it was demonstrated that this "lock" can be broken by GTP hydrolysis, releasing the whole
E domain from the G domain in order for hGBP1 to polymerize and tether membranes 4344
Interestingly, mutating the hGBP1 residues F171 and F175 in L1 and F229 in a4’ to alanine
leads to a higher rate in GDP hydrolysis, even though these residues are quite far away
from the active site.** The same is true for the E227A /K228A mutant, which disrupts the
intramolecular interactions between a4’ and «12/13, enabling release of the E domain from
the G domain. Not much is known yet about the biochemical importance of the same residues

in mGBP2 and mGBP7, yet their involvement in the protein dynamics and dimerization will

be investigated within this study.

M/E domain All three proteins harbor a considerable amount of charged residues in the
M/E domain. A major difference is that the M domain of mGBP7 has an overall charge of
+10, whereas that charge is —2 and 0 in hGBP1 and mGBP2, respectively (Fig. S1B). This
might be of relevance for the membrane binding of mGBP7, especially since these positive
charges are preferentially found on one side of the protein (Fig. S2A) and are augmented
by an overall positive charge of +3 of the CT tail, which was already demonstrated to be
essential for membrane interaction.”* Another common feature of the three protein sequences

is that positively or negatively charged residues are repeated twice or more often and the
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opposite charges tend to cluster together. Examples are (i) triply repeated residues of the
same charge, like 17/M9EEEN9/421 in mGBP2/hGBP1 and “*"RKK*! in mGBP7; (ii) mixture
of positively and negatively charged residues, often in repeats, like 3** EKKRDD?* in hGBP1,
BIKRD3! in mGBP2, and 3¥*EEKRED? in mGBP7. The second variant occurs more often
in all three GBPs. In mGBP7, however, there are more breaks by polar and hydrophobic
residues between the charged stretches, which are therefore more distributed along the helices.
The helices a12/13 are not amphipathic in either of the three GBPs, as the charged residues
are not only solvent-exposed, some of them are also buried (Fig. S2B). For hGBP1 we showed
that some of the charged residues of a12 form salt bridges with the M domain that are crucial
for the stability of that long helix.?® The 13 helices of hGBP1 and mGBP7 feature clusters of
positive charges, * KMRRRK?®" and *" KRK"%, respectively. Alanine-scanning mutagenesis
of the three arginines in a13 helix of hGBP1 ablated the farnesylated protein’s ability to
bind to bacterial outer membranes.®® The mGBP2 does not have repeated lysine or arginine
residues in a13 directly before the CaaX motif, only a single lysine residue (K585), which one
can expect to help in membrane binding together with the longer geranylgeranyl lipid anchor
compared to the farnesyl group in hGBP1. The sequence " KRK?%® in mGBP?7 is directly
before the CT tail, which was demonstrated to be essential for membrane binding.** The CT
tail has a +3 charge, coming from six positively and three negatively charged residues. Of
the other 40 CT tail residues, there are 27 aromatic/hydrophobic ones. This combination of
charges and hydrophobicity allows the CT tail to take over the role of a membrane anchor,

replacing the function of the isoprenyl group of hGBP1 and mGBP2.

2.2 Molecular dynamics of monomeric GBPs

Before establishing dimer models of the three GBPs under investigation, we compare the
dynamics of their monomers, on the one hand to further elucidate possible differences between
hGBP1, mGBP2, and mGBP7, and on the other hand to have the monomer dynamics as

a reference for the dynamics of the proteins when being oligomerized. The dynamics of
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2223 while the dynamics

hGBP1 and mGBP2 was discussed in detail in our previous works,
of mGBP7T is being unraveled in this study. In all three cases, Hamiltonian replica exchange
molecular dynamics (HREMD) simulations were applied to the monomeric proteins. All three
proteins were simulated in their apo-state (denoted hGBP1,,,, mGBP2,,,, and mGBP7,,,
here) and for mGBP2 and mGBP7 we also considered the GTP-bound state (mGBP2¢rp,
mGBP7g7p). For hGBP1 and mGBP7 we used 30 x 400 ns MD replicas and for mGBP2
it was 16 x 200 ns MD replicas (see Table [2| for a list of all simulations). For mGBP2 we
had shown that the smaller HREMD setup was sufficient as no further protein states were
sampled in a 40 x 400 ns HREMD simulation.”® For the analysis, we considered the protein

conformations collected in the HREMD target replica that had no modifications applied to

the potential energy function of either hGBP1, mGBP2, or mGBP7.

Overall protein flexibility The flexibility of the protein monomers was first quantified
by the root mean square fluctuations (RMSF) of the C, atoms (Fig. 2l and S3). Among
the three proteins, hGBP1,,, is the most flexible with RMSF values of up to 15.8 A in the
M/E domain, followed by mGBP2 with maximal RMSF values of 5.1 A at residue 481, which
is at the tip of the M/E domain, in the apo-state and 6.4 A at residue 422 of 10 in the
GTP-bound state, while mGBP7 is the least flexible with maximal RMSF values at residue
588 of a13, reaching 4.1 Ain mGBP7,,, and 4.9 A in mGBP7qrp. The different protein
flexibilities are also visible in Figure [2| where the protein structures are colored according to

the RMSF values.

G domain motions In mGBP2, binding of GTP stabilizes the G motifs and loops of the
G domain, especially also the guanine cap, which is not so much the case for mGBP7. Except
for the P-L motif, these motifs and loops in mGBP7qrp remain flexible with RMSF values

above 2 A (Figs. 2/ and S3).
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Figure 2: Structural fluctuations of the monomeric hGBP1, mGBP2, and mGBP7.
(Left) The protein flexibility, as quantified by the RMSF of the C, atoms during the respective
HREMD simulation, is projected onto the initial structure of hGBP1,,,, mGBP2,,,, mGBP2¢Tp,
mGBP7,,, and mGBP7gTp. Rigid residues are colored in blue and flexible residues are shown in
red, according to the color scale at the top. (Right) The spatial distribution of the residue 480
(i.e., the tip of the M/E domain) is shown as orange cloud to illustrate the hinge motion of the
corresponding GBP monomer. Taking hGBP1,;,, as an example, the definition of the coordinate
system is shown for the quantification of the hinge motion using the motions of the residue 480 with
respect to the initial structure, as measured by Az, Ay, Az and d4gp.
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To further characterize the motions of the G domain motifs and loops, we performed a
clustering analysis of the G domains, with the simulation snapshots being fitted onto the
[-sheets of the corresponding G domain. The resulting numbers of clusters, their populations,
and maximal structural differences between the clusters are summarized in Table S1. The
cluster data show that among the apo-states, mGBP2 has the most stable G domain, which
becomes even stiffer in mGBP2grp, except for L1, which shows only an insignificant RMSF
decrease, and «4’, whose flexibility even increased slightly (3 instead 2 clusters). In mGBP7,
the G motifs and loops are generally more flexible than in mGBP2 and the stabilization by
GTP bindings is also smaller. This is most significant for the guanine cap, for which the
number of clusters decreases only by 14% from mGBP7,,, to mGBP7grp as compared to a
90% reduction in mGBP2. The other structural G domain elements of mGBP7 experience
larger decreases in the number of clusters, yet apart from P-L and G4+L2 they remain rather
flexible in mGBP7grp. This can also be seen in the structural presentation of the clusters in
Fig. S4. The different behavior in these mGBP7 motifs and loops as compared to hGBP1
and mGBP2 largely correlates with the amount and type of changes in their amino acid
composition. In particular the negative charge of the guanine cap in mGBP7, as opposed to
charge neutrality of that region in the other two proteins, might cause its generally higher
flexibility and electrostatic repulsion from GTP. This in turn prevents its stabilization in
mGBP7grp as seen in mGBP2grp where the guanine cap becomes more ordered (Fig. S4).
Interestingly, the relatively high flexibility of the G domain of mGBP7 does not affect the
binding affinity of GTP, which is even somewhat higher for mGBP7 than for hGBP1 and
mGBP2 (Table[1)). It thus seems to be sufficient if the amino acid residues directly involved
in GTP binding, such as R48 and K51 become rigid if GTP is present in order to enable a
stable GTP binding site. It is interesting to note that mGBP7 shows a higher dynamics in
the G domain independent of the GTP loading state, while its M/E domain is more rigid

than in the other two GBPs.

16


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hinge motion of the M /E domain The dynamics of the M/E domain is characterized as
a hinge motion, as first discovered for hGBP12% and then confirmed for mGBP2.23 To quantify
that motion, we computed the motions of residue 480 at the tip of the M/E domain relative
to its position in the crystal structure or homology model during the HREMD simulations.
These motions of residue 480 are provided as changes in its Cartesian coordinates (Az, Ay,
Az, see Fig. [2| top right for the definition of the coordinate system) as well as its Euclidean
distance between the current and reference position (dygp). The resulting data are plotted
as statistical box plots in Figs. S5 and S6, and are illustrated by the spatial distribution of
residue 480 (Fig. . The difference in the three GBPs is mainly described by Ay, while
Az and Az are similar. For hGBP1, motions in all directions are possible, but motions in
+Ay and —Az are favored and resemble a jack-knife where the tip of the M/E domain is
moving towards the G domain. In hGBP1, the absolute motion of residue 480 is the highest
of all three GBPs, with the d4g¢ values reaching up 69.8 A. The tip of the M/E domain of
mGBP2 also favors motions into +Ay direction, in both its apo and GTP-bound state, which
is accompanied by —Ax motions as a result of the jack-knifing of the domain. With regard
to motions along the z coordinate, we see a displacement towards —Az in mGBP2,,, while
with GTP both directions of Az are equally achieved. We revealed that the motions in the
+Az direction are accompanied by a stabilization of the salt bridges between a4’ and «12/13,
which became possible due to a displacement of a4’ towards the E domain as a result of GTP
binding.?* The maximal motion of residue 480 in mGBP2 is slightly lower than in hGBP1,
but can also reach values of about 60 A (mGBP2,,,: max. dygo = 62.4 A; mGBP2¢rp: max.
dago = 58.9 A) In mGBP7,p,, the motion into —Ay and +Az direction is preferred, while in
mGBP7grp the M/E domain tip chooses to move into the opposite direction, i.e., into +Ay
and —Az direction. This implies that, as in mGBP2, GTP binding affects the direction of the
hinge motion, yet in the opposite way, which correlates with the different structural effects
that GTP binding has on the G domains of mGBP7 and mGBP2. Another difference is that

Az is almost zero in mGBP7. This results from the overall smaller jack-knifing in mGBP7,
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as revealed by the maximal displacement of residue 480 (mGBP7,,,: max. dyg0 = 35.2 A;
mGBP7qrp: max. dygg = 37.5 A). This can be also seen from the spatial distribution of that

residue in Fig. [2|

Salt bridges We finish the analysis of the monomeric GBP simulations by assessing
the stability of intramolecular salt bridges that are thought to be relevant during protein
dimerization, in particular salt bridges within the guanine cap and between a4’and «12/13.
The salt bridges in question are shown in Fig. and their occurrences during the simulations
are summarized in Fig. BB. In hGBP1,y,, the salt bridge between K63 and E256 or E257
in the guanine cap has an occurrence below 15%, while a very stable salt bridge with 98%
probability formed between R227 of a4’ and E556 or E558 of a12. In the corresponding
simulation of mGBP2,,,, the salt bridge in the guanine cap (R62-E253) was more stable,
with a population of 40%. However, upon GTP binding this probability decreased to 16%,
which can be explained by the ordering of the guanine cap in mGBP2grp, allowing the
residue R62 to also interact with E249 with 77% probability (only 1.7% in mGBP2,,,). The
salt bridges K226-E573 and R231-E554 tethering «12/13 to a4’, are stable in both mGBP2
states with populations of over 70%, while the salt bridge R225-E561 does not exist in
either monomer state. In mGBP7, the salt bridge R57-E254 in the guanine cap is stable
independent of the GTP binding state, which agrees to the observation that also the structure
of the mGBP7 guanine cap is hardly affected by GTP binding. The other possible salt bridge,
R57-D255, is only formed in mGBP7qtp, yvet also only with 9% probability. With regard
to the a4’-«12/13 interactions in mGBP7, there are several possibilities for salt bridges, in
particular between E222 and R566/K567 as well as R225 and D558/E562. They were all
stable in both mGBP7,,, and mGBP7grp with occupancies above 50%. The only exception

is the E222-R566 salt bridge in mGBP7,;,, for which only a 13% occupancy was found.
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K63 - E256 K63 - E257 R227 - E556 R227 - E558
Monomer,, 13 9 98 0
Dimer model 1 0/0 0/1 82/0 22/0
mGBP2 [%]
R62 - E253 R225 - E554 R225 - E561 K226 - E573 R231 - E554
Monomer,, 40 95 0 84 70
Monomergrp 16 86 0 72 77
Dimer model 1 27/55 84/100 79/28 53/46 0/0
mGBP7 [%]
R57 - E254 R57 - D255 [E222 -R566 E222-K567 R225-D558 R225-E562
Monomer,, 40 0 13 56 91 80
Monomergp 41 9 75 54 77 97
Dimer model 1 99/66 67/22 2/98 82/14 72/82 0/0
Dimer model 2 72/95 0/46 1/71 73/48 68/95 0/3
Dimer model 3 24/61 0/0 0/0 4/23 33/42 96/95
Dimer model 4 59/37 0/0 84/0 56/48 95/76 85/28
Dimer model 5 71/22 0/0 0/74 83/74 34/67 85/90

Figure 3: Intramolecular salt bridges relevant for dimerization. (A) On the left, parts
of the G and the E domain are shown. The location of the salt bridges within the guanine cap and
between a4’ and «12/13 are indicated by an orange and a black box, respectively. On the right, the
zoomed views of these areas are shown for hGBP1, mGBP2, and mGBP7. The possible salt bridges
are indicated by dotted lines between the residues being involved, which are labeled and their side
chains highlighted as red and blue sticks for negatively and positively charged residues, respectively.
(B) Occupancy (in %) of the salt bridges during the simulations. The results for chain 1 and chain 2
are given separately for the dimers. The results are colored based on the occupancy: 0-49%, red;
50-74%, yellow; 75-100%, green.
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An interesting difference between mGBP7 and the other two GBPs is that a4’ of mGBP7
donates a positively and a negatively charged residue for the formation of salt bridges with
a12/13, whereas in hGBP1 and mGBP2 only positively charged residues in a4’ are available
for electrostatic interactions with «12/13. Apart from that, the overall conclusion is that in
all three proteins there are stable salt bridges between the G and the E domain that kept the

three helices a4’, @12 and a3 closely together independent of the GTP loading state.

2.3 Dimer models of GBPs

Our long-term goal is to elucidate the mode of action of membrane-bound GBP multimers
involving up to thousands of subunits. To reach that goal, we first need structures for the
polymerized GBPs and an understanding of their dynamics, especially also in comparison
to the dynamics of their smallest organizational subunits, the monomers, which we just
presented. Here, we continue by providing possible structure models for the smallest oligomer,

the dimer, and assess the stability and motions of these GBP dimers.

2.3.1 Model generation

We created structural models for the dimers of hGBP1, mGBP2, and mGBP7 based on
experimental data, taken from the literature if available or produced within this study,
combined with protein—protein docking. In the case of hGBP1, we constructed the dimer
model using the crystal structure that exists for the dimer of its G domain (PDB IDs: 2B8W,
2B92 and 2BC9%) and aligning the G domains of two hGBP1 molecules with that structure
(Fig. [4)). It should be noted that we modeled the hGBP1 and mGBP2 dimers with GTP being
bound as both proteins only notably dimerize in the presence of GTP,** whereas the
mGBP7 was considered in its apo-state as the dimerization of this protein is not affected by
GTP?* and the experimental mGBP7 data obtained here was also recorded without GTP. We
tested for the existence of alternative hGBP1 dimerization motifs using ClusPro,”® which is a

physics-based protein-protein docking program. As such, it does not incorporate structural
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information from the PDB.?” Nonetheless, the best hGBP1 dimer structure proposed by
ClusPro is very similar to the hGBP1 dimer created from the structure of the G domain
dimer. Their RMSD from each other is only 5.0 A, which is small for the system size under
consideration, and their topological similarity based on the so-called TM-score calculated
with MMalign®® is rather high with a value of 0.73. The TM-score can range between 0 and
1, with 1 corresponding to a perfect match between two structures, a TM-score of > 0.5
indicating that two structures have a similar topology, and a TM-score < 0.17 suggesting
that the structural similarity is close to random . The ClusPro docking scores for the other
hGBP1 dimer models were low, and we therefore did not consider them in our further study.

A similar picture emerged for mGBP2 as a result of its 76.3% sequence similarity with
hGBP1. The most likely mode of dimerization predicted by ClusPro is via the G domains,
resulting in an mGBP2 dimer model very similar to the crystal structure-based one for
hGBP1 (Fig. . The following five best mGBP2 dimer models are also all G domain dimers,
with different rotations of the two proteins with respect to each other, suggesting that this
interface is quite robust. However, these models had considerably lower docking scores than
the top model. The application of AlphaFold-Multimer® to mGBP2 produced the same
outcome, i.e., only G domain dimers were suggested.*? Therefore, only the top mGBP2 dimer

model produced by ClusPro was considered here.
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Figure 4: Structural fluctuations of the hGBP1, mGBP2, and mGBP7 dimers. The
dimer models considered in this work are shown. The overall stability of the dimers was quantified by
the RMSF of the C, atoms during the MD simulations of these dimers. The RMSF was calculated
by aligning the whole dimer and is projected onto the initial dimer model, where rigid residues are
colored in blue and flexible residues in red (color scale at the top). The degree of the hinge motion
of the M/E domains was determined by the spatial distributions of the residue 480, which are shown
as orange clouds. The coordinates used for measuring the hinge motion is the same as in Fig[2] with
each chain of the dimers being aligned individually in that coordinate system. The black arrows
indicate the main motions resulting from PCA analysis.

For mGBP7, the situation is different. First, ClusPro predicts three dimerization modes
of equal likelihood for mGBP7. While one of them agrees nicely to the XL-MS data gathered
here (discussed below), none of them could be satisfactorily fit into the molecular envelope

reconstructed from our SAXS data. Therefore, we generated two further mGBP7 dimer
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models by fitting two mGBP7 proteins into molecular envelopes corresponding to the SAXS
data using two different fitting techniques (discussed below). In total, we thus produced five
mGBP7 dimer models, of which models 1-3 are from the ClusPro prediction and models 4
and 5 are from the SAXS data fitting (Fig . None of the mGBP7 dimers considered here
involves the G domain interface seen for hGBP1 and predicted for mGBP2. ClusPro did
not produce such a dimer model. Interestingly, the application of AlphaFold-Multimer®” to
mGBP7 creates only G domain dimers (Fig. S7), yet their Dock(Q scores are low with respect
to mGBP2 as reference. This indicates a poor match of amino acids at the dimer interface,®
which can be rationalized with the different amino acid compositions of the guanine caps
of both proteins. Since the G domain dimer model is also not in agreement with of our
experimental data for mGBP7 dimers, we did not consider it further.

In the following, the G domain dimer of hGBP1 and mGBP2 and dimer models 1-5
of mGBP7 are discussed in detail. To assess the stability and flexibility of the dimers, we
performed 100 ns MD simulations per dimer and calculated the RMSF and stalk tip motions.
Moreover, a principal component analysis (PCA) was applied to the MD data to identify the
most prominent collective motions. To assess the dimer interface, we calculated the dimer
contact area, analyzed selected salt bridges (see Fig. ), and determined the energies of the

intermolecular contacts.

2.3.2 Structural details of the hGBP1 and mGBP2 dimers

The dimerization via the G domains as considered for hGBP1 and mGBP2 allows to bury
a large protein area. Of all dimer models discussed here, the hGBP1 dimer has the largest
interface, with 5,314 A2, and also the mGBP2 dimer model is stabilized by a large interaction
area of 3,129 A2.

To assess the dimer stability and flexibilities, we make use of the RMSF again. When
aligning the whole dimer for the RMSF calculation, we obtain a measure for the overall dimer

stability (Fig. , which reveals dimer model for hGBP1 to be more rigid than for mGBP2.
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The flexibilities of the chains within the dimers (Fig. S8), calculated after alignment of each
chain, are very similar to the RMSF profiles of the corresponding monomers, suggesting that
dimerization does not have a large effect on protein movements. As for the monomers, the
stalk tips are the most flexible, with RMSF values of up to 8 A. Notably, in the monomer
state mGBP2 is less flexible than hGBP1, while it is the other way round for the dimers.
Other flexible regions in bother dimers are L1, G4+L2, a4’, and the guanine cap. Nonetheless,
compared to the monomers, the guanine cap as well as SW1 are stabilized, which correlates
with salt bridge formation between the two chains (Fig. ) The two hinge motions per
dimer, as described by the spatial distribution of residue 480 (Fig. 4) and the motions of
this residue relative to its starting structure as defined by the Az, y, z values (Fig. S5) are
similar, but they are more pronounced in mGBP2 as evidenced by higher dgy values due
to larger motions along almost all axes. The preferred directions of the motions appear
along +Ay/ + Az. The two hinge motions in either dimer are correlated with each other, as
revealed by the PCA. The first principal motion can be likened to a butterfly motion (see
arrows in Fig. , leading to dimer geometries that are more curved or C-shaped, which is
accompanied by the formation of an intramolecular contact between residues K62 and D255
(Fig. [3)) and unfurling of the C-terminal regions (yet more so in one of the two chains per
dimer). The motion requires a certain structural flexibility at the dimer interface, especially
in all GTPase motifs. The second principal motion is comparable to the first one, yet involves
more screwing of the M/E domain in the lateral dimension.

The structure of the guanine cap is stabilized in both dimers compared to the monomeric
proteins, yet the stabilization originates from partly different interactions in the hGBP1 and
mGBP2 dimer (Fig. |3). The occurrence of the intramolecular salt bridge K63-E256/FE257,
which already in the monomer only occurred with a probability of ~10%, is abolished in
the hGBP1 dimer. The corresponding salt bridge R62-E253 in the mGBP2 dimer gained
in strength with respect to the mGBP2gtp monomer, reaching a chain-averaged occurrence

similar to the 40% observed for the mGBP2,,, monomer. The a4’~a12/13 lock is overall
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weakened in both dimers, but more so in the hGBP1 dimer. In mGBP2, where more salt
bridges between a4’ and «12/13 are possible, the R225-E554 interaction is of particular
stability and remains intact with a > 84% probability in all mGBP2 systems studied
here. With regard to intermolecular interactions, the hGBP1 dimer harbors strong (about
—80 kJ/mol) contacts involving both guanine caps, such as E261-K252’) K252-D239’, and
R245-E251’/E256" as well as E105-K209’ (where the prime indicates that these residues
belong to the other chain), which are mostly Coulombic in nature. The mGBP2 dimer is also
held together by interactions between both guanine caps, but further involves interactions
of residues in the 130ies and of the G4+L2 motif that form contacts with their respective
counterpart in the other chain. The single strongest interaction is that of D237-R238’, with

an interaction energy of —120 kJ/mol (Fig. S9).

2.3.3 Experimental data for mGBP7 dimers

XL-MS The aim of XL-MS was to obtain information on the mGBP7 dimerization interface.
To this end, recombinant mGBP7 was incubated in solution with either of two crosslinkers:
bis(sulfosuccinimidyl) suberate (BS3, 11.4 A) or disuccinimidyl sulfoxide (DSSO, 10.1 A).
Both crosslinkers react mainly with lysine residues and can link two lysines within a distance
of 12 A. Potential mGBP7 dimers and monomers were separated in a polyacrylamide gel
and separately analyzed by mass spectrometry. Crosslinked peptide pairs were subsequently
mapped to the different mGBP7 dimer models created with ClusPro and to the mGBP7
monomer (summarized in Table S2). A focus of the analysis was the identification of potential
intermolecular contact sites within the homodimer, for which especially bridges between the
same residues (like 216-216’, 565-565", 567-567") — as revealed by BS3 crosslinking — were
informative. Of the three mGBP7 dimer models that resulted from docking, only model 1,
which has an elongated shape with the dimer interface being formed via the two G domains
(Fig. [), agrees with our crosslink information (Fig. A and B), while the G domain dimers

predicted by AlphaFold disagree. The XL-MS intermolecular contacts can be mapped to the
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a4’ of the G domain and «13 of the E domain. Moreover, the interactions 205-567", 216-576’
and 567-576" for BS3 as well as 106-216’, 205-554’, 205-565" and 557-567" for DSSO are in
agreement with the intermolecular contacts in this model. In conclusion, this is the most

probable model that fits to the XL-MS results.
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Figure 5: Results of the XL-MS and SAXS data of mGBP7 dimer. (A,B) Visualization
of the crosslinks matching model 1 for the mGBP7 dimer. Mapped intermolecular crosslinks
(numbers of the linked residues are given) are shown in green, while intramolecular crosslinks are
colored in blue. Crosslinks are indicated in the 3D model in (A) and in a linear sequence plot
(created with xiNET%) in (B). (C) Calculated SAXS envelope for mGBP7 with dimer models fit
into it: (top) model 4 created with GASBOR®2 and (bottom) model 5 created with SASREF .63
(D) (i) SAXS curve showing the intensity as a function of momentum transfer s. The experimental
data curve is given as black dots with grey error bars, and the red line is for the GASBOR ab
initio model fit (x? of 1.14). (ii) The distance distribution, shown as the p(r) function, provided a
maximum particle diameter (Dpyax) of 17.0 nm. (iii) The Guinier plot revealed a Guinier region
(red line) in the range of sR, < 1.3, leading to a R, of 5.35 nm. (iv) The Kratky plot agrees with a
compact shape for the mGBP7 dimer with certain flexibility.
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SAXS With SAXS we also aimed to reveal the mGBP7 dimer organization. We used
a protein concentration range of 1.66-6.85 mg/ml and merged the low s data from the
1.66 mg/ml concentration with the high s data from the 6.85 mg/ml concentration. The
SAXS data are summarized in Table S3. We calculated an ab initio dimer model with
GASBOR,*? using a P2 symmetry, yielding the dimer model shown in Fig. (denoted
as model 4 here) which has a tail-tail interface between the E domains of the two mGBP7
chains. We calculated the theoretical intensity of the mGBP7 dimer model with CRYSOL%
and compared it with the experimental scattering data, resulting in a x? of 1.89 (Fig. (1))
With the Guinier approximation,® we determined the radius of gyration (Ry) as 5.35 nm and
used the distance distribution, shown as the p(r) function, to specify the maximum particle
dimension (Dpax) as 17 nm (Fig. [fD(ii) and (iii)). The dimensionless Kratky plot showed a
compact elongated shape for the mGBP7 dimer (Fig. 5D (iv)).

Since the y? value for model 4 is somewhat large, we created a further dimer model
for mGBP7 (denoted as model 5) using SASREF,*¥ which performs quaternary structure
modeling of a complex formed by subunits with known atomic structure against the SAXS
data set. The resulting model has larger R, and D,y values compared to model 4, yet the x?
is closer to 1 with a value of 1.27 (Table S4). As model 4, this dimer has a tail-tail interface,
yet the dimerization is predicted to occur via the M domains (Fig. [5C, bottom). We further
tested how good the three ClusPro models (models 1 to 3) are in agreement with the SAXS
data. To this end, we docked them into the calculated molecular envelope. Table S4 lists the
resulting x?, Ry and D,y values. A x? close to 1 is desirable, yet also large deviations from
the experimentally determined values of R, = 5.35 nm and Dy, = 17 nm render a dimer
model as disagreeing with the SAXS data. Indeed, more emphasis is given on the agreement
for the physical dimensions Ry and Dy,ax than on x?. Based on these considerations, none
of the three mGBP7 models created by ClusPro fully complies with the SAXS data; only
model 3 might still be a suitable model. The least fitting is model 1, as its overall length is

clearly larger than the SAXS envelope. A head-head interface via the G domains as predicted
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by AlphaFold (Fig. S7) is for the same reason also unlikely as its Dp,.x value is in conflict

with the calculated p(r) function.

2.3.4 Structural details of the mGBP7 dimers

In contrast to hGBP1 and mGBP2, mGBP7 shows a strong tendency to dimerize via its stalks
in an antiparallel arrangement (Fig. [d). This is seen for models 2 and 3 created by ClusPro,
and also applies to the next five best docking predictions not further discussed here, and
models 4 and 5 resulting from fitting to the SAXS data. The crossed-stalks motif present in
model 2 and to some extent also in model 5 is reminiscent of the dimerization pattern observed
for other members of the dynamin superfamily.®**? Only model 1, the most probable docking
prediction, dimerizes via the G domains and some contacts involving a13 (Fig. . However,
this dimerization mode is different from the G domain dimers observed for hGBP1 and
mGBP2. This structure is further interesting since it fulfills 3 of the 4 constraints imposed by
XL-MS. Regarding the fourth constraint it should be noted that it clashes with the other three
constraints, as revealed by a DisVis analysis using the HADDOCK webserver,* indicating
that no dimer model would be able to fulfill all four XL.-MS constraints at the same time.
It is possible that this constraint is due to an artifact, a transient conformational change,
or that more than one dimer shape can be assumed. With regard to the dimer interface,
model 3 buries the largest protein surface with 3,414 A2, followed by model 1 (2,678 AQ)
and model 2 (2,581 A?). The smallest contact areas are observed for model 4 (2,224 A?)
and model 5 (1,560 AQ), which further decreased during the MD simulations. This indicates
instability of these models. Moreover, model 4 had to be slightly adjusted to remove atom
clashes before the simulation could even be started. Model 2, on the other hand, notably
increased its dimer contact area during the simulation, suggesting stability and optimization

of the dimer structure. Each mGBP7 dimer model is now discussed in more detail.
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Model 1 The flexibilities of the M/E domains of mGBP7 in the dimer model 1 differ from
the structural fluctuations (measured by the RMSF) of the mGBP7 monomer and are more
similar to those of the mGBP2 dimer (Fig. S8). In particular @10 and 12 are more flexible
than in the mGBP7 monomer. The guanine cap is stabilized, involving stronger intramolecular
salt bridges between R57 and E254/D255 than in either the apo- or GTP-bound mGBP7
monomer (Fig. [§). Within both chains, a4‘ and @12 remain connected via a network of four
redundant salt bridges of which in either chain two remain highly occupied (Fig. . However,
the salt bridge R225-E562 completely disappeared. The first principal component of dimer
model 1 is a butterfly motion, wherein the hinges move in a correlated fashion to form a more
curved dimer, while the CT tail unfurls from its pocket. The second principal component
combines the butterfly motion (yet in a reduced from) with a slight screwing motions of the
M/E domains. The directions of the hinge motions in both chains are the same as in the
hGBP1 and mGBP2 monomers and dimers, with +Ay/ + Az as preferred direction and
—Ay/+Az being possible too. The maximum distance of dygy is 25-31 A and on average
it is ~10 A, which is comparable to the motions in the mGBP7 monomer (Fig. S6). The
strongest intermolecular interactions in the mGBP7 dimer model 1 are between the L1 and
ad’ (E161-K213’, S211-D164’), between a4’ and the E domain (G209-K567’, R222-R566’),
and between the two E domains (R566-E562’) with interaction energies in the range of —80 to
—40 kJ/mol (Fig. S9). These are partly the same residues as those involved in intramolecular
salt bridges, showing the competition between intra- and intermolecular salt bridges, and
explaining that the intramolecular salt bridge R225-E562 completely disappeared while those

involving R566 or K567 were absent in one of either chain of the dimer.

Model 2 Interestingly, the protein motions within model 2 are very similar to those in
model 1, even though the dimerization interface is completely different. The M/E domains
in models 1 and 2 are similarly flexible. The intramolecular salt bridges in the guanine cap

strengthened in both dimers compared to the monomer, while the number of salt bridges
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formed between a4‘ and «12 is smaller, but the overall contact remains intact. As in model 1,
the R225-E562 salt bridge is not formed in either chain of model 2 and E222-R566 is also
not present in chain 1. This is also the chain displaying a higher tip flexibility, and we can
thus conclude that the E222-R566 salt bridge strength is anticorrelated with the flexibility
of the M/E domain. The butterfly motion resulting from the synchronous hinge motions of
both chains is also present in model 2. Nonetheless, the first principal motion is decidedly
asymmetric, with the stalks twisting around each other, which results in a contact between
one G domain to the stalk tip of the other chain. This can be correlated with the observation
of dissolved salt bridges between a4‘ and 12 and a higher stalk tip flexibility. The second
principal motion is similar, albeit symmetric, and here the motion originates not from the
stalk-middle but from the base of the G domain. In analogy to DSP nomenclature, this could
be termed hinge 2, which is not strongly visible in the GBP monomers. The directions of the
hinge 1 motion in model 2 are the same as in model 1 (Fig. S6). The strongest intermolecular
interactions are found for the two electrostatic interactions E389-K508” and E399-R396’
reaching about —110 kJ/mol, with supporting weaker interactions around residues 510 and

610.

Model 3 In model 3, the mGBP7 proteins are less mobile compared with the other dimer
models and also the protein monomer (Fig. S8). Only the CT tail remains flexible. The
occupancy of the intramolecular salt bridge in the guanine cap is similar in the mGBP7
monomer and this dimer model, and thus smaller than in the other dimers. Moreover, also
three of the four salt bridges tackering a4 and a12 together have an occupation below 50%,
indicating an increased tendency of the E domain to detach from the G domain. However,
the fourth salt bridge, R225-E562, remains present to a similar degree as in the monomer,
whereas in models 1 and 2 this particular salt bridge was absent (Fig. ) The first principal
motion of model 3 results in a saddle-like structure where the rather planar shape of the

dimer becomes more curved due to both stalk tips moving into the same direction. The tip
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of one of the M/E domains even detaches from the G domain of the other chain, enabling
a larger range of motions for the E domains that together almost form a cross shape. The
main parts of the helices of the M domains, on the other hand, remain parallel with respect
to each other, meaning that the a12 helices become slightly angled against the rest of the
protein. The motion is accompanied by the CT tails curling up against the G domains. The
second principal motion is very similar to the saddle-formation motion, yet with only one of
the CT tails curling up, while the other one stays compact. The tips of the M/E domains
move mostly in +Ay/ — Az and —Ay/ + Az direction, and the range of the motions is larger
than in the monomer (Figs. 4| and S6). The maximum amplitude of that motion is 25-38 A,
with the average values being between 10 and 20 A, which is comparable to the motions in
models 1 and 2. However, all three mGBP7 dimer models discussed so far move generally less
than the mGBP2 dimer, which replicates the findings for the mGBP7 and mGBP2 monomer.
The intermolecular interactions that contribute the most to the dimer stability are R33-D411’
and K26-E419’, reaching —120 kJ/mol and —60 kJ/mol, respectively, which are supported
by weaker interactions between the guanine cap and the stalk tip (Fig S9). Moreover, the
N-terminal ES8 is also of relevance as it interacts with several residues of 10 of the other

chain, summing up to an additional —140 kJ/mol of interaction energy.

Model 4 Model 4 is generally very flexible, which is caused by the overall instability of
this dimer model, involving the loss of one of the two main interprotein contact interfaces
(Fig. . In terms of intraprotein flexibilities, the SW2, G4 motif, and guanine cap are more
mobile than in models 1 to 3, while the «10/12 region is only slightly more flexible than in
models 1 and 2. The guanine cap is of similar flexibility as in the mGBP7 monomer, which
is also reflected in a comparable occupancy of the intramolecular salt bridge within that
region. The considerable dissolution of the intramolecular salt bridges connecting a4’ and
@12/13 in chain 2 of model 4 (Fig. BB) could be at fault for the increased mobility of the

dimer, as a13 provides a large part in the contact area between both chains. As in model 3,
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the first principal component can be described as a saddle formation due to a bending of
both chains. The second main motion is a sliding of the stalks against each other along the
M/E domain axis, which likely results from the accumulation of negatively charged amino
acid residues at the dimer interface and the involvement of the highly flexible CT tails therein.
Model 4 nominally has a greater range of motions compared to the other dimers, but due to
the disruption of the dimer, this is less meaningful. The strongest interprotein contacts are
K588-E501" and E501-R636° with energies of about —50 kJ/mol, which is weaker than for
any of the primary interaction pairs in the other dimer models. Moreover, the first principal
motion even results in an opening of the contact site around E501-K637". The conclusion

therefore is that model 4 is not a stable dimer.

Model 5 The final mGBP7 dimer model displays a crosswise interaction via the top parts
of the two M/E domains, which prevents contact formation between the stalk tip of one
chain and the G domain of the other chain as in models 2 and 3. However, this interaction
interface is not particularly stable as within the 100 ns MD simulation, it is broken and
replaced by an asymmetrical stalk tip—G domain interaction. Reasons for that asymmetry
are the higher flexibility observed for one of the CT tails and a generally great accumulation
of negative charges at the original dimer interface. The motion leading to the change in
interaction interface is contained within the first principal component, while the second
principal component is an asymmetric motion caused by one chain swinging out and rotating
against the other. The individual chains display the same flexibility pattern observed before.
The range of the hinge motion is comparable to that in model 3, but as for model 4 this is
not of relevance due to instability of model 5. For the latter reason, the overall flexibility of
this dimer model is as high as for model 4. The intramolecular salt bridge in the guanine cap
is not particularly strong (20-30% population on average), while the ad’-12/13 lock is still
engaged (50-76% on average). The only strong intermolecular contact that is left from the

original interface is E336-R418’, contributing —100 kJ/mol.
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3 Discussion and Conclusion

We compared the sequence and biochemical properties of three GBPs, the human GBP1
and the murine GBP2 and GBP7. The main conclusion from that juxtaposition is that
mGBP2 is more similar to hGBP1 than mGBP7 is to mGBP2. Both hGBP1 and mGBP2 are
post-translationally modified by isoprenylation where instead mGBP7 exhibits 49 additional
C-terminal residues for membrane binding. Moreover, the sequence of mGBP7 differs markedly
at various places from those of hGBP1 and mGBP2. The different distribution of charged
residues gives rise to different protein dynamics, as we revealed by HREMD simulations of
the monomeric proteins. We generated dimer models with ClusPro for the three GBPs, where
hGBP1 and mGBP2 involve the G-G domain dimer, also called head-to-head dimer in the
following, that was already solved as crystal structure for the G domain of hGBP1.% For
mGBP7, we obtained three dimer models, of which model 1 agrees with our XL-MS data.

We generated two further mGBP7 dimer models by reconstruction from SAXS data.

3.1 General comparison of the dimer models

In order to understand the dimer dynamics, we first simulated the monomers of the three
GBPs in solution serving as a reference. For mGBP2 and mGBP7 both the apo- and GTP-
bound state were considered, while the hGBP1 monomer was only simulated as apo-protein.
In the apo-state of the GBP monomers, the different motifs and loops of the G domains are
very flexible, one reason being that R48, which serves as arginine finger, has no stable contact
without GTP. The simulations further revealed that all three GBPs feature the characteristic
hinge motion involving the M/E domain that we had originally uncovered for hGBP1.22
Among them, hGBP1 exhibits the largest hinge motion and mGBP7 the smallest one. A
probable reason for this is that the CT tail has a stabilizing effect on the M/E domain of
mGBP7. Another difference is that the G domain of mGBP7 does not stabilize so much

upon GTP binding as in mGBP2, especially the guanine cap does not adopt a structured
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conformation and remains flexible as in the apo-state. There are differences in the sequence
of the mGBP7 guanine cap compared to hGBP1 and mGBP2. In particular, this motif is
negatively charged in mGBP7, which would explain that binding of the negatively charged
GTP has no stabilizing effect on it. This in turn further unfolds why none of the three
techniques used for determining the mGBP7 dimer structures, i.e., XL-MS, SAXS, and
protein—protein docking, predicted the dimerization to occur via the two guanine caps. It
is either too dynamic to allow a stable mGBP7 dimer to be formed and/or the amino acid
composition does not allow strong enough interactions between the two guanine caps to evolve.
In hGBP1 and mGBP2, the stabilization of the guanine cap via GTP binding seems to be a
prerequisite for dimer formation, either to reduce the entropy penalty for the dimerization or
to have a well defined interaction surface. Since the guanine cap seems not to be involved in
mGBP7 dimerization, this further explains why this protein can be a transient dimer in the
cytosol without GTP.*

Five alternative mGBP7 dimer models where predicted instead, where the protein—protein
interface is either between the G domain and «12/13 (model 1), between the M/E domains
(models 2 and 5), the two M domains (model 3), or the two E domains (model 4). The
two mGBP7 models derived from fitting of the SAXS data, models 4 and 5, turned out not
to be stable. Model 5 adopted an asymmetric arrangement very quickly. Model 4 might
become more stable in the presence of a lipid membrane where binding to the membrane
would remove the flexible and this interaction-disturbing CT tail from the interface area.*
However, this is a speculation for the time being. Based on the current results, our conclusion
is that the mGBP7 dimer structures created by protein—protein docking with ClusPro are
more sound. Common observations for these three dimer models are that the intramolecular
salt bridges locking a4 and «12/13 never completely dissolved, due to a redundancy of four
salt bridges of which at least one is always present with >50% occupancy. The G domain
dimers (hGBP1, mGBP2, and model 1 for mGBP7) show an increase in the stability of

the intramolecular salt bridge within the guanine cap, which coincides with a structural
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stabilization of the guanine cap, while this salt bridge is not stabilized in the stalk dimers of
mGBP7 (models 2 and 3). It should be noted though that the mGBP2 monomer already
has a strong salt bridge in the guanine cap. A special observation for the mGBP2 dimer is
that in one of the chains all salt bridges between a4’ and a12 completely dissolved, which on
longer time scales could give rise to a folding out of the E domain, as was already observed
for hGBP1 multimers. #2609 A]]l dimers are stabilized by intermolecular salt bridges, with
one or two of them being of particular strength with interaction energies below —100 kJ/mol,
which are supported by several surrounding weaker interactions. The biological relevance of

the different findings are discussed in the following sections.

3.2 Linking structural and mutation data to the current dimer

models

Dimer interface size According to Bahadur et al., a biologically relevant dimer interface
should comprise at least 1,000 A2.7 A1l six dimer models studied here fulfill this criterion.
Negi et al.™™ had analyzed more than 70 protein complexes with known 3D structures and
revealed that dimer contacts are often mediated by ,hot spot® residues, meaning that only
very few amino acids significantly contribute towards the binding energy. This is also reflected
in our GBP dimer models. The interaction area is largest for the hGBP1 G domain dimer,
indicating that this might be the ,strong initial interaction® around which the polymer lattice
on a lipid membrane is built.“¥ Previous dimers reported for DSPs (some of which may only
be due to crystal-packing) include the hGBP1 dimer by Prakash et al.,*I' burying 2,890 A? of
surface area for head-to-tail dimerization via G domain-«10/12 interactions, and 2,140 2 for
the head-to-head arrangement. In 2006, Ghosh et al.® described a hGBP1 dimer that has an
even larger interface of 3,900 A? and includes residues that are conserved in hGBP isoforms
and the G domain motifs. The G domain dimer of OPA1, on the other hand, buries only
a surface area of 1,573 A2;T however, as the authors did not provide the formula how the

interface area was determined, it might be larger by a factor of two. The interfaces buried by
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our dimers is within or even beyond that range, with values between 5,314 A? (hGBP1) and
1,560 A2 (mGBP7, model 5). These interfaces thus fulfill the necessary size requirement for
a stable dimer. The largest interface sizes were observed for the G domain dimers, which
were also identified as the most stable dimers, further confirming the existence of this GBP

dimerization mode.

Salt bridges at the dimer interface According to Praefcke et al.,*” the residues 4852
of hGBP1 are necessary for dimerization, especially R48 for building tetramers. Further
residues involved, yet to a lesser degree, are 72, 76, 99, 103 106, 109 and 112.%" We now
understand the relevance of these residues for dimerization due their importance in GTP
binding and subsequent stabilization of the G domain, in particular the guanine cap. Moreover,
our simulations of mGBP2 also revealed direct engagement in dimerization for two of the
residues in that region, namely for R48, which has a small, but noticeable dimerization
energy contribution, and K102, which shows a prominent interaction to a number of residues.
In a study of hGBP1, where the production of GMP was used as an indirect measure of
dimerization, it was demonstrated that the a6 helix plays a critical role in dimerization,
especially the residues 289-308, as well as residues 103-108."% While the former region was
not close enough to the dimer interface in any of the dimers studied here, we can confirm
that the latter region has a high energetic contribution to dimer formation of both hGBP1
and mGBP2.

Vopel et al.®? observed that two positively charged residues of hGBP1, R227 and K228,
located on a4’, as well as four glutamate residues, 556, 563, 568, and 575 located in «12/13,
form intraprotein salt bridges and that loosening their interaction facilitates dimerization and
tetramerization. This can either mean that (i) a4’ and/or a12/13 are part of the interface
causing the intraportein salt bridges to break, (ii) that they need to be broken in order to
reveal the interface, or (iii) that dimerization could cause these salt bridges to break via an

allosteric effect if a4’ and «12/13 should not be directly involved in the dimerization. The
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effect (i) was observed in two of our mGBP7 dimer models, where these salt bridges loosened
and either both a4’ and «12 (model 1) or only a12 (model 4) contributes to dimer formation.
In another study it was found that deleting the hGBP1 region after residue 481 abolishes
tetramerization,®# which is broadly reflected in the mGBP7 dimer models 1, 2, and 4, where
the region 481-638 is involved in the dimer interface. In 2012, Wehner et al.®* suggested
that residues 105, 186, 245, and 259 have only minor effects on the dimerization of hGBP1,
while residues 240 and 244 (i.e., the guanine cap) where identified to be essential for it. Our
results for the head-to-head dimer of hGBP1 revealed R48, E105, K209, D237, D239, R242,
K243, R245, K247, E251, K252, E256, E259, and E261 as main players in the dimerization,
underlining the importance of the guanine cap. These residues have further in common that
they are all charged, and under that aspect, R243 and K244 appear interchangeable. It is
interesting to note that all of these residues are conserved between hGBP1 and mGBP2, and
often also mGBP7. Although ClusPro did not propose a dimerization of mGBP7 that would
correspond to the G domain dimer of hGBP1, we do not want to completely rule out its
existence, also considering that AlphaFold-Multimer predicted this as the only mGBP7 dimer
model.

In general, we can confirm the importance of residues in the guanine cap (230-245) for
dimerization and have indications for the relevance of a13 (560-590) for tetramerization.
The salt bridge 62-255 that enhances dimerization shows a slightly increased formation in
the dimer, and the salt bridge 227-558, which supposedly inhibits tetramerization, shows a
slightly decreased probability, especially in dimer models 2 and 4 of mGBP7. Energy analysis
of interfacing residues suggests that the intramolecular salt bridges might be replaced by

intermolecular interactions.

3.3 Biological relevance of different dimer structures

In order to understand why different GBP dimer structures may be adopted, it is instructive

to recall their conformational dynamics. Upon dimerization, the hinge motions of the two
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proteins forming the dimer give rise to an overall correlated motion. In the cases of the
mGBP2 dimer and model 1 of mGBP7, the two chains do not show a greater individual range
of motions than their monomeric counterparts, but the extended length of the two proteins
moving in a concerted fashion could introduce more stress on a membrane than a single GBP
protein is able to do, comparable to the observations made for BAR (Bin/Amphiphysin/Rvs)
domain proteins.™ In contrast to that, the motions of dimer model 2 of mGBP7 do not
lead to an increased overall curvature, so that a possible mechanism of introducing membrane
stress/shearing force would require both the CT tails and the stalk tips to be inserted into
the membrane. The insertion of a single (angled or short) helix can result in a hydrophobic

mismatch that facilitates membrane fission,™

comparable to a wedge driven into the lipid
bilayer. The dimer models 3 and 4 of mGBP7 involve a more flexible stalk tip than in
the monomeric mGBP7 form, but the protein—protein interaction along the length of the
M/E domains constricts the overall dynamic effect.

While these three notable structures seem initially to be at odds with each other, several
studies of other DSPs are in support of the existence of different DSP multimer arrangements
based on up to four intermolecular interfaces. ™ In the case of OPA1, dimerization can
be both nucleotide-dependent and -independent, involve multiple interfaces apart from the
G domain, and lead to higher order oligomers.*" It is possible that the structures spatially
complement each other to form a lattice, a multimer consisting of several different dimers. On
the other hand, the dimers may also temporally complement each other during the GTPase
cycle, with rearrangements triggered by nucleotide binding or hydrolysis. Moreover, some

dimer structures may not be functional and only be present during the aggregated /storage

phase.
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A hGBP1 mGBP7, model 1 mGBP7, model 3 mGBP7, model 4
(compatible with XL-MS) (compatible with SAXS) (SAXS, GASBOR)

mGBP7, model 5
(SAXS, SASREF)

mGBP2 mGBP7, model 2
(like hGBP1) (like other DSPs)

TR

Membrane curvatures via Membrane tethering Bilayer-couple mechanism Membrane fission
the hinge motion (BAR-like) (autophagy) (shear movement) (dynamin-like constriction)

Fitting models: Fitting models: Fitting models: Fitting models:
mGBP2, hGBP1, mGBP2, hGBP1, mGBP7 model 2 all models together
mGBP7 model 1 mGBP7 model 1 mGBP7 model 5

Figure 6: Summary of dimer structures: (A) Seven dimer models of hGBP1, mGBP2,
and mGBP7 were studied in this work. (B) Different dimerization modes suggest various
mechanisms of action. A curving of the dimer could induce membrane curvature by the scaffold
mechanism, similar to BAR domain proteins or the COP (cytoplasmic coat proteins for vesicle
transport) machinery. The G domain dimer of hGBP1, mGBP2, or model 1 of mGBP7 could
serve for tethering the parasitophorous vacuole membrane to the autophagosome. Insertion
of tilted helices, which would be possible with mGBP7 dimer models 2 and 5, would give
rise to the so-called local spontaneous curvature mechanism or bilayer-couple mechanism™
and ruffle the membrane or generate shearing forces. Finally, by combining several of these
dimerization modes, even a dynamin-like constriction would be imaginable. This figure was
created with BioRender.

If we translate the structural information that is available for DSP multimers to the GBPs
studied here, we conclude that two of the five mGBP7 dimer models (models 1 and 5) can be
combined to form a long string of half-moon shapes, comparable to the BAR domain proteins
(Fig. @ The primary, most stable interaction would happen via the G domains, with the

underside of the E domains forming the second interface. The alternating rise and fall of
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the proteins could induce local curvature of the membrane, especially when considering the
hinge motion of the M/E domains. Adding a third model (model 3 or 4), the dimers can be
integrated into a helical-ring-model, reminiscent of other dynamins. While the first turn of the
helix consists of G and E domain interactions, the remaining M domain would form the inter-
rung contacts. A conformational change of the M/E domain would be needed to ,,unlock® the
fourth interface, the crossed-stalks dimer. This further requires that the G domain interface
is flexible enough that a tilting of the spherical G domains against each other is still stable.
The docking results indicate that such non-standard G domain interfaces are possible. Such
a ratchet-like tightening of the dynamin collar has been previously suggested.?
Furthermore, with more than one interface, the dissolution of less stable interactions
could be prevented by a lattice of surrounding interactions, and additional binding of the
CT tails to the membrane. The small sequence variations between hGBP1, mGBP2 and
mGBP7 seem indeed to be sufficient to tip the scale in favor of other dimer structures. It
might thus be possible that some of the isoforms act as chain-starters (with maybe only one
stable interface), some as continuous elongators, and some as chain-breakers (with no further
interfaces), a scenario in which heterooligomers of seemingly redundant proteins would be
necessary. For bacterial DSPs, this has already been proposed.”®¥ We further know that
mGBP2 and mGBP7 co-localize at the parasitophorous vacuole membrane and that mGBP2
attaches first, followed by mGBP7, and that mGBP7 deletion is more lethal than mGBP2
deletion.™ Perhaps mGBP7’s various polymerization options allow a larger carpet of GBPs
to form, which can then more effectively remodel membranes, something that should be

addressed by future studies.
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4 Methods and materials

All details about the experimental methods are provided in the Supplementary Information.

4.1 MD simulations and docking

General aspects of the MD simulations The structures of hGBP1, mGBP2, mGBP7
were prepared for the simulations as previously described, which includes the parametrization
of GTP and the geranylgeranyl group.?4“* The hGBP1 dimer was created using MMa-
lign (https://zhanglab.ccmb.med.umich.edu/MM-align/P®). For all MD simulations, the
Amber99SB*-ILDNP force field™*% was used for modeling the proteins, the TIP3P model
was used for water,®! and GROMACS 2016%4%4 was employed for running the simulations.
The simulation temperature and pressure were 310 K (37 °C) and 1 bar, respectively. In

Table [2 all MD simulations included in this study are listed.

HREMD simulation of the mGBP7 monomer In our previous study of mGBP7,%
we already obtained the structure of mGBP7 by using homology modeling and simulated
it as mGBP7qrp for 100 ns. The most populated cluster structure of that simulation was
used here as starting point for the HREMD simulations. To identify the role of GTP and the
CT tail, two further systems, mGBP7qrp and mGBPT,,, were created, using an identical
approach as described on our work of mGBP2.%% The protein was always placed in a rectangle
simulation box of 10 nm x 10 nm x 18.0 nm dimensions, ~56,000 water molecules were
added, as well as 10 (apo), 13 (GTP), or 13 Na™ (holo) for the neutralization of the systems,
resulting in a total number of ~178,000 atoms. A similar HREMD protocol as applied in
our study of mGBP2 dynamics was used and is described in detail in the Supplementary

Information.
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Table 2: Summary of simulations included in this work.®

Simulation System Size in atoms Runs Length Cumulated time
HREMD®  hGBPl,p, 335,553 1x30 400 ns 12 ps
HREMD® mGBP2,;,, 131,493 1x16 200 ns 3.2 us
HREMD®  mGBP2grp 129,116 1x16 200 ns 3.2 us
HREMD  mGBP7,,, 178,800 1x30 400 ns 12 ps
HREMD  mGBP7qtp 178,019 1x30 400 ns 12 ps

MD hGBP1 dimer 556,008 1 100 ns 100 ns
MD mGBP2 dimer 556,729 1 100 ns 100 ns
MD mGBP7 dimer, model 1 538,254 1 100 ns 100 ns
MD mGBP7 dimer, model 2 308,874 1 100 ns 100 ns
MD mGBP7 dimer, model 3 308,763 1 100 ns 100 ns
MD mGBP7 dimer, moldel 4 308,514 1 100 ns 100 ns
MD mGBP7 dimer, moldel 5 308,763 1 100 ns 100 ns
Total simulation time 36.7 us

@ The simulations reported in this work were either performed in the supercomputer
JURECA at the Jiilich Supercomputing Centre,®* in SuperMUC-NG at the
Leibniz-Rechenzentrum (LRZ) in Munich, or in HILBERT at Heinrich Heine University
Diisseldorf.

b This trajectory originates from reference? .

¢ This trajectory originates from reference?? .

Protein—protein docking To obtain GBP dimer structures, we performed protein—protein
docking and employed ClusPro (https://cluspro.bu.edu)? for this purpose, taking favor-
able assessments of this program into account.® The multimer docking mode of ClusPro
was used, both in combination with SAXS data and/or crosslinking data, and without
additional restraints. The inclusion of additional restraints did not result in new structures,
only a reordering of the results happened. From the top 10 results of the different setups, the

most promising candidates were selected for MD simulations.
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MD simulations of the GBP dimers The dimers were simulated in boxes with sizes, de-
pending on the structure, varying from 27.0 nm x 15.5 nm x 13.5 nm to 18.5 nm x 12.5 nm x 13.5 nm,
with water added for solvation and NaCl added for neutralization. A two-step equilibration
was performed as described for the HREMD simulation, yet without an additional NpT
equilibration. The hGBP1 and mGBP2 dimers were simulated with GTP being bound, using
a 2 fs time step, while the GTP-free mGBP7 dimers were simulated using a 4 fs time step.
The reason for simulating mGBP7 in its apo-form is two-fold: firstly, it was shown by Legewie
et al.”¥ that mGBP7 can form dimers in the absence of GTP; and secondly, without GTP,
virtual sites can be applied enabling a larger time step. In all simulations, distance restraints
of 1,000 kJ mol—1nm~2 were applied between the S-sheets of the G domains, in order to
inhibit overall rotation, allowing us to keep the box size smaller. The Parrinello-Rahman
barostat and Nosé-Hoover thermostat were used. Each dimer structure was simulated for
100 ns, where frames were saved every 20 ps and analyzed. In order to assess the dimer—dimer
interactions, another 100 ns MD trajectory was produced per dimer, where additional energy
groups had been added to the GROMACS index file. For this, the first 100 ns trajectory
was analyzed, and all residues within 7.5 A of the other chain were included. This allowed
us to identify the most strongly interacting residues in the second trajectory, which were

energetically analyzed in detail.

4.2 Analysis of the MD simulations

To generate figures of the 3D protein structures, we applied PyMol.27 If not stated otherwise,
the analyses were performed using GROMACS 2016. For the analysis of the HREMD

simulations, only the target replica was used.

Sequence alignment The alignment of the sequences of hGBP1, mGBP2, and mGBP7 was
done with T-Coffee® using the default settings as available at the European Bioinformatics

Institute (EMBL-EBI) webserver®® (https://www.ebi.ac.uk/services). The resulting
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sequence alignment was visualized using Jalview where we colored the residues according

to their residue type.

Root mean square fluctuations (RMSF) For quantifying the flexibility of the GBPs,
we calculated the RMSF of the C, atoms around their average positions for each residue. A
residue with a value over 2 A is considered as flexible. For visualization, the RMSF values were

color-mapped and projected onto the corresponding start structure of the simulations using

red colors for flexible regions (RMSF > 2.5 A) and blue colors for rigid parts (RMSF < 1.5 A).

Electrostatic potential surface (EPS) The Adaptive Poisson-Boltzmann Solver as
available as plugin APBS 2.1 in PyMol was used for the calculation of the electrostatic
potential.®¥ To generate the input files (*.pgr and *.pot) needed for this, the web server
https://server.poissonboltzmann.org with default settings and with with pH 7 for the
pK, calculation was employed.”! For visualization, the electrostatic potential was color-
mapped between —5 (red) and +5 kT/e (blue) and projected onto the surface presentation

of the proteins.

Movements of residue 480 To quantify and characterize the hinge motion of the M/E do-
main, the motions of residue 480 were monitored relative to the start structure of the simu-
lations. For this, the changes in the Cartesian coordinates (Ax, Ay, Az) as well as as the
absolute distance (dyg0) of that residue were determined using our own VMD®! script. To do
this, we fitted the trajectory frames to the G domain of the start structure. To illustrate the
hinge motion, we computed the spatial distribution of residue 480 using the gmz spatial tool

of GROMACS.

Principal component analysis (PCA) To extract the main motions of the proteins,
principal component analyses as implemented in GROMACS were performed. The covariance

matrix was created with gmx covar, and the first two eigenvectors, also called principal compo-
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nents or principal motions (PC1 and PC2), were determined using gmx anaeig. The trajectory
was fitted to the C, atoms, and for the generation of conformations along eigenvectors 1

and 2, the backbone was selected.

Salt bridge analysis To determine the occupancies of selected salt bridges, the distances
between the atoms involved were determined. Following atoms of charged residues were used
for the calculations: Lys — NZ; Arg — NE, NH1, NH2; Asp — OD1, OD2; Glu — OE1, OE2.
A salt bridge was assumed to be present if the distance in question was within 4.5 A. Salt

bridge occupancies were calculated as time-averaged probabilities.

Clustering analysis. To characterize the flexibilities of the G domains, we performed
clustering analyses for the G motifs and loops using the algorithm of Daura et al.” as
implemented in GROMACS. The clustering was applied to all atoms of the desired structural
element with a C,-RMSD cutoff of 2.5 A to identify cluster membership. Before the clustering,

the trajectory was fitted onto the S-sheets in the G domain.

Protein—protein interface size The size of the protein-protein interfaces was calculated
using the difference in the solvent-accessible surface areas (SASA):

SASAintertace = (SASAchain 1 + SASAchain 2) — SASAdimer

For the SASA calculation, the GROMACS tool gmz sasa was used, with a probe radius of
14 A.

Analysis of dimer interaction energies The energy groups of interacting residues as
determined in the 100 ns MD simulations of the GBP dimers were added to the GROMACS
index files and a second 100 ns MD simulation per dimer was performed. The resulting residue—
residue energies were presented as a matrix, and the most negative energies were further
analyzed by decomposing them into Coulomb and Lennard-Jones short-ranged interaction

energies as calculated by GROMACS.
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with the dataset identifier PXD026979.

7 Author Contribution Statement (draft)

W.S. performed, analyzed and wrote the GBP dimer part. J.L. performed, analyzed and wrote
the GBP monomer part. G.P. performed, analyzed and wrote the XL-MS part. J.R. and
S.S. performed, analyzed and wrote the SAXS part. D.D. and K.P. provided infrastructure,
supervision and protein material. K.S. provided infrastructure and supervision. B.S. conceived

the research project and provided infrastructure and extensive supervision.

46


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

(1) Morlot, S.; Galli, V.; Klein, M.; Chiaruttini, N.; Manzi, J.; Humbert, F.; Dinis, L.;
Lenz, M.; Cappello, G.; Roux, A. Membrane Shape at the Edge of the Dynamin Helix

Sets Location and Duration of the Fission Reaction. Cell 2012, 151, 619.

(2) Ford, M. G. J.; Chappie, J. S. The structural biology of the dynamin-related proteins:

New insights into a diverse, multitalented family. Traffic 2019, 20, 717-740.

(3) Ghosh, A.; Praefcke, G. J. K.; Renault, L.; Wittinghofer, A.; Herrmann, C. How
guanylate-binding proteins achieve assembly-stimulated processive cleavage of GTP to

GMP. Nature 2006, 440, 101-104.

(4) Narayanan, R.; Leonard, M.; Song, B. D.; Schmid, S. L.; Ramaswami, M. An internal
GAP domain negatively regulates presynaptic dynamin in vivo: a two-step model for

dynamin function. J. Cell Biol. 2005, 169, 117.

(5) Praefcke, G. J. K.; McMahon, H. T. The dynamin superfamily: universal membrane
tubulation and fission molecules? Nat. Rev. Mol. Cell Biol. 2004, 5, 133-147.

(6) Gao, S.; Hu, J. Mitochondrial Fusion: The Machineries In and Out. Trends Cell Biol.
2021, 31, 62-74.

(7) Stowell, M. H.; Marks, B.; Wigge, P.; McMahon, H. T. Nucleotide-dependent conforma-
tional changes in dynamin: evidence for a mechanochemical molecular spring. Nature

cell biology 1999, 1, 27-32.

(8) Warnock, D. E.; Hinshaw, J. E.; Schmid, S. L. Dynamin Self-assembly Stimulates Its
GTPase Activity *. Journal of Biological Chemistry 1996, 271, 22310-22314.

(9) Chappie, J. S.; Acharya, S.; Liu, Y.-W.; Leonard, M.; Pucadyil, T. J.; Schmid, S. L. An
Intramolecular Signaling Element that Modulates Dynamin Function In Vitro and In

Vivo. Mol. Biol. Cell. 2009, 20, 3561.

47


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(10) Yu, C.; Zhao, J.; Yan, L.; Qi, Y.; Guo, X.; Lou, Z.; Hu, J.; Rao, Z. Structural insights

into G domain dimerization and pathogenic mutation of OPA1. J. Cell Biol. 2020, 219.

(11) Frohlich, C.; Grabiger, S.; Schwefel, D.; Faelber, K.; Rosenbaum, E.; Mears, J.; Rocks, O.;
Daumke, O. Structural insights into oligomerization and mitochondrial remodelling of

dynamin 1-like protein. The EMBO J. 2013, 32, 1280-1292.

(12) Byrnes, L. J.; Sondermann, H. Structural basis for the nucleotide-dependent dimerization
of the large G protein atlastin-1/SPG3A. Proc. Natl. Acad. Sci. U.S.A. 2011, 108,
2216-2221.

(13) Low, H. H.; Sachse, C.; Amos, L. A.; Lowe, J. Structure of a Bacterial Dynamin-like
Protein Lipid Tube Provides a Mechanism For Assembly and Membrane Curving. Cell
2009, 139, 1342-1352.

(14) Taylor, G. A.; Feng, C. G.; Sher, A. p47 GTPases: regulators of immunity to intracellular

pathogens. Nat. Rev. Immunol.y 2004, 4, 100-109.

(15) Degrandi, D.; Konermann, C.; Beuter-Gunia, C.; Kresse, A.; Wirthner, J.; Kurig, S.;

Beer, S.; Pfeffer, K. Extensive Characterization of IFN-Induced GTPases mGBP1 to
mGBP10 Involved in Host Defense. J. Immunol. 2007, 179, 7729-7740.

(16) Degrandi, D.; Kravets, E.; Konermann, C.; Beuter-Gunia, C.; Kliimpers, V.; Lahme, S.;
Wischmann, E.; Mausberg, A. K.; Beer-Hammer, S.; Pfeffer, K. Murine Guanylate
Binding Protein 2 (mGBP2) controls Toxoplasma gondii replication. PNAS 2013, 110,
294-299.

(17) Steffens, N.; Beuter-Gunia, C.; Kravets, E.; Reich, A.; Legewie, L.; Pfeffer, K.; De-
grandi, D. Essential Role of mGBP7 for Survival of Toxoplasma gondii Infection. mBio

2020, 11.

48


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(18) Krapp, C.; Hotter, D.; Gawanbacht, A.; McLaren, P. J.; Kluge, S. F.; Stiirzel, C. M.;
Mack, K.; Reith, E.; Engelhart, S.; Ciuffi, A.; Hornung, V.; Sauter, D.; Telenti, A.;
Kirchhoff, F. Guanylate Binding Protein (GBP) 5 Is an Interferon-Inducible Inhibitor
of HIV-1 Infectivity. Cell Host Microbe 2016, 19, 504-514.

(19) Xavier, A.; Al-Zeer, M. A.; Meyer, T. F.; Daumke, O. hGBP1 Coordinates Chlamydia
Restriction and Inflammasome Activation through Sequential GTP Hydrolysis. Cell
Rep. 2020, 31, 107667.

(20) Lindenberg, V.; Mélleken, K.; Kravets, E.; Stallmann, S.; Hegemann, J. H.; Degrandi, D.;
Pfeffer, K. Broad recruitment of mGBP family members to Chlamydia trachomatis

inclusions. PloS one 2017, 12.

(21) Olszewski, M. A.; Gray, J.; Vestal, D. J. In silico genomic analysis of the human and
murine guanylate-binding protein (gbp) gene clusters. J. Interferon Cytokine Res. 20086,
26, 328-352.

(22) Barz, B.; Loschwitz, J.; Strodel, B. Large-scale, dynamin-like motions of the human
guanylate binding protein 1 revealed by multi-resolution simulations. PLoS Comput.

Biol. 2019, 15, 1-29.

(23) Loschwitz, J.; Steffens, N.; Wang, X.; Schaffler, M.; Pfeffer, K.; Degrandi, D.; Strodel, B.
Domain motions, dimerization, and membrane interactions of the murine guanylate

binding protein 2. bioRziv 2022,

(24) Legewie, L.; Loschwitz, J.; Steffens, N.; Prescher, M.; Wang, X.; Smits, S. H.; Schmitt, L.;
Strodel, B.; Degrandi, D.; Pfeffer, K. Biochemical and structural characterization of
murine GBP7, a guanylate binding protein with an elongated C-terminal tail. Biochem.

J. 2019, 476, 3161-3182.

(25) Kravets, E.; Degrandi, D.; Ma, Q.; Peulen, T.-O.; Kliimpers, V.; Felekyan, S.; Kiihne-

49


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

muth, R.; Weidtkamp-Peters, S.; Seidel, C. A.; Pfeffer, K. Guanylate binding proteins

directly attack Toxoplasma gondii via supramolecular complexes. eLife 2016, 5, e11479.

(26) Faelber, K.; Posor, Y.; Gao, S.; Held, M.; Roske, Y.; Schulze, D.; Haucke, V.; Noé, F.;

Daumke, O. Crystal structure of nucleotide-free dynamin. Nature 2011, 477, 556—-560.

(27) Rennie, M. L.; McKelvie, S. A.; Bulloch, E. M.; Kingston, R. L. Transient dimerization
of human MxA promotes GTP hydrolysis, resulting in a mechanical power stroke.

Structure 2014, 22, 1433-1445.

(28) Daumke, O.; Praefcke, G. J. K. Invited review: Mechanisms of GTP hydrolysis and

conformational transitions in the dynamin superfamily. Biopolymers 2016, 105, 580-593.

(29) Britzen-Laurent, N.; Bauer, M.; Berton, V.; Fischer, N.; Syguda, A.; Reipschlager, S.;
Naschberger, E.; Herrmann, C.; Stiirzl, M. Intracellular Trafficking of Guanylate-Binding
Proteins Is Regulated by Heterodimerization in a Hierarchical Manner. PLoS ONE

2010, 5, e14246.

(30) Ince, S.; Kutsch, M.; Shydlovskyi, S.; Herrmann, C. The human guanylate-binding
proteins hGBP-1 and hGBP-5 cycle between monomers and dimers only. FEBS J. 2017,
284, 2284-2301.

(31) Sistemich, L.; Kutsch, M.; Hamisch, B.; Zhang, P.; Shydlovskyi, S.; Britzen-Laurent, N.;
Stirzl, M.; Huber, K.; Herrmann, C. The Molecular Mechanism of Polymer Formation of

Farnesylated Human Guanylate-binding Protein 1. J. Mol. Biol. 2020, 432, 2164-2185.

(32) Vopel, T.; Syguda, A.; Britzen-Laurent, N.; Kunzelmann, S.; Lidemann, M.-B;
Dovengerds, C.; Stiirzl, M.; Herrmann, C. Mechanism of GTPase-Activity-Induced

Self-Assembly of Human Guanylate Binding Protein 1. J. Mol. Biol. 2010, 400, 63-70.

(33) Liu, J.; Noel, J. K.; Low, H. H. Structural basis for membrane tethering by a bacterial

dynamin-like pair. Nat. Commun. 2018, 9.

50


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(34) Michie, K. A.; Boysen, A.; Low, H. H.; Mgller-Jensen, J.; Lowe, J. LeoA, B and C from
Enterotoxigenic Escherichia coli (ETEC) Are Bacterial Dynamins. PLoS ONE 2014, 9,
el07211.

(35) DeVay, R. M.; Dominguez-Ramirez, L.; Lackner, L. L.; Hoppins, S.; Stahlberg, H.; Nun-
nari, J. Coassembly of Mgm1 isoforms requires cardiolipin and mediates mitochondrial

inner membrane fusion. J. Cell Biol. 2009, 186, 793-803.

(36) Kresse, A.; Konermann, C.; Degrandi, D.; Beuter-Gunia, C.; Wuerthner, J.; Pfeffer, K.;
Beer, S. Analyses of murine GBP homology clusters based on in silico, in vitro and in

vivo studies. BMC' Genomics 2008, 9.

(37) Jimah, J. R.; Hinshaw, J. E. Structural Insights into the Mechanism of Dynamin

Superfamily Proteins. Trends Cell Biol. 2019, 29, 257-273.

(38) Cui, W. et al. Structural basis for GTP-induced dimerization and antiviral function of

guanylate-binding proteins. Proc. Natl. Acad. Sci. U.S.A. 2021, 118, €2022269118.

(39) Bian, X.; Klemm, R. W.; Liu, T. Y.; Zhang, M.; Sun, S.; Sui, X.; Liu, X.; Rapoport, T. A.;

Hu, J. Structures of the atlastin GTPase provide insight into homotypic fusion of
endoplasmic reticulum membranes. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 3976-3981.

(40) Byrnes, L. J.; Sondermann, H. Structural basis for the nucleotide-dependent dimerization
of the large G protein atlastin-1/SPG3A. Proc. Natl. Acad. Sci. U.S.A. 2011, 108,
2216-2221.

(41) Prakash, B.; Praefcke, G.; Renault, L.; Wittinghofer, A.; Herrmann, C. Structure of
human guanylate-binding protein 1 representing a unique class of GTP-binding proteins.

Nature 2000, 403, 567.

(42) Hofmann, K. TMbase-A database of membrane spanning proteins segments. Biol. Chem.

Hoppe-Seyler 1993, 374, 166.

51


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(43) Shydlovskyi, S.; Zienert, A. Y.; Ince, S.; Dovengerds, C.; Hohendahl, A.;
Dargazanli, J. M.; Blum, A.; Giinther, S. D.; Kladt, N.; Stiirzl, M.; Schauss, A. C.;
Kutsch, M.; Roux, A.; Praefcke, G. J. K.; Herrmann, C. Nucleotide-dependent farnesyl
switch orchestrates polymerization and membrane binding of human guanylate-binding

protein 1. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, E5559-E5568.

(44) Ince, S.; Zhang, P.; Kutsch, M.; Krenczyk, O.; Shydlovskyi, S.; Herrmann, C. Catalytic
activity of human Guanylate-Binding Protein 1 coupled to the release of structural

restraints imposed by the C-terminal domain. FEBS J. 2020, febs.15348.

(45) Sistemich, L.; Dimitrov Stanchev, L.; Kutsch, M.; Roux, A.; Giinther Pomorski, T.;
Herrmann, C. Structural requirements for membrane binding of human guanylate-binding

protein 1. FEBS J. 2021, 288, 4098-4114.

(46) Syguda, A.; Kerstan, A.; Ladnorg, T.; Stiitben, F.; Woll, C.; Herrmann, C. Immobilization
of Biotinylated hGBP1 in a Defined Orientation on Surfaces Is Crucial for Uniform
Interaction with Analyte Proteins and Catalytic Activity. Langmuir 2012, 28, 6411—

6418.

(47) Praefcke, G.; Kloep, S.; Benscheid, U.; Lilie, H.; Prakash, B.; Herrmann, C. Identification
of Residues in the Human Guanylate-binding Protein 1 Critical for Nucleotide Binding
and Cooperative GTP Hydrolysis. J. Mol. Biol. 2004, 344, 257-269.

(48) Kravets, E.; Degrandi, D.; Weidtkamp-Peters, S.; Ries, B.; Konermann, C.; Felekyan, S.;
Dargazanli, J.; Praefcke, G.; Seidel, C.; Schmitt, L.; Smits, S.; Pfeffer, K. The GTPase
Activity of Murine Guanylate-binding Protein 2 (mGBP2) Controls the Intracellular

Localization and Recruitment to the Parasitophorous Vacuole of Toxoplasma gondii*. J.

Biol. Chem. 2012, 287, 27452-27466.

(49) Schwemmle, M.; Staeheli, P. The interferon-induced 67-kDa guanylate-binding protein

92


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(hGBP1) is a GTPase that converts GTP to GMP. J. Biol. Chem. 1994, 269, 11299
11305.

(50) Praefcke, G. J.; Geyer, M.; Schwemmle, M.; Robert Kalbitzer, H.; Herrmann, C.
Nucleotide-binding characteristics of human guanylate-binding protein 1 (hGBP1) and
identification of the third GTP-binding motif. Journal of Molecular Biology 1999, 292,
321-332.

(51) Notredame, C.; Desmond, G.; Jaap, H. T—coffee: a novel method for fast and accurate

multiple sequence alignment. J. Mol. Biol. 2000, 302, 205-217.

(52) Madeira, F.; Park, Y. m.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.;
Tivey, A.; Potter, S.; Finn, R.; Lopez, R. The EMBL-EBI search and sequence analysis
tools APIs in 2019. Nucleic Acids Res. 2019, 47, W636-W641.

(53) Zhu, Z.; Shi, Z.; Yan, W.; Wei, J.; Shao, D.; Deng, X.; Wang, S.; Li, B.; Tong, G.; Ma, Z.
Nonstructural Protein 1 of Influenza A Virus Interacts with Human Guanylate-Binding

Protein 1 to Antagonize Antiviral Activity. PLoS ONE 2013, 8, 1-11.

(54) Wehner, M.; Kunzelmann, S.; Herrmann, C. The guanine cap of human guanylate-
binding protein 1 is responsible for dimerization and self-activation of GTP hydrolysis.

FEBS J. 2012, 279, 203-210.

(55) Zhu, S.; Bradfield, C. J.; Maminska, A.; Park, E.-S.; Kim, B.-H.; Kumar, P.; Huang, S.;

Zhang, Y.; Bewersdorf, J.; MacMicking, J. D. Cryo-ET of a human GBP coatomer

governing cell-autonomous innate immunity to infection. bioRziv 2021,

(56) Kozakov, D.; Hall, D.; Xia, B.; Porter, K.; Olson, A.; Padhorny, D.; Yueh, C.; Beglov, D.;
Vajda, S. The ClusPro web server for protein—protein docking. Nat. Protoc. 2017, 12,
255-278.

53


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(57) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig, H.;
Shindyalov, I. N.; Bourne, P. E. The Protein Data Bank. Nucleic Acids Res. 2000, 28,
235-242.

(58) Mukherjee, S.; Zhang, Y. MM-align: a quick algorithm for aligning multiple-chain
protein complex structures using iterative dynamic programming. Nucleic Acids Res.

2009, 37, e83—¢83.

(59) Evans, R. et al. Protein complex prediction with AlphaFold-Multimer. bioRziv 2021,

10.1101/2021.10.04.463034v1.

(60) Basu, S.; Wallner, B. DockQ: A Quality Measure for Protein-Protein Docking Models.
PLoS ONFE 2016, 11, 1-9.

(61) Combe, C. W.; Fischer, L.; Rappsilber, J. xiNET: cross-link network maps with residue

resolution. Mol. Cell Proteomics 2015, 14, 1137-1147.

(62) Svergun, D. I.; Petoukhov, M. V.; Koch, M. H. Determination of Domain Structure of

Proteins from X-Ray Solution Scattering. Biophys. J. 2001, 80, 2946-2953.

(63) Petoukhov, M. V.; Svergun, D. I. Global Rigid Body Modeling of Macromolecular

Complexes against Small-Angle Scattering Data. Biophys. J. 2005, 89, 1237-1250.

(64) Svergun, D.; Barberato, C.; Koch, M. H. J. CRYSOL — a Program to Evaluate X-ray
Solution Scattering of Biological Macromolecules from Atomic Coordinates. J. Appl.

Crystallogr. 1995, 28, 768-773.

(65) Guinier, A. Studies on transformation of Escherichia coli with plasmids. Ann. Phys.

1939, 12, 161-237.

(66) Noel, J.; Noé, F.; Daumke, O.; Mikhailov, A. Polymer-like Model to Study the Dynamics
of Dynamin Filaments on Deformable Membrane Tubes. Biophys. J. 2019, 117, 1870~
1891.

o4


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(67) Reubold, T.; Faelber, K.; Plattner, N.; Posor, Y.; Ketel, K.; Curth, U.; Schlegel, J.;
Anand, R.; Manstein, D.; Noé, F.; Haucke, V.; Daumke, O.; Eschenburg, S. Crystal

structure of the dynamin tetramer. Nature 2015, 525, 404—408.

(68) van Zundert, G.; Bonvin, A. DisVis: quantifying and visualizing accessible interaction
space of distance-restrained biomolecular complexes. Bioinformatics 2015, 31, 3222—

3224.

(69) Lorenz, C.; Ince, S.; Zhang, T.; Cousin, A.; Batra-Safferling, R.; Nagel-Steger, L.;
Herrmann, C.; Stadler, A. M. Farnesylation of human guanylate-binding protein 1 as

safety mechanism preventing structural rearrangements and uninduced dimerization.

FEBS J. 2020, 287, 496-514.

(70) Bahadur, R. P.; Zacharias, M. The interface of protein-protein complexes: Analysis of

contacts and prediction of interactions. Cell. Mol. Life Sci. 2008, 65, 1059-1072.

(71) Negi, S. S.; Braun, W. Statistical analysis of physical-chemical properties and prediction

of protein-protein interfaces. J. Mol. Model. 2007, 13, 1157-1167.

(72) Abdullah, N.; Balakumari, M.; Sau, A. Dimerization and Its Role in GMP Formation
by Human Guanylate Binding Proteins. Biophys. J. 2010, 99, 2235-2244.

(73) McMahon, H. T.; Gallop, J. L. Membrane curvature and mechanisms of dynamic cell
membrane remodelling. Nature 2005, 438, 590-596.

(74) Zimmerberg, J.; Kozlov, M. M. How proteins produce cellular membrane curvature. Nat.

Rev. Mol. Cell Biol. 2006, 7, 9-19.

(75) Daumke, O.; Roux, A.; Haucke, V. BAR Domain Scaffolds in Dynamin-Mediated
Membrane Fission. Cell 2014, 156, 882-892.

(76) Fattal, D. R.; Ben-Shaul, A. A molecular model for lipid-protein interaction in mem-

branes: the role of hydrophobic mismatch. Biophys. J. 1993, 65, 1795-1809.

%)


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(77) Chen, Y.; Zhang, L.; Graf, L.; Yu, B.; Liu, Y.; Kochs, G.; Zhao, Y.; Gao, S. Conforma-
tional dynamics of dynamin-like MxA revealed by single-molecule FRET. Nat. Commun.

2017, 8, 15744.

(78) Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, J. L.; Dror, R. O;
Shaw, D. E. Improved side-chain torsion potentials for the Amber ff99SB protein force
field. Proteins 2010, 78, 1950-1958.

(79) Best, R. B.; Hummer, G. Optimized Molecular Dynamics Force Fields Applied to the

Helix-Coil Transition of Polypeptides. J. Phys. Chem. B 2009, 1153, 9004-9015.

(80) Aliev, A. E.; Kulke, M.; Khaneja, H. S.; Chudasama, V.; Sheppard, T. D.; Lanigan, R. M.
Motional timescale predictions by molecular dynamics simulations: Case study using

proline and hydroxyproline sidechain dynamics. Proteins 2014, §2, 195-215.

(81) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.
Comparison of simple potential functions for simulating liquid water. J. Chem. Theory

Comput. 1983, 79, 926-935.

(82) Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.; Hess, B.; Lindahl, E.
GROMACS: High performance molecular simulations through multi-level parallelism

from laptops to supercomputers. SoftwareX 2015,

(83) Abraham, M. J.; van der Spoel, D.; Lindahl, E.; Hess, B. the GROMACS development
team GROMACS User Manual Version 2016.4. 2017,

(84) Krause, D.; Thornig, P. JURECA: Modular supercomputer at Jilich Supercomputing
Centre. JLSRF 2018, /, A132.

(85) Torchala, M.; Moal, I.; Chaleil, R.; Fernandez-Recio, J.; Bates, P. SwarmDock: a server

for flexible protein—protein docking. Bioinformatics 2013, 29, 807-809.

56


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(86) Porter, K.; Padhorny, D.; Desta, I.; Ignatov, M.; Beglov, D.; Kotelnikov, S.; Sun, Z.;
Alekseenko, A.; Anishchenko, I.; Cong, Q.; Ovchinnikov, S.; Baker, D.; Vajda, S.;
Kozakov, D. Template-based modeling by ClusPro in CASP13 and the potential for

using co-evolutionary information in docking. Proteins 2019, 87, 1241-1248.
(87) PyMol, The PyMOL Molecular Graphics System, Version 1.8. 2015; Schrodinger, LLC.

(88) Waterhouse, A. M.; Procter, J. B.; Martin, D. M. A.; Clamp, M.; Barton, G. J. Jalview
Version 2—a multiple sequence alignment editor and analysis workbench. Bioinformatics

2009, 25, 1189-1191.

(89) Baker, N.; Sept, D.; Joseph, S.; Holst, M.; McCammon, J. Electrostatics of nanosystems:
Application to microtubules and the ribosome. Proc. Natl. Acad. Sci. U.S.A. 2001, 98,
10037-10041.

(90) Jurrus, E. et al. Improvements to the APBS biomolecular solvation software suite.

Protein Sci. 2018, 27, 112-128.

(91) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol.
Graph. 1996, 1/, 33-38".

(92) Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, W.; Mark, A. Peptide
Folding: When Simulation Meets Experiment. Angew. Chem. Int. Ed. 1999, 38, 236—-240.

(93) Valentini, E.; Kikhney, A. G.; Previtali, G.; Jeffries, C. M.; Svergun, D. I. SASBDB,
a repository for biological small-angle scattering data. Nucleic Acids Res. 2014, 43,
D357-D363.

(94) Kikhney, A. G.; Borges, C. R.; Molodenskiy, D. S.; Jeffries, C. M.; Svergun, D. L.
SASBDB: Towards an automatically curated and validated repository for biological

scattering data. Protein Sci. 2020, 29, 66-75.

57


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.20.521180; this version posted December 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(95) Perez-Riverol, Y. et al. The PRIDE database and related tools and resources in 2019:

improving support for quantification data. Nucleic Acids Res. 2018, 47, D442-D450.

58


https://doi.org/10.1101/2022.12.20.521180
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Introduction
	Results
	Sequence, structural and biochemical comparison of hGBP1, mGBP2 and mGBP7
	Molecular dynamics of monomeric GBPs
	Dimer models of GBPs
	Model generation
	Structural details of the hGBP1 and mGBP2 dimers
	Experimental data for mGBP7 dimers
	Structural details of the mGBP7 dimers


	Discussion and Conclusion
	General comparison of the dimer models
	Linking structural and mutation data to the current dimer models
	Biological relevance of different dimer structures

	Methods and materials
	MD simulations and docking
	Analysis of the MD simulations

	Funding and Acknowledgments
	Data availability
	Author Contribution Statement (draft)
	References

