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ABSTRACT 

Rab GTPases are central regulators of intracellular vesicular trafficking. They are frequently 

targeted by bacterial pathogens through post-translational modifications. Salmonella 

Typhimurium secretes the cysteine protease GtgE during infection, leading to a regioselective 

proteolytic cleavage of the regulatory switch I loop in the inactive small GTPases of the Rab32 

subfamily. Results of this work – produced by using a combination of biochemical methods, 

molecular dynamics simulations, NMR spectroscopy, and single-pair FRET – demonstrate that the 

cleavage of Rab32 causes a local increase of conformational flexibility in the switch regions. 

Cleaved Rab32 maintains its ability to interact with the GDP dissociation inhibitor (GDI). 

Interestingly, the Rab32 cleavage also enables GDI binding with an active GTP-bound Rab32 in 

vitro. Furthermore, the Rab32 proteolysis provokes disturbances in the interaction with its 

downstream effector VARP. Additionally, the proteolytic cleavage of Ras by the RRSP protease 

from Vibrio vulnificus was investigated. Like GtgE, RRSP protease also cleaves the switch I in Ras 

isoforms, disabling the binding of Ras to its effector RalGDS. However, NMR experiments showed, 

that RRSP-mediated cleavage provokes stronger structural changes in Ras than GtgE in Rab32. 

In the context of this work, a sortase-mediated protein immobilization method on magnetic 

nanoparticles was developed to produce suitable samples for single-pair FRET. Furthermore, the 

developed method includes a sensitive GFP-based quantification system for immobilized proteins. 

Using this method, GtgE protease was successfully immobilized, and the amount of coupled 

enzyme was quantified by fluorescence spectroscopy. The activity of soluble and immobilized 

GtgE assessed via kinetic measurements revealed comparable enzymatic activities. Noteworthy, 

the magnetic nanoparticles permit easy addition and removal of coupled enzymes to and from a 

reaction mixture. Thus, the sortase-mediated coupling of enzymes combined with the versatility 

of magnetic nanoparticles enables the preparation of biological samples with a high demand for 

purity as demonstrated by single-pair FRET experiments.  

During the first stages of the Salmonella infection, Salmonella outer protein D (SopD) is secreted 

into a host contributing to the systemic virulence of the bacterium. SopD2 is a SopD homolog and 

possesses GTPase activating protein (GAP) activity towards Rab32. Here, Rab-proteins were 

identified as putative SopD-targets by yeast two-hybrid approach. In vitro investigations, 

subsequently, revealed Rab8a as an exclusive SopD substrate. Moreover, mutagenesis studies 

suggest that SopD and SopD2 may utilize a GAP-mechanism requiring a dual catalytic finger 

provided by the GAP as well as the catalytic Gln located in the G3 motif of Rab proteins, thereby 

representing a combination of human and bacterial GAP mechanisms. Additionally, the catalytic 

efficiencies of SopD and SopD2 towards their physiologically relevant substrates were 

determined. In conclusion, SopDs from Salmonella act as RabGAPs and could inactivate Rab 

signaling.  
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ZUSAMMENFASSUNG 

Rab GTPasen sind zentrale Regulatoren des intrazellulären vesikulären Transports. Sie werden 

häufig durch die bakteriellen Krankheitserreger posttranslational modifiziert. Salmonella 

Typhimurium sezerniert während der Infektion die Cysteinprotease GtgE, was zu einer 

regioselektiven proteolytischen Spaltung des regulatorischen switch I in den inaktiven kleinen 

GTPasen der Rab32-Unterfamilie führt. Die Ergebnisse dieser Arbeit - die unter Verwendung einer 

Kombination von biochemischen Methoden, Molekulardynamik-Simulationen, NMR-

Spektroskopie und Einzelpaar-FRET erzielt wurden - zeigen, dass die Spaltung von Rab32 eine 

lokale Erhöhung der konformationellen Flexibilität in beiden switch Regionen bewirkt. 

Gespaltenes Rab32 behält seine Fähigkeit, mit dem GDP-Dissoziationsinhibitor (GDI) zu 

interagieren. Interessanterweise ermöglicht die Rab32-Spaltung auch die GDI-Bindung mit einem 

aktiven, GTP-gebundenen, Rab32 in vitro. Darüber hinaus unterbindet die Rab32-Proteolyse seine 

Interaktion mit dem nachgeschalteten Effektor VARP. In ähnlicher Weise spaltet die RRSP-

Protease aus Vibrio vulnificus auch den switch I in Ras-Isoformen, wodurch die Bindung von Ras 

an seinen Effektor RalGDS verhindert wird. NMR-Experimente zeigten jedoch, dass die RRSP-

vermittelte Spaltung stärkere strukturelle Veränderungen in Ras als GtgE in Rab32 hervorruft. 

Zusätzlich veranlassten die Schwierigkeiten bei der Herstellung von FRET-geeigneten Proben die 

Entwicklung einer Sortase-vermittelten Protein-Immobilisierungsmethode auf magnetischen 

Nanopartikeln. Darüber hinaus bietet die entwickelte Methode ein empfindliches GFP-basiertes 

Quantifizierungssystem für immobilisierte Proteine. Mit dieser Methode wurde GtgE erfolgreich 

immobilisiert, und die Menge des gekoppelten Enzyms wurde mittels Fluoreszenzspektroskopie 

quantifiziert. Lösliches und immobilisiertes GtgEs zeigten vergleichbare enzymatische Aktivität. 

Bemerkenswert ist, dass die magnetischen Nanopartikel eine einfache Zugabe und Entfernung der 

gekoppelten Enzyme zu und von einem Reaktionsgemisch ermöglichen. Somit bietet die Sortase-

vermittelte Kopplung von Enzymen in Kombination mit den vielseitigen Einsatzmöglichkeiten der 

magnetischen Nanopartikel die Möglichkeit für die Präparation biologischer Proben mit einem 

hohen Reinheitsanspruch, wie durch Einzelpaar-FRET-Experimente nachgewiesen wurde. 

Das äußere Salmonella-Protein D (SopD) wird in den ersten Stadien der Salmonella-Infektion in 

den Wirt sezerniert und trägt zur systemischen Virulenz des Bakteriums bei. SopD2 ist ein SopD-

Homolog und besitzt eine Aktivität des GTPase aktivierenden Proteins (GAP) gegenüber Rab32. 

Hier wurden Rab-Proteine als mutmaßliche SopD-Ziele durch einen Hefe-Zwei-Hybrid-Ansatz 

identifiziert. In vitro Untersuchungen ergaben, dass Rab8a das exklusive SopD-Substrat darstellt. 

Außerdem deuten Mutagenesestudien darauf hin, dass SopD und SopD2 einen GAP-Mechanismus 

nutzen könnten, der sowohl einen doppelten katalytischen Finger vom GAP als auch das 

katalytische Gln, das sich im G3-Motiv des Rab-Proteins befindet, benötigt und somit eine 

Kombination aus humanen und bakteriellen GAP-Mechanismen darstellt. Zusätzlich wurden die 
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katalytischen Effizienzen von SopD und SopD2 gegenüber ihren physiologisch relevanten 

Substraten bestimmt. Zusammenfassend lässt sich sagen, dass SopDs aus Salmonellen als 

RabGAPs fungieren und Rab-Signalwege inaktivieren können.  
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1. INTRODUCTION 

In the following four sections of the introduction, the reader will be able to gain the background 

information necessary to better understand the focus of the work and the results presented in it. 

Since the scope of the work was mainly on small GTPases, first, the reader will be provided with 

information concerning their structure, functions in the cell, as well as the ways of their regulation. 

Noteworthy, small GTPases are subject to regulation by not only the host but also by pathogens 

during infection. Therefore, essential information about two bacteria, Salmonella Typhimurium 

and Vibrio vulnificus, and their means of manipulation of small GTPases will support the 

understanding of the second part of this thesis – impact of bacterial effectors from Salmonella and 

V. vulnificus on small GTPases. Lastly, sortase A – a transpeptidase from Gram positive bacteria 

enabling the anchoring of proteins to the bacterial cell wall – will be briefly presented, since it was 

used as a tool to generate a set of samples for the single-pair FRET measurements presented in 

results of the thesis.  

1.1 Small GTPases as intracellular molecular switches 

During the past 40 years, scientists discovered and elaborated on the field of small GTPases 3. 

Proteins of the Ras superfamily of small GTPases are present in eukaryotes from yeast to human 

and are essential regulators in a large number of intracellular signaling processes 4–8. The 

members of the Ras superfamily are monomeric proteins with a molecular weight of 20-40 kDa, 

which can be divided into five functionally different families (Table 1) 5. The biggest family 

consists of approximately 70 members belonging to the Rab (Ras-related in brain) GTPases 8,9.  

Table 1 | The Ras superfamily of small GTPases is represented by over 150 members with different functions in humans. 

Family Members Function 

Ras 39 Gene expression, cell cycle 

Rho/Rac/Cdc42 22 Cytoskeleton reorganization 

Rab appr. 70 Intracellular vesicular transport 

Sar1/Arf 30 Intracellular vesicular transport 

Ran 1 Nucleocytoplasmic transport, microtubule organization 

 

Despite the functional variety of small GTPases, they all bind guanosine-5'-triphosphate (GTP) 

that is crucial for their activity and functionality. The ability to bind and to hydrolyze GTP is also 

responsible for the common names of these proteins – GTPases, GTP hydrolases, G proteins. The 
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Figure 1 | Schematic representation of conserved sequence motifs of small GTPases. (A) Small GTPases contain �ive 
conserved sequence motifs G1-G5, which are essential for their activity. Balls with sticks: GppCH2p; green sphere: Mg2+ ion. 
PDB ID: 121P 14. (B) The topology diagram represents a typical structural architecture of small GTPases with numbered α-
helices (barrels) and β-sheets (arrows). G motifs (blue), N- and C-termini as well as switch regions (green and purple) are 
indicated. 
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GTPase state, whereas in the active state they adopt a highly ordered structure. Cycling between both activity states is 
mediated by guanosine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). Green: switch I; purple: 
switch II; balls with sticks: nucleotide; green sphere: Mg2+ ion.  PDB IDs: 1KY3 20; 121P 14. 
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by β2 and β3), which connects the switch regions 22. The last two motifs, namely G4 (N/TKxD) and 

G5 (SAK) form the specific guanine binding pocket. The G4 Asp and the G5 Ala coordinate the 

nucleobase, hence, enabling the nucleobase specificity of the small GTPases. The conserved 

described elements contribute to the high affinity toward the nucleotide and establish the 

conformational switching mechanism at the molecular level 16.  

1.1.2 Cellular regulation of small GTPases via GEFs, GAPs, and GDIs 

As previously mentioned, G proteins rely on their regulatory proteins which enable the cycling 

between the active and inactive states (Figure 2). The activation of small G protein is mediated by 

guanosine nucleotide exchange factors (GEFs). GEFs activate them by stimulating GDP release and 

thereby facilitate the exchange with GTP. GEFs represent a heterogeneous group of proteins in 

terms of their secondary and tertiary structure 23. However, many characterized GEF:GTPase 

complexes show several mechanistic analogies which are important for nucleotide exchange. 

First, a low-affinity ternary GTPase:GDP:GEF complex is formed. The GEF interaction with the 

nucleotide-binding motifs (G1-G3) initially reduces the affinity to the centrally coordinated 

magnesium ion. Second, further specific interactions of the GEF with both switch regions of the 

GTPase ensure the shielding and relaxation of the nucleotide-binding pocket. Consequently, the 

affinity to the bound nucleotide decreases and facilitates its dissociation, forming a high-affinity 

binary GTPase:GEF complex. Due to the high intracellular GTP concentration (~ 0.5 – 1.0 mM) in 

contrast to GDP, the binary protein complex is dissolved leaving a GTP-bound G protein. This 

process is independent of the bound nucleotide and the loading of the GTPase depends on the 

intracellular GDP/GTP ratio 24,25. Once G proteins become active, they can interact with their 

downstream effectors affecting diverse cellular events 7. 

After fulfilling its cellular function, the small GTPase can be deactivated. GTPase-activating 

proteins (GAPs) catalyze the conversion of GTPases back to the inactive GDP-bound state. GAPs 

stimulate the intrinsic GTP hydrolysis of GTPases. In contrast to GEFs, GAPs of a given GTPase 

family are far less diverse in terms of sequence and structure, therefore they may target multiple 

GTPases 3. Two main variants have so far been described for Rab GTPases, explaining the 

mechanisms responsible for the stimulation of GTP hydrolysis by small GTPases. In the first case, 

the intrinsic G3 Gln (GlnG) activates a water molecule for in-line attack of the γ-phosphate. The 

GAP, in turn, provides an Arg residue placed in the proximity of the β- and γ-phosphates of the 

bound nucleotide, that stabilizes the transition state and neutralizes the developing negative 

charge during the hydrolysis (Figure 3C). The second mechanism is represented by GAPs 

containing TBC (Tre-2/Bub2/Cdc16) - domain (TBC-GAPs). TBC-domains can be distinguished by 

their conserved motifs: RxxxW, IxxDxxR, and YxQ, two of which (IxxDxxR and YxQ) are crucial for 

the hydrolytic mechanism 26. TBC-GAPs utilize a dual catalytic finger composed of Arg and Gln 

residues located in two of three conserved motifs (Figure 3D). Upon interaction of small GTPases 



GAP’s 

the γ

 

Figure 3 | Schematic representation of loaded-spring and (GAP-mediated) GTP hydrolysis mechanisms. (A) The 
canonical switch mechanism involves the interaction of the γ-phosphate with Thr (T) and Gly (G) of switch I and II via 
hydrogen bonds, which are released upon GTP hydrolysis in what has been called the loaded-spring mechanism. (B) 
Schematic representation of typical intrinsic GTP hydrolysis by G proteins via intrinsic Gln (Q). Depending on the GTPase 
the reaction rate varies; however, it tends to be slow in terms of biological time scale. (C) One class of GAPs facilitate the 
GTP hydrolysis by virtue of a single Arg (R) �inger placed directly into the active site of the G protein. (D) Another, TBC-
domain containing GAPs utilize the dual catalytic �inger composed of Arg (R) and Gln (Q) residues; simultaneously, intrinsic 
Gln (Q) of the G protein is pulled to the site by the interactions with the backbone (bb) of the GAP. Switch regions, GAP, and 
structural parts relevant to mechanisms are indicated. 
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in the cytosol, and GTP-bound are attached to the membranes 28. The prerequisite for the 

membrane anchoring of G proteins is the post-translationally attached lipid moiety on their C-

terminus 29. Since the membrane localization is crucial for signaling processes regulated by the 

small GTPases, its reversibility allows for the spatial and temporal control of GTPase activity. 

However, there is a serious hindrance for small GTPases of the Rab and Rho families on the way 

to the cytosolic pool. In comparison to the moderate hydrophobicity of other lipidated GTPases, 

the highly hydrophobic geranylgeranyl moieties of Rab and Rho proteins tremendously reduce 

their solubility, thereby locking them on the membrane 30. In order to ensure the proper transition 

from the membrane to the cytosol, the small GTPases require another regulatory unit called GDP-

dissociation inhibitor (GDI) – RabGDI (3 isoforms) and RhoGDI (3 isoforms) 23. Independently of 

its type, GDI interacts with GDP-bound GTPases and binds with high affinity in the nanomolar 

range to their lipid anchor that is inserted into the membrane 31–33. Thus, GDI shields the C-

terminal hydrophobic moiety and enables the GTPase extraction from the membrane shuttling it 

to the cytosolic pool 16. Moreover, GDIs target multiple GTPases of the same small GTPase family 3. 

1.1.3 The role of Ras in the cell 

The most important factor for the growth and development of organisms is the cell division 

controlled by the cell cycle. Such a complex process requires multiple control mechanisms, 

regulated by cellular proteins, among which the Rho and Ras GTPases are also present 34. The cell 

cycle regulation by Ras relies on the activity state of the GTPase as well as on its membrane or 

cytosolic localization. In order, to be internalized into the target membrane of cellular 

compartments, C-terminus of Ras must undergo multiple post-translational modifications (PTMs) 

i.e. lipidation, proteolysis, and methylation by diverse enzymes (Figure 4A) 35. The intracellular 

localization of different Ras isoforms is controlled by different means. Usually, the main 

mechanism controlling membrane association and dissociation of Ras is represented by the 

reversible lipidation with a palmitoyl group 35. The activation of Ras occurs via the receptor 

tyrosine kinase-mediated recruitment of the Ras GEF termed Son of Sevenless (SOS) to the target 

membrane, where it can activate Ras, thereby enabling its internalization into the membrane. 

Activated Ras can interact with a variety of effectors stimulating numerous signaling pathways 

(Figure 4B). The best-studied signaling pathways include the Ras–mitogen-activated protein 

kinase (MAPK), Ral guanine nucleotide dissociation stimulator (RalGDS), and phosphoinositide 

3‑kinase (PI3K) pathways (Figure 4C) 35–37. Active Ras triggers all three pathways culminating in 

multiple cellular functions like gene transcription, cell proliferation, and apoptosis 5. Thus, Ras 

activates RalGDS, which, in turn, facilitates the GDP to GTP nucleotide exchange in Ral GTPase by 

its GEF activity. The activated Ral provokes the association of Sec5 and TANK-binding kinase 

(TBK1), thereby elevating the kinase catalytic activity. Thereafter, TBK1 phosphorylates and 

promotes nuclear translocation of the NF-κB transcription factor cRel, resulting in the NF-κB 
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activation 36,38. Consequently, the transcription of important cell-cycle-controlling factors is 

induced, which eventually initiate cell division. This highlights the role of Ras as a proto-oncogene. 

The hyperactivation of Ras due to oncogenic point mutations results in an increased cell division 

and significantly contributes to the development of cancer in humans 39,40. This is also supported 

by the COSMIC (the catalogue of somatic mutations in cancer) database, confirming 22% of all 

cancer cases exhibit point mutations in KRas 40. Thus, KRas is the most frequently mutated Ras 

isoform. Generally, there are three hotspots for cancer-related mutations in Ras: G12, G13, and 

Q61. The occurrence of a mutation in each position is isoform-dependent 41. Moreover, six 

different amino acid substitutions were observed for each position in Ras (G to A, C, D, R, S, V, and 

Q to E, H, K, L, P, R) 40. Interestingly, these mutations occur either in the nucleotide-binding P-loop 

(G12 and G13) or at the position of the catalytic Gln in the G3 motif of switch II (Q61). Thus, these 

mutations trap Ras in a constitutively active state by different means. They either reduce the 

response of Ras proteins to GAPs or reduce the intrinsic GTP hydrolysis of Ras, thereby inhibiting 

Ras inactivation in both cases 40. 

Altogether, Ras GTPases play a pivotal role in the cell and the development of cancers, thereby 

representing a prominent therapeutic target. 



 

 

Figure 4 | Ras’ fate in the cell. (A) C-terminal processing of Ras by different enzymes ensures its proper cellular function. 
Once lipidated (see section 1.1.7.1 p. 25), Ras is internalized into the membrane of the endoplasmic reticulum (ER). Further, 
Ras is transferred to Golgi where the palmitoyl moiety can be attached. Afterwards, Ras can undergo vesicular transport 
to the plasma membrane before coming back to Golgi after depalmitoylation. FTase: farnesyl transferase; RCE1: RAS-
converting enzyme 1; ICMT: isoprenylcysteine carboxylmethyltransferase; DHHC9–GCP16: DHHC domain-containing 9–
Golgi complex-associated protein of 16 kDa. Depalmitoylation can be mediated by multiple enzymes 42. (B) Active Ras can 
activate multiple downstream effectors. (C) Simpli�ied scheme of Ras-mediated activation of different signaling pathways. 
Upon ligand binding, the protein tyrosine kinase receptor (PTKR) autophosphorylates and binds growth factor receptor-
bound 2 (GBR2), which in turn recruits GEF Son of sevenless (SOS). Subsequently, SOS activates Ras and starts multiple 
downstream cascades. MEK: MAPK/ERK kinase; ERK: RAS–RAF1–extracellular signal-regulated kinase; RalGDS: Ral 
guanine nucleotide dissociation stimulator; TBK1: TANK-binding kinase 1; PDK1: PI3K-dependent kinase 1; PIP2: 
phosphatidylinositol (4,5)-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-trisphosphate ETS and NF-κB: transcription 
factors. 
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cell, it is transported to the destination point via vesicles. Thus, vesicular traffic represents a 

transportation system of the eukaryotic cell responsible for the specific and site-directed 

transport of molecules between cellular compartments. Although the course of vesicle transport 

depends on the cargo, it can be divided into the following general steps: vesicle formation 

(budding), movement between cellular compartments, tethering, and fusion 49,50. Each of these 

steps requires strict spatial and temporal coordination to ensure the specificity and, ultimately, 

the identity of the membranes of cellular organelles. To fulfill such complex coordination, the cell 

utilizes the family of Rab GTPases. These G proteins control and regulate all main stages of 

vesicular transport (Figure 5). After Rab GTPases are synthesized in the cytosol, they are 

recognized by the Rab escort protein (REP) and presented to the Rab geranylgeranyl transferase 

(RabGGTase) for the addition of one or two geranylgeranyl lipid moieties to the Cys residues 

situated in their C-termini 51,52. Lipidated Rabs can then be internalized into the donor membrane 

and activated by GEFs in situ. Active Rabs can activate sorting adaptors and engage the budding 

process on the donor membrane. Once the vesicle is loaded with cargo and fully formed, it can be 

delivered to the acceptor membrane along the cytoskeletal track composed of actin filaments or 

microtubules. For the vesicle motility, Rab GTPases recruit motor adaptors or bind directly to the 

motor, thereby ensuring the transport to the acceptor membrane. Prior to the vesicle fusion with 

the acceptor membrane, the vesicle has to be tethered to it by a combination of a GTP-bound Rab 

and tethering factors followed by the formation of a complex between vesicle (v) and target (t) 

soluble NSF attachment proteins receptors (SNAREs) engaging the fusion 49. The Rab protein 

involved in vesicle transport is subsequently deactivated on the acceptor membrane by a GAP. 

The inactive Rab is then extracted from the membrane by GDI and returned to the donor 

membrane as a Rab:GDI complex 3. The specific membrane targeting of Rabs has not been fully 

elucidated and represents a topic of future research. However, two main possible routes for the 

targeted Rab insertion into the donor membrane were proposed. A membrane-bound GDI 

displacement factor (GDF) represents the one of them and is suggested to be responsible for the 

recognition of the Rab:GDI complexes on the donor membrane and their dissociation, thereby 

ensuring targeted insertion of the Rab protein back into the donor membrane 53,54. Consequently, 

the Rab protein can be reactivated by a GEF and start a new cycle of vesicular transport. Other 

research suggests that local GEF-mediated reactivation of Rabs enables the targeting of Rab 

proteins to the desired membrane 28,55. Since GDI binds exclusively to inactive Rabs, GEF-mediated 

reactivation can provoke a dissociation of the Rab:GDI complex and, therefore, ensure the 

reinsertion of the Rab into the donor membrane.  



 

Figure 5 | Rab GTPases in vesicular transport. Schematic overview of the Rab-mediated vesicle transport. Newly 
synthesized unlipidated Rab proteins interact with Rab escort protein (REP), which presents them to the geranylgeranyl 
transferase II (GGTase II) for the geranylgeranylation. After GEF-mediated Rab activation, the budding at the donor 
membrane and the vesicle transport to the acceptor membrane take place. SNARE-mediated membrane fusion is followed 
by GAP-mediated Rab inactivation at the acceptor membrane. Inactive Rab is provided to a donor membrane for a new 
transport cycle via GDI-mediated membrane recycling. Dashed lines represent multi-step or not fully understood processes. 
The �igure was adapted and modi�ied with permission from Stenmark, 2009 6. Copyright (2020) Springer Nature Limited. 
License number 4933921463334. 
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Figure 6 | Function and localization of Rab GTPases in overview. The vesicle transport pathways and localizations of 
selected Rab GTPases within an epithelial cell. Rab8 and members of the Rab32 subfamily are highlighted in red. CCV: 
clathrin-coated vesicle; ER: endoplasmic reticulum; GLUT4: glucose transporter Type 4; IC: intermediate compartment; 
TGN: trans-Golgi network. The �igure was adapted and modi�ied with permission from Stenmark, 2009 6. Copyright (2020) 
Springer Nature Limited. License number 4933921463334. 
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regulation of GLUT4 translocation based on the direct interaction of Rab8a and Myosin Va 

(Figure 6) 66. GLUT4 is an insulin-responsive glucose transporter, which is crucial for glucose 

transport into muscle and adipose cells 67.  In this context, it has been shown that Rab8a regulates 

apical protein localization and is responsible for the absorption and digestion of diverse nutrients 

in the small intestine 68. Additionally, Rab8a is involved in the biogenesis of primary cilia – a hair-

like structured organelle responsible for hedgehog signaling (Hhs) in mammals 69–71. Hhs is a 

signaling pathway frequently used for intracellular communication which is involved in the 

development of multiple organs and the regulation of apoptosis 69,72. Rab8a also functions in the 

endocytic recycling pathway and regulation of autophagy 73,74. Moreover, Rab8a can be recruited 

to the phagosomes and stressed lysosomes by the leucine-rich repeat kinase 2 (LRRK2) in a 

kinase-dependent manner 75,76. Multiple small GTPases serve as a substrate for LRRK2 77. 

Interestingly, the hyperactive G2019S-variant of LRRK2 present in PD patients impairs the 

function of Rab8a via phosphorylation and, thereby alters the endolysosomal trafficking 78. 

Thereupon, it has been revealed that redundant phosphorylation of Rab8a by LRRK2 can alter 

ciliogenesis 79. However, the LRRK2-mediated Rab8a phosphorylation plays a significant role in 

ciliary trafficking pathways 80. In contrast to Rab8a, there is not much known about Rab8b. The 

Rab8b is downregulated in pancreatic cancer 58. Recently, Rab8b was identified in the proteome 

of a pathogen-containing compartment in macrophages and suggested to be a part of the control 

mechanism of Salmonella proliferation in the host 81. Moreover, Rab8b was linked to Legionella 

pneumophila, in which it interferes with the integrity of Legionella-containing vacuoles 82. Both of 

the Rab8 isoforms are present on Salmonella-induced filaments (SIF) indicating the association of 

Salmonella with recycling compartments in macrophages 83. 

1.1.6 Cellular functions of the Rab32 subfamily 

The Rab32 subfamily of small GTPases is represented by three members: Rab29, Rab32, and 

Rab38, which are evolutionary closely related to the Rab7 subfamily. Similarly to the Rab7 

subfamily, the members of the Rab32 subfamily are mainly involved in endo-lysosomal 

signaling 84. However, other roles of these GTPases were reported previously. 

1.1.6.1 Rab29 

Due to its genetic homology with Rab7, Rab29 was first designated as Rab7-like 1 85. This protein 

is present in all tissues but it is predominantly expressed in the kidneys 86. First insights into the 

Rab29’s cellular functionality have shown its localization at the Golgi and its role in the integrity 

of the trans-Golgi network 87,88. Further research during the past decade suggested Rab29 to be 

linked to neuronal diseases like PD. Since LRRK2 is one of the genes mutated in the rare genetic 

Parkinsonism resulting in the kinase hyperactivation, it plays an important role in 

neurodegenerative disorders 77,89. Rab29 is involved in the regulation of LRRK2 by recruiting and 
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activating it on the Golgi membrane in a GTP-dependent fashion 90–92. Additionally, Rab29 has 

been shown to recruit LRRK2 onto stressed lysosomes 75. LRRK2 and Rab29 both provoke 

centrosomal alterations and regulate neurite morphology 93–95. Rab29 may also play a role in viral 

replicase formation 96. Furthermore, the misregulation of Rab29 caused by mutations in the 

RabGEF C9orf72 results in the disruption of the trans-Golgi vesicle transport 97. Moreover, Rab29 

was shown to be involved in the regulation of ciliogenesis in immune cells 98. Interestingly, broad-

host infecting Salmonella secretes a protease GtgE that specifically cleaves Rab29, which is 

normally recruited to the Salmonella-containing vacuoles (SCV) in infected cells and can hinder 

bacterial replication in macrophages 99. 

1.1.6.2 Rab32/38 

Rab32 and Rab38 are paralogues displaying over 60 % of sequence identity and originating from 

a vertebrate whole-genome duplication 100. Whereas Rab32 is present in different types of tissues 

in humans, Rab38 is expressed specifically in melanocytes and thrombocytes 101–103. Primary 

research has connected Rab32 and its paralogue with the regulation of melanosome biogenesis. 

In this context, Rab32 has also been shown to interact with Myosin Vc maintaining the trafficking 

of integral membrane proteins to melanosomes 104. Mutation in Rab38 results in the chocolate 

(cht) mouse coat color phenotype 105. It was shown that Rab32/38 localize with end-stage 

melanosomes (a member of lysosome-related organelles (LRO)) and are responsible for the 

sorting of tyrosinase, the tyrosinase-related protein 1 (Tyrp1), and dopachrome tautomerase 

(Dct) in mouse melanocytes 105–107. Moreover, Rab32 can compensate for the function of depleted 

Rab38 and enable nearly normal pigmentation in cht melanocytes 107. In contrast, only Rab32 is 

critical for the trafficking of Tyrp2 108. For a successful melanogenesis, Rab32 and Rab38 must 

interact with several binding partners such as adaptor protein complex-1 (AP1), adaptor protein 

complex-2 (AP2) as well as biogenesis of lysosome-related organelle complex (BLOC)-2 107. The 

latter one is a heterotrimeric protein consisting of HPS3, HPS5, and HPS6 subunits 109. HPS stands 

for Hermansky-Pudlak syndrome, an autosomal recessive disorder associated with e.g. 

oculocutaneous albinism, that displays mutations within the coding genes for HPS subunits 

causing the disease 110. Another heteromeric complex of HPS subunits 1 and 4 is termed BLOC-3 

and functions as a GEF for Rab32 and Rab38 111,112. The antagonist of BLOC-3 was also revealed 

previously – RUTBC1, a physiological TBC-GAP facilitating the inactivation of Rab32/38 106,113. 

Another physiologically relevant binding partner of Rab32/38 is the vacuolar protein sorting 

(VPS9)-ankyrin-repeat protein (Varp). Varp binds Rab32/38 via its first ankyrin repeat (ANK1) 

in a nucleotide-dependent manner 114–116. This interaction was confirmed by a structural analysis 

of the heterocomplex between both proteins (Figure 7) 114.  



 

 
Figure 7 | Crystal structure of Rab32:VarpANK1 complex. Varp interacts with Rab32 mainly via the residues of the 
interswitch region and switch II. Ion pairing is indicated with dashed yellow lines. Residues important for the establishment 
of interaction are depicted with sticks. PDB ID: 4CYM 114. 
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repair, cell division, signaling, etc. 127–130. PTMs can be a result of spontaneous reactions between 

proteins and small molecules due to the surrounding chemical environment or they can be driven 

by the enzymatic activity of other proteins 131. Despite their origin, PTMs require accurate 

regulation to maintain the balance between all cellular processes. However, such balance can be 

disturbed endogenously by pathological misregulation or exogenously by pathogens to secure 

their survival in the host organism 132. 

1.1.7.1 Physiological PTMs of small GTPases 

Small GTPases require not only GEFs, GAPs, or GDIs for their proper functionality, but also PTMs, 

especially regarding the interaction with GDIs. The most important feature of small GTPases 

connected to PTMs is the C-terminal lipidation. It is crucial for the membrane insertion and the 

interaction with GDI, enabling the cycling of small GTPases between cytosolic and membrane-

bound pools. Based on the C-terminal recognition sequence they can be modified with different 

lipid moieties and by different enzymes (Table 2). Thus, the members of the Ras family can be 

farnesylated by farnesyl transferase (FTase) on the Cys of the CaaX motif, followed by proteolysis 

of three terminal amino acids by the Ras-converting enzyme 1. The resulting free carboxyl group 

is subsequently methylated by isoprenylcysteine carboxylmethyltransferase (ICMT) in order to 

shield the hydrophilic tail which may hinder a proper membrane insertion. Additionally, Ras 

proteins can be palmitoylated by a palmitoyl acyltransferase (PAT) enabling their localization to 

the Golgi. Only the processes mediated by ICMT and PAT are reversible under physiological 

conditions 35. On the contrary, Rab GTPases are only subject to irreversible lipidation by 

geranylgeranyl transferase II (GGTase II or also referred to as RabGGTase). GGTase II can attach 

one or, in most cases, two geranylgeranyl moieties to the Rab proteins when they are bound to the 

REP. Two geranylgeranyl groups ensure the high membrane affinity of Rab GTPases 8. 

Interestingly, exactly these lipids are required for proper interaction with GDI during the Rab 

extraction from the membrane 33.   

Table 2 | Lipidation as a PTM of small GTPases. Overview of lipid moieties with their structures and target proteins, 
with relevant catalyzing enzymes and recognition motifs. FTase recognition CaaX motif consists of a conserved Cys, two 
variable aliphatic amino acids “a” and one variable amino acid “X”. Aliphatic amino acids are also present in the GGTase I 
recognition sequence. GGTase II requires mainly C-terminal Cys residues for the successful modification.  

Lipid group Structure GTPase Enzyme Motif 

Myristoyl 

 

Arf 133, Ras 35 NMTs MGxxxS/T 

Palmitoyl 

 

Ras 35, Rho 134 PATs not consistent 
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Farnesyl 

 

Ras 35, Rho 134 FTase CaaX 

Geranylgeranyl 

 

Rho 134 
 
Rab 8 

GGTase I 

GGTase II 

CaaL 

CC, CxC, CC(x)n=1-3 

Other PTMs have also been discovered in addition to lipidation. Among them are 

serotonylation 135,136, S-nitrosylation 137, N-terminal acetylation 138, SUMOylation, and 

ubiquitination 35,139 as well as phosphorylation mediated by multiple kinases 35,77,140,141 (Table 3). 

Table 3 | Further PTMs of small GTPases involved in their cellular regulation. 

Functional group GTPase (position) Enzyme Effect 

Acetyl Arf (N-terminus) 138 N-terminal 
acetyltransferase 

facilitated recognition by the 
membrane receptor Sys1p/hSys1 

Phosphate Ras 35, Rab 77,140,141, 
Rho 142 

multiple kinases e.g. 
LRRK2, Src tyrosine 
kinase 

diverse effects 
e.g. impaired interaction of Rab 
with GDI 

Serotonyl Rab3a, Rab27a 136, 
RhoA 135 

transglutaminase constitutive activation 

S-nitrosyl Ras (C118) 35 non-enzymatic enhanced nucleotide exchange 
SUMO Rac1 (K183, K184, 

K186, K188) 139 
E3 ligase PIAS3 cell migration 

Ubiquitin Ras 35, Rho 142, Rab6a, 
Rab8a, Rab11a 143 
 
 
 
 
Arf6 144 

E3 ligase 
 
 
 
 
 
Fbx8 

enhanced activation and 
regulation of Ras 
compartmentalization, protein 
degradation, 
Rab activation 
 
downregulation of Arf6 

1.1.7.2 Pathological PTMs of small GTPases by bacteria 

The function of small GTPases is frequently steered and altered by bacterial effectors and 

regulatory enzymes mimicking the activity of host proteins 145,146. To this end, pathogens secret a 

plethora of proteins during the infection directed onto the modification of host GTPases 

(Figure 8). Reported PTMs arising during the bacterial infection include phosphorylation 147, 

phospho-ribo-ubiquitination 148,149, deamination 150–152, lipidation 153, phosphocholination 154, 

ADP-ribosylation 155,156, glycosylation 35,142,157, adenylylation 158–160, and proteolysis 99,161,162.  



Figure 8 | Structural overview of posttranslational modi�ications of small GTPases introduced by bacterial 
enzymes. The protein crystal structure (PDB ID: 121P) represents a typical structural organization of small G proteins 14. 
PTMs, their structures, and target proteins are displayed in circles. Positions of PTMs within the protein structure are 
indicated with blue spheres and labeled with numbers corresponding to the superscripts next to the protein names (if 
necessary). Green sphere: Mg2+ ion; balls and sticks: GppCH2p (non-hydrolyzable GTP analog); switch regions and G motifs 
are indicated. Adapted and modi�ied from Dr. Rudolf Wachtel 163. 
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or disturbing the host defense systems (Table 4) 11,126. Thus, for instance, Legionella pneumophila 

secretes multiple enzymes during the infection, in order to survive and replicate in the host by 

diversely manipulating the functionality of Rab1. Enzyme pairs DrrA/SidD and AnkX/Lem3 

secreted by Legionella have been shown to reversibly modify residues located in the switch II 

region of Rab1b with AMP or phosphocholine moieties, respectively, resulting in a reshaped 

interaction profile of Rab1 with its GAPs, GEFs, and GDI 3. Similarly, Salmonella typhimurium 

employs the protease GtgE to enhance its survival chances in the host by cleaving exclusively the 

members of the Rab32 subfamily 99,164. Recently, glycosylation (arginine GlcNAcylation) has been 

reported to occur during Salmonella infection in the host disturbing the functionality of Rab1 and 

contributing to the survival and replication of the pathogen 157. 

In conclusion, PTMs of small GTPases mediated by pathogen enzymes are vital for the infection 

progression as well as for the survival and replication of bacteria in the hosting organism. 

Therefore, it is of utmost importance to understand the source and effects of such modifications 

as well as to find possible ways to prevent them. 

Table 4 | Overview of post-translational modifications of small GTPases mediated by bacterial enzymes in the 
host cell. 

PTM GTPase (position) Enzyme/Bacteria Effect 

Adenylylation Rab1b (Y77) 160  
 
 
 
Cdc42 (Y32) 159 
 
Cdc42 (T35) 158 

DrrA/Legionella pneumophila 
 
 
 
IbpA/Histophilus somni 
 
VopS/Vibrio parahaemolyticus 

recruitment of Rab1b 
to LCVs by its 
constitutive activation 
165 
disruption of the host 
actin cytoskeleton 166 
disruption of effector 
binding and 
downstream signaling 
167 

ADP-ribosylation RhoA, B, C (N41) 168 
 
Rab5 (Q79), Rab31 
(Q64) 169 

C3 toxin/Clostridium botulinum 
 
YART/Yersinia mollaretii 

increased binding to 
GDI 
constitutive activation, 
increased binding to 
R5BD, and interaction 
with early endosomes  

Deamination RhoA (Q63) 150 
 
 
multiple Gi and Gα 
(GTP catalyzing Q 
in switch II) 151,152 
 

dermonecrotizing 
toxin/Bordetella bronchiseptica 
 
Pasteurella multocida toxin 
Photorhabdus asymbiotica 
protein toxin 

constitutive activation, 
actin stress fiber 
formation 
constitutive activation 
following by Rho 
activation through 
Gαq/11 

Glycosylation Rab5 (T52), Rab31 
(T36) 169 
 
 
Ras (T35) 170 
 
 
Rho (T37) 170 
 
 

YGT/Yersinia mollaretii 
 
 
 
TcsL toxin/Clostridium sordellii 
 
 
TcdA/B toxin/Clostridium 
difficile 
 

inactivation, reduced 
binding to R5BD, and 
association with early 
endosomes 
disruption of effector 
binding and 
MAPK/ERK pathway 
breakdown of the actin 
cytoskeleton 
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Rho (Y34) 151 
 

Photorhabdus asymbiotica 
protein toxin 

same effect like in the 
case of C. difficile 

Lipidation Rac1 (K183, K184) 
153 

RID/Vibrio vulnificus inhibition of Rho-
mediated signaling, 
deformation of the 
cytoskeleton 

Phosphocholination Rab1b (S76) 154 AnkX/Legionella pneumophila displacement of GDI 171 
Phospho-ribo-
ubiquitination 

Rab33b (S154) 
148,149 

SdeA/Legionella pneumophila reduced GTP hydrolysis 

Phosphorylation Gαq (S47) 147 YpkA/Yersinia 
pseudotuberculosis 

decreased GTP binding, 
inhibition of multiple 
Gαq signaling pathways 

Proteolysis Rab29 (G41-V42) 
Rab32 (G59-V60) 
Rab38 (G43-V44) 
99,172 
HRas, KRas, NRas, 
Rap1a,b (Y32- 
D33) 161 
 
RhoA, Rac, Cdc42 
(C-terminally) 162 
 

GtgE/Salmonella enterica 
 
 
 
 
RRSP/Vibrio vulnificus 
 
 
YopT/Yersinia pestis 

disruption of effector 
binding and 
downstream signaling 
 
 
disruption of effector 
binding and 
MAPK/ERK pathway 
loss of the prenyl 
group, membrane 
detachment  

 

1.2 Salmonella enterica – a prominent human pathogen 

Salmonella enterica is a Gram-negative, facultative anaerobe, and bacilli-formed bacteria 

belonging to the family of Enterobacteriaceae that can infect a broad range of hosts 173. Salmonella 

is represented by more than 2600 serovars worldwide and is one of the most pathogenic 

species 174,175. Salmonella enterica ssp. Typhimurium (further referred as to S. Typhimurium) is of 

clinical interest in both developed and developing countries, where it is one of the main reasons 

for food-borne illnesses 174. S. Typhimurium can infect a broad range of hosts including human 

usually causing local salmonellosis by invading epithelial cells and macrophages of the 

gastrointestinal tract, leading to vomiting, inflammation, and diarrhea 176,177. Untreated, S. 

Typhimurium can invade various organs down to the brain accompanied by a cytokine-mediated 

inflammation, eventually causing life-threatening sepsis 178–181. S. Typhi is another Salmonella 

serovar that adjusted its infectious machinery exclusively to humans. Due to various deletions in 

genes encoding for pathogenic proteins (e.g. protease GtgE of S. Typhimurium), S. Typhi possesses 

a reduced genome, which, together with loss-of-function mutations of multiple enzymes (e.g. 

RabGAP SopD2) and secretion of exclusive typhoid toxin, explains the host restriction of S. Typhi 

to humans. Independently of the serovar, all Salmonellae are in possession of multiple 

pathogenicity islands (SPIs), encoding a variety of infection-associated machineries, especially the 

type 3 secretion system (T3SS), which is crucial for the host invasion process by Salmonella 182,183. 

Generally, in 2017, Salmonella infected a multi-million human population worldwide that resulted 

in 33,300 – 98,100 and 76,900 – 218,900 deaths caused by invasive non-typhoidal and by 
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(para)typhoidal serovars, respectively 184. Therefore, Salmonella represents a relevant 

bacteriological research field. 

1.2.1 Host invading strategy of Salmonella Typhimurium 

S. Typhimurium is a sophisticated representative of intracellular pathogens. After the bacteria 

reach the intestine, they can invade host epithelial cells or macrophages. The cell invasion, the 

establishment of SCVs, and further pathogen-host interactions are carried out mainly via bacterial 

proteins (also called bacterial effectors) encoded within the SPIs. The most important SPIs among 

many are the SPI-1 and SPI-2, which are employed by S. Typhimurium at different stages of 

infection. Whereas SPI-1 encodes machineries required for the first interaction with the host cell, 

SPI-2 is necessary for the development of a systemic infection. Therefore, SPI-1 encodes i.a. the 

T3SS-1 and the effector proteins required for the successful invasion of the host and the beginning 

of the infection 185. The T3SS-1 is a huge needle-shaped multidomain protein complex responsible 

for the delivery of the Salmonella effector proteins into the host cell 186. The T3SS’s base is situated 

in the bacterial membrane and the protruding needle tip penetrates the membrane of the host 

cell, thereby establishing a connection between both organisms and enabling the translocation of 

bacterial effectors. Thus, S. Typhimurium adapts the membrane surface and intracellular 

environment of the host to its need. To this end, the bacterium secretes SopE and SopE2, 

mimicking GEF activity towards Cdc42 and Rac, which are crucial for the organization of the actin 

cytoskeleton 187. Due to the activation of Rho GTPases, S. Typhimurium can rearrange the actin 

cytoskeleton resulting in membrane ruffling, which, in turn, leads to the pathogen 

macropinocytosis and bacterial invasion (Figure 9). Another important effector at this stage is 

SptP, that is translocated during the entry of the bacteria into the host. SptP possesses a GAP 

activity towards the same Rho GTPases, thereby downregulating the membrane ruffling 158,186. 

After successful invasion, bacteria usually remain in the SCVs, which, after manipulations by S. 

Typhimurium, provide them with an appropriate intracellular replication niche. One of the 

secreted effectors manipulating the composition of the SCVs is SopB. SopB (encoded by SPI-1) is 

an inositol phosphatase that recruits Rab5 and its effector phosphoinositide 3-kinase Vps34 in 

order to generate phosphatidylinositol-3-phosphate (PI3P) on the SCV membrane, enabling 

further SCV maturation 188. Additionally, SopB reduces levels of acidic lipids on the SCV, which 

may alter the trafficking of Rab GTPases and hinder SCV fusion with lysosomes 189. After the SCVs 

are established, S. Typhimurium engages the next step of the infection. For this purpose, the 

bacteria assemble the T3SS-2 (encoded by SPI-2) on the SCV membrane. Both secretion systems 

are structurally similar, but the effectors translocated with their help fundamentally differ from 

each other 190. The SPI-2 effectors secreted into the cytosol via T3SS-2 are responsible for SCV 

maintenance, maturation, and formation of replicative SCV with characteristic Salmonella-

induced filaments (SIFs), which are crucial for the supply of replicating bacteria with 
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Figure 9 | Comparison between host invasion by wild type (WT) and noninvasive bacteria (ΔinvA/Inv). After a 
successful injection of pathogenic effectors via T3SS, WT Salmonella enters the host cell via micropinocytosis. Hereafter, 
the bacteria run through the multiple steps of SCV maturation resulting in the formation of mature SCVs connected to the 
Sifs. The bacteria lacking SPI-1 (ΔinvA/Inv) cannot replicate in the host and are degraded in the phagolysosomes. vATPase 
(vacuolar proton pump) is responsible for the acidi�ication of SCVs and (phago)lysosomes. Rab GTPases typically residing 
on the SCVs and intracellular compartments are indicated. Rab proteins and Salmonella effectors relevant for this work 
are highlighted in red. CCV: clathrin-coated vesicle; EEA1: early endosome antigen 1; LAMP1: lysosome-associated 
membrane protein 1; TGN: trans-Golgi network; PI3P: phosphatidylinositol-3-phosphate. 
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1.2.2 The cysteine protease GtgE from Salmonella Typhimurium 
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Figure 10 | Mechanism and crystal structure of GtgE in complex with Rab32. (A) Overview of the catalytic mechanism 
of GtgE. The cleavage site resides between G59 and V60. Catalytic residues are depicted in blue. The oxyanion hole (orange) 
is composed of GtgE’s backbones of C45 and N44 with the support of the side-chain of Q33. C149 serves as a proton donor 
in the reaction. (B) Crystal structure of Rab:GtgE complex (PDB ID: 5OEC) 164. The interaction interface between proteins 
is formed by spikes 1-3 of GtgE, which form a deep cavity and trap switch I in there. 
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1.2.3 RabGAP Salmonella outer protein D2 and its homolog D 

Salmonella outer proteins (Sops) SopD and SopD2 are homologous effector proteins displaying 

43% of sequence identity and 63% of similarity 194. Both proteins are secreted by S. Typhimurium 

into the host during the infection, but at different stages 195,196. SopD is encoded on the SPI-1 and 

is, thus, secreted during the beginning of the infection, whereas SopD2 belongs to the effectors 

encoded on the SPI-2 and is secreted after the bacteria have entered the host cell. Despite such 

high structural similarity, both proteins have different localizations during the infection in the 

host. SopD was reported to be distributed within the cytosol, whereas SopD2 localized at the 

SCVs 195. SopD plays a significant role in the development of diarrhea and gastroenteritis in 

calves 196,197. Additionally, both effectors play an important role in the survival and replication of 

bacteria in the host 146,194. However, the detailed mechanisms of the SopD function are unknown. 

In contrast, SopD2 has been connected with the development of SCVs and their membrane 

dynamics in previous reports 195,198,199. Moreover, studies of the past five years shed light on the 

role of SopD2 in the pathogen-host interaction and its substrates. The N-terminus of SopD2 

interacts directly with Rab7 and inhibits its nucleotide exchange, thereby impairing its activation 

and the interaction with its effectors as well as the fusion of SCVs with lysosomes 200. Additionally, 

SopD2 modulates the function of Rab34 and contributes to infection development 201. 

Interestingly, since the C-terminus of SopD2 was reported to possess GAP activity towards Rab32 

and other GTPases, it represents, thereby, a bifunctional protein targeting different small GTPases 

in a diverse manner 146. Whereas the mechanism underlying Rab7 inhibition by SopD2 has not 

been completely clarified yet, the SopD2 GAP activity was investigated in more detail. The C-

terminal R315 residue of SopD2 facilitates the GTP hydrolysis in Rab32, thereby mimicking the 

fundamental aspects of host GAPs 146. Despite its mimicry, SopD2 shares neither sequence nor 

structural similarities with mammalian GAPs. The SopD2 GAP activity fully abolishes the 

recruitment of Rab32 to the SCVs. Moreover, S. Typhi, possessing SopD2 just as a pseudogene, 

engineered to express SopD2, could also suppress the recruitment of Rab32 to SCVs. Additionally, 

it has been shown, that the virulence-deficient ΔSopD2/ΔGtgE double-mutant S. Typhimurium 

strain could successfully replicate in BLOC-3-/- deficient mice, indicating that both effectors impair 

the Rab32-BLOC-3-defense pathway 146. Thus, S. Typhimurium employs SopD2 in order to 

deactivate Rab32 and provide GtgE with a substrate for proteolytical modification, thereby 

enabling the bacterial survival and replication in the host organism (Figure 11). 



 

 

Figure 11 | Graphical representation of SopD2- and GtgE-mediated inactivation of Rab32. Secretion of both SPI-2 
effectors SopD2 and GtgE blunts the Rab32-BLOC-3-defense pathway and enables S. Typhimurium’s successful propagation 
in the host. TGN: trans-Golgi network.
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Figure 12 | Model for delivery of MARTX toxin into the host cell. (A) Composition of the MARXTVv toxin. Domain of 
unknown function 1 (DUF1), Rho GTPase-inactivation domain (RID), α/β hydrolase domain (ABH), Makes Caterpillars 
Floppy-like domain (MCF) and Ras/Rap1 site-speci�ic endopeptidase (RRSP) are indicated. (B) After MARTXVv is secreted 
by the V. vulni�icus into the extracellular space via T1SS, it incorporates into the plasma membrane of the host cell and 
forms a pore-like structure. Thereafter, multiple effectors are delivered into the host and auto-processed by CPD (red) upon 
activation by inositol hexaphosphate (IP6). Auto-processing begins with RRSP. Thus, liberated RRSP (green) associates with 
the plasma membrane and cleaves the regulatory switch I of Ras resulting in the inhibition of e.g. Raf signaling pathway. 
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1.3.1 Ras/Rap1 site-specific endopeptidase from Vibrio vulnificus 

RRSP is a cytotoxic factor of V. vulnificus located within the 3579-4089 amino acids of MARTXVv . 

RRSP is composed of three domains: C1, C2A, and C2B 212. Whereas the first N-terminal part (N1) 

of the C1 domain forms a hydrophobic core enabling the membrane association, the C2 domains 

bear the catalytic center of the endopeptidase (Figure 13A, B) 161,213. After RRSP is released into 

the host cell cytosol by CPD activity, it targets exclusively Ras and Rap1 GTPases. Similarly to GtgE 

from Salmonella, RRSP cleaves the switch I region of small GTPases, or rather the peptide bond 

between Y32 and D33 (KRas), which is located near the N-terminal part of the switch I 

(Figure 13C). The RRSP-mediated proteolysis of Ras results in the disruption of the MAPK/ERK 

pathway and cytotoxicity 214. The MAPK/ERK pathway inhibition by RRSP can be explained by the 

inability of the cleaved Ras to bind its physiological effector Raf, normally starting the MAPK/ERK 

signaling pathway 161. Recent studies have revealed, that RRSP utilizes a 2His/2Glu motif similar 

to the endopeptidases of the TIKI superfamily in order to facilitate Ras/Rap1 proteolysis 

(Figure 13A). However, in contrast to the typical members of the TIKI superfamily like Bcr135, 

RRSP is not a metalloprotease 161,213. The C1 and C2A domains are connected with an inter-lobe 

linker (3723-3739aa), which includes residues crucial for the proteolytic functionality of the C2 

domain. The inter-lobe linker is suggested to function as a hinge ensuring flexibility between the 

connected domains 213. Noteworthy, D3721 and R3841, located in the proximity of the inter-lobe 

linker are also vital for the cytotoxicity of the RRSP 212. Moreover, the R3988E and R4001F 

mutations have been shown to abolish the Ras proteolysis due to a possible contribution to the 

substrate recognition 213. In contrast, the R4001A mutation does not affect the cleavage of Ras 161. 

Despite the contribution of previous studies, the genuine proteolytic mechanism on the molecular 

level remains elusive. 



 

Figure 13 | Structural composition of RRSP and the cleavage site within Ras. (A) Structural organization of the 
domains in RRSP (PDB ID: 6A8J) 213. N1 (blue) part of C1 is crucial for the membrane insertion of the protease. N2 further 
contributes to the stabilization of the membrane localization domain (C1). The inter-lobe linker connects C1 and C2A 
domains and contributes to the �lexibility between them, which is apparently vital for the substrate recognition. The 
function of C2A remains unknown. C2B (green) provides the catalytic quartet for Ras processing (catalytic residues are 
shown in the magni�ied section). (B) Scheme of RRSP domain composition. (C) Schematic representation of the cleavage 
positions (blue spheres) for RRSP and GtgE within the switch I of Ras and Rab32 (PDB ID: 121P) 14. Green sphere: Mg2+ ion; 
balls with sticks: GppCH2p. 
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Figure 14 | Schematic representation of SrtA-mediated ligation. SrtA identi�ies the LPTXG motif on the C-terminus of 
the protein of interest (POI) and initiates the ligation between the POI and the substance bearing N-terminal poly-Gly tail. 
The catalytic site of SrtA is represented by a triad (green) of Cys, His, and Arg. Arg together with Thr from the recognition 
motif form an oxyanion hole, thereby stabilizing the catalytic complex. Cys, in turn, performs a nucleophilic attack on the 
carbonyl carbon of the Thr and forms the �irst tetrahedral intermediate complex. Afterward, His deprotonates the amine 
group of another ligation partner, thereby supporting the nucleophilic attack on the carbonyl carbon. Thereafter, the 
second tetrahedral intermediate collapses releasing SrtA and the ligation product 240. R: �lexible linker; R´: variable 
substance (e.g. small molecules, nanoparticles, proteins, etc.). 
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2. AIMS 

The main aim of this work was to investigate the consequences of proteolytic post-translational 

modifications of small GTPases by bacterial enzymes (virulence factors). To this end, two 

proteases from different bacteria were employed as an experimental system: GtgE from 

Salmonella Typhimurium targeting an inactive Rab32 and its homologs, and RRSP from Vibrio 

vulnificus, targeting Ras. Both proteases cleave their substrates within the switch I region. In 

contrast to GtgE, RRSP-mediated cleavage is independent of the nucleotide-bound state of the 

substrate. The consequences in terms of conformational changes and effector binding by GTPases 

upon cleavage should be investigated. In order to fulfill this goal, a multidisciplinary approach 

combining biochemical characterization of processed substrates and their binding behavior to the 

physiological effectors, single-pair FRET measurements, molecular dynamics simulations, and 

NMR spectroscopy. Since the effects caused by RRSP on Ras proteins were comprehensively 

covered by two independent laboratories in 2018, it was decided not to proceed with any further 

investigation on this topic. 

Additionally, this work aimed at identifying the function and the putative targets of the virulence 

factor SopD secreted by the bacterial pathogen Salmonella at the beginning of the infection 

process. For this purpose, a yeast two-hybrid approach should have been applied using SopD as 

prey for screening through the Rab bank. Subsequently, the putative targets must have been 

validated in vitro. 

Lastly, a project devoted to development of a sortase-mediated protein immobilization on 

magnetic nanoparticles was successfully closed, in order to obtain highly pure proteolytically 

processed Rab32 free of any residual GtgE for single-pair FRET measurements.   
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3. RESULTS 

3.1 Sortase-mediated GtgE immobilization on magnetic nanoparticles b 

This section is a product of the collaborative work with Dr. Burak Gülen, Joel Fauser, Maximilian 

Fottner, Vanessa Trauschke, and the author of this thesis. The results presented here are part of a 

recent publication in bioconjugate chemistry 215. Whereas Dr. Burak Gülen and Joel Fauser 

designed the method, the data related to Rab32 and GtgE in this dissertation are contributed by 

the author and represent an application for the developed immobilization method. Maximilian 

Fottner provided the plasmid for sortase A and supported the project with his ideas. Vanessa 

Trauschke generated and analyzed all presented FRET data in here. 

3.1.1 Design of a modular platform for GtgE immobilization 

In order to couple GtgE to solid supports, Sortase A (SrtA) was chosen to enable oriented 

immobilization under physiological coupling conditions, thus preserving the functionality of 

coupled enzymes. In recent years, magnetic nanoparticles (MNPs) emerged as a new standard for 

protein immobilization mainly because of their versatility and easy handling 241,242. Therefore, it 

was decided to combine the advantages of SrtA-mediated protein immobilization and MNPs. In 

order to equip MNPs with a polypeptide that serves as a SrtA substrate, a peptide (peptide 1) was 

chosen based on repeating sequences of commonly used poly-Gly/Ser motifs providing flexibility 

and solubility 243. Besides, peptide 1 displays an N-terminal poly-Gly moiety which serves as an 

acceptor nucleophile in the SrtA-mediated transpeptidation, thus permitting specific SrtA-

mediated coupling of target proteins to MNPs 244. By using standard solid-phase peptide 

chemistry, peptide 1 was successfully activated and coupled via its C-terminus to the amino 

moiety of the MNPs. The Fmoc-protection group at the N-terminus of peptide 1 prevents 

polymerization upon chemical activation of the C-terminus and is removed with piperidine after 

coupling (Figure 15A). The chemically-coupled peptides can be directly used for the C-terminal 

immobilization of recombinant proteins and enzymes equipped with a C-terminal tag bearing the 

SrtA 5M recognition sequence (GSSGLPETGG) 231. SrtA 5M contains five mutations that lead to 

140-fold increased catalytic activity and therefore minimizes the “charging time” of the enzymes 

to the MNPs 231. GtgE for immobilization was designed with an N-terminal GFP tag that is cleavable 

by the tobacco-etch virus (TEV) protease. After the SrtA-mediated coupling of the purified fusion 

construct to the MNPs, the N-terminal GFP tag is cleaved by TEV protease leaving the functional 

enzyme covalently linked to MNPs (Figure 15B). The release of GFP allows sensitive quantification 

of the immobilized enzyme via fluorescence spectroscopy. In this regard, the monitoring of TEV 

cleavage efficiency is crucial for accurate quantification. Fluorescence of immobilized GFP 

 
b The text and figures in this section were modified and reprinted with permission from Fauser et al, 
2020 215. Copyright (2020) American Chemical Society. 



 

Figure 15 | Concept of SrtA-mediated MNP-based protein immobilization and GFP-based quanti�ication. MNP: 
magnetic nanoparticles. (A) Schematic representation of the coupling of peptide 1 to MNPs via standard solid-phase 
peptide chemistry. (B) Schematic representation of SrtA-mediated ligation of GFP-tagged substrates and subsequent 
cleavage by TEV protease. The released GFP is quanti�ied via �luorescence spectroscopy. The �igure was reprinted with 
permission from Fauser et al, 2020 215. Copyright (2020) American Chemical Society. 
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immobilization directly from the complex lysates. Additionally, a reverse approach in which MNPs 

are functionalized with a peptide bearing the SrtA recognition sequence, can be used for the N-

terminal immobilization of proteins bearing a poly-Gly moiety on their very N-termini 215.  

Table 5 | Overview quantification of immobilized GtgE. The table was modified and reprinted with permission from 
Fauser et al, 2020 215. Copyright (2020) American Chemical Society. 

 molecular 
weight 

[Da] 

linear 
functionc 

measured 
fluorescence 

y [a.u.] 

calculated 
concentration 

x [μM] 

volume 
[μL] 

total amount [nmol 
enzyme/1 mg MNP] 

GtgE (C-
terminal) 

27,233 y = 2.0427x 33.39 ± 0.93 16.35 ± 0.46 100 5.23 ± 0.15 

 

3.1.3 Assessment of the activity of immobilized GtgE 

Quantification of the immobilized GtgE enabled the analysis of its functional integrity. Thus, the 

reaction kinetics of the immobilized and soluble GtgE were compared. Reaction kinetics of GtgE-

mediated proteolysis are monitored by SDS-PAGE (Figure 16B) 164. The results suggest that a 

coupled GtgE exhibited equivalent reaction kinetics compared to its soluble counterpart. The 

determined kcat/KM parameters for immobilized and soluble GtgE are (6.2 ± 1.1) × 105 M−1 s−1 and 

(4.3 ± 1.0) × 105 M−1 s−1, respectively. Overall, the reaction kinetics are consistent with previously 

published data 164. It could be inferred from those results that the quantification of immobilized 

enzymes proved reasonably accurate due to comparable kinetics. Since SrtA also hydrolyzes the 

created covalent linkage at extended incubation times, residual SrtA may lead to the removal of 

enzymes from MNPs 246. To ensure complete removal of the uncoupled enzyme and SrtA, an 

extensive washing procedure was applied. The washing steps included high salt conditions and 

EGTA chelation of Ca2+. Since Ca2+ is a cofactor of SrtA, the depletion of Ca2+ decreases the affinity 

of SrtA to coupled peptides bearing the SrtA 5M recognition sequence 247. Additionally, a washing 

step containing excess (>40-fold) of a peptide bearing the LPETG motif (peptide 2), thus 

competing for the binding pocket of SrtA, was applied. Finally, a specific SrtA inhibitor, 4-

hydroxymercury benzoic acid, was used to inactivate any residual SrtA. After washing, enzymatic 

activity was exclusively mediated by the immobilized GtgE as shown by testing the MNP 

supernatant for possible enzymatic activity (Figure 16C). The data showed that GtgE immobilized 

to MNPs led to complete substrate conversion within 2-3h. Minor enzymatic activity of the GtgE 

supernatant was observed, which cleaved about 8% of Rab32 only after prolonged incubation 

(Figure 16C). 

 
c See Figure S1 for linear regression. 



 

Figure 16 | Determination of the activity of immobilized enzymes. (A) SDS-PAGE demonstrating the cleavage ef�iciency 
of the substrates GFP-IbpA and GFP-GtgE fusion constructs by the TEV protease in solution. The TEV protease was used at 
equimolar amounts to cleave the substrates. (B) Kinetic measurements of GtgE: SDS-PAGE displaying proteolysis of Rab32 
mediated by either immobilized GtgE or soluble GtgE. MBP represents the maltose-binding protein as a loading control, 
cp1 and cp2 represent the resulting cleavage products of GtgE-mediated Rab32 cleavage. Calculated kinetic parameters 
are indicated. Quanti�ied band intensities are plotted against the time and �itted with a single exponential function. (C) 
SDS-PAGE displaying enzymatic activity mediated by either immobilized GtgE (MNP) or supernatant (SN) as a negative 
control, The �igure was modi�ied and reprinted with permission from Fauser et al, 2020 215. Copyright (2020) American 
Chemical Society. 

3.1.4 Single-pair FRET-based enzymatic assessment 



 

 
Figure 17 | FRET measurement of GtgE cleaved Rab32. Two-dimensional stoichiometry vs FRET ef�iciency plot for (A) 
Rab32 cleaved by soluble GtgE and (B) Rab32 cleaved by immobilized GtgE (subsequently removed). (C) FRET ef�iciency 
histogram comparing Rab32 cleaved by soluble and immobilized GtgE, respectively. FRET data generated and processed 
by Vanessa Trauschke (the group of Prof. Don C. Lamb, LMU). The �igure was reprinted with permission from Fauser et al, 
2020 215. Copyright (2020) American Chemical Society. 

3.2 Effects of GtgE-mediated proteolysis of Rab32 d 
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3.2.1 Proteolytic modification of Rab32 affects its nucleotide binding 

After GtgE-mediated cleavage of Rab32, the GTPase domain remains a stable and monomeric 

protein in solution 164. In order to dissect the functional consequences of Rab32 cleavage, cleaved 

and uncleaved Rab32 variants in both nucleotide-bound states were biochemically characterized 

in detail. 

The protein melting temperature (TM) was monitored via changes in circular dichroism (CD) as a 

proxy for the stability of intact and cleaved Rab32 in both GTP-bound and GDP-bound states, to 

elucidate whether the GtgE-mediated cleavage destabilizes the GTPase. CD measurements of 

secondary structure elements at 220 nm revealed that GtgE-mediated cleavage of Rab32:GDP 

results in a non-significant TM decrease of 0.9°C (from 47.6°C to 46.7°C) (Figure 18A). Moreover, 

the nucleotide exchange from GDP to GppNHp (a non-hydrolyzable GTP analog) causes an 

increase of TM value (50.0°C), which can be explained by the structural rigidification of the switch 

regions 19. However, this stabilizing effect is not reflected in the Rab32cleaved:GppNHp melting 

temperature (Figure 18B). Cleavage of Rab32:GDP followed by a nucleotide exchange does not 

affect the TM (46.7°C) of none of the nucleotide states. Taken together, the CD studies demonstrate 

that GppNHp stabilizes neither the cleaved Rab32 nor its switch regions in contrast to the 

uncleaved Rab32. Additionally, CD spectroscopy reveals that there are no notable structural 

changes after GTPase cleavage (Figure 18C). 

Both switch regions contribute to the stabilization of the nucleotide in the nucleotide-binding 

pocket of small GTPases 19,249,250. Thus, the nucleotide dissociation properties may be used to 

investigate the impact of GtgE-mediated cleavage on the stability of the switch regions. In order 

to investigate the nucleotide dissociation rates, Rab32 was loaded in vitro with modified GDP or 

GppNHp bearing the fluorescent 2'/3'-O-(N-Methyl-anthraniloyl) (mant) moiety attached to the 

ribose (mGDP or mGppNHp). The nucleotide dissociation was monitored by the decrease in mant 

fluorescence intensity as a function of time after the addition of an excess amount of non-

fluorescent counterparts (GDP or GppNHp). The nucleotide dissociation rate (koff) of the 

proteolytically cleaved Rab32 increased regardless of the nucleotide state. Rab32:mGDP shows a 

koff value of 1.4 ± 0.002 × 10-3 s-1 for the non-modified and 3.3 ± 0.003 × 10-3 s-1 for the cleaved 

state. On the other hand, Rab32:mGppNHp has a koff value of 0.9 ± 0.009 × 10-3 s-1 for the non-

modified and 2.6 ± 0.014 × 10-3 s-1 for the modified state (Figure 18D, E). Thus, the nucleotide 

dissociation rate is doubled for mGDP or tripled for mGppNHp in cleaved Rab32 (Figure 18F). 

Since GtgE proteolytically cleaves the switch I region, which is involved in nucleotide binding and 

Mg2+ ion coordination, it is not surprising that the cleavage leads to an increased nucleotide 

dissociation rate caused by destabilization of the switch I. 



 

 

Figure 18 | The biochemical and biophysical characterization of non-modi�ied and cleaved Rab32 in both the 
activated and inactive states. (A) GtgE-mediated proteolysis does not signi�icantly impact the thermal stability of 
Rab32:GDP. Left: Normalized thermal unfolding curves of cleaved and non-modi�ied Rab32:GDP monitored via CD 
spectroscopy at 220 nm is plotted. The data are �itted with a Boltzmann function yielding the corresponding melting 
temperature (TM). Right: Comparison of TM in both modi�ication states using a bar graph representation. The data are 
presented as a mean ± SEM (n = 2). (B) The thermal stability of Rab32:GppNHp is decreased upon GtgE-mediated 
proteolysis. Left: Normalized thermal unfolding curves of cleaved and non-modi�ied Rab32:GppNHp monitored via CD 
spectroscopy at 220 nm are plotted. The data are �itted with a Boltzmann function yielding the corresponding melting 
temperature (TM). Right: Comparison of TM in both modi�ication states using a bar graph representation. The data are 
presented as mean ± SEM (n = 2). (C) CD spectra of non-modi�ied and cleaved Rab32:GDP. The comparison does not reveal 
any structural differences. (D) GDP dissociation from Rab32 is elevated in the cleaved state. Mant-�luorescence-based 
nucleotide release of mGDP (0.5 µM Rab32:mGDP) induced after the addition of a high concentration of non-�luorescent 
GDP (200 µM �inal). The �luorescence intensity and the time axis were normalized to the start of the reaction. (E) The 
nucleotide dissociation rate increases in Rab32:GppNHp after cleavage. Mant-�luorescence-based nucleotide release of 
mGppNHp (0.5 µM Rab32:mGppNHp) induced after the addition of a high concentration of non-�luorescent GppNHp 
(200 µM �inal). The �luorescence intensity and the time axis were normalized to the start of the reaction. (F) Quanti�ication 
of nucleotide dissociation from non-modi�ied and cleaved Rab32 in both the activated and inactive states are plotted in a 
bar graph. The �igure was modi�ied and reprinted with permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

3.2.2 Proteolysis reduces binding of Rab32 to the VARP-ANK1 domain 

in vitro
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As expected, neither Rab32:GDP nor its proteolytically modified counterpart formed a complex 

with the VARP-ANK1, whereas Rab32:GppNHp formed a stable complex with the ANK1-domain 

(Figure 19A, B) 114. However, no binding was observed between Rab32cleaved:GppNHp and VARP-

ANK1 (Figure 19B, left). Thus, GtgE-mediated cleavage of Rab32 impairs its binding to VARP-

ANK1 in vitro. 

GDI specifically interacts with the inactive prenylated Rab GTPases 33,251. The C-terminal lipid 

anchor of Rab GTPases is a prerequisite for the interaction with GDI 33. For this purpose, Rab32 

bearing the CVIM-sequence on its C-terminus for farnesylation was produced 252. Subsequently, it 

was proteolyzed by catalytic amounts of GtgE, loaded with the desired nucleotide, and 

farnesylated, as described in the material and methods section (see section 6.4 Biochemical 

methods). Farnesylation was confirmed by mass spectrometry of the intact proteins before and 

after lipidation (Figure S3). Surprisingly, farnesylated Rab32cleaved:GDP appears to form a complex 

with GDI, as indicated by the reduced elution time of the complex as well as the decreased Rab32 

peak (Figure 19C, Figure S4). In contrast to the well-known binding preference of GDI for GDP-

bound Rab proteins, the chromatographic data suggest that GDI is also able to form a complex 

with Rab32cleaved:GppNHp (Figure 19D). Peak decomposition indicates distinct complex formation 

between GDI and Rab32 in the cases of Rab32:GDP, Rab32cleaved:GDP, and Rab32cleaved:GppNHp 

(Figure S5). 

Moreover, any complex formation between Rab32:GppNHp and the Armadillo domain of LRRK2 

could not have been detected on aSEC although the reported Kd value for these two proteins lies 

in the low µM range (Figure S6) 91. 

In conclusion, the proteolytic modification of Rab32 disrupts its interaction with VARP-ANK1. In 

contrast, the proteolytic cleavage does not affect the interactions with GDI in the case of 

Rab32cleaved:GDP; furthermore, Rab32cleaved:GppNHp displays an increased binding to GDI 

compared to its non-modified state. 



 

 
Figure 19 | Binding of Rab32 with its physiological interaction partners is selectively impaired by the proteolytic 
modi�icatione. To investigate the interaction of Rab32 with other proteins, aSEC measurements were performed during 
which the intensity at 280 nm was monitored, and the resulting peaks were deconvolved into the individual species. (A) 
Left: aSEC measurements of Rab32:GDP in the presence of VARP. VARP-ANK1 does not bind Rab32:GDP in vitro. Rab32 (50 
µM) was preparatively loaded with GDP (98%) and equilibrated for complex formation with 50 µM VARP-ANK1 for 1 h at 
15°C. Subsequently, 50 µl were chromatographically separated via aSEC. The individual runs of single proteins serve as a 
reference. Right: aSEC measurements of cleaved Rab32:GDP in the presence of VARP. Cleaved Rab32:GDP also does not 
form a complex with VARP-ANK1. (B) Left: Complex formation between active Rab32 and VARP-ANK1 investigated using 
aSEC. The analysis corresponds to that used in panel A starting with Rab32:GppNHp (90% loaded). Here, a clear complex 
formation is observed. Right: aSEC measurement of the interaction between cleaved Rab32:GppNHp and VARP-ANK1. 
Cleavage of Rab32 impairs the complex formation between Rab32 and VARP-ANK1. (C) aSEC measurements of the 
interaction of Rab32:GDP with GDI in the non-modi�ied and cleaved state. Inactive Rab32 (100% loaded with GDP) binds 
GDI regardless of its modi�ication state.  (D) aSEC measurements of the interaction of Rab32:GppNHp with GDI in the non-
modi�ied and cleaved state. Rab32cleaved:GppNHp can more ef�iciently form a complex with GDI in comparison to the non-
modi�ied Rab32. This can be clearly seen in the reduction of the Rab32 only peak for Rab32cleaved:GppNHp in comparison to 
Rab32:GppNHp (arrow). 30 µM of B12 was used as an intern standard for each aSEC run. The �igure was reprinted with 
permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

3.2.3 GtgE-mediated cleavage destabilizes switch I and indirectly impacts switch II 
of Rab32 
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Figure 20 | Single-pair FRET reveals changes in the conformation of Rab32 upon proteolytic modi�ication. (A) 
Position of Cys mutations within the Rab32 for covalent �luorophore linkage. Left: Ribbon structure representation of 
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Rab32 where the selected amino acid positions for protein labeling with FRET pairs are shown as sticks. Middle and right: 
Visualization of the accessible volume calculations for Rab32R55C Q160C and Rab32N90C S156C double mutants, respectively. The 
Rab32 structure used for the current representation is deposited in PDB under ID 6FF8 91. (B) Quantification of cleavage 
efficiency for spFRET. Rab32 mutants. Left: Rab32:GDP mutants were proteolytically cleaved and run on an SDS-PAGE gel. 
Right: Densitometric quantification of the gel bands for modification completion in both double mutants plotted in a bar 
graph. (C) SpFRET histograms for the non-modified and cleaved Rab32R55C Q160C mutant revealing a change in distance 
between fluorophores upon cleavage. The distances calculated using the probability distribution analysis approach are 
indicated. Orange dashed lines show the decomposed peak after proteolysis with two equally populated species. (D) SpFRET 
histograms for the non-modified and cleaved Rab32N90C S156C mutant. Cleavage of switch I lead to minor distance differences 
in the switch II region of the protein. All calculated distances represent the separation of the fluorophores, which are 
attached to the protein via flexible linkers. FRET data were generated and processed by Vanessa Trauschke (the group of 
Prof. Don C. Lamb, LMU). The figure was reprinted with permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

3.2.4 Rab32cleaved:GppNHp exhibits structural similarities with its GDP state 

In order to understand the structural consequences of GtgE-mediated proteolysis of Rab32 better, 

nuclear magnetic resonance (NMR) studies were conducted (Figure 21, Figure S11). To this end, 

the effects of Rab32 proteolysis in the presence of different nucleotides (GDP, GppNHp) were 

identified by collecting and comparing 1H, 15N heteronuclear single quantum correlation (HSQC) 

NMR spectra of the four states (schematics in Figure 21B). Preliminary HSQC NMR spectra of 

Rab32wt revealed a big area of signals belonging probably to unstructured parts (N- and C-termini) 

of the Rab protein around 1H/15N: 8/120 ppm (Figure S10). Therefore, it was decided to truncate 

Rab32 N- and C-terminally, to remove flexible parts of it, and to possibly reduce overlapping 

signals in the indicated ppm area. Indeed, the truncated Rab3220-201 displayed a much clearer 

spectrum in contrast to the Rab32wt (Figure S10). Thus, further experiments were conducted with 

the truncated version of Rab32. 

First, the exchange of GDP to GppNHp (non-hydrolyzable GTP analog) in Rab32 displayed 

significant spectral differences, whereas most signals were shifted or broadened in the GppNHp 

state, which represents the GTP-bound form (Figure 21A, black vs green). Thus, it can be assumed 

that the transition to the active state upon GTP binding is not limited to local changes in the switch 

regions of Rab32, but rather results in more global conformational changes in the protein. Next, 

the GtgE-mediated cleavage of Rab32 in the presence of GDP or GppNHp was examined. After the 

Rab32:GDP is cleaved, a handful of NMR signals were clearly shifted or broadened (Figure 21A, 

black vs red), probably corresponding to the residues vicinal to the cleavage site in the switch I 

region. On the contrary, nearly no spectral changes were observed for Rab32:GppNHp after the 

addition of a catalytic amount of GtgE (Figure S11). This demonstrates that the nucleotide 

exchange to GppNHp was complete and confirms GtgE preference to interact with inactive 

Rab32 164. In the last step, the effect of GppNHp-binding to the cleaved Rab32:GDP 

(Rab32cleaved:GppNHp) was investigated. Spectral changes indicated a nucleotide exchange from 

GDP to GppNHp for cleaved Rab32, but, most of the signals did not reach the fully active GppNHp-

bound state – rather, they appeared between the two states and closer to the GDP-bound state 

(Figure 21B). In short, the comparisons of NMR spectra indicated that (i) GppNHp-binding 

triggers conformational changes beyond the switch regions and protects the switch I region from 



 
Figure 21 | NMR analysis of structural effects of proteolysis and nucleotide binding on Rab32. (A) Superposition of 
1H, 15N NMR correlation spectra of 15N-labeled Rab32 with GDP (black) or GppNHp (green) and their cleaved states (red 
and orange, respectively) by GtgE. Note that the cleaved Rab32:GppNHp (orange) has been produced by proteolysis of 
Rab32:GDP followed by the addition of GppNHp. Speci�ic spectral changes of GDP state upon cleavage are shown with 
dashed circles. (B) Summary of the states of Rab32 used for NMR analysis. Spectral overlays of the four states indicate that 
the NMR signals of the cleaved GppNHp-bound state (orange) generally are intermediate between the GppNHp-bound 
active (green) and GDP-bound (black) state, closer to the inactive state (grey boxes). Proteins and sample sets for NMR 
were produced by the author. Data were recorded and processed by Dr. Hyun-Seo Kang (the group of Prof. Michael Sattler, 
TUM). The �igure was reprinted with permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

3.2.5 GtgE-mediated cleavage destabilizes the switch regions and disrupts the 
interswitch region of Rab32 
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further insights into the stability and time scale of dynamic changes in both switch regions upon 

the proteolytic modification. Furthermore, MD simulations can provide additional structural 

clarity around the impaired binding between the VARP-ANK1 domain and Rab32cleaved:GppNHp. 

Rab32 either as an intact protein chain or cleaved between G59 and V60 in the active GTPase 

conformation with either a bound GDP or GTP served as a starting point for the simulations (for 

more details see section 6.6 Analytical methods). In the presence of GDP, proteolytic modification 

leads to a drastically increased root-mean-square deviation (RMSD) of both of the switch regions 

in the inactive state of Rab32 relative to the uncleaved state of it, indicating destabilization 

(Figure 22A). The sampling of conformations for the switch I and switch II regions deviating from 

the initial structures by ~16 Å and ~5 Å, respectively, are shown by distributions of the RMSD 

values (Figure 22A, B right). Subsequent simulations in the presence of bound GTP revealed that 

GTP binding was not sufficient to maintain the stability and structure of switch I in the cleaved 

form (Figure 22B, left). Similarly, the RMSD plot in the cleaved state indicated that switch I had 

higher flexibility compared to its uncleaved state reaching an RMSD value of around 4 Å 

(Figure 22B, right). That said, on the time scale of the simulations no differences in the flexibility 

of switch II in the case of the cleaved vs. uncleaved Rab32 with bound GTP were observed 

(Figure 22B, right). In fact, the simulations indicated that proteolysis of Rab32 disrupted the 

interswitch region of Rab32 independently of its nucleotide bound state (Figure 22C and D, left 

and middle). This disruption appeared after 500 ns of simulation and lead to the structural 

degradation of the β2 strand. Moreover, the antiparallel β-sheet strands β2 and β3 drifted apart 

during the simulation (Figure 22C, D middle). In order to characterize this process better, two 

pairs of Cα-atoms were selected, one from V60&F62 and one from W80&I82, and the changes in 

the distances between the centers of mass (COM) of these two pairs were monitored over time. 

These residues belong to the β2 and β3 strands, which were expected to be stable in the uncleaved 

state, but dynamic after proteolytic modification. While the uncleaved Rab32 variants displayed 

no significant differences during the simulation, the distances between COM of the chosen pairs 

(V60&F62 and W80&I82) increased drastically in the cleaved structures, accompanied by the 

dissociation of the β2 strand. This was observed for both GDP- and GTP-bound Rab32 (Figure 22C 

and D, right). Noteworthy, the dissociation of β2 does not take place at the very beginning of the 

simulation. Thus, two species can be distinguished: intact β2 and dissociated β2 (Figure 22 C, two 

broad orange peaks on the density chart). Both species occur with a probability of approximately 

50 %. Therefore, it can be suggested that NMR data reflect either the intact or slightly disordered 

β2 since the spectrum of cleaved Rab32 does not show any dramatic changes in comparison to its 

uncleaved version. 

Thus, consistent with spFRET data, MD simulations demonstrate that proteolysis significantly 

destabilizes switch I as well as slightly impacts switch II. Furthermore, upon proteolysis, the 

interswitch region of Rab32 is drastically disordered regardless of its activity state. Since both of 



 

 

Figure 22 | Cleavage-induced �lexibility in the switch I promotes the unfolding of the β2-strand in the interswitch 
region of Rab32 (revealed by molecular dynamics simulations). (A) Left: Superimposed MD simulated structures of 
Rab32:GDP (blue) and Rab32cleaved:GDP (orange, the disordered β2-strand is indicated) after 1 µs of MD simulations. The 
switch regions are highlighted with a black stroke. Right panels: RMSD vs. simulation time for switch I and II regions of 
Rab32:GDP and Rab32cleaved:GDP. The black dashed lines indicate the sampling time of the corresponding snapshots shown 
on the right. (B) Superimposed MD simulated structures of Rab32:GTP (blue) and Rab32cleaved:GTP (orange) after 1 µs. 
Right panels: same as in (A) for the Rab32:GTP and Rab32cleaved:GTP. (C) Left and middle: The interswitch region of 
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Rab32:GDP (blue) and Rab32cleaved:GDP (orange) presents the β2 strand at 800 ns of the MD simulation with a large change 
of the COM (center-of-mass) distances of V60 & F62 and W80 & I82 in the cleaved vs. uncleaved states. Red spheres indicate 
the Cα-atoms of the amino acids V60, F62, W80, and I82. Right: V60 & F62 - W80 & I82 COM distances vs. simulation time. 
The point of 800 ns, indicated by the black dashed line, highlights the time point of the snapshots shown in the left and 
middle panels. (D) Same as in (C) but for the Rab32cleaved:GTP vs. Rab32:GTP case. Data generated and processed by Danial 
P. J. Dehkordi (the group of Prof. Martin Zacharias, TUM). The figure was reprinted with permission from Savitskiy et al, 
2020 248. Copyright (2020) Elsevier. 

3.3 Effects of RRSP-mediated proteolysis of Ras 

In order to investigate the effects caused by RRSP-mediated proteolysis on Ras isoforms, the 

complex formation between Ras and its genuine binding effectors cRaf and RalGDS was 

investigated. First, the native PAGE of single proteins as well as their complexes in the absence 

and presence of RRSP was performed. Subsequently, the migration patterns of proteins were 

analyzed. Preincubation of HRas with the RRSP resulted in the disappearance of the band present 

in not proteolyzed HRas (GppNHp loaded) and cRaf, indicating that the proteolysis of the switch I 

region prevents the interaction between HRas and cRaf (Figure 23A). This observation is in line 

with recent publications 161,213. Co-incubation of HRas and RalGDS did not result in a clearly 

defined complex band like in HRas:cRaf case. Only smears (blurry bands) between both proteins 

were observed, which were reduced upon HRas proteolysis (Figure 23A). Next, the same 

experimental setup for HRas, RalGDS, and its mutant was analyzed via aSEC. Since wt RalGDS 

showed just a minor reduction of elution time, it was decided to introduce a point mutation N54R 

in order to increase the affinity between the proteins, like it was achieved in the Ras:RalGDS 

complex by E31K mutation in Ras 255. In contrast to the approach applied by Huang and colleagues, 

the mutation in RalGDS does not alter proteolysis of HRas by RRSP: The E31K mutation in Ras 

may impair the RRSP-mediated proteolysis due to proximity of the mutated residue to the 

cleavage site between Y32 and D33 in Ras. The selection of the position for the site-directed 

mutagenesis was based on the analysis of available complex crystal structures of Ras/Rap1 and 

its effectors (Figure 23B). Indeed, RalGDSN54R formed a complex with HRas indicated by decreased 

elution time. However, the presence of RRSP impaired complex formation between HRascleaved and 

RalGDS as indicated by elution time identical to the individual proteins. RalGDSwt and RalGDSN54R 

did not produce a complex, suggesting that the complex between HRas and RalGDS variants is 

sensitive to RRSP-mediated proteolysis. (Figure 23C, D). 

Next, the structural consequences of RRSP-mediated proteolytic modification of Ras were 

addressed. For this purpose, a 15N labeled KRas was produced and the 1H15N HSQC spectra of KRas 

in non-modified and proteolytically modified states were collected. The recorded spectra of 

cleaved species display dramatic global conformational changes upon proteolysis in comparison 

to the uncleaved ones. The resulted patterns of the collected spectra and the observed spectral 

changes caused by RRSP-mediated proteolysis recapitulate the data reported by the Satchell 

laboratory (Figure 23E) 161. It has been shown, that RRSP-mediated cleavage affects drastically 

not only the switch regions but also α2 and β2 substructures of KRas 161. Additionally, KRascleaved 



shows slight structural alterations in the β1 

 

Figure 23 | Effects of RRSP-mediated proteolysis of Ras. (A) Native PAGE gel (pH 8.5) demonstrates a complex 
formation between HRas and cRaf (lane 8, black box), which disappears upon RRSP-mediated cleavage of HRas (lane 11, 
red box). Lanes 9 and 10 show smearing signals, which are reduced in the presence of RRSP in the solution (lanes 12 and 
13). Rab32:GtgEC45A was used as a positive control. PI values of proteins: 7,40 (Rab32 20-201), 5,04 (HRas), 9,72 (cRaf51-131), 
5,06 (RalGDS790-869), 5,63 (RalGDSN54R | 790-869), 5,46 (RRSP), 4,34 (GtgEC45A). (B) Overview of available complex crystal 
structures (PDB IDs are indicated black) 255–257 used for the generation of RalGDSN54K mutant (hypoth.). (C) Complex 
formation between active HRas and RalGDS as well as RalGDSN54R investigated using aSEC. A stable complex between HRas 
and both RalGDS variants could be formed. Noteworthy, the mutated RalGDS displays reduced elution time indicating the 
increased binding abilities between both proteins. (D) The analysis corresponds to panel A. RRSP-mediated cleavage 
abolishes the binding of HRas to its mutated effector RalGDSN54R. (E) 1H15N HSQC of KRas in cleaved and not cleaved states. 
NMR data were recorded and processed by Dr. Hyun-Seo Kang (the group of Prof. Michael Sattler, TUM).  
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3.4 Identification and validation of SopD targets 

3.4.1 A yeast two-hybrid screen suggests Rab proteins as SopD targets 

In order to identify the putative targets of SopD, it was decided to screen a library of 46 small 

GTPases using a yeast two-hybrid (Y2H) assay for interaction with SopD (Figure 24A) 2. The used 

library was kindly provided by the laboratory of Bruno Goud (Institut Curie, Paris). Since SopD2’s 

catalytic arginine is located at its C-terminus (Figure 25) 146, SopD gene was cloned into the pGAD-

HA vector as prey with the GAL4 activation domain (AD) at its N-terminus leaving the C-terminus 

free for possible interactions with GTPases. If the proteins bearing AD and DNA binding domain 

(BD) interact, it results in the activation of the reporter gene HIS3 enabling the histidine 

biosynthesis and survival of the yeast on the selective agar lacking histidine. Thus, yeast colonies 

on the selection agar indicate the interaction between the proteins present on the transformed 

plasmids in the yeast 258,259. The Y2H screen revealed 11 putative interaction partners of SopD: 

Homologs of Rab3 (Rab3a-d) and Rab8 (Rab8a+b) as well as Rab10, Rab14, Rab29, Rab30, and 

Rab32 (Figure 24A). Five of those targets –  Rab3d, Rab8a, Rab8b, Rab10, and Rab14 – were 

confirmed with a Y2H replicate focusing on the putative SopD targets (Figure 24B).  



 

Figure 24 | Target validation of Y2H screen. (A) Hit map 
of the Y2H screen for diverse Rab proteins against SopD 
from Salmonella. The screen revealed homologs of Rab3, 
Rab8 as well as Rab10, Rab14, Rab29, Rab30 and Rab32 as 
putative GAP targets (red) of SopD. Transformants which 
grew on -LWH were scored as positive and employed for 
further experiments. Analysis of 3-Amino-1,2,4-triazole 
(2.5 mM, 3-AT), an inhibitor of the histidine biosynthesis, 
supplemented -LWH agar suggests lower interaction 
af�inity between SopD and Rab30 as well as Rab32. (B) The 
initial Y2H screen was validated by co-transformation of 
separate plasmids into the L40 yeast strain 1 and grown on 
selective plates lacking Leu and Trp (-LW) for 3 days at 30°C. 
Subsequently, the same transformants were then spotted on 
-LW, -LW plates lacking His (-LWH), and -LWH plates 
supplemented with 2.5 mM of 3-AT and incubated for 
another 3 days at 30°C. Rab29 and Rab30 were false 
positives since they scored positive with the empty vector, 
which is in line with previous reports 2. Rab32 did not reveal 
interaction with SopD on the -LWH or -LWH plates 
supplemented with 2.5 mM 3-AT. Other transformants were 
able to grow on selective agar as expected. Rab3d was used 
as a representative member of the Rab3-family. 
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3.4.2 SopD speci�ically targets Rab8 

in vitro.

in vitro 

Figure 25 | Superimposed crystal 
structures of SopD (PDB ID: 5CPC) in green 
and SopD2 (PDB ID:5CQ9) in orange with 
suggested catalytic residues showed with 
sticks 
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Figure 26 | In vitro validation of putative SopD targets. (A) Recombinantly expressed and puri�ied Rab GTPases were 
loaded with GTP and incubated for 30 minutes with SopD at room temperature (50:1 molar ratio). The reactions were 
stopped by heat denaturation (95°C) for �ive minutes; reaction mixtures were cleared by centrifugation at 4°C for �ive 
minutes at 21000 g. Resulting supernatants were used for analysis on a reversed-phase HPLC (RP-HPLC). The integration 
of corresponding GTP and GDP peaks provided values for further veri�ication of GTP hydrolysis. Data were normalized for 
each Rab protein to its intrinsic GTP hydrolysis (n=3 ± SEM; paired Student’s t-test: p<0.01 ≙ **, p<0.0001 ≙ ***). (B) Same 
like in A but for SopD2 (n=3 ± SEM; paired Student’s t-test: p<0.05 ≙ *, p<0.01 ≙ **, p<0.0001 ≙ ***). (C) Incubation of 
Rab8a with N219A or R312A point mutants (red) of SopD shows no increase in GTP hydrolysis (n=3 ± SEM; paired Student’s 
t-test: p<0.01 ≙ **, p<0.0001 ≙ ***). (D) GAP activity of SopD2 towards constitutively active Rab32 mutant is negligible. 
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(E) The Gln of Rab32 is important for SopD2-mediated GTP hydrolysis. Catalytic ef�iciencies (kcat/KM) of SopD2 towards 
Rab32 and its constitutive active mutant Rab32Q85A are represented as a bar chart. 

3.4.3 SopD and SopD2 are catalytically ef�icient RabGAPs 

in vitro

 
Figure 27 | Validation of catalytic ef�iciencies of SopD and SopD2. (A) GTP loaded Rab8a was incubated with catalytic 
amounts (500nM) of SopD with subsequent reaction stops at different time points by heat (95°C). Resulted mixtures were 
treated like in in vitro validation and analyzed via RP-HPLC. The starting point was normalized to the GTP amount in Rab 
protein at the time point 0 of the reaction. Data points were �itted to a single exponential function. (B) and (C) Same as in 
(A) but with Rab32 and SopD2 (85nM) or Rab38 and SopD2 (200nM), respectively. All data represent the mean of 2-3 
independent experiments with ± SEM. 

3.4.4. Rab:GAP complex crystallization attempts 
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Figure 28 | Rab:GAP crystallization trials. 
(A) aSEC run of preincubated for 1h at room 
temperature GDP loaded Rab8a with SopD in 
presence of AlCl3 and NaF, in order to generate 
AlF3, which usually takes the position of GTP γ-
phosphate as transition state mimetic of the 
hydrolysis reaction. Unfortunately, no stable 
complex was formed. (B) Neither the 
incubation of SopD with GppNHp loaded Rab8a 
resulted in a stable complex, which could be 
separated from single proteins by SEC. (C) Co-
crystallization of Rab32:GDP with a truncated 
version of SopD230-319 provided rectangular, UV 
positive crystals. 
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4. DISCUSSION 

4.1 SrtA – a tool for protein immobilization  

During the past decades, scientists constantly expanded the biochemical toolbox for multiple 

applications ranging from protein labeling with small molecules to protein immobilization on 

nano-scaffolds and enzyme supported assembly of multi-domain proteins for NMR 235,238,261. The 

method of protein immobilization on magnetic nanoparticles presented in this work extends the 

set of such biochemical tools and provides researchers with new application opportunities for 

sortase A. This method enabled the immobilization of GtgE and generation of highly pure cleaved 

Rab32 samples free of any GtgE traces. Subsequent spFRET measurements of the samples 

prepared via this method showed distinct improvement of the resulting data. Moreover, the 

method developed in here permits not only instant purification of reaction mixtures from 

immobilized catalysts via magnet, but also pull-down experiments. MNPs proved advantageous 

for the enrichment of specific proteins since they produce lower background noise compared to 

agarose beads. A combination of MNP enrichment and methods such as co-substrate-mediated 

covalent capture, a recently developed technique in our group, could enable a fully covalent 

immobilization of the AMPylating enzymes with their targets. Subsequently, the target proteins 

can be cleaved from the immobilized enzymes through oxidation of the ribose vicinal diols by 

sodium periodate, allowing the direct identification of targets 262. Alternatively, the covalently 

immobilized targets could be trypsinized directly on the MNPs and submitted to MS/MS analysis. 

Additionally, the SrtA-mediated immobilization described in this work proposes a quantification 

method for immobilized proteins via GFP-fluorescence, which significantly increases the accuracy 

of protein quantification compared to the previously applied methods 263,264 f. Noteworthy, other 

methods such as thermogravimetric analysis or enzyme-linked immunosorbent assay (ELISA) 

could be used for quantification purposes. However, such methods require a large number of 

analytes or specific antibodies. In contrast, the presented herein fluorescence-based 

quantification method is fast, sensitive, nondestructive, and compatible with analytical 

applications. Moreover, the simultaneous immobilization of multiple enzymes fused to different 

fluorescent proteins and their individual quantification is conceivable by applying the proposed 

method. However, fluorescence-based quantification might not be suitable for some enzymes due 

to the production of fusion constructs, which is where other methods could still prove valuable. 

 
f This and following sentences in this section (4.1) are reprinted with permission from Fauser et al, 2020 215. 
Copyright (2020) American Chemical Society. 
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4.2 GtgE induces an inactive GTPase conformation of Rab32 g 

The consequences of GtgE-mediated cleavage of inactive Rab32 were investigated using structural 

and biochemical analyses. The results demonstrate that the GtgE-mediated cleavage of switch I 

does not affect the global structural stability of the protein but results in local changes in the 

structure and destabilization of the switch regions. Moreover, the regioselective cleavage of 

switch I indirectly alters the interswitch region of Rab32 leading to the unfolding of the β-sheet 

structure of the β2 strand. Furthermore, Rab32cleaved:GppNHp cannot bind to its effector VARP-

ANK1. In contrast, GtgE-mediated cleavage does not impair the interaction between Rab32:GDP 

and GDI. Surprisingly, proteolytic modification of Rab32 permits the interaction between 

Rab32cleaved:GppNHp and GDI that is not the case for the uncleaved Rab32:GppNHp. 

The interaction surface between Rab32 and VARP-ANK1 is composed of amino acid residues from 

switch I (V60, D61, and F62), switch II (M91, V94, R93, Y95, and K97) and the interswitch region 

(D61, L64, and W80) (Figure 29A, B) 114. Interestingly, the M91 and R93 residues from switch II 

in Rab32 are conserved only in the Rab32-subfamily and are crucial for the interaction with the 

ankyrin repeats 92,114. The importance of the interswitch region of small GTPases for the 

interaction with their effectors has been reported previously 22,265–268. This is supported by herein 

presented spFRET data and MD simulations showing that the gain in structural flexibility of the 

switch regions of cleaved Rab32 accompanied by the unfolding of the interswitch impairs the 

interaction between Rab32cleaved:GppNHp and VARP-ANK1. Additionally, the proteolytic 

modification of Rab32 forces β2 and β3 strands to drift apart, as indicated by the increased COM 

distances between these two β strands in the MD simulations. This, in turn, displaces all residues 

of the β2 strand involved in the interaction with VARP-ANK1 and contributes in this fashion to the 

breakdown of the Rab32:VARP-ANK1 interaction. However, it should be noted that MD 

simulations generate not only one Rab32 species with dissociated β2 strand, but two species. The 

second species with an intact β2 strand is also present. Both species occur in a ratio of 

approximately 50 %.  Thus, it can be suggested that NMR experiments detected none of the radical 

examples (intact or fully disordered) generated by MD simulations, but probably the species with 

slightly disordered β2 strand. This could explain the fact that NMR HSQC spectra of cleaved Rab32 

do not differ dramatically from the uncleaved Rab32. However, these minor structural alterations 

are sufficient to impair the binding between cleaved Rab32:GppNHp and VARP-ANK1. VARP 

participates in the trafficking of melanogenic enzymes and has been suggested to control the 

transport in the endosome-to-cell surface route by regulating the retromer activity 106,114,115,269. 

However, the role of Rab32 as a binding partner of VARP is not entirely understood 114. The 

destruction of the interaction between Rab32 and VARP may lead to an aberrant sorting and 

 
g The text in this section was modified and reprinted with permission from Savitskiy et al, 2020 248. 
Copyright (2020) Elsevier. 



4. DISCUSSION 
 

64 
 

degradation of melanogenic enzymes or disruption of trafficking out of the endosome in the cell 

periphery 106,108,114,115,269. 

Moreover, a recent study has shown that proteolytic modification of the switch I in KRas by the 

Ras and Rap1 specific protease (RRSP) from Vibrio vulnificus, similarly to the activity of GtgE in 

Rab32, impairs the interaction with its effector RAF 161. In contrast to GtgE, RRSP cleaves switch I 

of KRas in the center and not near its C-terminal end. Similarly to GtgE-mediated proteolysis, 

cleavage by RRSP impacts the β2 strand of KRas 161. However, Rab32 and KRas differ in the 

nucleotide-binding properties after proteolytic modification: cleaved Rab32 – but not KRas – 

shows elevated GDP/GTP dissociation rates. Stabile nucleotide binding in KRas is assumed to be 

ensured by F28 binding to the guanine moiety 161, but the identically positioned F50 in Rab32 is 

not sufficient for nucleotide stabilization after proteolytic modification. Furthermore, the results 

of spFRET experiments and MD simulations demonstrate that switch I gains structural flexibility 

after cleavage and, thus, likely does not contribute to the stabilization of the nucleotide in its 

binding pocket. The existence of two species with two different distances between fluorophores 

determined by spFRET of cleaved Rab32R55C/Q160C could be explained by the dynamic behavior of 

the cleaved switch I region. Thus, switch I of Rab32cleaved is not displaced from the protein core 

continuously but attaches and detaches dynamically. Therefore, the position of the cleavage site 

within switch I plays an important role in its conformational stability and the nucleotide-binding 

ability. 

Structural changes in Rab32 caused by GtgE-mediated cleavage are not sufficient to impair its 

binding to GDI. Comparing Rab32 with Ypt1 in complex with GDI, G59, and D61 from the switch I, 

N90, R93, V94, and K97 from switch II and only D81 from the interswitch region form the binding 

interface of Rab32:GDI complex (Figure 29C, D) 270. Due to a dramatic influence of the proteolytic 

modification on the organization of the interswitch region and the stability of switch I, they are 

apparently not vital for the interaction with GDI. Therefore, the Rab32 binding to GDI is 

presumably determined by the structural organization of switch II. Noteworthy, bulky PTMs on 

switch II (such as AMPylation – enzymatic transfer of AMP moiety to a target molecule) of Rab1b 

impair the interaction with GDI 141,171,271. Nonetheless, the indirect minor impact of GtgE-mediated 

cleavage on the switch II has a big consequence for the interaction of Rab32 with GDI resulting in 

the ability to bind to Rab32cleaved:GDP and Rab32cleaved:GppNHp. Recently, it has been shown that 

bacteria can lock Rab1b in the active state using AMPylation 165. Consequently, Salmonella may 

use proteolysis in order to force Rab32 into an inactive-like conformation as demonstrated here 

by NMR. That may explain the ability of Rab32cleaved to interact with GDI in the GDP and GTP states. 

Once proteolyzed, cellular Rab32-signaling could hypothetically develop in two ways: 1) 

immediate interaction with GDI and withdrawal from the membrane or 2) GEF-mediated 

nucleotide exchange to GTP followed again by GDI interaction and withdrawal from the 



 
Figure 29 | Models of the molecular basis for binding effects of cleaved Rab32 with its interaction partners. (A) 
Structural representation of Rab32 (colored) and VARP-ANK1 (grey) with important interaction residues presented as 
sticks (PDB ID 4CYM 114). (B) The sequence of the switch I, switch II, and interswitch region of Rab32 with corresponding 
interacting amino acids from VARP-ANK1 depicted in black. Salt bridges between amino acids are indicated by black-yellow 
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lines. (C) A structural representation of Ypt1 (yeast GTPase) and GDI showing the interaction surface with important 
interaction residues of switch I, switch II, the interswitch region, and the C-terminal region of Ypt1 with hydrophobic moiety 
(PDB ID 2BCG 270). Structural representations of the proteins were prepared using PyMol. (D) Sequence comparison of the 
GDI interacting regions of Ypt1 and Rab32 with crucial amino acids for the GDI binding depicted in black. Amino acids 
contributing to the interaction between the two protein structures are indicated by black sticks. (E) Model of the 
hypothetical lifecycle of Rab32 during the Salmonella infection process with possible routes for proteolyzed Rab32. Once 
the intrinsic hydrolysis of GTP to GDP occurs in Rab32, which is accelerated by SopD2 from Salmonella, it can be processed 
by GtgE protease and take one of two possible pathways, indicated with arrows 1 or 2, respectively. The figure was reprinted 
with permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

GtgE also targets the Rab32 homolog Rab29 and cleaves its switch I between G41 and V42, which 

is homolog to the cleavage site in Rab32 99. Moreover, Rab29 interacts with the Armadillo domain 

of LRRK2 91. The result of this interaction is LRRK2 recruitment and activation on the Golgi 92. 

Noteworthy is also the activation of the NLRC4 inflammasome by active LRRK2 during Salmonella 

infection 274. Therefore, it would be of great interest to investigate whether Rab29 proteolysis by 

GtgE may impair the Rab29-mediated LRRK2 recruitment and activation on the Golgi, and reduce 

the activation of NLRC4 inflammasome 92,274. It would also be beneficial to understand whether 

the kinase activity of LRRK2 during the infection is associated with Rab32 and plays a pivotal role 

in the defense mechanism of the host against Salmonella 274,275. 

This study demonstrates that the high flexibility and dislocation of switch I, the alteration of the 

interswitch region, and locking of Rab32 in a GDP-like state by GtgE-mediated cleavage are 

responsible for the impairing the interaction between VARP-ANK1 and Rab32 as well as for 

binding of GDI to Rab32cleaved:GDP or Rab32cleaved:GppNHp. These findings expand the 

understanding of the consequences of GtgE-mediated proteolysis on Rab32, which facilitates the 

Salmonella infection. Taken together, these data provide insight on possible further downstream 

effects of proteolytic modification of Rab32 and deepen the knowledge about mechanisms of 

Salmonella infection. 

4.3 RRSP-mediated proteolysis inhibits Ras downstream signaling 

Ras isoforms are the subject of multiple investigations varying from inhibitors screenings and 

structural analysis to the complex in vivo experimental setups, to better understand Ras’ role in 

cancer and finding possible ways to influence these multifunctional proteins 39,276. Investigating 

Ras’ interactions and the effects of Ras manipulation by bacterial toxins may provide additional 

means for controlling the hyperactivated Ras pathways in oncogenic cells and tissues. Previous 

studies have shown toxin TpeL from Clostridium perfringens modifying post-translationally Thr35 

(switch II) in Ras by attaching a glycosyl moiety to it, thereby disrupting the MAP-kinase cascade 

downstream of Ras 277. Similarly, RRSP from V. vulnificus impairs the binding of Ras to its effector 

cRaf but via specific proteolytic modification of switch I of Ras, which also results in the inhibition 

of the MAP-kinase cascade 161. Results generated in this work and by Dr. Wachtel 163 are in line 

with recently published reports 161,213. Additionally, this work provides evidence for the RRSP-

mediated switch I cleavage disrupting the interaction between Ras and its another effector 

RalGDS, which is responsible for a plethora of signaling pathways downstream of Ras 36. This 
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suggests that RRSP-mediated cleavage of Ras may inhibit the RalGEF-Ral effector signaling 

network. 

4.4 SopD specifically inactivates Rab8 

Additional investigations of SopD represented in this work identified Rab8 as an exclusive target 

of the RabGAP SopD from Salmonella. In contrast to SopD, SopD2 can stimulate GTP hydrolysis in 

Rab29, Rab32, and Rab38 in vitro. Moreover, both RabGAPs displayed a high catalytic efficiency 

toward their targets. Mutagenesis studies revealed that SopD is dependent on an Asp/Arg dual 

finger for the GTP hydrolysis in Rab8, pointing out the similarity to the mechanism of TBC-

domain-containing GAPs in eukaryotes 26. However, like the LepB from Legionella, SopD also 

requires the Gln located in the G3 motif of the Rab proteins for its efficient functioning 260. 

Therefore, it can be suggested that SopD and SopD2 could combine mechanistic details of these 

diverse GAP classes. Notably, SopD and its homolog do not display structural similarities either 

with the TBC domain or with LepB. Moreover, the mutagenesis analysis presented in this work 

suggests SopD is using Asn residue for water activation instead of canonical Gln in the case of 

RabGAPs. This resembles the mechanism of RapGAPs, which also utilize Asp/Arg dual finger for 

the GTP hydrolysis 278. However, Rap proteins are missing a catalytic Gln (replaced by Thr) in their 

switch II. Thus, the GTP hydrolysis is mediated solely by their GAPs with the support of conserved 

Thr residues situated in switch regions, which stabilize the interaction between both proteins. If 

SopD and SopD2 utilize the same mechanism similar to RapGAP’s, they would also be able to 

facilitate GTP hydrolysis in the hydrolysis deficient Rab variants like TBC-GAPs. However, this was 

not the case. Therefore, GAPs from Salmonella may represent a new type of RabGAPs. 

Furthermore, in contrast to SopD, its homolog SopD2 is able to inactivate multiple Rab proteins 

involved in different cellular processes 79,84. Moreover, the validation of catalytic efficiencies of 

SopD2 towards the Rab32 subfamily suggests that Rab38 may be another SopD2 substrate. Thus, 

SopD2 may broadly inactivate Rab proteins involved in the biogenesis of lysosomal-related 

organelles and in the defense against bacteria, increasing the survival chances of the 

bacteria 84,92,146,274. 

Unfortunately, the attempts to crystalize the Rab8:SopD and Rab32:SopD2 complexes were not 

successful. However, alterations to the setup might prove useful to achieve this goal in a future 

study. Herein, the trials of co-crystallization of these proteins at even higher concentrations 

(≥20 mg/ml) or in presence of fluoride salts of beryllium or magnesium could provide crystals 

suitable for crystallographic data collection. 
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5. OUTLOOK 

Over the course of evolution, bacteria have developed multiple strategies that promote entry into 

the host and their replication in the host cells. To fulfill these strategies, bacteria secrete 

pathogenic proteins (effectors) into the host. Some of these effectors specifically target small 

GTPases and manipulate them to the benefits of bacteria. This work expands our understanding 

of the effects of such manipulations on small GTPases and provides new insights into effector-

target interactions. The findings discovered in this work may inspire future experiments. Thus, it 

would be of interest to unravel the genuine role of Rab32 in the defense mechanisms of the 

eukaryotic cell during a bacterial invasion. It should be investigated whether Rab32 can provoke 

mitochondrial fission, resulting in the release of reactive oxygen species and cytochrome c into 

the cytosol, which engage the inflammation and apoptosis in the host cell during infection. 

Additionally, in order to construct a full picture of cleaved Rab32’s fate, the interaction of 

proteolyzed Rab32 with its GEF BLOC-3 should be considered.  

Another protease, RRSP, targeting small GTPases was extensively examined during the past years. 

However, the proteolytic mechanism underlying the Ras cleavage remains obscured. Therefore, 

the crystallization of Ras:RRSP complex would provide the utmost insights into the detail of RRSP 

functionality. Nevertheless, the affinity of RRSP for Ras in the high micromolar range represents 

a hindrance for the crystallographic approach, which may be overcome by the introduction of 

reactive unnatural amino acids into the proteins via amber codon suppression for complex 

stabilization. The deep knowledge and understanding of proteolytic mechanisms of GtgE and 

RRSP as well as the reasons for their substrate specificity may enable the generation of specific 

inactivating proteases for each small GTPase, thereby providing scientists with a powerful tool for 

fundamental and clinical research. 

Bacterial GAPs secreted during the infection represent an efficient way to manipulate multiple 

cellular processes orchestrated by small GTPases. Salmonella’s SopD2 inactivates Rab32 and 

provides, thus, a substrate for the protease GtgE, which induces an inactive GTPase conformation 

and impairs its functionality. Results of this work could indicate that SopD, a homolog of SopD2, 

catalyzes GTP hydrolysis in Rab8. Next, the effect of Rab8 inactivation by SopD during the 

Salmonella infection, needs to be investigated more thoroughly. To this end, infection studies 

should be conducted with Salmonella strains depleted from SopD or bearing its inactive mutants 

accompanied by the examination of e.g. the composition of SCV’s membranes or cellular 

localization of Rab8. Additionally, co-crystallization attempts for Rab8:SopD and Rab32:SopD2 

with fluoride salts other than aluminum should be undertaken to reveal the GAP mechanism of 

these proteins. Since SopD’s homolog, SopD2, can inhibit Rab7 functionality via its N-terminus, it 

is possible that SopD is able to inhibit pathways controlled by Rab GTPases other than Rab8. To 
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identify other SopD substrates, the N-terminus of SopD should be probed for possible interactions 

with other Rab GTPases in a Y2H assay.   
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6. MATERIALS AND METHODS 

6.1 Materials 

Chemicals and compounds 

Table M1 | The list of chemicals and compounds used in this work. 

Chemical/compound Provider Chemical/compound Provider 

Acetonitrile Fisher Scientific HATU Sigma Aldrich 
Acetic acid VWR Prolabo HEPES Carbosynth 
Acetone VWR Hydrochloric acid VWR Prolabo 
Acrylamide/Bis-acrylamide 
(30%) 

Serva 4-(Hydroxymercuri)benzoic 
acid sodium salt 

Sigma Aldrich 

Agarose for microbiology Serva Iron (III) chloride VWR 
Aluminum chloride 
hexahydrate 

AppliChem Isopropyl β-D-1-
thiogalactopyranoside 
(IPTG) 

Carbosynth 

Amine magnetic beads 
(#801−113−2) 

Raybiotech Inc. Isopropanol, biology grade VWR Prolabo 

Amino acids for Y2H Carl Roth Kanamycin Carl Roth 
3-Amino-1,2,4-triazole Sigma Aldrich LB-medium (Lennox) Carl Roth 
Ampicillin AppliChem Lithium acetate Carl Roth 
Boric acid VWR Magnesium chloride VWR Prolabo 
Formaldehyde Sigma Aldrich Magnesium sulfate Sigma Aldrich 
Formic acid Fluka Manganese (II) chloride Bernd Kraft 
15N Ammonium chloride Cambridge Isotope 

Laboratories Inc. 
mant-GDP Jena Bioscience 

Ammonium persulfate (APS) VWR Amresco mant-GTP Jena Bioscience 
β-Mercaptoethanol (β-ME) VWR Prolabo Methanol Fluka 
B1 (Thiamine) Merck MES Carl Roth 
B3 (Niacin) VWR Nickel (II) sulfate 

hexahydrate 
Carl Roth 

B7 (Biotin) Carbosynth Peptide 1 (Fmoc-N′-GGG-
GSGGGSGGG-C′) 

GenScript 

B12 (Cobalamin) Carl Roth Peptide 2 (N′-SGGSSG-
GGSSGLPETGG-C′) 

GenScript 

Bromophenol blue Alfa Aesar Piperidine Sigma Aldrich 
Calcium chloride Carl Roth Potassium dihydrogen 

phosphate 
Carl Roth 

Chloramphenicol VWR Phenylmethylsulfonyl 
fluoride (PMSF) 

VWR Amresco 

Cobalt chloride Fisher Chemical Select agar Sigma Aldrich 
Coomassie ® Brilliant Blue 
R-250 

AppliChem Silver nitrate Sigma Aldrich 

Copper (II) chloride VWR Sodium azide Alfa Aesar 
NAD+ Carbosynth Sodium dodecyl sulfate 

(SDS) 
Carl Roth 

dNTPs Carbosynth Sodium chloride VWR Prolabo 
N,N-diisopropyle-
thylenamine (DIPEA) 

Sigma Aldrich Sodium dihydrogen 
phosphate 

Carl Roth 

N,N-dimethylformamide 
(DMF) 

Sigma Aldrich Sodium fluoride AppliChem 

Dimethyl sulfoxide (DMSO) Fluka Sodium hydrogen phosphate Carl Roth 
1,4-Dithiothreitol (DTT) Carl Roth Sodium hydroxide Carl Roth 
Ethanol, biology grade VWR Prolabo Sodium molybdate Sigma Aldrich 
EGTA Fluka Sodium selenite AppliChem 
EDTA sodium salt Merck Sodium thiosulfate 

pentahydrate 
Alfa Aesar 
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Farnesyl Pyrophosphate Sigma Aldrich Tris (2-carboxyethyl) 
phosphine (TCEP) 

Carl Roth 

Gentamicin Carl Roth TEMED VWR Amresco 
D-glucose Carl Roth Tetra-n-butylammonium 

bromide (TnBr) 
Alfa Aesar 

13C D-glucose Cambridge Isotope 
Laboratories Inc. 

Trichloroacetic acid Fisher Chemical 

Glutaraldehyde Sigma Aldrich Trifluoroacetic acid (TFA) Carl Roth 
Glycerin Carl Roth TRIS-HCl Carl Roth 
Glycine Carl Roth TRIS-Base Carl Roth 
Guanidinium chloride VWR Prolabo Xylene cyanol AppliChem 
Guanosine-5’-[(β,γ)-imido]-
triphosphate (GppNHp) 

Jena Bioscience Zink chloride Sigma Aldrich 

Guanosine-5‘-diphosphate 
(GTP) 

Carbosynth Zink sulfate VWR 

Enzymes 

Table M2 | The list of enzymes used in this work. 

Enzyme Provider 

DNAase I AppliChem 
FTase Itzen lab 
Lysozyme Carl Roth 
Q5®-DNA Polymerase NEB 
Taq ligase NEB 
T4-DNA Polymerase NEB 
T5 exonuclease NEB 
TEV protease Itzen lab 
Phusion polymerase Itzen lab 

Buffers, solutions and mixtures 

Table M3 | Buffers used for purification of proteins. 

Buffer A 

Compound Concentration 
HEPES 50 mM 
NaCl 500 mM 
MgCl2 1 mM 
β -ME 2 mM 
Nucleotide (for GTPases) 10 µM 
NaOH/HCl pH 7.5 

Buffer B 
A + Imidazol 500 mM 

Dialysis buffer 
HEPES 50 mM 
NaCl 100 mM 
 β-ME 2 mM 
NaOH/HCl pH 7.5 

SEC buffer 
HEPES 20 mM 
NaCl 50 mM 
MgCl2 1 mM 
DTE/DTT/TCEP 1 mM 
Nucleotide (for GTPases) 10 µM 
NaOH/HCl pH 7.5 
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C18 buffer (pH6.6) 

Compound Concentration 
KH2PO4 50 mM 
K2HPO4 50 mM 
TnBr 10 mM 
Acetonitrile 12% (v/v) 

 

5 x ISO buffer 

Compound Volume/Mass Stock concentration 
TRIS-HCl 3 ml 1 M (pH 7.5) 
MgCl2 150 µl 2M 
dATP 60 µl 100 mM 
dCTP 60 µl 100 mM 
dGTP 60 µl 100 mM 
dTTP 60 µl 100 mM 
DTT 300 µl 1 M 
PEG-8000 1.5 g  
NAD+ 300 µl 100 mM 
H2O 6 ml  

 

Gibson-Assembly master mix 

Compound Volume Stock concentration 
5 x ISO buffer 320 µl  
Taq ligase 160 µl 40 U/µl 
T5 exonuclease 0.64 µl 10 U/µl 
Phusion polymerase 20 µl 2 U/µl 
H2O 700 µl  

 

DNA agarose gel loading buffer 

Compound Concentration 
Glycerol 50 % 
EDTA 10 mM 
Bromophenol blue 0.2 % 
Xylencyanol 0.2 % 

 

TAE buffer (50x) 

Compound Amount  
TRIS base 242 g 
Acetic acid 57.1 ml 
0.5 M EDTA 100 ml 
H2O add to 1 l 

 

Table M4 | Buffers and solutions for SDS-PAGE. 

SDS-PAGE gel loading buffer (2x) 

Compound Concentration 
TRIS-HCl (pH 6.8) 0.1 M 
SDS 4 % 
Glycerol 20 % 
β-ME 10 % 
Bromophenol blue 0.002 % 

Stacking gel buffer (4x) 
TRIS-HCl (pH 6.8) 0.5 M 
SDS 0.4 % 
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One step buffer 

Compound Concentration  
Lithium acetate 200 mM 
PEG 4000 40 % 
DTT 100 mM 

 

10 × M9 Salt 

Compound Concentration 
Na2HPO4 60 g/l 
KH2PO4 30 g/l 
NaCl 5 g/l 

 

1000x trace elements 

Compound Volume Stock concentration 
CoCl2 x 6 H2O 1 ml 0.2 M 
CuCl2 x 2 H2O 2 ml 0.1 M 
FeCl3 x 6 H2O 50 ml 0.1 M 
H3BO3 2 ml 0.1 M 
MnCl2 x 4 H2O 2 ml 1 M 
Na2MoO4 x 2 H2O 2 ml 0.1 M 
Na2SeO3 2 ml 0.1 M 
NiSO4 x 6 H2O 2 ml 0.2 M 
ZnSO4 x 7 H2O 1 ml 1 M 

 

2000x vitamin mix* 

Compound Concentration 
Thiamine (B1) 100 mM 
Niacin (B3) 100 mM 
Biotin (B7) 100 mM 
Cobalamin (B12) 10 mM 

* do not autoclave, do not filter, use sterile water. 

KITS 

Table M5 | The list of KITS used in this work 

KIT Provider 

Q5® Site-Directed Mutagenesis Kit NEB 
Monarch® DNA Gel Extraction Kit NEB 
Pierce™ Coomassie (Bradford) Protein-Assay Thermo Scientific 

Resolving gel buffer (4x) 
TRIS-HCl (pH 8.8) 1.5 M 
SDS 0.4 % 

SDS-PAGE running buffer (10x) 
TRIS-HCl 0.25 M 
SDS 1 % 
Glycine 2 M 

Coomassie staining solution 
Acetic acid 12 % 
Ethanol 44 % 
Coomassie ® 
Brilliant Blue R-
250 

0.15 % 

Destaining solution 
Acetic acid 10 % 
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PureYield™ Plasmid Midiprep System Promega 
PureYield™ Plasmid Miniprep System Promega 

 

Media 

Table M6 | Media used for E.coli. 

LB medium 

Compound Concentration 
LB (Lennox) 20 g/l 

SOC medium 
Yeast extract 5 g/l 
Trypton 20 g/l 
NaCl 10 mM 
KCl 2.5 mM 
MgCl2 10 mM 
MgSO4 10 mM 
Glucose 3.96 g/l 

M9 minimal medium 
M9 Salt 1 x 
MgSO4 2 mM 
Glucose* 0.4 % 
CaCl2 0.1 mM  add first! 
Trace elements 1 x 
Vitamin Mix 1 x 
15NH4Cl 0.1 % 
Antibiotic 1 x 

* 0.2 % 13C glucose for 13C labeling.  

Table M7 | Media and mixtures used for yeast 

YAPD medium 

Compound Concentration 
Yeast extract 10 g/l 
Peptone 20 g/l 
Glucose  20 g/l 
Adenine sulfate 1 g/l 
Select agar 20 g/l (for plates) 

Selection Dropout medium 
aa-4 mix 3 g/l 
Yeast nitrogen 
base 

2.8 g/l 

Glucose 20 g/l 
Selection aa 1 x 
Select agar 20 g/l (for plates) 

+4 drops of 
5 M NaOH 

Selection aa (100x) 
Adenine-
hemisulfate 

1 g/l 

Histidine 2.4 g/l 
Leucine 7.2 g/l 
Tryptophan 4.8 g/l 

aa-4 mix* 
L-alanine 2 g 
L-arginine 2 g 
L-asparagine 2 g 
L-aspartic acid 2 g 
L-cysteine 2 g 



6. MATERIALS AND METHODS 

75 
 

L-glutamine 2 g 
L-glutamic acid 2 g 
Glycine 2 g 
myo-Inositol 
(meso-Inosit) 

2 g 

L-isoleucine 2 g 
L-lysine 2 g 
L-methionine 2 g 
L-phenylalanine 2 g 
L-proline 2 g 
L-serine 2 g 
L-threonine 2 g 
L-tyrosine 2 g 
L-valine 2 g 
Uracil 2 g 
para-amino-
benzoic acid 

1.2 g 

* all aa were homogenized in a porcelain mortar 

Organisms 

Table M8 | The list of bacteria and yeast strains used in this work. 

Bacteria strain Genotype Provider 

E. coli BL21 (DE3) F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 
[lacI lacUV5-T7p07 ind1 sam7 nin5]) 
[malB+]K-12(λS) 

Promega 

E. coli BL21 (DE3) RIL B F– ompT hsdS (rB– mB–) dcm+ Tetr gal 
λ(DE3) endA Hte [argU ileY leuW (CamR)] 

Stratagene, Agilent 
Technologies 

E. coli Rosetta2 (DE3) F- ompT hsdSB(rB- mB-) gal dcm (DE3) 
pRARE2 (CamR) 

Novagen®, Merck 

E. coli Mach1 ∆recA1398 endA1 tonA Invitrogen®, Thermo Fisher 
Scientific 

E. coli DH10Bac F-mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 endA1 
araD139 Δ(ara, leu)7697 galU galK λ-rpsL 
nupG/pMON14272/pMON7124 

Invitrogen®, Thermo Fisher 
Scientific 

Yeast strain Genotype Provider 
L40 ΔGal4 MATa ade2Δ0 his3Δ0 leu2Δ0 trp1Δ0 

LYS::lexA-HIS3 URA3::lexA-LacZ 
ATCC® MYA-3332™ 

Y187 MATα, ura3-52, his3-200, ade2-101, trp1- 
901, leu2-3, 112, gal4Δ, met–, gal80Δ, MEL1, 
URA3::GAL1UAS -GAL1TATA-lacZ 

Clontech Laboratories Inc. 

Consumables 

Table M9 | The list of consumables used in this work. 

Consumable Provider Consumable Provider 

Black 96-well plates Sarstedt Glass Pasteur pipettes Brand 
Bottle-Top-Filter (sterile, 45 µm) Berrytec PCR-tubes (0.2 ml) Sarstedt 
Dialysis tubing (MWCO 12-14K) Serva Petri dishes (round and square) Sarstedt 
Cuvettes UV/Vis Sarstedt Pipette tips Sarstedt 
Membrane filters (20-45 µM) Merck Serological pipettes (5 ml, 

10 ml, 25 ml, 50 ml) 
Sarstedt 

Microcentrifuge tube (1.5-2.0 ml) Roth Syringe filter (20 µm, 45 µm) Carl Roth 
Microcentrifuge tube (1.5 ml 
LoBind) 

Eppendorf Syringes and needles (1-20 ml) Braun 

Falcons (15 ml, 50 ml) Sarstedt   
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Software 

Adobe Illustrator CC 2017 

Adobe Photoshop CS6 

ChemDraw 19.1 

Citavi 6.4.0.35 

GraphPad Prism 4.0 

Image Lab 6.0.1 

MagTran v. 1.02 

Microsoft Office Excel 365 

Microsoft Office Word 365 

NMRFAM-SPARKY 

OriginLab, 2019b, v9.65 

PyMOL 2.3.2 
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6.2 Equipment 

Table M10 | The list of instruments used in this work. 

Instrument Commercial name Provider 

Agarose gel electrophoresis 
chamber 

Mini-Sub® Cell GT Bio-Rad 

Autoclave Systec VE-65 
Systec VX-150 

Systec 

Balance ACJ 120-4M, 
EG 2200-2NM 

Kern 

Battery-powered pipette filler pipetus® Hirschmann 
CD-Spectrometer J-715 Jasco 
Centrifuges 5424 

5424R 
5810R 
Avanti® J-26 XP 
Sigma 8K 
Sorvall Lynx 6000 

Eppendorf 
 
 
Backmann 
Sigma 
Thermo 

Drying oven FD 240 Binder 
FPLC ÄKTAPrime Plus GE Healthcare 
Heat block Thermomixer compfort 

AccuBlock™ Digital Dry Bath 
Eppendorf 
Labnet 

High-pressure fluidizer Constant Cell Disruption 
Systems 

Constant Systems 

HPLC Autosampler: SIL-20AC 
Degasing unit: DGU-20A3R 
Detector: SPD-20AV 
Fraction collector: FRC-10A 
Pumps: LC-20AD 
System controller: CBM-20A 

Shimadzu 

Imaging system ECL CHEMOCAM Intas-Science-Imaging 
Instruments 

Incubator FP 115 
IPS260 

Binder 
Memmert 

Incubator shaker Innova 44 
INFORS HT multitron standard 

New Brunswick 
Infors HT 

Label printer GK420t Zebra 
Laminar flow hood LaminAir® HB 2448 K Heraeus instruments 
LC-MS LC: UltiMate™ 3000 system 

MS: Heated-ESI-LCQFleet 
Dionex 
Thermo 

MPLC NGC QuestTM 10 Bio-Rad 
Shaker RS-TR05 

Unimax 1010 
Phoenix instrument 
Heidolph 

PAGE gel electrophoresis chamber Mini Protean™ Tetra System Bio-Rad 
pH-meter pHenomenal™ 

pHenomenal 111 
VWR 

Pipets Eppendorf Research plus® Eppendorf 
Plate reader Spark® TECAN life sciences 
Power supply PowerPac™ Basic, EPS 601 Bio-Rad 
Sonicator Sonifier 250 

 
Branson 
 

Spectrofluorometer FluoroMax®-4 
FP-8300 

Horiba 
Jasco 

Thermocycler T100™ Thermal Cycler Bio-Rad 
Transilluminator FL-3 LED 

BlueLight Table 
Rex Leuchtplatten 
Serva 

Ultra-Low Temperature Freezer U410 Freezer 
V86V-780.1 

New Brunswick 
EWALD Innovationstechnik 
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UV/Vis- spectrophotometer NanoDrop 2000 
BioPhotometer 

Thermo 
Eppendorf 

Vacuum pump Divac 2.4L Leybold 
Vortex Vortex-Genie 2 Scientific Industries 
Water system TKA-GenPure 

 
Thermo 
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6.3 Molecular biology 

DNA cloning 

All cloning procedures were accomplished using the Mach1 E.coli strain. Primers were designed 

manually for each cloning procedure considering the melting temperature (48-72°C), GC content 

(45-57%), and codon usage in E. coli K12 strain and S. cerevisiae. All primers were purchased from 

Integrated DNA Technologies, Inc. (IDT, Leuven, Belgium). Melting temperatures for primers were 

generated automatically on an online Tm Calculator (https://tmcalculator.neb.com/#!/main). 

Amplified by PCR (Figure M1A, Table M11) templates and inserts were purified via agarose gel 

electrophoresis and extracted from the gel using Monarch Gel Extraction Kit (NEB) according to a 

provided protocol by the manufacturer. Subsequently, purified products were ligated via SLIC 

(site and ligation independent cloning) or Gibson-Assembly (Figure M1B, C). All plasmids were 

confirmed by Sanger sequencing with Microsynth Seqlab (Table M12, Table M14). 

Table M11 | Typical composition of PCR runs 

Component Volume [µl] Concentration 

Q5-reaction buffer 10 5 x 

Q5 High GC Enhancer 10 5 x 

5´-primer 2.5 10 µM 

3´-primer 2.5 10 µM 

Template 1 25 ng/µl 

dNTPs 1 10 mM 

ddH2O 22.5 --- 

Q5 High-Fidelity DNA Polymerase 0.5 2000 U/ml 

 Σ 50  

 

 

Figure M1 | Cloning procedures. (A) Schematic representation of used PCR cycling programs. (B) The standard protocol 
for SLIC ligation. (C) The standard protocol for Gibson-Assembly. Both ligation procedures can be used for ligation of 
multiple DNA fragments. For the Gibson-Assembly master mix see section 6.1 Materials. 

https://tmcalculator.neb.com/#!/main
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Table M12 | List of plasmids used in this work for protein expression 

Protein Tag Cleavage 
site 

Vector Resistance NCBI # Repository # 

Cdc421-191 His10-GFP TEV pSF421 Amp NP_00103489
1 

M2325 

cRaf51-131 His6-MBP TEV pMal Amp NP_002871 M2157 
GDIwt His6 TEV pFastBacHTa Amp/Gen NP_776489 02915 
GroEL/S   pGro7 Cam  M2021 
GtgEwt His6-MBP TEV pMal Amp AAT12442 M0133 
GtgEC45A His6-MBP TEV pMal Amp - / - M0160 
GtgEGSSGLPETGG His10-GFP TEV pSF421 Amp - / - xH0101 
LRRK210-661 His10-

MBP 
TEV pSF421 Amp NP_940980 xH0239 

Rab13-174 His6-MBP TEV pMal Amp NP_112243 02142 
Rab3dwt His6-MBP TEV pMal Amp NP_004274 xH0281 
Rab7a1-204 His6-MBP TEV pMal Amp NP_004628 M0272 
Rab8a6-176 His6 TEV pET19mod Amp NP_005361 02443 
Rab10wt His6-MBP TEV pMal Amp NP_057215 xH0282 
Rab14wt His6-MBP TEV pMal Amp NP_057406 xH0283 
Rab29wt His6-MBP TEV pMal Amp NP_00112913

4 
M0169 

Rab32wt His6-MBP TEV pMal Amp NP_006825 M0176 
Rab32Q85L  His6-MBP TEV pMal Amp - / - M0212 
Rab3220-CVIM His6-MBP TEV pMal Amp - / - M2394 
Rab3220-201 His6-MBP TEV pMal Amp - / - M0813 
Rab32N90C|C145S

|S156C|C162S|20-201 
His6-MBP TEV pMal Amp - / - M2456 

Rab32R55C|C145S 

Q160C|C162S|20-201 
His6-MBP TEV pMal Amp - / - M1928 

Rab38wt His6-MBP TEV pMal Amp NP_071732 M0170 
RalGDS790-869 His6-MBP TEV pMal Amp NP_006257 M2158 
RalGDSN54R | 

790-869 
His6-MBP TEV pMal Amp - / - M2351 

(K)Ras1-166 His6-MBP TEV pMal Amp NP_00135671
5 

M2484 

(H)Raswt His6-MBP TEV pMal Amp NP_005334 M0359 
RRSP3596-4088 His6-MBP TEV pMal Amp WP_01108143

0 
M1248 

SopDwt His6-MBP TEV pMal Amp NP_461866 M2160 
SopDN219A His6-MBP TEV pMal Amp - / - M2471 
SopDR312A His6-MBP TEV pMal Amp - / - M2472 
SopD77-317     - / - M2671 
SopD2wt His6-MBP TEV pMal Amp WP_00114556

1 
M0941 

SopD2Q219A His6-MBP TEV pMal Amp - / - M2326 
SopD2R315A His6-MBP TEV pMal Amp - / - M2159 
SopD230-319 His6-MBP TEV pMal Amp - / - M2672 
SopD277-319 His6-MBP TEV pMal Amp - / - M2673 
Varp451-640 His6-MBP TEV pMal Amp NP_115515 M1844 

 

Table M13 | List of plasmids used in this work for Y2H assay 

Protein Domain Vector Resistance Repository # 

Rab1b LexA BD pLexA Amp M0427 
Rab1b DN LexA BD pLexA Amp M0560 
Rab1b DA LexA BD pLexA Amp M0505 

https://www.ncbi.nlm.nih.gov/protein/NP_001034891.1
https://www.ncbi.nlm.nih.gov/protein/NP_001034891.1
https://www.ncbi.nlm.nih.gov/protein/4506401
https://www.ncbi.nlm.nih.gov/protein/NP_776489
https://www.ncbi.nlm.nih.gov/protein/AAT12442.1
https://www.ncbi.nlm.nih.gov/protein/NP_940980.4/
https://www.ncbi.nlm.nih.gov/protein/NP_112243
https://www.ncbi.nlm.nih.gov/protein/NP_004274
https://www.ncbi.nlm.nih.gov/protein/NP_004628
https://www.ncbi.nlm.nih.gov/protein/NP_005361
https://www.ncbi.nlm.nih.gov/protein/NP_057215
https://www.ncbi.nlm.nih.gov/protein/NP_057406
https://www.ncbi.nlm.nih.gov/protein/NP_001129134
https://www.ncbi.nlm.nih.gov/protein/NP_001129134
https://www.ncbi.nlm.nih.gov/protein/NP_006825
https://www.ncbi.nlm.nih.gov/protein/NP_071732
https://www.ncbi.nlm.nih.gov/protein/NP_006257.1/
https://www.ncbi.nlm.nih.gov/protein/NP_001356715.1/
https://www.ncbi.nlm.nih.gov/protein/NP_001356715.1/
https://www.ncbi.nlm.nih.gov/protein/NP_005334.1/
https://www.ncbi.nlm.nih.gov/protein/WP_011081430.1
https://www.ncbi.nlm.nih.gov/protein/WP_011081430.1
https://www.ncbi.nlm.nih.gov/protein/NP_461866
https://www.ncbi.nlm.nih.gov/protein/WP_001145561.1
https://www.ncbi.nlm.nih.gov/protein/WP_001145561.1
https://www.ncbi.nlm.nih.gov/protein/NP_115515.2
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Rab2a LexA BD pLexA Amp M0428 
Rab2a DN LexA BD pLexA Amp M0561 
Rab2a DA LexA BD pLexA Amp M0506 
Rab2b LexA BD pLexA Amp M0429 
Rab2b DN LexA BD pLexA Amp M0562 
Rab2b DA LexA BD pLexA Amp M0507 
Rab3a LexA BD pLexA Amp M0430 
Rab3a DN LexA BD pLexA Amp M0563 
Rab3a DA LexA BD pLexA Amp M0508 
Rab3b LexA BD pLexA Amp M0431 
Rab3b DN LexA BD pLexA Amp M0564 
Rab3b DA LexA BD pLexA Amp M0509 
Rab3c LexA BD pLexA Amp M0432 
Rab3c DN LexA BD pLexA Amp M0565 
Rab3c DA LexA BD pLexA Amp M0510 
Rab3d LexA BD pLexA Amp M0433 
Rab3d DN LexA BD pLexA Amp M0566 
Rab3d DA LexA BD pLexA Amp M0511 
Rab4a LexA BD pLexA Amp M0434 
Rab4a DN LexA BD pLexA Amp M0567 
Rab4a DA LexA BD pLexA Amp M0512 
Rab4b LexA BD pLexA Amp M0435 
Rab4b DN LexA BD pLexA Amp M0568 
Rab4b DA LexA BD pLexA Amp M0513 
Rab5a LexA BD pLexA Amp M0436 
Rab5a DN LexA BD pLexA Amp M0569 
Rab5a DA LexA BD pLexA Amp M0514 
Rab5b LexA BD pLexA Amp M0437 
Rab5b DN LexA BD pLexA Amp M0570 
Rab5b DA LexA BD pLexA Amp M0515 
Rab5c LexA BD pLexA Amp M0438 
Rab5c DN LexA BD pLexA Amp M0571 
Rab5c DA LexA BD pLexA Amp M0516 
Rab6b LexA BD pLexA Amp M0440 
Rab6b DN LexA BD pLexA Amp M0573 
Rab6b DA LexA BD pLexA Amp M0518 
Rab6c LexA BD pLexA Amp M0441 
Rab6c DN LexA BD pLexA Amp M0574 
Rab6c DA LexA BD pLexA Amp M0519 
Rab7a LexA BD pLexA Amp M0442 
Rab7a DN LexA BD pLexA Amp M0575 
Rab7a DA LexA BD pLexA Amp M0520 
Rab7b LexA BD pLexA Amp M0443 
Rab7b DN LexA BD pLexA Amp M0576 
Rab7b DA LexA BD pLexA Amp M0521 
Rab8a LexA BD pLexA Amp M0444 
Rab8a DN LexA BD pLexA Amp M0577 
Rab8a DA LexA BD pLexA Amp M0522 
Rab8b LexA BD pLexA Amp M0445 
Rab8b DN LexA BD pLexA Amp M0523 
Rab8b DA LexA BD pLexA Amp M0523 
Rab9a LexA BD pLexA Amp M0446 
Rab9a DN LexA BD pLexA Amp M0579 
Rab9a DA LexA BD pLexA Amp M0524 
Rab10 LexA BD pLexA Amp M0448 
Rab10 DN LexA BD pLexA Amp xH0342 
Rab10 DA LexA BD pLexA Amp M0526 
Rab11a LexA BD pLexA Amp M0449 
Rab11a DN LexA BD pLexA Amp M0582 
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Rab11a DA LexA BD pLexA Amp M0527 
Rab11b LexA BD pLexA Amp M0450 
Rab11b DN LexA BD pLexA Amp M0583 
Rab11b DA LexA BD pLexA Amp M0528 
Rab13 LexA BD pLexA Amp M0451 
Rab13 DN LexA BD pLexA Amp M0584 
Rab13 DA LexA BD pLexA Amp M0529 
Rab14 LexA BD pLexA Amp M0452 
Rab14 DN LexA BD pLexA Amp M0585 
Rab14 DA LexA BD pLexA Amp M0530 
Rab15 LexA BD pLexA Amp M0453 
Rab15 DN LexA BD pLexA Amp M0586 
Rab15 DA LexA BD pLexA Amp M0531 
Rab17 LexA BD pLexA Amp M0454 
Rab17 DN LexA BD pLexA Amp M0587 
Rab17 DA LexA BD pLexA Amp M0532 
Rab18 LexA BD pLexA Amp M0455 
Rab18 DN LexA BD pLexA Amp M0588 
Rab18 DA LexA BD pLexA Amp M0533 
Rab20 LexA BD pLexA Amp M0456 
Rab20 DN LexA BD pLexA Amp M0479 
Rab20 DA LexA BD pLexA Amp M0534 
Rab23 LexA BD pLexA Amp M0458 
Rab23 DN LexA BD pLexA Amp M0481 
Rab23 DA LexA BD pLexA Amp M0536 
Rab25 LexA BD pLexA Amp M0460 
Rab25 DN LexA BD pLexA Amp M0483 
Rab25 DA LexA BD pLexA Amp M0538 
Rab27a LexA BD pLexA Amp M0461 
Rab27a DN LexA BD pLexA Amp M0484 
Rab27a DA LexA BD pLexA Amp M0539 
Rab28 LexA BD pLexA Amp M0463 
Rab28 DN LexA BD pLexA Amp M0486 
Rab28 DA LexA BD pLexA Amp M0541 
Rab29 LexA BD pLexA Amp M0464 
Rab29 DN LexA BD pLexA Amp M0487 
Rab29 DA LexA BD pLexA Amp M0542 
Rab30 LexA BD pLexA Amp M0465 
Rab30 DN LexA BD pLexA Amp M0488 
Rab30 DA LexA BD pLexA Amp M0543 
Rab32 LexA BD pLexA Amp M0467 
Rab32 DN LexA BD pLexA Amp M0490 
Rab32 DA LexA BD pLexA Amp M1374 
Rab33b LexA BD pLexA Amp M0468 
Rab33b DN LexA BD pLexA Amp M0492 
Rab33b DA LexA BD pLexA Amp M0547 
Rab34 LexA BD pLexA Amp M0469 
Rab34 DN LexA BD pLexA Amp M0493 
Rab34 DA LexA BD pLexA Amp M0548 
Rab35 LexA BD pLexA Amp M0470 
Rab35 DN LexA BD pLexA Amp M0494 
Rab35 DA LexA BD pLexA Amp M0549 
Rab36 LexA BD pLexA Amp M0471 
Rab36 DN LexA BD pLexA Amp M0495 
Rab36 DA LexA BD pLexA Amp M0550 
Rab37 LexA BD pLexA Amp M0472 
Rab37 DN LexA BD pLexA Amp M0496 
Rab37 DA LexA BD pLexA Amp M0551 
Rab38 LexA BD pLexA Amp M0466 
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Rab38 DN LexA BD pLexA Amp M0497 
Rab38 DA LexA BD pLexA Amp M0552 
Rab39a LexA BD pLexA Amp M0474 
Rab39a DN LexA BD pLexA Amp M0498 
Rab39a DA LexA BD pLexA Amp M0553 
Rab39b LexA BD pLexA Amp M0475 
Rab39b DN LexA BD pLexA Amp M0499 
Rab39b DA LexA BD pLexA Amp M0554 
Rab40a LexA BD pLexA Amp M0476 
Rab40a DN LexA BD pLexA Amp M0500 
Rab40a DA LexA BD pLexA Amp M0555 
Rab40b LexA BD pLexA Amp M0477 
Rab40b DN LexA BD pLexA Amp M0501 
Rab40b DA LexA BD pLexA Amp M0556 
Rab40c LexA BD pLexA Amp M0478 
Rab40c DN LexA BD pLexA Amp M0502 
Rab40c DA LexA BD pLexA Amp M0557 
SopDwt GAL4 ADN-term pGAD Amp M2297 
SopDN219A GAL4 ADN-term pGAD Amp M2298 
SopDR312A GAL4 ADN-term pGAD Amp M2479 
pGADcempty GAL4 AD  Amp M0688 
pLexAempty LexA BD  Amp M0330 
Varp GAL4 ADC-term pGADc Amp M2302 

Site-directed mutagenesis 

Q5® Site-Directed Mutagenesis Kit (KLD, New England Biolabs) was used for the generation of all 

mutants used for this study according to a provided protocol by the manufacturer. Primers for 

site-directed mutagenesis were designed automatically on NEBaseChanger online platform 

(http://nebasechanger.neb.com/). 

Transformation of chemically competent E. coli 

The competence of a microorganism describes its ability to uptake foreign DNA. Typically, 50-

100 μl cell suspension was mixed with 100-500 ng plasmid DNA, incubated for 10 min on ice, and 

after a heat shock for 30 s at 42°C kept on ice for another 5 min. Subsequently, 1 mL of prewarmed 

(37°C) SOC medium was added to the transformed cells, and the culture was incubated at 37°C for 

1 h while shaking. Afterward, bacterial cultures were pelleted (2 min, 375 g), resuspended in 

250 µl sterile H2O, and streak onto suitable selection agar plates. Single colonies were visible 

overnight after incubation at 37°C. 

Plasmid preparation 

In order to multiply correct plasmids, they were transformed into Mach1 E.coli strain and streak 

on the agar plates supplemented with corresponding antibiotics. Overnight grown single colonies 

were transferred into liquid LB-medium (10 ml for Miniprep or 50 ml for Midiprep) 

supplemented with appropriate antibiotics and grown overnight at 37°C while shaking. Overnight 

grown cultures were collected by centrifugation (3000 g, 20 min, 4°C). Resulted cell pellets were 

processed by PureYield™ Plasmid Mini- or Midiprep System (Promega) according to a provided 

http://nebasechanger.neb.com/
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protocol by the manufacturer. Concentrations of yielded plasmids were measured on 

NanoDropTM 2000 (Thermo Scientific) and they were stored at -20°C. 

Agarose gel electrophoresis 

Due to the negative charge of the nucleic acids, DNA fragments migrate to the anode in agarose 

gel matrix. Since the net charge is proportional to the length of an oligonucleotide, it is possible to 

separate DNA fragments according to their molecular weight. Typically, 1% (w/v) agarose gels 

were prepared with TAE buffer and ran in electrophoresis chambers filled with TAE buffer at 

100 V for 30-60 min. The DNA was stained with Stain G (Serva) diluted 1:50000 and used for gel 

preparation. Visualization was performed on a transilluminator equipped with a blue or UV 

spectrum light source. The 1kb-Ladder (NEB) was used as a size standard. For further DNA 

purification from the agarose gel or from liquid reaction preparations, the commercially available 

Monarch Gel Extraction Kit (NEB) was used according to a provided protocol by the manufacturer. 

The DNA was eluted in 10 μL nuclease-free ddH2O. 

Yeast two-hybrid assay 

For the big screen yeast mating procedure was selected and applied as follows: pLexA-Rab 

plasmids (bait) encoding for full-length Rab proteins were transformed with MAT-a yeast strain 

Y187 and plated on selection dropout medium lacking tryptophan (SD-W) 279. 700 μL of stationary 

yeast culture was collected at 375 g for 2 min and resuspended by vortexing in 100 μL sterile one-

step buffer (0.2 M lithium acetate, 40% PEG 3350, and 100 mM DTT)280. Subsequently, 500 ng of 

respective plasmid DNA was added to the cells and incubated at room temperature for 15 min 

followed by heat shock for 30 min at 45 °C. MAT-α S. cerevisiae L40ΔGal4 strain was transformed 

the same way with the pGAD-HA-SopD plasmid (prey) encoding for wild-type SopD and grown on 

SD-L plates (lacking leucine) at 30°C for 3–4 days. Afterward, single colonies of a prey and a bait 

clone were grown separately in 300 µl YAPD media overnight at 30°C and 180 rpm. Subsequently, 

250 µl of an appropriate selection medium were inoculated with 50 µl of overnight grown cultures 

and incubated at 30°C overnight while shaking. 50μL of bait and prey culture were added 

sequentially to 100 μL YAPD media in a 96-well plate (Sarstedt) and incubated for 22–24 h at 30 

°C and 180 rpm. 5 μL of resuspended cells were spotted on SD-LW plates as mating control and 

SD-LWH (lacking histidine) for phenotypic readout. Plates were analyzed after 3–4 days of 

incubation at 30 °C. 3-Amino-1,2,4-triazole (2.5 mM, 3-AT, Sigma Aldrich), an inhibitor of the 

histidine biosynthesis, was added to SD-LWH agar probing the interaction stability. For the 

validation of revealed interaction hits, MAT-α S. cerevisiae L40ΔGal4 strain was co-transformed 

with 1 µg pGAD-HA-SopD plasmid and corresponding pLexA-Rab plasmid respectively like 

described before, plated on selection plates lacking leucine and tryptophan (SD-LW) and grown 

at 30°C for 3 days. Subsequently, grown yeast were resuspended in sterile water, diluted to OD600 
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= 0.4 and 5 µl of the diluted cultures were spotted on selection plates SD-LW, SD-LWH, and SD-

LWH with 2.5 mM 3-AT. After 3-4 days at 30°C plates were analyzed. 
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6.4 Biochemical methods h 

Protein expression 

For recombinant production of proteins, the E. coli BL21-Codon Plus (DE3) strain (for the Rab/Ras 

proteins and the effectors fusion proteins) or BL21-Codon Plus (DE3)-RIL strain (for GtgE 

variants, SopD and SopD2) were transformed with 100-500 ng of the respective plasmid and 

grown overnight in 20 ml of lysogeny broth (LB) medium containing 125 µg/mL ampicillin (and 

34 µg/mL chloramphenicol for BL21-Codon Plus (DE3)-RIL cells) at 37°C and 180 rpm (Innova 44 

shaking incubator, New Brunswick). The expression cultures (1 L of LB medium or 15N 

supplemented M9 minimal medium for isotope labeling) containing corresponding antibiotics 

were inoculated with 20 ml of the overnight cultures and grown under the same conditions. At 

OD600 = 0.5-0.8, protein expression was induced by the addition of 1 mM 

isopropylthiogalactopyranosid (IPTG, final) for Rab variants and effectors as well as 0.5 mM IPTG 

for GtgE, SopD, and SopD2, followed by overnight incubation at 22°C and 180 rpm. GDI was 

expressed using the baculovirus expression system in S. frugiperda cells (Sf9, Thermo Scientific) 

and was purified as described before 171. Cdc42, SrtA, and Rab8a were expressed and purified as 

described recently 215,262,281. RRSP and FTase were kindly provided by Dr. Wachtel. Cells were 

harvested by centrifugation at 8500 g and 20°C for 30 min (Sigma 8K, Sigma Centrifuges). After 

resuspending and washing the pelleted bacteria in phosphate-buffered saline (PBS, 137 mM NaCl, 

2.7 mM KCl, 10 mM NaH2PO4, 2 mM KH2PO4), cells were centrifuged at 3000 g and 4°C for 20 min 

(5810 R, Eppendorf). The pellets were snap-frozen in liquid nitrogen and stored at -20°C until 

further use. 

Protein purification 

Pellets containing GtgE variants, SopD, SopD2, or effectors were resuspended in buffer A (50 mM 

HEPES, 500 mM NaCl, 1 mM MgCl2, 2 mM β-Mercaptoethanol (ß-ME) at pH 7.5) in a ratio of 10 ml 

buffer to 1 g pellet. For pellets containing Rab/Ras proteins buffer A was supplemented with 

10 µM Guanosine 5′-diphosphate (GDP). A spatula tip of DNAse I (Sigma Aldrich) was added to the 

suspension and cells were disrupted in a high-pressure fluidizer at 1.8 kbar (Constant Systems 

Ltd.). Subsequently, 1 mM phenylmethylsulfonyl fluoride (PMSF, final concentration) was added 

and the crude protein extract was cleared by centrifugation at 20000 rpm and 4°C for 45 min 

(Avanti J-26 XP with JA25.50 rotor, Beckman Coulter). The crude lysate containing VARP-ANK1 

was supplemented with 1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride (AEBSF; Sigma Aldrich, 

final concentration) and 5% of glycerol (v/v) before clearing the lysate. 

 
h The text in this section was modified and reprinted with permission from Savitskiy et al, 2020 248. 
Copyright (2020) Elsevier. 
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For the purification of all proteins via fused His6-affinity tag, the cleared protein extract was 

applied to an immobilized metal affinity chromatography (IMAC) using a 5 mL Nuvia column 

chelating Ni2+-ions (Bio-Rad Laboratories) that was equilibrated with buffer A beforehand. For all 

chromatography purifications, the NGC QuestTM 10 medium-pressure liquid chromatography 

(MPLC) system (Bio-Rad) was used. The cleared lysate was loaded onto the column and washed 

with 6-8 column volumes (CV) 8% buffer B (buffer A supplemented with 500 mM imidazole). 

Subsequently, a 20 CV gradient of 8-100% buffer B was applied, where target proteins eluted 

between 18-35% buffer B. Relevant fractions were analyzed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and pure protein fractions were pooled. 

Subsequently, the proteins were dialyzed against 5 L dialysis buffer (20 mM HEPES, 100 mM NaCl, 

2 mM ß-ME at pH 7.5) overnight at 4°C. During dialysis, the target proteins were incubated with 

1 mg TEV-protease (containing a His7-affinity tag, in house preparation) per 40 mg target protein 

in order to quantitatively cleave the fused His6-affinity and MBP solubility tag. To purify the 

proteins of interest from the protease and the cleaved tags, reverse IMAC was applied, either 

collecting the target protein in the flow-through (GtgE, SopD, SopD2, and effectors) or 5% buffer 

B elution fraction (Rab/Ras proteins).  

For further purification size exclusion chromatography using a 16/600 Superdex 75 pg column 

(GE Healthcare) was performed. The column was equilibrated with gel filtration buffer (20 mM 

HEPES, 50 mM NaCl, 1 mM MgCl2, 10 µM GDP, 2 mM DTT at pH 7.5 for Rab/Ras proteins, and the 

same buffer system without GDP for other proteins). Fractions containing pure and monodisperse 

protein of interest were identified by SDS-PAGE, concentrated to 5-30 mg/mL using Amicon Ultra 

15 ml centrifugal filters (Merck Millipore), flash-frozen in liquid nitrogen, and stored at -80°C. 

Rab32 farnesylation 

Rab32 was incubated with FTase (in house preparation as described before 282) in the presence of 

farnesyl pyrophosphate (FPP, Sigma Aldrich) for 2 h at 30°C and 300 rpm (Rab32:FTase:FPP 

molar ratio 2:1:12) in the reaction buffer (20 mM HEPES, 50 mM NaCl, 1 mM MgCl2, 0.5 mM ZnCl2, 

10 µM GDP, 2 mM DTT at pH 7.5). Farnesylation was confirmed via intact protein mass 

spectrometry on an LCMS system. 

Rab32 proteolysis by GtgE 

For quantitative modification, Rab32:GDP was submitted to GtgE-mediated proteolysis at 25°C 

for 2 h (GtgE:Rab32 molar ratio 1:200) in a gel filtration buffer (20 mM HEPES, 50 mM NaCl, 1 mM 

MgCl2, 10 µM GDP, 2 mM DTT at pH 7.5). Cleaved Rab32 variants used in spFRET measurements 

were generated as described recently 215. Proteolysis completion was monitored via SDS-PAGE. 
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SrtA-mediated protein ligation i 

Immobilization of proteins was performed with 1.875 mg of functionalized MNPs at a total volume 

of 200 μL. MNPs were gently shaken in the presence of 25 μM SrtA 5M and 150 μM GtgE in Ligation 

Buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 5 mM CaCl2, 1 mM MgCl2, 1 mM TCEP) for 1 h at 37°C. 

Subsequently, the beads were washed eight times with Buffer C (20 mM Hepes pH 7.4, 1 mM 

TCEP) supplemented with (I) 100 mM NaCl, (II) 500 mM NaCl and 10 mM EGTA, (III) 1 mM CaCl2, 

(IV) 1 mM CaCl2 and 1 mM peptide 2 (SGGSSGGGSSGLPETGG), (V) 1 mM CaCl2 and 4-

(hydroxymercuri)benzoic acid sodium salt as SrtA inhibitor (#55540, Sigma-Aldrich), (VI+VII) 

500 mM NaCl and 10 mM EGTA, or (VIII) 100 mM NaCl. MNPs coupled to enzymes were used 

immediately for subsequent analysis. 

  

 
i The text for this section was reprinted with permission from Fauser et al, 2020 215. Copyright (2020) 
American Chemical Society. 
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6.5 Chemical methods j 

Functionalization of MNPs (Peptide 1) 

For functionalization of MNPs with peptide 1 (Fmoc-N′-GGGGSGGGSGGG-C′, purchased from 

GenScript), 1 equivalent of peptide 1, 2 equivalents of 1-bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate (HATU) (Sigma-Aldrich) and 2 

equivalents of N,N-diisopropylethylenamine (Sigma-Aldrich) were dissolved in a total volume of 

0.5 mL N,N-dimethylformamide (DMF) (Sigma-Aldrich). The total concentration of peptide 1 was 

adjusted to 1.2 mM. After 5 min, the reaction mixture was added to 3.125 mg silane coated ferric 

oxide core (mean diameter 0.5 μm) Amine Magnetic Beads (Raybiotech Inc., #801−113−2) and 

was gently shaken for 1 h at room temperature. Subsequently, the reaction mixture was 

withdrawn, and functionalized MNPs were submitted twice to 1 mL 20% piperidine (Sigma-

Aldrich) for deprotection. After 10 min at room temperature, 20% piperidine was removed and 

functionalized MNPs washed several times in DMF and subsequently stored in PBS at 4 °C. Since 

no agglomeration was observed during the coupling procedure, we avoided the use of stabilizing 

agents.  

 
j The text for this section was reprinted with permission from Fauser et al, 2020 215. Copyright (2020) 
American Chemical Society. 
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6.6 Analytical methods k 

Bradford assay 

Bradford assay (Thermo Scientific) was used according to a provided protocol by the manufacturer 

to determine protein concentrations. 

GTPase nucleotide loading 

The inactive Rab32:GDP variants were prepared by incubation of the crude protein extract with 

purified, tag-free SopD2 (50 nM) directly after cell disruption for 30 min at room temperature 

before the first IMAC was performed. The GTP or GppNHp exchange was performed in SEC buffer 

by supplementing the buffer with 5 mM EDTA and a 40-fold excess of the desired nucleotide to a 

small GTPase and incubated at room temperature for 2 h. Nucleotide exchange was stopped by 

adding 5 mM MgCl2 (final concentration) to the protein solution and separation of the GTPase 

from an excess of nucleotide was performed using a NAP5 desalting column equilibrated with SEC 

buffer containing 10 µM GDP or 1 µM GppNHp respectively. Protein containing eluate was 

confirmed with NanoDropTM 2000 (Thermo Scientific), flash-frozen in liquid nitrogen, and stored 

at -80°C. Nucleotide loading efficiency was verified by ion-pairing reversed-phase high-

performance chromatography (RP-HPLC). To this end, protein samples (40 µM, 22 µL) were heat 

precipitated at 95°C for 5 min and centrifuged for 5 min at 21000 g. The supernatant was 

subjected to chromatographic separation on Shimadzu UFPLC (Prominence series) equipped with 

a C18 column (Prontosil C18, F184PS050, Bischoff Chromatography) using 50 mM potassium 

phosphate buffer pH 6.6, 10 mM tetra-n-butylammonium bromide, 12 % acetonitrile (v/v). 

Nucleotides were detected at 254 nm and resulting peaks were integrated and normalized to the 

total amount of nucleotides detected set to 100 %. The retention time of each nucleotide was 

determined with the respective nucleotide standard in a separate run. The same procedure was 

applied to other GTPases used in this work. 

GTPase hydrolysis assay 

After proteins were loaded with GTP, the nucleotide loading efficiency was verified by ion-pairing 

RP-HPLC (see GTPase nucleotide loading). Subsequently, Rab proteins (50 µM) were incubated 

for 30 min at room temperature in the absence or presence of catalytic amounts of SopD or SopD2 

(1 µM). The reaction was stopped by heat (95°C for 5 min), the reaction mixtures were cleared by 

centrifugation (21000 g, 5 min, 4°C) and supernatants were submitted to nucleotide analysis on 

the ion-pairing RP-HPLC (see GTPase nucleotide loading). Resulting peaks of eluted nucleotides 

 
k The text in this section was modified and reprinted with permission from Savitskiy et al, 2020 248. 
Copyright (2020) Elsevier. 
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were integrated and normalized to the data provided by corresponding single Rab proteins. The 

same procedure was applied for the kinetic studies of SopD and SopD2, but with lower enzyme 

amounts (85-500 nM, see Figure 27) and multiple incubation time points (0.5 – 120 min). 

Protein complex formation on analytical size exclusion chromatography 

For the complex formation of Rab32 with VARP-ANK1, GDI, and LRRK210-661 or HRas with RalGDS 

and RalGDSN54R or Rab8a with SopD a Superdex 75 10/300 GL (GE Healthcare) was attached to a 

UFPLC system (Prominence series, Shimadzu). For complex formation with VARP, the respective 

Rab32 preparation was incubated with VARP-ANK1 in a 1:1 molar ratio (50 µM) at 15°C for 

1 hour. The same procedure was applied to other GTPase and effectors. For GDI binding studies, 

Rab32 was additionally farnesylated before the incubation with GDI for complex formation (1:1 

molar ratio, 50 µM). Subsequently, 50 µl were chromatographically separated on an aSEC and 

fractionated to 0.5 ml fractions. The gel filtration buffer (20 mM HEPES at pH 7.5, 50 mM NaCl, 

1 mM MgCl2, 2 mM DTT, 10 µM GDP or 1 µM GppNHp respectively; the GDP containing buffer was 

supplemented with 2 mM AlCl3 and 20 mM NaF for Rab8a:SopD aSEC runs) was used as a mobile 

phase for protein separation at 0.5 ml/min flow rate. Proteins were detected at 280 nm. The 

individual runs of single proteins served as a reference. Vitamin B12 was used as an internal 

standard. 

Native polyacrylamide gel electrophoresis (PAGE) 

For native PAGE all samples were prepared in a non-reducing non-denaturing sample buffer 

(50 mM Tris (pH 6.8), 0.01 % (w/v) bromophenol blue, 25 % (v/v) glycerol) which allows 

maintaining the secondary structure and native charge density of the proteins of interest. The gels 

were prepared as described in Table M14 and 10-20 μl of samples (max. 1 μg of protein) were 

loaded on the gel and run for 4 h at 50 mA. Silver staining was used to visualize the protein bands. 

Table M14 | Composition of a 6 % native polyacrylamide gel 

Reagent Volume 

40 % Acrylamid:Bisacrylamide (29:1)  
2 ml 

4 x Tris glycine buffer 

(100 mM Tris base, 800 mM glycine, pH 8.5)  2.5 ml 

ddH2O 5.4 ml 

10% APS 100 µl 

TEMED 9 µl 

Silver staining 

Silver staining was performed according to the steps in Table M15. 
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Table M15 | Silver staining procedure for two gels 

Step and buffer composition Time 

Fixation 

60 ml 50% acetone (v/v) 
1.5 ml 50% Trichloroacetic Acid  
25 μl Formaldehyde (v/v) in ddH2O  

5 min 

Wash with ddH2O 3 x 5 s 

Pretreatment 1 

60 ml 50% acetone (v/v) 

5 min 

Pretreatment 2 

60 ml ddH2O 
100 µl 10% (w/v) Na2S2O3 x 5H2O 

1 min 

Wash with ddH2O 3 x 5 s 

Staining 

60 ml ddH2O  
800 μl 20 % (w/v) AgNO3 
600 μl 35 % Formaldehyde (v/v) in ddH2O  

8 min 

Wash with ddH2O 3 x 5 s 

Development 

60 ml ddH2O  
2.0 Na2CO3  
25 μl 35 % Formaldehyde (v/v) in ddH2O 
25 μl 10 % (w/v) Na2S2O3 x 5H2O  

30-60 s 

Stopping 

10 % Acetic acid (v/v) in ddH2O  

30-60 s 

Wash with ddH2O 3 x 5 s 

SDS-PAGE 

Proteins were separated using homemade 15 % acrylamide gels (Table M16) with Color 

Prestained Protein Standard (Broad Range (11−245 kDa), NEB). Gels used for GtgE kinetic 

measurements were loaded with 5 µg protein per line and were densitometrically analyzed via 

Image Lab Software (Bio-Rad) and normalized to MBP signal followed by exponential fit 

(OriginLab, 2019b, v9.65). 
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Table M16 | Composition of 15% SDS-PAGE gels. The amounts stated below are calculated for 4 gels with 1mm sickness. 

Stacking gel 

Stacking gel buffer (4x) 1.5 ml 

Acrylamide/Bis-acrylamide (30%) 1 ml 

H2O 3.5 ml 

APS (10%) 48 µl 

TEMED 6 µl 

Resolving gel 

Resolving gel buffer (4x) 5 ml 

Acrylamide/Bis-acrylamide (30%) 10 ml 

H2O 5 ml 

APS (10%) 100 µl 

TEMED 10 µl 

Single-pair FRET measurements l 

For the spFRET measurements, the Rab32 mutants were diluted to concentrations in the range of 

20–100 pM in buffer containing 20 mM HEPES, 50 mM NaCl, 1 mM MgCl2, and 10 µM GDP at 

pH 7.5. Measurements were carried out on a homebuilt 283 three-color dual-polarization confocal 

microscope with pulsed-interleaved excitation 284,285 and multi-parameter fluorescence detection 

286 using only two of the laser lines (LDH-D-C-485, LDH-D-C-640, PicoQuant). The laser power 

measured before the objective was 100 µW for blue excitation and 70 µW for red excitation. 

Bursts of single molecules diffusing through the confocal volume of the microscope were 

measured for at least 3 h. The obtained data were analyzed with PAM 287, a Matlab-based software. 

Bursts with a minimum of 100 photons were selected and the ALEX-2CDE filter 288 was used to 

further narrow down the burst selection to only double-labeled proteins. Single-dye populations 

were used to calculate crosstalk and direct excitation. The γ-factor was calculated by linear 

interpolation of 1/S vs. E of a control measurement of a DNA sample containing two different 

FRET populations, since the protein measurements mainly showed only one population. Distances 

were determined using the photon distribution analysis 289 with a Förster radius of 52 Å, which 

was adjusted from the manufacturer’s value based on an index of refraction of n = 1.4 and the 

decreased lifetime and thus the quantum yield of Alexa488.  

 
l spFRET experiments were conducted by Vanessa Trauschke in collaboration with Prof. Don C. Lamb, 
LMU. 
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Molecular dynamics simulations m 

The crystal structure of Rab32 in complex with GppCp and the effector VARP (PDB:4CYM 114) 

served as the starting structure for the molecular dynamics simulations. VARP atoms were 

removed and the carbon atom between the β- and Ɣ-phosphate was replaced with oxygen to 

replicate GTP. Furthermore, an Mg2+ ion was inserted in a position such that it had contact with 

both the β- and Ɣ-phosphate. The gamma phosphate was removed to form the GDP-bound 

variants of Rab32. The Amber ff14sb force field 290 was used for the protein, while additional 

parameters for GDP and GTP were taken from the Amber parameter database 291. The peptide 

bond between G59 and V60 was removed to form the proteolyzed variants of Rab32. Sodium and 

chloride ions were added to reach a salt concentration of 0.1 M. The complex was set at the center 

of a truncated octahedron box large enough to have a minimum distance of 10 Å from the edges 

and filled with water molecules that were modeled using OPC 4-point rigid model 292. The solvated 

box was then energy minimized (5000 steps), followed by 25 ps of heating and 50 ps of density 

equilibration, followed by a simulation using an NPT ensemble at 300 K. During these phases, the 

protein’s heavy atoms, the nucleotide, and the magnesium ions were restrained at their initial 

positions using a harmonic potential with a decreasing force constant starting at 5.0 kcal.mol-1Å-2 

and ending with 1.0 kcal.mol-1Å-2. Production simulations were performed without any restraints. 

The pmemd version of the Amber 16 software package was used employing the hydrogen mass 

repartitioning feature of the Parmed tool, which allows a simulation time step of 4fs 293. Long-

range interactions were included using the particle mesh Ewald (PME) method combined with 

periodic boundary conditions and a 9 Å cut-off for real space non-bonded interactions. 

Trajectories were processed and analyzed using the CPPTRAJ program. Figures were generated 

using the PyMol software package 294. 

NMR n 

The uniformly 15N-labeled NMR samples of Rab32 and KRas were at 100 µM protein concentration 

in buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM MgCl2, 2 mM DTT, 10 µM GDP) with 10% D2O 

for a lock signal. NMR experiments were recorded at 298 K on a 600-MHz Bruker Avance NMR 

spectrometers with cryogenic triple resonance gradient probes. NMR spectra were processed by 

TOPSPIN3.5 (Bruker), then analyzed using NMRFAM-SPARKY 295. 

Circular dichroism 

Measurements of CD spectra were carried out on a JASCO 715 CD spectrometer equipped with a 

Peltier-temperature controller. Spectra were measured at 20 µM protein concentration in a 

 
m MD simulations were performed by Danial P. J. Dehkordi in collaboration with Prof. Martin Zacharias, 
TUM. 
n NMR data were collected and analyzed by Dr. Hyun-Seo Kang in collaboration with Prof. Michael Sattler, 
TUM. 
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quartz cuvette with 1 mm path length (Hellma) in 1 mM HEPES pH 7.5, 2.5 mM NaCl, 50 µM MgCl2, 

0.5 µM GDP or GppNHp. The temperature was increased by 30°C/h and molar ellipticity was 

measured at 220 nm. Data were normalized by setting the plateau signal of the thermally unfolded 

protein to 1.0 and fitted to a Boltzmann function. 

Fluorescence spectroscopy 

For determination of the nucleotide dissociation kinetics of Rab32 and Rab32cleaved, appropriate 

GTPase was loaded with GDP or GppNHp (non-hydrolyzable GTP analog) bearing a mant 

fluorescent moiety. The mant-GDP or mant-GppNHp nucleotide dissociation was monitored via 

the release of the fluorescent nucleotide resulting in a decrease of the fluorescent signal using a 

fluorescence spectrometer Fluoromax-4 (Horiba Jobin Yvon) with the following parameters: λexc: 

360 nm, λem: 440 nm, excitation slit: 1 nm, emission slit: 5 nm. Measurements were conducted at 

25°C in 20 mM HEPES, 50 mM NaCl, 1 mM MgCl2, 1 mM ß-ME at pH 7.5 with 500 nM Rab32. 

Nucleotide exchange was started by the addition of an excess of the corresponding mant-free 

nucleotide (20x) to the Rab32 in the cuvette (Hellma). Full dissociation was achieved by the 

addition of 5 mM EDTA into the cuvette to maximize the nucleotide release. 

Mass spectrometry 

All samples for mass spectrometry (MS) analysis were diluted in water to a final protein 

concentration of 0.1 mg/ml and 1 µl was applied to an ESI-ion trap mass spectrometer (LCQ fleet, 

Thermo Scientific) coupled to a UHPLC system (Ultimate 3000, Thermo Scientific) equipped with 

a ProSwift™ RP-4H column (1×50 mm, Thermo Scientific) at a flow rate of 0.2 ml/min. The 

proteins eluted with a linear gradient of 5–50% acetonitrile (0.1% formic acid) in 6 min. The total 

ion chromatogram raw data were analyzed with the Xcalibur Software v.3.1 (Thermo Scientific) 

and deconvoluted using MagTran v.1.02 296. 

Quantification of immobilized GtgE 

After the coupling of GFP-enzyme fusion GtgE construct to MNPs, 190 μg TEV protease was added 

to 1.875 mg MNPs (corresponds to at least 2.5-fold molar excess of TEV) to ensure quantitative 

cleavage. In control experiments with soluble GFP-fusion constructs, less TEV (molar ratio of 1:1) 

was used. MNPs and soluble substrate were incubated overnight at 4 °C. Dilution of soluble 

proteolyzed substrate was used to generate a standard curve for GFP fluorescence. GFP 

fluorescence of the MNP supernatant was measured and quantified in TECAN Spark microplate 

reader (Tecan) at λex = 475 nm and λem = 520 nm. The concentration of enzymes was assessed by 

Bradford assay. 
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Calculations of kinetic efficiencies 

For the determination of nucleotide dissociation (koff) measured by fluorescence spectroscopy, 

reaction curves were fitted to a one-phase exponential decay function with time constant 

parameter according to equation 1 using the software OriginPro (OriginLab, 2019b, v9.65).  

F(t) = F0 + FA∙ e-t×koff  equation (1) 

with F(t): fluorescence intensity, F0: minimum fluorescence intensity, FA: total fluorescence 

amplitude (i.e. Fmax – F0, with Fmax: maximum fluorescence intensity), koff: dissociation constant. 

For the determination of catalytic efficiencies (kcat/KM) of GTP hydrolysis verified by reversed-

phase high-performance liquid chromatography (RP-HPLC), reaction curves were fitted to a 

single exponential function according to equation 2 using the software OriginPro 2019b 

(OriginLab, v9.65). The resulting rate constants(kobs) was divided by the concentration of the 

used enzyme to gain kcat/KM values. 

F(t) = F0+ FA∙ e-kobs×t equation (2) 

with F(t): GTP amount, F0: minimum GTP amount, FA: total amplitude of GTP amount (i.e. Fmax 

– F0, with Fmax: maximum GTP amount) and the kobs is the observed rate constant. Statistical 

significance was validated by paired Student’s t-test in GraphPad Prism (Version 4.0). 
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7. LICENSES AND PERMISSIONS 

Figure 5 and Figure 6 were adapted and modified with permission from Stenmark, 2009 6. 

Copyright (2020) Springer Nature Limited. License number 4933921463334. 
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Figure 15, Figure 16, Figure 17, Table 5, and text passages for the introduction, results, and 

methods were reprinted, modified, and adapted with permission from Fauser et al, 2020 215. 

Copyright (2020) American Chemical Society. 

 

 

Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 29, supplementary figures, and 

text passages for results, discussion, and methods were reprinted, modified and adapted with 

permission from Savitskiy et al (2020) 248. Copyright (2020) Elsevier. The manuscript is now 

under review in iScience.  
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9. APPENDIX 

9.1 Supplementary figures 

 

Figure S1 | Standard curve for quantification of the amount of immobilized GtgE. Fluorescence of TEV-treated GFP-
GtgE for C-terminal coupling. Serial dilutions of GFP ranging from 9 nM to 19 μM were measured to produce the standard 
curve. The values were submitted for a linear fit. The corresponding equations (y), as well as the R2-values, are indicated. 
Reprinted with permission from Fauser et al, 2020 215. Copyright (2020) American Chemical Society. 

 

Figure S2 | Production of GtgE treated Rab32 for sp-FRET analysis. (A) SDS-PAGE indicating quantitative cleavage of 
Rab32 by both soluble and immobilized GtgE. Bands of Rab32 and its cleavage products 1 (cp 1) and 2 (cp 2) are indicated. 
(B) Absorbance spectra of soluble GtgE indicate the labeling of intrinsic Cys residues of GtgE by fluorescent dyes Alexa488-
maleimide and Alexa647-maleimide. Red: absorbance spectra at 0.1 mm pathlength. Black: absorbance spectra at 1 mm 
pathlength. Blue: blank. Reprinted with permission from Fauser et al, 2020 215. Copyright (2020) American Chemical 
Society. 
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Figure S3 | Mass spectrometry data of Rab32 CVIM farnesylation with the deconvoluted mass spectra (top) and the m/z 
spectra (bottom). Left: unmodified Rab32 bearing the CVIM-sequence. Right: farnesylated Rab32 CVIM. Both masses were 
determined with an offset of 3 Da (Mexp.) compared to the calculated, theoretical mass (Mtheo.) The measured difference in 
mass (ΔMexp. = 194 Da) does not correspond fully to the theoretical Mass difference of an attached farnesyl moiety 
(ΔMtheo. = 204 Da). The difference of 10 Da is due to the mass resolution limitations of the instrument and m/z-data quality 
of the farnesylated Rab32 which showed significantly less ionization upon modification. Reprinted with permission from 
Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 
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Figure S4 | Fraction analysis of the Rab32:GDI complex formation on an aSEC. Coomassie-stained SDS-PAGE of fractions 
from aSEC separations containing farnesylated Rab32 CVIM in the presence of GDI and FTase (compare Figure 19C, D). (A) 
Rab32:GDP. (B) Rab32cleaved:GDP. (C) Rab32:GppNHp. (D) Rab32cleaved:GppNHp. Slightly visible bands are highlighted with 
arrows. All Rab32 preparations (A-D) are forming a non-covalent complex with GDI indicated by the coelution in fractions 
4 and 5. Only Rab32:GppNHp (C) shows a partial complex formation indicated by free Rab32 in fractions 8 and 9. (E-G) 
Control runs of single proteins on an analytical SEC. Reprinted with permission from Savitskiy et al, 2020 248. Copyright 
(2020) Elsevier. 
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Figure S5 | Decomposition of eluted complex peaks of Rab32 and GDI: (A) Rab32:GPD:GDI, (B) Rab32cleaved:GDP:GDI, (C) 
Rab32:GppNHp:GDI, and (D) Rab32cleaved:GppNHp:GDI showing both, the absorption at 280 nm (red chromatogram) as 
well as the decomposition of the peak into free GDI (2) and the Rab32:GDI complex (1). Peak decomposition was performed 
using Origin data analysis software (OriginLab 2019b, v9.65) setting the elution time of free GDI in a complex peak to 24.6 
min. (E) The populations determined in panels A-D are plotted as a bar chart. Reprinted with permission from Savitskiy et 
al, 2020 248. Copyright (2020) Elsevier. 
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Figure S6 | Fraction analysis of aSEC runs of LRRK210-661 and Rab3220-201 variants (GDP, GppNHp, cleaved, not cleaved). 
Coomassie-stained SDS-PAGE of fractions from aSEC separations containing Rab3220-201. (A) Rab32:GDP. (B) 
Rab32cleaved:GDP. (C) Rab32:GppNHp. (D) Rab32cleaved:GppNHp. Slightly visible bands are highlighted with arrows. None of 
the preparations (A-D) are forming a non-covalent complex. LRRK210-661 and Rab3220-201 are separated by four empty 
fractions (4-7). 
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Figure S7 | Positions of mutated Cys-residues within the Rab32 structure (PDB: 6FF8 91). The positions of cysteine 
mutations and the distances between them are indicated by yellow dotted lines for the two spFRET pairs used (red and 
orange spheres). Further wild type Cys residues (grey spheres) were mutated to Ser. The positions were labeled 
stochastically with donor and acceptor molecules. Reprinted with permission from Savitskiy et al, 2020 248. Copyright 
(2020) Elsevier. 
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Figure S8 | Mass spectrometry data of Rab32 cysteine mutants with the deconvoluted mass spectra (top) and the m/z 
spectra (bottom). Left: Rab3220-201 R55C C145S Q160C C162S. Right: Rab3220-201 N90C C145S S156C C162S. The determined 
masses (Mexp.) are confirming the presence of the correct cysteine mutations for the proteins applied in the spFRET 
experiments. 

 

Figure S9 | In-gel fluorescence of doubly labeled Rab32 mutants. The SDS-PAGE gel was visualized in green (A) and red 
channels (B) showing the presence of both fluorescent dyes (Alexa488 and Alexa647) on the Rab32 mutants. Wild type 
Rab32 and both unlabelled mutants served as a control visualized in Coomassie stain in C. Analyzed proteins are indicated. 
Cp1: cleavage product 1; cp2: cleavage product 2. Reprinted with permission from Savitskiy et al, 2020 248. Copyright (2020) 
Elsevier. 
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Figure S10 | 1H 15N HSQC spectra of Rab32wt (black) overlaid with a truncated version of Rab3220-201 (red) displaying 
cleared up spectrum in the area around 1H/15N: 8/120 ppm. 

 

Figure S11 | 1H 15N HSQC spectra of Rab32:GppNHp with GtgE supplementation. Superimposed spectra of Rab32:GppNHp 
and Rab32:GppNHp in the presence of GtgE protease are very similar. No significant differences in the signals were observed 
indicating that nucleotide exchange with GppNHp in vitro was already fully completed. Reprinted with permission from 
Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 
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Figure S12 | Interaction experiment using the Y2H system with Rab8a/b and inactive point mutants of SopD (N219A and 
R312A). Both point mutants of SopD were able to interact with Rab8 homologs thereby dismissing the crucial importance 
of these residues for the Rab-GAP interaction. 

 

Figure S13 | Incubation of wild type (wt) SopD and SopD2 with their target proteins Rab8 and Rab32, respectively, resulted 
in full hydrolysis of GTP within 30 minutes at room temperature. In contrast, incubation of the same targets with N-
terminally truncated variants of GAPs (Δ76≙deletion of 76 N-terminal aa) did not show the same GTP hydrolysis. The 
experimental setup is as described in Figure 26. 
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9.2 Supplementary tables 

Table S1 | Anisotropy data of utilized fluorophores in Rab32 spFRET measurements. Residual fluorescence anisotropy rinf 
and steady-state fluorescence anisotropy rss of Alexa488 as the donor and Alexa647 as the acceptor are given. Reprinted 
with permission from Savitskiy et al, 2020 248. Copyright (2020) Elsevier. 

 Donor only Acceptor 

Rab32 mutant rinf rss rinf rss 

R55C Q160C 0.070 0.081 0.077 0.10 

R55C Q160C cleaved 0.085 0.10 0.20 0.29 

N90C S156C 0.081 0.12 0.17 0.21 

N90C S156C cleaved 0.11 0.12 0.21 0.28 
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AFTER THE ADDITION OF A HIGH CONCENTRATION OF NON-FLUORESCENT GDP (200 µM FINAL). THE FLUORESCENCE 

INTENSITY AND THE TIME AXIS WERE NORMALIZED TO THE START OF THE REACTION. (E) THE NUCLEOTIDE DISSOCIATION 

RATE INCREASES IN RAB32:GPPNHP AFTER CLEAVAGE. MANT-FLUORESCENCE-BASED NUCLEOTIDE RELEASE OF MGPPNHP 

(0.5 µM RAB32:MGPPNHP) INDUCED AFTER THE ADDITION OF A HIGH CONCENTRATION OF NON-FLUORESCENT GPPNHP 

(200 µM FINAL). THE FLUORESCENCE INTENSITY AND THE TIME AXIS WERE NORMALIZED TO THE START OF THE REACTION. 
(F) QUANTIFICATION OF NUCLEOTIDE DISSOCIATION FROM NON-MODIFIED AND CLEAVED RAB32 IN BOTH THE ACTIVATED 

AND INACTIVE STATES ARE PLOTTED IN A BAR GRAPH. MODIFIED AND REPRINTED WITH PERMISSION FROM SAVITSKIY ET 

AL, 2020 247. COPYRIGHT (2020) ELSEVIER. ................................................................................................................................... 46 
FIGURE 19 | BINDING OF RAB32 WITH ITS PHYSIOLOGICAL INTERACTION PARTNERS IS SELECTIVELY IMPAIRED BY THE 

PROTEOLYTIC MODIFICATION. TO INVESTIGATE THE INTERACTION OF RAB32 WITH OTHER PROTEINS, ASEC 

MEASUREMENTS WERE PERFORMED DURING WHICH THE INTENSITY AT 280 NM WAS MONITORED, AND THE RESULTING 

PEAKS WERE DECONVOLVED INTO THE INDIVIDUAL SPECIES. (A) LEFT: ASEC MEASUREMENTS OF RAB32:GDP IN THE 

PRESENCE OF VARP. VARP-ANK1 DOES NOT BIND RAB32:GDP IN VITRO. RAB32 (50 µM) WAS PREPARATIVELY LOADED 

WITH GDP (98%) AND EQUILIBRATED FOR COMPLEX FORMATION WITH 50 µM VARP-ANK1 FOR 1 H AT 15°C. 
SUBSEQUENTLY, 50 µL WERE CHROMATOGRAPHICALLY SEPARATED VIA ASEC. THE INDIVIDUAL RUNS OF SINGLE PROTEINS 

SERVE AS A REFERENCE. RIGHT: ASEC MEASUREMENTS OF CLEAVED RAB32:GDP IN THE PRESENCE OF VARP. CLEAVED 

RAB32:GDP ALSO DOES NOT FORM A COMPLEX WITH VARP-ANK1. (B) LEFT: COMPLEX FORMATION BETWEEN ACTIVE 

RAB32 AND VARP-ANK1 INVESTIGATED USING ASEC. THE ANALYSIS CORRESPONDS TO THAT USED IN PANEL A STARTING 

WITH RAB32:GPPNHP (90% LOADED). HERE, A CLEAR COMPLEX FORMATION IS OBSERVED. RIGHT: ASEC MEASUREMENT 

OF THE INTERACTION BETWEEN CLEAVED RAB32:GPPNHP AND VARP-ANK1. CLEAVAGE OF RAB32 IMPAIRS THE 

COMPLEX FORMATION BETWEEN RAB32 AND VARP-ANK1. (C) ASEC MEASUREMENTS OF THE INTERACTION OF 

RAB32:GDP WITH GDI IN THE NON-MODIFIED AND CLEAVED STATE. INACTIVE RAB32 (100% LOADED WITH GDP) BINDS 

GDI REGARDLESS OF ITS MODIFICATION STATE.  (D) ASEC MEASUREMENTS OF THE INTERACTION OF RAB32:GPPNHP 

WITH GDI IN THE NON-MODIFIED AND CLEAVED STATE. RAB32CLEAVED:GPPNHP CAN MORE EFFICIENTLY FORM A COMPLEX 

WITH GDI IN COMPARISON TO THE NON-MODIFIED RAB32. THIS CAN BE CLEARLY SEEN IN THE REDUCTION OF THE RAB32 

ONLY PEAK FOR RAB32CLEAVED:GPPNHP IN COMPARISON TO RAB32:GPPNHP (ARROW). 30 µM OF B12 WAS USED AS AN 

INTERN STANDARD FOR EACH ASEC RUN. REPRINTED WITH PERMISSION FROM SAVITSKIY ET AL, 2020 247. COPYRIGHT 

(2020) ELSEVIER. .................................................................................................................................................................................. 48 
FIGURE 20 | SINGLE-PAIR FRET REVEALS CHANGES IN THE CONFORMATION OF RAB32 UPON PROTEOLYTIC MODIFICATION. 

(A) POSITION OF CYS MUTATIONS WITHIN THE RAB32 FOR COVALENT FLUOROPHORE LINKAGE. LEFT: RIBBON STRUCTURE 

REPRESENTATION OF RAB32 WHERE THE SELECTED AMINO ACID POSITIONS FOR PROTEIN LABELING WITH FRET PAIRS ARE 

SHOWN AS STICKS. MIDDLE AND RIGHT: VISUALIZATION OF THE ACCESSIBLE VOLUME CALCULATIONS FOR RAB32R55C Q160C 

AND RAB32N90C S156C DOUBLE MUTANTS, RESPECTIVELY. THE RAB32 STRUCTURE USED FOR THE CURRENT 

REPRESENTATION IS DEPOSITED IN PDB UNDER ID 6FF8 91. (B) QUANTIFICATION OF CLEAVAGE EFFICIENCY FOR SPFRET. 
RAB32 MUTANTS. LEFT: RAB32:GDP MUTANTS WERE PROTEOLYTICALLY CLEAVED AND RUN ON AN SDS-PAGE GEL. 
RIGHT: DENSITOMETRIC QUANTIFICATION OF THE GEL BANDS FOR MODIFICATION COMPLETION IN BOTH DOUBLE MUTANTS 

PLOTTED IN A BAR GRAPH. (C) SPFRET HISTOGRAMS FOR THE NON-MODIFIED AND CLEAVED RAB32R55C Q160C MUTANT 

REVEALING A CHANGE IN DISTANCE BETWEEN FLUOROPHORES UPON CLEAVAGE. THE DISTANCES CALCULATED USING THE 

PROBABILITY DISTRIBUTION ANALYSIS APPROACH ARE INDICATED. ORANGE DASHED LINES SHOW THE DECOMPOSED PEAK 
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AFTER PROTEOLYSIS WITH TWO EQUALLY POPULATED SPECIES. (D) SPFRET HISTOGRAMS FOR THE NON-MODIFIED AND 

CLEAVED RAB32N90C S156C MUTANT. CLEAVAGE OF SWITCH I LEAD TO MINOR DISTANCE DIFFERENCES IN THE SWITCH II 

REGION OF THE PROTEIN. ALL CALCULATED DISTANCES REPRESENT THE SEPARATION OF THE FLUOROPHORES, WHICH ARE 

ATTACHED TO THE PROTEIN VIA FLEXIBLE LINKERS. FRET DATA GENERATED AND PROCESSED BY VANESSA TRAUSCHKE 

(THE GROUP OF PROF. DON C. LAMB, LMU). REPRINTED WITH PERMISSION FROM SAVITSKIY ET AL, 2020 247. COPYRIGHT 

(2020) ELSEVIER. .................................................................................................................................................................................. 49 
FIGURE 21 | NMR ANALYSIS OF STRUCTURAL EFFECTS OF PROTEOLYSIS AND NUCLEOTIDE BINDING ON RAB32. (A) 

SUPERPOSITION OF 1H, 15N NMR CORRELATION SPECTRA OF 15N-LABELED RAB32 WITH GDP (BLACK) OR GPPNHP 

(GREEN) AND THEIR CLEAVED STATES (RED AND ORANGE, RESPECTIVELY) BY GTGE. NOTE THAT THE CLEAVED 

RAB32:GPPNHP (ORANGE) HAS BEEN PRODUCED BY PROTEOLYSIS OF RAB32:GDP FOLLOWED BY THE ADDITION OF 

GPPNHP. SPECIFIC SPECTRAL CHANGES OF GDP STATE UPON CLEAVAGE ARE SHOWN WITH DASHED CIRCLES. (B) SUMMARY 

OF THE STATES OF RAB32 USED FOR NMR ANALYSIS. SPECTRAL OVERLAYS OF THE FOUR STATES INDICATE THAT THE NMR 

SIGNALS OF THE CLEAVED GPPNHP-BOUND STATE (ORANGE) GENERALLY ARE INTERMEDIATE BETWEEN THE GPPNHP-
BOUND ACTIVE (GREEN) AND GDP-BOUND (BLACK) STATE, CLOSER TO THE INACTIVE STATE (GREY BOXES). DATA 

RECORDED AND PROCESSED BY DR. HYUN-SEO KANG (THE GROUP OF PROF. MICHAEL SATTLER, TUM). REPRINTED WITH 

PERMISSION FROM SAVITSKIY ET AL, 2020 247. COPYRIGHT (2020) ELSEVIER. ........................................................................ 51 
FIGURE 22 | CLEAVAGE-INDUCED FLEXIBILITY IN THE SWITCH I PROMOTES THE UNFOLDING OF THE Β2-STRAND IN THE 

INTERSWITCH REGION OF RAB32 (REVEALED BY MOLECULAR DYNAMICS SIMULATIONS). (A) LEFT: SUPERIMPOSED MD 

SIMULATED STRUCTURES OF RAB32:GDP (BLUE) AND RAB32CLEAVED:GDP (ORANGE, THE DISORDERED Β2-STRAND IS 

INDICATED) AFTER 1 µS OF MD SIMULATIONS. THE SWITCH REGIONS ARE HIGHLIGHTED WITH A BLACK STROKE. RIGHT 

PANELS: RMSD VS. SIMULATION TIME FOR SWITCH I AND II REGIONS OF RAB32:GDP AND RAB32CLEAVED:GDP. THE BLACK 

DASHED LINES INDICATE THE SAMPLING TIME OF THE CORRESPONDING SNAPSHOTS SHOWN ON THE RIGHT. (B) 

SUPERIMPOSED MD SIMULATED STRUCTURES OF RAB32:GTP (BLUE) AND RAB32CLEAVED:GTP (ORANGE) AFTER 1 µS. 
RIGHT PANELS: SAME AS IN (A) FOR THE RAB32:GTP AND RAB32CLEAVED:GTP. (C) LEFT AND MIDDLE: THE INTERSWITCH 

REGION OF RAB32:GDP (BLUE) AND RAB32CLEAVED:GDP (ORANGE) PRESENTS THE Β2 STRAND AT 800 NS OF THE MD 

SIMULATION WITH A LARGE CHANGE OF THE COM (CENTER-OF-MASS) DISTANCES OF V60 & F62 AND W80 & I82 IN THE 

CLEAVED VS. UNCLEAVED STATES. RED SPHERES INDICATE THE CΑ-ATOMS OF THE AMINO ACIDS V60, F62, W80, AND I82. 
RIGHT: V60 & F62 - W80 & I82 COM DISTANCES VS. SIMULATION TIME. THE POINT OF 800 NS, INDICATED BY THE BLACK 

DASHED LINE, HIGHLIGHTS THE TIME POINT OF THE SNAPSHOTS SHOWN IN THE LEFT AND MIDDLE PANELS. (D) SAME AS IN 

(C) BUT FOR THE RAB32CLEAVED:GTP VS. RAB32:GTP CASE. DATA GENERATED AND PROCESSED BY DANIAL P. J. DEHKORDI 

(THE GROUP OF PROF. MARTIN ZACHARIAS, TUM). REPRINTED WITH PERMISSION FROM SAVITSKIY ET AL, 2020 247. 
COPYRIGHT (2020) ELSEVIER. ............................................................................................................................................................ 53 

FIGURE 23 | EFFECTS OF RRSP-MEDIATED PROTEOLYSIS OF RAS. (A) NATIVE PAGE GEL (PH 8.5) DEMONSTRATES A COMPLEX 

FORMATION BETWEEN HRAS AND CRAF (LANE 8, BLACK BOX), WHICH DISAPPEARS UPON RRSP-MEDIATED CLEAVAGE OF 

HRAS (LANE 11, RED BOX). LANES 9 AND 10 SHOW SMEARING SIGNALS, WHICH ARE REDUCED IN THE PRESENCE OF RRSP 

IN THE SOLUTION (LANES 12 AND 13). RAB32:GTGEC45A WAS USED AS A POSITIVE CONTROL. PI VALUES OF PROTEINS: 7,40 

(RAB32 20-201), 5,04 (HRAS), 9,72 (CRAF51-131), 5,06 (RALGDS790-869), 5,63 (RALGDSN54R | 790-869), 5,46 (RRSP), 
4,34 (GTGEC45A). (B) OVERVIEW OF AVAILABLE COMPLEX CRYSTAL STRUCTURES (PDB IDS ARE INDICATED BLACK) 254–

256 USED FOR THE GENERATION OF RALGDSN54K MUTANT (HYPOTH.). (C) COMPLEX FORMATION BETWEEN ACTIVE HRAS 

AND RALGDS AS WELL AS RALGDSN54R INVESTIGATED USING ASEC. A STABLE COMPLEX BETWEEN HRAS AND BOTH 

RALGDS VARIANTS COULD BE FORMED. NOTEWORTHY, THE MUTATED RALGDS DISPLAYS REDUCED ELUTION TIME 

INDICATING THE INCREASED AFFINITY BETWEEN BOTH PROTEINS. (D) THE ANALYSIS CORRESPONDS TO PANEL A. RRSP-
MEDIATED CLEAVAGE ABOLISHES THE BINDING OF HRAS TO ITS MUTATED EFFECTOR RALGDSN54R. (E) 1H15N HSQC OF 

KRAS IN CLEAVED AND NOT CLEAVED STATES. NMR DATA WERE RECORDED AND PROCESSED BY DR. HYUN-SEO KANG (THE 

GROUP OF PROF. MICHAEL SATTLER, TUM). .................................................................................................................................... 55 
FIGURE 24 | TARGET VALIDATION OF Y2H SCREEN. (A) HIT MAP OF THE Y2H SCREEN FOR DIVERSE RAB PROTEINS AGAINST 

SOPD FROM SALMONELLA. THE SCREEN REVEALED HOMOLOGS OF RAB3, RAB8 AS WELL AS RAB10, RAB14, RAB29, RAB30 

AND RAB32 AS PUTATIVE GAP TARGETS (RED) OF SOPD. TRANSFORMANTS WHICH GREW ON -LWH WERE SCORED AS 

POSITIVE AND EMPLOYED FOR FURTHER EXPERIMENTS. ANALYSIS OF 3-AMINO-1,2,4-TRIAZOLE (2.5 MM, 3-AT), AN 

INHIBITOR OF THE HISTIDINE BIOSYNTHESIS, SUPPLEMENTED -LWH AGAR SUGGESTS LOWER INTERACTION AFFINITY 

BETWEEN SOPD AND RAB30 AS WELL AS RAB32. (B) THE INITIAL Y2H SCREEN WAS VALIDATED BY CO-TRANSFORMATION 

OF SEPARATE PLASMIDS INTO THE L40 YEAST STRAIN 1 AND GROWN ON SELECTIVE PLATES LACKING LEU AND TRP (-LW) 

FOR 3 DAYS AT 30°C. SUBSEQUENTLY, THE SAME TRANSFORMANTS WERE THEN SPOTTED ON -LW, -LW PLATES LACKING 

HIS (-LWH) AND -LWH PLATES SUPPLEMENTED WITH 2.5 MM OF 3-AMINO-1,2,4-TRIAZOLE (3-AT) AND INCUBATED 

FOR ANOTHER 3 DAYS AT 30°C. RAB29 AND RAB30 ARE FALSE POSITIVES SINCE THEY SCORED POSITIVE WITH THE EMPTY 

VECTOR, WHICH IS IN LINE WITH PREVIOUS REPORTS 2. RAB32 DID NOT REVEAL INTERACTION WITH SOPD ON THE -LWH 

OR -LWH PLATES SUPPLEMENTED WITH 2.5 MM 3-AT. OTHER TRANSFORMANTS WERE ABLE TO GROW ON SELECTIVE AGAR 

AS EXPECTED. RAB3D WAS USED AS A REPRESENTATIVE MEMBER OF THE RAB3-FAMILY. ....................................................... 57 
FIGURE 25 | SUPERIMPOSED CRYSTAL STRUCTURES OF SOPD (PDB ID: 5CPC) IN GREEN AND SOPD2 (PDB ID:5CQ9) IN 

ORANGE WITH SUGGESTED CATALYTIC RESIDUES SHOWED WITH STICKS (D'COSTA ET AL, 2015). ........................................ 58 

file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704939
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704940
file:///C:/Users/Belochka/Dropbox/Dissertation/Dissertation.docx%23_Toc53704940


10. LIST OF FIGURES 

135 
 

FIGURE 26 | IN VITRO VALIDATION OF PUTATIVE SOPD TARGETS. (A) RECOMBINANTLY EXPRESSED AND PURIFIED RAB 

GTPASES WERE LOADED WITH GTP AND INCUBATED FOR 30 MINUTES WITH SOPD AT ROOM TEMPERATURE (50:1 MOLAR 

RATIO). THE REACTIONS WERE STOPPED BY HEAT DENATURATION (95°C) FOR FIVE MINUTES; REACTION MIXTURES WERE 

CLEARED BY CENTRIFUGATION AT 4°C FOR FIVE MINUTES AT 21000 G. RESULTING SUPERNATANTS WERE USED FOR 

ANALYSIS ON A REVERSED-PHASE HPLC (RP-HPLC). THE INTEGRATION OF CORRESPONDING GTP AND GDP PEAKS 

PROVIDED VALUES FOR FURTHER VERIFICATION OF GTP HYDROLYSIS. DATA WERE NORMALIZED FOR EACH RAB PROTEIN TO 

ITS INTRINSIC GTP HYDROLYSIS (N=3 ± SEM; PAIRED STUDENT’S T-TEST: P<0.01 ≙ **, P<0.0001 ≙ ***). (B) SAME LIKE 

IN A BUT FOR SOPD2 (N=3 ± SEM; PAIRED STUDENT’S T-TEST: P<0.05 ≙ *, P<0.01 ≙ **, P<0.0001 ≙ ***). (C) 

INCUBATION OF RAB8A WITH N219A OR R312A POINT MUTANTS (RED) OF SOPD SHOWS NO INCREASE IN GTP 

HYDROLYSIS (N=3 ± SEM; PAIRED STUDENT’S T-TEST: P<0.01 ≙ **, P<0.0001 ≙ ***). (D) GAP ACTIVITY OF SOPD2 

TOWARDS CONSTITUTIVELY ACTIVE RAB32 MUTANT IS NEGLIGIBLE. (E) THE GLN OF RAB32 IS IMPORTANT FOR SOPD2-
MEDIATED GTP HYDROLYSIS. CATALYTIC EFFICIENCIES (KCAT/KM) OF SOPD2 TOWARDS RAB32 AND ITS CONSTITUTIVE 

ACTIVE MUTANT RAB32Q85A ARE REPRESENTED AS A BAR CHART. ................................................................................................ 59 
FIGURE 27 | VALIDATION OF CATALYTIC EFFICIENCIES OF SOPD AND SOPD2. (A) GTP LOADED RAB8A WAS INCUBATED WITH 

CATALYTIC AMOUNTS (500NM) OF SOPD WITH SUBSEQUENT REACTION STOPS AT DIFFERENT TIME POINTS BY HEAT 

(95°C). RESULTED MIXTURES WERE TREATED LIKE IN IN VITRO VALIDATION AND ANALYZED VIA RP-HPLC. THE STARTING 

POINT WAS NORMALIZED TO THE GTP AMOUNT IN RAB PROTEIN AT THE TIME POINT 0 OF THE REACTION. DATA POINTS 

WERE FITTED TO A SINGLE EXPONENTIAL FUNCTION. (B) AND (C) SAME AS IN (A) BUT WITH RAB32 AND SOPD2 (85NM) 

OR RAB38 AND SOPD2 (200NM), RESPECTIVELY. ALL DATA REPRESENT THE MEAN OF 2-3 INDEPENDENT EXPERIMENTS 

WITH ± SEM. ........................................................................................................................................................................................... 60 
FIGURE 28 | RAB:GAP CRYSTALLIZATION TRIALS. (A) ASEC RUN OF PREINCUBATED FOR 1H AT ROOM TEMPERATURE GDP 

LOADED RAB8A WITH SOPD IN PRESENCE OF ALCL3 AND NAF, IN ORDER TO GENERATE ALF3, WHICH USUALLY TAKES THE 

POSITION OF GTP Γ-PHOSPHATE AS TRANSITION STATE MIMETIC OF THE HYDROLYSIS REACTION. UNFORTUNATELY, NO 

STABLE COMPLEX WAS FORMED. (B) NEITHER THE INCUBATION OF SOPD WITH GPPNHP LOADED RAB8A RESULTED IN A 

STABLE COMPLEX, WHICH COULD BE SEPARATED FROM SINGLE PROTEINS BY SEC. (C) CO-CRYSTALLIZATION OF 

RAB32:GDP WITH A TRUNCATED VERSION OF SOPD230-319 PROVIDED RECTANGULAR, UV POSITIVE CRYSTALS. ............... 61 
FIGURE 29 | MODELS OF THE MOLECULAR BASIS FOR BINDING EFFECTS OF CLEAVED RAB32 WITH ITS INTERACTION 

PARTNERS. (A) STRUCTURAL REPRESENTATION OF RAB32 (COLORED) AND VARP-ANK1 (GREY) WITH IMPORTANT 

INTERACTION RESIDUES PRESENTED AS STICKS (PDB ID 4CYM 114). (B) THE SEQUENCE OF THE SWITCH I, SWITCH II, AND 

INTERSWITCH REGION OF RAB32 WITH CORRESPONDING INTERACTING AMINO ACIDS FROM VARP-ANK1 DEPICTED IN 

BLACK. SALT BRIDGES BETWEEN AMINO ACIDS ARE INDICATED BY BLACK-YELLOW LINES. (C) A STRUCTURAL 

REPRESENTATION OF YPT1 (YEAST GTPASE) AND GDI SHOWING THE INTERACTION SURFACE WITH IMPORTANT 

INTERACTION RESIDUES OF SWITCH I, SWITCH II, THE INTERSWITCH REGION, AND THE C-TERMINAL REGION OF YPT1 WITH 

HYDROPHOBIC MOIETY (PDB ID 2BCG 270). STRUCTURAL REPRESENTATIONS OF THE PROTEINS WERE PREPARED USING 

PYMOL. (D) SEQUENCE COMPARISON OF THE GDI INTERACTING REGIONS OF YPT1 AND RAB32 WITH CRUCIAL AMINO ACIDS 

FOR THE GDI BINDING DEPICTED IN BLACK. AMINO ACIDS CONTRIBUTING TO THE INTERACTION BETWEEN THE TWO 

PROTEIN STRUCTURES ARE INDICATED BY BLACK STICKS. (E) MODEL OF THE HYPOTHETICAL LIFECYCLE OF RAB32 DURING 

THE SALMONELLA INFECTION PROCESS WITH POSSIBLE ROUTES FOR PROTEOLYZED RAB32. ONCE THE INTRINSIC 

HYDROLYSIS OF GTP TO GDP OCCURS IN RAB32, WHICH IS ACCELERATED BY SOPD2 FROM SALMONELLA, IT CAN BE 

PROCESSED BY GTGE PROTEASE AND TAKE ONE OF TWO POSSIBLE PATHWAYS, INDICATED WITH ARROWS 1 OR 2, 
RESPECTIVELY. REPRINTED WITH PERMISSION FROM SAVITSKIY ET AL, 2020 247. COPYRIGHT (2020) ELSEVIER. ............ 65 
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