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Abstract

Rabll is a critical GTPase involved in the regulation of membrane trafficking in the
endocytic pathway, and it's misregulation is involved in a variety of human diseases including
Huntington’s disease and Alzheimer’s disease. Additionally, de novo mutations (DNMs) of Rab11
have been identified in patients with developmental disorders, and interestingly several parasites,
viruses, and bacteria can subvert membrane trafficking through Rab11 positive vesicles to allow
for replication and evasion from the immune system. Although Rabll is one of the best
characterized Rab GTPases, hindering the capability to completely understand Rab11 regulation
and its role in human disease is the lack of detail describing how Rabl11 proteins are activated by
their cognate guanine nucleotide exchange factors (GEFs). This thesis is therefore focused on
revealing the molecular mechanisms of the GEFs responsible for the activation of Rabl1:
SH3BP5 and TRAPPII. To investigate the recently discovered GEF SH3BP5, we solved the 3.1A
structure of Rab11 bound to SH3BP5 and revealed a coiled coil architecture of SH3BP5 that
mediates exchange through a unique Rab-GEF interaction. The structure revealed a unique
rearrangement of the switch-I region of Rab11l compared to other solved Rab-GEF structures,
with a constrained conformation when bound to SH3BP5. Mutational analysis of switch-I revealed
the molecular determinants that allow for Rabll selectivity over evolutionarily similar Rab
GTPases, and GEF deficient mutants of SH3BP5 show greatly decreased Rabl1 activation in
cellular assays of active Rabl1l. To interrogate the highly controversial GEF TRAPPII, we
recombinantly expressed and purified the 9 subunit, 427 kDa complex in Spodoptera frugiperda
9(Sf9) cells. We found that the TRAPPII complex is a GEF for both Rabl and Rabll, and we
discovered novel activity for another Rab GTPase. To interrogate the role of these GEFs in human
disease, we used HDX-MS and nucleotide exchange assays to show that some DNMs destabilize
Rabll either through a complete or partial disruption of nucleotide binding. Importantly, we

discovered that one of these DNMs, K13N, completely prevented SH3BP5 and TRAPPII mediated



Y,
nucleotide exchange, revealing a putative mechanism of disease. Overall the work completed in

this thesis leads to a greater understanding of the molecular mechanisms underlying the

activation of Rab11 by its cognate GEFs.
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Chapter 1 — Introduction

1.1 Overview

Survival of all eukaryotic cells depends on a highly regulated and organized flow of
membrane traffic. Intricate systems mediate the correct delivery of intracellular cargos to specific
cellular locations, and disruptions in the functioning of these systems plays key roles in many
human diseases, emphasizing the need for proper regulation. One of the major protein families
regulating membrane trafficking are the Rab GTPases. Rabl1 is one of the best characterized
Rabs, and plays key roles in regulating trafficking of recycling endosomes(1). Thus, Rabll
signaling plays fundamental roles in cilliogenesis(2), cytokinesis(3), and endosomal recycling(4),
and it’'s dysfunction has been implicated in neurodegenerative diseases including Huntington’s

disease(5).

Active Rabll regulates membrane trafficking by recruiting effector proteins to specific
cellular locations. As with all GTPases, Rab11 cycles between a GTP bound “active” state and a
GDP bound “inactive state”, and the interconversion between the states is mediated by guanine
exchange factors (GEFs) and GTPase activating proteins (GAPs). The type of bound nucleotide
dictates function; therefore, it is important to fully characterize the proteins regulating the Rab
GTP/GDP cycle. In the past decade, considerable research has gone into discovering which
GEFs are responsible for the regulation of Rab11. The TRAPP complex has been shown to have
GEF activity on Rabl11, however its role is still controversial. Only recently SH3BP5 was shown
to be a novel GEF for Rab11(6), however despite this finding, the mechanism of SH3BP5
activation of Rab11 is unknown as it does not contain any previously characterized GEF domains.
This thesis is focused on the investigation of these two GEFs using a variety of biochemical
assays to determine their mechanisms of action and their specificity. These studies will help to
define the molecular mechanisms of Rab11 regulation by its cognate GEFs and will expand our

understanding of how Rab11 mediates membrane trafficking.



1.2 Rab Small GTPases

Small GTPases are important proteins that regulate a myriad of cellular functions. These
critical proteins have been very well characterized over the last few decades, however some
guestions remain unanswered. This section of the thesis will generically introduce the evolution
of small GTPases, with a focus on Rab GTPases. The structural conservation of Rabs, and their
ability to act as molecular switches will then be introduced. Finally, the critical proteins regulating
Rab activation, Guanine nucleotide exchange factors (GEFs) and GTPase activating proteins

(GAPs), will be introduced and their generic enzymatic mechanisms described.

1.2.1 The Evolution of Rab GTPases

GTP binding proteins (G proteins) are involved in a variety of biological processes and span
many different families including the heterotrimeric G proteins, translation factors, and Ras-like
small GTPases, which were first identified in the 60’s from the Harvey and Kirsten sarcoma virus,
and later classified as the Ras superfamily. The Ras superfamily of GTPases contains five sub-
families within the superfamily called Ras, Rho/Rac, Rab, Arf and Ran(7). This thesis is focused
on the Rab GTPases, which are key regulators of membrane trafficking pathways crucial for
proper cellular function. All eukaryotic cells contain a variety of intracellular compartments
separated by membranes, and thus they possess a highly regulated system for directing
membrane cargo to the proper cellular location. One of the key determinants of membrane
trafficking is the regulation of Rab GTPases(8—11). Rab proteins mediate exchange of specific
protein and lipid cargos between distinct intracellular organelles, through selective binding and

recruitment of Rab binding proteins.

In the last evolutionarily conserved ancestor (LECA) there are 20 Rab GTPases forming 6
groups(12). Although a majority of these ancient Rabs have been conserved throughout evolution,

there has been a large expansion in the Rab family in higher organisms. It is thought that this



3
expansion allowed for increased complexity of membrane trafficking systems, leading to

increased complexity of organisms. Studies on Rabs have provided insights into the evolution of
the eukaryotic endomembrane system, and it is now known that Rabs participate in central
nervous system (CNS) development(13), polarized neurite growth(14), endocytosis and axonal

retrograde transport(15), and synaptic vesicle exocytosis(16).

In humans, Rab proteins show a remarkable diversity, with over 66 identified members(12).
Different Rab GTPases are generally localized in different cellular compartments to carry out
diverse biological processes through a shared general mechanism. A figure depicting the

evolution of Rab GTPases from the LECA to humans is depicted in Figure 1.1.

Group I

-.%

Figure 1.1. Evolution of Rab small GTPases. This figure was adapted from Tobias H Kl6épper et al.,
2012, BMC Biology(12).



1.2.2 The Small GTPase Molecular Switch

Several Rab GTPases structures have been solved, and alignment of primary and tertiary
structures shows a high level of conservation. The GTP binding domain is made up of five
conserved motifs(G1-G5), which all play important roles in nucleotide and effector binding. Rab
GTPases also contain two regions known as the switch | and the switch I, which allow for effector
recognition and binding. These regions are far more variable in sequence than the G1-G5 and
are essential in determining effector specificity. The third important region in Rab GTPases is the
c-terminal hypervariable tail (HVT). This region, as its name suggests, is highly variable and is a
key differentiating feature between members of the Rab GTPase family. A representative

structure of Rab is depicted in figure 1.2 below.

geranyl geranyl

Figure 1.2. Rab GTPase structure. This is the structure of Rab11 bound to GTPyS(10IW).
The Switch | (SWI) region is colored yellow, while the Switch 1l (SWII) region is colored orange.
The dotted line represents the hypervariable tail (HVT) domain, which is not present in the
structure.
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Generically, for Rab GTPases to be able to associate with membranes, they must first be

prenylated at one, or most often two, c-terminal cysteine residues (Figure 1.2). For this to occur,
newly synthesized Rab proteins first bind a Rab escort protein (REP), which then allows for
prenylation by Rab geranylgeranyltransferase (RabGGTase). After geranylgeryanylation, Rabs
are delivered to target membranes and are activated by guanine nucleotide exchange factors
(GEFs) to allow for bound GDP to be replaced with GTP, which is at a 10-fold higher cellular
abundance than GDP (17). Once inserted into the membrane, Rabs can be removed by guanine
nucleotide dissociation inhibitors (GDIs), which bind and solubilize the prenyl groups to allow the
protein to exist in cytosolic space. It is unclear exactly what factors bring soluble prenylated Rabs
in REP or GDI complexes to their target membrane. It has been proposed that localization of
Rabs is dependent on the location of GEFs(18), while others have postulated that localization is
due to other membrane binders such as GDI displacement factor(GDF) which interact with the
Rab and the GDI to only allow insertion at specific membrane compartments(19). It was originally
thought that the HVT domain allowed for Rab proteins to associate with specific target
membranes(20), however the specific association with different membrane compartments is
much more complex and probably involves interactions with a combination of specific GEFs,

GDls, GDFs, effectors, as well as interactions of the HVT with the membrane(21).

Rab GTPases act as molecular switches, and cycle between a GDP-bound ‘off’ state and a
GTP-bound ‘on’ state(22). These nucleotides induce different switch conformations and control
binding to downstream effector proteins. Once delivered to a membrane, Rabs interact with GEFs
which catalyze the release of GDP and allow for binding of GTP. At this stage, the GTPase is
considered “active”, and can interact with downstream effector proteins. Rab effectors in general
are proteins that interact with the GTP bound form of the GTPase. These effectors may be
adaptors, tethers, motors, fusion regulators, kinases, phosphatases, membrane regulators, or

Rab regulators such as GAPs. Specific effectors are described in greater detail in section 1.3.2.
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Rabs intrinsically have GTPase activity, however the rate of hydrolysis can be enhanced by

GTPase activating proteins (GAPs). Once hydrolyzed, the Rab GTPase can be removed from the
membrane by GDIs, or the cycle can be restarted by another GEF. The molecular mechanisms
by which these GEFs and GAPs act on their cognate Rab is described in greater detail in section

1.2.3. A schematic depicting the cycle is shown in Figure 1.3.

Active state

Inactive state

1
Figure 1.3 The Small GTPase molecular switch. Rabs exist in either a GDP bound or GTP bound state,
and GEFs and GAPs act as master regulators of this cycle. Figure adapted from Stenmark and Olkkonen,
2001, Genome Biol (23).

1.2.3 GEFs and GAPs of Rab GTPases

The association of Rab-binding partners depends on the nucleotide state, with most Rab
effectors binding the GTP-bound active conformation. The intrinsic rates of conversion between
the two states are slow and therefore Rabs require regulatory proteins to control their
spatiotemporal activation and inactivation. The nucleotide state is regulated through the
coordinated interplay of activating guanine nucleotide exchange factors (GEFs) and inactivating
GTPase activating proteins (GAPs), with an additional level of control mediated by guanine

nucleotide dissociation inhibitory proteins (GDIs)(24-27). GEFs are often recognized as master
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regulators of Rab signalling, as they are primarily responsible for deciding the spatial and temporal

activation of Rabs.

Several Rab GEFs have been identified, with a majority being members of the Vps9 and
DENN families. A summary of these different GEF domains is shown in Figure 1.4. As of mid
2019, there have been 133 GEF:Small GTPase complex structures that have been solved and
deposited in the PDB(28). These structures comparing GEF:GTPase and apo GTPase have all
increased our understanding of the mechanisms GEFs use to allow for nucleotide displacement.
Generally, all GEFs employ a similar mechanism of action. First, they form a low-affinity complex
with the switch regions of nucleotide bound Rab. This low affinity interaction becomes stronger
as the switches are structurally rearanged away from the nucleotide and magnesium binding
pocket. This movement reduces the affinity of the GDP for the pocket, allowing for its release(29).
The displacement of nucleotide can also be achived by certain GEFs through the insertion of a
glutamic acid finger which destabilizes binding of the terminal phosphate of GDP to the nucleotide
binding pocket, facilitating release(30). Other GEFs insert residues into the interswitch region,
inhibiting the coordination of Mg?* which destabilizes nucleotide binding(31). In all cases, the
release of nucleotide allows for the GDP to be replaced with the 10-fold more abundant nucleotide

GTP, leading to release from the GEF and activation of the small GTPase (17).

As is in every biological system, once a signal is turned on there is always a mechanism for
the signal to be turned off. Most small GTPases have low intrinsic rates of nucleotide hydrolysis,
with the half life of the GTP active state ranging from minutes to hours(25). For hydrolysis to occur
in a physiologically meaningful timeframe, the process is enhanced by GTPase activating proteins
(GAPs) (25, 32—-34). The Rab GAPs consist primarily of one family, the TBC(Tre-2/Bub2/Cdc16)
domain GAPs, which were first described in the 1990s, and all function by a similar mechanism
of insertion of a catalytic glutamine which induces a rapid conformational change. During this

conformational change, a arginine is recruited to the active site, leading to hydrolysis of the
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phosphate group(35). It should be noted however that GAPs are thought to be less important

than GEFs in general, as many Rabs do hydrolyze GTP at a physiologically relevant rate

intrinsically(36).
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GEFs and GAPs must be tightly regulated to turn different Rabs off or on in different

membrane compartments at different times. This process is often refered to as a Rab cascade,
where Rab recruitment and activation is tightly linked with the susequent inactivation of previous
Rabs(37). In order for this process to work, Rabs work in a highly organized fasion, where an
activated Rab can recruit a GEF for the Rab of the next trafficking step(38). This process can also
be linked with a GAP for the previous Rab, turning off this transport step and allowing for a new
Rab to take over the trafficking. In a sense, these cascades are key in maintaining the identity of
distinct cellular compartments by correctly positioning specific Rabs in the appropriate
compartments. These processes have been described in yeast and humans, and are critically

important for the regulation of membrane trafficking(39, 40).

1.3. The small GTPase Rab11l

This section will introduce the small GTPase Rab11, the research focus of this thesis. It will
establish Rabl11l’s role in membrane trafficking, and the different Rabl1l family members in
humans. The different effectors of Rab11 will then be discussed, followed by an introduction to

the roles of Rab11 in human disease.

1.3.1 Rab11 family members and their functions

Among the best studied Rab GTPases is Rab11, a critical GTPase that primarily regulates
the recycling of endocytosed proteins, and are therefore master regulators of the surface
expression of receptors(41). They are mostly localized at the trans-golgi network, post-Golgi
vesicles, and the recycling endosome, where they facilitate cytokinesis(42), ciliogenesis(2),
oogenesis(43), and neuritogenesis(44). Furthermore, Rabl1-positive vesicles have also been

identified as precursors for autophagosome assembly(45), which is one of the initiating steps of
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autophagy. Each of these fundamental biological processes are regulated by Rab11 through the

recruitment of Rab11 effector proteins.

Rabl1l is conserved back to the LECA and is critical for normal development, as knockout
of Rablla in mice has been found to be embryonic lethal(46). Yeast has two Rabll genes
(Ypt31/32) whereas in humans there are three Rabl1l isoforms: Rab11A, Rab11B, and Rab25
(also known as Rab11C). Rabl1la is by far the best characterized of the Rab11 family members
and is ubiquitously expressed, while Rabl11b is specifically expressed in the heart, testis, and
brain, and Rab25 is expressed in the gastrointestinal mucosa, kidney, and lung(47-49). Rablla
and Rabllb share 89% amino acid sequence identity, differing only in the c-terminal
hypervariable region, while there is only a 62% identity between Rablla and Rab25. An
alignment of these family members is shown in figure 1.5, with structural domains annotated from

the structure of Rablla bound to GDP (PDB:101V)(50).
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Intriguingly, Rab25 contains a Leucine instead of a Glutamine at the 70" residue, and a

threonine instead of a serine at the 25" residue. Often a mutation of Q70L is used to mimic an
“active, on” GTP bound state in other small GTPases, while a mutation of S25N is used to mimic
an “inactive, off” state in cellular studies. It is thought that the Q70L mutation does not allow for
normal hydrolysis of GTP, making this mutation extremely useful in cell studies to keep the
GTPase in a constant active state. On the other hand, the S25N mutation prevents GTP binding,
preventing the protein from being activated (52). Intriguingly, some research has shown that Q70L
does not alter intrinsic or GAP stimulated GTPase activity in Rabl1 (53), so it is unclear if the

substitution of these residues in Rab25 alter its activity.

1.3.2 Effectors and Regulators of Rab11

Multiple studies on Rab11 have uncovered numerous effector proteins, with the most well
characterized including PI4KIIIB(54), MyosinV(55), and the 5 members of the Rabll-family
interacting proteins (Rab11-FIPs)(56). Although most of these effectors exclusively bind the
switch regions of GTP-bound Rabll, PI4KIIIB has been shown to bind a unique interface,
allowing for ternary complex formation with FIP3(54). Rabin8 has also been shown to bind at this

unique interface, forming a ternary complex with FIP3 during cilliogenesis(57).

As Rabl1l is so critical to membrane trafficking, there has been a considerable effort to
understand the GEFs and GAPs regulating its activation. In 2007, EVI5 was identified as both an
effector and a GAP for Rab11(58, 59). Biochemical reconstitution of the large macromolecular
TRAPPII complex with Rab11 in both yeast (Saccharomyces cerevisiae) and fruit flies (Drosophila
melanogaster) has revealed clear GEF activity towards both Rabl (yeast Yptl) and Rab11 (yeast
Ypt31/32)(60, 61), although its role has remained controversial. The Drosophila DENN protein
Crag was also identified as a GEF towards both Rab10 and Rabl1, although the GEF activity
towards Rab11 was much weaker than Rab10(62). Neither of these GEFs is selective for Rab11,

with both Rab10 and Rab1 having a different spatial organization compared to Rab11, implying



12
the existence of other more specific Rabll GEFs. The first insight into Rabl1-specific GEF

proteins came with the discovery of the protein REI-1 and its homolog REI-2 in C. elegans, with
loss of both leading to defects in cytokinesis(6). These enzymes are found only in metazoans,
and knockouts of the REI-1 ortholog in D. melongaster (parcas) are viable but have defects in
oogenesis and muscle development(63—65). Intriguingly, knockouts of either TRAPPII or Parcas
are viable in Drosophila but the double knockout is embryonic lethal, suggesting the shared GEF
activity for Rab11 is partially redundant(60). Although two GEFs have been identified for Rab11,

their molecular mechanisms of activity and specificity remain unclear.

1.3.3 Rab11 related human diseases

The regulation of Rabl1 is tightly regulated to ensure that cargo is transported to the correct
location at the correct time. The recycling pathway that Rabl11 regulates is critically important for
neurodevelopment, and thus misregulation of Rab1l1l can manifest as diseases associated with
this process. The most prominent diseases involving defective Rabll regulation include
Huntington Disease(5, 66, 67), Alzheimer's Disease(68, 69), Cancer(70), and
neurodevelopmental disorders(71, 72). Furthermore, many intracellular pathogens, including
viruses(73), bacteria(74), and parasites(75) subvert membrane trafficking by targeting Rabl11
positive vesicles to allow for their invasion and replication. The current understanding of the role

of Rab11 in human disease and disorders is summarized below.

In Huntington Disease (HD), impairment of Rabl1l activation has been shown to lead to
defective formation of recycling vesicles (5, 66, 67). So far, studies have showed that Huntington
(HTT) protein can activate Rab11, and that mutant HTT protein leads to a reduction of Rabl11l
membrane localization and activation. It is becoming apparent that HTT is capable of interacting
with the GEF responsible for Rab11 activation, although it is still not clear which GEF it interacts
with, or if it works further upstream of this activation pathway(76). Rab11 is also implicated with

the development of Alzheimer’s Disease (AD). The hallmarks of AD are AB-amyloid-containing
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neuritic plaques, and phosphorylated Tau-containing neurofibrillary tangles(77). Erroneous

regulation of endocytic pathways has been implicated in the appearance of these hallmarks with

Rabl11 being major regulator of Ap production(68, 69).

Overexpression of Rab25 has been linked to poor prognosis in ovarian cancer, with stapled
peptide inhibitors of Rab25-effector binding inhibiting migration and proliferation of cancer
cells(78, 79). Further, high expression levels of Rab25 has been shown to contribute to prostate
cancer recurrence(80), and is also implicated in gastric cancer(81), cervical cancer(82), bladder

cancer(83) and other epithelial cell cancers.

Both RabllA and RabllB are mutated in developmental disorders, with putative
inactivating Rab11A or Rab11B mutations leading to intellectual disability and brain malformation
(71, 72). Rabl11 point mutations have been identified in patients with developmental and epileptic
encephalopathies. These mutations were first discovered in parent-child exome sequencing
studies, where it was found that cases of DEE were often linked to de novo mutations (DNMs).
Regions both inside and outside of the nucleotide sensitive switch regions were identified,
indicating they all may result in the same phenotype by different mechanisms. Some of these
mutations, such as R82C are localized in the SWII region of Rab11, and could thus be expected
to alter binding to effector proteins(71). Other mutations such as V22M and A68T are localized
near the GTP/GDP binding pocket, and it is thought that they likely cause altered GDP/GTP
binding, and may induce aberrant GEF binding leading to protein mislocalization(72). There are
also mutations such as K13N, K24R, and S154L that are not predicted to alter nucleotide-binding
dynamics and are not in the switch regions, so it is unclear on how they contribute to
developmental encephalopathies(71). A summary of these mutations, and the subfamily member

in which they were first identified, is shown in table 1.1 below.
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AG8T

Subamily | Mutation Role Reference

Rablla | K13N DNM that does not affect any of the switch domains of | (71)
RAB11A, unclear on how it results in developmental
encephalopathies

Rablla | K24R Predicted-damaging DNM (71)

Rablla | R82C The highly conserved Arg82 residue is located in the | (71)
nucleotide-sensitive switch domain Il of RAB11A and is
involved in binding to the RAB11A effector FIP3

Rablla | S154L Does not affect any of the switch domains of RAB11A, | (71)
unclear on how this DNM results in developmental
encephalopathies

Rabllb | V22M, Dominant DNMs that lead to a neurodevelopmental | (72)

syndrome. Likely causes altered GDP/GTP binding, and
induces GEF binding and subsequent protein
mislocalization.

1.4 Research objectives

Rabl1 is a critical GTPase involved in membrane trafficking in the endocytic pathway, and

it's misregulation is involved in a variety of human diseases including Huntington’s disease,

Alzheimer’s disease, and developmental disorders. Hindering the capability to fully understand

Rabl1l regulation and its role in human disease is the lack of molecular detail describing how

Rabl1 proteins are activated by their cognate GEFs. The goal of this thesis is to interrogate the

molecular mechanisms of the GEFs responsible for the activation of Rab11. Specifically, the aim

is to structurally and biochemically characterize both SH3BP5 and TRAPPII, the GEFs that

putatively regulate Rab11. The specificity of both TRAPPII and SH3BP5 have thus far been poorly

characterized, and it is therefore a goal to characterize the specificity of these proteins. The

interrogation of each of these GEFs is split into two thesis objectives, which are expanded on

further below.



15
1.4.1 Thesis Objective #1: Determine if SH3BP5 is a specific GEF for Rab11, and determine

its molecular mechanism of activation

The overall goal of objective 1 of this thesis is to reveal the molecular architecture of
SH3BPS5 in order to decipher the mechanism of Rabl1l GEF activation. Further aims are to
determine if SH3BP5 is a specific GEF for Rabll, and if so, determine what the mechanism of
specificity is. With this information, the role of clinically relevant Rabll mutations can be

interrogated.

1.4.2 Thesis Objective #2: Characterize the specificity of the TRAPPII Complex, and
investigate several different ‘Trappopathies’ to better understand their mechanisms of

disease

The overall goal of this objective is to interrogate the specificity of the human TRAPPII
complex, in order to clarify if it truly is a bona fide GEF for Rab11. Goals are to clone, purify, and
express the 427kDa, 9 subunit complex, and use biochemical assays to determine its specificity.
Further aims include determining if different clinically relevant TRAPPII mutants (Trappopathies)
cause disease through a Rabll binding mechanism and determining what the influence of

TRAPPII is on clinically relevant Rab11 mutations.

Overall, this research will advance our understanding of the regulation of the critically
important GTPase Rabll. Thesis objective 1 has recently been published in Nature
Communications and is presented as Chapter 2 of the thesis. It is therefore presented as a
manuscript, with a general introduction, materials and methods, results and a discussion. Thesis
objective 2 is in preparation for a manuscript and is presented in Chapter 3 of the thesis. It will
also be presented with a general introduction, materials and methods, results, and discussion.

Finally, an overall summary of the major findings is summarized in Chapter 4.
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Chapter 2 - Structural determinants of Rab11 activation by the guanine nucleotide
exchange factor SH3BP5
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2.1 Abstract
The GTPase Rabl1l plays key roles in receptor recycling, oogenesis, autophagosome formation,
and ciliogenesis. However, investigating Rab11 regulation has been hindered by limited molecular
detail describing activation by cognate guanine nucleotide exchange factors (GEFs). Here we
present the structure of Rab11 bound to the GEF SH3BP5, along with detailed characterisation
of Rab-GEF specificity. The structure of SH3BP5 reveals a coiled coil architecture that mediates
exchange through a uniqgue Rab-GEF interaction. The structure reveals a striking rearrangement
of the switch-I region of Rab11l compared to solved Rab-GEF structures, with a constrained
conformation when bound to SH3BP5. Mutation of switch-I reveals the molecular determinants
that allow for Rabll selectivity over evolutionarily similar Rab GTPases present on Rabll
positive organelles. GEF deficient mutants of SH3BP5 show greatly decreased Rab11 activation
in cellular assays of active Rab11. Overall, our results reveal unique molecular insight into Rab11

regulation, and how Rab-GEF specificity is achieved.

2.2 Introduction

Critical to almost all aspects of membrane trafficking and cellular signaling is the ability to
properly traffic membrane cargoes. Cells possess a highly regulated system for directing
membrane cargo to the proper cellular location, with one of the key determinants being the
regulation of Rab (Ras related proteins in brain) GTPases(8—-11). Among the best studied Rab
GTPases are members of the Rab11 subfamily, which in humans comprised three isoforms
(Rab11A, Rab11B, and Rab25 [also known as Rabl1C]). The Rabll proteins are master
regulators of the surface expression of receptors(41). They are primarily localized at the trans-
Golgi network, post-Golgi vesicles, and the recycling endosome, and they facilitate

cytokinesis(42), ciliogenesis(2), oogenesis(43), and neuritogenesis(44). Both RabllA and
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Rabl11B are mutated in developmental disorders, with putative inactivating Rab11A or Rab11B

mutations leading to intellectual disability and brain malformation.

Hindering the capability to fully understand Rab11 regulation is the lack of molecular detail
describing how Rab11 proteins are activated by their cognate GEFs. Biochemical reconstitution
of the large macromolecular TRAPPII complex with their cognate Rab11 homologs in both yeast
(Saccharomyces cerevisiae) and fruit flies (Drosophila melanogaster) revealed clear GEF activity
toward both Rabl (yeast Yptl) and Rabll (yeast Ypt31/32)(60, 61). The Drosophila DENN
protein Crag was also identified as a GEF toward both Rab10 and Rab11(62). Neither of these
GEFs is selective for Rab11, with both Rab10 and Rabl having a different spatial organization

compared with Rab11, implying the existence of other more specific Rab11l GEFs.

The first insight into potentially Rab11-specific GEF proteins was the discovery of the protein
REI-1 and its homolog REI-2 in Caenorhabditis elegans, with loss of both leading to defects in
cytokinesis(6). These enzymes are found only in metazoans, and knockouts of the REI-1 ortholog
in Drosophila (parcas, also known as poirot) are viable, but have defects in oogenesis, and muscle
development(63-65). Intriguingly, knockouts of either TRAPPII or parcas are viable in Drosophila,
but the double knockout is embryonic lethal, suggesting the shared GEF activity for Rabl1 is
partially redundant(60). The mammalian ortholog of REI-1, SH3 binding protein 5 (SH3BP5) also
has GEF activity towards Rab11, and was shown to be selective for Rab1l1l over Rab5(6). In
addition, mammals contain a SH3BP5 homolog, SH3BP5L, that has not yet been tested for Rab11
GEF activity. The role of SH3BP5 in development and signaling is complicated by its additional
capability to directly regulate Bruton tyrosine kinase (BTK) signaling through binding to the BTK
SH3 domain(84), as well as to inhibit INK signaling through engagement of the disordered C-

terminus of SH3BP5(85, 86).

The fundamental molecular mechanism by which Rab11 proteins can be activated by their

cognate GEFs has remained unclear. To decipher the mechanism of SH3BP5 GEF activity we
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have determined the structure of the GEF domain of SH3BP5 bound to nucleotide-free Rab11A.

Detailed biochemical studies reveal that SH3BP5 is highly selective for Rab11 isoforms, with no
activity towards any of the most evolutionarily similar Rab GTPases. A subset of clinical Rab11
mutations found in developmental disorders were found to disrupt SH3BP5 mediated nucleotide
exchange, providing a possible mechanism of disease. Detailed mutational analysis of both
Rabll and SH3BP5 reveals the molecular basis for Rab selectivity, as well as allowing for the
design of GEF deficient SH3BP5 mutants. These SH3BP5 mutants were tested using a cellular
Rabll FRET sensor and show significantly decreased Rab11 activation. Overall, our study thus

reveals insight into Rab11 regulation and defines how Rab11-GEF selectivity is achieved.

2.3 Materials and Methods

2.3.1 Plasmids and antibodies

The full length SH3BP5 gene was provided by MGC (DanaFarber HsCD00326538)
pDONR223-SH3BP5(31-455) was a gift from William Hahn & David Root (Addgene plasmid #
23579). Rab25(HsCD00327861) SH3BP5L (HsCD00323009, Rab8a(HsCD00044586),
Rab4b(HsCD00296539), Rab2a(HsCD00383517), Rab14(HsCD00322387), and
Rab12(HsCD00297182) were purchased from the Dana Farber Plasmid Repository. Genes were
subcloned into vectors containing a N-terminal GST-tag, and in some cases a C-terminal His-tag
by Gibson assembly. Rabl1l and SH3BP5 substitution mutations were generated using site-
directed mutagenesis according to published protocols, and C-terminal and N-terminal residues
of SH3BP5 were removed using Gibson ligation independent assembly(87). The following
antibodies were used in this study: rabbit anti-SH3BP5 (SIGMA, HPA057988, IF 1:50), anti-rabbit

IgG Alexa fluor 568 (Thermo-fisher, A-11036, IF 1:1000).
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2.3.2 Bioinformatics

Sequences were aligned using Clustal Omega Multiple Sequence Alignment, and the
aligned sequences were subsequently analyzed by ESPript 3.0 to visualize conserved regions.
The protein interaction interfaces from the asymmetric unit was examined using the PDBePISA
(Proteins, Interfaces, Structures and Assemblies) server(88). The SH3BP5 structure was
compared to similar PDB structures using the DALI server(89). The surface potential map was

generated using the APBS server(90).

2.3.3 Protein expression

Constructs of SH3BP5 and Rabl11l were all expressed in BL21 C41 E.coli. Rabll was
induced with 0.5mM IPTG and grown at 37°C for 4h. Rab25 was expressed in Rosetta cells,
induced with 0.1mM IPTG and grown overnight at 23°C. SH3BP5 and the remaining Rab proteins
were induced with 0.1mM IPTG and grown overnight at 23°C. SeMet Rab11 and SH3BP5 were
expressed in B834 E.coli in minimal media with SeMet (Molecular Dimensions), induced with
0.1mM IPTG, and grown overnight at 23°C. Pellets were washed with ice-cold phosphate-

buffered saline (PBS), flash frozen in liquid nitrogen, and stored at -80°C until use.

2.3.4 Protein purification

Cell pellets were lysed by sonication for 5 minutes in lysis buffer (20mM Tris pH 8.0, 200mM
NaCl, 5% (v/v) glycerol, 2mM R—mercaptoethanol (BME), and protease inhibitors (Millipore
Protease Inhibitor Cocktail Set Ill, Animal-Free)). Triton X-100 was added to 0.1% v/v, and the
solution was centrifuged for 45 minutes at 20,000 x g at 1°C. Supernatant was loaded onto a 5ml
GSTrap 4B column (GE) in a superloop for 2 hours and the column was washed in Buffer A
(20mM Tris pH 8.0, 100mM NacCl, 5% (v/v) glycerol, 2mM BME) to remove non-specifically bound
proteins. The GST-tag was cleaved by adding Buffer A containing 10mM BME and TEV protease
to the column and incubating overnight at 4°C. Cleaved protein was eluted with Buffer A. Protein

was further purified by separating on a 5ml HiTrap Q column with a gradient of Buffer A and Buffer
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B (20mM Tris pH 8.0, 1M NaCl, 5% (v/v) glycerol, 2mM BME). Protein was pooled and

concentrated using Amicon 30K concentrator and size exclusion chromatography (SEC) was
performed using a Superdex 200 increase 10/300 or Superdex 75 10/300 column equilibrated in
SEC Buffer (20mM HEPES pH 7.5, 500mM NaCl, 0.5mM TCEP). Rab proteins not used for
crystallography were purified using SEC Buffer 2 (20mM HEPES pH 7.5, 150mM NacCl, 1mM
MgCl, and 0.5mM TCEP). Fractions containing protein of interest were pooled, concentrated,

flash frozen in liquid nitrogen and stored at -80°C.

Protein for crystallization was generated through mixing the SH3BP5 truncations and
Rab11(Q70L) described above at an equimolar amount. The protein mixture was incubated for 5
min at 4°C. EDTA (pH 7.5) was added to a final concentration of 20 mM and the solution was left
to incubate for 1 hr at 4°C. The protein complex was centrifuged for 3 min at 21130 x g and loaded
onto a Superdex 200 10/300 column to separate the complex from free nucleotide. Fractions
containing protein of interest were pooled, concentrated, flash frozen in liquid nitrogen and stored

at -80°C.

2.3.5 Lipid vesicle preparation

Nickelated lipid vesicles were made to mimic the composition of the Golgi organelle [15%
phospatidylethanolamine (egg yolk PE, Sigma), 20% phosphatidylinositol (soybean Pl from
Avanti), 10% phosphatidylserine (bovine brain PS, Sigma), 45% phosphatidylcholine (egg yolk
PC Sigma), and 10% DGS-NTA(Ni) (18:1 DGSNTA(NI), Avanti)]. All other vesicle compositions
are described in Appendix C. Phosphatidylinositol-3-phosphate (PI3P) and L-a-
phosphatidylinositol-4-phosphate (P14P) were obtained from Avanti. Vesicles were prepared by
combining liquid chloroform stocks together at appropriate concentrations and evaporating away
the chloroform with nitrogen gas. The resulting lipid film layer was desiccated for 20 min before
being resuspended in lipid buffer (20mM HEPES (pH 7.5) and 100mM KCI) to a concentration of

2.0 mg/mL or 1mg/ml. The lipid solution was vortexed for 5 min, bath sonicated for 10 min, and
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flash frozen in liquid nitrogen. Vesicles were then subjected to three freeze thaw cycles using a

warm water bath. Vesicles were extruded 11 times through a 100-nm NanoSizer Liposome
Extruder (T&T Scientific) or a 400- nm NanoSizer Liposome Extruder (T&T Scientific) and stored

at -80°C.

2.3.6 In-vitro GEF Assay

C-terminally His-tagged Rab11 was purified as described above. Rab11 was preloaded for
the assay by adding EDTA to a final concentration of 5 mM and incubating for 30 mins prior to
adding 5-fold excess of Mant-GDP (ThermoFisher Scientific). Magnesium chloride was added to
10mM to terminate the loading process and the solution was incubated for 30 min at 25°C. Size
exclusion chromatography was performed using a Superdex 75 10/300 column in SEC Buffer 2
(20mM HEPES pH 7.5, 150mM NacCl, and 1mM MgCl,, 0.5mM TCEP) to remove any unbound
nucleotide. Fractions containing Mant-GDP loaded Rabll were pooled, concentrated, flash
frozen in liquid nitrogen, and stored at -80°C. Reactions were conducted in 10ul volumes with a
final concentration of 4uM Mant-GDP loaded Rab11, 100uM GTPyS and SH3BP5(9nM-1uM) or
SH3BP5L. Rabl1l and membrane (0.2mg/ml-0.4mg/ml, see Appendix C) were aliquoted into a
384-well, black, low-volume plate (Corning 3676). To start the reaction, SH3BP5 and GTPyS were
added simultaneously to the wells and a SpectraMax® M5 Multi-Mode Microplate Reader was
used to measure the fluorescent signal for 1hr (Excitation A = 366nm; Emission A = 443nm). Data
was analyzed using GraphPad Prism 7 Software, and kca/Km analysis was carried out according
to the protocol of(91). In brief, GEF curves were fit to a non-linear dissociate one phase
exponential decay using the formula I(t)=(lo-l.)*eXxp(-Kobs*) + l.. (GraphPad Software), where I(t) is
the emission intensity as a function of time, and lp and |, are the emission intensities at t=0 and
=o0. The catalytic efficiency kca/Km was obtained by a slope of a linear least squares fit to

Kobs=Kca/ Km*[GEF]+ kintr, Where kiny is the rate constant in the absence of GEF.
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2.3.7 Crystallography

Crystallization trials of the SH3BP5-Rab11 complex were set using a Crystal Gryphon liquid
handling robot (Art Robbins Instruments) in 96-well Intelli-Plates using sitting drops at 18°C. Initial
hits were obtained in the Index HT crystallization kit (Hampton Research), and refinement plates
for Index HT condition F11 (25% (w/v) PEG-3350, 200 mM sodium chloride, 100 mM Bis Tris pH
6.5) were set. The best crystals of the optimized SH3BP5 construct with Rab11A were obtained
in 2 uL hanging drops, with a reservoir solution of 23% (w/v) PEG-3350, 200 mM sodium chloride,
100 mM Bis Tris pH 6.5, with a ratio of 4:1 protein / reservoir. Crystals were frozen in liquid
nitrogen using cryo buffer [24% PEG-3350 (w/v), 200 mM sodium chloride, 100 mM Bis Tris pH
6.5, 15% (v/v) ethylene glycol]. SeMet containing crystals were obtained in 1.6 uL hanging drops
with a reservoir solution of 14% (w/v) PEG-3350, 200mM NaBr, 100mM Bis-Tris pH 5.5, and 5%
Tacsimate pH 6.0 at a ratio of 4:1 protein to reservoir. Crystals were frozen in liquid nitrogen using
cryo buffer 2 [20% (w/v) PEG-3350, 150mM NaCl, 50mM NaBr, 100mM Bis-Tris pH 5.5, 5%

Tacsimate pH 6.0, and 15% (v/v) ethylene glycol].

Diffraction data were collected at 100 K at beamline 08ID-1 of the Canadian Macromolecular
Crystallography Facility (Canadian Light Source, CLS). Native data was collected at a wavelength
of 0.97949 A, and SeMet data was collected at 0.97895 A. Data were integrated using XDS(92)
and scaled with AIMLESS(93). Datasets were collected for both native SH3BP5 (1-265) / Rab11
(1-213) and SeMet incorporated SH3BP5 (1-265) / Rab11 (1-213). Full crystal collection details
are shown in Table 1. Initial phases were determined by single-wavelength anomalous dispersion
at the selenium peak energy with initial phases, density modification and automated model
building carried out using CRANK (version 2.0)(94). This allowed for an initial model of SH3BP5
to be built, and the location of Rab11 was identified in the asymmetric unit through molecular
replacement using PHASER(95), with the structure of GDP bound Rabll used as the search

model with both switch | and switch Il removed(50). The final model of SH3BP5-Rab11 complex
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was built using iterative model building, including manual rebuilding of the Rabl11 switches in

COOT(96) and refinement using phenix.refine(97) to a Rwox = 23.54 and Rfee = 27.80.
Ramachandran statistics for final model - favoured 96.6%, outliers 0.51%. Full crystallographic

statistics are shown in Table 1.

2.3.8 Identification of Disordered Regions in SH3BP5 using HDX-MS

HDX reactions were conducted in 50pl reaction volumes with a final concentration of 0.2uM
SH3BP5(1-455) per sample. Exchange was carried out in triplicate for a single time point (3s at 1
°C) and all steps were carried out in a 4°C cold room. Hydrogen deuterium exchange was initiated
by the addition of 48ul of DO buffer solution (10mM HEPES pH 7.5, 50mM NaCl, 97% D,0) to
the protein solution, to give a final concentration of 93% D-0O. Exchange was terminated by the
addition of acidic quench buffer at a final concentration 0.6M guanidine-HCl and 0.9% formic acid.

Samples were immediately frozen in liquid nitrogen at -80°C.

2.3.9 Mapping changes in Rab11 mutants using HDX-MS

All clinically relevant Rab11 mutants were purified identically to WT Rab11. HDX reactions
were conducted in 50pl reaction volumes with a final concentration of 0.5uM Rab11(WT, V22M,
K24R or S154L) per sample. Exchange was carried out in triplicate for two time points: 3s at 1 °C,
and 300s at 18 °C. Hydrogen deuterium exchange was initiated by the addition of 49ul of DO
buffer solution (10mM HEPES (pH 7.5), 50mM NacCl, 97% D-0) to the protein solution, to give a
final concentration of 95% D,O. Exchange was terminated by the addition of acidic quench buffer
at a final concentration 0.6M guanidine-HCI and 0.9% formic acid. Samples were immediately

frozen in liquid nitrogen at -80°C.

2.3.10 Mapping of the SH3BP5-Rab11 Binding Interface using HDX-MS
HDX reactions were conducted in 20ul reaction volumes with a final concentration of 1.0uM
Rab11(Q70L), and 1.0uM SH3BP5(31-455) per sample. Exchange was carried out in triplicate for

four time points (3s at 1 °C and 3s, 30s and 300s at room temperature). Prior to the addition of
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D.0, both proteins were incubated on ice in the presence of 20uM EDTA for 1hr to facilitate

release of nucleotide. Hydrogen deuterium exchange was initiated by the addition of 17.5ul of
DO buffer solution (10mM HEPES pH 7.5, 500mM NacCl, 97% D,0) to 2.5ul of the protein
solutions, to give a final concentration of 78% D-O. Exchange was terminated by the addition of
acidic quench buffer at a final concentration 0.6M guanidine-HCI and 0.9% formic acid. Samples

were immediately frozen in liquid nitrogen at -80°C.

2.3.11 Investigating the role of membrane using HDX-MS

HDX reactions were conducted in 20ul reaction volumes with a final concentration of 0.4
UM C-terminally His-tagged Rab11A (1-211), 0.4 uM SH3BP5 (31-455) and 0.2 mg/mL nickelated
lipid vesicles [15% PE, 20% PI, 10% PS, 45% PC, and 10% DGS-NTA(NI)] per sample. Exchange
was carried out in triplicate for four time points (3s, 30s, 300s, 3000s) at room temperature. Prior
to the addition of D,O, 1ul of 20uM Rabl11 and 2ul of 2 mg/mL membrane (or membrane buffer)
were left to incubate for 30 seconds. One microliter of 20uM SH3BP5 was then added and
incubated a further 30 seconds prior to the initiation of hydrogen deuterium exchange by the
addition of 16pl of DO buffer solution (10mM HEPES pH 7.5, 200mM NacCl, 97% D-0) to the
samples to give a final concentration of 77% D,O. Exchange was terminated by the addition of
acidic quench buffer giving a final concentration 0.6M guanidine-HCI and 0.9% formic acid.

Samples were immediately frozen in liquid nitrogen at -80°C.

2.3.12 Mutational analysis of SH3BP5 using HDX-MS

HDX reactions were conducted in 50l reaction volumes with a final concentration of 0.6uM
SH3BP5(WT) or 0.6uM SH3BP5(LNQ52AAA), or 0.6uM SH3BP5(LE250AK) per sample.
Exchange was carried out in triplicate for two time points (3s, 300s at 18°C). Hydrogen deuterium
exchange was initiated by the addition of 48.5ul of D,O buffer solution (10mM HEPES pH 7.5,

200mM NacCl, 97% D,0) to the samples to give a final concentration of 94% D,O. Exchange was



26
terminated by the addition of acidic quench buffer giving a final concentration 0.6M guanidine-HCI

and 0.9% formic acid. Samples were immediately frozen in liquid nitrogen at -80°C.

2.3.13 HDX-MS data Analysis

Protein samples were rapidly thawed and injected onto an ultra-performance liquid
chromatography (UPLC) system kept in a cold box at 2°C. The protein was run over two
immobilized pepsin columns (Applied Biosystems; Porosyme 2-3131-00) and the peptides were
collected onto a VanGuard Precolumn trap (Waters). The trap was eluted in line with an ACQUITY
1.7um particle, 100 x Imm2 C18 UPLC column (Waters), using a gradient of 5%-36% B (Buffer
A 0.1% formic acid, Buffer B 100% acetonitrile) over 16 min. Mass spectrometry experiments
were performed on an Impact QTOF (Bruker), and peptide identification was done by running
tandem mass spectrometry (MS/MS) experiments run in data-dependent acquisition mode. The
resulting MS/MS datasets were analyzed using PEAKS7 (PEAKS), and a false discovery rate was
set at 1% using a database of purified proteins and known contaminants. HDExaminer Software
(Sierra Analytics) was used to automatically calculate the level of deuterium incorporation into
each peptide. All peptides were manually inspected for correct charge state and presence of
overlapping peptides. Deuteration levels were calculated using the centroid of the experimental
isotope clusters. Fully deuterated samples were generated by incubating SH3BP5 with 3M
guanidine for 30 minutes prior to the addition of D,O. The protein was exchanged for 1 hour on
ice before adding quench buffer. This fully deuterated sample allows for the control of peptide
back exchange levels during digestion and separation. Differences in exchange were in a peptide
were considered significant if they met all three of the following criteria: >5% change in exchange,
>0.5 Da difference in exchange, and a p value <0.01 using a two tailed student t-test. Samples
were only compared within a single experiment and were never compared to experiments

completed at a different time with a different final D>O level.



27
2.3.14 Rab11 activated sensor cellular experiments

2*10° HEK 293Tcells (ATCC, CRL-11268) were plated in a 6-well plate and Lipofectamine
2000 (Invitrogen) was used for transfection. Less than 500 ng of DNA were transfected in every
condition. After 36 hours of transfection, lysis was performed in lysis buffer (50mM Tris-HCI, pH
7.4, 1% Tritorn X-100, 10mM MgCl,, 100mM NaCl, proteinase inhibitors) and lysate was
measured in a fluorometer cuvette. The Fluoromax-4 Horiba fluorometer was used to perform the
measure. Laser excitation at 433 nm was used and the emission spectrum from 450 to 550 nm
was recorded. A second measurement was made by directly exciting YFP at 505 nm and
measuring its emission at 525 nm, to normalize for biosensor concentration. Co-localization
analysis was performed using Imaged JACOP plugin. Pearson’s coefficient of correlation was

calculated using Costes’ automatic threshold.

2.3.15 Quantification of Rab11 activity in COS-7 cells

The sensitized FRET and CFP images acquired from transfected COS-7 cells (ATCC, CRL-
165), were smoothed using Gaussian blur and background subtraction was performed according
to previous published protocol(98). Afterwards, FRET activity ratio was computed by dividing

sensitized FRET pixels by the CFP pixels, excluding saturated signals.

2.3.16 Statistical analysis

Six independent experiments (n) were performed for microscopy-based experiments, and
statistical significance were obtained. Means + SEM were used to present values. P values were
calculated using one-way ANOVA followed by Bonferroni’'s multiple comparison posttest
(GraphPad Software). The following legends are used for statistical significance: *P < 0.05, **P <
0.01, and ***P < 0.005. For all GEF and HDX-MS assays experiments were carried out in
triplicate, and means + SD are shown. Statistical analysis between conditions was performed
using a two-tailed student t-test, with p-values shown the same as described for cellular

experiments.
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2.3.17 Data accessibility

The structure factors and coordinates for the structure of Rab11A bound to SH3BP5 have
been deposited in the protein databank with the accession code 6DJL. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE(99)
partner repository with the dataset identifier PXD010586. The processed HDX-MS data is

provided in Appendix J-M.

2.4 Results

2.4.1 Biochemical characterization of SH3BP5 GEF activity

SH3BP5 was previously demonstrated to act as a GEF for Rab11(6), and this activity was
strongly dependent on the membrane presentation of Rabl1l. To examine the specificity of GEF
activity for Rab11 family members, GEF assays were carried out on the Rab11 isoforms Rab11A
and Rab25 loaded with the fluorescent GDP analog 3-(N-methyl-anthraniloyl)-2-deoxy-GDP
(Mant-GDP) and nucleotide exchange was determined as a function of SH3BP5 concentration.
Rabl1 proteins were generated with a C-terminal His-tag which allows for localization on NiNTA
containing membranes (Fig. 2.1a). Domain schematics of all purified protein constructs generated

in this study are shown in Appendix B.

The catalytic efficiency of SH3BP5 GEF activity (kca/Km) Was highest for Rab11A, ~3.5x10*
M-s? with slightly lower values for Rab25 (11c) at ~1.8x10* M*s? (Fig. 2.1b). SH3BP5L GEF
activity was even higher, with values of ~8.1x10* M1s? against Rab11A. Measurements of
SH3BP5 Rab GEF activity were characterized both in solution, and in a membrane reconstituted
system where Rab isoforms were attached to NiNTA containing membrane using a C-terminal
His-tag, similar to previous Rabll GEF studies on the Drosophila and yeast variants of the

TRAPPII complex(60, 61). SH3BP5 GEF activity showed only a weak dependence on Rabl1A



29
being present on a lipid membrane, with a ~2 fold higher rate on a membrane compared to free

in solution, consistent with biochemical studies performed on the Drosophila homolog parcas(60).
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Figure 2.1. In vitro GEF assays reveal that SH3BP5 is a potent and selective GEF for Rab11.

(A)Schematic of GEF activation assays using fluorescent analog Mant-GDP in the presence and
absence of NiINTA-containing lipid vesicles. (B) In vitro GEF assay of SH3BP5 (1-455) on Rabl11A
and Rab25, and SH3BP5L (1-393) on Rab11A. Nucleotide exchange was monitored by measuring the
fluorescent signal during the SH3BP5(1-455) (9 nM-300 nM) catalyzed release of Mant-GDP from

4 uM of Rab11a-His6 in the presence of 100 uM GTPyS. Each concentration was conducted in
triplicate. (C) Calculation of kcat/Km values for nucleotide exchange rates of Rab11A (SH3BP5 and
SH3BP5L) and Rab25 (SH3BP5) according to the protocol of Delprato et al. (91). (D) In vitro GEF
assay of SH3BP5 on Rab11A in the presence and absence of 100 nm extruded liposomes at

0.2 mg/ml (10% DGS-NTA(Ni), 10% PS, 15% PE, 20% PI, 45% PC). Nucleotide exchange was
monitored by measuring the fluorescent signal during the SH3BP5 (1-455) (26 nM)-catalyzed release
of Mant-GDP from 4 yM of Rab11A-His6 in the presence of 100 uM GTPyS. e Bar graph representing
the difference in GEF activity in the presence and absence of Ni-NTA membranes. (F) In vitro GEF
assays of SH3BP5 against a panel of evolutionarily related Rab GTPases loaded with Mant-GDP at a
final concentration of 300 nM SH3BP5 and 4 uyM Rab GTPase. For all panels, error bars represent SD
(n=3), with p-values generated using a two-tailed Student’s t-test (***p < 0.005)

Previously Rabll activation has been associated with the generation of different
phosphoinositides, including PI3P and PI14P(100-102). To test this biochemically, GEF assays
were carried out on vesicles of both different size (100 nm and 400 nm) and different membrane

composition including variations of surface charge and phosphoinositide (PS, PI, PI3P, and P14P)
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composition (Appendix C). There was no difference in membrane stimulated GEF activity across

all membranes tested (Appendix 2b). Rab GEF mediated nucleotide exchange has also been
previously shown to have a strong dependence on dominant active switch |l mutants(103) (Q70L
in Rabl11). However, GEF assays on Q70L Rab11A showed a slightly elevated GEF-mediated
nucleotide exchange rate for Q70L compared to WT Rabl11A (Appendix C). The dominant
negative mutant of Rab11A (S25N) caused rapid release of Mant-GDP even in the absence of

SH3BP5 (Appendix C).

SH3BP5 has been found to be selective for Rab11 over Rab5(6). However, these GTPases
are highly evolutionarily distinct. To define the selectivity of SH3BP5 for Rab11, we characterized
the GEF activity of SH3BP5 towards the most evolutionarily similar Rab GTPases (Rab2A,
Rab4B, Rabl14, and Rab12)(12) as well as Rab8, which is activated downstream of a Rabl11
dependent Rab cascade(2). SH3BP5 showed no detectable Rab GEF activity for any of these
Rab GTPases at up to 300 nM concentration of GEF, revealing that SH3BP5 is both a highly

potent and highly selective Rab11l GEF (Fig. 2.1f).

2.4.2 Structure and dynamics of the Rab11A-SH3BP5 complex

To define the dynamics of the full length SH3BP5 protein, we used hydrogen deuterium
exchange mass spectrometry (HDX-MS). HDX-MS measures the exchange rate of amide
hydrogens with solvent, and as the main determinant of exchange is the stability of secondary
structure, it is an excellent probe of secondary structure dynamics(104). HDX experiments with
extremely short exposures of D,O can be used to identify disordered regions within proteins(105).
We carried out HDX experiments with a short pulse of deuterium exposure (3 s at 1°C) for the full
length SH3BP5, with both the N-terminus and C-terminus of SH3BP5 having >50% deuterium
incorporation, indicating limited secondary structure (Appendix D). HDX-MS results were used to

generate a crystal construct of SH3BP5, with all of the C-terminal disordered region removed
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(SH3BP5 1-265). GEF assays carried out using either full length SH3BP5, a N-terminally

truncated (31-455) version, and the 1-265 crystal construct revealed no difference in SH3BP5
mediated Rab11A nucleotide exchange, suggesting that the disordered N and C-termini have no
effect on Rabl1 binding or SH3BP5 GEF activity (Appendix D c, d). The complex of the crystal
construct of SH3BP5 (1-265) and Rab11A Q70L was able to be purified to homogeneity and

eluted as a 1:1 complex on gel filtration (Appendix D e, f).

To understand the molecular basis of how SH3BP5 mediates Rab11A nucleotide exchange,
we determined the structure of the N-terminal GEF domain of SH3BP5 bound to full length Q70L
Rab11A to afinal resolution of 3.1 A. The Q70L construct of Rab11 was used for structural studies
as the marginally increased GEF rate for Q70L vs WT suggested Q70L might form a slightly more
stable complex with SH3BP5. Initial phases were generated by SeMet single wavelength
anomalous diffraction of 3.3 A and extended to 3.1 A using native data (Fig. 2.2, details on unit
cell data collection and refinement details are in Appendix E and Table 2.1). The structure is
composed of four complexes of SH3BP5-Rab11A per asymmetric unit, with each of the copies in
the asymmetric unit sharing an overall similar architecture. The following structural analysis refers
to the complex of SH3BPS5 chain E and Rab11A chain F, as this complex showed the best-defined
electron density. The GEF domain of SH3BP5 is composed of a coiled coil that is kinked to form
an overall v-shape. The v is composed of four long alpha helices (al-a4), with a small helix
connecting helices a2 a3. This connecting region between helix a2 o3 shows the highest degree
of conformational flexibility between copies in the asymmetric unit (Appendix E). The putative SH3
binding site for BTK is located at the turn from helix a3 to a4 (84). However, this region shares
no similarity to any previously identified SH3 binding site. A surface potential map of SH3BP5
reveals limited highly charged regions, with one basic stretch located at the base of the v shape
(Appendix E). There also are no putative amphipathic helices in SH3BP5 that would potentially

mediate membrane binding. The N-terminal GEF domain of SH3BP5 was previously predicted to
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share homology to F-bar domains(6). However, bioinformatic analysis using the DALI server

revealed that the closest structural homologs are the cell invasion protein SipB (PDB: 3tul), the
stalk region of dynein (PDB: 5ayh), and the bacterial chaperone prefoldin (PDB: 1fxk). The highest
similarity to the al/a4 Rabl1 binding coiled coil is the archaeal chaperone prefoldin(106). The

characteristic v-shape of SH3BP5, however, is unique among solved coiled coil proteins.

A 1 39 265 455 swl Swil
SH3BP5 : 1 213
FL (1-455) GEF domain = L Rabl1A
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GEF (1-265) GEF domain
B

C-ter (265)
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SH3BP5
GEF

Rab11A

Figure 2.2. Structure of SH3BP5 in complex with Nucleotide-free Rab11.

A) Schematic of full-length SH3BP5(1-455), the crystal construct of SH3BP5 (1-265) and Rab11A with
switch | (Swl) and switch 1l (Swil) regions annotated. B) The structure of the GEF domain of SH3BP5 with
nucleotide-free Rab11 solved to 3.1 A resolution. The GEF domain of SH3BP5 is composed of a v-shaped
coiled coil with four long a-helices annotated on the figure. The switch regions of Rab11 are colored yellow
(Switch | (Swl)) and orange (switch Il (swll)), with the Swl situated between helix a1 and a4 of SH3BP5



Table 2.1. Data Collection and Refinement Statistics.
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SH3BP5-Rab11 native

SH3BP5-Rab11l SeMet (peak)

Data collection

Space group

1222

1222

Cell dimensions

a, b, c(A)

114.85, 197.04, 304.71

114.13, 197.18, 304.20

a,B.y(°)

90, 90, 90

90, 90, 90

Resolution (A)

49.26-3.10 (3.21-3.10)2

49.39-3.25 (3.36-3.25)

Rmerge 0.1363 (2.189) 0.156 (2.214)

I/ al 8.26 (0.75) 13.68 (1.35)

Completeness (%) 99.74 (99.79) 99.88 (99.72)

Redundancy 4.9 (5.1) 13.2 (13.0)
Refinement

Resolution (A)

49.26-3.1 (3.21- 3.1)

No. reflections

62,902 (6236)

Rwork / Rfree 23.5/27.8
No. atoms

Protein 12,888
Ligand/ion 0
Water 0
B-factors

Protein 132.44
Ligand/ion

Water

R.m.s. deviations

Bond lengths (A) 0.003
Bond angles (°) 0.55

aValues in parentheses are for highest-resolution shell.

Number of crystals used for structure = 1

Nucleotide-free Rab11A was bound to the GEF domain of SH3BP5 at one end of the v at a

surface composed of the N-terminus of helix al and the C-terminus of helix a4 of the coiled coil.

The SH3BP5-Rab11 interface is composed of a large extended, primarily hydrophobic interface

(~1250 A?) (Fig. 2.3a). The Rab11 binding surface of SH3BP5 is composed of residues 39-67

and residues 240-262. The contact residues at this interface are highly conserved both in SH3BP5

and SH3BP5L, as well as the parcas and REI-1/2 homologs in both Drosophila and C. elegans,

respectively (Fig. 2.3b). The SH3BP5 binding surface of Rab11 is composed of residues spanning
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the N-terminus (residues 6-13), residues in and near switch | (residues 35-48), the inter-switch

region 58-65, residues in and near switch Il (72-85), and the C-terminus (180-181). Rab11 packs
along the center of the coiled coil of SH3BP5, with the main binding interface composed of a
contiguous hydrophobic surface of Rab11 residues including Y8, L10 and Y11 at the N-terminus,
F36 and 144 in switch |, Y73 and 176 in switch Il, and the hydrophobic triad (F48, W65, Y80), which

plays a conserved role in interacting with Rab effectors (107) (Fig. 2.3c).
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Figure 2.3. Rab11A SH3BPS5 interface.

(A) Zoom in on the binding interface of Rabll and SH3BP5. Key Rab11l residues forming important
interactions at the interface are labeled. (B) Alignment of the Rab11-binding site on both helix a1 and a4 of
SH3BP5 and SH3BP5L along with paralogs from M. musculus (mSH3BP5), D. melanogaster (parcas), and
C. elegans (REI-1/REI-2), with contact residues indicated by arrows. Red arrows indicate greater than
20 A2 of buried surface area (BSA). (C) All interacting residues from both SH3BP5 and Rab11 are shown
in stick representation and labeled, with the structures rotated and the interacting partner removed to allow
for visualization. Swl and Swill are colored according to Fig. 2.2
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HDX-MS experiments were carried out to both verify the crystallographic complex as well

as define how SH3BP5 works on a membrane surface. HDX-MS experiments revealed
differences in exchange for Rab11A Q70L when bound to a N-terminally truncated SH3BP5 (31-
455), with decreased HDX at the SH3BPS5 interface (Appendix Fa-c), verifying the crystallographic
interface in solution. Increased exchange was observed surrounding the Rabll nucleotide-
binding pocket, and this likely corresponds to loss of nucleotide upon SH3BP5 binding. HDX-MS
experiments mapping out the Rab11 interface for the N-terminally truncated variant of SH3BP5
(31-455) were carried out with both soluble and membrane localized WT Rab11A (1-211, C-term
his) to analyze conformational changes that may occur upon membrane binding. Decreases in
exchange were observed for SH3BP5 at the crystallographic interface with Rab11A, with the only
consequence of membrane being a larger decrease in exchange in Rab11A interfacial residues
in SH3BP5 (Appendix F d-f), and no additional regions showing changes in H/D exchange. This
potentially signifies a tighter interaction between SH3BP5 and Rab11A occurring on a membrane
surface, which might possibly explain the limited selectivity of SH3BP5 for different membrane

compositions (Appendix C).

2.4.3 Comparison to previously solved Rab-GEF complexes

Comparison of the structure of nucleotide-free Rab11A bound to SH3BP5 compared to
Rab11A bound to either GDP or GTP reveals an extensive rearrangement of switch [(50), with
only limited conformational changes in switch Il (Fig. 2.4a +Appendix G). One of the minor
conformational changes that occurs in switch Il upon SH3BP5 binding is a reorientation of Y73,
where the hydroxyl group is in position to cap the switch | helix (S40-G45). There were also
conformational changes that occurred around the nucleotide binding pocket, including decreased
secondary structure, although not to the same extent as seen in the Rab8:MSS4 GEF
complex(108). HDX-MS studies of differences between nucleotide-bound Rab11 and SH3BP5-

bound nucleotide-free Rab11 showed large increases in exchange in all regions of Rab11 around
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the nucleotide binding pocket when bound to SH3BP5 (Appendix F a-c), further highlighting

decreased stability of the nucleotide binding pocket.
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Figure 2.4. Unique switch orientations of Rab11-SH3BP5 compared to previously solved Rab-GEF
structures.

A) Structures of nucleotide-bound Rab11 are compared to the GEF bound structures of Rab11-SH3BP5
(dotted box), Rab35-DENND1B(109), Ypt7-Monl1-Ccz1(110), Sec4p-Sec2p(111), Yptlp-TRAPPI(112),
Rab21-Rabex-5(113), and Rablb-DrrA(114). The Rab GTPases are aligned to each other, with the GEF
domain shown as a transparent surface. Switch | and Il are colored according to Fig. 2.2, and the residues
corresponding to F36 residue and 144 in Rab11 are labeled on all structures (the residue corresponding to
F36 is disordered in the Yptlp-TRAPPI complex, and in the Rab21-Rabex-5 structures). B) Alignment of
the Switch | of Rab11 to a selection of closely related Rab isoforms and all previously solved Rab-GEF
structures (PDB codes indicated). Switch | residues shown as sticks are highlighted by arrows. C) Alignment
of the coiled coil GEF domains of SH3BP5 and Sec2P (Rabin8)(111). This reveals a completely orthogonal
binding interface, with the two GEF coiled coils binding to their cognate Rab in a perpendicular orientation,
revealing independent evolution of coiled coils as Rab-GEFs
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The substantial conformational change of switch | upon SH3BP5 binding is present in all

previously solved Rab-GEF structures, and is predicted to mediate nucleotide exchange through
disrupting switch I nucleotide interactions. However, comparison of the conformational change in
switch | reveals striking differences between previously solved Rab-GEF structures. The main
difference is in the conformation of F36 and 144 in Rab11. These residues pack directly against
each other, which requires a constrained conformation of switch I. This constrained orientation of
the highly conserved F36 and 144 residues (Fig. 2.4a,b) is unique compared to previously solved
Rab-GEF structures. There are a number of similarities with previously solved GEF structures,
with a helix forming from S40 to G45 in switch | of Rab11, similar to DENND1B-Rab35(109) and
Mon1-Ccz1-Ypt7(110) structures. Lysine 41 in Rab11 when bound to SH3BPS5 is oriented towards
the empty Mg?* binding site, however, there was limited electron density around this residue,
indicating that it is quite flexible (Appendix E). This same lysine residue in Ypt7 plays a key role
in activation by Mon1-Ccz1(110), with the mechanism proposed to be mediated through disruption

of the Mg?* binding site.

Individual point mutations in Rab11A (K13N, K24R, R82C, S154L) and Rab11B (V22M,
A68T) are found in developmental disorders that lead to intellectual disability(71, 72). Mapping
these mutations onto the structures of nucleotide-bound Rabl1l, Rab11-GTPyS bound to the
Rabl1 effector FIP3, and SH3BP5-Rabl1l revealed possible roles of these mutations in Rab11l
regulation (Fig.2.5, Appendix H). The V22M and S154L would be expected to sterically disrupt
nucleotide binding, and HDX-MS experiments of these mutants compared to WT Rab11 revealed
large increases in exchange throughout the entire Rab protein (Appendix H), indicating that
indeed these mutants are not able to bind nucleotide. No GEF assays were able to be carried out
on these mutants, as they could not be loaded with Mant-GDP. K24R is part of the P-loop that
coordinates the phosphate groups in bound nucleotide, and GEF assays revealed that this mutant

had rapid nucleotide exchange even in the absence of SH3BP5 (Fig.2.5), indicating decreased
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affinity for nucleotide. HDX-MS experiments on this mutant revealed increased exchange

throughout the majority of Rab11, although not as large as changes seen for V22M and S154L
(Appendix H). The A68T mutant is located at the beginning of switch II, with the Ala oriented
towards the region of switch Il that interacts with SH3BP5, and it only showed a modest effect in
decreasing SH3BP5 mediated GEF activity. K13N and R82C are located directly at the Rab11-
SH3BP5 interface, with R82 forming a salt bridge with E50 in SH3BP5, and K13 forming a polar
bond with Q53 in SH3BP5. The K13 residue also forms pi-stacking interaction with the
hydrophobic triad residue W65, which directly binds to SH3BP5. Mutation of K13N resulted in a
>100-fold decrease in SH3BP5 mediated GEF activity, with R82 only partially decreasing
SH3BP5 GEF activity (Fig.2.5). However, these mutations are unlikely to modify only GEF activity,

as the R82 residue also forms a salt bridge with E747 in FIP3(115).
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Figure 2.5. Clinically relevant Rab11l mutations disrupt nucleotide-binding or alter SH3BP5 GEF
activity.

A) Point mutations found in developmental disorders mapped on the structure of Rab11 bound to SH3BP5.
B) In vitro GEF assay of SH3BP5 on clinical Rab1l1l mutations. Nucleotide exchange was monitored by
measuring the fluorescent signal during the SH3BP5 (1-455) (300 nM, 150 nM, or 75 nM) catalyzed release
of Mant-GDP from 4 uM of the indicated Rab in the presence of 100 uM GTPyS. Fluorescent measurements
were completed every 11 s for a total of 60 min (Excitation A = 366 nm; Emission A =443 nm). C) Nucleotide
exchange rates of Rab11A mutants plotted as a function of SH3BP5 concentration. The kcat/Km values for
all Rab11A mutations were calculated from the slope. Error bars represent SD (n = 3)
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The discovery that the SH3BP5 coiled coil acts as a GEF suggested that it may act similarly

to the previously structurally characterized coiled coil Sec2p GEF Sec4p (Rab8 and Rabin8 in
humans)(111, 116). Surprisingly the SH3BP5 coiled coil is perpendicular to the Sec2p coiled coll
(Fig. 2.4C), and the two Rab GEFs interact with completely divergent binding surfaces on their
cognate Rabs. Intriguingly, this suggests independent evolution of coiled coils to act as GEFs

towards Rab GTPases.

2.4.4 Defining the molecular basis of SH3BP5 Rab11 selectivity

To further understand how SH3BP5 is able to achieve selectivity for Rabll over
evolutionarily similar Rab GTPases, we carried out site directed mutagenesis of switch | residues
in Rab11l. We tested the role of F36 and 144 residues, with mutation of these residues to Alanine
leading to almost completely abrogated SH3BP5 mediated GEF activity (Fig. 2.6a-c). Mutations
in switch | that mimic residues found in Rab2A (L38P), Rab8 (S40F), and Rab14 (K41P) were
also found to decrease GEF activity greater than 100-fold, with limited effect on intrinsic nucleotide
exchange (Fig. 2.6a,b). These residues would all be predicted to disrupt the constrained
conformation of F36 and 144 relative to each other, leading to disruption of the contiguous
hydrophobic surface required for interaction with SH3BP5. Mutation of these residues to Ala, also
greatly decreased GEF activity. In Ypt7, the yeast homolog of Rab7, K41 plays a key role in
mediating GEF activity through insertion into the Mg?* binding site. To determine if this was
conserved in Rabll, we tested GEF activity of a K41A Rabl1l mutant. This led to a relatively
minor ~3 fold decrease in GEF activity, compared to the previously reported 10 fold decrease in
GEF activity for Mon1-Ccz1 on the K38A mutant of Ypt7(110). This suggests that the role of this
lysine residue in inserting into the Mg?* binding site is less important in SH3BP5 mediated GEF

activity on Rab11 compared to Mon1-Ccz1 mediated GEF activity towards Ypt7.
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Figure 2.6. Molecular basis of SH3BP5 specificity and generation of GEF-deficient mutants.

A) In vitro GEF assay of SH3BP5 on Switch | Rab11l mutations. Nucleotide exchange was monitored by
measuring the fluorescent signal during the SH3BP5 (1-455) (300 nM) catalyzed release of Mant-GDP
from 4 uM of the indicated Rab in the presence of 100 yM GTPyS. Fluorescent measurements were
completed every 11 s for a total of 60 min (Excitation A =366 nm; Emission A =443 nm). Two GEF curves
are shown for each condition. B) Nucleotide exchange rates of Rab11A mutants plotted as a function of
SH3BP5 concentration. The kcat/Km values for all switch | Rab11A mutations were calculated from the
slope. All points have error bars, some are smaller than the size of the point. C) Zoomed in view of the
binding interface of SH3BP5 and Rab11. Key Rabll residues involved in the interface with SH3BP5 are
shown as sticks and labeled on the structure. Regions in SH3BP5 critical for GEF activity (LNQ52, LE250)
are highlighted in red. D) GEF assay of WT SH3BP5 (52nM) and GEF-deficient mutants SH3BP5
(LNQ52AAA) and SH3BP5(LE250AK) (1000 nM), in the presence of the same concentrations of Rab11A
and GTPyS as described in a. Two GEF curves are shown for each condition. E) Quantification of Rab11
GEF activity for WT SH3BP5 and GEF-deficient mutations. For all panels error bars represent SD (n=3)
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2.4.5 Generation of SH3BP5 GEF deficient mutations

Critical to understanding the role of SH3BP5 is to define differences between its BTK/INK
regulatory roles and Rab11 regulatory roles, which requires the generation of point mutations that
disrupt only specific SH3BP5 functions. From examining the structure of SH3BP5 bound to Rab11
and sequence conservation throughout evolution, we separately mutated Rabll contact
interfaces in helix a1l (LNQ52AAA) and a4 (LE250AK) of SH3BPS5. To ensure the protein was
properly folded we used HDX-MS to test conformational dynamics. Both mutants showed
increased exchange only at the Rabll interface, with no global changes in deuterium
incorporation (Appendix H), suggesting these mutants remain properly folded. Both mutants led

to a >100 fold decrease in GEF activity compared to WT SH3BP5 (Fig 2.6 d,e).

To study activation of Rabl11 in a cellular context we used a recently developed Rabl1l
activation sensor (AS-Rab11)(100). AS-Rab11 is composed of the Rab binding domain (RBD) of
FIP3, monomeric yellow fluorescent protein (mcpVenus), a proteinase K-sensitive linker, a
monomeric cyan fluorescent protein (MECFP) and human Rab11A (Fig. 2.7a). The RBD of FIP3
is specific to GTP bound Rab11, with the consequence being that in the absence of active Rab11
there is low FRET, and upon Rab11 activation the FRET signal increases. This was verified using
AS-Rabll mutants, both active Rab11 (AS-Rab11 Q70L) and inactive Rab11 (AS-Rabl11 S25N),

with increased FRET levels for Q70L, and decreased FRET for S25N (Appendix I).
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Figure 2.7. Cellular assays of Rab11 activation.

A) Schematic of activation sensor Rab11 (AS-Rab11)(100). Upon activation by GEF proteins, GTP-loaded
Rab11 will bind to FIP3 inducing FRET between the two fluorescent proteins. B) Immunofluorescence
localization of FLAG-tagged SH3BP5 and the AS-Rabll sensor, along with the FRET ratio, measuring
active Rab11. Scale bar, 10 ym. C) Representative line intensity profile of AS-Rab11, SH3BP5, and the
active pool of Rabll (FRET ratio). D) FRET ratio and localization of AS-Rab11 alone or with SH3BP5wt,
as well as the two GEF-deficient mutations (LNQ52AAA and LE250AK). Right side bar represents upper
and lower limits of the FRET/CFP ratio. Scale bar, 10 ym. E) Quantification of colocalization of SH3BP5
and active Rabl1l (FRET ratio). F) Quantification of Rab11 activity in COS-7 cells transfected with AS-
Rab11 alone or in concomitance with SH3BP5wt, SH3BP5AK, or SH3BP5AAA. For all panels, error bars
represent SEM (n =6). Significance determined by one-way ANOVA (*p <0.05, **p <0.01, ***p <0.005)
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Immunofluorescence of FLAG tagged SH3BP5 revealed an intracellular membrane

distribution (Fig.2.7b-d) similar to the AS-Rab11 sensor (Fig.2.7c). While SH3BP5" showed an
important colocalization with both total Rab11 and active Rab11(Fig.2.7d,e, Appendix I), the two
GEF mutants SH3BP5* and SH3BP5*¢ displayed lower colocalization with active Rab11(Fig.
7d,e). Accordingly, transfection of SH3BP5 led to increased Rabll activation, which was not
observed with transfection of the GEF deficient mutants, confirming that these mutations disrupt

Rabl1 activation by SH3BP5 in living cells and cell lysates (Fig. 2.7f, Appendix I).

2.5 Discussion

Rabll GTPases are essential mediators of numerous membrane trafficking processes
and are especially important in controlling receptor recycling. Most Rab11 dependent processes
have been studied through the use of dominant active (Q70L) and dominant inactive (S25N)
mutants. These mutations can lead to misleading results, since many Rab GTPases are activated
by GEFs through direct interactions with the catalytic GIn residue (103), leading to impaired
activation for GTPase deficient mutants. Complicating the ability to fully probe Rabl11 and its role
in both fundamental biological processes and disease has been the lack of molecular detail for
the coordinated action of Rab1l1l GEFs and GAPs. Multiple Rab11l GAPs have been identified,
including the proteins TBC1D11(117), TBC1D15(118), and EVI5(58, 59). Similarly, multiple
Rab11 GEFs have been characterized, with the yeast and Drosophila TRAPPII complex activating
both Rabl and Rab11(60, 61), and the Drosophila DENN family protein Crag being identified as
a weak activator of Rab11, with a much higher activity towards Rab10(62). SH3BP5, which is
conserved in C. elegans, is a potent Rab11l GEF(6), and knockout of the Drosophila homolog
parcas leads to defects in oogenesis(63). Intriguingly, it has been shown that Rab11 plays a key
role in oogenesis, through mediating asymmetric cell division(43), revealing a potential role of

SH3BP5 in Rab11 regulation.
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The structure of SH3BP5 bound to Rab11 reveals that the extended coiled coil of the GEF

domain forms an extended predominantly hydrophobic interface with Rabll. The catalytic
efficiency of SH3BP5L (~8.1x10* Mis?t) and SH3BP5 (~3.5x10* Mls?) is comparable to
previously determined Rab GEFs, including the Mon1-Ccz1 complex (~2.1 x 10*M™'s™1)(110),
DENND1 (~2.9 x 10* M™"s7)(109), and the TRAPP complex (~1.6 x 10* M~'s™)(112). There was
a slight activation of SH3BP5 when Rab11 was presented on a membrane surface, with no strong
dependency on surface charge, or phosphoinositide content. Rab11 activation has been found to
be associated with different phosphoinositide species, including PI4P during cytokinesis(102),
and PI3P in ciliogenesis(101). One of the main ways that Rab proteins are localized is through
targeting of GEFs to specific intracellular membranes, and further experiments will be needed to
define if SH3BP5 is involved in phosphoinositide dependent activation, potentially through

localization to specific phosphoinositide containing organelles by protein binding partners.

Active Rabl11l mediates its roles in membrane trafficking through recruiting a number of
protein binding partners, including motor protein complexes, and the exocyst complex(1). Rab11
is also unigue among Rab GTPases in that it can interact with the protein binding partners
P14KB(54) and Rabin8(57) through a unique interface directly over the nucleotide binding pocket,
which allows for the formation of tertiary complexes with Rab11 effectors. PI4KB can bind GDP
bound Rab11(105), suggesting there might be a role in GEF presentation. However, the structure

of Rab11 bound to SH3BP5 precludes formation of a ternary complex with PI14KB.

The structure of SH3BP5 bound to Rab11 reveals the mechanism for how SH3BP5 binding
leads to nucleotide exchange and Rab11 specificity (Fig. 2.8). Switch | residues plays a key role
in stabilizing bound nucleotide, with F36 and L38 forming a hydrophobic cap over the guanine
ring in both GDP and GTP bound structures(50). In the SH3BP5 bound complex there is a
substantial conformational change in switch | of Rab11l compared to nucleotide-bound states,

which leads to disruption of switch | nucleotide contacts and allows for release of bound
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nucleotide. Specifically, F36 and L38 undergo an extensive rearrangement to interact with

SH3BP5, and this disrupts their ability to interact with bound nucleotide. Mutation of either F36 or
L38 to alanine surprisingly does not lead to a large increase in the intrinsic exchange rate, as
seen for the corresponding F33 in Ypt7 (equivalent to F36 in Rab11)(110), however, mutation of
F36 to alanine prevents SH3BP5 mediated nucleotide exchange. The disruption of the interaction
of the aromatic residue located in Swl with nucleotide plays a key role in nucleotide exchange in
TRAPP(112) and DENND1(109), and this is conserved in SH3BP5. The large conformational
change in switch | is characteristic of previously solved Rab-GEF structures(108-112, 114, 116).
The SH3BPS5 coiled coil that interacts with Rab11 shares the closest structural homology to the
coiled coil archaeal chaperone prefoldin(106), and this ability to stabilize partially unfolded
proteins reveals a potential evolutionary path to stabilizing the partially unfolded Rabll

nucleotide-free state.

Inactive Rab11 Rab11-SH3BP5 Active Rab11

SH3BP5

SH3BP5

Figure 2.8. Model of Rab11 activation by SH3BP5.

In the GDP-bound state switch | (SWI) directly interacts with bound nucleotide, with F36 having a key role
in stabilizing this interaction. Upon SH3BP5 binding, switch | undergoes a large conformational
rearrangement, with F36 and 144 forming hydrophobic contacts with SH3BP5, leading to exposure of the
nucleotide-binding pocket. F36 and 144 are in a highly constrained orientation and require the interspersing
residues to allow for formation of this interface. Similar to the Ypt7 GEF Monl-ccz1(110) the K41 residue
projects into the Mg2+-binding pocket. The lack of clear electron density around K41 is indicated by being
colored in gray, to indicate ambiguity in its exact positioning. There are limited conformational changes in
switch 1l upon SH3BP5 binding, with the hydroxyl from Y73 in position to cap the switch | helix. Upon
SH3BP5 disengagement, Mg2+ and GTP can enter the nucleotide-binding pocket, with active Rab11 able

to bind and recruit downstream effectors
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SH3BPS5 is highly selective for Rab11, and this is likely driven through a highly constrained
conformation of the hydrophobic residues F36 and 144 in switch I. This makes Rabl11l extremely
sensitive to mutation of switch | residues between F36 and 144, which prevent this constrained
F36-144 orientation. The K41 in switch | projects into the Mg?* binding pocket, similar to seen in
the Ypt7-Mon1-Ccz1l complex(110). However, mutation of this residue in Rabll leads to only a
minor decrease in GEF efficiency, with this suggesting it does not play as critical a role as for
Ypt7-Monl-Cczl. Rab1l1A and Rab11B are mutated in developmental disorders(71, 72), leading
to encephalopathies and co-occurrence of seizures and intellectual disability. The V22M, S154L,
and K24R all destabilized Rab11, either through a complete (V22M, S154L) or partial (K24R)
disruption of nucleotide binding. K13N almost completely prevented SH3BP5 mediated nucleotide
exchange, with R82C and A68T both leading to slightly decreased rates. This reveals that

clinically relevant Rab11 mutations disrupt SH3BP5 mediated exchange.

The use of a genetically encoded Rabl1l FRET sensor(100) revealed that transfection of
SH3BP5 leads to a significant increase in Rab11 activation, with no increase seen with SH3BP5
GEF deficient mutations. Fluorescently labelled SH3BP5 and AS-Rabll co-localize, with
SH3BP5 primarily localizing to intracellular membranes. Among the key unanswered questions
are the mechanisms by which SH3BPS5 is localized to specific intracellular membranes, and
whether SH3BPS5 is required for activation of a specific Rab11 pool. As SH3BP5 plays key roles
in regulation of the signaling kinases BTK and JNK through a non GEF mediated process, the
molecular details presented here provide an approach to define the roles of SH3BP5 in Rabl1l
dependent processes. Misregulation of Rab11 isoforms is a key driver in oncogenesis (Rab25)
and developmental diseases (Rab11A, Rab11B) and our work reveals insight into how Rabl1l
can be activated. Moreover, our results not only reveal the specifics of Rab11-GEF activation, but

also provide important insight into the mechanisms by which Rab GEFs achieve specificity.
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3.1 Abstract

The TRAPPII complex is a guanine nucleotide exchange factor (GEF) for both Rabl and Rab11,
however the basis for specificity towards these GTPases in metazoans has yet to be determined.
Here we present detailed characterisation of Rab-GEF specificity of the human TRAPPII complex
and show that TRAPPII has novel GEF activity against Rab43. We use hydrogen deuterium
exchange mass spectrometry (HDX-MS) to map the binding site of each of these GTPases with
TRAPPII and show that they all interact at the same interface. Furthermore, using guanine
nucleotide exchange assays, we reveal a reduced dependence on membrane for activation of the
human TRAPPII complex compared to the yeast TRAPPII counterpart, and assays conducted on
clinical mutants of both Rabll and TRAPPII reveal insight into their putative disease
mechanisms. Overall, our results show that Rab43 is a novel binding partner of TRAPPII and

reveal the molecular interface of TRAPPII-Rab binding.
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3.2 Introduction
The transport protein particle (TRAPP) complex was first discovered in 1998 in yeast cells
and has been shown to play critical roles in ER to Golgi membrane trafficking(119). Since its
discovery, it has become one of the best characterized multi subunit tethering complexes, and it
has been shown that the complex not only works as a tether, but also as a guanine nucleotide
exchange factor (GEF) for the Rab GTPase Yptl (Yeast Rabl), otherwise known as Rab1(120,
121). Importantly, an emerging set of disorders have recently been linked to mutations in TRAPP
genes that have since been named TRAPPopathies(122). Disorders associated with these
mutations include Spondyloepiphyseal dysplasia tarda (SEDT), neurodevelopmental delay(123,

124), microcephaly(125-127), epilepsy(124, 128), and severe intellectual disability(129, 130).

The TRAPP complex is predicted to exist in a variety of forms, including TRAPPI, TRAPPII,
TRAPPIII, and more recently TRAPPIV(131). The yeast TRAPPI complex consists of seven
different proteins (Bet5p, Bet3p, Trs20p, Trs23p, Trs31p, Trs33p, and Trs85p), which have all
been conserved throughout evolution. For convenience, the rest of this paper will refer to each of
the yeast subunits using their mammalian names (see Appendix O for details). Four of these
subunits form the conserved core (TRAPPC1, TRAPPC3, TRAPPC4 and TRAPPCS5), and are
sufficient for GEF activity on Rab1(132). The structure of the yeast TRAPPI core bound to Rabl
has been solved by X-Ray crystallography, and this structure has provided insight into the overall
assembly of the core and how the catalytic GEF site interacts with Rab1 (112). Cryo-EM has since
been used to interrogate the structure of yeast TRAPPII, and has shown that the complex forms
a large three-layered diamond shape (133). This research by Yip et al. showed that the complex
has clear two-fold symmetry, indicating that it forms a dimer. Their studies also used antibody-
labeling experiments to demonstrate that TRAPPC10 possibly directly interacts with TRAPPC2,
and TRAPPCS9 interacts with TRAPPC6 and TRAPPC3. However, other groups have proposed

that TRAPPC2 acts as an adaptor and binds TRAPPC9, which in turn binds TRAPPC10(134). No
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high-resolution structural information yet exists for the TRAPPII specific subunits TRAPPC9 and

TRAPPCI10, and thus is still unclear as to where these proteins interact with the rest of the TRAPP

complex.

The TRAPPII complex has been proposed to act as a GEF for Rab11, however this has
remained a controversial subject for several years(133, 135). GST pulldowns using the yeast
TRAPPII with Rabl and Rabll showed that TRAPPII only bound Rab1(133), while other
experiments showed clear GEF activity against Rab11(135). Only recently has the TRAPPII
complex been shown to truly be a potent activator of Rab11 in both drosophila and yeast (60, 61).
In yeast, TRAPPII activates Rab GTPases in a membrane dependent manner(61). To interrogate
the mechanisms of specificity and membrane dependence, Thomas et al. developed a new assay
for interrogating GEF-GTPase interactions in yeast, and found that the Rab hypervariable domain
is responsible for conferring substrate specificity of the TRAPPII and TRAPPIII complexes(136).
The hypervariable tail is longer in Rab11 than Rabl, and Thomas et al. proposed that the TRAPPII
specific subunits TRAPPC9 and TRAPPC10 keep the TRAPPII core further away from the
membrane surface than TRAPPIII, altering the accessibility to the active GEF core(136).
Intriguingly, there seems to be less membrane dependence for GEF activity in metazoan TRAPPII
than in yeast, so it is unclear whether a system like this is in place in the higher eukaryotes(60).
Furthermore, the vertebrate TRAPPII specific subunit TRAPPC10 has been postulated to contain
a longin domain, which may act as a GEF for Rab11(137). It is currently unclear if this domain is

capable of binding small GTPases, or if it contains any catalytic activity.

So far there have been no detailed investigations on the Rab GTPase specificity of the
TRAPPII complex, or on the mechanisms through which specificity is achieved in metazoans. To
decipher the specificity of the human TRAPPII complex, we sampled 14 different human Rab
GTPases that were closely related phylogenetically to (or localized to the same subcellular

compartments of) Rabl and Rab11. Detailed biochemical studies reveal that TRAPPII has activity
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against Rabl and Rab11l, as well as Rab43, with no activity towards other evolutionarily similar

Rab GTPases. Using hydrogen deuterium exchange mass spectrometry, we also show that each
of these GTPases binds at the same site on TRAPPII. A subset of clinical Rab11 mutations
observed in developmental disorders were found to disrupt TRAPPII mediated nucleotide
exchange, providing possible mechanisms of disease. Further, a subset of clinical TRAPP
mutations were found to disrupt complex formation or alter GEF activity, providing insight into

their mechanisms of disease.

3.3 Materials and Methods

3.3.1 Plasmids and antibodies

The full-length human TRAPP genes, TRAPPC1(HsCD00337916), TRAPPC2L
(HsCD00340414), TRAPPC10 (HsCD00341380) were purchased from the Dana Farber Plasmid
Repository. The full-length human TRAPP genes, TRAPPC2 (HsCD00040385), TRAPPC6a
(HsCD00674667), TRAPPC4 (HsCD00396892), TRAPPC5 (HsCD00398807) TRAPPC6b
(HsCD00352944) and TRAPPC9(HsCD00820727) were purchased from the DNASU. The full
length human TRAPPC3 gene (Plasmid #34711) was purchased from the AddGene. Genes were
subcloned into pLIB vectors, and in the case of TRAPPC3 a TEV cleavable c-term 2x strep tag
was added while a c-term 6x his tag was added to the c-term of TRAPPC10. Genes were
subsequently amplified following the biGBac protocol to generate 3 plasmids, each containing 4-
5 TRAPP genes. (138). The protocol for gene assembly is shown in figure Appendix Q. The full
length human Rab genes, Rab1(49467), Rab3a(49542), Rab6a(49469), Rab18(49550) and
Rab33(49551) were purchased from AddGene. Rab35(HsCD00327461), Rab39(00335627) and
Rab43(HsCD00334332) were purchased from Dana Farber Plasmid Repository. Genes were
subcloned into pOPTGcH vectors for expression with an n-terminal cleavable GST tag and a hon-

cleavable c-terminal his tag.
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3.3.2 Bioinformatics

Human and yeast sequences were aligned using Clustal Omega Multiple Sequence
Alignment, and the aligned sequences were subsequently analyzed by ESPript 3.0 to visualize

conserved regions.

3.3.3 Protein expression

All TRAPPII complexes were similarly expressed as previously described (139). To express
TRAPPII complexes, an optimized ratio of baculovirus was used to co-infect Spodoptera
frugiperda (Sf9) cells between 1-2x10° cells/mL. Co-infections were harvested at 66-hours and
washed with ice-cold PBS before snap-freezing in liquid nitrogen. Rab constructs were all
expressed in BL21 C41 E.coli, induced with 0.5mM IPTG and grown at 37°C for 4hrs. Pellets
were washed with ice-cold phosphate-buffered saline (PBS), flash frozen in liquid nitrogen, and

stored at -80°C until use.

3.3.4 Protein purification

TRAPPII cell pellets were lysed by sonication for 1.5 minutes in lysis buffer (20mM Tris pH
8.0, 100mM NacCl, 5% (v/v) glycerol, 2mM [—mercaptoethanol (BME), and protease inhibitors
(Millipore Protease Inhibitor Cocktail Set Ill, Animal-Free)). Triton X-100 was added to 0.1% vl/v,
and the solution was centrifuged for 45 minutes at 20,000 x g at 1°C. The supernatant was then
loaded onto a 5 mL HisTrap™ FF column (GE Healthcare) that had been equilibrated in NiINTA
A buffer (20 mM Tris pH8.0, 100 mM NacCl, 10 mM imidazole pH 8.0, 5% (v/v) glycerol, 2 mM
bME). The column was washed with 20 mL of NiNTA buffer, 20 mL of 6% NiNTA B buffer (20 mM
Tris pH 8.0, 100 mM NacCl, 200 mM imidazole pH 8.0, 5% (v/v) glycerol, 2 mM bME) before being
eluted with 100% NIiNTA B. The eluate was subsequently loaded on a 5ml Strep™ column and
washed with 10ml SEC buffer (20mM HEPES pH 7.5, 150mM NacCl, 0.5mM TCEP). The Strep-
tag was cleaved by adding SEC buffer containing 10mM BME and TEV protease to the column

and incubating overnight at 4°C. Protein was pooled and concentrated using Amicon 50K
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concentrator and size exclusion chromatography (SEC) was performed using a Superdex 200

increase 10/300 column equilibrated in SEC Buffer. Fractions containing protein of interest were
pooled, concentrated, flash frozen in liquid nitrogen and stored at -80°C. For purification of Rabs,
see chapter 2, method 2.2.4 protein purification.
3.3.5 Lipid vesicle preparation

Nickelated lipid vesicles were made with [20% phosphatidylserine (bovine brain PS, Sigma),
10% L-a-phosphatidylinositol-4-phosphate(P14P, Avanti) 67.5% phosphatidylcholine (egg yolk
PC Sigma), and 2.5% DGS-NTA(Ni) (18:1 DGSNTA(NI), Avanti)]. Vesicles were prepared by
combining liquid chloroform stocks together at appropriate concentrations and evaporating away
the chloroform with nitrogen gas. The resulting lipid film layer was desiccated for 20 min before
being resuspended in lipid buffer (20mM HEPES (pH 7.5) and 100mM KCI) to a concentration of
1mg/ml. The lipid solution was vortexed for 5 min, bath sonicated for 10 min, and flash frozen in
liquid nitrogen. Vesicles were then subjected to three freeze thaw cycles using a warm water bath.
Vesicles were extruded 11 times through a 100nM or 400- nm NanoSizer Liposome Extruder

(T&T Scientific) and stored at -80°C.

3.3.6 In-vitro GEF assay

C-terminally His-tagged Rabs were purified and nucleotide loaded as described in chapter
2. Reactions were conducted in 10pl volumes with a final concentration of 4uM Mant-GDP loaded
Rab, 100uM GTPyS and TRAPP (30nM-150nM). Rab and membrane (0.2mg/ml) was aliquoted
into a 384-well, black, low-volume plate (Corning 3676). To start the reaction, TRAPPII and
GTPyS were added simultaneously to the wells and a SpectraMax® M5 Multi-Mode Microplate
Reader was used to measure the fluorescent signal for 1hr (Excitation A = 366nm; Emission A =
443nm). Data was analyzed using GraphPad Prism 7 Software, and kca/Km analysis was carried

out according to the protocol of(91).
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3.3.7 Mapping of the TRAPPII-Rab Binding Interfaces using HDX-MS

HDX reactions were conducted in 20pl reaction volumes with a final concentration of 1uM
Rabl, Rabll, or Rab43 and 350nM TRAPPII per sample. Exchange was carried out in triplicate
for four time points (3s, 30s, 300s and 3000s at room temperature). Prior to the addition of D,0,
proteins were incubated on ice in the presence of 20mM EDTA for 30 minutes to facilitate release
of nucleotide. Hydrogen deuterium exchange was initiated by the addition of 17ul of D-O buffer
solution (10mM HEPES pH 7.5, 50mM NacCl, 97% D20) to 3ul of the protein solutions, to give a
final concentration of 85% D,0O. Exchange was terminated by the addition of acidic quench buffer
at a final concentration 0.6M guanidine-HCI and 0.9% formic acid. Samples were immediately

frozen in liquid nitrogen at -80°C.

3.3.8 HDX-MS data Analysis

Protein samples were rapidly thawed and injected onto an ultra-performance liquid
chromatography (UPLC) system kept in a cold box at 2°C. The protein was run over two
immobilized pepsin columns (Applied Biosystems; Porosyme 2-3131-00) and the peptides were
collected onto a VanGuard Precolumn trap (Waters). The trap was eluted in line with an ACQUITY
1.7um particle, 100 x Imm2 C18 UPLC column (Waters), using a gradient of 5%-36% B (Buffer
A 0.1% formic acid, Buffer B 100% acetonitrile) over 16 min. Mass spectrometry experiments
were performed on an Impact QTOF (Bruker), and peptide identification was done by running
tandem mass spectrometry (MS/MS) experiments run in data-dependent acquisition mode. The
resulting MS/MS datasets were analyzed using PEAKS7 (PEAKS), and a false discovery rate was
set at 1% using a database of purified proteins and known contaminants. HDExaminer Software
(Sierra Analytics) was used to automatically calculate the level of deuterium incorporation into
each peptide. All peptides were manually inspected for correct charge state and presence of
overlapping peptides. Deuteration levels were calculated using the centroid of the experimental

isotope clusters. Differences in exchange were in a peptide were considered significant if they
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met all three of the following criteria: >4% change in exchange, >0.4 Da difference in exchange,

and a p value <0.01 using a two tailed student t-test. Samples were only compared within a single
experiment and were never compared to experiments completed at a different time with a different

final D20 level.

3.4 Results

3.4.1. Recombinant Purification of the TRAPP complex

To interrogate the specificity of the TRAPPII complex, we established a protocol to
recombinantly express the human TRAPPII complex using the BigBac system(138) in Sf9 cells.
Each of the nine genes were purchased, PCR amplified, and inserted into pLIB vectors. These
genes were amplified using BigBac specific primers each with unique flanking sequences to allow
for insertion of up to 5 genes into a single vector using Gibson Assembly, as described in
Appendix Q and Figure 3.1. These vectors were subsequently used to express all nine TRAPPII
genes at one time in Sf9 cells. The complex was next purified using tandem affinity purification,
with a cleavable strep tag on the TRAPPC3 protein and a 6x his tag on the TRAPPC10 protein,
similar to the purification strategy used by Riedel et al. (60). We found that the entire 9 subunit
complex could be purified using this approach, and validated the presence of each gene using
tandem MS. The complex was then purified further using size exclusion chromatography (SEC),
resulting in a single peak, indicating it forms a stable complex (Fig 3.1B). The entire human
TRAPPII complex has never been purified recombinantly, and these findings indicate that humans
do not have more subunits than drosophila that are required for assembly. A summary of the

purification strategy is depicted on the SDS page gel in figure 3.1C.
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Figure 3.1. Purification of human TRAPPII complex .

(A) TRAPPII was expressed in Sf9 cells using a BigBac system, where all 9 genes were placed in 2
vectors. (B) All TRAPPII subunits purified in a single size exclusion chromatography peak. (C) SDS-
PAGE gel showing the purification of TRAPPII. All 9 subunits were detected on the gel.

3.4.2 Determination of TRAPPII Rab Specificity

TRAPPII has been studied for years, yet a comprehensive study of its specificity has yet to
have been completed. To examine the specificity of GEF activity, GEF assays were carried out
on 14 of the most evolutionarily conserved Rabs related to Rabl and Rabll, as well as Rabs
localized in the same compartments as TRAPPII (Appendix P). Rates of exchange were
determined by loading each GTPase with the fluorescent GDP analog 3-(N-methyl-anthraniloyl)-
2-deoxy-GDP (Mant-GDP) and measuring the decrease in fluorescence as a function of TRAPPII
concentration. Each small GTPase was generated with a C-terminal His-tag to allow for
localization on NiNTA containing membranes. A schematic depicting the assay setup is shown In
Figure 3.2a. GEF activity was observed for Rabla and Rablla as previously described, and
interestingly we found novel GEF activity against Rab43, a relatively poorly characterized Rab
GTPase (Fig 3.2b). Rab43 has been shown to be important for golgi maintenance, and plays a

role in specifically modulating ER to Golgi transport of GPCRs(140-142). Interestingly, Haas et
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al. suggest that Rab1 and Rab43 are solely required for the maintenance of the Golgi, while other

Rabs are functionally redundant(142). The fact that TRAPPII can activate both of these Rab

GTPases gives insight into the clear importance of the complex for golgi maintenance.

We detected no GEF activity against 13 other closely evolutionarily related small GTPases,
including Rab25, commonly known as Rabllc. Rab25 and Rablla are highly evolutionarily
conserved, yet intriguingly we detected no GEF activity against this GTPase. This indicates a
unique form of specificity detection, as we recently showed that the GEF SH3BP5 does not
discriminate between Rablla and Rab25(143). We also detected no GEF activity against Rab18,
even though in recent years it has been proposed that the TRAPPII complex acts as a GEF
against it in mammalian cells(144). However, it does not appear as though the TRAPPII complex
is active on Rabl8, as recently other groups have shown that recombinant purified TRAPPII

complex does not have activity on this small GTPase (60).

Interestingly, we showed that Rabl and Rab11l GEF rates are enhanced by the presence
of membrane, while the rate of Rab43 exchange is not altered (Fig 3.2c). We detected an
approximately 4-fold enhancement in GEF activity in the presence of lipid vesicles, in agreement
with data generated from TRAPP in drosophila(60). As an important control, we engineered a
TEV protease cleavage site to remove the c-terminal his tag of TRAPPC10 to ensure that it was
not altering membrane enhancement, and we found that this tag did not alter GEF rate of the

TRAPP complex in the presence of membrane (Appendix R).
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Figure 3.2 In vitro GEF assays reveal that TRAPPII is a potent GEF for Rab1l, Rabll and Rab43.

(A) Schematic of GEF activation assays using fluorescent analog Mant-GDP in the presence and absence
of NiNTA-containing lipid vesicles. (B) In vitro GEF assay of TRAPPII on RablA, Rab11A and Rab43.
Nucleotide exchange was monitored by measuring the fluorescent signal during the TRAPPII (19 nM-
300 nM) catalyzed release of Mant-GDP from 4 yM of Rab-His6 in the presence of 100 uM GTPyS. Each
concentration was conducted in duplicate. (C) Bar graph representing the difference in GEF activity in the
presence and absence of 400 nm extruded liposomes at 0.2 mg/ml (67.5% PC, 20% PS, 10% PI(4)P, 2.5%
DGS NTA). Nucleotide exchange was monitored by measuring the fluorescent signal during the TRAPPII
(150 nM)-catalyzed release of Mant-GDP from 4 uM of Rab-His6 in the presence of 100 yM GTPyS. (D) In
vitro GEF assays of TRAPPII against a panel of evolutionarily related Rab GTPases loaded with Mant-GDP
at a final concentration of 150 nM TRAPPII and 4 uM Rab GTPase.
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3.4.3 Hydrogen deuterium exchange mass spectrometry (HDX-MS) of TRAPPII and

different Rab GTPases reveal the binding interface of TRAPPII and Rab11

The structure of the yeast TRAPPI core bound to Rabl has been solved by x-ray
crystallography and it has shown that TRAPPC4 makes up the primary binding interface(112).
Since then, it has been proposed that the longin domain of TRAPPC10 could be the GEF for
Rabl1, to explain the differences in specificity of TRAPPII and TRAPPIII(137). To understand the
molecular basis of how TRAPPII mediates Rabl, Rabll, and Rab43 nucleotide exchange, we
used hydrogen deuterium exchange mass spectrometry (HDX-MS). We found that all three of
these GTPases bound primarily to the TRAPPC4 component, as we saw decreases in exchange
in B1, the loop between 34 and B5, and the loop between a2 and a3. It was previously known that
TRAPPC4 made up the major binding interface of Rabl; however, this data clarifies which
portions of TRAPPC4 are responsible for binding Rabl. It was previously unknown if Rabl1l
bound to the same site as Rabl, and here we show that they in fact do interact at a conserved
binding interface. Interestingly, we found that Rab43 formed the tightest interaction, while also

stabilizing regions of TRAPPC2L and TRAPPCS5 (Fig 3.3).

The TRAPPC4 subunit has an additional PDZ-like (PDZL) domain which evolved in
metazoans. PDZ domains typically act as signaling motifs that recognize short amino acid
sequences, and are involved in the regulation of many biological processes(145). It could be
thought that the addition of a new domain in the protein responsible for Rab binding could alter
the Rab-TRAPPII binding interface, however our HDX data shows no evidence that the binding
site of TRAPPII is significantly altered compared to the yeast TRAPPIlI complex. The PDZL

domain of metazoans can be seen in Figure 3.4d.
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Figure 3.3 HDX-MS reveals the binding interface of Rab11, Rab1 and Rab43 with TRAPPII.

(A) Cartoon schematic depicting TRAPPII subunits. Colored subunits match the structure of TRAPPI-Yptl
(3CUE), and show the general orientation that the data is presented in. (B) The number of deuteron
difference for peptides analyzed over the entire deuterium exchange time course for Rabl, Rab11 or Rab43
in the presence of TRAPPII. Only subunits with significant differences are shown. Every point represents
the central residue of an individual peptide. (C) Significant differences observed when Rab11 or Rabl are
incubated with TRAPPII are mapped on the structure of TRAPPI-Yptl (3CUE). Changes are mapped
according to the legend. (D) Significant differences observed when Rab43 is incubated with TRAPPII are
mapped on the structure of TRAPPI-Yptl (3CUE). Appendix S shows the difference maps of all the
subunits, and Appendix T-W shows all peptides analyzed in the experiment, while Appendix X shows the
alignment of human TRAPPC3 and TRAPPCS5 with their yeast counterparts used to map on the structure.
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We did not see any difference in exchange in TRAPPC10, which has the putative longin

domain that was thought to act as a GEF for Rab11. It is intriguing that all of the Rabs bind at the
same site, although this leaves ambiguity as to why the TRAPPII complex, but not the TRAPPIII
complex, can act as a GEF for Rabll. Thomas et al. have recently proposed that the
hypervariable tail(HVT) is responsible for Rab specificity through a steric gating mechanism in
yeast (136). It is possible that specificity is also determined through the lengths of these HVTs in
humans; however, we do measure activity of both Rab11 and Rabl on a membrane surface (Fig

3.2).

HDX measurements on Rabll in the presence and absence of TRAPPII showed an
increase in exchange in the nucleotide binding pocket, and a decrease in exchange in switch |
(data not shown). This type of exchange is expected for the loss of nucleotide, and mimics the
exchange profile seen with the GEF SH3BP5(143). Overall our HDX-MS results reveal that the
binding interface of Rab GTPases is conserved, and that specificity must be achieved by some
other mechanism. The longin domain of TRAPPC10 shows no difference in exchange, and
although this cannot completely rule out the site acting as a GEF, it does seem unlikely to interact
with Rabl, Rabl1l or Rab43. It is possible that TRAPPII is brought to different cellular locations
where Rab1l, Rab11 or Rab43 are already localized in order to ensure that each of these GTPases

are only activated in certain cellular compartments.

3.4.4 Function of clinical mutations of TRAPPII and Rab11

Over the last few decades, mutations of TRAPP complex genes have been identified in
patients with varying diseases and disorders. These mutations have since been classified as
“trappopathies”, and include single point mutations, deletions, and insertions, found in several
different components including TrappC2, TrappC2L, TrappC6a and TrappC9. Many of these
trappopathies have no biochemical data, so we sought to determine if these mutations affect the

GEF activity of TRAPPII against Rab11 in vitro. The subset of mutations investigated are depicted
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in Figure 3.4a. TRAPPII clinical mutants were expressed in Sf9 cells, and the resulting complexes

were subsequently purified, and point mutations were validated using tandem MS. We found that
6 of the 7 mutations still allowed for purification of all 9 TRAPPII subunits, while the mutation of
TRAPPC2 D47Y resulted in poor purification. From the structure of TRAPPC2-TRAPPCS5-
TRAPPCS3, it could be proposed that this mutation leads to a steric clash with residues of
TRAPPC10 (Fig 3.4c). Because the TRAPPC10 subunit has the 6x his-tag, and is used for
purification of the entire complex, reduction in this binding could result in poor purification. It has
been shown that the TRAPPII specific subunits TRAPPC10 and TRAPPC9 are critical for Rab11

GEF activity, so this mutation would very likely alter GEF activation of Rabl11 in living cells.

GEF assays were carried out on all of the TRAPPII mutants that could be purified. We found
that the majority of these mutants did not alter the GEF rate of TRAPPII against Rab11, however,
we saw an ~50% decrease in GEF activation by TRAPPC2 H80R, as shown in Figure 3.4b. This
mutation is at the interface of TRAPPC2 and TRAPPCS5 and could very feasibly alter the overall
dynamics of the complex (Fig3.4c). This mutation was first identified by Lin et al. in 2008 as a
novel missense mutation in a four-generation Chinese spondyloepiphyseal dysplasia tarda
(SEDT) pedigree(146), and the decrease in GEF rate we show may account for some of the
clinical phenotypes seen in affected patients. Clinical mutations in the TRAPPC9 subunit also
resulted in small but significant decreases in GEF exchange rate, however without structural

information on the complex it is unclear how they may alter the rate of exchange.
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Figure 3.4. TRAPPII clinical mutants alter GEF exchange on Rab11.

(A) Cartoon schematic depicting the TRAPPII complex with clinical mutations noted as stars. Subunits that
are colored have structural data accessible in the PDB. (B) Bar graph depicting the difference in GEF
exchange of TRAPPII mutants normalized to wild type. (C) Point mutations are mapped on the structure of
the Danio rerio and Mus musculus TRAPPC2-TRAPPC5-TRAPPC3 (2J3W) (132). (D) Point mutations are
mapped on the structure of the Mus musculus/ Homo sapiens TRAPPC4-TRAPPC1-TRAPPC3-TRAPPC6
complex (2J3T)(132).

Individual point mutations in Rab11A (K13N, K24R, R82C, S154L) and Rabl11B (V22M,
A68T) are found in developmental disorders that lead to intellectual disability(71, 72). As we
recently showed with the GEF SH3BP5, the A68T mutant only showed a modest effect in
decreasing TRAPPII mediated GEF activity(143). The K13N and R82C were located directly at
the Rab11-SH3BPS5 interface, and with the lack of a structure of TRAPPII-Rab11 we did not know
if they would also be at the binding interface. We show that these mutations inhibit TRAPPII
mediated GEF activity to a similar level as SH3BP5, with K13N completely abolishing GEF

activation, as shown in Figure 3.5.
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Figure 3.5. Rab11 clinical mutants alter GEF dynamics.

(A) In vitro GEF assay of TRAPPII on Rab11A WT, K13N, A68T or R82C. Nucleotide exchange was

monitored by measuring the fluorescent signal during the TRAPPII (150 nM) catalyzed release of

Mant-GDP from 4 yM of Rab11a-His6 in the presence of 100 uM GTPyS.(B) Point mutations found in

developmental disorders mapped on the structure of Rab11 bound to GDP (101V).
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3.5 Discussion

The TRAPP complex has become one of the best characterized multi subunit tethering
complexes, yet its role as a GEF has been a controversial topic for many years. It is becoming
more accepted that TRAPPII does have GEF activity against both Rabl and Rabll, at least in
vitro. The complex has generally been studied in yeast, and these studies have paved the way to
understanding how the complex forms and interacts with Rabl. Despite this, it is still unclear
where or how Rab11, a critical GTPase involved in mediating numerous membrane trafficking
processes, interacts with TRAPPIl. Furthermore, there have not yet been any detailed

investigations on the Rab GTPase specificity of the TRAPPII complex.

Here we show that human TRAPPII is catalytically active against both Rabl and Rabl1,
and we discover novel GEF activity against the small GTPase Rab43. Rab43 is a relatively poorly

characterized GTPase that is involved in Golgi maintenance and ER-Golgi transport(140-142). It
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is intriguing that TRAPPII is capable of regulating this trans Golgi localized Rab, and it opens

many questions into what could drive the specificity of the complex during membrane trafficking
processes. Generally, it is thought that Rab1l regulates the cis-golgi, while Rab43 regulates the
trans-golgi(142). It could be possible that other membrane localized proteins are capable of
recruiting the TRAPPII complex to each of these Rabs, although more research is required to
answer these questions. Intriguingly, Rab43 has also recently been discovered to interact with
Rablla S25N in a screen capable of identifying effectors and regulators of small GTPases named
MitolD, along with TRAPPII genes TRAPPC9 and TRAPPC10(147). Rabs have often been found
to interact with GEFs of other Rabs as a form of recruitment and activation, often referred to as a
Rab cascade. It could be possible that Rab43 is capable of recruiting the TRAPPII complex to

Rabl1, however it is unclear what the significance of this finding is at this time.

The TRAPPII complex has been studied for years, yet no comprehensive studies on its GEF
specificity have yet to be conducted. We show that TRAPPII does have some selectivity, as it
has no GEF activity against 13 closely evolutionarily related small GTPases, including Rab25,
commonly known as Rabllc. Rab25 and Rablla are highly evolutionarily conserved, yet
intriguingly we detected no GEF activity against this GTPase. This indicates a unique form of
specificity detection, as we recently showed that the GEF SH3BP5 does not discriminate between
Rablla and Rab25(143). Furthermore, a recent study published in EMBO J suggested that
mammalian TRAPPII has GEF activity on Rab18(144), although with our recombinant purified
complex we were unable to detect this Rab18 activity. Rab18 is evolutionarily conserved back to
the LECA, and other groups have tried to detect this GEF activity in drosophila(60) and have also
not been able to observe activity on this small GTPase. It is possible that there are other binding
partners that have yet to be described which are required for the activation observed in the in vivo

studies conducted by C.Li et al(144). The overall mechanism of specificity is still unclear; however,
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these results should help advance our knowledge of how the TRAPPII complex can achieve

specificity.

In agreement with data generated from TRAPPII in drosophila, we also showed that Rabl
and Rab11 GEF rates are enhanced by membranes, with an approximately 4-fold enhancement
in the presence of lipid vesicles(60). It is quite puzzling that metazoan TRAPP complexes are only
slightly enhanced by membranes, while yeast TRAPPII is essentially dependent on membrane
for activation of Rab11(61). From structural information on the yeast TRAPPII complex, it does
seem that the complex is capable of forming a dimer (133). Therefore, it could be possible that
the active site for Rab binding is occluded in dimer form, and membrane is required to pull the
complex apart. In preliminary negative stain experiments with the mammalian TRAPPII complex,
we see no evidence of dimer formation (data not shown), and our size exclusion experiments are
indicative of a monomeric state. Therefore, it is possible that this explains the difference in
membrane requirement for activation in metazoans and humans, however more work is required

to make any definitive claims on the subject.

It has been suggested that TRAPPII specific subunits contain GEF domains to explain the
specificity of the TRAPPII complex for Rab11(137). To understand the molecular basis of how
TRAPPII mediates Rab1, Rab11l and Rab43 nucleotide exchange, we used hydrogen deuterium
exchange mass spectrometry (HDX-MS), and found that all three of these GTPases bind primarily
to the catalytic TRAPPC4 subunit. Interestingly, we found that Rab43 formed the tightest
interaction, and also stabilized regions of TRAPPC2L and TRAPPCS5. All of our GTPases were
treated with EDTA for half an hour prior to incubation with TRAPPII to prevent HDX observable
nucleotide loss dynamics, however it is important to note that Rab43 had the highest rate of
intrinsic nucleotide exchange. It is known that GEFs generally interact with nucleotide free forms

of Rab GTPases with the highest affinity, so it is possible that TRAPPII does bind Rab43 with the
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highest affinity, but our findings may be clouded by this fact. Therefore, more detailed studies on

the affinities of TRAPPII for these small GTPases should be conducted.

Misregulation of Rab11 isoforms is a key driver in neurodegeneration and developmental
diseases, and several mutations of trapp genes (known as TRAPPopathies) have also been
linked to neurodevelopmental disorders. Here we show that mutations in Rabl11 alter the ability
of TRAPPII to catalyze nucleotide exchange in the same manner as with the GEF SH3BP5(143).
Moreover, our results reveal that certain trapp gene mutations can reduce the GEF efficiency of
TRAPPII for Rab11 and can lead to altered complex formation. It is possible that misregulation of
TRAPPII is also linked to diseases such as Huntington’s and Alzheimer’s, however this link must
be interrogated further. Overall these results will help medical researchers understand how clinical
mutations lead to disease, and eventually could help patients living with diseases related to these

de novo mutations.
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Chapter 4: Conclusions and Future Directions

4.1 Conclusions

Rabll is a critical GTPase involved in membrane trafficking in the endocytic pathway. Its
misregulation is involved in a variety of human diseases including Huntington’s disease and
Alzheimer’s disease, and mutations in Rab11 have been identified in patients with developmental
disorders. Rab11 is conserved back to the LECA, and is arguably one of the best studied Rab
GTPases, yet hindering the capability to fully understand Rab11 regulation and its role in disease
is the lack of detail describing how Rab11 proteins are activated by their cognate GEFs. In recent
years, two separate proteins have been identified as putative GEFs for Rab11l: SH3BP5 and
TRAPPII. This thesis was therefore focused on investigating both of these proteins to determine
their molecular mechanisms of GEF activity and their mechanisms of specificity in order to better

understand the regulation of the critical GTPase Rab11.

The first objective of this thesis was to understand the molecular architecture of SH3BP5 in
order to decipher the mechanism of Rabll GEF activation. In late 2015, Sakaguchi et al.
described SH3BP5 as having GEF activity against Rabl11 in C.elegans(6), and they showed that
the loss of SH3BP5 impairs Rab11 targeting to the late Golgi, and delayed cytokinesis. This paper
therefore revealed a novel GEF for Rab11, however it contained no conserved GEF domains, so
it was unclear how it functions. To determine the molecular mechanism of GEF activity and the
specificity of activation, we solved the 3.1 A structure of SH3BP5 bound to Rab11. We found that
it forms an extended coiled coil GEF domain, with comparable catalytic efficiency to previously
determined Rab GEFs. The structure of SH3BP5 bound to Rabll, along with detailed
mutagenesis, revealed the mechanism for how SH3BP5 binding leads to nucleotide exchange
and Rab11 specificity. In brief, upon SH3BP5 binding, switch | undergoes a large conformational
rearrangement, with F36 and 144 forming hydrophobic contacts with SH3BP5, leading to exposure

of the nucleotide-binding pocket. F36 and 144 are in a highly constrained orientation and require
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the interspersing residues to allow for formation of this interface, giving rise to the mechanism of

specificity of SH3BP5. Since our work on SH3BP5 was published, Sakurako Goto-Ito et al.
released a manuscript containing structures of both apo SH3BP5 and SH3BP5 bound to Rabl11
that are nearly identical to our structure(148). Their work also validated our findings that SH3BP5
localizes to Rabll-positive recycling endosomes, and further clarified that SH3BP5L also
localizes to these vesicles. These studies also showed that SH3BP5 does not localize to
mitochondria, as previous studies have suggested(86). This may indicate that SH3BP5 is not a
mitochondrial localized JNK scaffold, or that localization to the mitochondria only occurs under

certain cellular stresses.

The second objective of this thesis was to characterize the GEF activity of the large TRAPPII
complex. There has been controversy in the field whether TRAPPII is truly a GEF for Rabl11. We
found that recombinantly purified TRAPPII was a strong GEF for both Rabl and Rabl11, and we
discovered novel activity against Rab43. Using HDX-MS, we revealed that all three of these
GTPases bind to the same location on the TRAPPII complex, with Rab43 binding with the highest
affinity. This provides strong evidence that the longin domain of TRAPPC10 is not responsible for

the GEF activation of Rab11 as previously suggested(137).

Rabll mutations have been identified in patients with developmental disorders and
encephalopathies, and it is unclear how several of these mutations result in disease. Using HDX-
MS and nucleotide exchange assays, we found that the V22M, S154L, and K24R mutations all
destabilized Rabl1, either through a complete (V22M, S154L) or partial (K24R) disruption of
nucleotide binding. K13N almost completely prevented SH3BP5 and TRAPPII mediated
nucleotide exchange, with R82C and A68T both leading to slightly decreased rates. This reveals
that clinically relevant Rab11l mutations can disrupt GEF mediated exchange. Furthermore, we
also found that TRAPPII mutations can alter the GEF rate of TRAPPII for Rab11, giving insight

into their mechanisms of disease.
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4.2 Future directions
Overall, this research advances our understanding of the regulation of Rabll. We now
know that humans have three GEFs regulating its activation: SH3BP5, SH3BP5L and TRAPPII.
Recent studies have shown that the knockout of Parcas (SH3BP5 in drosophila) along with
mutation of TRAPPC9 is synthetically lethal in fruit flies(60). These GEFs have therefore been
shown to act redundantly, and it is still unclear why metazoans have these redundant pathways.
It will be interesting to see if these GEFs are capable of working in cell-specific or tissue-specific
processes, and it is possible that these questions can begin to be answered with further detailed

studies using the Rab11 FRET sensor used in this thesis(100).

Another key unanswered question is how SH3BP5 and TRAPPII are localized to specific
intracellular membranes. Membranes contain a variety of different lipids and proteins that define
their localization and function, and recently it was proposed that active Arfl and anionic lipids
can recruit TRAPPII to membranes in yeast (61), however no work has yet been done to validate
this in metazoans. It is possible that localization is dependent on Rab-GDls as previously
suggested(19), or other membrane localized scaffolds that have yet to be described. Recently,
experiments were conducted to identify Rab GTPase interactors by mitochondrial relocalization
(147), therefore it is possible that the putative scaffold protein for Rab11 or its cognate GEFs has
already been discovered, and more work could reveal the exact protein or proteins responsible.
It is also still unclear how membrane enhances GEF activity of TRAPPII in humans. In yeast, a
nice model of steric gating for TRAPPII has been described, whereby the length of the HVT
dictates substrate specificity(136). However, membrane seems to play less of a role in activation
for human TRAPPII than its yeast counterpart, with only a 4-fold enhancement of GEF activity in
the presence of membrane, compared to a greater than 10-fold enhancement in yeast(61).
Therefore, it is unclear if a mechanism like this is in place for metazoans, and further experiments

are required to expand our knowledge on how membranes alter GEF activity.
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Finally, the architecture of the human TRAPP complexes has yet to be determined.

Although the cryo-EM structure of yeast TRAPPII has been solved, the resolution of the
TRAPPC9 and TRAPPC10 subunits is relatively poor. Furthermore, the TRAPPC9 and
TRAPPC10 subunits both have no homology to structurally characterized domains, and thus
structure prediction and modelling software (such as PHYREZ2) are unable to predict how these
proteins are arranged. X-Ray Crystallography could help elucidate the structures of these
TRAPPII specific proteins, to gain more insight into their functions. Cryo-EM technologies are
advancing rapidly, and it is possible that the use of cryo-EM on the metazoan TRAPPII could
result in a higher resolution structure that could give greater insight into how TRAPPC9 and
TRAPPC10 subunits allow for Rab11 GEF activation. Finally, chemical crosslinking followed by

mass spectrometry of TRAPPII could help reveal details on how the complex is arranged.
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Appendix B. List of all purified SH3BP5 and Rab11 constructs. Domain representation

of all constructs used in this paper is listed above. Clinically relevant mutations are highlighted

with a yellow star.
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Appendix C. GEF assays of Rabll in the presence of membrane. (A) Lipid

g

compositions in the different membrane vesicles used in this experiment, different vesicles are
abbreviated as V1, V2, etc. (B) In vitro GEF activity exhibited towards Rab11A in the presence
and absence of membrane. Composition of vesicles does not affect GEF activity in vitro.
Nucleotide exchange was monitored by measuring the fluorescent signal during the SH3BP5(1-
455) (52nM) catalyzed release of Mant-GDP from 4uM of Rab11A-His6 in the presence of 100uM
GTPyS. Membrane was present at a final concentration of 0.2mg/ml (V1, V2, V3, V4, V5) or
0.4mg/ml (V6, V7, V8, V9, V10). Fluorescent measurements were completed every 11 sec for a
total of 60 min (Excitation A = 366nm; Emission A = 443nm). GEF activity was monitored in the
presence of varying membrane. compositions, with total GEF activity normalised to the Rab11
GEF activity in the presence of V1-41 vesicles. (C) Quantification of GEF activity in the presence
and absence of different Ni-NTA membranes. All experiments were normalized to the exchange
rate of V1. (D) In vitro GEF activity exhibited towards Rab11A mutants Rab11A(Q70L) and
Rabl11A(S25N). A measurable rate of GEF activity on Rab11A(S25N) was not obtained as the
basal state released nucleotide at the same rate as SH3BP5 bound. (E) Quantification of GEF
activity on Rab11A WT and Rab11A Q70L. For all panels, error bars show SD (n=3).
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Appendix D. HDX-MS to map the ordered regions of SH3BP5, and GEF activity of
SH3BP5 (1-265 vs full length). (A) Hydrogen deuterium exchange levels for full length SH3BP5
(1-455) after 3 seconds of deuterium exposure at 1°C. Every point represents the central residue
of an individual peptide vs the % deuterium incorporation. (B) HDX data from panel A mapped on
the structure of SH3BP5. (C) GEF assays of SH3BP5 (1-455), SH3BP5 (31-455), and SH3BP5
(1-265) showed that the crystal construct and the construct used in HDX-MS experiments has the
same activity as the full-length construct. (D) Quantification of the GEF data in panel C. For all
panels, error bars show SD (n=3). (E) Size Exclusion Chromatography (SEC) trace of the
SH3BP5:Rab11A complex. Apo proteins, and proteins mixed at a 1:1 molar ratio were subject to
SEC on a Superdex 200 increase 10/300 column. Rab11 and SH3BP5 co-eluted in a new peak,
indicating complex formation. (F) An SDS-PAGE gel of each SEC peak is shown (15% gel run at

200V for 45 min and stained with Coomassie Brilliant Blue dye).
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Appendix E. Crystallographic unit cell of SH3BP5 bound to Rab11. (A) The asymmetric
unit of SH3BP5-Rab11 is composed of four complexes each of both SH3BP5 and Rabll. The
different copies are colored according to the legend. (B) Overlay of the four SH3BP5 copies in
the asymmetric unit reveal highly conserved similarity at the Rab11 binding interface, with a large
degree of conformational variability at the hinge between helix a2 and helix a3. (C) Overlay of the
four Rab11 copies in the asymmetric unit reveal a highly conserved Rab conformation throughout
the asymmetric unit. (D) Surface potential map of SH3BP5 generated using APBS(83). (E) Stereo
image of the feature enhanced map of switch | and switch Il generated in Phenix(91) contoured
at 1.00 (blue mesh). Switch | and Il residues are shown as sticks
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Appendix F. HDX-MS Validates the Binding Interface of Rab1l and SH3BP5, and
reveals conformational changes in the nucleotide binding pocket (A) Peptides with
significant changes in deuterium incorporation (both >0.5 Da and >5% at any time point) in the
presence of SH3BP5 are mapped on the structure of Rab11 bound to SH3BP5. Differences are
mapped according to the legend. (B) The number of deuteron difference for all peptides analyzed
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over the entire deuterium exchange time course for Rab11A(Q70L) in the presence of SH3BP5
(31-455). Every point represents the central residue of an individual peptide. (C) Selected Rab11A
peptides that showed decreases and increases in exchange are shown. The full list of all peptides
and their deuterium incorporation is shown in Appendix J-N. (D) Peptides with significant changes
in deuterium incorporation (both >0.5 Da and >5% at any time point) in the presence of WT Rab11
are mapped on the structure of SH3BP5 bound to Rabl1, according to the legend. (E) The
number of deuteron difference for all peptides analyzed over the entire deuterium exchange time
course for SH3BP5 (31-455) in the presence of RabllA (1-211 with a C-terminal His-tag).
Experiments were conducted with and without membrane at a final concentration of 0.2mg/ml. (F)
Selected SH3BP5 (31-455) peptides displaying decreases in exchange are shown. For all panels,
error bars show SD (n=3).

GDP bound Rab11 Nucleotide free SH3BP5 bound Rab11

Appendix G. Comparison of GDP bound Rabll to nucleotide-free SH3BP5 bound
Rab11. Switch I is indicated in yellow, with switch Il indicated in orange. Switch | residues that
are important in SH3BP5 mediated nucleotide exchange are shown as sticks and labeled on the
structure. F36 and L38 interact directly with bound nucleotide, and upon SH3BP5 binding these
residues interaction with nucleotide is disrupted, allowing for release of bound nucleotide.
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Appendix H. Disease linked mutants of Rablla and Rab11b mapped on the structures of
Rab11 bound to nucleotides, effectors, and GEFs. (A+B) Structure of Rab11 bound to GDP
and GTPyS with clinical mutation sites shown in sticks and labeled on the figure. (C) Structure of
Rab11 bound to GTPyS and the Rab11 effector FIP3(105). (D) Structure of Rabll bound to
SH3BP5, with two views highlighting interaction of Rab11 mutated residues with contact residues
in SH3BP5. (E) HDX-MS experiments comparing WT Rab11 versus V22M, S154L, and K24R.
Peptides with significant changes in deuterium incorporation (both >0.5 Da and >5% at any time
point) in the mutant are colored on the structure according to the legend. Full HDX experimental
data is found in Appendix J-N (F) The number of deuteron difference for all peptides analyzed
over the entire deuterium exchange time course for mutant Rab11 vs WT Rab11. (G) The number
of deuteron difference for all peptides analyzed over the entire deuterium exchange time course
for GEF deficient mutations of SH3BP5 (LNQ52AAA and LE250AK) vs WT Rab11. For all panels,
error bars show SD (n=3).
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Appendix |. AS-Rab11 FRET experiments using dominant active and negative variants of
Rabll and emission spectrum from cellular experiments of Rabll activation. (A)
Quantification of FRET efficiency of AS-Rab-11wt, constitutively active form (Q70L) or dominant
negative (S25N). (B) Quantification of co-localization of SH3BP5 and total AS-Rabll. (C).
Quantification of FRET efficiency of AS-Rab-11wt upon overexpression of WT SH3BP5, or expression
of LNQ52AAA, LE250AK. For all panels, error bars represent SEM (n=6). Significance determined by
one-way ANOVA (*=p<0.05, **=p<0.01, ***=p<0.005). (D) The emission spectrum from excitation at
433 nm for WT AS-Rabl1 is shown under either expression of WT-SH3BP5, and GEF deficient
SH3BP5 mutant
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Appendix J. Peptides used for the Identification of the Intrinsically Disordered Regions in

SH3BPS5.

Apo
S E _RT Z Sequence 3sat SD
3 24 7.1 4 AALKRSRSEEPAEILPPARDEE 619 2.1
3 25 7.1 4 AALKRSRSEEPAEILPPARDEEE 60.1 2.1
3 26 7.2 5 AALKRSRSEEPAEILPPARDEEEE 586 2.3
4 24 7 4 ALKRSRSEEPAEILPPARDEE 605 27| €
6 25 6.9 4 KRSRSEEPAEILPPARDEEE 515 21 §
25 30 4 1 EEEEEG 482 17| 3 5
27 35 8.6 1 EEEGMEQGL [65.6 3.0 ; g
31 37 6.8 1 MEQGLEE 563 30| 2 8
38 42 4.4 1 EEEVD 03 § 5
39 49 9.1 2 EEVOPRIQGEL 09| & £
40 49 8.8 2 EVDPRIQGEL 0.7
50 66 7.3 4 EKLNQSTDDINRRETEL 0.4
50 77 10 5 EKLNQSTDDINRRETELEDARQKFRSVL 0.1
67 77 8.5 3 EDARQKFRSVL 0.0
69 77 7 3 ARQKFRSVL 0.2
78 86 7.2 1 VEATVKLDE 0.4
78 113 12 5 VEATVKLDELVKKIGKAVEDSKPYWEARRVARQAQL 0.2
87 96 4.8 2 LVKKIGKAVE 06
87 113 8.6 4 LVKKIGKAVEDSKPYWEARRVARQAQL 04
88 96 4.3 2 VKKIGKAVE 05
88 113 8 5 VKKIGKAVEDSKPYWEARRVARQAQL 03
114 127 6.3 2 EAQKATQDFQRATE 0.1
114 129 9.5 3 EAQKATQDFORATEVL 0.1
128 134 4.3 2 VLRAAKE 04
128 138 8.6 2 VLRAAKETISL 0.1
139 154 7.8 3 AEQRLLEDDKRQFDSA 38.2 2.0
144 154 6.2 2 LEDDKRQFDSA 61.7 2.1
147 154 5.1 2 DKRQFDSA 2.0
148 154 4.8 2 KRQFDSA 2.2
155 164 8.6 1 WQEMLNHATQ 08
155 168 9.4 3 WQEMLNHATQRVME 0.2
159 168 5.3 2 LNHATQRVME 0.7
169 178 5 2 AEQTKTRSEL 03
169 187 5.3 4 AEQTKTRSELVHKETAARY 03
169 191 6.2 3 AEQTKTRSELVHKETAARYNAAM 03
179 187 4.5 3 VHKETAARY 05
179 191 5.5 2 VHKETAARYNAAM 03
195 212 6.6 4 ROLEKKLKRAINKSKPYF 1.0
195 214 8.2 5 ROLEKKLKRAINKSKPYFEL 0.7
213 218 5.2 2 ELKAKY 0.2
223 232 7.4 2 EQLKKTVDDL 01
223 233 6.7 2 EQLKKTVDDLQ 1.0
223 234 7.2 3 EQLKKTVDDLOA 0.1
223 252 12 5 EQLKKTVDDLOAKLTLAKGEYKMALKNLEM 0.2
237 252 9.9 4 TLAKGEYKMALKNLEM 0.2
239 252 9.5 3 AKGEYKMALKNLEM 03
244 252 9 2 KMALKNLEM 0.2
256 280 5.3 5 EIHERRRSSAMGPRGCGVGAEGSST 23
256 282 6 5 EIHERRRSSAMGPRGCGVGAEGSSTSV 2.6
256 297 8.2 5 EIHERRRSSAMGPRGCGVGAEGSSTSVEDLPGSKPE 2.1
257 282 5.9 5 IHERRRSSAMGPRGCGVGAEGSSTSV 2.9
281 297 9.3 2 SVEDLPGSKPEPDAISV 1.9
283 294 6.1 2 EDLPGSKPEPDA 2.0
283 296 7.2 2 EDLPGSKPEPDAIS 2.0
283 297 8.9 2 EDLPGSKPEPDAISV 2.0
283 301 8.9 2 EDLPGSKPEPDAISVASEA 1.9
295 301 6.6 1 ISVASEA 1.5
302 309 5.7 1 FEDDSCSN 3.3
302 310 9.7 1 FEDDSCSNF 2.1
303 310 8.2 1 EDDSCSNF 2.3
311 316 3.9 1 VSEDDS 2.2
311 317 4.3 1 VSEDDSE 06
311 318 4.3 1 VSEDDSET 1.4
311 324 8.9 1 VSEDDSETQSVSSF 2.3
324 355 13 3 FSSGPTSPSEMPDQFPAVVRPGSLDLPSPVSL 1.4
325 334 6.8 1 SSGPTSPSEM 1.5
325 338 10 2 SSGPTSPSEMPDQF 1.5
325 347 11 2 SSGPTSPSEMPDQFPAVVRPGSL 1.5
325 353 12 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPV 1.4
325 354 12 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVS 1.6
325 355 13 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVSL 1.5
325 357 12 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVSLSE 1.6
335 355 12 2 PDQFPAVVRPGSLDLPSPVSL 1.5
339 347 7.7 2 PAVVRPGSL 1.4
339 354 9.9 2 PAVVRPGSLDLPSPVS 1.5
339 355 12 2 PAVVRPGSLDLPSPVSL 1.3
356 361 11 1 SEFGMM 1.6
358 362 14 1 FGMMF 15
362 380 9.4 2 FPVLGPRSECSGASSPECE 1.8
363 379 7.6 2 PVLGPRSECSGASSPEC 1.8
363 380 7.5 2 PVLGPRSECSGASSPECE 1.7
381 391 3.8 2 VERGDRAEGAE 1.7
381 435 8.3 5 VERGDR KTSDK, 555! 2.8
439 448 5.7 2 SKGRDGIIAD 1.7

60.0
50.0
40.0
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Appendix K. Peptides used for the Mapping of the SH3BP5-Rab11 binding interface

Rab11 peptides Apo Complex
S E Z RT Sequence 3sat SD 3s SD 30s SD 300s SD 3sat SD 3s
12 161 10.6 FKWL
12 273 10.5 FKVVLIGDSGVGKSNL
28 36 2 8.5 LSRFTRNEF
28 382 10.3 LSRFTRNEFNL
32 362 6.6 TRNEF
32 382 9.9 TRNEFNL
37 47 2 7.4 NLESKSTIGVE
37 481 10.7 NLESKSTIGVEF
39 481 10.1 ESKSTIGVEF
48 64 4 9.2 FATRSIQVDGKTIKAQI
48 70 4 11.3 FATRSIQVDGKTIKAQIWDTAGL
49 69 3 9.7 ATRSIQVDGKTIKAQIWDTAG
49 70 3 10.8 ATRSIQVDGKTIKAQIWDTAGL
49 795 10.6 ATRSIQVDGKTIKAQIWDTAGLERYRAITSA
49 80 5 11.1 ATRSIQVDGKTIKAQIWDTAGLERYRAITSAY
70 79 2 6.9 LERYRAITSA
71 80 3 7.6 ERYRAITSAY
80 88 2 8.7 YYRGAVGAL
80 89 2 11.0 YYRGAVGALL
81 882 8.0 YRGAVGAL
89 100 2 10.3 LVYDIAKHLTYE
89 102 2 10.7 LVYDIAKHLTYENV
89 108 4 12.6 LVYDIAKHLTYENVERWLKE
89 111 5 13.4 LVYDIAKHLTYENVERWLKELRD
89 116 4 12.8 LVYDIAKHLTYENVERWLKELRDHADSN
90 100 3 9.4 VYDIAKHLTYE
90 116 5 12.5 VYDIAKHLTYENVERWLKELRDHADSN
90 117 4 12.7 VYDIAKHLTYENVERWLKELRDHADSNI
91 119 4 13.5 YDIAKHLTYENVERWLKELRDHADSNIVI
101 105 2 8.4 NVERW
101 108 2 8.9 NVERWLKE
101 111 4 10.7 NVERWLKELRD
101 116 4 11.0 NVERWLKELRDHADSN
101 117 4 11.8 NVERWLKELRDHADSNI
103 116 4 8.5 ERWLKELRDHADSN
106 116 2 4.3 LKELRDHADSN
107 117 3 4.4 KELRDHADSNI
109 116 2 3.4 LRDHADSN
117 138 4 9.8 IVIMLVGNKSDLRHLRAVPTDE
118 150 5 10.9 VIMLVGNKSDLRHLRAVPTDEARAFAEKNGLSF
120 138 4 7.9 MLVGNKSDLRHLRAVPTDE
121 138 3 7.0 LVGNKSDLRHLRAVPTDE
121 141 5 6.7 LVGNKSDLRHLRAVPTDEARA
121 150 5 10.2 LVGNKSDLRHLRAVPTDEARAFAEKNGLSF
122 141 4 6.2 VGNKSDLRHLRAVPTDEARA
129 138 3 4.8 RHLRAVPTDE
139 150 3 9.4 ARAFAEKNGLSF
140 150 2 9.5 RAFAEKNGLSF
142 150 1 10.0 FAEKNGLSF
151 156 1 7.9 IETSAL
157 162 1 4.2 DSTNVE
157 164 1 5.0 DSTNVEAA
170 183 3 8.6 TEIYRIVSQKQMSD
170 193 4 7.8 TEIYRIVSQKQMSDRRENDMSPSN
172 193 4 6.9 IYRIVSQKQMSDRRENDMSPSN
172 216 5 8.5 IYRIVSQKQMSDRRENDMSPSNNVVPIHVPPTTENKPKVQCCONI
173 183 3 6.5 YRIVSQKQMSD
173 193 4 6.2 YRIVSQKQMSDRRENDMSPSN
173 212 5 7.6 YRIVSQKQMSDRRENDMSPSNNVVPIHVPPTTENKPKVQC
184 193 2 4.3 RRENDMSPSN i 2.
184 212 5 7.5 RRENDMSPSNNVVPIHVPPTTENKPKVQC X 0. | 0.2
184 216 5 8.3 RRENDMSPSNNVVPIHVPPTTENKPKVQCCONI 54.4 0.8 56.8 0.9 0.7
194 212 3 7.5 NVVPIHVPPTTENKPKVQC
4

2 0. 3 0.
682 1.2 0.4 0.4 03
58.0 1.1 05 0.5 03

8.2 NVVPIHVPPTTENKPKVQCCQNI
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Appendix L. Peptides used for Mapping the interfaces between SH3BP5-Rab11 Complex

and membrane

SH38PS peptides
RT_2Z

37 7.9 1 GMEQGLEE

38 8.2 1 GMEQGLEEE

49 95 2 EEEVOPRIQGEL

49 9.3 2 EEVOPRIQGEL

49 9.0 2 EVDPRIQGEL

49 7.9 2 PRIGGEL

65 5.7 3 EXLNGSTDDINRRETE

7.6 3 EXLNQSTDDINRRETEL

68 7.5 3 EXLNGSTDDINRRETELED

77 10.3 4 EKLNQSTDDINRRETELEDARQKFRSVL
3 EDARQKFASVL

2 EATVKLDELY

S LVKKIGKAVEDSKPYWEARRVARQAQL
5 VKKIGKAVEDSKPYWEARRVARQAQL

BUIILLBELELRBY
2

97 4 DSKPYWEARRVAROAGL
105 2 RRVARGAQL
14 3 EAGKATQDFORA

2 EAQGKATODFORATE

2 EAQKATQDFORATEVL

122 129 8.7 2 FORATEVL

128 134 4.0 2 VIRAKE

130 138 8.0 2 RAAKENSL

139 143 5.3 1 ARQRL

139 154 8.0 3 AEQRLLEDDKRQFDSA

144 154 6.4 2 LEDOKRQFDSA

147 154 5.3 2 DKRQFDSA

155 168 9.3 2 WOEMLNHATORVME

156 168 7.8 3 QEMLNHATORVME

156 178 9.1 4 QEMUNHATORVMEAEQTKTRSEL
169 178 5.0 2 AEQTKTRSEL

169 187 5.5 4 AEQUKTRSELVHKETAARY

169 191 6.4 4 AEQTKTRSELVHKETAARYNAAM
170 178 5.0 2 EQUXTRSEL

179 191 5.7 2 VHKETAARYNAAM

195 214 8.5 5 RQLEKKLKRAINKSKPYFEL

223 232 7.7 2 EQLKKTVDDL

233 252 10.2 3 QAKLTLAKGEYKMALKNLEM
239 252 9.7 3 AKGEYKMALKNLEM

253 280 6.2 4 ISOEIHERRRSSAMGPRGCGVGAEGSST
253 282 6.7 5 ISDEIHERRRSSAMGPRGCGVGAEGSSTSV

253 294 735
256 282 6.2 4 EHERRRSSAMGPRGCGVGAEGSSTSV

281 297 9.6 2 SVEDLPGSKPEPDAISY

283 297 9.2 2 EDLPGSKPEPDAISV

283 301 9.1 2 EDLPGSKPEPDAISVASEA

302 310 10.0 2 FEDOSCSNF

310 324 10.0 2 FVSEDDSETQSVSSF

311 324 9.2 2 VSEDDSETQSVSSF

324 338 10.8 2 FSSGPTSPSEMPDQF

325 357 124 3 SSGPTSPSEMPDOFPAVVRPGSLOLPSPVSLSE
339 354 10.2 2 PAVVRPGSLDLPSPVS

339 355 11.9 2 PAVRPGSLDLPSPVSL

356 361 115 1 SEFGMM

358 362 14.1 1 FGMMF

437 448 6.1 2 QCSKGROGIAD
439 448 6.0 2 SKGRDGNAD

s ¢ 2 sequence
30 3 1 GMEQGLEE
30 38 1 GMEQGLEEE
38 a9 2 EEEVDPRIQGEL
39 49 2 EEVDPRIQGEL
40 a9 2 EVDPRIQGEL
43 49 2 PRIQGEL
50 65 3 EXLNQSTDOINRRETE
50 66 3 EXLNQSTDDINRRETEL
50 68 3 EXLNQSTDDINRRETELED
50 77 4 EXLNQSTDDINRRETELEDARQKFRSVL
67 77 3 EDARQKFRSVL
79 88 2 EATVKLDELV
87 113 5 LVKKIGKAVEDSKPYWEARRVARQAQL
88 113 5 VKKIGKAVEDSKPYWEARRVARQAQL
97 113 4 DSKPYWEARRVARQAQL
105 113 2 RRVARQAQL
114 125 3 EAQKATQDFORA
114 127 2 EAQKATQDFORATE
114 129 2 EAQKATQDFORATEVL
122 129 2 FORATEVL
128 134 2 VIRAAKE
130 138 2 RAAKENISL
139 143 1 AfQRL
139 154 3 AEQRLLEDDKRQFDSA
144 154 2 LEDOKROFDSA
147 154 2 DKRQFDSA
155 168 2 WOEMUNHATORVME
156 168 3 QEMUNHATQRVME
156 178 4 QEMUNHATORVMEAEQTKTRSEL
169 178 2 AEQTKTRSEL
165 187 4 AEQUKTRSELVMKETAARY
169 191 4 AEQTKTRSELVHKETAARYNAAM
170 178 2 EQUXTRSEL
179 191 2 VHKET/
195 214 5 ROLEKKLKRAINKSKPYFEL
23 2 EQLKKTVDDL
233 292 3 QAKLTLAKGEYKMALKNLEM
239 252 3 AKGEYKMALKNLEM
253 280 4 ISDEIMERRRSSAMGPRGCGVGAEGSST
253 282 5 ISDEIHERRRSSAMGPRGCGVGAEGSSTSV
253 294 5
256 282 4 EIHERRRSSAMGPRGCGVGAEGSSTSV
281 297 2 SVEDLPGSKPEPOAISV
283 297 2 EDLPGSKPEPDAISV
283 301 2 EDLPGSKPEPDAISVASEA
302 310 2 FEDDSCSNF
310 324 2 FVSEDOSETQSVSSF
311 324 2 VSEDDSETQSVSSF
324 338 2 FSSGPTSPSEMPDQF
325 357 3 SSGPTSPSEMPDOFPAVVRPGSLOLPSPVSLSE
339 354 2 PAVWRPGSLDLPSPVS
339 355 2 PAVVRPGSLDLPSPVSL
356 361 1 SEFGMM
358 362 1 FGMMF
359 380 2 GMMFPVLGPRSECSGASSPECE
363 379 2 PVLGPRSECSGASSPEC
363 380 2 PVLGPRSECSGASSPECE
380 391 3 EVERGDRAEGAE
381 391 2 VERGORAEGAE
381 427 65
381 428 5
381 438 { ]

2 QCSKGROGIIAD
2 SKGROGIAD

512

496 10 477

506 06 483 522 0.7 515 0.4 51.7 0.2
521 09 516 06 51.7 02
548 07 53.7 0.7 542 06

05 580 1.7 05
11532 09 522 06 530 0.8
13

09 486 18

04 493 08 . 461 06 47.3 0.4 490 32
02 501 09 X 482 06 49.1 0.1 511 21
07 520 1.2 2 506 09 508 0.0 51.7 4.1

8 2.0 8 9 .2
511 20 512 1.0 498 £ 498 11 493 03 497 48
517 1.8 519 05 505 25 ¥ 504 1.1 499 0.2 504 47

.7 1.8 428 09
06 .8 1.0
& 11 12

512
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Appendix M. Peptides used for Mapping changes in clinically relevant Rab11 mutants

Rab11 peptides s154L

s :E 2 Sequence

10 16 7 WL

12 16 1 WL

3 36 2 LSRFTRNEF

28 36 3 LSRFTRNEF

3 38 3 LSRFTRNEFNL

8 a7 4 LSRFTRNEFNLESKSTIGVE

28 a8 3 LSRFTRNEFNLESKSTIGVEF

29 36 3 SRFTRNEF

32 36 2 TRNEF

2 38 2 TRNEFNL

37 & 2 NLESKSTIG

7 4 2 NLESKSTIGVE

37 a8 2 NLESKSTIGVEF

39 @ 2 ESKSTIGVE

39 48 1 ESKSTIGVEF

8 N 3 FATRSIQVDGKTIKAQIWDTAGQE

48 713 4 FATRSIQVOGKTIKAQIWDTAGQERY

48 79 5 FATRSIQVDGKTIKAQIWOT,

48 80 S FATRSIQVDGKTIKAQIWDTAGQERYRAITSAY 0.3 463 05
49 713 4 ATRSIQVDGKTIKAQIWDTAGQERY 05384 03
9 7 4 ATRSIQVDGKTIKAQIWDTAGQERYRAITSA 0.3 466 0.4
65 73 2 WOTAGQERY 422 04 02
65 79 3 WOTAGQERYRAITSA 567 0.2 05
66 79 3 DTAGQERYRAITSA

7 2 RYRAITSA

M ” 1 RAITSA

80 86 2

80 88 2

80 89 2

81 88 2

£9 100 2

89 102 2

89 11 5

89 116 5

89 117 4

89 117 5

90 100 2

90 102 3

%0 116

90 116 5

9% 117 4

91 18 4

91 118 s

91 119 4

91 119 5

93 117 S5 IAKHLTYENVERWLKELRDHADSNI

101 105 2 NVERW

101 108 2 NVERWLKE

101 116 4 NVERWLKS

101 117 4 NVERWLKELRDHADSNI

103 116 3 ERWLKELRDHADSN

103 116 4 ERWLKELRDHADSN

103 117 4 ERWLKELRDHADSNI

106 116 2 LXELRDHADSN

107 117 3 KELRDHADSNI

109 117 2

117 121 1 MM

118 138 4 VIMLVGNKSDLRHLRAVPTDE

118 141 5 VIMLVGNKSDLRHLRAVPTDEARA

120 138 4 MLVGNKSOLRHLRAVPTDE Y
121 128 2 LVGNKSDL 11 459 39
121 138 3 LVGNKSOLRHLRAVPTDE 09 424 17
121 141 4 LVGNKSDLRHLRAVPTDEARA 0.7 460 19
121 141 5 LVGNKSOLRHLRAVPTDEARA 07 460 19
121 150 4 LVGNKSDLRMLRAVPTDEARAFAEKNGLSF 04 524 02
122 138 4 VGNKSOLRHLRAVPTDE

122 141 4 VGNKSOLRHLRAVPTDEARA

122 150 S VGNKSOLRHLRAVPTDEARAF AEKNGLSF

122 151 5 VGNKSDLRHLRAVPTDEARAFAEKNGLSFI

139 149 2 ARAFAEXNGLS

139 150 3 ARAFAEKNGLSF

142 149 2 FAEKNGLS

142 150 1 FAEKNGLSF

142 150 2 FAEKNGLSF

157 162 1 DSTNVE

157 164 1 DSTNVEAA

166 170 1 amr

166 171 1 QMLTE

170 183 3 TEIVRIVSQXQMSD

170 193 4 TEIVRIVSQKQMSORRENDMSPSN

171 183 3 EYRIVSQKQMSO

172 183 3 IRIVSQKOMSD

173 183 3 YRIVSQRQMSD

173 193 5 YRIVSQKQMSDRRENDMSPSN

173 217 5

184 193 2 RRENDMSPSN

184 217 5

194 217 4 NVWPIHVPPTTENKPKVOHHHHHH

154 217 5 NVWPIHVPPTTENKPKVOHHHHHN

S RT__Z Sequence

1216 103 1 KWL

1227 103 3 FKVWLIGDSGVGKSNL
17 28 89 2 IGDSGVGKSNLL
150 156 9.7 1 FIETSAL

151 156 7.9 1 ETSAL

12 16 102 1 K

1227 102 3 FKVWLIGDSGVGRSNL
17 28 9.1 2 IGDSGVGRSNLL
150 156 9.7 1 FETSAL

151 156 7.9 1 IETSAL

RT
12 16 102 1 WL
1227 102 3 FKVWLIGDSGVGKSNL
17 28 89 2 IGDSGVGKSNLL
150 156 7.9 1 FETAL
151 156 11.0 1 IETAL

S RT_2
1216 103 1 AW

12 27 105 3 FKVVLIGDSGMGKSNL
17 28 92 2 IGDSGMGKSNLL
150 156 9.7 1 FIETSAL

151 156 7.9 1 TSAL




Appendix N. Peptides used for comparing SH3BP5 binding deficient mutations

SH3BPS peptides LNQ52AAA LE250AK

s _E_RT 2 Sequence sD 35 SD 300s SO 3s_SD 3005 SD
3 15 4.1 3 AALKRSRSEEPAE 15 518 0.9 56.2 1.6 0.8 57.0 08
3 24 7.1 5 AALKRSRSEEPAEILPPARDEE 13 : 511 1.0 06 515 14| ¢
3 25 7.2 4 AALKRSRSEEPAEILPPARDEEE 15 368 06 502 1.2 3.
3 26 7.1 5 AALKRSRSEEPAEILPPARDEEEE 510 1.3 0.5 50.2 1.2 55
4 24 7.0 4 ALKRSRSEEPAEILPPARDEE 49.6 1.0 0.6 46.9 1.1 ge
6 25 7.0 4 KRSRSEEPAEILPPARDEEE 49.5 1.1 0.5 48.6 0.5 28
16 25 6.1 2 ILPPARDEEE 3 3.0/624 35 0.4/61.2 0.5 2
25 35 9.0 1 EEEEEGMEQGL 44.5 2.9 555 09 43.7 0.8 551 17 g =
26 35 8.8 1 EEEEGMEQGL 45.1 3.1 550 0.9 44.2 0.9 54.6 1.5 £
26 37 8.5 1 EEEEGMEQGLEE 418 32 552 07 409 0.9 582 12

27 35 8.7 1 EEEGMEQGL 46.2 2.8 555 1.0 453 1.3 54.5 16

27 37 9.0 1 EEEGMEQGLEE 44.7 07 44.0 0.6 552 15

38 49 9.2 3 EEEVDPRIQGEL : 03 05 06

39 49 9.1 2 EEVDPRIQGEL ; 0.7 12 11

39 50 9.2 2 EEVDPRIQGELE ] 09 13 1.0

40 49 8.8 2 EVDPRIQGEL : 0.6 14 13

40 50 9.1 2 EVDPRIQGELE ; 07 13 1.0

43 49 7.7 2 PRIQGEL ] 17 385 1.4 09

67 77 8.5 3 EDARQKFRSVL ; 0.1 01 09

69 77 7.0 3 ARQKFRSVL ; 03 01 0.2

78 86 7.2 1 VEATVKLDE ; 03 02 038

78 113 12.5 5 VEATVKLDELVKKIGKAVEDSKPYWEARRVARQAQL : 02 03 11

80 86 6.3 1 ATVKLDE ; 0.6 01 05

80 87 9.7 2 ATVKLDEL i 02 01 00

81 86 59 1 TVKLDE ; 0.7 03 05

82 86 56 1 VKLDE 11 03 0.1

87 96 4.4 2 LVKKIGKAVE ; 03 03 13

88 96 3.8 2 VKKIGKAVE X 0.0 0.4 01

88 113 8.0 5 VKKIGKAVEDSKPYWEARRVARQAQL i 08 01 12

97 104 9.6 2 DSKPYWEA ; 22 01 01

97 113 8.7 4 DSKPYWEARRVARQAQL ; 03 0.0 00

114 125 57 3 EAQKATQDFQRA 3 11 02 0.1

114 127 6.4 2 EAQKATQDFQRATE 18 01 0.4

114 129 9.6 3 EAQKATQDFQRATEVL ; 05 0.0 0.2

121 129 9.7 2 DFQRATEVL 01 09

122 129 8.4 2 FQRATEVL 0.0 06

123 129 7.2 2 QRATEVL 02 0.1

128 138 8.7 2 VLRAAKETISL

130 138 7.8 3 RAAKETISL ; ;

139 143 52 1 AEQRL ; ﬁ :

139 154 7.8 4 AEQRLLEDDKRQFDSA ¥ :

142 154 7.2 3 RLLEDDKRQFDSA 23 537 18 5 530 1.

144 154 6.2 2 LEDDKRQFDSA 414 28 530 3.1 40.2 0.4 52.3 0.0 40.9

155 168 9.3 2 WQEMLNHATQRVME 1616 1.4

155 178 10,0 5 WQEMLNHATQRVMEAEQTKTRSEL

156 168 7.6 3 QEMLNHATQRVME

156 178 8.9 4 QEMLNHATQRVMEAEQTKTRSEL

159 168 5.3 2 LNHATQRVME

169 178 5.0 2 AEQTKTRSEL

169 187 5.3 4 AEQTKTRSELVHKETAARY

169 191 6.3 3 AEQTKTRSELVHKETAARYNAAM

169 194 7.2 5 AEQTKTRSELVHKETAARYNAAMGRM

170 178 4.9 2 EQUKTRSEL

179 187 4.1 2 VHKETAARY

179 191 5.6 2 VHKETAARYNAAM

179 194 6.5 4 VHKETAARYNAAMGRM

195 212 6.7 4 RQLEKKLKRAINKSKPYF

195 214 8.4 5 RQLEKKLKRAINKSKPYFEL

219 232 114 3 YQLEQLKKTVDOL

223 232 7.4 2 EQLKKTVDDL

226 232 5.7 2 KKTVDDL

253 282 6.6 5 ISDEIHERRRSSAMGPRGCGVGAEGSSTSV

256 282 6.0 5 EIHERR RGC sV

256 297 8.2 5 EIHERRRSSAMGPRGCGVGAEGSSTSVEDLPGSKPEPDAISV

281 297 9.2 2 SVEDLPGSKPEPDAISV

283 294 63 2 EDLPGSKPEPDA

283 297 8.9 2 EDLPGSKPEPDAISV

283 301 8.8 2 EDLPGSKPEPDAISVASEA

295 301 6.6 1 ISVASEA

302 310 9.8 1 FEDDSCSNF

311 318 4.3 1 VSEDDSET

311 324 8.9 2 VSEDDSETQSVSSF

319 324 8.1 1 QSVSSF

324 354 119 3 FSSGPTSPSEMPDQFPAVVRPGSLDLPSPVS

324 355 12.9 3 FSSGPTSPSEMPDQFPAVVRPGSLDLPSPVSL

325 347 113 2 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVS

325 353 123 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVSL

325 354 119 3 SSGPTSPSEMPDQFPAVVRPGSLDLPSPVSLSE

325 355 12.8 3 PDQFPAVVRPGSLDLPSPVSL

325 357 12.2 3 PAVRPGSL

335 355 12.5 2 PAVVRPGSLDLPSPVSL

339 347 7.9 2 PAVVRPGSLDLPSPVSLSE

339 355 117 2 SEFGMM

339 357 11.1 2 FGMMF

356 361 11.2 1 PVLGPRSECSGASSPEC

358 362 14.0 1 EVERGDRAEGAENKTSDK EGQAL

363 379 7.7 2 ENRMKQLSL

380 427 5.5 5 QCSKGRDGIIAD

428 436 8.6 2 SKGRDGIIAD

437 448 5.9 2 QCSKGROGIIAD

439 448 5.8 2 SKGROGIIAD



Appendix O. Table of TRAPP subunits and Rab proteins in Yeast and Mammals.

Yeast TRAPP subunit

Mammalian TRAPP subunit

Subunit group

Bet5p TRAPPC1 Core

Trs20p TRAPPC2 Adaptor

TCA17 TRAPPC2L Adaptor

Bet3p TRAPPC3 Core

Trs23p TRAPPC4 Core

Trs31p TRAPPC5S Core

Trs33p TRAPPC6a,b TRAPPI-associated
Trs85p TRAPPCS8 TRAPPIII-specific
Trs120p TRAPPC9 TRAPP-II specific
Trs130p TRAPPC10 TRAPP-II specific
N/A TRAPPC11 mTRAPPIII-specific
N/A TRAPPC12 mTRAPP

Trs65p TRAPPC13 Yeast TRAPPII dimer
Yeast Rab Mammalian Rab

Yptl Rabl

Ypt31/32 Rabl11l
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Appendix P. TRAPPII cellular localization and specificity. The location of TRAPPII is
noted by stars, depicting the primary research which first showed this subcellular location. *(149),
**(150), ***(151), ****(152), *****(144). Figure adapted from Klopper et al(12).
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Sequence Validation, Bacmid Preparation
and Co-infection into SF9

Appendix Q. Schematic depicting the BigBac system used to express TRAPPII. Figure

is adapted from F.Weissmann, 2016, PNAS (138)
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Appendix R. Membrane enhancement is not altered by C-terminal his tag.

(A) In vitro GEF assay of TRAPPII with and without a c-terminal his tag on TRAPPC10, with and
without nickelated vesicles (45% PC, 10% PI, 15% PE, 10% PS, 10% PI1(4)P, 10% DGS NTA
(100nm). Nucleotide exchange was monitored by measuring the fluorescent signal during the
TRAPPII (150 nM) catalyzed release of Mant-GDP from 4 uM of Rab11-His6 in the presence of
100 uM GTPyS (C) Bar graph representing the fold enhancement in the presence and absence of
membrane with or without the c-terminal his tag on TRAPPC10.
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Appendix S. Total number of deuteron difference plots of TRAPPII with and without
Rabl, Rab11 or Rab43. This is the total difference across all time points (3s,30s,300s,3000s)

between the apo state and the Rab bound state.



Appendix T.
and Rab43.

€ RT Z_Sequence

2 8 100 2 TVHNLYL

9 16 95 1 FORNGVQL

17 3 4.9 5 HYSEWHRKKQAGIPKEEE
17 a 9.6 5 HYSEWHRKKQAGIPKEEEYKLMYGML
3 @ 125 1 YKLMYGML

43 a8 109 2 FSIRSF

43 61 12.8 4 FSIRSFVSKMSPLDMKDGF
49 S6 7.3 2 VSKMSPLD

49 61 10.1 3 VSKMSPLDMKDGF

57 61 8.1 1 MKDGF

62 7 89 3 LAFQTSRYKLHY

74 84 103 2 YETPTGIKVWWM

74 88 112 2 YETPTGIKVVMNTOL

74 104 140 5 YETPTGIKVWMNTDLGVGPIRDVLHHIYSAL
85 104 14.0 4 NTDLGVGPIRDVLHHIYSAL
89 104 128 3 GVGPIRDVLHHIYSAL
109 125 116 2 VWKNPLCPLGQTVQSEL
126 132 5.6 2 FRSRLDS
133 140 13.1 2 YVRSLPFF
133 145 109 3 YVRSLPFFSARAG
134 142 121 2 VRSLPFFSA

£ RT 4

6 19 105 2 YFVIVGHHONPVFE

6 2 11.8 3 YFVIVGHHONPVFEM

7 19 9.7 2 FVIVGHHONPVFE

9 40 88 4 EMEFLPAGKAESKDDHRHLNGF
20 4 85 4 MEFLPAGKAESKDDHRHLNQF
a1 6.5 1 IAHAAL

47 3 9.6 1 DLVDENM

49 53 6.0 1 VDENM

54 59 105 1 WLSNNM

60 70 104 2 YIXTVOKFNEW

n n 111 1 FVSAF

s 8 7.8 3 FVTAGHMR

75 8 9.2 1 FVTAGHMRF

84 98 9.5 3 IMLHDIRQEDGIKNF

84 102 12.1 4 IMLHDIRQEDGIKNFFTOV
87 102 11.6 3 HDIRQEDGIKNFFTOV

106 125 118 3 YIKFSMNPFYEPNSPIRSSA
106 126 126 3 YIKFSMNPFYEPNSPIRSSAF
110 126 119 2 SMNPFYEPNSPIRSSAF
126 140 76 4 FORKVQFLGKKHLLS

127 140 6.9 3 DRKVQFLGKKHLLS

133 140 48 1 LGKXHLLS

486 06

.4 0.

0.
. 0.
! D.
. 0.
. 0.
. 0.
4 0.

aso:o;somsomsn

2 IAVIAKENYPLY
5 36 106 4 IAVIAKENYPLYIRSTPTENELKFHYMVHTSL
17 25 4.6 2 IRSTPTENE
29 36 76 1 HYMVHTSL
37 & 7.5 1 DVVDEKISA

37 s8 12.8 4 DVVDEKISAMGKALVDQRELYL 397 08
54 60 116 2 RELYIGL 07
56 60 130 1 (6L 0.7
57 61 130 1 viGuw 04
62 66 58 1 YPTED

6 n 6.7 2 YKWG 03]
7 8 75 1 YVINSKVKF

81 88 6.7 1 VMVVDSSN

81 9 8.0 2 VMVVDSSNTALRONE

83 9 6.2 2 VVDSSNTALRDNE

83 9 8.3 2 VWDSSNTALRDNEIRSM

100 110 6.7 2 FRKLHNSYTOV

m 127 100 2 MCNPFYNPGDRIQSSRA l 1
131 135 82 1 MVTSM 06
132 136 82 1 VismMMm 14

E RT Z Seq 1
19 26 126 1 FTLTYGAL
2755 11.9 3 VTQLCXDYENDEDVNKQLDKMGFNIGVRL
31 S5 11.5 4 CXDYENDEDVNKQLDKMGFNIGVRL
u 2 114 3 YENDEOVNKQLDKMGFNIG
34 55 12.2 4 YENDEDVNKQLDKMGFNIGVRL
56 60 12.4 1 IEDFL
5.7 4 FLARSNVGRCHD

7% 83 9.8 3 DVIAKVAF

7 8 8.8 3 IAKVAFKM

84 102 121 2 KMYLGITPSITNWSPAGDE
84 103 132 2 KMYLGITPSITNWSPAGDEF
84 104 128 2 KMYLGITPSITNWSPAGDEFS
104 114 12.0 1 SULENNPLVD

104 115 142 2 SULENNPLVDF

105 114 11.6 1 ULENNPLVD

106 115 135 1 ILENNPLVDF

108 115 12,5 1 ENNPLVDF

15 125 9.7 2 FVELPONHSSL

126 130 89 1 IYSNL

131 139 105 2 LOGVLRGAL

145 162 9.6 2 AVEAKFVQDTLKGDGVTE
151 162 6.8 1 VADTIKGDGVTE

163 167 85 2 IRMRF

166 179 7.8 3 RFIRRIEDNLPAGE

166 183 8.9 2 RFIRRIEDNLPAGEEENL
168 179 7.3 2 IRRIEDNLPAGE

168 183 8.8 2 IRRIEDNLPAGEEENL

B

494 14 516 16
08 426 05

04 06
05 03

0.7 410 04

408 08

02 05|
05| 03!
08 v
o8

11 . os- oz

433 01 M07

APO

35 SD 30s SD 300s SD 3000s SD

03] 08 06
08 03
01

lo- 13
i‘u 07

1.0
41 14
06/ 411 01
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Peptides of TRAPPCL1, 2, 2L and 3 used for TRAPPII HDX with Rabl, Rab11l

497 05

3s  SD 30s SD 300s SD 3000s SD

07 47.2

TRAPP + Rabl
3s SD_ 30s SD 300s SD 30005 SO

TRAPP + Rabd 3

483 06
04|
06

407 0.7 470 03 537 09
09 03 437 06

09 2 06
10

10 586
02,399 08476 10
0.+ NN o« INEN) o+

06 420 04 466 09 09 424 01 463 01 509 07

12 08 392 12 . 13 01 03! 0s

11 09 361 03 01 12 05 12 04
TRAPP + Rab11

TRAPP + Rab1

35 SD 30s SD 300s SD 3000s SO 3s  SD 30s SD 3005 SD 3000s SO 35
06 05 09 0.6 03 0.0 . . 01

06 X : 06 04 01 15

01 00

02 01

02 0.4

11

TRAPP + Rabd3

03

458 0.
442 1
494 03
466 0

08
03
03
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Appendix U. Peptides of TRAPPC4, 5 and 6a used for TRAPPII HDX with Rab1, Rab11

and Rab43.

TRAPPCA APO TRAPP + Rabl TRAPP + Rab11 TRAPP +Rab43
s RT 2 35 SD 305 _SD 300s SD 3000s SD SD_30s_SD 300s SD 30005 SO SD_30s SD 3005 SD 30005 SD 35 SD 30 SD 300s_SD_3000s SD
<11 3 5.0 1 YKKAGSENL 578 1.5 570 04 580 04 588 09 584 03 575 09 591 04 580 08 57.0 08 577 12 579 12 589 07
-2 4 131 1YFQSAIF 3390 07 458 07 23459 04
5 19 117 2 SVYVVNKAGGLIYQL . 02 04 05 06
7 19 116 2 YWNKAGGLYQL . 07 03 1.0 08
20 38 118 2 DSYAPRAEAEKTFSYPLDL . 1 09 563 03 01 559 01
20 39 133 3 DSYAPRAEAEKTFSYPLDLL 07 547 04 12 552 06
20 40 141 3 DSYAPRAEAEKTFSYPLDLLL 03 555 00 04 560 05
40 44 56 2 LKLHD 04 480 10 485 03
40 64 938 3 LKLHDERVLVAFGQRDGIRVGHAVL 04 09 09
43 50 65 1 HDERVLVA 14 11 10
45 64 98 4 ERVLVAFGQRDGIRVGHAVL 06 06 04
51 64 85 3 FGQRDGIRVGHAVL 05 03
65 83 9.2 2 AINGMDVNGRYTADGKEVL 487 04
84 103 105 4 EYLGNPANYPVSIRFGRPRL 09
126 136 88 1 SPEQGSSGIEM 08
137 141 48 1 LETOT 40.7 05
137 146 9.4 3 LETDTFKLHC 02
147 155 114 2 YQTLTGIKF 09
156 167 8.3 2 VVLADPROAGID 478 06
156 169 103 2 VVLADPRQAGIDSL 550 0.4
170 180 113 3 LRKIVEIVSOF 04
181 191 129 2 ALKNPFYSLEM 05
181 197 134 3 ALKNPFYSLEMPIRCEL 05
192 197 93 2 PIRCEL 11
198 204 9.7 2 FDQNLKL 06
198 206  11.2 2 FDQNLKLAL 06
207 219 7.0 2 EVAEKAGTFGPGS 08
208 219 68 2 VAEKAGTFGPGS 06
TRAPPCS
s RT 2 35 SD 30s SD 300s SD 30005 SD 35 SD 30s SD 300s SD 30005 SO 35 SD 30s SD 300s SD 30005 SD
3 12 56 3 ARFTRGKSAL 456 15 511 08 521 09 543 06 478 10 512 10 533 05 533 04 . 441 10 516 09 529 12 534 08
13 26 7.6 4 LERALARPRTEVSL 14 04 12 03 07 09 497 11 584 06 09 04
13 28 7.2 3 LERALARPRTEVSLSA 16 10 07 08 01 05 498 08 570 00 07 04
37 42 35 2 vawcas 06 20 04 433 12 03 11 416 11 02 425 21 14 05 424 06
37 44 42 1 VQHCQSRV 05/ 06 421 04 448 10 04 434 05 458 14 13 459 02 10 424 06 448 11
37 50 105 3 VQHCQSRVFSVAEL 07_422 04 486 05 50. 13 485 04 05 477 10 _ 495 07
55 62 54 2 AALGRQVG 10 02 05
55 63 59 2 AALGRQVGA 04 14
63 69 94 2 ARVLDAL 04 9 12
70 8 63 4 VAREKGARRETKVLGAL 03 06
84 88 130 1 GAUF 11 04
87 94 115 2 LFVKGAVW 08 02
87 105 120 5 LFVKGAVWKALFGKEADKL 0.1 04
87 110 118 4 LFVKGAVWKALFGKEADKLEQAND 02
87 111 118 4 LFVKGAVWKALFGKEADKLEQANDD 03
88 98 122 2 FVKGAVWKALF 0.0
88 105 114 5 FVKGAVWKALFGKEADKL 0.1
88 110 112 3 FVKGAVWKALFGKEADKLEQAND 05
88 111 113 3 FVKGAVWKALFGKEADKLEQANDD 03
99 110 49 2 GKEADKLEQAND 1.0 04
111 116 87 2 DARTFY 0.2
115 126 114 2 FYNEREPUNT 482 06
116 126 9.9 2 YIEREPLINT 579 04
117 126 87 2 NEREPUNT 05
127 137 88 1 YISVPKENSTL 08
138 142 85 1 NCASF 04
143 148 6.7 1 TAGIVE 02
149 170 8.0 3 AVLTHSGFPAKVTAHWHKGTTL 0.0
150 170 7.9 3 VLTHSGFPAKVTAHWHKGTTL 03
150 171 84 3 VLTHSGFPAKVTAHWHKGTTLM 01
171 176 9.1 1 MIKFEE 09
171 188 9.8 5 MIKFEEAVIARDRALEGR 04
175 188 6.9 4 EEAVIARDRALEGR 07
177 188 58 3 AVIARDRALEGR 03
178 188 5.1 3 VIARDRALEGR 08
179 188 4.7 3 IARDRALEGR 04 445 11 588 10 437 02 599 06 09
TRAPPCa TRAPP + Rab1 TRAPP + Rab11 TRAPP + Rabd3
s RT 2 SD_30s _SD 3005 SD 30005 SD SD_30s SD 300s SD 30005 SD SD_30s _SD 3005 SD 30005 SD
9 14 85 2 FLHTEM
19 33 95 2 WAHDPDPGPGVSAGL 05 442 06
34 48 6.1 3 RGEEAGATKGQKMSL 08 570 09 03 572 07
49 73 128 4 SVLEGMGFRVGQALGERLPRETLAF 07 02 09 03
56 73 107 4 FRVGQALGERLPRETLAF 0.2 05
74 87 139 3 REELDVLKFLCKDL 0.0 09
78 88 141 3 DVLKFLCKDLW 01 04
83 88 111 2 LOKDLW 0.2 04
92 106 59 3 FQKQMODSLRTNHQGT 05_434 07
107 114 109 1 YVLQDNSF 03 02
115 125 132 2 PLLPMASGLQ 09 05
125 133 100 1 QYLEEAPKF 03
134 140 130 1 LAFTCGL
146 153 114 1 YTLGIESV
152 166  12.4 2 SVVTASVAALPVCKF X .
154 166 115 2 VTASVAALPVCKF 0.9, 05 02 423 o3
167 173 64 1 QUIPKS 14 402 06 545 09 623 04




Appendix V. Peptides of TRAPPC9 for TRAPPII HDX with Rab1, Rab11 and Rab43

TRAPPCS.
s RT__ 2
5 16 61 1 CAEDHQTL
10 16 57 1AEDHQTL
10 17 85 1AEDHATLL
17 31 123 2 LWWVOPVGIVSEENF
18 31 116 2 VWVOPVGIVSEENF
32 43 80 3 FRIVKRICSVSQ
4 50 50 215VRDSQ
54 67 49 4 YIRYRMHYPPENNE
55 67 4.4 3 IRYRHMYPPENNE
68 B0 92 2 WGDFQTHRKVGL
72 B0 55 2 QUTHRKWGL
72 8 65 2 QTHRKWGUT
87 95 95 2 FSAKDWPQT
87 110 113 5 FSAKDWPQTFEKFHVOKEIVGSTL
100 110 7.8 2 HVOKENGSTL
M1 15 69 1 YOSRL
16 122 126 1FVIGLOG
124 130 49 2 VEQPRT
135 18 85 1 YPNvEDCQT
142 150 52 2 QIVEKRIED
144 150 43 2 VEKRIED
151 155 107 1 FIESL
156 178 99 6 FIVLESKRLDRATDKSGDKIPLL
156 180 108 5 FIVLESKRLORATOKSGOKIPLLOY
179 190 106 3 CVPFEKKDFVGL
181 190 100 2 PFEKKDFVGL
190 214 65 5 LDTDSRHYKKRCOGRMRKHVGDLCL
191 214 59 5 DTDSRMYKKRCOGRMAKHVGDLCL
215 226 106 1 QAGMLQDSLVHY
215 228 106 3 QAGMLQDSLVHYHM
215 232 117 3 QAGMLQDSLVHYHMSVEL
240 246 139 1 LWIGAAL
247 251 67 1EGLCS
252 276 77 5 ASVIVHYPGGTGGKSGARRFQGSTL
253 276 7.7 4 SVIVHYPGGTGGKSGARRFQGSTL
253 289 664
277 290 36 3 PAEAANRHRPGAQE
290 322 112 3 EVUDPGALTTNGINPOTSTEIGRAKNCLSPED
291 322 110 3 VUDPGALTTNGINPDTSTEIGRAKNCLSPED
293 310 91 2 IDPGALTINGINPDTSTE
311 322 64 2 IGRAKNCLSPED
323 333 8.3 2 NDKYKEAISY
334 345 9.4 2 YSKYKNAGVIEL
346 366 83 3 EACKAVRVLAIGKRSMEASE
357 366 4.4 2 JOKRSMEASE
367 373 102 1 FLONAVY
368 373 80 1 LONAVY
377 391 9.8 4 RQISEEEKIQRYSIL
382 391 96 3 EENQRYSIL
395 400 136 1 YEUGF
398 406 6.7 3 IGFHRKSAF
407 414 59 3 FKRVAAMQ
415 429 112 2 CVAPSAEPGWRACY
434 440 83 1 ETLRGYS
441 460 93 3 LSLOPKDFSRGTHRGWAAVQ
461 468 99 3 MRUNELY
467 479 81 3 LUYASRRMGNPAL
480 487 102 1 SVRMLSFL
488 494 132 11QTMLOF
493 509 103 2 DFLSDQEKKDVAQSLEN
493 510 115 3 DFLSDQEKKDVAQSLENY
510 523 107 1 YTSKCPGTMEPIAL
510 537 134 3 YTSKCPGTMEPIALPGGLTLPPVPFIKL
510 545 121 5 YISKCPGTMEPIALPGGLTLPPVPFTKLPIVRHVKL
511 519 56 2 TSKCPGTME
511 545 120 5 TSKCPGTMEPIALPGGLTLPPVPFTKLPIVRHVKL
528 545 113 4 PGGLTLPPVPFTKLPIVRHVKL
538 545 62 2 PIVRHVIL
546 561 9.6 5 LNLPASLRPHKMKSLL
565 591 9.0 3 VSTKSPFIVSPUAHNRGEERNKIIDF
592 600 9.4 1 QWVQGH
604 612 124 1 MVYNPMPFE
604 613 143 1 MVYNPMPFEL
614 620 86 2 RVENMGL
628 636 122 1 ESLPAALSL
634 642 109 1 LSLPAESGL
637 642 70 1 PAESGL
637 647 118 1 PAESGLYPVTL
643 647 103 1YPVIL
648 656 62 1VGVPQTIGT
648 667 109 3 VGVPQTTGTITVNGYHTTVF
668 674 128 1 GVFSOCL
674 697 123 3 LLONLPGIKTSGSTVEVIPALPRL
675 694 118 2 LONLPGIKTSGSTVEVIPAL
675 697 119 3 LONLPGIKTSGSTVEVIPALPRL
688 694 116 1 VEVIPAL
688 697 118 2 VEVIPALPRL
689 697 115 2 EVIPALPRL
695 717 83 4 PRLQISTSLPRSAHSLOPSSGDE
698 717 75 3 QISTSLPRSAMSLOPSSGDE
698 720 82 2 QISTSLPRSAHSLQPSSGDEIST
698 723 81 3 QISTSLPRSAHSLOPSSGDEISTNVS
727 734 75 1YNGESQAL
735 749 117 2 WKLENIGMEPLEKL
735 751 123 3 UKLENIGMEPLEKLEV
750 762 639 2 EVISKVLTTKEKL
767 775 107 1 LSWKLEETL
776 787 9.0 2 AQFPLQPGKVAT
788 792 121 1FTIM
788 795 121 3 FTINIKVKLDR
806 855 102 5
848 BS5 56 2 YSHVKTLE
856 860 116 1 AVINF
859 872 76 2 NFKYSGGPGHTEGY
873 880 107 2 YRNLSLGL
881 B89 99 1 HVEVEPSVF
890 B9 812 FTRVSTL
890 908 100 4 FTRVSTLPATSTRQOHLLL
897 908 97 2 PATSTRQCHLL
907 911 132 1 UDVF
909 917 78 1 DVFNSTEHE
909 927 100 3 DVFNSTEHELTVSTRSSEA
912 927 65 2 NSTEHELTVSTRSSEA
918 927 58 2 LTVSTRSSEA
931 938 45 2 HAGECORM
939 947 113 1 AVDKFNF
948 968 87 3 ESFPESPGEKGQFANPKOLEE
969 982 61 4 ERREARGLEINSKL
986 1005 109 3 WRIPSLXRSGEASVEGLING
998 1005 100 1 SVEGUNQ
1006 1018 138 2 LVLEHLQLAPLOW
1012 1018 128 2 QLARQW
1014 1021 138 1 APLOWOVL
1022 1028 49 1 VDGQRD
1022 1030 4.8 2 VDGQRCORE
1022 1033 60 1 VOGQRCOREAVA
1035 1043 9.2 2 CQVGDPVRL
1037 1043 86 2 VGDPVRL
1044 1060 103 4 EVRLTNRSPRSVGPFAL
1044 1079 102 5 EVRLTNRSPRSVGPFALTVVPFQDHONGVHNYDUHD
1061 1077 95 2 TVVPFQDHGNGVHNYOL
1061 1079 8.2 4 TVVPFQDHONGVHNYDLHD
1084 1089 7.9 1 VGSSTF
1090 1103 105 1 YLDAVQPSGQSACL
1092 1103 85 1 DAVQPSGQSACL
104 1108 130 1 GAUF
1108 1114 129 1 FLYTGDF
110 1114 92 1 YIGDF
M5 1120 110 2 FLWRF
115 1133 101 4 FLARFHEDSTSKELPPSW
134 1184 125 1 FAPSVHVCAL

AP0
35 SD_30s_SD 300 SD_3000s _SD

TRAPP + Rab)
35 SD_30s SD_300s_SD_3000s SD

TRAPP + Rab11
SD_30s _SD_300s_SD_3000s SO

s| o
489

TRAPP + Rabd3
35 SD_30s _SD 3005 SO_3000s SD

104
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Appendix W. Peptides of TRAPPC9 for TRAPPII HDX with Rab1, Rab11 and Rab43
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Appendix X. Alignment of human trapp genes with their yeast counterparts. This figure
was generated using ESpript 3.0(51). (A) Alignment of TRAPPC4 with Trs23. (B) Alignment of
TRAPPCS with Trs31.

A

sp|Q9Y296|TPPC4_HUMRN
sp|Q03784 | TRS23_YEAST

sp|Q9Y296 | TPPC4_HUMAN
sp| Q03784 | TRS23_YEAST

sp|Q9Y296 | TPPC4_HUMAN
sp| Q03784 | TRS23_YEAST

sp|Q9¥296 | TPPC4_HUMAN
sp|Q03784 | TRS23_YEAST

sp|Q9Y296 | TPPC4_HUMAN
sp|Q03784 | TRS23_YEAST

sp|Q8IURD | TPPC5_HUMAN
sp|Q03337 | TRS31_YEAST

sp|Q8IURD | TPPC5_HUMAN
sp| Q03337 | TRS31_YEAST

sp | Q8TIURO | TPPC5_HUMAN
sp|Q03337 | TRS31_YEAST

sp|Q8IUROD | TPPC5_HUMAN
sp| Q03337 |TRS31_YEAST

sp|Q8IURD | TPPC5_HUMAN
sp|003337| TRS31_YEAST
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