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Abstract
Eukaryotic cells are subdivided into organelles with unique physicochemical
compositions and functions. Establishment and maintenance of these organelles
requires selective exchange of material by vesicle trafficking. Transport vesicles are
formed by cytoplasmic coat protein complexes which shape the membrane, and play
a further role in the selection of transmembrane cargo proteins. Transmembrane cargo
receptors select cargo in the luminal compartment and bind to these coat proteins
through signals in their cytoplasmic domains. Once formed, vesicles recognise and
fuse with a target organelle to deliver their content. This final process is tightly
regulated by small GTPases of the Rab superfamily. Here, I will describe my work
investigating the role of specific Rab GTPase pathways and the KDEL cargo receptor
in trafficking in the secretory and endocytic pathways in mammalian cells.
There are over 60 Rabs in human cells, each of which is activated by a specific
GDP-GTP exchange factor (GEF) and inactivated by a GTPase-activating protein
(GAP) at a defined membrane location. For many of these Rabs the GEF and GAP
were unknown at the outset of this work in which I have identified and characterised
two structurally related families of Rab GEFs, the DENN and tri-longin domain
proteins. The DENN family, expressed only in metazoans, which has 17 members
acting on 10 different Rabs. The tri-longin family, comprises 3 heterodimeric GEF
complexes: Mon1-Ccz1 for the late endosomal, lysosomal Rab7, Hps1-Hps4 (BLOC3) which activates Rab32/Rab38 in melanogenesis and Intu-Fuz, part of CPLANE
complex, which activates Rab23 at cilia. Additionally, I have shown that the unrelated
Rab3GAP complex is a GEF for the ancestral Rab18 regulating the structure of the
endoplasmic reticulum.
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In the final part of this work, I have explored how the integrity of the early
secretory system depends on selective export and retrieval of proteins between the ER
and the Golgi. An essential component of this system is the transmembrane cargo
receptor for KDEL retrieval signals. Here I describe the structure of the KDEL
receptor and mechanism by which KDEL cargo binding triggers a conformational
change exposing a signal for the COP I vesicle coat.
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Lay Summary
Our bodies are made up of cells that come together to create organs such as the brain,
liver, kidneys and heart, all with their own unique functions. Likewise, the cells that
make up our bodies are divided up into different areas called organelles that carry out
different functions. Some parts of the cell act like factories making new proteins,
whereas other parts act like a rubbish dump collecting old proteins for destruction and
recycling. Other specialised parts of the cell are important for sending and receiving
signals from other cells, like the radiotransmitter towers that power the cell phone
network. Similar to a large city, all these parts of the cell are connected by a transport
system of roads and railways that moves proteins between different areas. Proteins are
packaged into structures call vesicles that act like delivery trucks, and move proteins
from one place, or organelle, in the cell to another. Many human diseases are caused
when this transport system breaks down.
I have explored how proteins are chosen for transport and packaged into vesicles, and
how the vesicles are directed to find the correct destination within the cell. One part of
my work has looked at how proteins are selected for transport in vesicles. This is
similar to the postal system where each letter has a unique postcode written on it to
make sure it is delivered to the right place. Proteins also have postcode-like signals,
and these are recognised by specific sorting machines or “receptors”. I have looked at
how one of the most important sorting signals called KDEL works, and is recognised
by a specific KDEL receptor. Most of my work has focussed on switch proteins called
Rabs that control the flow of transport and help direct vesicles to the correct
destination. I have shown how Rabs are switched on and off in different transport
pathways within the cell, and how this is changed in a range of human diseases.
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1. Introduction
1.1 Membrane organelles and the basic structure of membrane trafficking
pathways
Eukaryotic cells are compartmentalised into discrete membrane limited organelles
which establish and maintain distinct physicochemical environments. Organelles also
have distinct protein and lipid composition both on their surfaces and in their luminal
environment (Figure 1-1 ). Indeed, these differences are thought to be crucial in
determining the properties of the organelle, such as ionic composition, pH and redox
state. With the exception of mitochondria, membrane organelles receive and exchange
content through the process of membrane trafficking. Membrane trafficking is the
tightly regulated and selective process whereby exchange of lipids and proteins, is
mediated via small membrane vesicles (Cai et al. 2007a). For a vesicle to be
transported from its origin, or donor compartment, to its destination or acceptor
compartment, regulatory and accessory proteins are required. These regulatory
proteins are either components of the organelle membrane or dynamically recruited
from the cytoplasm to the membrane surface, and function at distinct steps in the
vesicle transport process (Kirchhausen 2000, Bonifacino and Glick 2004, Cai et al.
2007a).
All membrane trafficking pathways can be broken down into a series of steps
(Figure 1-2). These are: selection of the cargo proteins to be transported, physical
formation of the vesicle, separation from the donor membrane, transport or movement
of the vesicle to its destination and final fusion of the vesicle with a target organelle,
thus delivering the content (Kirchhausen 2000, Bonifacino and Glick 2004, Cai et al.
2007a, Bethune and Wieland 2018, Thottacherry et al. 2019).
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Figure 1-1 Organelles
The cell contains several organelles which are dynamically regulated with constant exchange
of material. TGN: trans Golgi network, LRO: Lysosome related organelles

As I will describe in more detail, cytoplasmic coat protein complexes and
membrane cargo receptors are crucial for selecting the vesicle cargo and forming the
vesicle. Vesicle transport and long-range recognition of target membranes then require
tethering complexes and Rab GTPases (Stenmark 2009, Pylypenko et al. 2018,

Introduction 2

Homma et al. 2021). Finally, membrane fusion involves short alpha-helical integral
membrane SNARE (soluble N‐ethylmaleimide sensitive factor attachment protein
receptor) proteins and the AAA-ATPase NSF (Cai et al. 2007a, Sudhof and Rothman
2009, Ungermann and Kummel 2019). Many researchers have contributed to this
general picture of the membrane trafficking pathway, and the Nobel prize was awarded
in 2013 to James Rothman, Randy Schekman and Thomas Südhof for their exceptional
achievements in this area. However, due to the diversity of trafficking pathways in
higher eukaryotic cells the selectivity and specificity of individual trafficking steps
still remain unanswered.
Here, I will describe my work on the role of Rab GTPase regulatory systems in
specific cargo trafficking steps in the secretory and endocytic pathways, including
trafficking events to cilia at the cell surface. I will also describe how, for one
trafficking event between the endoplasmic reticulum (ER) and Golgi apparatus, a
selective cargo receptor functions to maintain the different luminal compositions of
those organelles.

1.2 The central role of GTPases in membrane trafficking systems
Membrane trafficking pathways can be divided into two distinct systems: endocytic
and exocytic. In brief, exocytic trafficking of newly synthesised proteins, lipids and
carbohydrates made within the cell are secreted to the extracellular space or cell
surface via the so-called secretory pathway. This is often referred to as biosynthetic
protein traffic (Dancourt and Barlowe 2010, Barlowe and Helenius 2016). Endocytic
pathways take up proteins, macromolecules and even pathogens from the extracellular
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environment or cell surface into the cell (Thottacherry et al. 2019). This is often
associated with uptake of nutrients and signalling molecules.
endocytosis
CCV
recycling
endosomes
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Figure 1-2 Dissection of membrane trafficking pathways
Two major directions of transport exist in the cell. The secretory pathway starts from the
biosynthesis of numerous molecules in the ER, which are transported to all areas of the cell
via the Golgi. A number of the molecules are secreted to extracellular space. The other
pathway starts at the plasma membrane by endocytosis of different material which are
consequently transported to various organelles, commonly to lysosomes for degradation.
CCV is clathrin coated vesicles important for the first step of endocytosis, COP I is the
coatomer facilitating transport to ER from the Golgi and COP II the coat assisting transport
from the ER to the Golgi. LRO are lysosome related organelles.
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Ras superfamily GTPases are crucial components of both these trafficking
systems, and play multiple regulatory roles (Goitre et al. 2014). They function as
molecular switches, cycling between the GDP-bound OFF and the GTP-bound ON
state in a timed manner. They range in size from 20 to 25 kDa and are divided into the
five major groups Ras, Rho, Ran, Arf and Rab (Colicelli 2004, Goitre et al. 2014,
Gasper and Wittinghofer 2019). Despite the low sequence homology between them,
these have a common structural feature, the G-domain which is where guanine
nucleotides bind. This domain contains six β-strands surrounded by five α-helices. The
G domain is built by five sequence elements, G1 to G5. Nucleotide binding is mediated
by interactions of both the nucleotide base with an N/TKxD motif in G4 and the βand γ-phosphates with the G1 phosphate-binding loop (P-loop), a GxxxxGKS/T motif.
The G domain additionally directs a magnesium ion that is required for binding
nucleotides. The DxxGQ motif in G3 is involved in GTP hydrolysis. Specificity for
guanine nucleotides is due to an aspartate that forms hydrogen bonds with the guanine
ring and hinders binding of adenine by the GTPase (Figure 1-3). (Wittinghofer and Pai
1991, Wittinghofer and Vetter 2011, Goitre et al. 2014, Gasper and Wittinghofer
2019).
A conserved characteristic of the G proteins important for their switch function
is that they form stable complexes with either GDP or GTP. Two key regions of the G
domain involved in this ON/OFF cycle are called switch I and switch II regions since
they undergo conformation change or “switch” depending on the nucleotide bound. In
the GTP form the γ-phosphate is forming two hydrogen bonds to the conserved
threonine and glycine in the switch I and II regions to keep the GTPases in its ONstate. Upon hydrolysis of GTP to GDP the hydrogen bonds are lost, the switch regions
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are relaxed into an inactive GDP bound OFF conformation. This conformational
change therefore works as a loaded spring. (Wittinghofer and Vetter 2011, Goitre et
al. 2014, Pylypenko et al. 2018, Gasper and Wittinghofer 2019).

Figure 1-3 GTPase structure
Representation of Rab35 in nucleotide free state. Original structure of Rab35 bound to its GEF
DENND1B-S (PDB: 10.2210/pdb3TW8/pdb). The switch I region in blue and the switch II in
green. Residues 4-33 and 35-177 of Rab35 have been crystalised.

Since GDP to GTP exchange and the GTP hydrolysis are rather slow, accessory
proteins are required to accelerate the processes and also specify at which membrane
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the GTPase becomes activated. For this reason, GTPase exchange factors (GEFs) are
needed to activate the GTPases and mediate the GDP to GTP exchange reaction. From
the already known structural data, when the GEF binds a GTPase the GTPase
nucleotide-binding cleft is destabilised. This destabilisation reduces the nucleotide
affinity and leads to dissociation of GDP. Since there is more cellular GTP than GDP,
Mg2+-GTP binding converts the GTPase conformation back to the active form, which
dissociates the GTPase/GEF complex (Wittinghofer and Vetter 2011, Pylypenko et al.
2018). The conformational change during activation of the GTPases allows to
sequester effectors and form an active complex (Grosshans et al. 2006, Fukuda et al.
2008, Gillingham et al. 2014). The intrinsic GTP hydrolysis rates of GTPases that
would lead to switching off their activity are also slow, though they can vary
significantly among GTPases (Casey et al. 1990, Barr and Lambright 2010, Gavriljuk
et al. 2012). For this reason GTPase activating proteins (GAPs) are necessary to
stimulate GTP-hydrolysis and thus inactivate most Ras-like GTPases including Rabs.

1.3 ARF/Sar GTPases control vesicle coat recruitment and vesicle formation
Different classes of vesicle select different types of cargo and operate on the transport
steps between specific organelles. Vesicle formation is typically initiated at defined
“exit” sites on a donor membrane and can be separated into a series of discrete steps.
(Figure 1-4). Biogenesis of vesicles at the donor membrane occurs by the recognition
of sorting signals by cytoplasmic vesicle coat complexes or coat associated adaptor
proteins, and the localised action of small GTPases of the Arf/Sar family (Bonifacino
and Glick 2004, Herrmann and Spang 2015, Bethune and Wieland 2018). The
activation of the Arf/Sar GTPases cause a conformation change, where a hydrophobic
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amino-terminal region of the GTPase is inserted into the membrane. The membrane
associated Arf/Sar GTPase forms a binding site for the recruitment of a discrete coat
protein complex (Figure 1-4, step 1).

Donor
Membrane
GTPases
effectors
motors

Uncoating (4)

Acceptor
Membrane

Transport (5)

Tethering
factor
t-SNARE

Scission (3)

Tethering (6)

Budding (2)
Coat proteins

cargo

Initiation
(1)

Cargo receptor
v-SNARE

Fusion (7)
Recycling (8)

Figure 1-4 Vesicle transport
Schematic of the vesicle transport is displayed. (1) Initiation of coat assembly at the donor
membrane. (2) Budding and (3) scission of the newly formed vesicle. (4) Uncoating of the
vesicle and recycling of coat proteins. (5) Movement of the vesicle along cytoskeletal
structures with the help of kinesin or myosin motors. (6) Tethering and docking of the vesicle
to acceptor membrane. (7) Membrane fusion and cargo release. (8) Recycling of SNAREs and
cargo receptors to the donor compartment. Polygon (blue) represents activated GTPases.
Modified and extended from (Bonifacino and Glick 2004).

The coat proteins in turn will interact with cargo molecules in the lumen of the
organelle either directly or indirectly by specialized membrane receptors (Dancourt
and Barlowe 2010, Henry et al. 2012, Zanetti et al. 2013). These coat and cargo
adaptor complexes polymerise laterally across the membrane surface to form a patch.
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These assemblies result in local deformation of the membrane, either by mechanical
forces or by recruitment of lipids which promote positive membrane curvature,
yielding a growing coated vesicle bud (Figure 1-4, step 2) (Farsad et al. 2001,
Contreras et al. 2012, Duran et al. 2012, Faini et al. 2012). Eventually this process
results in a vesicle still joined to the organelle by a narrow neck of membrane with
negative curvature. This membrane deforming capacity appears to be a common
property of vesicle coat complexes, and has been shown in vitro for the COP I, COP
II and clathrin-families of coat complexes (Matsuoka et al. 1998, Spang et al. 1998,
Takei et al. 1998, Bremser et al. 1999). The bud is eventually pinched off from the
donor membrane by scission of the neck for the COP I and COP II coats (Antonny et
al. 2005, Bethune and Wieland 2018). For clathrin-mediated transport, this role is
performed by the dynamin family of membrane-binding GTPases which hydrolyse
GTP to generate force to mechanically sever the neck of the budding vesicle (Figure
1-4, step 3) (Shnyrova et al. 2013, Daumke et al. 2014, Antonny et al. 2016, Jimah
and Hinshaw 2019).
Prior to vesicle fusion, the coat must be released from the membrane. There
are three possible uncoating pathways. I) The coat could start peeling off during the
vesicle formation and the GTPase would polymerise after the uncoating (Antonny et
al. 2005, Bethune and Wieland 2018), II) The coat is released from the vesicle in a
time dependent manner controlled by the GTPase (Tanigawa et al. 1993, Kirchhausen
2000), III) The coat is removed just before fusing to the target membrane (Figure 1-4,
step 4) (Andag et al. 2001, Behnia et al. 2007, Cai et al. 2007b, Diefenbacher et al.
2011). It should be noted that they are not mutually exclusive options, and vesicle
uncoating may involve aspects of all these pathways.
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1.4 Arl, Arf and Rab GTPases control vesicle movement and tethering
Rab GTPases mediate the movement and long-range tethering of vesicles once they
have formed. In some cases, kinesin or myosin motor proteins are recruited to the
vesicle when it is released from the donor membrane and mediate its transport along
cytoskeletal structures such as actin fibres or microtubules (Figure 1-4, step 5).
Vectorial movement by kinesin or myosin motor proteins ensures long distance
transport, which is particularly critical along the axons and dendrites of neurons
(Hammer and Wu 2002, Matanis et al. 2002, Short et al. 2002). Tethering complexes
link vesicles to their targets at distances >100 nm. Both motor protein complexes and
tethers act as effectors of the activated Rabs (Fukuda et al. 2008, Gillingham et al.
2014, Gillingham et al. 2019). Motors bind the vesicle to the cytoskeleton, whereas
tethers bind simultaneously to proteins and/or lipids on the vesicle and the target
membrane.
There are three general classes of tethers (Figure 1-4, step 6). I) Long coiled‐coil
proteins mainly found in the Golgi, called golgins which are responsible for recruiting
vesicles to the different cisternae (Muschalik and Munro 2018). There are also coiledcoil tethers for other organelles, most notably EEA-1, early endosome-associated
protein 1, required for fusion of Rab5 vesicles to early endosomes. II) CATCHR
(Complexes Associated with Tethering Containing Helical Rods) tethers, such as the
exocyst which coordinates fusion at active sites of secretion at the plasma membrane.
III) The Class C VPS multisubunit tethering complexes which comprise of CORVET
(class C core vacuole endosome tethering) complex and HOPS (homotypic vacuole
fusion and protein sorting). They share 4 subunits, required for homotypic fusion of
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early endosomes (EE) and late endosomes respectively (Brocker et al. 2012, Toh and
Gleeson 2016, Gao et al. 2018, Ungermann and Kummel 2019).
While the tether collapses the vesicle onto the target membrane to reduce the
distance between the surface of the two bilayers, the actual membrane fusion event is
initiated by the SNARE proteins (Sudhof and Rothman 2009). Specific SNAREs are
found on both the vesicle and the donor membrane. SNARE function requires
Sec1/Munc18 family proteins which act as chaperones of SNARE assembly (Wickner
and Rizo 2017). For membrane fusion to be achieved, four unstructured SNARE
motifs assemble or zipper up into a stable four‐helix bundle (Figure 1-4, step 7). The
stability of this complex depends on a hydrophilic core of three glutamine residues and
one arginine residue from each SNARE. This assembly process pulls the membranes
into close proximity and drives membrane fusion (Sudhof and Rothman 2009). The
NSF (N‐ethylmaleimide sensitive factor) ATPase (Block et al. 1988) and the adaptor
protein α‐SNAP then promote disassembly of the SNARE four-helix bundles after
fusion (Clary et al. 1990), and allow reuse of individual SNAREs (Wickner and Rizo
2017). Finally, the recycling of some receptors can be achieved back to the origin of
the vesicle, the donor membrane, but that is not always the case (Figure 1-4, step 8).

1.5 Rab function in membrane identity
The first Rab GTPase Ypt1 (yeast protein transport 1) was identified in yeast (Schmitt
et al. 1986) and soon shown to be part of a larger family of proteins involved in
trafficking (Salminen and Novick 1987). Individual Rabs localise at discrete
membrane domains and organelle membranes, and control the specificity and the
directionality of vesicular transport (Stenmark 2009, Wandinger-Ness and Zerial
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2014). Eleven Rab proteins are encoded in Saccharomyces cerevisiae called Ypts and
at least 63 in humans (Figure 1-5) (Colicelli 2004, Klopper et al. 2012). Twenty of the
human Rabs have been identified in the last eukaryotic common ancestor (LECA) and
define a core set of membrane trafficking pathways between the ER, Golgi, endosomes
and cell surface including cilia (Figure 1-6) (Klopper et al. 2012). Many of the
remaining Rabs are not ubiquitously expressed and play a role in transport pathways
in specific tissues, and I will focus here on Rabs involved in general trafficking steps.
ER-Golgi and intra Golgi transport is regulated by Rab1, Rab6 and Rab18.
Mammalian Rab1, Ypt1 in the budding yeast, localises predominantly at the Golgi
(Schmitt et al. 1986, Plutner et al. 1991). Activated Rab1 recruits the p115 tether to
COP II positive vesicles derived from the ER and promotes vesicular targeting to the
Golgi (Allan et al. 2000). Rab6 which is also localised in the Golgi interact with
dynein/dynactin complex via BICD proteins and thus links these vesicles to
microtubules (Short et al. 2002, Schlager et al. 2010).
Rab18 is one of the ancestral Rabs, found to the last eukaryotic common ancestor
(Klopper et al. 2012), is shown to localise between the Golgi and the ER and plays a
key role in trafficking between these organelles (Jeffries et al. 2002, Dejgaard et al.
2008). It has been implicated in secretory granules regulation (Vazquez-Martinez et
al. 2007) and localisation in peroxisomes (Gronemeyer et al. 2013) and lipid droplets
(Martin et al. 2005, Ozeki et al. 2005). Lipid droplets, lipid-rich organelles that
regulate storage and hydrolysis of neutral lipids, are generated in the ER. Whether
Rab18 is directly involved in lipid droplet biogenesis or plays an indirect role via a
more general role in ER structure and function remains debated and is one of the
questions I have sought to address.
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Figure 1-5 Phylogenetic tree of Rabs also displaying known Rab GEFs.
Human (Homo sapiens, hs), fruit fly (Drosophila melanogaster, dm), and nematode
(Caenorhabditis elegans, ce) Rabs and budding yeast (Saccharomyces cerevisiae, sc) Rabs
were aligned using ClustalW2 and plotted using JalView (Thompson et al. 1994, Waterhouse
et al. 2009). Length of lines represents similarity of amino acid sequence. The alignment is
annotated to show the known Rab GEFs as well: TRAPPI/II/III, Rabin3/Rabin8/GRAB, the
Vps9 domain family, Ric1-Rgp1, Mon1-Ccz1.
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Trafficking between the endosomes, lysosomes and plasma membrane involves
a broad cohort of Rabs. The first Rab to be associated with the endocytosis pathway
was Rab5 which gives identity to EE and later Rab7 which controls the transport
between late endosome and lysosomes (Chavrier et al. 1990, Feng et al. 1995, Murray
et al. 2002). Other members of the Rab7 subfamily, Rab27, Rab32 and Rab38 regulate
trafficking events from endosomes to lysosome-related organelles (LRO), including
melanosomes in melanocytes and lytic granules in cytotoxic T lymphocytes, which are
further explored later in the thesis (Menasche et al. 2000, Stinchcombe et al. 2001,
Ambrosio et al. 2012, Bultema et al. 2012). Rab11 subfamily, Rab4, Rab11 and
Rab14, localise on recycling endosomes and regulate the recycling pathway from
endosomes back to the plasma membrane (van der Sluijs et al. 1992, Ullrich et al.
1996, Linford et al. 2012). These work together with the Rab8 and Rab10 groups of
Rabs, Sec4 in yeast, implicated in trafficking to the cell surface from the secretory
pathway. In addition Rab8a, is involved in the formation of ciliary structures from the
cell surface in some cells, and loss of Rab8a prevents primary cilium growth in vitro
(Nachury et al. 2007, Yoshimura et al. 2010). Rab23 is a conserved player in cilium
function (Yoshimura et al. 2007), but its mechanistic role and how it is activated
remain unclear, which will be addressed later.
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Figure 1-6 Rab proteins provide membrane identity.
A selection of human Rab proteins linked to various organelles and transport steps they
regulate are displayed in the schematic.

Finally, Rabs and the pathways they control can be hijacked by opportunistic
pathogens such as bacteria and viruses. These parasites require vesicle trafficking for
internalisation, transport, replication and budding. Some of the bacterial or viral
proteins can also mimic host factors hence they can take control of the host cell (Spano
and Galan 2018, Spearman 2018).
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1.6 The Rab GTPase regulatory cycle and role of post-translation modifications
All the Rabs are C-terminally prenylated on one or (more commonly) two cysteines.
Prenylation is a lipid modification that geranylgeranyl pyrophosphate (20 carbon) is
covalently attached to a cysteine via thioether linkages catalysed by one of three prenyl
transferases, specifically for Rabs, Rab geranylgeranyl transferase (RabGGTase)
(Shinde and Maddika 2018). For the RabGGTase to recognise the characteristic
CAAX motif in the Rab that needs to be prenylated it requires an adaptor protein
named the Rab escort protein (REP) which is recruited in the newly synthesised Rab
(Seabra et al. 1992, Andres et al. 1993). The need for REP is due to the classical two
cysteins CxC or CC at the c-terminal which makes the Rabs more hydrophobic than
other prenylated proteins. After the trimeric complex Rab-REP-RabGGTase is formed
and prenylation has occurred the RabGGTase dissociates and REP can deliver the Rab
to the target membrane (Thoma et al. 2001a, Thoma et al. 2001b). Some Rabs can be
subject to carboxyl methylation. During carboxyl methylation an α-carboxyl group is
added to newly exposed prenylated cysteine by isoprenylcysteine carboxyl
methyltransferase. This can only occur to Rabs that are single prenylated and contain
a CAAX motif as Rab8 and Rab13 and removal of the enzyme affects cycle of
membrane/cytosol Rab8 partitioning (Leung et al. 2007). Following biogenesis, this
prenyl tail is bound by a special chaperone called GDP dissociation inhibitor (GDI) in
the cytoplasm (Sasaki et al. 1990). GDI only associates with Rabs that are both
prenylated and bound to GDP which ensures only inactivated Rabs are extracted from
membranes (Rak et al. 2003). Release of GDI and exposure of the prenyl tail allows
Rabs to associate with target membranes, this is promoted by the action of GEFs which
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convert the Rab to the active GTP form only on the membrane surface (Sivars et al.
2003).
Thus, Rab GTPases cycle between the cytosol and the target membrane. The
Rab in its inactive form either binds to GDI or samples the cytoplasmic face of
different membrane surfaces (Figure 1-7). The hypervariable C-terminal plays a
central role to the targeting delivery mechanism since it inserts into the bilayer (Ali et
al. 2004, Li et al. 2014). The mechanisms of the specific membrane targeting are still
not fully understood, possibly due to the existence of Rab specific pathways. In some
instances a specific GDF (GDI displacement factor) promotes dissociation of some
prenylated Rabs from GDI and facilitates their insertion to the membrane (Pfeffer and
Aivazian 2004). However, there is a growing number of examples of GEF-mediated
targeting where GTP-binding stabilises the Rab at a specific membrane (Wu et al.
2010, Blumer et al. 2013). When the Rab is activated by its GEF and is in the GTP
bound form, it can be recognised by multiple effector proteins stabilising its
localisation (Grosshans et al. 2006, Gillingham et al. 2014, Gillingham et al. 2019).
Finally, GAP activity promotes GTP hydrolysis and converts the Rab back to its
inactive form, which binds GDI and dissociates from the target membrane into the
cytoplasm, so another cycle can begin.
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Figure 1-7 The Rab GTPase cycle
Rab GTPases cycle between an inactive conformation (circle) bound to GDP and extracted
from the membrane by GDI. Two black tails of Rab represent the more common double
prenylation of the CAAX motif. An active conformation exist bound to GTP (polygone). The
exchange of GDP to GTP is catalysed by GEFs (green diamond), the activated Rab transmits
its activity through its effectors. The GEF usually dictates the site, membrane, of action of the
Rab. Hydrolysis of GTP to GDP is stimulated by GAPs usually bound to the target membrane
to inactivate the Rab. The activation and the inactivation of the Rab sometimes take place on
the same or different membrane depending on the Rab.

Rabs are further regulated by post-translation modifications in addition to their
specific GEFs and GAPs. The first evidence was presented by Bailly et al. (1991) who
found that the mitotic kinase CDK1 phosphorylates Rab1A and Rab4A. Upon
phosphorylation Rab4A was more cytosolic and Rab1A was more associated with
membranes. There are more reports that a number of other Rabs are phosphorylated:
Rab6C, Rab8 and Rab13 by TGF-β activated kinase 1 (TAK1), protein kinase C (PKC)
by PTEN-induced kinase 1 (PINK1) activation respectively (Fitzgerald and Reed
1999, Lai et al. 2015, Levin et al. 2016). Leucine-rich repeat kinase 2 (LRRK2) has
been demonstrated to phosphorylate both in vivo and in vitro Rab3a, Rab8a and Rab10.
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The phosphorylated Rabs show reduced affinity to their regulatory proteins including
Rab GDIs (Steger et al. 2016). Rab7 is dephosphorylated by Phosphatase and Tensin
homolog (PTEN) phosphatase. The phosphorylated Rab7 fails to associate with
endosomal membranes due to reduced affinity to GTP (Shinde and Maddika 2016).
This phosphoregulation seem to play a role in the function of the Rabs. These
modifications regulate Rab association with GDI and further controlling activation by
their GEFs which entails the maintenance of their cytoplasm to membrane ratio.

1.6.1 The Rab GTPase regulatory cycle - GDP-GTP Exchange Factors
Rabs need to be activated by their GEFs at specific organelles and vesicle membranes
so they can mediate their activity through their effectors. The first Rab GEFs were
identified using yeast genetics. Sec2 which was originally identified in S. cerevisiae is
a GEF for Sec4, the yeast homologue of Rab8 (Walch-Solimena et al. 1997). Sec2 was
identified to possess an essential role for cell growth and vesicle transport from the
Golgi to the plasma membrane. In mammals there are two Sec2 homologues Rabin8
and GRAB. Rabin8 has been shown to have activity towards Rab8 (Hattula et al.
2002).
Evidence from yeast genetics and biochemistry of mammalian proteins showed
that proteins with the VPS9 domain have Rab5 family GEF activity. Rabex-5 is the
best characterised and can activate the related Rab5, Rab21 and Rab22b but it is
believed that its main activity in cells is towards Rab5 (Delprato and Lambright 2007,
Mori et al. 2013). Rabex-5 also interacts with ubiquitinated-cargo proteins, Rabaptin5, the Rab-effector protein, and PI(3)P (phosphoinositide phosphatidylinositol 3phosphate) (Lee et al. 2006, Mattera et al. 2006, Penengo et al. 2006). The interaction
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with the ubiquitinated cargo and Rabaptin-5 restrict Rabex-5 activity to the early
endocytic pathway. Rab5 and PI(3)P localise on early endosomes subsequently recruit
the GEF for Ypt7, Mon1-Ccz1, which is required for early-to-late endosomal transition
and endosomal maturation (Poteryaev et al. 2010, Cabrera et al. 2014). The unrelated
heterodimeric complex Ric1-Rgp1 activates Ypt6/Rab6 in the trafficking pathway
recycling SNARES from the endosomes back to the later Golgi. Interestingly, Ric1Rgp1 is recruited to the medial Golgi by Rab33b, creating a Rab cascade where the
GEF of the next Rab in a trafficking pathway is recruiting the Rab that comes before
(Siniossoglou et al. 2000, Pusapati et al. 2012).
Lastly the multi-subunit TRAPPI complex, a 7-subunit complex, which GEF
activity was firstly demonstrated against Ypt1 in yeast and later against Rab1 in
mammals (Wang et al. 2000, Yamasaki et al. 2009). X-ray crystallography revealed
that TRAPPI active site, which is a heterodimeric longin fold, is formed by TRAPPC1
and TRAPPC4 (Cai et al. 2008). Longin domains appear in proteins involved in
membrane trafficking such as a subfamily of SNAREs (Martinez-Arca et al. 2003,
Schafer et al. 2012, Daste et al. 2015), coat complexes (Sun et al. 2007) and TRAPPI.
They also are conserved in metazoans, fungi and plants, hence must be conserved to
LECA (Levivier et al. 2001), but there was no specific role assigned to these domains.
TRAPPI activates Ypt1/Rab1 at the vesicle, p115/Uso1p which is the effector of the
activated Ypt1/Rab1 tethers the vesicle to COP II (Allan et al. 2000). Interestingly,
there are two more TRAPP complexes. TRAPPII, contains three additional subunits,
has been suggested to act on Rab1/Ypt1, Rab11/Ypt31/32 or both (Morozova et al.
2006, Pinar et al. 2015, Thomas and Fromme 2016, Riedel et al. 2018). Detailed
analysis of TRAPPII complexes has shown that in addition to the G domain, the
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composition and length of the Rab C-terminal hypervariable region also determines
the membrane-interaction and GEF-specificity, so that TRAPPII acts specifically on
Rab11/Ypt31/32 (Thomas et al. 2019). By contrast, TRAPPIII, which has one
additional subunit compared to TRAPPI, activates Rab1/Ypt1 (Lynch-Day et al. 2010,
Tan et al. 2013, Thomas et al. 2018).

1.6.2 The Rab GTPase regulatory cycle - GTPase Activating Proteins
Rab GAPs were first identified in budding yeast and share the TBC domain (Tre2/Cdc16/Bub2). Even though the yeast GAPs, named GYPs (GAPs for Ypts), show
limited activity in vitro (Albert and Gallwitz 1999, Albert et al. 1999), genetic and cell
biological evidence confirm acting on specific endocytic pathways. GAPs are thought
to limit Rab activity either spatially or temporary. The GTP hydrolysis reaction cleaves
the high-energy phosphoanhydride bond between the γ- and the β-phosphate. For this
to occur the GAP requires from its IxxDxxR motif, the catalytic ‘arginine finger’,
which stabilizes the partial negative charge on the GTP γ-phosphate, analogous to the
Ras and Rho family GAPs, otherwise it is considered inactive. A ‘glutamine-finger’
in the conserved DYxQ motif is required for positioning a nucleophilic water in the
active site. The conserved glutamine provided by the Rab mediates interaction with
the backbone carbonyl of a tyrosine and the amino group of the glutamine provided by
the TBC domain (Albert et al. 1999, Du and Novick 2001, Pan et al. 2006). This
interaction is crucial to position the glutamine of the GAP properly. Both the arginine
and the glutamine are provided by the GAP in trans. Subsequently, the two switch
regions of the Rab can no longer form hydrogen bonds to the γ-phosphate and thus
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change their conformation (Figure 1-8) (Albert et al. 1999, Du and Novick 2001, Pan
et al. 2006).

Sw
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IxxDxxRT // GYxQ

Figure 1-8 Rab-GAP mediated GTP hydrolysis.
This schematic displays the transition state in GAP domain and the Rab by GTP hydrolysis.
The arginine and the glutamine from the GAP and the glutamine from the Rab (switch II
domain) are involved in catalysis are shown. Upon hydrolysis a phosphate (red/orange
spheres with P) is lost from the GTP to GDP. The magnesium ion required for nucleotide
coordination by the Rab. Dashed lines indicate interactions. Figure adapted from (Langemeyer
et al. 2014).

Rab1/Ypt1 is controlled by two GAPs TBC1D20, Gyp8 in yeast and Gyp1 (Du
and Novick 2001, De Antoni et al. 2002, Haas et al. 2007). Interestingly, TBC1D20
due to its domain can only localise at the ER and thus limit the activity of Rab1 on
those membranes, on the contrary to Gyp1 which is a peripheral membrane Golgi
protein. So that would mean that different pools of Rab1/Ypt1 would be limited by
different GAPs. Rab5 family members have a number of GAPs that limit its activity.
First RN-tre was identified as important for endocytosis (Lanzetti et al. 2000). RN-tre
also controls Shiga toxin endocytic trafficking by limiting the activity of Rab43 but
not epidermal growth factor (EGF) which is controlled by Rab5 (Fuchs et al. 2007).
Another GAP RabGAP-5/RUTBC3 acts on Rab5 and can specifically modulate EGF
trafficking but not other endocytic trafficking events (Fuchs et al. 2007, Haas et al.
2007). Rab35 is controlled by TBC1D10A-C which is required for endocytosis and
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exosome formation at the plasma membrane (Fuchs et al. 2007, Patino-Lopez et al.
2008, Hsu et al. 2010).
Rab8 and the yeast equivalent Sec4 have also been shown to have their own
GAPs. The evidence for Rab8 is quite clear since only TBC1D30 has been shown to
act as a GAP for Rab8, which has a sole role in cilium formation (Yoshimura et al.
2008). The same study also determined EVI5-Like as the GAP for Rab23 and TBC1D7
as the GAP for Rab17, a Rab5 subfamily member (Yoshimura et al. 2008). All these
Rabs play a key role in cilium formation. In yeast, which lack cilia, Msb3/Gyp3 and
Msb4/Gyp4 act as GAPs of Sec4 during polarised growth (Albert and Gallwitz 2000,
Gao et al. 2003). Two more GAPs proteins play a role in polarised exocytosis at least
in yeast, Gypl1/App2 and Gyp5 which may also act as GAPs for Sec4 (Chesneau et
al. 2004), however it is unclear how they relate to Gyp3 and Gyp4. GLUT4 glucose
transporter recycling which is controlled by Rab10 is controlled by two related GAPs
TBC1D1 and TBC1D4 (Miinea et al. 2005, Peck et al. 2009).

1.7 Objectives of the publications described:
The work presented in this thesis explores how the specificity of membrane traffic is
achieved either by selective cargo transport or through the action of Rab GTPase
pathways. During these studies I have also contributed to the development of two new
methods for characterising the Rab GEFs. One is a reliable quantitative method for
screening potential GEFs for the Rabs. The second is a fluorescent kinetic assay that
helped us investigate the enzymatic activity of the GEFs identified. Both methods were
used to expand the understanding of Rab and GEF relationship in vitro.
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In this thesis the following studies addressing various aspects of Rab regulation
and trafficking specificity will be described by first introducing the specific vesicle
trafficking pathways involved:
• DENN-longin domain Rab GEFs family mainly expressed in metazoans which
comprising of 17 family members acting on 10 different Rabs.
• Tri-longin domain Rab GEFs. These are three related heterodimeric enzymes
Mon1-Ccz1, Hps1-Hps4 and Intu-Fuzzy that activate three related Rabs, Rab7,
Rab32/38 and Rab23, which belong to the same subfamily. Rab7, Rab32/Rab38 and
Rab23 and subsequently their GEFs control trafficking to lysosomes, LRO and cilia
respectively. Loss of Hps1-Hps4 and Intu-Fuzzy Rab GEF activity underpins a human
disease, Hermansky-Pudlak Syndrome or Carpenter Syndrome, respectively.
• The Rab3GAP1/2 Rab18 GEF complex mutated in Warburg Micro syndrome.
Rab18 is also mutated in the same disorder and plays a crucial role controlling the
structure and function of the ER in human cells.
• The Rab GAP TBC1D23 is mutated in pontocerebellar hypoplasia and
functions in trafficking at the trans-Golgi network.
• The KDEL receptor, which is crucial for retrieving conserved endoplasmic
reticulum chaperones from the Golgi apparatus, was crystalised. Resolving the
structure of the KDEL receptor in the presence and absence of bound ligand and
performing a structure function analysis has revealed the mechanism of pH
dependency upon binding and release.
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2 Rab regulation in the endolysosomal and ciliary trafficking
pathways
2.1.1 Endocytic trafficking
Endocytic trafficking is carried out by multiple parallel pathways linked either directly
or indirectly to the plasma membrane (Joseph and Liu 2020). These can be separated
into clathrin- and non-clathrin mediated routes. In clathrin-mediated endocytosis,
activated receptors accumulate in clathrin coated pits, which are pinched off and form
the clathrin coated vesicles, the scission of the endocytic vesicle is mediated by
dynamin (Thottacherry et al. 2019). Several clathrin-independent endocytosis
pathways exist and they continue to function upon clathrin knock-down or knock-out.
In addition to small-scale endocytosis of <200 nm vesicles, large micrometer-scale
pathways exist such as phagocytosis and micropinocytosis which are activated by
specific signals but are not generally cargo specific (Ferreira and Boucrot 2018).

2.1.2 Endolysosomal pathways
After endocytosis, vesicles fuse with and deliver their content to endosomes where
cargo is sorted. Cargo molecules can then be trafficked to late endosomes and on to
lysosomes for degradation, or recycled back to the plasma membrane. For the latter
specialised recycling endosomes are employed. Each of these different types of
endosomes uses specific Rab GTPases to regulate cargo transport. Early in the
pathway, the Rab5 GEF, Rabex5, binds to ubiquitinated cargo proteins, such as cell
surface receptors or metabolite transporters, and subsequently activates Rab5 on
endocytic vesicles (Lee et al. 2006, Mattera et al. 2006). The main Rab on EE is Rab5,
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with others reported such as Rab4, Rab10, Rab14, Rab21 and Rab22 (Delevoye and
Goud 2015). In addition to the enrichment of EE in lipid PI(3)P, often generated by
PI(3)P kinase, it also include in lesser amount PI(4,5)P2 and PI(4)P (Naslavsky and
Caplan 2018). Rab5 effector, EEA-1, requires both Rab5 and PI(3)P by recruiting also
VPS34, the PI(3)-kinase, for the fusion of endocytic vesicles with EEs (Simonsen et
al. 1998, Christoforidis et al. 1999). The CORVET tethering complex, another Rab5
effector, is involved in tethering and fusion of a subset of endosomes as well
(Peplowska et al. 2007, Cabrera et al. 2013, Lachmann et al. 2014, Perini et al. 2014).
Activated Rab5 bound to GTP promotes the recruitment of the Rab7 GEF, the
Mon1-Ccz1 complex (Poteryaev et al. 2010, Cabrera et al. 2014). The switch from
Rab5 to Rab7 happens at the same time as the release of Rabex5 from endosomes,
which prevents further Rab5 activation (Poteryaev et al. 2010). The remaining Rab5
is then inactivated by the recruitment of RabGAP-5/RUTBC3 (Haas et al. 2005). Rab7
recruits the HOPS tethering complex to promote SNARE-dependent fusion of these
endosomal vesicles to lysosomes (Brocker et al. 2012, Gao et al. 2018). TBC1D5
inactivates Rab7 at late endosomes (Seaman et al. 2009). There is a cascade of events
that control each step of the maturation from endocytosis to lysosomal degradation,
and this is a general theme in almost all membrane trafficking pathways.
Recycling endosomes tend to localise close to microtubule organising centre
which is located in proximity to the nucleus. They tend to have a tubular shape and
usually contain the following proteins: Rab8 and Rab11 family proteins, Rab22a, Arf6,
EHD (Eps15 homology (EH) domain protein) and/or MICAL-L1 (Naslavsky and
Caplan 2005, Naslavsky and Caplan 2018). TfrR (transferrin receptor) is one of the
model recycling pathways markers used in membrane trafficking. Dynein-mediated
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transport of TfrR vesicles to recycling compartments requires EHD1 with its
interaction partners, MICAL-L1 and CRMP2 (Rahajeng et al. 2010), as well as EHD3
(Naslavsky et al. 2006). EHD1 and EHD3 both interact with Rabenosyn-5, the dual
effector for both Rab4 and Rab5, thus linking EE to recycling endosomes (Naslavsky
and Caplan 2018). Rab4, Rab11, and Rab14 function in recycling pathways at the early
endosome, whereas Rab9 is required for recycling between the lysosome and the Golgi
(van der Sluijs et al. 1992, Lombardi et al. 1993, Ullrich et al. 1996, Linford et al.
2012). There are many pathways of recycling from slow to fast depending on the
proteins involved.

2.1.3 Lysosome related organelle pathways
Several specific types of cells have adapted their endolysosomal system to fulfil
specialised functions by generating a group of specialised functionally and
morphologically diverse secretory compartments known as lysosome-related
organelles (LRO). There are a diverse range of LROs from pigment cell melanosomes,
lung lamellar bodies, platelet dense and alpha granules, some neuronal dense core
granules, endothelial cell Weibel-Palade bodies (WPB) and cytotoxic T cell lytic
granules (Bowman et al. 2019, Delevoye et al. 2019). LROs contain common
components like CD63 and a number of associated Rabs including Rab27A/B, Rab32
and Rab38. Material in LROs tend to derive from early and late endolysosomal
compartments with some biosynthetic delivery from the late Golgi (Delevoye et al.
2019).
Several diseases have been associated with alterations in LRO function,
including Hermansky–Pudlak (HPS), Chediak-Higashi and Griscelli syndromes and
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familial haemophagocytic lymphohistiocytosis (Bowman et al. 2019, Delevoye et al.
2019). Most of these disorders affect a range of organelles, suggesting a common
biogenesis pathway. In HPS, which is a group of rare diseases, patients are
characterised by oculocutaneous albinism, excessive bleeding and often lung disease
and/or immune dysfunction. So, it seems that both pigment cell melanosomes and
platelet dense granules are compromised (Wei 2006, Wei and Li 2013). At least 10
different genes are mutated in HPSs. The adaptor protein‐3 (AP‐3), four obligate
multisubunit protein complexes: the Biogenesis of Lysosome‐related Organelles
Complex (BLOC)‐1, ‐2 and ‐3 as well as Rab32, Rab38 and subunits of the HOPS and
the CORVET complexes.

2.1.4 Melanosome biogenesis
Melanosomes in skin melanocytes mature from early endosomes by assembly of
fragments of a transmembrane glycoprotein proteolytically cleaved following exit
from the TGN (trans-Golgi network) named PMEL (Berson et al. 2001, Raposo et al.
2001, Berson et al. 2003). PMEL accumulates into amyloid fibrils where melanin
pigments deposit (Watt et al. 2013). The fibrils nucleate in a process requiring CD63
and ApoE (apopoliprotein E) (van Niel et al. 2015). In addition the PIKfyve complex
regulates PI(3,5)P2 levels and facilitates the fusion of immature melanosomes (Bissig
et al. 2019). These precursors mature to late stage pigmented melanosomes by
acquiring a number of enzymes either from early/recycling endosomes or from the
TGN. TGN transport to melanosomes require Rab6 and its effector ELKS (Patwardhan
et al. 2017), but in general is poorly understood in terms of the molecular mechanisms
at work.
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BLOC-1, which contains eight subunits, is involved in the transport of
transmembrane protein cargos, including ATP7A and TYRP-1 (tyrosinase related
protein 1) proteins, which are essential for melanosome maturation from early
endosomes (Di Pietro et al. 2006, Setty et al. 2007, Setty et al. 2008, Sitaram et al.
2012). BLOC-1 interaction with KIF13A drives tubule elongation from endosomes
along microtubule tracks (Delevoye et al. 2009, Delevoye et al. 2014, Delevoye et al.
2016). Furthermore, BLOC‐1 nucleates Arp2/3-dependent actin filaments on
endosomes (Gokhale et al. 2016), probably through its interaction with the WASH
complex, an Arp2/3 activator (Ryder et al. 2013). Interestingly, in non-neuronal cells
that lack LROs, BLOC-1 controls cargo recycling to the plasma membrane and
delivery of specific components to the primary cilium (Delevoye et al. 2016, Monis et
al. 2017). This demonstrates cell-type adaptation of the endocytic pathway. BLOC-2
contains three large subunits. Its role is to direct BLOC-1 dependent tubules to
maturing melanosomes (Dennis et al. 2015). How BLOC-2 facilitates this is unclear
but it could be either with the help of KIF13A and Rab22 or by tethering tubules to
the melanosome membrane (Shakya et al. 2018). BLOC-3 is a heterodimeric complex,
which will be discussed in a later chapter, consisting of 2 subunits Hps1 and Hps4 and
it has been involved in maturation of melanosomes (Chiang et al. 2003, Martina et al.
2003, Nazarian et al. 2003).
AP-3 plays a unique role in cargo sorting for LRO. Mutations in the genes
encoding two AP‐3 subunits in humans cause rare forms of HPS (Kantheti et al. 1998,
Dell'Angelica et al. 1999, Feng et al. 1999). AP-3 recognise tyrosine-based signals in
transmembrane cargo proteins and plays a role in sorting them to lysosomes or LROs
(Ohno et al. 1998, Huizing et al. 2001, Theos et al. 2005, Mardones et al. 2013). Both
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HOPS and CORVET subunit mutations, especially of the core c complex containing
VPS11, VPS16, VPS18 and VPS33A, cause HPS. These mutations when transposed
to animal models cause HPS-like type of diseases from loss of gut granules to
hypopigmentation in the eyes and skin (Wei and Li 2013, Bowman et al. 2019).

2.1.5 Endocytic trafficking to cilia
Another specialised organelle derived from endosomes that exists in most metazoan
cells is the primary cilium. Immotile primary cilia play a role in various signal
transduction pathways required for normal development and homeostasis.
Components of most major signalling pathways including Hedgehog (Hh), Wnt,
Notch, transforming growth factor β, G protein-coupled receptors (GPCRs), receptor
tyrosine kinases, and extracellular matrix receptors localise to cilia and require cilia
for proper transduction (Mykytyn and Askwith 2017, Anvarian et al. 2019). A diverse
number of diseases exist due to impaired functioning of the cilia are called ciliopathies
(Reiter and Leroux 2017).
The primary cilium develops from the mother centriole and is comprised of a
microtubule-based axoneme surrounded by the ciliary membrane, which serves as the
main signalling hub for the organelle. A “gate” exists at the base of the cilium, named
transition zone, which regulates entrance and exit of proteins and lipids (GarciaGonzalo and Reiter 2017, Goncalves and Pelletier 2017). The first proteins shown to
function in ciliogenesis were the intraflagellar transport (IFT) proteins which are
important for both cilia assembly and maintenance. IFT-A, IFT-B and the Bardet–
Biedl syndrome (BBS) complexes regulate anterograde and retrograde transport along
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the axoneme between the ciliary base and the tip (Taschner and Lorentzen 2016,
Wingfield et al. 2018, Yang and Huang 2019).
The first step for ciliogenesis is docking of cellular membranes to the distal
appendages on the mother centriole. Subsequently uncapping of proteins occurs. Two
different pathways exist for the next step, the intracellular and the extracellular. In the
extracellular the mother centriole docks through distal appendixes to the plasma
membrane. In the intracellular pathway, the cilium is assembled partially in the
cytoplasm by trafficking of membrane vesicles from different recycling compartments
and the Golgi to the mother centriole. The pre-ciliary vesicles dock to the distal
appendage vesicles and subsequently creating a ciliary vesicle on top of the mother
centriole. The axoneme and ciliary membrane then elongates inside this ciliary vesicle
to create an elongated double membrane structure that then fuse with the cell surface
(Shakya and Westlake 2021).
The initiation step for ciliogenesis involves Rab11 and Rab8-dependent
transport steps, where ciliary precursor vesicles accumulate at the mother centriole.
Rab11 recruits the Rab8 GEF, and thus promotes Rab8 activity and consequently
growth of the ciliary vesicle (Westlake et al. 2011). TRAPPII, the Rab11 GEF, has
also been implicated in the transport of ciliary precursor vesicle from an endocytic
compartment (Westlake et al. 2011, Cuenca et al. 2019). There are many more players
involved in ciliary vesicle assembly and mother centriole uncapping, and not all can
be reviewed here. In the context of this work, the ones worth mentioning are EHD1
and EHD3 which are thought first to play a role in uncapping and later in vesicle
formation by probably sensing or creating membrane curvature (Lu et al. 2015a,
Shakya and Westlake 2021).
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Ciliary membrane growth and axoneme growth seem to be coordinated events.
IFT proteins seem to play a crucial role in axoneme growth (Taschner and Lorentzen
2016, Ishikawa and Marshall 2017). IFT20, member of the IFT-A complex, initially
localise to the Golgi and subsequently recruited ciliary a vesicle via KIF1C motor
(Follit et al. 2006, Lee et al. 2018). IFTs and Rab8 seem to coordinate the growth
possibly via another protein named ELIPSA (Omori et al. 2008). Another small
GTPase, Arl13b localise to the ciliary membrane, after the ciliary vesicle formation
and interacts with the IFT-B complex and mediates IFT-A retrograde transport on the
axoneme (Seixas et al. 2016, Nozaki et al. 2017). Rab35 has recently been implicated
in regulating cilium length by regulating lipid level and Arl13b (Kuhns et al. 2019).
Finally, Rab23 is thought to regulate cilium formation and maintenance (Yoshimura
et al. 2007, Lim and Tang 2015).
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2.2 Identification of DENN proteins as a family of Rab GEFs
Rab GTPases are key regulators of membrane trafficking, but until 2010 there was
little known about the GEFs that activate most human Rabs. To find new families of
Rab GEFs we looked for groups of proteins sharing common domains that were
previously implicated in membrane trafficking. This approach led us to explore
MADD (MAP kinase-activating death domain), a DENN (Differentially Expressed in
Normal and Neoplastic tissue) domain containing protein (Wada et al. 1997, Oishi et
al. 1998, Figueiredo et al. 2008). MADD was previously linked to Rab3 and Rab27
pathways, as a potential Rab3 GEF, and causing when mutated neurodevelopmental
disorders of varying severity (Hu et al. 2019, Schneeberger et al. 2020). By using a
bioinformatic sequence search with MADD, we identified 17 further proteins in the
human genome which have a predicted DENN domain. Because no members of this
family have been found in S. cerevisiae, the model organism widely used to study
membrane trafficking, it suggests that these proteins should be GEFs for Rabs that
exist only in metazoans.

2.2.1 Radioactive Screening assay for Rab GEFs
To pursue our goal of identifying novel Rab GEFs, we developed a radioactive
screening assay, so we could screen the majority of mammalian Rabs against our
candidate GEF (Figure 2-1). This provided a simple and reliable method for
identifying GEFs with high specificity and sensitivity for the entire Rab family. To
validate that this assay was both specific and sensitive we first tested it against the well
characterised Rab5 GEF, Rabex5 (Horiuchi et al. 1997, Delprato et al. 2004). Indeed,
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Rabex5 promotes GDP exchange to GTP of Rab5A-C as well as the other Rab5 family
members Rab17, Rab21 and Rab22A (Yoshimura et al. 2010).
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Figure 2-1 Radioactive screening GEF assay
Rabs being free from any nucleotide were loaded with [3H]GDP. The reaction was split in two
parts, and unlabelled GTP was added in both fractions. One was incubated with the candidate
GEF and the other with the equivalent buffer control for 20 minutes at 20 oC.
GSH(glutathionine)-beads were added to the reactions which bind GST-Rabs. Then the Rabs
were pulled-down for 1 hr at 4 oC. The beads were washed and then analysed for radioactivity
on a scintillation counter. Release of [3H]GDP indicates that the Rab has been activated by
the candidate GEF as plotted from the graph of Rabex-5 tested against most mammalian
Rabs. Red line represents the cut off of activity, any Rab exhibiting less that 2 pmols of GDP
release is not considered that it is activated by Rabex5.

2.2.2 DENND1 regulates Rab35-dependent Shiga toxin trafficking from the
plasma membrane
We first characterised DENND1A-C isoforms and found these all displayed activity
against Rab35 (Marat and McPherson 2010, Yoshimura et al. 2010). Rab35 is known
to play a role in Shiga toxin transport from the plasma membrane to the TGN (Fuchs
et al. 2007). We therefore tested if the Rab35 GEF, DENND1 is present on the cell
surface and also functions in this pathway. DENND1A localised to the same cell
surface structures as clathrin and AP-2, and specifically coimmunoprecipitated with
these proteins. Clathrin depletion delocalised DENND1A from the plasma membrane,
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suggesting the Rab35 GEF is recruited via the forming vesicle coat. Depletion of
DENND1A blocked Shiga toxin uptake, whereas EGF endocytosis was unperturbed.
These results demonstrate the role of DENND1 and Rab35 in vesicle mediated
endocytosis via clathrin and AP-2. DENND1A plays a role in the presynaptic nerve
terminals, which upon its depletion it impairs synaptic vesicle endocytosis in cultured
hippocampal neurons (Allaire et al. 2006). Testing of Rab35 depletion could confirm
the GEF-Rab relation but unfortunately it was not tested under these conditions.
To understand the mechanism of Rab activation, the structure of DENND1B-S,
the shortest isoform of the Rab35 GEF, was resolved by our lab in complex with its
target Rab35. This revealed the longin domain in DENDD1B-S was crucial to bind
Rab35 and promote nucleotide release (Wu et al. 2011). Longin is a characteristic
domain of diverse GEFs (Levine et al. 2013) such as TRAPPI the GEF of Rab1/Ypt1
(Cai et al. 2008) and Mon1-Ccz1 Rab7 GEF (Cabrera et al. 2014). The longin fold is
comprised of two β strands, one α helix, 3 β strands followed by two α helixes (Kinch
and Grishin 2006, Levine et al. 2013). More proteins containing longin domains have
been identified, using HHpred prediction motif software, which are discussed in
subsequent chapters.

2.2.3 DENND2 regulates Rab9 and lysosome distribution
DENND2 four different isoforms all show activity toward both Rab9A and Rab9B.
Interestingly, when either of these proteins were depleted, clustering of the lysosomes
around the nuclear region was observed and mannose-6-phosphate receptor (M6PR)
is lost in the periphery, which is a well document receptor of Rab9 trafficking
(Lombardi et al. 1993, Diaz et al. 1997). DENND2 localise in actin filaments as we
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and others have shown (Yoshimura et al. 2010, Ioannou et al. 2015) maybe because
Rho family protein RhoBTB3, an ATPase required for endosome to Golgi transport,
is a Rab9 effector (Espinosa et al. 2009).
We have also demonstrated that DENND2 acts on Rab9 and upon their depletion
LAMP1 (lysosomal-associated membrane protein 1) is clustered closer to the nucleus
and M6PR is redistributed away from the Golgi area. Rab13 has also been reported to
be activated by DENND2B (Ioannou et al. 2015). However, the authors of that report
did not perform GEF assays to directly measure the activity against Rab13 comparable
to Rab9 and only indirect evidence using pull-down assays were presented. As
explained in the introduction, GEFs may interact with multiple Rabs for different
reasons to form cascades. In this case it is tempting to speculate that Rab9 which plays
a role in trafficking to the trans-Golgi may also play a role in regulation of the Rab13
GEF.

2.2.4 DENND4 is a specific GEFs for Rab10 in apical sorting
Rab8 and Rab10 control apical and basolateral transport respectively in mammalian
cells. We have shown that Rab10 is regulated only by DENND4A/B/C and Rab8 only
by Rabin3/Rabin8 and Rabin3-like/GRAB. Thus, these GEFs can independently
control

polarised

trafficking.

Another

study

confirmed

that

Drosophila

DENND4A/Crag is a Rab10 GEF and has a minimal activity towards other Rabs
(Xiong et al. 2012), further confirming our results.
Other studies have found that the glucose transporter GLUT4 requires Rab10
and DENND4C, the Rab10 GEF, to translocate to the plasma membrane (Sano et al.
2011). Interesting, in C. elegans a partner of DENND4, LET-413, has been shown to
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be an effector of Rab5. LET-413 at least in C. elegans promotes the GEF activity of
DENDD4 (Liu et al. 2018a), driving the cascade from Rab5 to Rab10. BLAST search
for orthologues of LET-413, reveals SCRIBBLE proteins, which are scaffold proteins
important in polarised cell differentiation. Further strengthening the idea that
DENND4 and Rab10 are important to basolateral transport, Nakamura et al (2020)
showed in Drosophila photoreceptors that Rab10, with its effector EHBP1 (EHD
binding protein 1) and DENND4A/Crag work together in polarised trafficking of
Na+K+ATPase to the basolateral membrane.

2.2.5 GEF Specificity of the rest of DENN family
Finally, the specificity of the rest of the DENN proteins was determined. DENND3 is
a Rab12 GEF. Rab12 has been shown to be involved in autophagy, which is an
evolutionarily conserved catabolic mechanism that targets intracellular molecules and
damaged organelles to lysosomes (Matsui and Fukuda 2013). Rab12 controls the
degradation of TfrR and PAT4 (proton‐coupled amino‐acid transporter 4) (Matsui et
al. 2011, Matsui and Fukuda 2013, Sirohi et al. 2013), as does DENND3 by activating
Rab12 (Matsui et al. 2014). Unc‐51‐like kinases induce this, by phosphorylating
DENND3 (Xu et al. 2015). Since DENND3 binds actin (Xu et al. 2018b), it could be
postulated that it promotes vesicle trafficking along the actin fibres towards
autophagosomes by activating Rab12. Then Rab12 binds LC3 and can regulate the
fusion and membrane expansion of autophagosomes (Xu et al. 2015).
DENND5A/B act on Rab39. DENND5 has been identified as an effector of
Rab6, a key regulator of exit from the Golgi apparatus (Janoueix-Lerosey et al. 1995,
Monier et al. 2002, Gillingham et al. 2014). It also binds sorting nexin 1 (SNX1)
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(Wassmer et al. 2009), part of the retromer complex in mammalian cells that drives
vesicle transport between early endosomes and the trans-Golgi network (Kurten et al.
2001, Bujny et al. 2007). Recently, a DENND5B knock-out mouse was generated with
major defects in absorption of dietary triacylglyceride due possibly to a defective
transport from the Golgi to plasma membrane of ultra-low-density lipoproteins,
mainly consisting of triacylglycerides (Gordon et al. 2019). Lastly, Rab39A/39B have
been involved in sphingomyelin trafficking (Gambarte Tudela et al. 2019).
Considering these data, it seems reasonable to propose that DENND5 could be
recruited to the TGN by Rab6 and the retromer, where it activates Rab39 which
facilitates the transport of lipids from TGN to plasma membrane.
The last two members of the DENN family, MTMR5 and MTMR13 both act on
Rab28. MTMR13 is mutated in autosomal recessive disorder called Charcot-MarieTooth disease, which is a peripheral neuropathy and early-onset glaucoma both in
humans and in mice (Azzedine et al. 2003, Robinson et al. 2008). Additionally, Rab28
cause an autosomal recessive cone-rod dystrophy, Charcot-Marie-Tooth disease type
4B, in mammals (Roosing et al. 2013) and in C. elegans is expressed in ciliated
neurons which is an IFT-associated cargo (Jensen et al. 2016, Akella et al. 2020).
These results show that Rab28 and MTMR13 function in ciliated cells and may be
very important for retinal epithelial cells.

2.2.6 Conclusions and Discussion:
We have characterised a novel family of Rab GEF proteins that all act on distinct Rabs.
Importantly, we have identified specific Rab targets for each GEF and in most cases
found a lack of cross-talk between different Rabs (Table 2-1). Thus, Rab GEFs can
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play an important role in determining the specificity of membrane traffic by activating
Rab pathways unique to different trafficking steps.

GEF

Rab substrate

Role

Human disease

DENND1A/B/C

Rab35

Clathrin dependent
endocytosis

None known

DENND1C

Rab13

TGN trafficking

None known

DENND2A/B/C/D

Rab9

Trafficking of late endosomes,
transport of M6PR

None known

DENND3

Rab12

Transport of vesicle along
actin toward autophagosomes

None known

DENND4A/B/C

Rab10

Basolateral sorting

None known

DENND5A

Rab39

Transport of lipids from TGN to
plasma membrane

Developmental and
epileptic encephalopathy49

DENND6A/B
(FAM116A/B)

Rab14

Recycling to plasma
membrane

None known

MTMR5

Rab28

Role in ciliated cells

Charcot-Marie-Tooth
disease type 4B

MTMR13

Rab28

Role in ciliated cells,
autophagy?

Charcot-Marie-Tooth
disease type 4B

MADD/Rab3GEP

Rab3, Rab27

Role in melanosome formation
and other LROs

Range of
neurodevelopmental
disorder

Rabin3/Rabin8 and
Rabin3-like/GRAB

Rab8

Apical sorting and cilium
formation

None known

AVL9

Unknown

Golgi secretion

None known

KIAA1147

Unknown

Unknown

None known

FAM45A
(DENND10)

Unknown

Early and late endosomes
trafficking

None known

Table 2-1 Table of DENN and DENN-related family
Known Rab substrates of the DENN and DENN-related family are displayed. Additionally their
role and any known human diseases caused by mutation in GEFs.

Since we initiated this work, highly divergent DENN domain proteins have been
identified in yeast, contrary to what was thought previously. However, the Lst4-Lst7
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heterodimer, which contains at least one DENN domain, does not act as a GEF but as
a GAP towards Gtr2, a small yeast GTPase (Peli-Gulli et al. 2015, Peli-Gulli et al.
2017). Interestingly, there is an orthologue of Lst4-Lst7 in mammals called FLCNFNIP2 which acts as a GAP to RagC/D, a GTPase. It contains one DENN domain split
two thirds in FLCN and one third in FNIP2. The catalytic Arg was found in the longin
domain of FLCN (Shen et al. 2019). There is a possibility that there are more proteins
which still remain undiscovered with the divergent DENN domain but more
investigation is needed to determine the function. Avl9, a yeast protein, contains also
a divergent DENN domain, but until now no GEF role has been assigned (Harsay and
Schekman 2007). Avl9 only shows vesicle accumulation and a post-Golgi defect in
secretion. More members of this divergent family of DENN-related proteins have been
identified: FAM45A, FAM116A/B and KIA1147. The only member of this family
with demonstrated GEF activity is FAM116, which has some activity towards Rab14
as we have shown (Linford et al. 2012). Recently, FAM116 has been renamed to
DENND6, to reflect that phylogenetically it is much closer to the DENNs than
previously thought. FAM116A/DENND6A and Rab14 are required for endocytic
recycling in a pathway transporting ADAM10 protease to the cell surface where it
promotes N-cadherin shedding and disassembly of cell-cell junctions. This may be
important for regulation of transitions between epithelial and mesenchymal cell states.
The last member of these divergent DENN family, FAM45 has been claimed to
interact with Rab27 in a nucleotide dependent fashion, but no GTP exchange activity
was measured by the authors (Zhang et al. 2019). Together these findings suggest that
DENN domain proteins may act as more general platforms for GTPases and are not
always GEFs.
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While more work is needed to identify the wider cellular and tissue specific
physiological roles of the DENN-related proteins, my work has revealed key Rab
targets and GEF activities that will inform future studies.

2.3 Identification of Tri-longin domain complexes as a
family of Rab GEFs
The search for additional complexes that might be putative Rab GEFS, led us to focus
on other proteins containing predicted domains related to the DENN-longin fold. We
focussed on the Mon1-Ccz1 complex known to possess Ypt7 GEF activity (Nordmann
et al. 2010). Mon1 and Ccz1 were predicted to have N-terminal longin domains
reminiscent of the Rab35 GEF DENND1B-S and the Rab1 GEF TRAPP (Cai et al.
2008, Wu et al. 2011). This has been subsequently confirmed by structural analysis
(Kiontke et al. 2017). We therefore set out to find if it possesses Rab7 GEF activity in
mammals and discover further GEFs related to this heterodimeric complex.

2.3.1 Identification of a new family of tri-login domain proteins.
To find extended members of the putative Mon1-Ccz1 family of proteins we used
HHSearch (Fidler et al. 2016, Zimmermann et al. 2018b). Individual searches with
either Mon1 or Ccz1 revealed divergent sequences Hps1, Hps4, Inturned and Fuzzy
containing longin domains close to the N-terminus (Levine et al. 2013). In the course
of this analysis, we observed that both Mon1 and Ccz1 had a hitherto unappreciated
repeat structure, with 3 rather than 1 longin domain, shared with these new proteins.
These longin domains show pairwise similarities possibly indicative of specific
functions. Interaction mapping of these subunits revealed that Mon1-Ccz1, Hps1-Hps4
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and lastly Intu and Fuz form discrete binary complexes via these longin domains.
Based on these initial findings we refer to these heterodimeric complexes as Tri-longin
domain Rab GEFs: Mon1-Ccz1, Hps1-Hps4 (BLOC-3) and Inturned-Fuzzy.
Human Mon1-Ccz1, BLOC-3 and Intu-Fuz complexes were used for GEF
assays toward a representative group of Rab GTPases. It is important to mention that
the activity of each GEF is only towards the respected Rabs and there is no cross
reactivity, so Mon1-Ccz1 acts on Rab7, Hps1-Hps4 acts on Rab32/Rab38 and IntuFuz acts on Rab23. Interestingly, there are no orthologues of Hps1-Hps4 in C. elegans
even though Rab32 exists. In this organism RAB7 and RAB32/GLO-1 are activated
by GEFs that share the Ccz1 component of the complex but different Mon1 or GLO3 respectively at least in gut granule formation (Delahaye et al. 2014, Morris et al.
2018). Thus, indicates a possible duplication of Rab7 to Rab32 but only one subunit
of the GEF was duplicated, therefore they do not cross activate their substrates. Both
subunits of each complex are required otherwise no or minimal activity is detected in
any of these GEF complexes.

2.3.1.1 Development of kinetic fluorescent GEF assay
To understand further how the GEF reaction works overtime we developed a second
kinetic assay to complement the radioactive GEF endpoint assay. For this we used
fluorescent 2’/3’-O-N-Methyl-anthraniloyl (MANT)-GDP, which help us track the
GDP/GTP exchange over time (Figure 2.3-1). Additionally, MANT fluorescence
increases by ~ two-fold when it is bound to proteins (Alexandrov et al. 2001, Kanie
and Jackson 2018). The advantage of this assay is the immediate comparison of
catalytic activities of different GEFs and measure the catalytic efficiency of the
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exchange of GDP to GTP. e.g. the DrrA of Legionella pneumophila activity against
Rab1 is two and half fold higher when compared to its physiological GEF DENND1
(Langemeyer et al. 2014).
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Figure 2.3-1 MANT GEF assay
MANT-GDP is loaded on Rabs for 30 min at 20 oC. The Rab is washed so excess/unbound
MANT-GDP is removed through a buffer exchange column. The Rab is loaded on a 96 well
plate and then the various concentrations of GEF or buffer control is added. The next step is
to add GTP and record the exchange of MANT-GDP to GTP over time. As a final step excess
EDTA could be added for total release of nucleotide from the Rab.

2.3.1.2 GEF activity of the Tri-longin family members
By using this assay, we were able to confirm that Rab23 is activated in a concentration
dependent fashion by Intu-Fuz, with high specific activity kcat/Km ∼6 × 103 M−1s−1
for Rab23 (Figure 2.3-1). By comparison, Mon1-Ccz1 has a kcat/Km ∼2 × 103 M−1s−1
for Ypt7 (Nordmann et al. 2010), and the result is comparable also to other more
structurally diverse Rab GEFs (Itzen et al. 2007, Langemeyer et al. 2014).

2.3.2.BLOC-3 Promotes Membrane Localisation of Rab32 and 38
Since BLOC-3 is the GEF for Rab32 and Rab38 in vivo, their relationship was tested
in vitro and for this reason we used MNT-1 cell line which produce melanosomes.
Western blot (WB) of MNT-1 and a non-melanosome producing cells, HeLa, revealed
that both Hps4, Rab32 and Rab38 are enriched in MNT-1 as well as other markers of
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melanin biogenesis but not expressed in HeLa cells. When either subunits of BLOC-3
were depleted using siRNA, Rab32 was lost from these ring-like membranes and
became redistributed to a diffuse or finely punctate cytoplasmic pattern closer to the
nucleus in our experiments and others (Gerondopoulos et al. 2012, Dennis et al. 2016).
Rab38 mis-localisation was also observed in Hps1 gene knock-out in murine lung
epithelial (ML-15) cell line (Kook et al. 2018). Additional support evidence for the
requirement of BLOC-3 for Rab32 and Rab38 targeting, comes from the relocalisation of these Rabs to a heterologous membrane (mitochondria, by using a
mitochondrial targeting sequence) upon expression of both GEF subunits Hps1-Hps4
to mitochondria.
Interestingly BLOC-3 has been proposed to bind the activated GTP bound form
of Rab9 (Kloer et al. 2010), so acts as its effector. The Rab32 and Rab38 GAP protein,
RUTBC1, is also a Rab9 effector (Nottingham et al. 2011). These results could suggest
that Rab9 could limit the action of Rab32/Rab38 towards the late endosome and
promote their role further downstream towards the melanosome formation. In turn,
Rab32 and Rab38 may then feedback to regulate yet further Rabs, since VARP, the
exchange factor for Rab21, is a Rab32/38-binding protein (Tamura et al. 2009,
Ohbayashi et al. 2012).

2.3.3 BLOC-3 Plays a Role in Melanosome Formation
Previous studies have shown that cells from mice lacking Rab32/38 display
deficiencies in the formation of mature melanosomes and accumulate early stage
melanosomes (Wasmeier et al. 2006, Lopes et al. 2007). In addition, mouse models of
pale-ear and light ear, bearing inactivating mutations in Hps1 and Hps4, respectively,
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have pigment dilution in the skin and eyes (Lane and Green 1967) and the Rab38
knock-out rats shows also pigmentation defects (Oiso et al. 2004). Therefore, we tested
whether Rab32, Rab38, Hps1 and Hps4 depletions cause a similar accumulation of
pre-melanosomal structures and reduced numbers of mature heavily pigmented
melanosomes and that was certainly the case. PMEL, the melanosome precursor,
localises to a punctate pattern clearly discrete from the mature melanosomes.
Depletion of Rab32/38, Hps1, or Hps4 resulted in a strong increased PMEL signal and
WB reveals an increased levels of the unprocessed form of PMEL in the cells probably
due to blockage of proteolytic maturation of PMEL. Additionally, under these
depletion conditions, TYRP1 and TYR cargoes localised in smaller irregular structures
in melanosomes lacking melanin both in our experiments and others (Wasmeier et al.
2006). We also observed a decrease in densely pigmented melanosomes and in
pigment production, in cells depleted for either the BLOC-3 or Rab32/Rab38, showing
consistency with the mouse models.

2.3.4 Rab23 GEF Localises to Cilia and Promotes Cilium Formation
Following the study in Hps1-Hps4 and the melanosome we continue to pursue the role
of the other heterodimeric GEF of this family Intu-Fuz which activates Rab23. As it
was already known that loss of Intu and Fuz in animal models disrupts ciliogenesis
(Park et al. 2006, Gray et al. 2009, Heydeck et al. 2009, Zeng et al. 2010) and GFPIntu and Fuzzy localises to centrioles and the basal region of cilia (Zilber et al. 2013,
Toriyama et al. 2016). Intu localise at the basal region of the cilium when using
endogenous antibodies. Loss of Intu staining was observed when Intu or Fuz were
depleted, which is consistent with its role as a complex. Rab23 depletion resulted in a
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collapse of the Intu staining to a small punctate structure overlapping one of the
centrioles. Interestingly, the structure was positive for Rab8, indicating that this is a
ciliary vesicle precursor associated with the mother centriole. Similar results were
obtained using the IFT-B component, IFT88 which is a marker for the interior of the
cilium and ciliary vesicle and the role of Intu-Fuz proteins as part of the CPLANE
complex (Toriyama et al. 2016). CPLANE complex (Intu, Fuz, Wdpcp, Jbts17 and
RSG1) localise in the base of the cilium and plays a critical role in IFT-B trafficking.
Upon depletion of any of the CPLANE components IFT-B “trains” are completely
absent, whereas only peripheral and not the core IFT-A proteins were affected
(Gerondopoulos et al. unpublished data and (Toriyama et al. 2016). So could CPLANE
control transport of IFT-B and peripheral IFT-A to the cilia?
By using two different cell lines iMCD3 and hTERT-RPE1, which contain
different type of cilia (Molla-Herman et al. 2010), we confirmed that cilia were either
lost or shortened to a single point when depleting either Intu or Fuz or Rab23. Rab23
has been previously implicated to work with ciliary kinesin KIF-17 and IFT-B
mediating the transport D1-type dopaminergic receptors (Leaf and Von Zastrow
2015). The authors did not observe any reduction of the cilia length upon Rab23
depletion in iMCD3 cells. The efficiency of siRNA could be one reason of this
difference. Interestingly both us and Von Zastrow lab observed cilium length reduction
in CRISPR edited cell lines of these genes (Gerondopoulos et al. unpublished data and
personal communication with Von Zastrow lab), which confirms our siRNA
phenotype. To further understand this, maybe the role of Rab23 is to co-ordinate with
the help of KIF-17 and IFT-B the transport of dopaminergic receptors but also play a
role much earlier in the formation of cilia. To dissect these two functions an inducible
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degradation tag could be used, such as AID or a fluorescent tag with capacity to be
degraded e.g. Halo-tag (Roth et al. 2019). Of course, these should be engineered-in
the endogenous gene by CRISPR technology. That way it would be easier to degrade
Rab23 or Intu-Fuz at specific time points of cilium formation and dissect their roles.

2.3.5 Rab23 disease associated mutants
Rab23 mutations cause Carpenter syndrome, which is a disease characterised by
craniosynostosis of the skull and face, polydactyly and brachydactyly as well as other
clinical symptoms (Jenkins et al. 2007, Alessandri et al. 2010, Jenkins et al. 2011,
Ben-Salem et al. 2013, Haye et al. 2014). To understand the mutations causing this
syndrome first we localised WT Rab23, which localises to the plasma membrane in
both hTERT-RPE1 and IMCD3 cells. However, Rab23Q68A, the dominant active
mutant was greatly enriched at the cilium but did not alter the length of cilia in either
cell line as seen previously (Lim and Tang 2015). Rab23M12K and Rab23C85R, two
known disease associated mutations as well as the dominant negative inactive
Rab23N121I resulted in reduced cilium formation (Jenkins et al. 2007, Jenkins et al.
2011). The two disease-associated mutants and Rab23N121I have reduced GDPbinding properties and show an increased rate of basal GTP-hydrolysis. Therefore,
these mutants rapidly bind, hydrolyse, and release nucleotide in the absence of any
regulatory factors. This rapid cycling may explain why they act as dominant negative
mutants, interfering with endogenous Rab23 function and causing Carpenter
syndrome. It would be beneficial in future work of these catalytically active (QA) or
inactive (NI) mutants of Rabs to be also tested for their ability to bind GDP or GTP
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and hydrolyse GTP prior to their use in in vivo assays, since this would help underpin
better their function.
To complete the GTPase cycle of the Rab23, we confirmed both GEF (Intu-Fuz)
and its cognate GAP (EVI5-L) (Yoshimura et al. 2008). We overexpressed the
catalytically active Rab23 GAP (EVI5L), but not the catalytically inactive mutant,
which displayed reduced cilium formation and cilium length in IMCD3 cells. No other
GAP other than TBC1D30, Rab8 GAP, showed reduction of cilia as expected and seen
previously (Yoshimura et al. 2008).
Interestingly the Intu and Fuz depletion phenotype of cilium formation could be
somewhat rescued by overexpression of wild-type Rab23 and cilium length increased.
The dominant active Rab23Q68A mutant rescued cilium formation and length to
almost the same level seen in control cells (Caspary et al. 2007, Larkins et al. 2011).
Unfortunately, we were unable to rescue the phenotype by overexpressing GFP-Intu
and Fuz, probably due to the localisation pattern of the tag constructs, which is
cytoplasmic. A construct that could co-express both subunits might improve their
localisation and hence be able to rescue the phenotype.

2.3.6 Rab23 Activation Is Required Downstream of Ciliary Vesicle Formation
To understand better the role of Rab23 and Intu-Fuz, transmission electron microscopy
was employed to examine control and Intu-Fuz depleted hTERT-RPE1 cells. TEM
images of depleted cells revealed loss of intact axonemes, in accordance with our light
microscopy experiments, where acetylated tubulin is lost. Docked ciliary vesicles were
also observed on the contrary to Rab8 depleted cells (Lu et al. 2015a). Rab8 was
present in our light-microscopy experiments upon depleted conditions, meaning that
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Rab8 docking to the ciliary vesicle must happen prior to Intu-Fuz and Rab23 in the
cilium formation pathway. We did not examine Rab11 in our experiments, however
we assumed from literature that Rab11 and its effector Rabin8 should act before Rab8
(Knodler et al. 2010, Westlake et al. 2011, Lu et al. 2015b). Additionally, a
“peripheral” member of the CPLANE complex, RSG1, which is a small GTPase, acts
downstream of the core CPLANE components, which includes Intu and Fuzzy
(Toriyama et al. 2016), displayed ability to dock to mother centrioles but failed either
to bud into the ciliary vesicle or extent the axoneme (Agbu et al. 2018) in RSG1
CRISPR knock-out. These results point to Intu-Fuz and Rab23 function at an
intermediate or late stage of cilium formation, after docking of the ciliary vesicle to
the mother centriole but prior to axoneme elongation and fusion of the ciliary vesicle
and plasma membrane. By using immunogold labelling with TEM of Intu-Fuz and
Rab23 could point to the exact location of action for these proteins along the cilia.

2.3.7 Conservation of role of Intu-Fuz and Rab23 in Drosophila
To further examine if this relationship of Intu-Fuz as a GEF of Rab23 is conserved
across species we used Drosophila as a model. In and Fy (the fly homologs of Intu and
Fuz) are thought to act in a complex with Frtz in Pupal wing, as it happens in mammals
(Gerondopoulos et al. unpublished data and (Collier et al. 2005). Drosophila Rab23
knock-down, as previously seen in Fy and Frtz mutants, caused a trichome duplication
in the adult wing, which means that they should act on the same pathway (Pataki et al.
2010). Additionally, loss of Rab23 and Fy mutants, as seen by us and others, resulted
in loss of apical Mwh localisation and excess actin polymerisation, in pupal wing.
Importantly, loss of Rab23 activity did not affect the junctional localisation of Frtz or
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Fy, meaning that they must be upstream of Rab23, as observed in mammalian
organisms. The plasma membrane association of GFP-tagged Rab23 is not affected by
loss of In or Fy, suggesting that Rab23 activity, but not its localisation, is regulated by
In, Fy, and Frtz. Further evidence on this, derives from mammalian experiments where
we were unable to redirect Rab23 to heterologous membranes upon targeting of IntuFuz to those membranes, consistent with what we observed in Drosophila
(Gerondopoulos et al. unpublished data). These findings are in accordance with the
idea that Rab23 functions in a conserved pathway downstream of Intu-Fuz.

2.3.8 Conclusion and Discussion:
Together, these studies identify 3 different heterodimeric, distantly related complexes
where each subunit contains 3 longin domains. All of these complexes are GEFs to
one of three related Rab GTPases that belong to the same Rab7-subfamily.
Interestingly, each GEF controls a trafficking step from endosomes towards a terminal
organelle: lysosomes, melanosome, cilium through activation of Rab7, Rab32/38 and
Rab23, respectively (Figure 2.3-2). Questions remain about the nature of these
complexes in cells, and additional potential interactors for all three. For Mon1-Ccz1,
RMC1 a predicted WD40-like domain protein is possibly important for its localisation
and regulation although not for GEF activity (Vaites et al. 2018). For Intu-Fuz
interaction partners include Frtz a WD40 repeat-containing and planar cell polarity
effector (Gerondopoulos et al. unpublished data, (Collier et al. 2005), a largely
ciliopathy-associated protein Jbts17 and finally Rsg1, a small GTPase required for the
last step of ciliogenesis (Gray et al. 2009, Brooks and Wallingford 2013, Toriyama et
al. 2016, Agbu et al. 2018). For Hps1-Hps4 it is intriguing to note that the Hps5 gene
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encodes a WD40 protein similar to RMC1 and Frtz. Thus, further work is needed to
explore the functions of these GEF accessory factors.
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Figure 2.3-2 Tri-longin GEF and their pathways
Trafficking to lysosomes, melanosomes and primary cilium are controlled by three
heterodimeric GEFs Mon1-Ccz1, BLOC-3 and Intu-Fuz (pale blue) and their cognate Rabs,
Rab7, Rab32/38 and Rab23 respectively. GTPases are labelled red.

Rab32/38 and their GEF BLOC-3 in addition to their role in pigment cells are
important in other lysosome-related organelles. It has been shown that Rab32 and
Rab38 are important for trafficking of vesicles containing dense granule cargo to the
mature organelle (Ambrosio et al. 2012). Additionally, a recent article by Aguilar and
colleagues showed that a double knock-out mouse of Rab32 and Rab38 had severe
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oculocutaneous albinism and platelet dense granule defects (Aguilar et al. 2019). The
phenotype was more severe than the individual gene knock-outs, which also shows
that Rab32 and Rab38 are redundant in mouse consistent with the idea they share a
common GEF. An alternative explanation is that they control distinct pathways, one
from TGN and the other from late endosome leading to either melanosome or platelet
dense granule. This may provide an explanation for the presence of potential additional
regulatory subunits for the core GEF.
Intu-Fuz and Rab23 regulate a crucial step in cilium formation in human cells.
Interestingly Rab23 has been implicated in Hedgehog signalling as a negative
regulator at least in mouse (Eggenschwiler et al. 2001), and primary cilia are required
for Hedgehog signalling in vertebrates (Huangfu et al. 2003, Huangfu and Anderson
2005), but that is not the case in Drosophila. What are the implication of this for the
role of Rab23 and Intu-Fuz? We now know that Intu-Fuz and Rab23 are important for
trichome formation in Drosophila, but what other functions do they control in
Drosophila? Do they play a role in Hedgehog signalling or is it independent of these
proteins? Another interesting aspect that needs to be investigated is, the role of IntuFuz in the hedgehog pathway which remains mysterious.
Finally, we still do not know the identity of the GEFs for the other members of
this sub-family of Rabs, Rab7L, Rab34 and Rab36. They seem to function in
overlapping pathways to other members of the Rab7 subfamily: Rab34 regulates
ciliogenesis in hTERT-RPE1, NIH/3T3 and MCF10A cells but not MDCKII cells and
Rab36 is important for transport to melanosomes (Matsui et al. 2012, Oguchi et al.
2020).
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3 Rab regulation of the ER and ER-Golgi trafficking
pathways

3.1 Endoplasmic reticulum
The ER is the largest organelle of cell. Its role varies from protein synthesis and
transport, protein folding, lipid and steroid synthesis, carbohydrate metabolism to
calcium storage. Not only is it the site of protein synthesis for secreted proteins and
integral membrane proteins but also for a subpopulation of cytosolic proteins (Jan et
al. 2014). Bulk membrane lipid biogenesis is also occurs in the ER (Fagone and
Jackowski 2009).
The continuous membrane system of ER which is dynamic in nature, interacts
with all other organelles and the cytoskeleton. This network extends from the nuclear
envelope to the peripheral ER, which is compartmentalised by flat sheets and branched
tubules. The different compartments seem to perform diverse and specialised
functions. The size of the ER sheets might vary in size but the luminal spacing is
around 50 nm in mammals and 30 nm in yeast (Bernales et al. 2006). Numerous
ribosomes are observed on cytosolic surface of the ER sheets, thus the name rough ER
when seen under TEM (Shibata et al. 2010, West et al. 2011). The opposite picture
exists in smooth ER tubules with less ribosomes. The highly dynamic ER tubules are
connected by three-way junctions, interestingly the spacing of both sheets and tubules
is similar (Bernales et al. 2006, West et al. 2011). The ratio between sheets and tubules
seems to vary depending on the role of specific cells, e.g. pancreatic secretory cells
and B cells contain high percentage of sheets since they synthesize vast amounts of
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secreted proteins on the contrary to adrenal, liver and muscle cells which contain
predominantly tubules for lipid synthesis, calcium signalling and contact sites with
other organelles. (Baumann and Walz 2001, Schwarz and Blower 2016).

3.1.1. ER shaping proteins:
The ER requires a number of proteins to maintain its structure and arguably the most
well studied set of factors are the reticulons. They localise to highly curved and
extended tubules and the highly curved edges of ER sheets. They are transmembrane
hairpin-like proteins that acts as a wedge, which displace lipids on the outer leaf of the
bilayer leading to curvature of the membrane (Figure 3-1) (Voeltz et al. 2006, Shibata
et al. 2010). Another group of tubule-promoting factors is the DP1/Yop1/REEP5/6
and REEP1-4 family, which comprises of abundant ER-resident proteins that localise
to tubules and edges of sheets. DP1/Yop1 or REEP5/6 show similar architecture to
reticulons, hence contributing to the stabilisation of the curvature of the tubules
(Voeltz et al. 2006, Hu et al. 2008, Shibata et al. 2008, Hu et al. 2009). REEP1-4 have
a different topology to the other family members, suggesting a different role in
stabilisation of tubules (Park et al. 2010).
Three-way junctions are important for the formation of the tubular network
through homotypic fusion and the proteins responsible for these are called atlastins,
which are members of the dynamin-like GTPase proteins (Figure 3-1). Depletion of
atlastins cause excessive unbranched tubules (Hu et al. 2009). GTP is required for ER
vesicle fusion as well as GTPases such as Rab5 and Rab10 have been implicated in
structuring the ER. Decreased in the number of tubule fusion events and increased in
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ER sheets occur in areas that Rab10 is enriched (Turner et al. 1997, Voeltz et al. 2006,
Audhya et al. 2007, English and Voeltz 2013).

10 μm

Reticulon/Climp63

Atlastins

6.5 x enlargement
Climp63

Ribosomes

Reticulons
ER tubules

ER sheets

Figure 3-1 ER shaping proteins
Immunofluorescence staining of reticulon (red) and Climp63 (green) of COS-7 cells is
displayed. Enlargement of the image clearly displays areas of intense Climp63 staining
probably junctions and/or sheets. Illustration of ER tubules and sheets, showing atlastins,
reticulons, Climp63 and ribosomes. Figure adapted from (Goyal and Blackstone 2013)

In the perinuclear sheet ER three proteins have been identified: Climp63, a
coiled–coiled protein with a single transmembrane domain, along with kinectin and
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p180 (Shibata et al. 2010). These factors are absent from the nuclear envelope.
Climp63 can form very stable oligomers which restricts the mobility along the
membrane (Figure 3-1) (Klopfenstein et al. 2001). Interestingly, all three proteins
interact with microtubules (Toyoshima et al. 1992, Klopfenstein et al. 1998, Vedrenne
and Hauri 2006, Ogawa-Goto et al. 2007). However, ER could form in the absence of
microtubules (Dreier and Rapoport 2000, Shibata et al. 2008, Wang et al. 2013), which
raises the question what is the purpose of these interactions; probably to help with
stability and the dynamic nature of the ER. Recently it was determined that both Rtn4
and Climp63 regulate the size and stability of nanodomains on ER tubules using STED
microscopy, enhancing the role of Climp63 in tubule regulation (Gao et al. 2019).

3.1.2. Hereditary spastic paraplegias (HSP)
HSP are a heterogenous group of neurological disorders, with prominent lowerextremity spasticity, resulting from a length-dependent axonopathy of corticospinal
upper motor neurons. There are about 60 genes identified to be mutated in this group
of disorders and are separated in to six different groups depending on their function:
1) Membrane traffic, organelle shaping, and biogenesis 2) Mitochondrial regulation 3)
Myelination and lipid/sterol modification 4) Axon pathfinding 5) Nucleotide
metabolism 6) Other/unknown (Blackstone 2018). Interestingly, several proteins
mutated in HPS play a critical role in ER shaping such as Rtn2, REEP-1/-2, Atlastin1 and others. Why mutations of these proteins affect mainly the neurons and not the
rest of the tissue is an interesting question.
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3.2 Regulation of the ER by the Rab18 pathway
Rab18 is one of the ancestral Rabs present in the last eukaryotic common ancestor of
both the plant and animal kingdoms (Elias et al. 2012, Klopper et al. 2012). We were
interested to identify the role of this highly conserved Rab and how it is regulated.
However no clear molecular function has been discovered, even though loss of
function mutations of Rab18 have been described in Warburg Micro syndrome (Bem
et al. 2011). While multiple specific developmental abnormalities in brain and eye
development, profound global developmental delay, and neurodegeneration are seen
in these children, the role must be more universal than only neuronal specific since
Rab18 is conserved in plants and animals (Lutcke et al. 1994, Klopper et al. 2012).
There are three more genes that are mutated in Warburg Micro syndrome named
Rab3GAP1, Rab3GAP2 and TBC1D20 (Aligianis et al. 2005, Aligianis et al. 2006,
Handley and Aligianis 2012, Handley et al. 2013, Liegel et al. 2013, Abdel-Hamid et
al. 2020, Hozhabri et al. 2020). Here we have mainly focused of Rab3GAP complex
and Rab18. Rab3GAP has been claimed to be the RabGAP of Rab3 (Fukui et al. 1997,
Nagano et al. 1998), but since Rab3GAP is more widely conserved and ubiquitously
expressed than Rab3, there must be an additional function (Nagano et al. 1998,
Klopper et al. 2012). Therefore, we set out to identify the role and the relationship
between Rab3GAP and Rab18.

3.2.1 Rab3GAP is a Rab18 GEF
Rab3GAP1 and Rab3GAP2 form an obligate binary complex and mutations in either
subunit cause Warburg Micro syndrome (Sakane et al. 2006, Handley and Aligianis
2012, Handley et al. 2013). Thus, we tested whether the Rab3GAP complex shows
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GEF activity towards Rab18 and the impact of disease associated point mutations on
this activity. This approach showed specific GEF activity towards Rab18 only when
the complex but not individual subunits were used. The catalytic efficiency of the GEF
activity towards Rab18 was estimated using the kinetic GEF assay (Figure 2.3-1) as
kcat/Km~3.6 × 104 M–1 s –1, approximately one order of magnitude higher than for
most other Rab-GEF combinations. Thus, Rab3GAP is a highly active and specific
Rab18 GEF.
Since the GEF model predicts that the GEFs are also required for Rab targeting,
we tested that idea by targeting Rab3GAP1 to a heterologous membrane
(mitochondria). Rab3GAP2 re-localised to mitochondria as well as Rab18 but no other
Rab, and importantly both subunits are required for targeting similar to what we
observed with Hps1-Hps4 and Rab32/Rab38. The GEF dictates the activation of the
Rab at the correct membrane at least in this case.

3.2.2. Rab18 GEF activity is affected by disease-associated mutations
To understand further the consequence of disease mutations, we purified WT
complexes and 3 different point mutants found in human patients (Rab3GAP1 T18P
and E24V and Rab3GAP2 R426C). The mutant complexes have minimal GEF activity
towards Rab18, meaning that these mutations are critical for the catalytic GEF activity
of Rab3GAP. Following on from the original identification of the complex as a Rab3
GAP, these mutations were also tested in a GAP assay towards Rab3. None of the
mutations affected the activity and more importantly the second subunit of Rab3GAP
complex did not alter that activity. Rab18 and Rab3GAP are conserved to LECA
(Klopper et al. 2012). By contrast Rab3 is not conserved to LECA. Together, the
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combination of direct biochemical measurements and indirect observations support the
view that defects in GAP activity towards Rab3 are unlikely to the primary cause of
Warburg Micro syndrome. We could also confirm with our cell-based heterologous
targeting assay that disease associated mutations do not affect the formation of the full
Rab3GAP complex, but do reduce the recruitment of Rab18 to membranes which is in
accordance to our biochemical results.

3.2.3. Rab18 and Rab3GAP localisation on the ER
To find out on which organelle or vesicle pathway Rab18 acts, we used GFP-Rab18.
When expressed at low levels, this was present on ER tubules decorated by Rtn4 but
not ER sheet domains marked by Climp63 in COS-7 cells. A similar localisation was
observed in HeLa cells using mCherry-Rab18. Furthermore, Rab3GAP1 antibodies
stained punctate structures that overlapped with Rab18-positive ER tubules, but not
with the other markers tested. Thus, both Rab18 and its GEF can be localised to ER
tubules or subdomains of tubules. Further investigation of localisation with either new
antibodies or by using CRISPR technology to engineer fluorescent tags would help
understand further the localisation of Rab18 and Rab3GAP complex. Even more
interesting would be to design a probe for activated Rab18 and localise it similar to
the CRIB probe for Rac1 (Bastos et al. 2012).

3.2.4. Rab3GAP complex regulates ER localisation of Rab18
Consistent with the biochemical GEF activity data, depletion of either Rab3GAP
subunit resulted in loss of Rab18 from the tubules to a more diffuse signal, probably
cytoplasm, in fixed cell and live cell experiments. Strikingly, in cells depleted of
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Rab3GAP or Rab18 ER sheets extended to the cell periphery. Interestingly,
biochemical fractionation showed that in control cells Rab18 was found only in the
membrane fraction, and in the absence of the Rab3GAP complex it was partially
redistributed to the cytosol fraction, providing additional evidence that Rab3GAP is
necessary for Rab18 targeting to the membrane.

3.2.5. ER morphology is altered in the absence of Rab18 or the Rab3GAP
complex.
To further examine the effect of Rab18 or Rab3GAP complex on ER
morphology we depleted those proteins and we observed that Climp63 was spread
away from the perinuclear region suggesting that ER sheets are expanded. Compared
to controls, the ER sheet area increased by around 40% in COS-7 cells and similar
effects were observed in HeLa depleted cells. More recent publications have observed
the same phenotype in mammary carcinoma cells (Jayson et al. 2018). Specificity of
the altered ER-structure was confirmed with rescue experiments with GFP-Rab18 and
Rab18 3’-UTR siRNA duplexes, which reversed the spread of Climp63 back to the
perinuclear region. Importantly, no change was observed with COP II vesicle coat
protein or TGN46 in HeLa cells. Similarly, ERGIC-53 and TGN46 were not obviously
altered when Rab18 or Rab3GAP were depleted in COS-7 cells. We have not
examined COP I here, which would be interesting, since transport from Golgi to ER
could be affected. Finally, none of the ER chaperones tested in WB were changed,
supporting the view that these are specific effects on ER morphology and not a result
of ER stress. It has been described that ER sheets are formed by dense packed tubules
(Nixon-Abell et al. 2016). If that is the case, then Rab18 may be important for the
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regulation of the balance between extended and collapsed sheet-like tubule
organisation. Interestingly, there are links from Rab18 to microtubule dependent
processes that might help extend ER tubules. First, the NRZ (NAG-RINT1-ZW10)
complex related to the dynein adaptor RZZ has been proposed to be an effector for
Rab18 (Gillingham et al. 2014). Secondly, a very recent report has shown that Rab18
interacts with kinectin, the ER membrane adaptor for kinesin (Guadagno et al. 2020).

3.2.6. Warburg Micro syndrome effect on ER shaping
To confirm that our observation of ER defects in HeLa and COS-7 cells upon depletion
of Rab18 and Rab3GAP complex, we used two patients derived cells lines carrying
either the Rab18 L24Q nucleotide binding site mutation, or the Rab3GAP (c6492A>G) splicing mutation (Aligianis et al. 2005, Bem et al. 2011). We observed that
Climp63 is spreading into the cell periphery when compared to control fibroblasts and
the clearly defined Rtn4 positive tubules are lost in both patient cell lines. This
confirms that the phenotype observed in patient fibroblast was recapitulated correctly
in

HeLa

and

COS-7

cells.

Since

Warburg

Micro

syndrome

is

a

neurodevelopmental/neuromuscular disease, what is the effect on the neuronal cells.
Are they more severely affected than fibroblasts and which proteins are specifically
affected in neuronal cells still need to be investigated in detail.

3.2.7. TBC1D20 role in Warburg Micro syndrome
In addition to Rab18 and its GEF subunits, the Rab GAP TBC1D20 is also mutated in
Warburg Micro syndrome (Liegel et al. 2013, Abdel-Hamid et al. 2020). TBC1D20
has been shown to have GAP activity mainly against Rab1 and Rab2 and minimal to
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Rab18 and it interacts with the reticulon family of ER-shaping proteins (Haas et al.
2007). Upon depletion of TBC1D20 we observed a slight spread of ER sheets and
Rab18 alternations in the distribution to the peripheral ER reticular network towards
the fenestrations of the reticular network, by creating a hybrid webbed network in
which fingers of Rtn4 linked by sheets containing Rab18. The difference in phenotype
suggests a different role of TBC1D20 to Rab3GAP and Rab18. TBC1D20 role should
be to restrict active Rab1 on the ER membrane coming from the Golgi, but also has an
extra function towards Rab18 that could be the reason that it does not have exactly the
same phenotype as the Rab18 or Rab3GAP depletions.

3.2.8. Role of Rab3GAP, Rab18 and TBC1D20 in lipid droplet formation
Interestingly both TBC1D20 and Rab18 have been linked with ER-associated lipid
droplets (Martin et al. 2005, Ozeki et al. 2005, Liegel et al. 2013). To examine their
role in lipid droplets, we fed cells with oleate–BSA. Under TBC1D20, Rab18 and
Rab3GAP complex depletion conditions cells were stained (BODIPY) larger more
intense structures clustered against the nucleus compared to the control suggesting
more lipid is stored. After removal of oleate for 36h the signal declined in the same
manner so in our experiments Rab18, TBC1D20 and Rab3GAP are not essential for
formation or turnover under these conditions. In live cells lipid droplets under depleted
conditions seem to associate close to the ER sheets. This change could potentially
facilitate lipid storage without requiring a direct role for Rab18 or the Rab3GAP
complex in lipid droplet biogenesis. More studies have associated Rab18 to lipid
droplets (Carpanini et al. 2014, Xu et al. 2018a) there is one though that contradicts
completely that idea (Jayson et al. 2018). The question still remains, why these
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differences exist? Could it due to the cell lines used or is it due to the nature of Rab18
localising in ER is expected to be associated with lipid droplets as they are formed in
the ER? Could it have different roles in different cell lines or multiple roles depending
on the effectors in play? Will other ER associated proteins including reticulons or
TBC1D20 would show similar function?

3.2.9 Conclusion and discussion:
We have shown that Rab3GAP complex is a specific and potent Rab18 GEF with high
catalytic efficiency. Specific disease associated mutation impaired Rab3GAP GEF
activity to Rab18 and loss of Rab18 from ER in different cell lines. The necessity of
Rab18 to be targeted to the ER by the Rab3GAP complex, brings a question about the
downstream effector pathways coupling to Rab18. By understanding the effector
proteins, we will understand the link between the role these proteins play in the
morphology of the ER and also the link to lipid droplets. After this study was published
a number of publications reported the effector proteins of Rab18. Specifically Rab18
is bound to NRZ tethering complex compromising of ZW10, Rod, Zwilch, RINT1,
and syntaxin-18 (Gillingham et al. 2014, Gillingham et al. 2019). NRZ localises to the
ER network to tether vesicles returning from the Golgi (Civril et al. 2010, Wainman
et al. 2012). These results suggest that Rab18 may assist the tethering of COP I-coated
vesicles to the ER or as a tethering complex to lipid droplets (Xu et al. 2018a). Another
specific effector of Rab18 is SPG20 or spartin which is mutated in HPS (Renvoise et
al. 2012). Spartin regulates microtubule stability (Nahm et al. 2013), and may thus be
relevant for the altered ER morphology, tubule tethering and fusion, seen in Rab18
and Rab3GAP depleted cells.
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A very interesting finding is that Rab3GAP1 has a specific FFAT motif, two
phenylalanines (FF) in an acid tract, which is a characteristic motif for binding to the
ER membrane protein VAP (Hantan et al. 2014, Murphy and Levine 2016). VAP, a
VAMP-associated protein, is a tail-anchored protein in the ER, and the master
“localiser” of a number of different proteins associated to the ER including the ORPs,
CERTs and Nirs (Murphy and Levine 2016). These FFAT motif proteins bring the ER
and other organelles in close contact (Levine 2004). This suggests that the Rab3GAP
complex may activate Rab18 on a specific subdomain of the ER defined by VAP,
possibly at contact sites. An additional possibility comes from the observation that the
Rab3GAP2 subunit interacts directly with Golgi PI-lipids (Gerondopoulos et al.
unpublished data). The Rab3GAP complex could therefore be important for mediating
or reading out contact sites between the ER and the Golgi and activating Rab18 at
those locations.
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3.3 TBC1D23 mutations cause non-degenerative
pontocerebellar hypoplasia.
Pontocerebellar hypoplasia (PCH) represents a group of recessive developmental
disorders characterized by impaired growth of the pons and cerebellum, which is
degenerative. There are around 10 partially overlapping clinical subtypes and 13 genes
known to by mutated in PCH. We characterised new mutations of TBC1D23, a TBC
domain protein, causing a non-degenerative form of PCH.

3.3.1. New form of PCH is identified
In this work, our collaborators recruited 75 families with likely autosomal-recessive
PCH of which 53 (70.6%) documented parental consanguinity. All members were
clinically accessed by a paediatric neurologist and geneticist, blood and/or saliva
samples and skin biopsies were collected from participating individuals and DNA for
whole exome sequencing was extracted from at least one affected member of each
family (Dixon-Salazar et al. 2012). Six families were found with a non-degenerative
course of PCH, and TBC1D23 mutations were identified as a cause for this condition.
All subjects were microcephalic, had generalized weakness and impaired or no
ambulation. None of these individuals manifested neurological deterioration signs,
though pontocerebellar hypoplasia was detected in all subjects from brain MRI scans.
Further examination of those patients could give further insights into the development
of the disease.
Two TBC1D23 transcripts are expressed in human tissue, with transcript 1
primarily expressed in the foetal and adult brain and spinal cord. All six affected
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individuals carried mutations that resulted in altered splicing, occurring at or near
canonical splice sites.
Staining of endogenous TBC1D23 overlapped with TGN46 and adjacent to the
GM130 in control but was lost in affected individuals and reduced in carriers, meaning
that TBC1D23 must be acting on the TGN area. TGN46 and GM130 markers looked
unaltered in affected individuals so the trans- and cis- Golgi were intact, though knockout of TBC1D23 causes loss of TGN46 from the Golgi area (Shin et al. 2017). It is
important to mention that these individuals still expressed a truncated form of
TBC1D23.

3.3.2. TBC1D23 role in membrane trafficking
TBC1D23 lacks the two characteristic catalytic residues, Arg and Gln, to stimulate
hydrolysis of GTP in Rabs (Pan et al. 2006, Frasa et al. 2012). That gives two
possibilities either uses an unconventional way for this stimulation or it could be an
inactive GAP. When we tested purified TBC1D23 against 55 different Rabs and no
catalytic activity was detected. Until now no other lab has shown any catalytic activity,
therefore TBC1D23 must be an inactive GAP. To examine if TBC1D23 is an effector
of any Rabs, we depleted all of them individually and we saw that altered localisation
due to the effects of Golgi structure or trafficking to and from Golgi was observed in
Rab1a/b, Rab2a/b, Rab6a/b, Rab7a, Rab14a/b depletions. Depletion of Arfs and Arls,
members of the Ras superfamily, known to be important for recruitment of cytosolic
proteins to membrane surfaces, showed that TBC1D23 is dependent on Arl1 for its
localisation. Conversely, knocking down Arl8 resulted in elevated staining for
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TBC1D23 at the trans-Golgi. These findings suggest a role for TBC1D23 to TGN
probably trafficking towards lysosomes or recycling endosomes.

3.3.3. Zebrafish morpholinos display similar phenotype to human patients
To understand the role of TBC1D23 is brain development we used Zebrafish as a
model. In Zebrafish a single only orthologue of TBC1D23 is expressed 1 hour post
fertilisation (hpf) and mainly localised in the head at 48 hpf suggesting a role in brain
development. Knock-down of TBC1D23 showed reduced brain and eye size showed
curved tails at 48 hpf clear signs of early embryo developmental defects. We partially
rescued this phenotype with injection of zebrafish tbc1d23 mRNA, which confirms
specificity. The knock-down zebrafish showed reduced signal in the neural axis and
manifested altered morphology of forebrain, brainstem, and cerebellum relative to
control. So, the zebrafish model recapitulates the human disease.

3.3.4. Conclusion and discussion:
During this project we identified a new candidate gene for causing non-degenerative
PCH which should be tested when patients with PCH are assessed. TBC1D23
individuals show clear hypoplasia of cortex and of corpus callosum. The affected
individuals have recurrent respiratory infections and even sepsis maybe due to the role
of TBC1D23 in inhibiting innate immunity and LPS-induced cytokine response in
mice (De Arras et al. 2012). After this work, an interesting study identified that the Nterminus of TBC1D23 interacts with golgin-97 and golgin-245 (Shin et al. 2017). That
adds an alternative role for the TBC domain, not previously discovered, since no
GTPase activity was detected. Golgin-97 and -245 should be recruited to the TGN by
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their GRIP domain by Arl1 (Lu and Hong 2003, Panic et al. 2003, Lu et al. 2004, Wu
et al. 2004), so this should be a reasonable explanation for the reduction of TBC1D23
signal upon depletion of Arl1 in our experiments.
Fibroblasts from affected individuals did not show any alteration of the TGN on
the contrary to Shin et al (2017) where the TGN is dispersed but not cis-Golgi. There
could be a few reasons for this discrepancy. Either the affected individuals still
produced a truncated transcript which is expressed at a low enough level to be able to
be partially functional or there is a compensation by some other machinery to have
recruitment to the membranes and a more severe phenotype can be seen in younger
cells, compared to more adapted patient fibroblasts. Additionally, the antibody used
was not sensitive enough to detect it. In addition to the TBC domain, TBC1D23
contains a Rhodanese-like domain in the middle, and a C-terminal domain which is
shown to be structurally similar to a Pleckstrin homology (PH) domain (Huang et al.
2019). This rhodanese-like domain can possess sulphurtransferase (such as TSTD1)
or phosphatase (such as CDC25) activity (Bordo and Bork 2002), but in this case none
of these activities have been detected (Gerondopoulos et al. unpublished data and (Liu
et al. 2020)). The Rhodanese domain according to structural studies seems to play a
role with the TBC domain to form a platform for the interaction to golgin-97 and
golgin-245 (Liu et al. 2020). The C-terminus of TBC1D23 interacts with the WASH
complex, WDR11, FAM91A and C17orf75 (Shin et al. 2017, Navarro Negredo et al.
2018), which is localised on vesicles derived from AP1 containing endosomes
(Navarro Negredo et al. 2018) making an adapter between TGN and endosomes and
PI(4)P (Gomez and Billadeau 2009, Huang et al. 2019). Since this syndrome is nondegenerative PCH it would be interesting to investigate the role of these proteins in
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neuronal cells and whether there are specific cargos that are mislocalised in the patient
cells.
Other TBC/GAP Rabs proteins, TBC1D24 and TBCK, lacking the Arg and/or
Gln fingers of the TBC domain cause focal and familial infantile myoclonic epilepsy
(Corbett et al. 2010, Falace et al. 2010, Falace et al. 2014) and severe infantile
syndromic encephalopathy respectively (Liu et al. 2013, Bhoj et al. 2016, Chong et al.
2016). Neither TBC1D24 nor TBCK have been shown to induce GTP hydrolysis
against any Rabs as is the case with TBC1D23. Do TBC1D24 and TBCK play similar
roles since they are lacking the catalytic Arg? Do they use their TBC domain as
binding platform? Unfortunately, due to the lacking evidence of function we cannot
hypothesised with which proteins this could happen.
Arl8 plays a role in TBC1D23 trafficking as What is the role of Arl8 in
TBC1D23 trafficking and why is TBC1D23 concentrated under Arl8 depletion? Does
Arl8 play another role in addition to bridging vesicles from endosomes to the TGN
that we do not understand in retrograde trafficking? Alr8 is the only small GTPase on
mature lysosomes, so the simplest possibility is that the degradative pathway is
blocked. This seem like a good explanation since a similar accumulation is observed
when Mon1-Ccz1 and Rab7 are depleted. EEA-1, M6PR, TGN46 markers
accumulated in enlarged vacuoles (Gerondopoulos et al. unpublished data).
Finally, could TBC1D23 mutations cause a type of HSP? Unfortunately, we
don’t have data on the evolution of the clinical picture of the disease over time.
However, comparing the clinical features of HSPs from a variety of genes that are
involved in ER structure (Table 3.3-1), not only TBC1D23 but also Rab3GAP1, Rab18
and TBC1D20 should be included as HPS.
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Disease

Protein

Inheretance

Cellular function

SPG3A

Atlastin-1

AD

ER morphogenesis

SPG4

Spastin

AD

ER morphogenesis,
endosomal traffic

SPG12

Reticulon 2

AD

ER morphogenesis

SPG20

Spartin

AR

Endosomal traffic,
LD turnover

SPG31

REEP1

AD

ER morphogenesis,
microtubule
interactions

SPG53

VPS37A

AR

Retromer
component

SPG58

KIF1C

AR, AD

SPG72

REEP2

AR, AD

Motor protein,
retrograde Golgi-toER transport
ER morphogenesis,
microtubule
interactions

PCH11

TBC1D23

AR

Endosome-to-Golgi
trafficking.

WARBM1

Rab3GAP1

AR

ER morphogenesis,
Rab18 GEF

SPG69/
WARBM2

Rab3GAP2

AR

ER morphogenesis,
Rab18 GEF

WARBM3

Rab18

AR

ER morphogenesis

WARBM4

TBC1D20

AR

ER morphogenesis
GAP for
Rab1>Rab2>Rab18

Clinical characteristics
Early-onset, can present as
Silver syndrome, hereditary
sensory neuropathy 1D.
Epilepsy, ataxia, tremor,
neuropathy, motor neuron
disease.
Urinary symptoms, cerebellar
signs, and foot deformity in
some.
Short stature, cognitive
dysfunction, dysarthria, distal
amyotrophy, Troyer syndrome.
Axonal neuropathy, cerebellar
ataxia, cognitive decline.
Early onset, skeletal
abnormalities, cognitive
impairment, hypertrichosis.
Ataxia, chorea, hypodontia,
developmental delay, short
stature.
Very early onset, mild tremor,
pes cavus.
Severely delayed psychomotor
development, intellectual
disability, poor speech,
microcephaly, dysmorphic
features.
Microcephaly, microphthalmia,
congenital cataracts, optic
atrophy, corpus callosum
hypoplasia, severe mental
retardation, spastic diplegia.
Microcephaly, microphthalmia,
congenital cataracts, optic
atrophy, corpus callosum
hypoplasia, severe mental
retardation, spastic diplegia.
Microcephaly, microphthalmia,
congenital cataracts, optic
atrophy, corpus callosum
hypoplasia, severe mental
retardation, spastic diplegia.
Microcephaly, microphthalmia,
congenital cataracts, optic
atrophy, corpus callosum
hypoplasia, severe mental
retardation, spastic diplegia.

Table 3.3-1 HPS, PCH and WARBM clinical and cellular features
Genes causing various types of syndromes, their cellular functions, inheritance and clinical
characteristics are displayed. AR: autosomal recessive, AD: autosomal dominant.
(Blackstone 2018, Yarwood et al. 2020)
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As mentioned previously HPSs are characterised by spasticity due to motor
neuron axonopathy, similar to Micro Warburg and non-degenerative PCH (Blackstone
2018). Additionally, many HSPs carry mutations in ubiquitously expressed genes with
an apparently generic role in membrane trafficking but cause a neuronal disease, more
investigation is needed to understand the severity of these mutations on neuronal cells.
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4 Mechanism of ER-Golgi recycling and retrieval by the
KDEL receptor pathway

4.1 Exocytosis and the secretory pathway
Proteins trafficked through the secretory pathway are synthesised by ribosomes and
then modified and mature in the ER (Barlowe and Helenius 2016). These proteins are
targeted to the ER by a single peptide (Rapoport et al. 2017). Sec61 forms the main
channel through which proteins are inserted into the ER. For this to occur signal
recognition particle (SRP) and its receptor the SRP receptor (SR) target the ribosome
nascent-chain complex directly from the ribosome to the Sec61 channel (Rapoport et
al. 2017). A number of cytoplasmic proteins such as calmodulin, Hsp70 family
chaperones and small glutamine-rich tetratricopeptide repeat-containing protein alpha
(SGTA) prevent newly synthesised proteins properly folding before translocation
(Guna and Hegde 2018). Binding immunoglobulin protein (BiP), a luminal Hsp70
family member, assists the transport through Sec61 once the polypeptide has inserted
into the translocon (Matlack et al. 1999). When in the ER the proteins encounter
numerous other proteins responsible for their folding, post-translational modification
and quality control of their folding state. If proteins fail to be folded properly, they are
targeted

to

ER-associated

degradation

(ERAD),

a

mechanism

for

ER

retrotranslocation, ubiquitination and subsequent degradation by the proteosome
(Ruggiano et al. 2014).
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Properly folded proteins no longer bound by chaperones are ready to be exported
from the ER. In the ER these proteins are loaded at ER exit sites (ERES) in COP II
transport vesicles via the help of receptors and adaptors. ERGIC, the tubovesicular
membrane cluster, is also important for trafficking and cargo sorting between ER and
Golgi. At ERES, vesicle coat assembly is initiated by Sar1 activation by its GEF,
Sec12 (Barlowe et al. 1994). Sar1 is the platform for docking of Sec23-24, inner coat
dimer of COP II, which subsequently is bound by Sec13-31, the outer outer-coat
heterotetramer (Zanetti et al. 2013, Gomez-Navarro and Miller 2016). Sar1 is
inactivated by Sec23 (Antonny et al. 2001, Bi et al. 2007). COP II coat can recognise
a variety of export signals including di-acidic ([DE]x[DE]), di-hydrophobic and diaromatic ([FY][FY]) motifs, which usually bind to Sec24 and this is due to the large
numbers of molecules passing through the ER (Gomez-Navarro and Miller 2016,
Dell'Angelica and Bonifacino 2019). Even though, transmembrane receptors can bind
COP II directly, luminal proteins require export receptors e.g. Ervs (Endoplasmic
reticulum vesicle), KDELR etc with suitable cytosolic sorting signals (Barlowe and
Helenius 2016).
The next stage is the Golgi apparatus where cargo is modified and sorted. Golgi
is organised into flattened cisternae where the cargo molecules are modified and
processed. ER resident proteins as well as cargo receptors from the ERGIC and the
Golgi recycle back to the ER in COP I vesicles. COP I consists of seven subunits which
is assembled with the help of the activated Arf1 by its Sec7 family GEF, GBF1 (Waters
et al. 1991). COP I complexes assemble in a lattice into the lipid bilayer, promoting
membrane curvature and interacting with cargo. The best characterised signal for
cargo binding to COP I is the cytosolic KKxx and KxKxx di-basic motifs found at the
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C-terminal end of the protein (Cosson and Letourneur 1994, Jackson et al. 2012). COP
I assists in glycosyltransferases recycling to the cis-Golgi from further Golgi cisterna
(Liu et al. 2018b). Rer1 also retrieves transmembrane proteins back to the ER but there
is no known retrieval signal (Sato et al. 2003).
For soluble proteins there are two ways to be retrieved back to the ΕR via COPI
and they are both pH-dependent. The first one requires the Golgi protein KDEL
receptor which recognises the characteristic C-terminal peptide motif Lys-Asp-GluLeu (KDEL) (Munro and Pelham 1987, Semenza et al. 1990). The second one involves
the complex Erv41-Erv46 for which the recognition signal remains unclear (Shibuya
et al. 2015). It is important to mention that there is a pH gradient within the secretory
pathway starting from neutral pH in the ER and progressively becoming more acidic
as it moves from the cis-Golgi to TGN towards the endosomes and lysosomes. This
gradient is controlled by V-ATPases which have higher activity as you progress in the
secretory pathway (Wu et al. 2001, Paroutis et al. 2004). Interestingly, when the pH
gradient collapses in the Golgi, post-translation modification are stopped and cargo
mislocalises (Paroutis et al. 2004).
As the cargo proteins move towards the TGN, they are sorted into clathrin coated
vesicles via two different adaptors that are exported to other intracellular membranes
such as endosomes, lysosomes, plasma membrane, and outside of the cell (Li et al.
2019, Stalder and Gershlick 2020). The Golgi receives material from numerous
organelles of the endocytic pathway, so it functions as an intermediate of both the
secretory and the endocytic pathway.
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4.1.2 KDEL receptor
The KDEL receptor is an integral membrane protein, which is localised to the cisGolgi and captures escaped ER luminal proteins (Semenza et al. 1990, Griffiths et al.
1994). It was first discovered in S. cerevisiae as an ER retention deficient mutant
(Semenza et al. 1990). The importance of the KDEL retention signal was demonstrated
by removing the KDEL from BiP, the protein was secreted and by adding the signal
sequence to the C-terminus of lysozyme it was able to stop secretion (Munro and
Pelham 1987). Additionally ER retrieval from post ER compartments was
demonstrated by addition of KDEL to Cathepsin D, a lysosomal protein which
undergoes oligosaccharides modification in the cis-Golgi (Pelham 1988). Cathepsin D
with an added KDEL signal is localised in the ER but its oligosaccharides are modified
in cis-Golgi, which indicates that there is a retrieval mechanism.

4.1.3 KDEL receptor isoforms and functions
In mammals three isoforms of KDLER have been discovered (Lewis and Pelham 1990,
Lewis and Pelham 1992). The KDLER2 is expressed higher than the KDELR1.
KDELR3 is expressed the least of the three isoforms (Raykhel et al. 2007). The
sequence identity between the human isoforms is between 73-83.5% (Figure 4-1).
Genes encoding KDEL receptors are consider to be essential genes but no knock-out
data exist for all three. In Drosophila that express only one isoform (75% identity to
human KDELR1), a loss of function mutation is early larval lethal (Abrams et al.
2013). Mice expressing a missense mutation of KDELR1 show lymphopenia, reduced
expression of the T cell receptors and reduced antiviral immunity (Siggs et al. 2015).
Another mouse model expressing a point mutation on KDELR1 show low numbers of
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naïve T-cells, proposed to be due to a role for KDELRs in proteotoxic stress response
(Kamimura et al. 2015).

Figure 4-1 Sequence alignment of the three human KDELR
Predicted secondary structure is displayed averaging Quick2D (Zimmerman et al 2018b) and
secondary structure prediction JalView (Waterhouse et al. 2009).

Transgenic mice strains expressing D193N mutant of human KDELR1 developed
dilated cardiomyopathy and showed accumulation of misfolded aggregated proteins in
cardiomyocytes in additional to other symptoms of the human dilated cardiomyopathy
(Hamada et al. 2004). Importantly, under some conditions KDELR2 and KDELR3 in
human cells are upregulated to prevent loss of ER resident proteins vital to deal with
unfolded proteins (Trychta et al. 2018). Finally, ER stress has been implicated in a
number of human diseases including neurodegeneration, heart disease and cancer and
also play a role in viral infections and transport of various toxins, so directly and
indirectly KDLER and KDEL-mediated retrieval has been implicated in a vast number
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of diseases (Lin et al. 2008, Wang et al. 2011, Takagi et al. 2012, Klampfl et al. 2013,
Oakes and Papa 2015, Chen et al. 2019).

4.1.4 KDEL receptor pH dependence
KDEL receptor is required to transport cargo with KDEL motifs from the Golgi to the
ER via vesicular trafficking. Importantly, the KDEL receptor should be bound to
KDEL cargo when leaving the Golgi and empty when returning to the Golgi from the
ER. This is thought to be regulated by the pH difference between the ER and Golgi.
The first direct evidence for a pH dependent mechanism of ligand binding was
obtained with radio-labelled KDEL peptide and Golgi rat liver membranes or fractions
of membranes from cells overexpressing KDELR (Wilson et al. 1993). The same
group after reconstituting KDELR into liposomes demonstrated again that KDELR
can bind the KDEL sequence, radiolabelled peptide, having nanomolar dissociation
constant and demonstrating the pH dependency under these conditions (Scheel and
Pelham 1996). Due to this pH dependency it was proposed that KDELR binds its cargo
in the Golgi and release them in the ER since the two organelles have different levels
of pH. The pH in the ER has been estimated to be around 7.2-7.4 while in the cis-Golgi
around 6.2 and decreasing in later Golgi compartments (Wu et al. 2000, Wu et al.
2001, Bencina 2013). It remains unclear whether the pH difference is sufficient to
explain the differential binding between the ER and cis-Golgi. Though no other energy
source has been proposed for KDEL sorting against the concentration gradient of its
cargo, since millimolar concentration of the cargo exist in ER on the contrary to
nanomolar in the Golgi.
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4.1.5. KDEL receptor cargo binding:
Further research into the KDELR using different models revealed a seven
transmembrane helix topology with a luminal N-terminus and cytosolic C-terminus.
These models were based on hydropathy plots, using the positive inside rule (arginine
and lysine amino acids are more abundant in cytoplasmic regions) and that the Cterminus of KDELR and can be phosphorylated by cytoplasmic kinases but not
glycosylated by luminal enzymes (Semenza and Pelham 1992).
Townsley et al (1993) performed an extensive mutagenesis analysis changing
~40% of the residues in the human KDELR1, and then examining the localisation and
the binding properties of the mutant receptors in COS cells. One particular mutation
D193>N was of specific interest since it cannot relocate to the ER upon KDEL tagged
lysozyme stimulation however did bind to KDEL in vitro. D193 residue is predicted
to be located on helix 7 but none of the other mutations on conserved residues in that
helix show similar effects. The hypothesis is that D193 must be important for
interactions with other proteins or oligomerisation upon cargo binding, necessary for
exposure of a targeting signal for retrograde transport. D5 and D50 were identified by
Scheel and Pelham (1998) by side-directed mutagenesis and sulfhydryl-specific
labelling on KDELR, that could be potentially important in ligand binding and located
in the luminal side of the receptor. This also provided further evidence for a potential
7th helix. D50 was shown to be crucial for KDEL to HDEL binding but not for DDEL,
showing importance of the –4 position to be positively charged in the KDEL signal
peptide.
Human KDELR1 and KDELR2 have been suggested to bind a wide range of
KDEL motifs than KDELR3 which some evidence indicates is more specialised and
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has a preference for the HDEL sequence (Raykhel et al. 2007). It has been proposed
that –5 and –6 positions from the C-terminal may play a role in the affinity to KDELRs,
since some tetrapeptide motifs such as HXEL (X=D or E) often have well-conserved
charge residues (Alanen et al. 2011). In yeast positions –4 and –6 positions are
possibly important to be aromatic residues potentially due to π-π interactions in ERD2
(Mei et al. 2017). However, this has not been confirmed by another study that used
secretion of a GLuc fusion protein with a large variety of KDEL motifs in SH-SY5Y
cells (Trychta et al. 2018).

4.1.6. KDEL receptor binding to ArfGAP1
In addition to cargo binding, KDELR may directly modulate the vesicle transport
process through the ADP-ribosylation factor GTPase-activating protein 1 (ArfGAP1).
When KDELR1 is overexpressed in HeLa cells it causes ArfGAP1 recruitment and
hence deactivation of Arf1 (Aoe et al. 1997). Importantly, KDELR1 binding to
lysozyme-KDEL enhanced the interaction with ArfGAP1 (Aoe et al. 1998). This
KDELR-ArfGAP1 complex, in which ArfGAP1 plays an effector role, can also
interacts with membrane bound Arf1 to recruit COP I (Majoul et al. 2001, Spang et al.
2010). Those authors propose that the GTP hydrolysis activity of ArfGAP1 is required
to promote cargo sorting later in transport (Spang et al. 2010). Part of COP I, a Cterminal predicted helix of δ-COP, is required for efficient retrieval of proteins
containing HDEL signal peptide (Arakel et al. 2016). The structure of this helix was
solved and Arf1 was identified as the major interaction partner. The same study also
proposed that the GTP hydrolysis of Arf1, while interacting with membranes,
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modulates the conformation of δ-COP to be transmitted to bind partners such as the
KDELR (Dodonova et al. 2017).

4.2.1. Structure of the KDEL receptor (apo state)
We managed to determine the atomic structure of the KDELR by screening several
homologues from different eukaryotic sources. Gallus gallus KDELR2 displays the
characteristic pH dependent binding observed for the KDEL peptide and is 94%
identical to the human receptor. No calcium, even though plenty exists in the Golgi, is
required for the interaction and no other external cofactors. The receptor consists of 7
transmembrane (TM) alpha helices arranged loosely in a hexagon configuration when
viewed from above. There are two pseudo symmetric triple helix bundles (THBs)
displaying a 1-3-2 sequence, connected by a linking helix TM4.
The surface of apo KDLER has three features. Firstly, a large polar cavity on the
predicted luminal side of the KDELR appears, where the KDEL-motif would bind.
The cavity is flanked by side chains from TMs 1-3 from the N-terminal THB and TMs
5-7 from the C-terminal THB. The electrostatic surface of the cavity is charged, with
a pronounced dipolar character contributed by R5 (TM1) and R169 (TM6), which are
positioned opposite E117 (TM5) and D177 (TM7). Secondly, on the cytosolic face,
which unlike the luminal side, this projects out from the membrane, a prominent band
of negative charge runs down its centre. The negative charge is contributed by several
acidic residues conserved in the mammalian KDELRs: D87, E143, E145, and the Cterminus of TM7. After performing mutagenesis studies we observed that several
residues in the cytoplasmic portion of human KDELR (ERD2.1) resulted in complete
retention of the receptor in the ER (Townsley et al. 1993), i.e. unable to exit the ER in
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COP II vesicles. Interestingly, all of the residues mutated function to support the
structural integrity of this electrostatic feature, suggesting this may form part of a diacidic COP II recognition motif (Barlowe 2003). Unfortunately, an assay to determine
the COP II recognition motif at that time was unsuccessful. The major issue is a COP
II deficient receptor will be localised at the ER and never reach the Golgi, so a
redistribution assay becomes difficult to interpret (Gerondopoulos et al. unpublished
data). Finally, there is a clear hydrophobic membrane region of the receptor measuring
33 Å at its widest point. This is expected in thin transmembrane proteins embedded in
bilayers such as in ER and Golgi (Sharpe et al. 2010, Parker and Newstead 2017).

4.2.2. KDEL receptor structure bound to KDEL retrieval peptide
The chicken KDELR2 structure was solved bound at an acidic pH (6.0) to TAEKDEL
peptide, at a resolution of 2.0 Å. The overall structure of the receptor is very similar in
the peptide bound state. The KDEL residues from the peptide, are bound in the luminal
facing cavity and recognised by a large number of hydrogen bonds and salt bridges
with the receptor, as well as engaging in some hydrophobic interactions.
The KDEL peptide sits in the binding pocket vertical to the plane of the
membrane; the –4 lysine makes a salt bridge to E117 (TM5) and a cation-π interaction
with W120 (TM5). The –3 aspartate of the KDEL peptide makes another salt bridge
to R169 (TM6), whereas the –2 glutamate interacts via a third salt bridge to R5, and
via a hydrogen bond to W166. These interactions cause the rotation of TM6 relative
to the peptide-free apo receptor. The side chain of the C-terminal –1 leucine sits in a
hydrophobic cavity formed next to TM3 and is between K64 and M63. The carboxy
terminus makes several interactions to highly conserved residues in the binding site.
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Two salt bridge interactions made to R47 (TM3) and R159 (TM6) anchor the Cterminus of the peptide in the binding site. This latter interaction also results from the
rotation of TM6, such that R159 swings around, moving 4.8 Å into the binding site to
engage the C-terminus of the peptide. Interestingly, many of the mutations identified
by Townsley et al (1993) and Scheel and Pelham (1998) including R5, R47, K64,
R159, Y162, N165, R169, correspond to residues directly involved in the binding
pocket and others including D9 and D50 seem to be near the binding site.
It is important to mention that there are a number of residues move upon KDEL
peptide binding. Specifically, W166, Y159, R159 on TM6 move in towards the
peptide. On the contrary D5 and D9 move outwards to make space for the peptide.
The KDELR shows maximal binding at pH 5.0 in our experiments and others
(Wilson et al. 1993), with a gradual reduction in KD until pH 7.0 when the receptor
does not bind the peptide. None of the residues directly involved in binding have a
pKa in this range, raising the question of why the environmental pH is crucial for
binding (Wilson et al. 1993). However, our structural data reveal the presence of a pH
dependent affinity switch controlling capture of the carboxy terminus of the KDEL
signal.
To explain this we need to look more closely at the structure. In the apo state the
distance between Y158 (TM6) and E127 (TM5) is 3.2 Å. When the receptor
encounters acid pH and the KDEL peptide in bound, TM6 moves towards Y158 and
the standard hydrogen bond between the two side chains is converted into a low barrier
hydrogen bond, measuring only 2.5 Å. Low barrier hydrogen bonds are rare types of
interatomic interactions that occur when the donor and acceptor atoms in the hydrogen
bond have equal pKa values. The hydrogen in this case is equally shared between the
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two side chains and has previously only been observed in enzyme active sites (Cleland
and Kreevoy 1994). Could this be the first time a low barrier hydrogen bond is
observed in a receptor without enzymatic activity? This low barrier hydrogen bond
could explain the on/off switch this system requires. We postulate that this low barrier
hydrogen bond could stabilise TM6 in its bound position, by locking the peptide in the
cavity through its interaction with R159. R47 (TM2) forms a salt bridge with both
E127 and the carboxy terminus of the KDEL peptide, stabilising the repositioning of
TM6. In this conformation Y158 sits close to H12 (TM1) forming a face-to-face
aromatic interaction. Two water molecules sit at the bottom of the peptide-binding site,
linking the peptide carboxyl group to both Y158 and H12, which are further stabilised
through a hydrogen bond to D9 on TM1. Based on these observations we proposed
that protonation of H12 causes the formation of a low barrier hydrogen bond stabilising
the closed position of TM6. This creates a pH sensitive “lock” mechanism to trap
KDEL signals in the binding site.

4.2.3. Sybody assistance to the KDEL receptor structure
To determine the crystal structure of the apo receptor, we generated synthetic single
domain antibodies, sybodies, generated by using an in vitro selection platform
(Zimmermann et al. 2018a). One sybody, Syb37, bound to the apo form of the receptor
with high affinity, KD of 12 nM. A crystal structure of the receptor and Syb37, obtained
at 2.23 Å resolution without the KDEL peptide, demonstrates that the sybody binds
within the same polar cavity where the KDEL peptide binds. The mode of interactions
of Syb37 compared to KDEL peptide are largely different, with Syb37 making more
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hydrophobic interactions and more importantly fails to induce the formation of a low
barrier hydrogen bond.

4.2.4. In vitro binding studies recapitulate in vivo retrieval assay
To validate the peptide binding site, we specifically altered the properties of the side
chains forming the low barrier hydrogen bond and binding pocket contacting the
TAEKDEL peptide. Conservative alterations to residues directly or indirectly involved
in forming the low barrier hydrogen bond by mutation of Y158F, E127 to Q or A.
Interestingly, H12A makes no direct contacts to the bound KDEL peptide, yet
completely abolishes binding in the assay. Furthermore, mutation of R47A, which
would not stabilise the binding of the C-terminus of the bound KDEL ligand, or to K,
which would alter the chemical network supporting formation of the low-barrier
hydrogen bond, also disrupted binding. Interestingly R159 variants resulted in
misfolded protein, suggesting this residue plays an important role in the structural
integrity of receptor.
We further tested these impaired binding mutations in cellular retrieval assay to
understand them further. Without ligand, KDELR localises to the Golgi, upon addition
of the KDEL ligand (KDELSEC), the KDELR localises to the ER. The loss of binding
to the GgKDELR in vitro, is recapitulated by hsKDELR (ERD2.1) failure to respond
to KDEL ligand overexpression in vivo. The receptor remained localised in the Golgi
despite the presence of KDELSEC ligand. The results are in general agreement with
previous work where KDELR was subject to intensive mutagenesis (Townsley et al.
1993). In that study, R47 or E127 to Q mutations were found to be ligand-binding
defective and trapped in the Golgi. R159 mutants trapped in the ER both with and
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without ligand stimulation, indicating some trafficking defect, possibly due to
structural instability, consistent with the precipitation observed when purifying these
mutants.

4.2.5. KDEL-binding exposes a cytoplasmic di-lysine retrieval signal
Upon binding of KDEL peptide, TM6 rotates, causing TM7 to move 14 Å away from
TM5, creating a new cavity on the cytoplasmic side of the membrane. Due to this
movement the conserved acidic residue D193 (TM7) is repositioned. We and others
demonstrate that an D193 to N mutant binds KDEL peptide in vitro but fails to retrieve
back to Golgi upon ligand binding (Townsley et al. 1993, Brauer et al. 2019),
suggesting that the conformational change in TM7 and charge at this position are
required for ER retrieval. Due to the movement of TM6 three buried lysine residues
are exposed (K201, 204 & 206) at the C-terminus of TM7. This lysine cluster is
reminiscent of the KKxx and KxKxx di-lysine motifs, which are important in COP Idependent Golgi to ER transport (Cosson and Letourneur 1994, Jackson et al. 2012).
To test the importance of the tri-lysine motif for ER retrieval of KDELR complexes,
we mutated them to alanine. This KGKK to AGAA variant localised to the Golgi at
steady-state but failed to re-localise to the ER upon KDEL ligand overexpression.
Townsley and collaborators (1993) have previously used a KGKK to SGSS mutant
and made similar observations. Thus, the putative COPI-binding KxKxx motif in the
KDEL receptor is important for transport to the ER from the Golgi. It would be very
interesting to get a structure probably through cryoEM of the KDELR bound to COP
I, since previous structures have only looked at peptides. By revealing the interaction
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of the coat with the intact KDEL receptor we would gain more insight into how coats
select membrane proteins.

4.2.6. Sybody competion to KDELR in vivo
Syb37 binds to the KDLER to the same side as the KDEL peptide, which results in
KDELR-Syb37 complex outcompeting the peptide. Additionally, upon binding of
KDELR to the Syb37 no exposure of the di-lysine motif is observed. Since there is
high affinity of the Syb37 to KDEL peptide we thought of using two different versions
of Syb37 for in vivo experiments. One is expressed in the Golgi lumen, Syb37SEC, and
partially co-localise with the receptor and partially redistributes from the Golgi to
LAMP1 positive structures. The other Syb37CYTO localises to the cytoplasm without
any effect. This suggests that the KDELR no longer undergoing normal signal
mediated retrieval from the Golgi, but is instead redirected towards the lysosome.
Since KDELR binding to Syb37 does result in exposure of the di-lysine motif, this
observation demonstrates the importance of the conformational change in COP Imediated ER retrieval and trafficking of the receptor.

4.3. Conclusion and Discussion:
Here we have determined the crystal structure of KDELR either bound to KDEL
peptide or in apo state revealing a pH sensing mechanism by the protonation of H12
for binding to the signal peptide by additional exposure of the di-lysine motif for COP
I binding (Figure 4-2). Further investigation by quantum mechanical calculations
revealed that protonation of KDELR at H12 in the acidic micro-environment of the
Golgi at the same time as the KDEL peptide binding reinforce the low barrier hydrogen
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bond (Wu et al. 2020). Additionally, this protonation controls the water networks
between the E127 and Y158 within the binding pocket forcing the displacement of
TM6 and TM7 and allowing COP I to bind.

Golgi lumen
pH 6.2

H+

KDEL cargo binding

Di-lysine
retrieval
motif
COP II

COP I

KDEL cargo release

ER lumen
pH 7.4

Figure 4-2 KDEL receptor cycle
In acid pH in the Golgi proteins with KDEL signal binding in the polar cavity of the
transmembrane KDEL receptor. The receptor locks in a closed conformation which is assisted
by the protonation of H12 acting as a pH sensor. The di-lysine signal COP I motif is revealed
at the same time and then the complex is transported in COPI vesicles to the ER. There under
neutral pH the ligand is released and H12 is de-protonated and the receptor returns back to
its open form. Following this it binds to COP II vesicles and returns back to the Golgi, where it
remains until in encounters another ligand.
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Interestingly, in different species, variations of this canonical KDEL sequence
exist (Denecke et al. 1992, Trychta et al. 2018). In budding yeast, Saccharomyces
cerevisiae, HDEL sequence (Pelham et al. 1988, Townsley et al. 1994), in fission
yeast, Schizosaccharomyces pombe, ADEL (Pidoux and Armstrong 1992), whereas in
Kluyveromyces lactis, the retrieval sequence can also be DDEL (Lewis et al. 1990).
Mammalian and plant cells employ a variety of different variants of the KDEL to
maintain protein levels within the ER. Whereas lysine at position –4 in the sequence
is the most common (KDEL), proteins with histidine (HDEL) display more
pronounced ER retention properties, whereas those with arginine (RDEL) are retained
at similar levels to the canonical KDEL sequence according to literature (Raykhel et
al. 2007, Trychta et al. 2018). It would be of great interest to identify the reason
different signals exist, especially given the high level of conservation of the receptor
itself.
Although the –4 position must be important for recognition of the different
variant signals, the other positions –3, –2, –1 appear more crucial. The consensus from
the Prosite for ER targeting signal is [KRHQSA]-[DENQ]-E-L> (PROSITE
documentation PDOC00014) (UniProt 2019). There is slight variability at the –3
position, however no flexibility at –2 and –1 positions. Calumenin has HDEF as an
ER retention signal and is a chaperone that localises to the ER and retrieved from the
Golgi back to ER by KDELR (Vorum et al. 1999), additionally MASD, mesoderm
development protein, has a REDL and is probably retrieved by the KDELR (Chen et
al. 2011). Further investigation is required to clarify these apparent inconsistencies.
The use of sybody technology initially helped us crystalise KDELR. We are now
using the purified Syb37 to perform super resolution microscopy experiments. Since
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Syb37 can bind only a specific conformation of KDELR without the peptide bound
and with the di-lysine motif not exposed, we can determine where in the cell the
unbound form of KDELR localises, and where the specific events in the cargo binding
and release signal occur. Additional use of sybodies that recognise the peptide bound
receptor would be useful. By using two types of sybodies that bind with high affinity
to differential form of the receptor, we should be able to reveal its precise localisation
and whether it binds either COP I or COP II coats. Sybody immunoprecipitation
experiment could also reveal additional partners of KDELR in the different
conformational states.
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5. Concluding remarks:
In this thesis I have summarised the investigation of the role of key Rab GTPase
pathways and the KDEL cargo receptors in membrane trafficking, and their changes
in health and disease from 6 different studies. This work has described two novel GEF
families for Rab GTPases, the DENNs and the tri-longins as well as their cellular roles.
Moreover, I have characterised the GEF for the ancestral Rab18 and the function of
this pathway in ER regulating morphology and the role of TBC1D23 role in nondegenerative pontocerebellar hypoplasia as a non-catalytic GAP. Finally, the
mechanism of binding of KDELR to the retrieval peptide KDEL and its pH
dependence has been investigated. These studies highlight the critical role of Rab
GTPase pathways in membrane homeostasis and human physiology.
A large number of genes playing a role in membrane trafficking cause when
mutated neurodevelopmental or neuromuscular diseases: as observed from WarburgMicro syndrome caused by Rab3GAP, Rab18 and TBC1D20, non-degenerative
pontocerebellar hypoplasia caused by TBC1D23, neurodevelopmental disorder caused
by MADD/Rab3GEP, Charcot-Marie-Tooth disease caused by MTMR13. The
obvious question is why genes that are ubiquitously expressed would instead of
causing a generalised disease mainly affect neuronal cells? It may be that highly
complex neuronal cells and brain structures are more sensitive to any perturbation than
generic fibroblast cell lineages (Frade and Ovejero-Benito 2015). Thus, they could
accumulate more deleterious defects than cells from other tissues, and cannot remove
them since they are mainly post-mitotic (Frade and Ovejero-Benito 2015).
Accumulation of these deleterious changes may result in neurons re-entering the cell
cycle with catastrophic effect or triggering apoptosis (Frade and Ovejero-Benito

Concluding remarks: 90

2015). Even though there are several models from C. elegans, D. melanogaster, D.
rerio to rodents and even primate models trying to recapitulate human pathology, they
often seem to fail to do so (LaFerla and Green 2012, Jayaraman et al. 2018, Reilly and
Rossor 2020). For this reason a different strategy should be employed and recent
advances in 3D cell culture and 3D organoid formation (Tomaskovic-Crook and Crook
2019) especially with the formation of “mini” brains to specific parts of the brain
(Jacob et al. 2021) could give us a better insight in the roles of these genes and the
effect that could be caused on specific cells as they differentiate and evolve.
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Acronyms & Abbreviations
AP3
Arf
ArfGAP1
Arl
ATP
BBS
BiP
BLOC
C-terminus
CATCHR
CERT
COPI
COPII
CORVET
DENN
EE
EEA1
EGF
eGFP
EHD
EM
ER
ERAD
ERES
ERGIC
Ervs
GAP
GDF
GDI
GDP
GEF
GPCR
GTP
Gyp
Hh
HOPS
HPS
HSP
IFT
KDELR
LAMP1
LECA
LRO
LRRK2
M6PR
MADD

Adaptor protein‐3
ADP-ribosylation factor
ADP-ribosylation factor GTPase-activating protein 1
Arf-like
Adenosine triphosphate
Bardet–Biedl syndrome
Binding immunoglobulin protein
Biogenesis of Lysosome‐related Organelles Complex
Carboxyl terminus
Complexes Associated with Tethering Containing Helical Rods)
Ceramide transport protein
Coat protein complex I
Coat protein complex II
Class C core vacuole endosome tethering
Differentially Expressed in Normal and Neoplastic tissue
Early endosomes
Early endosomal antigen 1
Epidermal growth factor
Enhanced green fluorescent protein
Eps15 homology domain protein
Electron microscopy
Endoplasmic reticulum
ER-associated degradation
ER exit sites
ER-Golgi intermediate compartment
Endoplasmic reticulum vesicle
GTPase activating protein
GDI displacement factor
GDP dissociation inhibitor
Guanosine-5'-diphosphate
GTPases exchange factor
G protein-coupled receptors
Guanosine-5'-diphosphate
GAP for Ypt
Hedgehog
Homotypic vacuole fusion and protein sorting
Hermansky–Pudlak
Hereditary spastic paraplegia
Intraflagellar transport
KDEL Receptor
Lysosomal-associated membrane protein 1
Last eukaryotic common ancestor
Lysosome-related organelles
Leucine-rich repeat kinase 2
Mannose-6-phosphate receptor
MAP kinase-activating death domain
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MANT
MHCI
N-terminus
NRZ
NSF
ORP
PAT
PI(3,5)P2
PI(3)P
PI(4,5)P2
PI4KIIɑ
PINK
PKC
PMEL
PTEN
Rab
RabGGTase
REP
SGTA
siRNA
SNARE
SNX
SRP
STED
Sybody
TAK1
TANGO1
TBC
TfrR
TM
TYRP
VAP
WB
WPB
WT
Ypt

2’/3’-O-N-Methyl-anthraniloyl
Major histocompatibility class I
Amino terminus
NAG-RINT1-ZW10
N‐ethylmaleimide sensitive factor
Oxysterol related protein
Proton‐coupled amino‐acid transporter
Phosphatidylinositol 3,5-bisphosphate
Phosphoinositide phosphatidylinositol 3-phosphate
Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol‐4‐kinase type IIɑ
PTEN-induced kinase
Protein kinase C
Premelanosome
Phosphatase and Tensin homolog
Ras like from brain
Rab geranyl geranyl transferase
Rab escort protein
Small glutamine-rich tetratricopeptide repeat-containing protein alpha
Small interfering RNA
Soluble N‐ethylmaleimide sensitive factor attachment protein receptor
Sorting nexin
Signal recognition particle
Stimulated emission depletion microscopy
Synthetic nanobody
TGF-β activated kinase 1
Transport and Golgi organization protein 1
Tre-2/Cdc16/Bub2
Transferrin receptor
Transmembrane
Tyrosinase related protein
VAMP-associated protein
Western blot
Weibel-Palade bodies
Wild type
Yeast protein transport
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receptor to lysosomes. DENND4 GEFs target to a tubular membrane compartment adjacent to the Golgi,
where they activate Rab10, which suggests a function in
basolateral polarized sorting in epithelial cells that compliments the non-DENN GEF Sec2 acting on Rab8 in
apical sorting. DENND1C, DENND3, DENND5A/5B,
MTMR5/13, and MADD activate Rab13, Rab12, Rab39,
Rab28, and Rab27A/27B, respectively. Together, these
findings provide a basis for future studies on Rab regulation and function.
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A

key requirement for Rab function in membrane
trafficking is site-specific activation by GDP-GTP
exchange factors (GEFs), but the majority of the
63 human Rabs have no known GEF. We have performed
a systematic characterization of the 17 human DENN domain proteins and demonstrated that they are specific
GEFs for 10 Rabs. DENND1A/1B localize to clathrin patches
at the plasma membrane and activate Rab35 in an endocytic pathway trafficking Shiga toxin to the trans-Golgi
network. DENND2 GEFs target to actin filaments and control Rab9-dependent trafficking of mannose-6-phosphate

Introduction
Rab GTPases are used to encode information about the state
of a membrane or membrane domain in order to control specific membrane trafficking events (Zerial and McBride, 2001;
Behnia and Munro, 2005). Rabs are activated by specific guanine nucleotide exchange factors (GEFs) promoting the release
of GDP and binding of GTP (Pfeffer and Aivazian, 2004).
According to the prevailing model, GEFs together with other
regulatory factors localize to and act at specific membrane surfaces, and thus provide a means to locally activate their target
Rabs (Pfeffer and Aivazian, 2004). This system allows vesicles
derived from a particular organelle to be tagged with a specific
Rab GTPase, and their movement along the cytoskeleton and
tethering to a specified domain on a target membrane to be controlled. Effector protein complexes that are either activated or
recruited to the membrane surface by the presence of the GTPbound Rab mediate these cytoskeletal and membrane tethering functions. GTP hydrolysis triggered either by additional
GTPase-activating proteins (GAPs) or spontaneously because
of intrinsic activity of the Rab ends the cycle. GEFs and GAPs

therefore play a key role in the specific activation and inactivation of Rab GTPases.
The known Rab GEFs and GAPs typically fall into discrete families defined by conserved protein domains (Barr and
Lambright, 2010). With the exception of the Rab3GAP1/2
proteins (Fukui et al., 1997; Nagano et al., 1998), Rab GAPs
characteristically contain a TBC domain that catalyzes nucleotide hydrolysis by an arginine-glutamine two-finger mechanism
(Pan et al., 2006). In humans, the TBC domain family has over
40 members, and it is likely that these regulate all 63 human
Rabs, with some TBC domain proteins acting on several closely
related Rabs (Haas et al., 2005, 2007; Fuchs et al., 2007). Rab
GEFs are more diverse, and several conserved, yet structurally
unrelated proteins and protein complexes have been shown to
have specific Rab GEF activity (Barr and Lambright, 2010).
These are: the TRAPP-I complex activating Ypt1p/Rab1 (Wang
et al., 2000; Cai et al., 2008), Vps9 domain proteins activating
Rab5/Ypt51p subfamily GTPases (Delprato et al., 2004; Sato
et al., 2005; Delprato and Lambright, 2007), Sec2p/Rabin proteins activating Sec4p GTPases (Walch-Solimena et al., 1997;
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Hattula et al., 2002; Dong et al., 2007; Itzen et al., 2007; Sato
et al., 2007b), the Ric1p–Rgp1p complex activating Ypt6p and
possibly Rab6 (Siniossoglou et al., 2000), the Mon1p–Ccz1p
complex acting on Ypt7p and Rab7 (Nordmann et al., 2010),
and the RCC1 domain protein claret, which may act as a GEF
for the unique Rab lightoid in Drosophila (Ma et al., 2004).
Apart from claret, these GEFs and their target Rab GTPases
act in trafficking pathways conserved from mammals to yeasts.
However, mammalian cells possess >60 Rabs, compared with
the 11 of budding yeast, and therefore require additional GEFs
to activate these extra Rabs. At present, most of the 60 mammalian Rabs lack a defined GEF activity, and it is therefore unclear
how they would be specifically activated. Additional Rab GEFs
are therefore likely to exist.
DENN domain proteins were first implicated as Rab GEFs
by the biochemical purification of a Rab3 GEF from bovine
brain (Wada et al., 1997). This was subsequently identified as a
DENN domain protein, although it remained unclear which domain in the protein was responsible for GEF activity (Coppola
et al., 2002). Further studies revealed that the Caenorhabditis elegans MADD homologue AEX-3 was responsible for
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controlling the activity of Rab3 and Rab27 at the synapse
(Iwasaki et al., 1997; Mahoney et al., 2006). More recently, a
screen for defective receptor-mediated yolk protein endocytosis
in C. elegans identified another DENN domain protein RME-4,
and indicated that it acted on Rab35 (Sato et al., 2008). This was
confirmed by complementary studies in mammalian cells showing that the RME-4 homologue DENND1A/connecdenn was in
fact a Rab35 GEF (Allaire et al., 2010; Marat and McPherson,
2010). These findings support the idea that DENN domain proteins might form a family of Rab GEFs. To investigate this, we
have characterized the human DENN domain proteins, and
identified their target or substrate Rab GTPases.

Results
Identification of human DENN
domain proteins

Sequence searches of the human genome using the DENN domain of the Rab3 GEF MADD reveal the presence of 17 proteins sharing this domain (Fig. 1). All these proteins carry a full
DENN domain comprising the three upstream (u-DENN), core

Downloaded from http://rupress.org/jcb/article-pdf/191/2/367/1348972/jcb_201008051.pdf by Oxford University user on 05 May 2021

Figure 1. DENN proteins form a large family in human cells. A schematic showing the human DENN domain proteins, with the upstream (u-DENN), core
DENN, and downstream (d-DENN) regions indicated. Additional domains likely to be of relevance for DENN targeting or regulation are marked and color
coded. Sequence alignments of DENNs were done with ClustalX (Chenna et al., 2003) or MUSCLE (Edgar, 2004), and the results were visualized and
manipulated with Jalview (Waterhouse et al., 2009). Linear sequence motifs were browsed in the ELM database (Gould et al., 2010). Accession numbers
used for this analysis are listed in Table S1.

(DENN), and downstream (d-DENN) subregions (Levivier
et al., 2001). Systematic searching of the genome sequence
databases reveals that although widely conserved in metazoans
and protozoans, these DENN domain proteins are absent from
the budding yeast Saccharomyces cerevisiae used as a model
for trafficking studies. This suggests that DENN domain proteins may act as GEFs for some of the many additional Rabs
found in humans and other metazoans. Further analysis indicates that in addition to these proteins, there is a group of related
proteins containing partial DENN homology. Some of these
such as Avl9 and its homologues are conserved to budding yeast
and other fungi (Harsay and Schekman, 2007). Because Avl9
may be a GEF for the non-Rab Ras family GTPase Gtr2 in late
Golgi trafficking (Harsay and Schekman, 2007; Zhang et al.,
2010), these are unlikely to be Rab GEFs and they were not
pursued further in this study.
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Figure 2. DENND1A/1B are GEFs for Rab35.
(A) Human Rabex-5 was tested against a representative panel of human Rab proteins using the GDPreleasing assay. In brief, 10 µg of each GST-tagged
Rab to be tested was incubated in 50 mM HepesNaOH, pH 6.8, 0.1 mg/ml BSA, 125 µM EDTA,
10 µM Mg-GDP, and 5 µCi [3H]-GDP (10 mCi/ml;
5,000 Ci/mmol) in a total volume of 200 µl for 15 min
at 30°C to load the Rab with the radioactive GDP
probe. For standard GDP-releasing GEF assays,
100 µl of the loading reaction was then mixed with
10 µl of 10 mM Mg-GTP and 10 nM His6-tagged
Rabex-5 purified from bacteria or a buffer control,
then adjusted to 120 µl final volume with assay buffer. The GEF reaction occurred for 20 min at 30°C.
After this, 2.5 µl was taken for a specific activity
measurement; the remainder was split into two
tubes, then incubated with 500 µl of ice-cold assay
buffer containing 1 mM MgCl2 and 20 µl of packed
glutathione-sepharose for 60 min at 4°C to separate
Rab–GDP complexes from free “released” GDP.
After washing three times with 500 µl of ice-cold
assay buffer, the sepharose was transferred to a vial
containing 4 ml of scintillation fluid and counted.
The amount of nucleotide exchange was calculated
in pmoles of GDP released. (B and C) A representative panel of human Rab proteins was tested against
10 nM of His6-tagged DENND1B-S in the GDPreleasing (B) or GTP-binding assay (C). For GTPbinding assays, the following modifications were
made: only unlabeled GDP was used in the loading
reaction; in the GEF reaction, 0.5 µl of 10 mM GTP
and 1 µCi [35S]-GTP S (10 mCi/ml; 5000 Ci/mmol)
were used. The amount of nucleotide exchange was
calculated in pmoles of GTP bound. (D and E) Human
DENND1A (D), DENND1B-L (D), and DENND1C
(E) were tested against a subset of Rab35-related
Rabs using the GTP-binding assay. For these assays,
10 nM of FLAG-tagged DENND1A or DENND1C
purified from HeLa cells, or 10 nM of His6-tagged
DENND1B-L purified from bacteria were used.
Errors bars show the standard error from the mean.
The red line marks double the median value taken
as a threshold.

DENND1 regulates Rab35-dependent
Shiga toxin trafficking to the TGN

As a first step in the systematic characterization of Rab nucleotide exchange activity, it was important to ensure that a known
Rab GEF would give the expected pattern of specificity. The
Vps9 domain GEF Rabex-5 was used for this purpose. As expected, Rabex-5 promoted GDP release from Rab5A-C, and
displayed some activity toward the Rab5 subfamily GTPases
Rab17, Rab21, and Rab22A (Fig. 2 A). Other Rabs fell below
the background value set at twice the median. The short form
of DENND1B encoding only a DENN domain was then tested
for GEF activity using the GDP-releasing assay (Fig. 2 B).
This revealed that DENND1B-S promoted GDP release from
Rab35 but not the other Rabs tested. For true GEF activities,
GTP binding rapidly follows GDP release, and it was therefore important to test this. DENND1B-S specifically promoted
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Figure 3. Localization of DENND1A is clathrin dependent. (A) HeLa cells expressing EGFP-tagged DENND1A (green) were fixed and then stained with
antibodies to clathrin heavy chain, and the AP-1, AP-2, and AP-3 clathrin adaptor complexes (red). DNA was stained with DAPI (blue). (B) DENND1A and
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is a Rab35 GEF regulating an endocytic trafficking pathway
used by the Shiga toxin to reach the trans-Golgi network, but
that DENND1A is not essential for the receptor-mediated
uptake of EGF.
The DENND2 family regulates Rab9
and lysosome distribution

Having successfully shown that the DENND1 proteins are Rab
GEFs, other DENN proteins were then investigated starting
with the DENND2 family. The DENND2 family has four members, and one of these, DENND2D, comprises only a DENN
domain. This was tested first. DENND2D displayed specific
GDP-releasing activity to both Rab9A and Rab9B but not
any other Rab tested (Fig. 5 A), which supports the view that
the DENN domain alone is responsible for GEF activity. This
specificity was confirmed for the three other DENND2 family
members (Fig. 5 B). Examination of DENND2 family localization revealed that DENND2A and DENND2B were present on
filaments reminiscent of actin, that DENND2C overexpression
caused cell shape changes and formed large patches in cell protrusions, and that DENND2D was diffusely located throughout
the entire cell (Figs. 5 C and S1). The pronounced actin filament
localization of DENND2A was especially intriguing because
it was recently shown that the Rho family protein RhoBTB3
is a Rab9 effector protein (Espinosa et al., 2009). Rho family
proteins are typically associated with processes controlling the
actin cytoskeleton, and this suggests there may be a link between Rab9 function and the actin cytoskeleton. As expected,
Rab9 was present on LAMP1-positive lysosomes defined by the
marker LAMP1 (Fig. 5 C). Depletion of Rab9 or DENND2A
resulted in a similar phenotype, where lysosomes clustered
adjacent to the perinuclear region and were lost from the more
peripheral regions of the cells (Fig. 5 D). Depletion of other
DENND2 family members had no obvious effect in HeLa cells
(Fig. 5 D and not depicted). Rab9 has a well-documented function in trafficking of the mannose-6-phosphate receptor (MPR)
between the TGN and late endosomes (Lombardi et al., 1993;
Díaz et al., 1997), and this function was therefore investigated.
Cells depleted of Rab9 or DENND2A showed reduced intensity
of MPR staining relative to control cells and a loss of MPRpositive structures in the cell periphery (Fig. 5 E). Fluorescence
intensity measurements either integrating the total cell associated signal or taking a transection through the perinuclear region indicate that there is a >60% reduction in MPR staining
intensity in DENND2A- and Rab9-depleted cells (Fig. 5 E).
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GTP binding to Rab35 but not the other Rabs tested (Fig. 2 C).
Similar results were obtained for DENND1A and the long form
of DENND1B (Fig. 2 D). DENND1C in contrast was most active toward Rab13 and showed no activity to Rab35 (Fig. 2 E).
Together, these findings show that DENND1A and DENND1B
are Rab35-specific GEFs, and that this activity is caused by the
DENN domain.
Human Rab35 has previously been identified in a screen
for regulators of Shiga toxin trafficking from the plasma
membrane to the trans-Golgi network (Fuchs et al., 2007). If
DENND1A and DENND1B are specific GEFs for Rab35, then
they might be expected to localize to a membrane compartment
of this trafficking pathway. DENND1A localization was therefore examined in HeLa cells, where it was found to target to
small punctate structures overlapping with clathrin and the
plasma membrane AP-2 clathrin adaptor (Fig. 3 A). The AP-1
and AP-3 clathrin adaptors associated with other trafficking
steps did not overlap with DENND1A (Fig. 3 A). Analysis of
DENND1A complex using mass spectrometry showed that they
contained clathrin and components of the AP-2 complex but not
other clathrin adaptors (Fig. 3 B). Western blotting confirmed
that DENND1A specifically interacts with clathrin and the AP-2
complex but not other adaptors (Fig. 3 C). The other DENND1
family members DENND1B and DENND1C did not interact
with clathrin or clathrin adaptors (Fig. 3, B and C). Depletion of
clathrin caused loss of the punctate DENND1A plasma membrane staining and overlapping with AP-2, and resulted in a diffuse cytoplasmic and reticular pattern (Fig. 3 D). DENND1A
therefore targets to clathrin and the AP-2–positive patches at the
plasma membrane, which supports the idea that it functions in
some form of endocytic trafficking. To test this idea, HeLa cells
were depleted of DENND1A, DENND1B, and clathrin (Fig. 4 A),
then tested for receptor-mediated uptake of the growth factor EGF
or the transport of Shiga toxin B subunit (STxB) to the transGolgi network (Fig. 4, B and C). Cells depleted of DENND1A
failed to transport STxB to the trans-Golgi network (Fig. 4,
B and D). In the same cells, the uptake of EGF into punctate
endosomal structures was not altered (Fig. 4 B). Depletion of
clathrin strongly reduced EGF uptake and caused the transferrin receptor to accumulate at the cell surface rather than
showing its normal punctate recycling endosome distribution
(Fig. 4 C). Although clathrin depletion did not block STxB uptake, uptake efficiency was reduced and it failed to overlap with
the trans-Golgi network marker TGN46 after 60 min (Fig. 4,
C and D). Together, these findings support the idea that DENND1A

DENND1B complexes were analyzed by mass spectrometry. The proteins scored highest by the Sequest search algorithm are listed in the table. (C) HeLa
cells were transfected with constructs encoding FLAG-tagged DENND1A, DENND1B-L, DENND1B-S, and DENND1C for 48 h. The cells were washed from
the dish using PBS with 1 mM EDTA, and the cell pellets were lysed for 20 min on ice in 1 ml cell of lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA,
150 mM NaCl, 0.5% Triton X-100, and protease inhibitors cocktails). The FLAG-tagged proteins were immunoprecipitated from the clarified lysate using
20 µl of anti-FLAG M2 affinity gel (Sigma-Aldrich) for 4 h at 4°C. The pellet was washed three times in 1 ml of cell lysis buffer, and bound proteins were
eluted with 1 ml of 200 µg/ml FLAG peptide in TBS and then precipitated for 60 min on ice using 10% trichloroacetic acid. The FLAG-tagged DENND1A,
DENND1B-L, DENND1B-S, and DENND1C complexes were analyzed by SDS-PAGE on 4–12% gradient gels and Coomassie blue staining, or Western blotted for clathrin heavy chain (CHC) and the AP-1 and AP-2 clathrin adaptors on 10% gels. Asterisks mark proteins that nonspecifically bind to FLAG-agarose
and were found in negative control conditions. Molecular mass standards are indicated in kilodaltons. (D) HeLa cells expressing EGFP-tagged DENND1A
(green) were transfected for 72 h with siRNA duplexes targeting the clathrin heavy chain, fixed, and then stained with antibodies for clathrin and the AP-2
clathrin adaptor (red). DNA was stained with DAPI (blue). Enlargements are shown to the right to more clearly demonstrate the overlap between DENND1A
(green), and clathrin or AP2 (red) in control cells, and the loss of punctate DENND1 staining after clathrin heavy chain depletion. Bars, 10 µm.
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Blocking Rab9 function prevents recycling of MPR from late
endosomes back to the TGN (Riederer et al., 1994); thus, the
MPR may become trapped in late endosomes and may enter
the lysosomes, where it will be degraded. Other TGN recycling
pathways were not obviously perturbed by Rab9 or DENND2A
depletion because the TGN marker TGN46 was not changed
by these treatments (Fig. 5 E). Consistent with the biochemical
GEF assay data, loss of Rab9 activity either by depleting Rab9
or its GEF regulator DENND2A causes a similar phenotype.
These findings support the idea that the DENND2 family members act as GEFs for Rab9 in trafficking between the late endosomes and the TGN. Interestingly, components of the BLOC
complex involved in trafficking to lysosome-like organelles
have been found to associate with actin filaments (Falcón-Pérez
et al., 2002) and to interact with Rab9 (Kloer et al., 2010). The
diversity of DENND2 family members suggests that this pathway is regulated differently in different tissues, possibly linking
Rab9 regulation at late endosomes and lysosome-related organelles to the status of the actin cytoskeleton.
DENND4 family proteins are specific GEFs
for Rab10 in apical sorting

The role of Rab8 and Rab10 in apical and basolateral sorting is
well established. Questions remain, however, about how these
two GTPases are independently regulated. Two GEFs carrying
the Sec2 domain have been reported to show activity toward
Rab8, but the GEF for Rab10 is unknown. Analysis of the
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DENND4 family proteins showed that these specifically promote GDP release from and GTP binding to Rab10 and have no
activity toward Rab8 (Fig. 6, A and B). In contrast, Sec2 domain
proteins Rabin3/Rabin8 and Rabin3-like/GRAB are specific
GEFs for Rab8A and Rab8B and have no activity toward Rab10
(Fig. 6, C and D). Thus, the Sec2 domain proteins Rabin8 and
GRAB, and the DENN domain proteins of the DENND4 family
could provide a means to activate Rab8 and Rab10, respectively,
and thus independently control polarized trafficking. Although
DENND4A and DENND4C showed a diffuse cytoplasmic
localization in HeLa cells, DENND4B was present on a tubular
membrane compartment emanating from the perinuclear region
(Fig. 6 E and S1). Strikingly, DENND4B staining is coincident
with that of its target Rab10 (Fig. 6 E). This compartment did
not overlap with markers for early endosomes, recycling endosomes, or lysosomes, but did show partial overlap with the
Golgi marker GM130 (Fig. 6 E).
Family-wide assignment of DENN specificity

To complete the family-wide assignment of DENN specificity,
the remaining DENN domains proteins DENND3, DENND5A,
and DENND5B; the myotubularin-related proteins MTMR5
and MTMR13; and MADD were tested (Fig. 7). This revealed
that these proteins also have specific Rab targets. DENND3 is
a Rab12 GEF (Fig. 7 A), whereas DENND5A/B act on Rab39
(Fig. 7 B) and MTMR5/13 act on Rab 28 (Fig. 7 C). In agreement
with previous reports, MADD showed activity toward Rab27 and
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Figure 4. DENND1A is required for Rab35-dependent Shiga toxin trafficking to the trans-Golgi network. (A) HeLa cells expressing EGFP-tagged DENND1A
and the long or short forms of DENND1B were transfected with siRNA duplexes to DENND1A, DENND1B, clathrin heavy chain (CHC), or a nonspecific
control for 72 h, then Western blotted as indicated. Molecular mass standards are indicated in kilodaltons. The asterisk indicates a nonspecific cross reaction of the clathrin heavy chain antibody. (B) Dual EGF and STxB uptake assays were performed for 60 min as described previously (Fuchs et al., 2007)
in cells transfected with control or DENND1A duplexes for 72 h. Cells were fixed and then stained for the Golgi marker golgin-160. (C) Uptake assays were
performed as in B using cells transfected with CHC siRNA duplexes. Cells were fixed and then stained for the transferrin receptor (TfR) to mark recycling
endosomes or the TGN marker TGN46. Bars, 10 µm. (D) The extent of EGF and Shiga toxin uptake under the various conditions was measured and is
plotted in the graphs (n = 3). ImageJ was used to measure colocalization of markers. Error bars indicate standard error of the mean.

Discussion
DENNs form a conserved family
of Rab GEFs

The results presented here provide good evidence that DENN
proteins form a family of highly specific Rab GEF regulators
controlling specific intracellular transport pathways. DENN
proteins are conserved in primitive unicellular eukaryotes such
as protozoans of the Naegleria genus (Fritz-Laylin et al., 2010),
fission yeast, filamentous fungi, and plants (Levivier et al.,
2001); however, they are absent from budding yeast. Consistent
with this, none of the DENN target Rabs identified by this study
are present in budding yeast. As reported previously, MADD
acts on Rab27A, which functions in melanosome transport
(Figueiredo et al., 2008). DENND1 and the C. elegans equivalent RME-4 act on Rab35 in endocytic trafficking pathways absent from budding yeast (Sato et al., 2008). Previous investigation
of the DENND1/connecdenn proteins in human cells (Allaire
et al., 2010; Marat and McPherson, 2010) has shown that Rab35
and DENND1A/connecdenn 1 play a role in recycling of MHC
class I at an early endosomal compartment (Allaire et al., 2010).
These authors have also shown that connecdenn proteins interact with clathrin (Allaire et al., 2010; Marat and McPherson,
2010), and our findings confirm this for DENND1A/connecdenn 1. We find that clathrin is required for Shiga toxin delivery to
the TGN, but not its endocytosis (Fig. 4). This fits with the idea
that the STxB traffics through an early endosomal sorting compartment (Fuchs et al., 2007), where it undergoes a clathrindependent sorting event (Popoff et al., 2007), before delivery to
the TGN. DENND3 and DENND1C, like their targets Rab12
and Rab13, respectively, are present in vertebrates but are absent in invertebrates. In mammalian polarized epithelial cells,
Rab13 functions in trafficking between recycling endosomes
and the TGN (Nokes et al., 2008). Together with the data presented here, this suggests that the DENND1 family controls
endosomal recycling and endosome–TGN trafficking routes
involving Rab13 and Rab35.
Putative orthologues of DENND5A/Rab6-interacting
protein 1 and its target Rab39 exist in worms, flies, and vertebrates.
Interestingly, Rab39 is localized to the Golgi apparatus like
its regulators DENND5A/B, and loss-of-function mutations in

Rab39B cause X-linked mental retardation (Giannandrea et al.,
2010). The underlying defect appears to be caused by altered
trafficking required for growth cone and synapse formation,
which suggests that further studies of DENND5 should focus on
neuronal systems rather than fibroblast-like tissue culture cells.
A homologue of the Myotubularin phosphatase domain containing DENN proteins MTMR5 and MTMR13, and their target
Rab28, is present in protozoans (Fritz-Laylin et al., 2010), which
suggests this has a trafficking function conserved at the cellular
level rather than in a tissue-specific pathway. Contradicting this
view somewhat, mutations in human MTMR13 and disruption
of MMR13 in mice result in an autosomal recessive neuropathy,
which suggests a function important for nervous system function
(Azzedine et al., 2003; Robinson et al., 2008). Finally, DENND4
family GEFs and Rab10 are also always found together in multicellular organisms with polarized epithelial cell layers.
Rabs of the Rab8 and Rab10 families have been implicated in trafficking to polarized membrane domains at the cell
surface (Babbey et al., 2006; Schuck et al., 2007). In budding
yeast Sec4p, the Rab8 homologue is required for polarized transport from the late-Golgi into the growing bud (Walch-Solimena
et al., 1997). In higher eukaryotes, Rab8 has been found to function in transport to actin-rich membrane protrusions (Peränen
et al., 1996), the cilium, and apical surface of polarized epithelial cells (Nachury et al., 2007; Sato et al., 2007a; Yoshimura
et al., 2007; Knödler et al., 2010). In contrast, Rab10 is reported
to function in basolateral transport (Babbey et al., 2006; Schuck
et al., 2007). It seems obvious that Rab8 and Rab10 would require activation by specific GEFs, and this appears to be the
case. Sec4p and Rab8 are activated by Sec2 domain GEFs
(Walch-Solimena et al., 1997; Hattula et al., 2002; Dong et al., 2007;
Itzen et al., 2007; Sato et al., 2007b), whereas DENND4 family
GEFs activate Rab10. This is supported by observations that mutations in CRAG, the presumed Drosophila orthologue of human
DENND4, result in missorting of cargo such as perlecan and
laminin destined for the basolateral surface of cells (Denef et al.,
2008). However, the fruit fly poses a problem for this simple
idea because it lacks a documented gene encoding a Sec2 domain
protein. At present, it is only possible to speculate how Rab8 is
activated in fruit flies, but the two most likely possibilities are either that there is a novel Rab8 GEF or that a known GEF family
has acquired activity toward Rab8. DENND2 specificity raises
similar issues because Rab9 is present in flies, although a readily discernable DENND2 is not. Flies may have some unique
features with regard to Rab regulation, and further studies will
be necessary to address these issues. Interestingly, DENND2B,
also known as suppressor of tumorigenicity 5 (ST5), is mutated
in human patients suffering from mental retardation and multiple congenital abnormalities that can result in deafness, cleft
palate, and circulatory and kidney function defects (Göhring
et al., 2010). Our results suggest that these defects may be caused
by defective regulation of Rab9, and hence trafficking between
late endosomes and lysosomes. This is reminiscent of lysosomal
storage disorders, which are long known to cause mental retardation and other developmental abnormalities.
There appear to be no obvious characteristics distinguishing
DENN-modulated Rabs from those controlled by other classes of

Rab specificity of DENN domain exchange factors • Yoshimura et al.

Downloaded from http://rupress.org/jcb/article-pdf/191/2/367/1348972/jcb_201008051.pdf by Oxford University user on 05 May 2021

Rab27B (Figueiredo et al., 2008), although it did not have activity toward Rab3 family members. This may be caused by the use
of bacterially expressed Rab proteins, as it has been reported that
C-terminal prenylation may be important for recognition of
Rab3 by MADD (Sakisaka and Takai, 2005).
In summary, we have assembled a library of full-length
human DENN domain proteins and tested their localizations
and biochemical specificity (Fig. 8). This approach has revealed
that the different DENN proteins targeted to different subcellular compartments (Fig. 8), which is consistent with the idea that
they may control Rab activation at unique membrane or cytoskeletal domains. Critically, it also showed that DENN domain
proteins have unique and nonoverlapping Rab targets. These
findings will therefore be of relevance for many future studies
on Rab function in membrane trafficking.
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Figure 5. The DENND2 family regulates Rab9 and lysosomes. (A) A representative panel of human Rab proteins was tested against 10 nM of His6tagged human DENND2D purified from bacteria using the GDP-releasing assay. (B) Human DENND2A, DENND2B, and DENND2C were expressed
as His6-tagged protein in bacteria and then tested against a subset of Rab9-related Rabs. Errors bars show the standard error of the mean. The red line
marks double the median value. (C) HeLa cells were transfected with EGFP-tagged DENND2A or Rab9A (green), fixed after 24 h, and stained with the
antibodies indicated (red). DNA was stained with DAPI (blue). Inset enlargements are shown to more clearly demonstrate the relationship between Rab9
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Figure 6. DENND4 family proteins are specific GEFs for Rab10. (A) A representative panel of human Rab proteins was tested against 10 nM of human
DENND4B expressed as a FLAG-tagged protein in HeLa cells using the GDP-releasing assay. (B) Human DENND4A, DENND4B, and DENND4C were
tested against a subset of Rab10-related Rabs using the GTP-binding assay. Again, 10 nM of each FLAG-tagged DENN protein purified from HeLa cells
was used for these assays. Error bars show the standard error of the mean. The red line marks double the median value. (C and D) A representative panel
of human Rab proteins was tested against 10 nM of His6-tagged human Rabin3/Rabin8 (C) and Rabin3-like/GRAB purified from bacteria using the GDPreleasing assay (D). Error bars indicate standard error of the mean. (E) HeLa cells expressing EGFP-tagged DENND4B were transfected with mCherrytagged Rab10, or stained for the markers indicated. 4× enlargements of the Rab10-positive tubules are shown in the top panels. Bar, 10 µm.

(green) and LAMP1 (red), which suggests that Rab9 is present on the lysosome membrane. (D) HeLa cells expressing EGFP-tagged Rab9 or DENND2
constructs as indicated were transfected with control, Rab9A, Rab9B, and DENND2A-D siRNA duplexes for 72 h. Western blotting with EGFP antibodies
confirmed depletion of the target proteins, whereas tubulin showed that loading was equal for all samples. HeLa cells transfected with control, Rab9A and
Rab9B, and DENND2A-D siRNA duplexes for 72 h were fixed, then stained for LAMP1 (red) and DAPI to detect DNA (blue). Molecular mass standards
are indicated in kilodaltons. (E) HeLa cells transfected with control, Rab9A and Rab9B, and DENND2A siRNA duplexes for 72 h were fixed, then stained
for MPR (green) and TGN46 (red). DNA was stained with DAPI (blue). Bars, 10 µm. (F) Fluorescence intensity for MPR staining from E was measured using
ImageJ by drawing a box around the entire cell area and integrating the total signal. An equivalent area with no cell was subtracted for the background.
This was performed for 24 cells, and the mean and standard error are plotted on the bar graph. A 20 × 1 µm line measurement was performed across
the nuclear region where MPR staining is most clustered. The pixel intensity along the line is plotted in the graph for control, DENND2A, and Rab9a- and
Rab9b-depleted cells.
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GEFs and Rabs with as yet unknown GEFs. In a sequence alignment partitioned into these three groups there were no positions
that clearly differentiated Rabs under DENN regulation from
others (unpublished data). Furthermore, when sequence conservation among DENN-modulated Rabs was mapped onto the
surface of the structure of one of them, no additional conserved
surface patches—putative DENN-interaction sites—were observed when a comparison was made to Rabs not under DENN
control (unpublished data). This suggests that DENNs bind to
sites that overlap those seen for other GEFs, perhaps because
of shared functional necessities such as switch I displacement
376
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(Barr and Lambright, 2010). This and an apparent lack of signature
features of DENN-modulated Rabs suggest that only small changes
and/or changes at different positions may have been responsible for
altering GEF class specificity during Rab evolution. This conclusion is supported by the close relationships between Rabs that are
regulated by unrelated GEF classes (Fig. 8).
Are DENN-related proteins Rab GEFs?

As shown here and elsewhere (Allaire et al., 2010; Marat and
McPherson, 2010), DENN domain proteins are specific Rab
GEFs. It is interesting to note that some of the DENN-related
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Figure 7. Family-wide assignment of DENN specificity. Human DENND3 (A), DENND5A and DENND5B (B), MTMR5 and MTMR13 (C), and MADD (D)
were tested against a representative panel of human Rab proteins using the GDP-releasing assay. All assays used 10 nM of FLAG-tagged DENN protein
purified from HeLa cells. Errors bars show the standard error of the mean. The red line marks double the median value.
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Figure 8. A summary of Rab GEFs indicating their target Rabs. Human (Homo sapiens, hs), fruit fly (Drosophila melanogaster, dm), and nematode
(C. elegans, ce) Rabs and budding yeast (Saccharomyces cerevisiae, sc) Ypts were aligned using ClustalX and plotted using NJplot (Larkin et al., 2007).
The alignment is annotated to show the known Rab GEFs: TRAPP, Sec2, the Vps9 domain family, Ric1-Rgp1, Mon1-Ccz1, claret, and the DENN domain
family. Images to the right indicate the typical localization of the DENN domain family in HeLa cells. The pattern of conservation is summarized in the text
to the right. The accession nos. for human, mouse, zebrafish, fruit fly, and nematode DENN domains proteins are listed in Table S1. Bar, 10 µm.
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Many conserved Rabs lack GEF regulators

Despite the advances presented here in assigning the specificity
of 17 Rab GEFs, several key Rabs involved in membrane trafficking, lipid droplet, and cilium formation are still left without
GEF activators. It is intriguing that these often cluster into related groups. For example, see Rab2/4/14 in Fig. 8, which may
indicate that these share a family of related but as yet unknown
regulators. Here, we argued that because Rabs form a large
closely related family, their regulators might do the same and
share a common domain. This led us to more closely investigate
the DENN domain proteins. Following this line of argument, it
may therefore be worthwhile to test conserved domains widely
associated with proteins functioning in trafficking for GEF
activity. This might include the DENN-related proteins, although
there are caveats as discussed, the SNX and BAR domain
families (van Weering et al., 2010), and RCC1 domain proteins
(Ma et al., 2004). However, it is possible that common domains
do not unite the remaining Rab GEFs, and thus other unbiased
biochemical and genetic strategies will need to be followed if
they are to be identified. Although the work presented here will be
useful in informing many future studies on membrane trafficking,
we are still some way from defining the full complement of Rab
GEF and GAP regulators and effector proteins necessary for a full
understanding of Rab function.

Materials and methods
Reagents and antibodies
General laboratory chemicals were obtained from Sigma-Aldrich and
Thermo Fisher Scientific. Antibody to EGFP was raised in sheep against the
entire coding region of EGFP and affinity purified. Rabbit anti–golgin-160
antibodies were raised and affinity purified against the entire coding region
of rat golgin-160 expressed as a His6-tagged protein in bacteria. Mouse
anti-clathrin clone X22 was a gift from S. Royle (University of Liverpool,
Liverpool, England, UK). Commercially available antibodies were used to
-tubulin (mouse DM1A; Sigma-Aldrich), actin (mouse 2Q1055; Abcam),
-adaptin (clone 8; BD), -adaptin (mouse clone 88; BD), -adaptin (mouse
clone 18; BD), EEA1 (rabbit 2411; Cell Signaling Technology), FLAG
antibodies (mouse M2; Sigma-Aldrich), GM130 (mouse clone 35; BD),
human LAMP1 (mouse clone 25; BD), TGN46 (sheep AHP500; Serotec),
TfR (rabbit CBL47; Millipore), and CI-MPR (mouse 2G11; Abcam). Secondary antibodies raised in donkey to mouse, rabbit, sheep/goat, and human
conjugated to HRP, Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 568,
and Alexa Fluor 647 were obtained from Invitrogen and Jackson ImmunoResearch Laboratories.
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Molecular biology and protein purification from bacteria and insect cells
Human DENNs were amplified from image clones (Source Bioscience
Geneservice) or human fetal cDNA (Marathon ready cDNA; Takara Bio
Inc.) using KOD polymerase (EMD). Mutagenesis was performed using the
QuikChange method according to the protocol (Agilent Technologies).
Duplexes for siRNA were obtained from QIAGEN or Thermo Fisher Scientific. Mammalian expression constructs were made using pcDNA4/TO
and pcDNA5/FRT/TO vectors (Invitrogen). Bacterial expression constructs
were made using pQE32 (QIAGEN), pMal (New England Biolabs, Inc.),
and pFAT2 encoding the His6 tag, His6–maltose-binding protein, and His6–
glutathione S-transferase, respectively. His6–glutathione S-transferase–
tagged Rab proteins in pFAT2 were expressed in BL21 (DE3) pRIL or BL21
(DE3) pG-KGE8 (Takara Bio Inc.) at 18°C for 12–14 h, then purified using
Ni-NTA agarose as described previously (Fuchs et al., 2005). In brief, cell
pellets were lysed for 20 min in 10 ml IMAC5 (20 mM Tris-HCl, pH 8.0,
300 mM NaCl, 5 mM imidazole, 0.2% Triton X-100, and protease inhibitor cocktail; Roche) containing 0.5 mg/ml lysozyme, and then sonicated at
70% power four times for 30 s with a 30-s rest period. Lysates were clarified by centrifugation at 14,000 rpm in a JA-17 rotor for 30 min. To purify
the tagged protein, 0.5 ml of nickel-charged NTA-agarose (QIAGEN) was
added to the clarified lysate and rotated for 2 h. The agarose was washed
three times with IMAC20 (IMAC5 with 20 mM imidazole), then the bound
proteins were eluted in IMAC200 (IMAC5 with 200 mM imidazole), collecting 0.5 ml fractions. All manipulations were performed on ice or in an
8°C cold room. His6-tagged Rabex5, Rabin3/8, Rabin3-like/GRAB,
DENND1B-S, DENND1B-L, and DENND2A-D in pQE32 were expressed
in JM109 at 18°C for 12–14 h, then purified using nickel-charged NTA
agarose using the same procedure as the Rabs. Rab12 and Rab39 were
expressed using the pAcHis-GST vector encoding as His6–glutathione
S-transferase tag, which is equivalent to that in pFAT2 in the baculovirus/
Sf9 cell expression system (BD). For virus infection, 10 × 15-cm dishes of
containing 1.5 × 108 at 5 × 105 cells/ml of Sf9 cells were infected with a
virus moiety of infection of 1.0 for 48 h (Neef et al., 2005). The infected
cells were harvested, washed once in PBS, and then lysed in IMAC5 for
20 min on ice. Lysates were clarified by centrifugation at 14,000 rpm in a
JA-17 rotor (Beckman Coulter) for 30 min. Proteins were purified with the
same protocol used for bacterial expression with minor modifications:
100 µl of nickel-charged NTA agarose was used for the purification, and
100-µl fractions of the elution were collected. Purified proteins were dialyzed against TBS (50mM Tris-HCl, pH 7.4, and 150 mM NaCl) and then
snap frozen in liquid nitrogen for storage at 80°C. Protein concentration
was measured using the Bradford assay.
Recombinant STxB was expressed untagged from pTrc99A in Escherichia coli BL21 (DE3) grown in lysogeny broth for 14 h at 37°C. All subsequent steps were performed at 4°C. The bacterial cell pellet from a 1 liter
culture was resuspended in 20 ml of 20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, and 0.1 mg/ml polymyxin B. After mixing for 30 min on a roller,
the sample was sonicated twice at 70% power for 10 s. A periplasmic
lysate was prepared by removing the cell debris by centrifugation, first at
13,000 g for 15 min then again at 90,000 g for 35 min. This lysate was
diluted by the addition of two volumes of 20 mM Tris-HCl, pH 7.5, then
loaded on to a 5 ml HiTrapQ column (GE Healthcare). The column was
washed with 20 ml of 20 mM Tris-HCl, pH 7.5, then eluted with a 50-ml
linear gradient from 0–600 mM NaCl in the same buffer. The flow rate
was 2 ml/min throughout. Fractions of 2.5 ml were collected and analyzed
by SDS-PAGE, and the peak of STxB pooled to give a 15-ml solution at
1 mg/ml. This was then concentrated to 5 mg/ml using Centricon 10K
units (Millipore) centrifuged at 3,000 g. A 500 µl aliquot was then applied
at 0.15 ml/min to a Superose 12 gel filtration column equilibrated in PBS,
and 1-ml fractions were collected. The peak fractions of pentameric STxB
were pooled to give a 1.1 mg/ml solution. A 1-ml aliquot of this solution was labeled by the addition of one vial of monoreactive N-hydroxysuccinimidyl Cy3 (GE Healthcare). After 5 min at room temperature, 100 µl
of 1 M Tris-HCl, pH 8.0, was added to stop the reaction. Excess dye was
removed by desalting over PD10 columns (GE Healthcare). Fractions of
500 µl were collected, and absorption was measured at 280 and 552 nm.
Using molar extinction coefficients of 150,000 M–1cm–1 for Cy3 and
170,000 M–1cm–1 for pentameric STxB, dye labeling was calculated as
1 Cy3 per toxin subunit with a concentration of 0.7 mg/ml.
Cell culture and protein purification from mammalian cells
HeLa and HEK293 cells were cultured in DME containing 10% bovine
calf serum (Invitrogen) at 37°C and 5% CO2. For plasmid transfection and
siRNA transfection, Mirus LT1 (Mirus Bio LLC), and Oligofectamine (Invitrogen), respectively, were used according to the manufacturers’ instructions.
FLAG-tagged forms of DENND1A, DENND1C, DENND3, DENND4A,
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proteins are found throughout the eukaryotic kingdom and are
therefore likely to function in conserved cellular processes,
including membrane trafficking events. This suggests that
the DENN-related proteins might also have Rab GEF activity. However, the only characterized member of this family,
budding yeast Avl9p, is possibly a regulator of Gtr2p, a Ras
superfamily GTPase outside the Rab subfamily (Harsay and
Schekman, 2007; Zhang et al., 2010). Our preliminary evidence also indicates that human Avl9 does not act on any of
the human Rabs. Although this supports the idea that DENN
and DENN-related domains specify GEF activity toward
GTPases of the Ras superfamily, these findings suggest they
may not all be Rab GEFs. Further studies will be needed to
investigate their specificity and define the cellular processes
they act in.

DENND4B, DENND4C, DENND5A, DENND5B, MTMR5, MTMR13, and
MADD in pcDNA5/FRT/TO were transiently expressed in 10 × 15-cm
dishes of 70% confluent HeLa cells. After 48 h of growth, the cell pellet
was lysed for 20 min on ice in 5 ml of cell lysis buffer (50 mM Tris-HCl,
pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, and protease
inhibitors cocktails). Cell lysates were split into 1.0 ml aliquots and clarified by centrifugation at 20,000 g in a microcentrifuge (5417R Microfuge;
Eppendorf) for 20 min. The FLAG-tagged proteins were immunoprecipitated
from the clarified lysate using 100 µl of anti-FLAG M2 affinity gel (SigmaAldrich) for 4 h at 4°C. The pellet was washed 10 times in 1 ml of cell lysis
buffer, 10 times in 1 ml of high-salt buffer (50 mM Tris-HCl, pH 7.4, and
500 mM NaCl), and 10 times in TBS, and finally the proteins were eluted with
100 µl of 200 µg/ml FLAG-peptide in TBS containing 2 mM dithiothreitol.
The eluted proteins were analyzed on 7.5–10% SDS-PAGE gels stained with
Coomassie brilliant blue, and concentrations were estimated by comparison
to a series of BSA standards in the range of 0.1–1 mg. The peak fractions
were snap frozen in liquid nitrogen for storage at 80°C without dialysis.

Microscopy
Fixed samples on glass slides were imaged using a 60× 1.35 NA oil
immersion objective lens on a standard upright microscope equipped with a
CoolSNAP HQ2 camera (Roper Industries) under the control of MetaMorph
7.5 software (MDS Analytical Technologies). Images were cropped in Photoshop CS3 (Adobe) or ImageJ and placed into Illustrator CS3 (Adobe) without
performing any other contrast adjustments of image manipulations to produce
the figures.
Mass spectrometry
Protein samples for mass spectrometry were separated on 4–12% gradient
NuPAGE gels (Invitrogen), then stained using a colloidal Coomassie blue stain.
Gel lanes were typically cut into 12 slices, and then digested with trypsin using
published methods (Wilm et al., 1996). The resulting tryptic peptide mixtures
in 0.05% trifluoroacetic acid were then analyzed by online liquid chromatography tandem mass spectrometry with a nanoAcquity UPLC (Waters) and
Orbitrap XL ETD mass-spectrometer (Thermo Fisher Scientific) fitted with a
nano-electrospray source (Thermo Fisher Scientific). Peptides were loaded on
to a 5 cm × 180 µm BEH-C18 Symmetry trap column (part no. 186003514;
Waters) in 0.1% formic acid at 15 µl/minute, and then resolved using a
25 cm × 75 µm BEH-C18 column (part no. 186003815; Waters) in 99–37.5%
acetonitrile in 0.1% formic acid at a flow rate of 400 nl/min. The mass
spectrometer was set to acquire a mass spectrometry survey scan in the Orbitrap (R = 30,000) and then perform tandem mass spectrometry on the top five
ions in the linear quadrupole ion trap after fragmentation using collision ionization (30 ms, 35% energy). A 90-s rolling exclusion list with n = 3 was used
to prevent redundant analysis of the same ions. Maxquant and Mascot (Matrix
Science) were then used to compile and search the raw data against the human
International Protein Index database. Protein group and peptide lists were
sorted and analyzed in Excel (Microsoft) and Maxquant (Cox and Mann,
2008). Mass spectrometry and tandem mass spectrometry spectra were manually inspected using Xcalibur Qualbrowser (Thermo Fisher Scientific).
Bioinformatics
Sequence alignments of DENNs and Rabs were done with ClustalX (Chenna
et al., 2003) or MUSCLE (Edgar, 2004), and the results were visualized and
manipulated with Jalview (Waterhouse et al., 2009). ClustalX was also used

Online supplemental material
Fig. S1 shows the pattern of localization for all human DENN domain proteins when transfected as EGFP-tagged constructs in Hela cells. Table S1
lists the DENN domain proteins identified in human, mouse, zebrafish, fruit
fly, and nematode. Online supplemental material is available at http://www
.jcb.org/cgi/content/full/jcb.201008051/DC1.
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Nucleotide binding and GEF assays
Nucleotide loading was performed as follows: 10 µg of GST-tagged
Rab was incubated in 50 mM Hepes-NaOH, pH 6.8, 0.1 mg/ml BSA,
125 µM EDTA, 10 µM Mg-GDP, and 5 µCi [3H]-GDP (10 mCi/ml;
5,000 Ci/mmol) in a total volume of 200 µl for 15 min at 30°C. For standard GDP-releasing GEF assays, 100 µl of the loading reaction was mixed
with 10 µl of 10 mM Mg-GTP and 10–100 nM GEF protein to be tested or
a buffer control, and adjusted to 120 µl final volume with assay buffer. The
GEF reaction occurred for 20 min at 30°C. After this, 2.5 µl was taken for
a specific activity measurement; the remainder was split into two tubes, then
incubated with 500 µl of ice-cold assay buffer containing 1 mM MgCl2 and
20 µl of packed glutathione-sepharose for 60 min at 4°C. After washing
three times with 500 µl of ice-cold assay buffer, the sepharose was transferred to a vial containing 4 ml of scintillation fluid and counted. The amount
of nucleotide exchange was calculated in pmoles of GDP released. For
GTP-binding assays the following modifications were made: only unlabeled
GDP was used in the loading reaction; in the GEF reaction, 0.5 µl of 10 mM
GTP and 1 µCi [35S]-GTP S (10 mCi/ml; 5,000 Ci/mmol) were used. The
amount of nucleotide exchange was calculated in pmoles of GTP bound.

to produce a dendrogram illustrative of sequence relationships. Regions of
intrinsic disorder were predicted using the metaPrDOS server (Ishida and
Kinoshita, 2008), and portions of them with energetic properties appropriate for forming protein–protein interactions were highlighted with ANCHOR
(Mészáros et al., 2009). Linear sequence motifs were browsed in the ELM
database (Gould et al., 2010).
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Figure S1. Localization of human DENN domain proteins in HeLa cells. (A) HeLa cells were transfected with an EGFP-tagged DENN domain or (B) DENNrelated constructs, and then fixed after 24 h. Fluorescence of EGFP was directly visualized. Bar, 10 µm.
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Table S1.
Gene group
DENND1

DENN accession numbers
Caenorhabditis elegans

Drosophila melanogaster

Danio rerio

Mus musculus

Homo sapiens

Rme-4
(NP_509739.1)

CG18659
(NP_665880)

F52C12.4
(NP_500145)

CRAG
(CAA76938)

C52E12.4
(NP_495437)

CG7852
(NP_647620.1)

Mtm-5
(NP_508888)

Sbf1
(NP_477401)

DENND1A
(XP_683977.2)
DENND1B
(XP_689212)
DENND1C
(XP_001920041)
DENND2A
(XP_001920375)
DENND2B
(NP_001002327)
DENND2C
(XP_001919086)
DENND2D
(CAX14499)
DENND3
(XP_001338419)
DENND4A
(NP_001074458)
LOC798528
(XP_002665116)
DENND4C
(XP_001919990)
DENND5A
(XP_001340162.2)
DENND5B
(NP_647620.1)
Sbf1
(NP_001038623)

Aex-3
(NP_001024342)

Rab3-GEF
(NP_573001)

MADD
(XP_001923990)

DENND1A
(NP_666234.2)
DENND1B
(NP_705779)
DENND1C
(NP_705779)
DENND2A
(NP_766065)
DENND2B
(NP_001001326)
DENND2C
(Q6P9P8)
DENND2D
(NP_001087223)
DENND3
(AAI32390)
DENND4A
(NP_001156389.1)
DENND4B
(Q3U1Y4)
DENND4C
(AAI46603)
DENND5A
(AAH60230)
DENND5B
(NP_796166)
MTMR5
(AAI58014)
MTMR13
(NP_796298)
MADD
(CAM17569)

DENND1A
(NP_065997.1)
DENND1B
(NP_659414)
DENND1C
(NP_079174.2)
DENND2A
(NP_056504)
DENND2B
(NP_005409)
DENND2C
(Q68D51)
DENND2D
(BAB15363)
DENND3
(EAW92217)
DENND4A
(NP_005839)
DENND4B
(NP_055671)
DENND4C
(EAW58646)
DENND5A
(NP_056028)
DENND5B
(NP_659410)
MTMR5
(NP_002963)
MTMR13
(NP_112224)
MADD
(AAH40484)

DENND1
DENND1
DENND2a
DENND2a
DENND2a
DENND2a
DENND3
DENND4
DENND4
DENND4
DENND5
DENND5
MTMR
MTMR
MADD

The DENN domain proteins identified in human, mouse, zebrafish, fruit fly, and nematode are listed in the table. Standard gene names are used, and the National
Center for Biotechnology Information protein database accession number is given in parentheses for each DENN protein.
a

S2

DENND2 exists in Pediculus humanus corporis (body louse) and Tribolium castaneum (flour beetle).
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Summary
Hermansky-Pudlak syndrome (HPS) is a human disease
characterized by partial loss of pigmentation and impaired
blood clotting [1–3]. These symptoms are caused by defects
in the biogenesis of melanosomes and platelet dense
granules, often referred to as lysosome-related organelles
[2]. Genes mutated in HPS encode subunits of the biogenesis of lysosome-related organelles complexes (BLOCs).
BLOC-1 and BLOC-2, together with the AP-3 clathrin adaptor
complex, act at early endosomes to sort components
required for melanin formation and melanosome biogenesis
away from the degradative lysosomal pathway toward early
stage melanosomes [4–6]. However the molecular functions
of the Hps1-Hps4 complex BLOC-3 remain mysterious [7–9].
Like other trafficking pathways, melanosome biogenesis
and transport of enzymes involved in pigmentation involves
specific Rab GTPases, in this instance Rab32 and Rab38
[10–12]. We now demonstrate that BLOC-3 is a Rab32 and
Rab38 guanine nucleotide exchange factor (GEF). Silencing
of the BLOC-3 subunits Hps1 and Hps4 results in the mislocalization of Rab32 and Rab38 and reduction in pigmentation.
In addition, we show that BLOC-3 can promote specific
membrane recruitment of Rab32/38. BLOC-3 therefore
defines a novel Rab GEF family with a specific function in
the biogenesis of lysosome-related organelles.
Results and Discussion
BLOC-3 Is a GEF for Rab32 and 38
Mutations in components of the Rab prenylation machinery
required to link Rabs to membranes result in pigmentation
defects due to altered platelet and melanosome formation
[13]. Moreover, mutations in rat Rab38 cause pigmentation
defects and other changes similar to those found in HPS
[10], and Rab38 and the closely related Rab32 are important
for trafficking of enzymes, such as Tyrp1, involved in pigmentation [11, 12]. However, it is not known how these Rabs
become activated during melanosome biogenesis. This activation step requires the inactive Rab to release GDP and
bind GTP, a process triggered by a specific guanine nucleotide
exchange factor (GEF) [14]. Bioinformatic analysis of one of the
genes mutated in Hermansky-Pudlak syndrome, Hps4, indicated the amino-terminal 120 amino acids were homologous
to the equivalent region of the Ccz1 subunit of the yeast Ypt7

*Correspondence: francis.barr@bioch.ox.ac.uk

GEF (Figure 1A) [15–17]. In addition, similarities were noted
between Hps1 and the Mon1 subunit of the Ypt7 GEF (Figure 1A) [18]. Intriguingly, given these similarities between
Hps1-Hps4 and Mon1-Ccz1, Rab32 and Rab38 fall into the
same subcategory of Rabs as Rab7. To test if BLOC-3 has
Rab GEF activity, recombinant Hps1-Hps4 complexes and
Rab7 GEF complexes were produced (see Figures S1A and
S1B available online). Due to the low sequence similarity of
human and the characterized yeast Mon1-Ccz1 complex, the
human protein complex was first isolated and the subunit
composition confirmed by mass spectrometry (Figure S1C).
These complexes were then tested for GEF activity toward
a panel of Rab7 subfamily Rabs, as well as a selection of other
Rabs (Figure 1B). This analysis showed that the BLOC-3
complex but not the subunits alone had GEF activity toward
Rab32 and the closely related Rab38, but little or no activity
to the other Rabs tested (Figures 1B and S1D). Bacterially
expressed BLOC-3 also showed activity to Rab32 and Rab38
but not Rab7 or Rab7-like (Figure S1E), eliminating the possibility that a eukaryotic cell contaminant was responsible for
the Rab32/38 GEF activity. By contrast, human Mon1a-Ccz1
had activity toward Rab7 but little or no activity toward
Rab32, Rab38, or other Rabs tested (Figure 1B). These
findings supported the idea that BLOC-3 and Mon1a-Ccz1
are specific Rab GEF complexes for Rab32/38 and Rab7,
respectively.
BLOC-3 Promotes Membrane Localization of Rab32 and 38
If BLOC-3, the Hps1-Hps4 complex, acts as a specific GEF for
Rab32/38 in vivo, then the recruitment of Rab32/38 to
membranes, the localization of melanosomal proteins, and
the formation of melanosomes should require the activity of
this complex. All of these properties were therefore tested
using MNT-1 cells, which produce melanosomes. Western
blot analysis of HeLa and MNT-1 cells revealed that the
BLOC-3 subunit Hps4 is enriched in MNT-1 cells, like its target
GTPases Rab32 and Rab38, and the tyrosinase-related protein
(Tyrp1), a marker for melanin biogenesis (Figure 2A). Rabs and
regulators required for early endocytic trafficking and lysosomal sorting were present in both cell lines, although
MNT-1 cells have lower levels of the Rab7 GEF subunit
Mon1a (Figure 2A). Rab32 was present on small ring-like structures in control cells that overlapped with Tyrp1 (Figure 2B),
characteristic of endosomal and melanosomal structures
required for sorting of melanosome components [12]. When
either the Hps1 or Hps4 subunits of BLOC-3 were depleted
using different siRNA duplexes, Rab32 was lost from these
ring-like membranes and became redistributed to a diffuse
or finely punctate cytoplasmic pattern closer to the nucleus
(Figures 2B and S2A). This was in agreement with the measurements showing that both subunits of BLOC-3 are required for
GEF activity toward Rab32 or 38. Furthermore, Rab32 localizes
to structures adjacent to those defined by the Hps4 subunit of
its GEF (Figure S2B).
To provide further support for the idea that BLOC-3 is important for determining the localization of Rab32, the Hps1-Hps4
complex was relocated to the surface of a heterologous
membrane, the mitochondria (Figure 3A). This resulted in the

Current Biology Vol 22 No 22
2136

Rab7
GEF

35

Hps1 1

DxSFL

700

HFxY

Hps4 1

703

*.: . : :.:
: :
:. .:
:
: :::
*
.:
--MAAAAAGAGSGPWAAQEKQFPPALLSFFIYNPRFGPREGQEENK-ILFYHPNEVE----KNEKIRNVGLCEAIVQFTRTFSPSK---PAKSLHTQKNRQFFNEPEENFWMVMVVRNP--MAAAAAGPG--AWAAQEKQFPPALLSFFIYNPRFGPREGEEENK-ILFYHPNEVE----KNEKIRNVGLCEAIVQFTRTFSPSK---PAKSLHTQKNRQFFNEPEENFWMVMVVRNPMLMISPRMASG-----MQEKQYTPSLLSFFIYNPKFGPREGEEEKK-ILFYHPIEIE----KNEKIRNVGLCEAIVQFTRTFCPTK---PAKSLHTQKNRQFFHEPEENYWMVMVVRNP--MAPLC--------------SLARWNYFFLYDGSKVKEEGDPTRAGICYFYPSQTL----LDQQELLCGQIAGVVRCVSDISDS----PPTLVRLRKLKFAIKVDGDYLWVLGCAVELP
--MATTTPPE---------TKSAAWWNYFFLYDGSKVKGEGDPTRAGICYFYPPQTL----LDQQELLCGQLAGVVRCLWDLSGT----PPMLIRMRNLKFAIRADGDYLWALGCGVEIS
--MAESA------------VLADSRRCCFFLYDSSKVQEEGDLTRDGIYYFYPEDTP----IDQQELLCGQLAGVCRCVSELSSS----PVRLLRLRKSKYAVRMKDNFLWALSCSVEIP
--MAKLLQR------------VEITLRSFYIFNSTFGQVEGEEHKK-VLFYHPNDIE----LNTKIKDVGLSEAIIRFTGTFTSED---DCQALHTQKTTQLFYQPEPGYWLVLVLNVP-----------------------MRLHYITVFDPSRSTNENDTFKQLLLFHYFGTTDSIPSLNEKLSIIGVIQGIWSLTSSCVNKDGEDLEKIIELNNDIIFCIKVESRFFISLAISNIS
1.......10........20........30........40........50........60........70........80........90.......100.......110.......120

Mon1a-Ccz1
Hps1-Hps4 (BLOC-3)

Myc-Ccz1

40

BLOC-3

FLAG-Mon1a

45

555
483

DUF1712

FLAG-Hps4

GDP-release (pmol/20min)

B

Mon1/DUF254

Ccz1 1

Myc-Hps1

Human Ccz1
Mouse Ccz1
Zebrafish Ccz1
Human HPS4
Mouse HPS4
Zebrafish HPS4
Fruit fly Ccz1
Yeast Ccz1

Mon1 1

Hps1-4
Mon1a-Ccz1

A

30
25

Hps1
Hps4 *
*

20
15

kDa
212
158
116
97

Mon1

66

Ccz1

56

10

43

5

35

0

1b 2a 4a 5a 6

7 7L 8a 9a 9b 11 18 23 32 38
Rab GTPase

27

CBB

Western blot

Figure 1. Hps1-Hps4 and Mon1a-Ccz1 Are Specific Rab GEFs
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(A) The putative Rab7 GEF is thought to be a heterodimer comprised of Mon1a and Ccz1 subunits. Each subunit is defined by a conserved domain of
unknown function (DUF), as indicated schematically in the figure. BLOC-3 is a heterodimer comprised of Hps1 and Hps4 subunits. Sequence analysis indicates that Hps4 has 32% similarity throughout its entire length to the DUF1712 longin domain region of Ccz1. This similarity is most pronounced in the
amino-terminal region shaded darker green and shown in the sequence alignment. Yeast Ccz1 is highly divergent and shows only limited similarity to
the higher eukaryote proteins. Hps1 has 38% similarity to the DUF254 region of Mon1a, colored red in the figure. However, in Hps1 this domain is split
into two sequence blocks containing the conserved motifs DxSFL and HFxY, respectively.
(B) BLOC-3 and Mon1-Ccz1 complexes were used for GEF assays toward a representative group of Rab GTPases. Error bars indicate the standard deviation
of the mean. The GEF complexes were analyzed by mass spectrometry and western blotting to exclude the presence of other proteins with possible Rab
GEF activity. Protein gels were stained with colloidal Coomassie brilliant blue stain (CBB). Asterisks mark contaminating heat shock proteins in the Hsp1Hps4 complexes.

Enlarged (x6)
Figure 2. BLOC-3 Is Required for Rab32 and Rab38 Localization
(A) Equal amounts of HeLa S3 and MNT-1 cell extract were blotted for endocytic Rab GTPases and their GEF regulators. Tyrp1 and LAMP1 were used as
markers for melanosomes and lysosomes, respectively.
(B) MNT-1 cells treated with control, Hps1, or Hps4 siRNA duplexes for 6 days were washed in growth medium, replated and transfected with GFP-Rab32 for
48 hr, and then PFA-glutaraldehyde fixed. Cells were stained for Tyrp1 and DAPI to detect DNA. A bright-field image (BF) shows the pigmented mature melanosome structures. Scale bar represents 10 mm in nonenlarged panels.
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recruitment of Rab32 to the surface of the mitochondria only
when both Hps1 and Hps4 were expressed (Figures 3B, 3C,
and S3A). Importantly, in this system Hps1 and Hps4 formed
a complex at the surface of mitochondria (Figures S3A and
S3B), consistent with the idea that the BLOC-3 complex
and not the subunits alone have GEF activity. Other Rabs
were tested in this assay but did not show mitochondrial
targeting (Figures 3B and 3C), supporting the conclusion that
this reflected a specific activity of BLOC-3 on Rab32 and
Rab38. Together, these data showed that BLOC-3 activity is
required for Rab32 and Rab38 activation and is an important
determinant of its localization to premelanosomal membrane
structures.
BLOC-3 Plays a Role in Melanosome Formation
Finally, the role of BLOC-3 in trafficking of melanosomal cargo
and production of melanosomes was tested. Previous studies
have shown that cells from mice lacking Rab32/38 display
deficiencies in the formation of mature melanosomes and
accumulate early stage melanosomes [11, 12]. If BLOC-3 is
required for Rab32/38 activation, then cells depleted of
Hps1, Hps4, and Rab32/38 should show a similar accumulation of premelanosomal structures and reduced numbers of
mature heavily pigmented melanosomes. For this purpose
the premelanosome marker PMEL was used. PMEL is a transmembrane glycoprotein proteolytically cleaved following exit
from the TGN as part of the normal melanosome biogenesis
pathway [19–21]. Precursor forms of PMEL are incorporated
into insoluble fibrils and cleaved to 35–45 kDa fragments that
become buried by melanin within melanosomes [22]. In control
cells, PMEL localizes to a punctate pattern clearly discrete
from the mature melanosomes seen in the inverted brightfield image (Figure 4). Depletion of Rab32/38, Hps1, or Hps4
resulted in a strongly increased PMEL signal (Figure 4A).
Western blotting showed this was due to increased levels of
an 80 kDa nonprocessed form of PMEL in the cells (Figure 4B),
suggesting that the proteolytic maturation of PMEL and its
burial by melanin was blocked. Furthermore, there was a
decrease in densely pigmented melanosomes in nearly 50%
of cells (Figures 4A and 4C) and a 20%–30% reduction in
pigment production (Figure 4D). This was especially obvious
in bright-field images where the dark, round melanosomes
are clearly reduced or show altered distribution, sometimes
clustering together in large aggregates (Figure S4). BLOC-3
and its targets, Rab32 and Rab38, therefore play an important
role in the control of pigment production and melanosome
biogenesis in cultured MNT-1 cells.

n=16

32
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-

Figure 3. BLOC-3 Is Sufficient to Determine Rab32 Localization
(A) Schematic outlining the basis of the mitochondrial targeting assay for
Rab GEF activity (MitoGEF assay system).
(B) HeLa cells were cotransfected for 20 hr with eGFP-Rabs and the Tom70FLAG-Hps4 fusion (Mito-Hps4), in the presence and absence of Myc-Hps1.
The cells were PFA fixed and then stained with Hps4 antibodies; Rabs were
visualized using GFP fluorescence. The scale bar represents 10 mm.
(C) The extent of mitochondrial recruitment of the different GTPases was
measured by calculating Pearson’s correlation coefficient for the GFP and
Mito-Hps4 signals. This is plotted in the graph, and error bars show standard deviation from the mean for the number of samples indicated in the
figure.

Conclusions
These findings provide insights into membrane trafficking
pathways of great relevance for both normal cellular function
and human diseases. Together the data demonstrate that
Hps1-Hps4 (BLOC-3) and Mon1a-Ccz1 form specific Rab
GEF complexes for Rab7 and Rab32/38, with discrete functions in the biogenesis of lysosome-related organelles and
lysosomes, respectively. The characterization of BLOC-3
and Mon1-Ccz1 therefore defines a new family of Rab GEFs
and supports the view that the longin domain is a signature
for Rab GEF activity [14, 23]. Intriguingly, some SNAREs
possess longin domains [17, 24], suggesting that these might
directly link Rab regulation to vesicle tethering and fusion
events in a manner not previously suspected.
Other unanswered questions relate to the mechanism by
which BLOC-3 is recruited and triggers local activation of
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Figure 4. BLOC-3 Is Required for Melanosome Formation from Premelanosomes
(A) MNT-1 cells treated with control, Hps1, Hps4, Rab32, and Rab38 siRNA duplexes for 8 days were PFA-glutaraldehyde fixed and then stained for PMEL. A
bright-field image (BF) was taken and inverted to more clearly show the dark melanosomes (Inv BF). Scale bar represents 10 mm in nonenlarged panels.
(B) Equivalent samples were western blotted to confirm depletion of the various target proteins and for melanosome pathway markers Tyrp1 and PMEL.
Tubulin was used as a loading control.
(C) The number of cells showing reduced or altered (aggregated) melanosomes was counted and is plotted in the graph; error bars reflect the standard deviation from the mean (n = 3).
(D) Direct measurements of pigment were carried out using cell pellet-associated absorbance at 490 nm. A representative example from three independent
experiments is shown. Error bars reflect duplicate samples.

Rab32 and Rab38. One possibility is that this takes the form of
a Rab cascade, where an upstream Rab promotes the recruitment of the exchange factor for downstream Rabs in the
pathway [25]. Fitting with this idea, BLOC-3 has been shown
to bind to the activated GTP form of Rab9 [26]. Intriguingly,
the Rab32 and Rab38 GTPase-activating protein RUTBC1 is
also a Rab9 effector [27]. These observations suggest that
Rab9 may play a previously unappreciated role in the formation of lysosome-related organelles by coordinating the activation and inactivation of Rab32 and Rab38. In turn, Rab32 and
Rab38 may then feed back to regulate yet further Rabs, since
the VARP exchange factor for Rab21 is a Rab32/38-binding
protein [28]. Further work will be required to shed light on the
currently murky picture of how such a complex cascade might
function.
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Supplemental Experimental Procedures
Reagents and Antibodies
General laboratory chemicals were obtained from Sigma-Aldrich and Fisher
Scientific. Antibodies were raised against recombinant hexahistidine-tagged
Mon1a and Hps4, and affinity purified on the respective antigen coupled to
Affigel-15 (Biorad). Commercially available antibodies were used to -tubulin
(mouse DM1A; Sigma), Myc-epitope (mouse clone 9E10; Sigma), FLAG-epitope
(mouse monoclonal M2; Sigma), EEA1 (rabbit #2411; Cell Signaling
Technology), LAMP1 (mouse 1D4B; Developmental Studies Hybridoma Bank,
University of Iowa), Rab32 (rabbit SAB4200086; Sigma), Rab38 (rabbit #9688;
Cell Signaling Technology), Rabex5 (rabbit N-terminal antibody; Sigma), Rab5
(rabbit clone C8B1; Cell Signaling Technology), Rab7 (rabbit clone D95F2; Cell
Signaling Technology), Rab9 (rabbit clone D52G8; Cell Signaling), PMEL (mouse
clone HMB45; Abcam), Tyrp1 (mouse clone Ta99; Novus Biologicals).
Secondary antibodies raised in donkey to mouse, rabbit, sheep/goat, and human
conjugated to HRP, Alexa-488, Alexa-555, Alexa-568, and Alexa-647 were
obtained from Molecular Probes and Jackson ImmunoResearch Labs.

Molecular Biology and Rab Protein Expression
The libraries of Rab GTPases and siRNA duplexes, and detailed methods for
Rab protein expression have been described previously [1, 2]. Human Mon1,
Ccz1 (C7ORF28), Hps1, and Hps4 were amplified by PCR from cDNA. Duplexes
for BLOC-3 and Mon1a-Ccz1 siRNA were obtained from Qiagen or Dharmacon
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and are listed in the Table S1. A GL2 duplex was used as a control in all siRNA
experiments. Mammalian expression constructs were made using pcDNA4/TO
and pcDNA5/FRT/TO vectors (Invitrogen). Mitochondrially targeted BLOC-3 was
created in pcDNA5 by fusing the mitochondrial outer membrane targeting
sequence of yeast Tom70p and 3 copies of the FLAG epitope sequence to the 5prime end of the Hps4 cDNA. Bacterial expression constructs were made using
pQE32 (Qiagen) and pFAT2, encoding the His6-tag and His6-glutathione-Stransferase, respectively. For co-expression of Hps1 and Hps4 in bacteria they
were inserted into cloning sites 1 and 2, respectively, of pETDuet-1 (Novagen),
and expressed in BL21(DE3).

Cell Culture
HeLa, and HEK293 cells were cultured in DME (Dulbecco’s modified Eagle
medium) containing 10% bovine calf serum (Invitrogen) at 37°C and 5% CO2. For
plasmid and siRNA transfection of HeLa or HEK293T cells Mirus LT1 (Mirus Bio
LLC) and Oligofectamine (Invitrogen), respectively, were used according to the
manufacturers instructions. MNT-1 cells were cultured in 70% DME and 10%
AIM-V medium (Invitrogen), supplemented with 20% bovine calf serum, 1x nonessential amino acids (Invitrogen), and 1 mM sodium pyruvate at 37°C and 5%
CO2. For plasmid and siRNA transfection of MNT-1 cells Mirus LT1 (Mirus Bio
LLC) and siQuest (Qiagen), respectively, were used according to the
manufacturers instructions.
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Purification of GEF Complexes
FLAG and Myc-tagged forms of Mon1 and Ccz1, or Hps1 and Hps4 were
transiently expressed in 8x 15 cm dishes of 70% confluent HEK293T cells. For
this purpose 800 µl OptiMEM (Invitrogen) was mixed with 24 µl Mirus LT1, and
after 5 minutes 6 µg of each plasmid DNA added. After 25 minutes this
transfection mix was added to the cells. After 40 hours growth the cell pellet was
lysed for 20 minutes on ice in 5 ml cell lysis buffer (50 mM Tris-HCl pH 7.4, 1 mM
EDTA, 150 mM NaCl, 0.5 % [vol/vol] Triton-X 100, protease inhibitors cocktail).
Cell extracts were split into 1 ml aliquots and clarified by centrifugation at
20,000x g in an Eppendorf 5417R microfuge for 20 minutes. The FLAG-tagged
proteins were isolated from the clarified cell lysate using 100 µl anti-FLAG M2
affinity gel (Sigma) for 4 hours at 4°C. The beads were washed ten times in 1 ml
cell lysis buffer, ten times in 1 ml high salt buffer (50mM Tris-HCl pH 7.4, 500 mM
NaCl), ten times in TBS, and finally the proteins were eluted with 100 µl 200
µg/ml FLAG-peptide in TBS containing 2 mM dithiothreitol. The eluted proteins
were analysed on 7.5-10% SDS-PAGE gels stained with Coomassie brilliant
blue, and concentrations estimated by comparison to a series of bovine serum
albumin standards in the range 0.1 to 1 mg. The peak fractions were snap frozen
in liquid nitrogen for storage at -80°C without dialysis.
For bacterial expression, a 4 litre culture of BL21(DE3) transformed with
pETDuet-1 containing Hps1 and Hps4 as described was grown to an OD600 of
0.6 then either induced overnight with 0.2 mM IPTG at 25°C or for 3 hours with 1
mM IPTG at 37°C. The cells were then harvested by centrifugation and purified
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using nickel-agarose using the same procedure described for Rab GTPases [1,
2]. The eluted proteins were analysed on 7.5-10% SDS-PAGE gels stained with
Coomassie brilliant blue, and concentrations estimated by comparison to a series
of bovine serum albumin standards in the range 0.1 to 1 mg. The peak fractions
were snap frozen in liquid nitrogen for storage at -80°C without dialysis.

Nucleotide Binding and GEF Assays
GEF assays were carried out as described previously [2]. Nucleotide loading was
carried out as follows: 10 µg GST-tagged Rab was incubated in 50 mM HEPESNaOH pH 6.8, 0.1 mg/ml BSA, 125 µM EDTA, 10 µM Mg-GDP, and 5 µCi [3H]GDP (10 mCi/ml; 5000 Ci/mmol) in a total volume of 200 µl for 20 min at 4°C. For
standard GDP-releasing GEF assays 100 µl of the loading reaction was mixed
with 10 µl 10 mM Mg-GTP, 10-100 nM GEF protein to be tested or a buffer
control, and adjusted with assay buffer to 120 µl final volume. The GEF reaction
occurred for 20 minutes at 30°C. After this, 2.5 µl were taken for a specific
activity measurement, the remainder was split into two tubes, then incubated with
500 µl ice-cold assay buffer containing 1 mM MgCl2, and 20 µl packed
glutathione-sepharose for 60 minutes at 4°C. After washing 3 times with 500 µl
ice-cold assay buffer the sepharose was transferred to a vial containing 4 ml
scintillation fluid and counted. The amount of nucleotide exchange was
calculated in pmoles GDP-released. For GTP-binding assays the following
modifications were made: only unlabelled GDP was used in the loading reaction;
in the GEF reaction 0.5 µl 10 mM GTP and 1 µCi [35S]-GTP S (10 mCi/ml; 5000

5

Ci/mmol) were used. The amount of nucleotide exchange was calculated in
pmoles GTP-bound.

MitoGEF Assays
For MitoGEF immune fluorescence assays, HeLa cells were seeded on 1.5H
glass coverslips at a density of 30,000 cells per well on a 12 well plate, and then
left for 30 hours to adhere. The cells were transfected with 0.25 µg of
mitochondrially targeted Tom70-3xFLAG-Hps4, Myc-Hps1, and eGFP-tagged
Rab GTPases in combination using 1.5 µl Mirus LT1 in 50 µl OptiMEM. After 20
hours the cells were processed for microscopy using PFA fixation. For immune
precipitations, a confluent 15 cm dish of HeLa cells was transfected with 8 µg of
Tom70-3xFLAG-Hps4 and Myc-Hps1 in combination as described in the relevant
figure using 24 µl Mirus LT1 and 800 µl OptiMEM. After 40 hours, cells were
lysed in 1 ml cell lysis buffer and immune precipitations with FLAG antibodies
carried out as described for GEF complexes.

MNT-1 Cell Lysis and Pigmentation Assays
MNT-1 cells treated as described in the figure legends were washed twice in 2 ml
PBS, then removed from the dish by pipetting in 2 ml PBS containing 1 mM
EDTA. The cells were harvested by centrifugation at 1000 g at 4°C in an
Eppendorf 5417R microfuge for 5 minutes. The cell pellet was lysed for 20
minutes on ice in 1 ml cell lysis buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 150
mM NaCl, 0.5 % [vol/vol] Triton-X 100, protease inhibitors cocktail). Cell extracts
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were clarified by centrifugation at 20,000 g in an Eppendorf 5417R microfuge for
30 minutes. For western blot analysis 10 µg of cell lysate used with the
antibodies described in the figures. For pigmentation measurements the cell
pellet containing the melanosomes was washed in 500 µl 1:1 ether ethanol, then
air dried in a fume hood. This pellet was solubilised in 1 ml 2M NaOH, 20%
DMSO by vigorous shaking in a tabletop mixer at 60°C for 3 hours. The
absorbance was then measured at 490 nm in a spectrophotometer.

Mass Spectrometry
Protein samples for mass spectrometry were separated on 4-12% gradient
NuPAGE gels, then stained using a colloidal Coomassie blue stain. Gel lanes
were typically cut into 12 slices, and then digested with trypsin using published
methods. The resulting tryptic peptide mixtures in 0.05% [vol/vol] trifluoracetic
acid were then analyzed by online LC-MS/MS with a nanoAcquity UPLC (Waters)
and Orbitrap XL ETD mass spectrometer (Thermo Scientific) fitted with a
Proxeon nano-electrospray source. Peptides were loaded on to a 5cm x 180 µm
BEH-C18 Symmetry trap column (Waters, part#186003514) in 0.1% formic acid
at 15 µl/minute, and then resolved using a 25cm x 75 µm BEH-C18 column
(Waters, part#186003815) in 99 to 37.5% acetonitrile in 0.1% [vol/vol] formic acid
at a flow rate of 400 nl/minute. Mass spectra were acquired in the Orbitrap
(R=30,000) and then MS/MS performed using collision ionization induced
fragmentation (30 msec, 35% energy) on the top 5 ions not previously analysed
in the linear quadrupole ion trap. Maxquant and Mascot (Matrix Science) were
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then used to compile and search the raw data against the human IPI database
[3].

Microscopy and Image Analysis
MNT-1 cells were grown on No. 1.5 glass coverslips (Fisher Scientific) and
treated as described in the figure legends. For MitoGEF assays HeLa cells were
grown as described in the methods section. For PFA fixation, coverslips were
washed twice with 2 ml of PBS, and fixed with 2 ml of 3% [wt/vol]
paraformaldehyde in PBS for 15 min. Coverslips were quenched with 2 ml of 50
mM NH4Cl in PBS, and then incubated in a further 2 ml quench solution for 10
minutes. For PFA-glutaraldehyde fixation, coverslips were washed twice with 2
ml of PBS, and fixed with 2 ml of 0.1% [wt/vol] glutaraldehyde, 3% [wt/vol]
paraformaldehyde in PBS for 15 min. Quenching was carried out using 0.5 mg/ml
sodium borohydride in PBS for 3 times 5 minutes. For all fixation protocols,
coverslips were washed three times in 2 ml PBS before permeabilization in 0.2%
[vol/vol] Triton-X 100 for 5 minutes. Primary and secondary antibody staining was
carried out in PBS for 60 minutes at room temperature. Affinity purified antibodies
were used at 1 µg/ml while commercial antibodies were used as directed by the
manufacturers. Fixed samples on glass slides were imaged using a 60 x 1.35 NA
oil immersion objective on an Olympus BX61 upright microscope system with
filter sets for DAPI, EGFP/Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 568, and
Alexa Fluor 647 (Chroma Technology Corp.), a camera (CoolSNAP HQ2; Roper
Industries), and imaging software (MetaMorph 7.5; Molecular Dynamics, Inc.).
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Maximum intensity projection images of the fluorescent channels were cropped
in NIH ImageJ and placed into Adobe Illustrator CS3 to produce the figures. Colocalisation analysis and calculation of Pearson’s correlation coefficient was
carried out using Volocity 5 (Perkin-Elmer).
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Figure S1. Gerondopoulos et al.

Figure S1. Production and Characterisation of Human Hps1-Hp4 and Mon1Ccz1 Complexes
(A and B) HeLa cells were co-transfected for 24 hours with (A) Myc- and FLAGtagged Mon1a and Ccz1, or (B) Hps1 and Hps4. The cells were then lysed and
the complexes isolated by immune precipitation with FLAG or Myc antibodies as
shown in the figure.
(C) Because of the low sequence similarity of yeast and the candidate human
Ccz1, Mon1a complexes were isolated from human cells to confirm that
endogenous human Ccz1 does interact with Mon1a. HeLa cells were transfected
with a FLAG-tagged copy of Mon1a for 40 hours, then the cells lysed, and Mon1a
immune-precipitated used FLAG-agarose. Immune complexes were washed,
then analysed by SDS-PAGE, western blotting, and mass spectrometry.
(D) HeLa cells were transfected for 24 hours with Myc- and FLAG-tagged Mon1a
and Ccz1, or Hps1 and Hps4 in combination. The cells were then lysed and the
complexes isolated by immune precipitation with FLAG or Myc antibodies as
shown in the figure. These GEF complexes or individual subunits complexes
were also used for GEF assays towards a representative group of Rab GTPases.
Error bars indicate the standard deviation of the mean.
(E) His-tagged Hps1-Hps4 complex expressed in and purified from bacteria was
tested for GEF activity towards Rab7, 7-like, 32, and 38. Error bars indicate the
standard deviation of the mean. Western blot analysis of the complex is shown to
the right.
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Figure S2. Gerondopoulos et al.
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Figure S2. Rab32 Localisation Is Altered in Hps1 or Hps4 Depleted Cells
(A) MNT-1 cells treated with Hps1Q10, Hps4Q6 or Hps4Q7 siRNA duplexes for 6
days were washed in growth medium, re-plated and transfected with GFP-Rab32
for 48 hours, and then PFA-glutaraldehyde fixed. Cells were stained for Tyrp1
and DAPI to detect DNA. Scale bar is 10 µm in non-enlarged panels. Controls
and other conditions are shown in Figure 2.
(B) MNT-1 cells transfected with eGFP-Rab32 for 48 hours were PFA fixed, and
then stained with antibodies to AP3, EEA1, Hps4, and Tyrp1. Scale bar is 10 µm
in non-enlarged panels. Rab32 shows overlap with Tyrp1 and less so with Hps4,
but no overlap with AP3 or EEA1.
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Figure S3. Gerondopoulos et al.
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Figure S3. Mitochondrial Targeting of the Hps1-Hps4 Complex
(A) HeLa cells were co-transfected for 24 hours with eGFP-Rabs, the Tom70FLAG-Hps4 fusion (Mito-Hps4) in the presence and absence of Hps1. The cells
were PFA fixed and then stained with Hps4 and Myc-epitope antibodies, Rabs
were visualised using GFP fluorescence. The scale bar is 10 µm.
(B) Alternatively, the cells were lysed and the Mito-Hps4 complexes isolated by
immune precipitation with FLAG antibodies as western blotted shown in the
figure. Asterisks mark non-specific cross-reactivity on the Myc-blot.
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Figure S4. Gerondopoulos et al.
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Figure S4. Melanosomes Are Lost from BLOC-3 Depleted Cells
MNT-1 cells treated with control, Hps1, Hps1Q10, Hps4, Hps4Q6, Hps4Q7,
Rab32, or Rab38 siRNA duplexes for 8 days were PFA-glutaraldehyde fixed, and
then stained for Tyrp1. A brightfield image (BF) was taken and inverted to more
clearly show the dark melanosomes (Inv BF). Scale bar is 10 µm in non-enlarged
panels.
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T

he ancestral Rab GTPase Rab18 and both subunits
of the Rab3GAP complex are mutated in the human
neurological and developmental disorder Warburg
Micro syndrome. Here, we demonstrate that the Rab3GAP
complex is a specific Rab18 guanine nucleotide exchange
factor (GEF). The Rab3GAP complex localizes to the endoplasmic reticulum (ER) and is necessary for ER targeting
of Rab18. It is also sufficient to promote membrane recruitment of Rab18. Disease-associated point mutations
of conserved residues in either the Rab3GAP1 (T18P and
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E24V) or Rab3GAP2 (R426C) subunits result in loss of the
Rab18 GEF and membrane-targeting activities. Supporting the view that Rab18 activity is important for ER structure, in the absence of either Rab3GAP subunit or Rab18
function, ER tubular networks marked by reticulon 4 were
disrupted, and ER sheets defined by CLIMP-63 spread out
into the cell periphery. Micro syndrome is therefore a disease characterized by direct loss of Rab18 function or loss
of Rab18 activation at the ER by its GEF Rab3GAP.

Introduction
Rab18 is one of the most highly conserved Rab GTPase regulators of membrane traffic being present in the last eukaryotic
common ancestor of both the plant and animal kingdoms (Elias
et al., 2012; Klöpper et al., 2012). A defined biological function
has remained elusive, partly because it was lost in the budding
yeast lineage used for the genetic screens for regulators of membrane traffic. Rab18 has been linked to lipid droplet formation
(Martin et al., 2005; Ozeki et al., 2005), ER–Golgi trafficking
(Dejgaard et al., 2008), and the regulation of secretory granules
(Vazquez-Martinez et al., 2007) and peroxisomes (Gronemeyer
et al., 2013), and may be exploited during hepatitis C infection
(Salloum et al., 2013). However, no clear molecular function or
site of action has been defined for Rab18, despite the fact that
loss-of-function mutations are found in the autosomal-recessive
human neurological and developmental disorder Warburg Micro
syndrome (Bem et al., 2011). These children suffer from
multiple specific developmental abnormalities in brain and eye
development, profound global developmental delay, and neurodegeneration (Bem et al., 2011). However, the pattern of Rab18

conservation in both plants and animals indicates that the essential cellular function is unlikely to be specific to neuronal
cells (Lütcke et al., 1994; Klöpper et al., 2012).
In addition to Rab18, a known Rab regulatory complex is
mutated in Warburg Micro syndrome (Aligianis et al., 2005,
2006; Handley and Aligianis, 2012; Handley et al., 2013). This
is the Rab3 GTPase-activating protein (GAP) complex originally identified using biochemical purification from brain tissue
as a cellular factor promoting GTP hydrolysis by Rab3 (Fukui
et al., 1997; Nagano et al., 1998). Like Rab18, the Rab3GAP
complex is both more widely conserved and more broadly expressed than Rab3 and is ubiquitously expressed in human tissues (Nagano et al., 1998), raising the possibility that regulation
of Rab3 is not its only function.
Simple logic suggests that the Rab3GAP complex and
Rab18 act in the same pathway because mutations result in the
same disease phenotype. We therefore set out to identify the
cellular site of action of Rab18 and its functional relationship
with Rab3GAP. Two simple alternatives present themselves, either
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Rab3GAP acts downstream of Rab18 as an effector complex for
the active GTP form of Rab18, or Rab3GAP acts upstream of
Rab18 as a potential guanine nucleotide exchange factor (GEF)
regulator promoting Rab18 activation. The evidence presented
here provides strong support for the hypothesis that the Rab3GAP
complex is the cellular GEF activating Rab18, and this activity
is required for Rab18 localization to the ER where it acts in a
pathway maintaining normal ER morphology.

Results
Rab3GAP is a Rab18 GEF

Most disease-causing mutations in Rab3GAP1 are frameshift
and nonsense mutations likely to affect protein expression
(Handley and Aligianis, 2012; Handley et al., 2013). However,
several missense loss-of-function mutations cluster in a highly
conserved N-terminal domain of Rab3GAP1, suggesting this
is an important function determinant of Rab3GAP activity discrete from the C-terminal Rab3 GAP domain (Handley and
Aligianis, 2012; Handley et al., 2013). Rab3GAP is a binary
complex formed from two different subunits and mutations in
either subunit cause Micro syndrome (Handley and Aligianis,
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2012; Handley et al., 2013). Thus, if Rab3GAP functions as a
Rab GEF, both of its subunits could be required for full nucleotide exchange activity. We therefore tested the in vitro nucleotide exchange activity of a purified Rab3GAP complex in
addition to that of the individual Rab3GAP1/2 subunits (Fig. 1 a,
see inset showing Coomassie brilliant blue–stained gel). Screening
against a panel of Rabs revealed a specific GDP release activity
directed toward Rab18, whereas no activity was seen toward
Rab3, the other Rab implicated in Micro syndrome (Fig. 1 a).
Kinetic analysis showed that catalytic efficiency (kcat/Km) toward Rab18 is 3.6 × 104 M 1s 1 (Fig. 1 b). By comparison,
the catalytic efficiencies of Rabex5 and DENND1 GEFs for
Rab5 and Rab35 are 2.5 × 104 M 1s 1 (Delprato et al., 2004;
Delprato and Lambright, 2007; Wu et al., 2011). Both subunits
were required for this Rab18 GEF activity, and neither subunit
alone stimulated GDP release above the basal level seen with
other nontarget Rabs (Fig. 1 c).
Rab GEFs form part of the minimal machinery needed for
Rab targeting (Barr, 2013; Blümer et al., 2013). The ability of the
Rab3GAP complex to promote Rab18 recruitment to a heterologous membrane in vivo was therefore tested (Gerondopoulos et al.,
2012). When Rab3GAP2 was ectopically targeted to mitochondria,
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Figure 1. Rab3GAP is a Rab18 GEF. (a) Rab3GAP complexes were used for GEF assays toward a representative group of Rab GTPases. Error bars indicate the standard deviation of the mean (n = 3). Rab3GAP complexes and individual subunits (GAP1 and GAP2) were analyzed on protein gels stained
with colloidal Coomassie brilliant blue stain. (b) Mant-GDP kinetic GEF assays were performed using the Rab3GAP complex and Rab18 as a substrate
to derive catalytic efficiency (kcat/Km). Initial rates of nucleotide exchange were derived from three independent experiments and are plotted as a function
of Rab3GAP concentration. (c) Rab3GAP complexes and individual subunits were used for GEF assays toward Rab1b, Rab2a, and Rab18. Error bars
indicate the standard deviation of the mean (n = 3). (d) HeLa cells were cotransfected for 20 h with GFP-Rabs and Myc-tagged Rab3GAP1 in the presence
and absence of the Tom70-FLAG-Rab3GAP2 mitochondrial-targeting fusion. The cells were fixed and then stained with FLAG and Myc antibodies; Rabs
were visualized using GFP fluorescence. Bars are marked in the figure.

its expression triggered recruitment of both coexpressed
Rab3GAP1 and Rab18 to this compartment (Fig. 1 d). Omission of Rab3GAP2 resulted in loss of this Rab18 recruitment
activity (Fig. 1 d). Rab3GAP therefore fulfils the requirements
expected of a specific and highly active Rab18 GEF by promoting membrane association of Rab18.
Effect of disease-associated mutations on
Rab18 GEF activity

Figure 2. Disease-associated mutations in Rab3GAP1 and Rab3GAP2
result in loss of Rab18 GEF activity. (a) A schematic of the Rab3GAP complex showing the Rab3 GAP domain and the conserved N-terminal region
of Rab3GAP1. Pathological missense mutations in Rab3GAP1 and Rab3GAP2
are marked. Wild-type and disease mutant Rab3GAP complexes were used
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The effects of known disease-causing point mutations in
Rab3GAP1 and Rab3GAP2 were then tested. First, recombinant Rab3GAP complexes were made using Rab3GAP1
T18P or E24V and wild-type Rab3GAP2, or wild-type
Rab3GAP1 and Rab3GAP2 R426C (Fig. 2 a). Of these complexes, only the form with both wild-type subunits showed
activity toward Rab18 (Fig. 2 a). Complexes carrying either
a mutant Rab3GAP1 or Rab3GAP2 subunit showed no activity toward Rab18 above the basal level seen with related nontarget Rabs (Fig. 2 a). Analysis of the GAP activity of the
complex toward Rab3a and Rab3b showed that this is due to
the Rab3GAP1 subunit of the complex and does not require
the Rab3GAP2 subunit (Fig. 2 b). Furthermore, screening of
Rab3GAP1 against a panel of human Rabs confirmed that it
showed greatest activity toward Rab3a, Rab3b, and Rab3c,
as expected (Fukui et al., 1997; Nagano et al., 1998), but also
has some activity toward a subset of other Rabs, although not
Rab18 (Fig. S1 a). However, disease-associated point mutants in Rab3GAP1 had no effect on the GAP activity toward
the Rab3 family, or the other potential targets Rab5a and
Rab43 (Fig. 2 c; and Fig. S1 a, inset bar graph). No GAP activity of either wild-type or mutant Rab3GAP1 toward Rab18
was detected.
In agreement with the biochemical data defining a specific Rab18 GEF activity, the ability of the resulting mutant
complexes to drive mitochondrial recruitment of Rab18 was
abolished in the heterologous membrane-targeting assay
(Fig. 2 d). These same mutations did not affect the capacity
of Rab3GAP2 to recruit Rab3GAP1. The Rab3GAP complex
is therefore a Rab18 GEF that forms part of the membranetargeting machinery for Rab18, and Rab3GAP mutations associated with Micro syndrome disrupt this activity. These
same mutations do not alter the GAP activity of this complex toward Rab3, making it unlikely that reduced GTP
hydrolysis by Rab3 is the major change leading to Warburg
Micro syndrome.

for GEF assays toward Rab1b, Rab2a, and Rab18. Error bars indicate
the standard deviation of the mean (n = 3). (b) Wild-type Rab3GAP1,
Rab3GAP1 and Rab3GAP2, or (c) wild-type and disease mutant Rab3GAP1 were used for GTPase assays with Rab3a or Rab3b. Error bars
indicate the range (n = 2). This is a subset of the full screening data presented in the inset bar graph panel of Fig. S1 a. (d) HeLa cells were
cotransfected for 20 h with GFP-Rabs, wild-type and disease mutant
Myc-tagged Rab3GAP1, and the Tom70-FLAG-Rab3GAP2 mitochondrialtargeting fusion as indicated in the figure. The cells were fixed and then
stained with FLAG and Myc antibodies; Rabs were visualized using GFP
fluorescence. Bars are marked in the figure.
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Figure 3. Analysis of Rab18 and Rab3GAP localization to the ER. (a) Western blot of COS7 control cells and COS7 cells expressing GFP-Rab18 with
antibodies to endogenous Rab18 and GFP. (b) GFP-Rab18, reticulon 4 (Rtn4), and CLIMP-63 staining is shown in COS7 cells. (c) Calnexin staining and
mCherry (mCh)-tagged Rab18 are shown in HeLa cells. (d) COS7 cells expressing GFP-Rab18 were stained for Rab3GAP1 and markers for COP I ( -COP),
COP II (Sec31), ERGIC-53, and LAMP1. Arrowheads in the enlarged region show details of Rab3GAP1 localization to ER tubules marked by GFP-Rab18.
(e) The enlarged region corresponding to the yellow boxed area in d shows details of the Rab3GAP1 and different compartment markers. Bars are marked
in the figure.
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Localization of Rab18 and Rab3GAP to
the ER

Rab3GAP complex regulates ER localization
of Rab18

The requirement for Rab3GAP in Rab18 localization to the ER
was then tested. Western blotting confirmed that Rab3GAP subunits, Rab18, and the negative control Rab7 were all efficiently
depleted (Fig. S1 b). Furthermore, depletion of either subunit by
siRNA affects levels of the other (Fig. S1 b), consistent with a
report that deletion of Rab3GAP1 in mice results in loss of
Rab3GAP2 protein (Sakane et al., 2006). Depletion of either
subunit of the Rab3GAP complex resulted in loss of Rab18
from ER tubules and accumulation in a diffuse pattern most
probably reflecting cytoplasmic localization in over 80% of
cells (Fig. 4, a and b). Biochemical fractionation showed that in
control cells Rab18 was found only in the membrane fraction,
and in the absence of the Rab3GAP complex it was partially redistributed to the cytosol fraction (Fig. 4 c).
The role of Rab18 activation in the dynamics of the ER
was then followed using live-cell imaging of mCherry-tagged
Rab18 and a GFP-tagged ER marker. Dynamic tubular networks
undergoing rapid branch migration and the formation of new
connections by tubule fusion characterized the ER in control
cells (Fig. 4 d and Video 1), as expected. These features were lost
in the absence of the Rab18 GEF. Depletion of either Rab3GAP1
or Rab3GAP2 alone or in combination resulted in the loss of
Rab18 from defined ER tubules and redistribution to a diffuse

Altered ER morphology in the absence of
Rab18 or the Rab3GAP complex

The ER can be divided into a perinuclear region defined by the
marker CLIMP-63, whereas the peripheral ER tubular network
lacks CLIMP-63 but is positive for Rtn4 (Voeltz and Prinz,
2007; Friedman and Voeltz, 2011). A role for Rab3GAP and
Rab18 function in supporting this organization was tested in
two different cell lines. When COS7 cells were depleted of
Rab3GAP subunits or Rab18, CLIMP-63 spread away from the
perinuclear region into the cell periphery, suggesting that ER
sheets are expanded under these conditions (Fig. 5 a). This spread
in CLIMP-63 was highly penetrant and observed in 80% of
cells depleted of Rab3GAP subunits or Rab18 (Fig. 5 b, green
bars). Measurements of the area occupied by CLIMP-63 indicated that ER sheet volumes increased from 30% of the cell area
to 60–80% in cells depleted of Rab3GAP subunits or Rab18
(Fig. 5 b, blue bars). In addition to the redistribution of Rab18
from the ER to the cytoplasm, HeLa cells depleted of Rab3GAP
also showed a loss of calnexin staining in peripheral ER tubular
networks (Fig. S1 c). Quantitation again confirmed that this
was a highly penetrant effect, and fewer than 20% of Rab18- or
Rab3GAP complex–depleted cells showed calnexin in peripheral ER tubular networks, compared with greater than 90% of
control cells (Fig. S1, d and e). No alterations in the ER–Golgi
Sec31 COP II vesicle coat protein or TGN46 trans-Golgi
markers were observed in HeLa cells (Fig. S2 a). Similarly, the
ERGIC-53 ER–Golgi recycling compartment marker and the
TGN46 trans-Golgi marker were not obviously altered when
Rab18 or the Rab3GAP complex was depleted in COS7 cells
(Fig. S2 b). Western blots did not reveal major changes in the
ER chaperones BIP, ERp72, or calnexin (Fig. S3 a), suggesting
that the observed changes in ER morphology are not the result
of a stress response and instead reflect a specific function for
Rab18 at the ER.
To eliminate the possibility that indirect or off-target effects
of the RNA interference procedure caused altered ER structure,
rescue experiments were performed for Rab18. Cells were treated
with two different Rab18 siRNA duplexes directed to the 3 UTR
of the mRNA, then transfected with empty vector or GFP-tagged
Rab18. Depletion of Rab18 using the Rab18.8 3 UTR duplex resulted in the spread of CLIMP-63 into the peripheral region, and
this was reversed by expression of GFP-Rab18 resistant to the
siRNA (Fig. 6 a). Western blotting showed that the level of GFPRab18 was similar to that of the endogenous Rab18, and that depletion of Rab18 was efficient under these conditions (Fig. 6 b).
Measurements of the area occupied by CLIMP-63 indicated that
ER sheet volumes increased from 30% of the cell area to 60–80%
in cells depleted of Rab18 with either of the Rab18 3 UTR
Rab3GAP is a Rab18 GEF • Gerondopoulos et al.
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Because of differing reports that Rab18 is present on lipid droplets, Golgi, and other organelles of the secretory pathway, the
localization of Rab18 was investigated. Because antibodies capable of specifically detecting Rab18 on Western blots (Fig. S1 b)
failed to detect any specific signal in immunofluorescence using
a variety of different fixation protocols, cells expressing GFPRab18 were used. Western blotting showed that GFP-Rab18
was expressed at a similar level to the endogenous protein in
COS7 cells (Fig. 3 a). These cells were then stained with the ER
tubule and sheet markers reticulon 4 (Rtn4) and CLIMP-63, respectively. At this level of expression, Rab18 was present on ER
tubules marked by Rtn4 (Fig. 3 b), a region lacking the ER sheet
marker CLIMP-63. In HeLa cells, mCherry-tagged Rab18 was
found to be present in both the perinuclear region and the cell periphery and to overlap with the ER marker calnexin (Fig. 3 c).
The localization of the Rab3GAP complex was then
investigated using an antibody to the Rab3GAP1 subunit.
Rab3GAP1 was detected in punctate structures spread throughout
the volume of the cell (Fig. 3 d). Many of these punctate structures overlapped with Rab18-positive ER tubules in the cell
periphery (Fig. 3 d, marked by arrows in the enlarged region).
However, they did not show any overlap with markers for either
COP I or COP II vesicles, the ER–Golgi recycling compartment
marker ERGIC-53, or the endosome and lysosome markers EEA1
and LAMP1 (Fig. 3 d, and the enlarged region in Fig. 3 e). These
observations are consistent with the idea that the Rab3GAP
complex could activate Rab18 at the ER. However, the pattern
of localization suggests that the Rab3GAP complex is restricted
to a subdomain of the ER.

cytoplasmic pattern (Fig. 4 d). In addition to the loss of Rab18positive tubular networks, ER sheets with dynamic edges extended into the cell periphery (Fig. 4 d and Videos 2–5). These
results support the idea that Rab18 membrane association and
localization to the ER requires the activity of its cognate GEF
in the form of the Rab3GAP complex. They also suggest that
the Rab18 pathway is important for maintaining the structure of
the ER.
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duplexes tested (Fig. 6 c, green bars). In both cases this effect was
rescued by expression of GFP-Rab18 (Fig. 6 c, blue bars). Livecell imaging of cells depleted of endogenous Rab18 using the
Rab18.7 3 UTR duplex resulted in the loss of dynamic ER tubular networks and the expansion of less dynamic sheet areas, and
this was reversed by expression of mCherry-Rab18 resistant to
the siRNA (Fig. 6 d and Videos 6–8).
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Figure 4. Rab3GAP is required for ER localization of Rab18. (a) HeLa cells expressing GFP-Rab18 were depleted of Rab3GAP
subunits (siGAP1 and siGAP2) for 72 h and
then stained with a Rab3GAP1 antibody. The
enlarged region from the yellow boxed area
shows details of Rab18 localization. (b) The
presence of GFP-Rab18 on ER tubules was
scored for all conditions and plotted in the
bar graph. Error bars indicate the standard
deviation of the mean (n = 3 independent
experiments). (c) HeLa cells were depleted
of Rab3GAP subunits (GAP1 and GAP2) for
72 h. Western blots show the distribution of
endogenous Rab18 to the membrane pellet
(P) and soluble (S) cytosol fractions marked
by the Golgi membrane protein GM130 and
tubulin, respectively. Rab3GAP1 depletion
was confirmed by Western blotting. (d) COS7
cells expressing a GFP-tagged ER marker and
mCherry-tagged Rab18 were depleted of
Rab3GAP subunits alone or in combination or
Rab18 for 72 h then imaged at 1.5-s intervals
using a spinning-disk confocal microscope.
The entire cell is shown for t = 0, and a time
series from the yellow boxed area is depicted
in the enlarged regions. Bars are marked in
the figure.

Rab10 has previously been implicated in the regulation
of ER structure (English and Voeltz, 2013), and its relationship
to Rab18 was therefore investigated. Rab10 was depleted efficiently (Fig. S3 a), but this resulted in only a partial spread of
ER sheets to the cell periphery (Fig. 5, a and b). The localization
of Rab10 and Rab18 was then compared in HeLa and COS7
cells. Whereas Rab18 targeted to ER tubular networks in both

cell lines, Rab10 only showed pronounced ER tubule localization in COS7 cells (Fig. S3, b and c). Intriguingly, although depletion of Rab10 did not cause a loss of Rab18 from the ER
membrane, it did result in a shift to a partly sheet-like distribution more like that of CLIMP-63 (Fig. S3 d). Although these
results support the view that both Rab18 and Rab10 can be
detected on the ER, they suggest that these two Rabs have different functions.
Warburg Micro syndrome and ER shaping

Figure 5. ER sheets spread into the cell periphery when Rab18 or its GEF
complex is depleted. (a) COS7 cells were depleted of Rab3GAP subunits
(GAP1 and GAP2), Rab18, or Rab10 for 72 h. Two different siRNA duplexes to Rab3GAP1 (GAP1.1 and GAP1.2) were used. The cells were
fixed and then stained with antibodies to CLIMP-63 and reticulon 4 (Rtn4).
DNA was stained with DAPI (blue in the merged panel). Dotted yellow lines
mark the cell boundaries. The bar is marked in the figure. (b) The area
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To confirm that the ER defects observed in cell lines depleted
of Rab18 and Rab3GAP complex subunits are relevant for the
human disease, the localization of CLIMP-63 and Rtn4 was
investigated in two patient cell lines. These cell lines carried
either the Rab18 L24Q nucleotide-binding site mutation, or
the Rab3GAP1 (c.649-2A>G) splicing mutation (Aligianis et al.,
2005; Bem et al., 2011). In comparison to control fibroblasts,
CLIMP-63 spread away from the perinuclear region into the cell
periphery and clearly defined Rtn4-positive tubules were lost in
both the Rab18 L24Q and Rab3GAP1 (c.649-2A>G) patient cell
lines (Fig. 7 a). Measurements of the area occupied by CLIMP63 indicated that ER sheet volumes increased from 20% of the
cell area to 60–70% in cells with mutant Rab18 or Rab3GAP1
(Fig. 7 b). Spread of ER sheets and a loss of fragmentation of ER
tubules were therefore observed in patient fibroblasts.
After the initial discovery of Rab3GAP and Rab18 mutations it was found that the ER transmembrane protein TBC1D20
is mutated in Warburg Micro syndrome and the blind sterile
mouse (Liegel et al., 2013). TBC1D20 is a GAP for Rab1 and
Rab2 with some limited activity toward Rab18 in vitro (Haas
et al., 2007). TBC1D20 interacts with the reticulon family of
ER-shaping proteins (Haas et al., 2007), and has been implicated in secretion (Wendler et al., 2010). The relationship
between Rab3GAP complex and TBC1D20 in ER shaping
was therefore investigated. As already shown, depletion of the
Rab3GAP1 and Rab3GAP2 subunits resulted in the redistribution of Rab18 to the cytoplasm, the spread of the ER sheet marker
CLIMP-63, and fragmentation of the peripheral ER tubular
network defined by Rtn4 (Fig. 7 c). By contrast, depletion of
TBC1D20 resulted in a slight spread of the ER sheets marked
by CLIMP-63 (Fig. 7 c). In addition, alterations in the distribution of Rab18 to the peripheral ER reticular network were
observed. Instead of precisely following the Rtn4-positive ER
tubules as in the control samples, Rab18 spread across the fenestrations in the reticular network (Fig. 7 c). This created a hybrid webbed network in which fingers of Rtn4 are linked by
sheets containing Rab18. Therefore, although loss of TBC1D20
function results in altered ER structure, the differences in the
phenotype suggest it plays a different role to the Rab3GAP
complex and Rab18.

of CLIMP-63 as a function of total cell area was measured using ImageJ
(National Institutes of Health) for 50–70 cells per experiment, for three
independent experiments (blue bars). Additionally, the percentage of cells
showing spread CLIMP-63 was also counted (green bars). In both cases
the mean values are plotted in the bar graph, with error bars indicating the
standard deviation of the mean.

Rab3GAP is a Rab18 GEF • Gerondopoulos et al.

713

Downloaded from http://rupress.org/jcb/article-pdf/205/5/707/1365414/jcb_201403026.pdf by Oxford University user on 05 May 2021

Figure 6. Loss of dynamic ER tubules in Rab18-depleted cells. (a) COS7 cells were treated with control or Rab18.8 3 -UTR siRNA for 52 h, then transfected with empty vector or GFP-Rab18 for 20 h. Cells were fixed and then stained with antibodies to CLIMP-63 and Rtn4. Dotted yellow lines mark the cell
boundaries. (b) COS7 cells were treated with control, Rab3GAP (siGAP1+2), Rab18.7, or Rab18.8 3 -UTR siRNA for 52 h, then transfected with empty
vector or GFP-Rab18 for 20 h. Cell lysates were Western blotted with antibodies to Rab18, GFP, Rab3GAP subunits, and tubulin as a loading control.
Rab18 antibodies see multiple nonspecific bands; lines in the figure indicate endogenous Rab18 and GFP-Rab18. (c) The area of CLIMP-63 as a function
of total cell area was measured using ImageJ for 40–60 cells per experiment, for three independent experiments. This was performed for cells expressing
(blue bars) or not expressing (green bars) GFP-Rab18. Mean values are plotted in the bar graph, with error bars indicating the standard deviation of the
mean. (d) COS7 cells expressing a GFP-ER marker were treated with control or Rab18.7 3 -UTR siRNA for 52 h, then transfected with empty vector or
mCherry-Rab18 for 20 h. The cells were then imaged at 2-s intervals using a spinning-disk confocal microscope. The entire cell is shown for t = 0, and a
time series showing images every 4 s from the yellow boxed area is depicted in the enlarged regions. Bars are marked in the figure.

714

JCB • VOLUME 205 • NUMBER 5 • 2014

Downloaded from http://rupress.org/jcb/article-pdf/205/5/707/1365414/jcb_201403026.pdf by Oxford University user on 05 May 2021

Figure 7. Warburg Micro syndrome patient cell lines show altered ER morphology. (a) Control and patient fibroblasts were fixed and then stained with
antibodies to CLIMP-63 and reticulon 4 (Rtn4). DNA was stained with DAPI (blue in the merged panel). (b) The area of CLIMP-63 as a function of total cell
area was measured using ImageJ for 50–70 cells per experiment, for three independent experiments. The mean values are plotted in the bar graph, with
error bars indicating the standard deviation of the mean. (c) COS7 cells expressing GFP-Rab18 were treated with control, Rab3GAP (siGAP1+GAP2), or
TBC1D20 siRNA duplexes for 72 h. The cells were fixed and then stained with antibodies to CLIMP-63 and Rtn4. DNA was stained with DAPI (blue in the
merged panel). The merged panel shows a comparison of GFP-Rab18 and Rtn4 localization to ER tubular networks. Bars are marked in the figure.
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Discussion
Rab3GAP is a Rab18 GEF

Rab3GAP1 and Rab3GAP2 were originally isolated from bovine
brain as subunits of a complex promoting GTP hydrolysis by
Rab3 (Fukui et al., 1997; Nagano et al., 1998). This has led to
the suggestion that a defect in neurotransmission resulting from
altered Rab3 function contributes to Warburg Micro syndrome
(Aligianis et al., 2005, 2006). As we show here, the Rab3GAP
complex also has specific and potent Rab18 GEF activity.
Supporting the view that Rab18 is the physiological target of
Rab3GAP, the catalytic efficiency of 3.6 × 104 M 1s 1 is equivalent to Rab GEFs with known targets (Langemeyer et al., 2014).
In agreement with this idea, disease-associated mutations in
Rab3GAP abolish this Rab18 GEF activity and cause a loss of
Rab18 from the ER in fibroblast cell lines. The presence of Rab18
(Elias et al., 2012; Klöpper et al., 2012) and the Rab3GAP complex in a wide variety of eukaryotes lacking Rab3, including
plants, also supports the view that the essential cellular function
of this pathway is not the regulation of neurotransmission.
Neurological dysfunction may therefore be caused by more fundamental cellular defects linked to perturbed ER function.
ER regulation by Rab GTPase pathways

The ER is organized into two morphologically discrete domains,
the perinuclear ER sheets and peripheral tubular networks (Voeltz
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and Prinz, 2007; Friedman and Voeltz, 2011). These domains
are further specialized into functional regions, including the socalled ER exit sites where biosynthetic cargo transport occurs,
sites where lipid droplets form, and contact sites with other
cellular organelles such as mitochondria, endosomes, and the
plasma membrane (Friedman and Voeltz, 2011; Rowland and
Voeltz, 2012). However, in most cases an essential requirement
for normal ER morphology in these processes remains unclear.
A series of factors required for ER tubular network formation
have been identified, and these can be divided into factors promoting ER tubule formation such as the reticulon, DP1 and
REEP integral membrane protein family (Voeltz et al., 2006;
Shibata et al., 2008; Park et al., 2010), and transmembrane
GTPases of the atlastin family promoting ER tubule fusion to generate networks (Hu et al., 2009; Orso et al., 2009). Less is known
about the mechanism of sheet formation, but the transmembrane
protein CLIMP-63 is thought to localize to and stabilize ER
sheets by acting as a luminal spacer (Klopfenstein et al., 2001;
Shibata et al., 2010).
Rab GTPases can now be added to this emerging picture.
In contrast to the factors already discussed, which are integral
membrane proteins, Rabs are peripheral membrane proteins recruited from the cytosol thought to act as regulators of membrane fusion and organelle identity (Barr, 2013; Pfeffer, 2013).
Rab10 is associated with ER networks and promotes ER tubule
dynamics (English and Voeltz, 2013). In polarized cells, Rab10
and its cognate GEF DENND4/CRAG are required together
with a transmembrane sorting receptor TANGO1 for the basolateral transport of collagen (Yoshimura et al., 2010; Lerner
et al., 2013). This raises the intriguing possibility that polarized
transport is already specified at the level of the ER. However,
how Rab10 is activated at the ER and what its downstream effector proteins are remains unclear.
In this work we show that the Rab3GAP complex activates Rab18, and this is required for Rab18 recruitment to the
ER. Further studies will be needed to define the downstream effector pathways coupling to Rab18, and it would be premature
to specify what precise events Rab18 regulates. It may directly
act in the pathway of lipid droplet biogenesis; however, details
of effectors are crucial. The altered ER structure reported here
suggests that Rab18 effectors may regulate ER tubule tethering
and fusion, or perhaps act as inhibitors of ER sheet extension.
Understanding the interplay between Rab18, Rab10, and tubular network–promoting factors of the reticulon and atlastin families will therefore be an important goal for future work.
Previous studies have implicated Rab18 in lipid droplet
formation, and have reported that Rab18 is highly enriched on
lipid droplets (Martin et al., 2005; Ozeki et al., 2005). However,
these studies relied on high-level expression of Rab18 to induce
alterations in lipid droplet apposition to ER membranes and
Rab18 localization to lipid droplets (Martin et al., 2005; Ozeki
et al., 2005). Under the conditions used here, where tagged
Rab18 was expressed at levels similar to the endogenous protein, Rab18 was found on tubular networks forming the ER and
was not enriched on lipid droplets. Lipid storage was increased
twofold after 18 h in cells depleted of Rab18 or its GEF, suggesting there is a link between Rab18 function and lipid droplets.
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Intriguingly, both TBC1D20 and Rab18 have been linked
to ER-associated lipid droplet structures (Martin et al., 2005;
Ozeki et al., 2005; Liegel et al., 2013; Salloum et al., 2013). To
test if Rab3GAP, Rab18, and TBC1D20 play a general role in
lipid droplet formation and turnover, cells were fed oleate–BSA
complexes for 18 h to induce lipid droplet formation. These
cells were then stained for ER markers CLIMP-63 and Rtn4,
and lipid droplets were detected with BODIPY (Fig. S4 a).
Western blotting confirmed efficient depletion of target proteins
(Fig. S4 b). Compared with the control cells, BODIPY stained
larger more intense structures clustered against the nucleus after
depletion of Rab18 pathway components or TBC1D20 (Fig. S4 a),
suggesting more lipid was stored. A time-course analysis of
lipid storage and turnover revealed that after 18 h, cells depleted
of Rab3GAP complex subunits, Rab18, or TBC1D20 showed
twofold higher staining with BODIPY than control cells
(Fig. S4 c). In all cases, after removal of oleate by transfer to
fresh growth medium this signal declined at the same rate over
the following 36 h (Fig. S4 d). Rab18, Rab3GAP, and TBC1D20
are therefore not essential for lipid droplet formation or turnover under these conditions. Furthermore, neither mCherrytagged Rab18 nor the ER tubular network marker Rtn4 showed
any obvious enrichment on lipid droplet structures (Fig. S5 a).
Live-cell imaging showed that lipid droplets often lie adjacent
to the ER tubular networks in control cells (Fig. S5 b) and move
together with Rab18-positive ER tubular networks (Video 9).
However, in cells depleted of Rab18 or the Rab3GAP complex,
lipid droplets showed an increased rather than decreased association with ER sheets (Fig. S5 b). This change could potentially facilitate lipid storage without requiring a direct role for
Rab18 or the Rab3GAP complex in lipid droplet biogenesis.

However, there was also increased association of ER sheets
with lipid droplets in Rab18- or Rab18 GEF–depleted cells.
One possibility is that this could facilitate lipid storage without
requiring a direct role for Rab18 or its GEF complex.
Relationship of ER-shaping factors and
human disease

Materials and methods
Reagents and antibodies
General laboratory chemicals were obtained from Sigma-Aldrich and
Thermo Fisher Scientific. Duplexes for Rab18, Rab3GAP1, and Rab3GAP2
siRNA were obtained from Thermo Fisher Scientific and the sequences are
listed in Table S1. A luciferase duplex was used as a control in all siRNA
experiments. Commercially available antibodies were used to -tubulin
(mouse DM1A; Sigma-Aldrich), Myc-epitope (mouse clone 9E10; SigmaAldrich), FLAG-epitope (mouse monoclonal M2; Sigma-Aldrich), Rab7
(rabbit clone D95F2; Cell Signaling Technology), Rab10 (rabbit D36C4;
Cell Signaling Technology), Rab18 (mouse 60057 and rabbit polyclonal;
ProteinTech), Rab3GAP1 (rabbit 21663; ProteinTech), Rab3GAP2 (rabbit
NBP1-84199; Novus Biologicals), GM130 (mouse clone 35; BD), -COP
(mouse G6160; Sigma-Aldrich), Sec31 (mouse clone 32; BD), TGN46
(sheep; AbD Serotec), LMAN1/ERGIC-53 (mouse 1A8; Novus Biologicals), calnexin (rabbit 10427; ProteinTech), ERp72 (rabbit clone D70D12;
Cell Signaling Technology), PDI (rabbit clone C81H6; Cell Signaling Technology), GRP78/BiP (rabbit ab21685; Abcam), EEA1 (mouse clone 14;
BD), LAMP1 (mouse clone H4A3; BD), NOGOA/Rtn4 (rabbit; AbD Serotec), and CLIMP-63 (mouse; Enzo Life Sciences). Affinity-purified sheep

Molecular biology and Rab protein expression
Human Rab GTPases were amplified using PCR from human testis, fetus,
and liver cDNA and cloned into pFAT2 for bacterial expression or pGFP-C2
for eukaryotic expression of GFP-tagged Rabs (Fuchs et al., 2007;
Yoshimura et al., 2010). Human Rab3GAP1 and Rab3GAP2 were amplified by PCR from human testis cDNA. Point mutations were introduced
using the QuikChange method. Mammalian expression constructs were
made using pcDNA4/TO and pcDNA5/FRT/TO vectors (Invitrogen).
Mitochondrial targeted Rab3GAP was created in pcDNA5 by fusing the
mitochondrial outer membrane targeting sequence of yeast Tom70p and
three copies of the FLAG epitope sequence to the 5-prime end of the
Rab3GAP1 or Rab3GAP2 cDNA. Rab proteins in pFAT2 were expressed in
BL21 (DE3) pRIL at 18°C for 12–14 h. Cell pellets were disrupted in 20 ml
IMAC20 (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole, and
protease inhibitor cocktail; Roche) using an Emulsiflex C-5 system (Avestin,
Inc.). Lysates were clarified by centrifugation at 16,000 rpm in a rotor
(model JA-17; Beckman Coulter) for 30 min. To purify the tagged protein,
0.5 ml of nickel-charged NTA-agarose (QIAGEN) was added to the clarified lysate and rotated for 2 h. The agarose was washed three times with
IMAC20 and the bound proteins eluted in IMAC200 (IMAC20 with 200 mM
imidazole) collecting 1.5-ml fractions. All manipulations were performed
on ice or in an 8°C cold room. Purified proteins were dialyzed against TBS
(50 mM Tris-HCl, pH 7.4, and 150 mM NaCl) and then snap-frozen in liquid nitrogen for storage at 80°C. Protein concentration was measured
using the Bradford assay.
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A sobering feature of the proteins associated with ER network
formation is their mutation in a spectrum of human neurological
disorders (Blackstone, 2012). Atlastins, spastin, reticulon 2,
REEP1, and REEP2 are all mutated in hereditary spastic paraplegia (Hazan et al., 1999; Park et al., 2010; Montenegro et al.,
2012; Fink, 2013; Esteves et al., 2014), whereas Rab18 and the
Rab3GAP1 and Rab3GAP2 subunits are mutated in Warburg
Micro syndrome (Aligianis et al., 2005, 2006; Bem et al., 2011;
Handley and Aligianis, 2012; Handley et al., 2013). In each
case, these diseases are associated with progressive ascending
spasticity. Other evidence supports the idea that Warburg Micro
syndrome and hereditary spastic paraplegias (HSPs) should
be considered as related disorders. A combination of mouse and
human genetics has shown that the ER transmembrane protein
TBC1D20 is mutated in Warburg Micro syndrome and the blind
sterile mouse (Liegel et al., 2013). This is notable because
TBC1D20 is a GAP for Rab1 and Rab2, and interacts with the
reticulon family of proteins in the ER (Haas et al., 2007).
TBC1D20 therefore provides a link between Warburg Micro
syndrome and the reticulon family of ER-shaping proteins mutated in some hereditary spastic paraplegias. Other evidence
linking HSPs and Warburg Micro syndrome is provided by the
identification of Rab3GAP2 mutations in corticospinal motor
neuron disease (Novarino et al., 2014), an autosomal-recessive
HSP. This correlation between altered ER structure and neurological disorders is intriguing, and provides further support for
the view that ER form and function are closely linked. As already mentioned, diverse cellular processes are associated with
the ER, and explaining the dependencies on structural organization will be a complex task requiring the generation of specific
experimental models to look at ER structure–function relationships in neuronal cells and during development.

anti-GFP polyclonal was made previously by us. Secondary antibodies
raised in donkey to mouse, rabbit, sheep/goat, and human conjugated to
HRP, Alexa 488, -555, -568, and -647 were obtained from Molecular
Probes and Jackson ImmunoResearch Laboratories, Inc.

Cell culture
Patient cell lines, HeLa, HEK293, and COS7 cells were cultured in DMEM
containing 10% bovine calf serum (Invitrogen) at 37°C and 5% CO2. For
plasmid and siRNA transfection Mirus LT1 (Mirus Bio LLC) and Oligofectamine (Invitrogen), respectively, were used according to the manufacturer’s instructions. For RNA interference experiments HeLa cells were
plated at 18,000 cells per well and COS7 cells at 8,000 cells per well of
a 6-well plate, respectively.
Purification of GEF complexes
FLAG- and Myc-tagged forms of Rab3GAP1 and Rab3GAP2 were transiently expressed in 8 × 15-cm dishes of 70% confluent HEK293T cells. For
this purpose 800 µl OptiMEM (Invitrogen) was mixed with 24 µl Mirus LT1,
and after 5 min 6 µg of each plasmid DNA was added. After 25 min this
transfection mix was added to the cells. After 40 h of growth the cell pellet
was lysed for 20 min on ice in 5 ml cell lysis buffer (50 mM Tris-HCl,
pH7.4, 1 mM EDTA, 150 mM NaCl, 0.5% [vol/vol] Triton-X 100, and
protease inhibitor cocktail). Cell extracts were split into 1-ml aliquots and
clarified by centrifugation at 20,000 g in a microfuge (model 5417R;
Eppendorf) for 20 min. The FLAG-tagged proteins were isolated from the
clarified cell lysate using 100 µl anti-FLAG M2 affinity gel (Sigma-Aldrich)
for 4 h at 4°C. The beads were washed ten times with 1 ml of cell lysis buffer, high salt buffer (50 mM Tris-HCl, pH 7.4, and 500 mM NaCl), and
TBS, and then the proteins were eluted with 100 µl (200 µg/ml) FLAG-peptide
in TBS containing 2 mM dithiothreitol. Eluted proteins were analyzed on
7.5–10% SDS-PAGE gels stained with Coomassie brilliant blue, and concentrations estimated by comparison to a series of bovine serum albumin
standards in the range of 0.1 mg to 1 mg. The peak fractions were snapfrozen in liquid nitrogen for storage at 80°C without dialysis.
Nucleotide binding and Rab GEF screening
GEF assays were performed as described previously (Yoshimura et al.,
2010). Nucleotide loading was performed as follows: 10 µg GST-tagged
Rab was incubated in 50 mM Hepes-NaOH, pH 6.8, 0.1 mg/ml BSA,
125 µM EDTA, 10 µM Mg-GDP, and 5 µCi [3H]-GDP (10 mCi/ml; 5,000 Ci/
mmol) in a total volume of 200 µl for 20 min at 4°C. For standard GDPreleasing GEF assays, 100 µl of the loading reaction was mixed with
10 µl (10 mM) Mg-GTP, 10–100 nM GEF, or a buffer control, and adjusted
with assay buffer to a final volume of 120 µl. The GEF reaction occurred
for 20 min at 30°C. After this, 2.5 µl were taken for a specific activity measurement, and the remainder was split into two tubes, then incubated with
500 µl ice-cold assay buffer containing 1 mM MgCl2 and 20 µl packed
glutathione–Sepharose for 60 min at 4°C. After three washes with 500 µl
ice-cold assay buffer the Sepharose was transferred to a vial containing
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4 ml scintillation fluid and counted. The amount of nucleotide exchange
was calculated in pmoles GDP-released. For GTP-binding assays the following modifications were made: only unlabeled GDP was used in the
loading reaction; in the GEF reaction 0.5 µl (10 mM) GTP and 1 µCi [35S]GTP S (10 mCi/ml; 5,000 Ci/mmol) were used. The amount of nucleotide
exchange was calculated in pmoles GTP-bound.

Rab GAP assays
For Rab-loading reactions, 10 µl of assay buffer, 73 µl H2O, 10 µl (10 mM)
EDTA, pH 8.0, 5 µl of 1 mM GTP, 2 µl -[32P]GTP (10 mCi/ml; 5,000 Ci/
mmol; ICN), and 100 pmol Rab protein were mixed on ice. GAP reactions
were started by the addition of 0.5 pmol Rab3GAP1 mixed with 5.0 pmol
Rab3GAP2 or buffer as specified in the figures. A 2.5-µl aliquot of the
assay mix was scintillation counted to measure the specific activity in cpm/
pmol GTP. Reactions were then incubated at 30°C for 60 min. The 5-µl aliquots were immediately added to 795 µl of ice-cold 5% (wt/vol) activated
charcoal slurry in 50 mM NaH2PO4, left for 1 h on ice, and centrifuged at
16,100 g in a benchtop microfuge (model 5417R; Eppendorf) to pellet the
charcoal. A 400-µl aliquot of the supernatant was scintillation counted,
and the amount of GTP hydrolyzed was calculated from the specific activity
of the reaction mixture.
MitoGEF assays
For MitoGEF assays, HeLa cells were seeded on no. 1.5 glass coverslips
(Menzel-Gläser; Thermo Fisher Scientific) at a density of 30,000 cells per
well on a 12-well plate, and then left for 30 h to adhere. The cells
were transfected with 0.25 µg of mitochondrial-targeted Tom70-3xFLAGRab3GAP2, Myc-Rab3GAP1, and GFP-tagged Rab GTPases in combination using 1.5 µl Mirus LT1 in 50 µl OptiMEM. After 20 h the cells were
processed for microscopy.
Membrane fractionations
For membrane fractionation the cells were washed from the dish in PBS
containing 1 mM EDTA, then homogenized using 20 passes through an
18-gauge needle in 50 mM Hepes-NaOH, pH 7.4, and 200 mM sucrose.
Unbroken cells were removed by centrifugation at 1,000 g for 10 min in a
microfuge. A membrane pellet and cytosol were prepared from this postnuclear supernatant by centrifugation at 100,000 g for 60 min in a rotor
(model TLA-100; Beckman Coulter). Equivalent proportions of the membrane pellet and cytosol were analyzed by Western blotting.
Fixed-cell and live-cell microscopy
For fixed-cell imaging, cells were grown on no. 1.5 glass coverslips,
washed twice with 2 ml of PBS, and fixed for 2 h in 2 ml PLP (2% [wt/vol]
paraformaldehyde in 87.5 mM lysine, 87.5 mM sodium phosphate,
pH 7.4, and 10 mM sodium periodate). Coverslips were washed three
times in 2 ml (100 mM) sodium phosphate, pH 7.4, before permeabilization in 1 mg/ml BSA, 0.12 mg/ml saponin, and 100 mM sodium phosphate,
pH 7.4, for 30 min. In all cases primary and secondary antibody staining
was performed in PBS for 60 min at room temperature. Affinity-purified antibodies were used at 1 µg/ml; commercial antibodies were used as directed
by the manufacturers. DAPI was added to the secondary antibody staining
solution at 0.3 µg/ml. Coverslips were mounted in Mowiol 4-88 mounting
medium (EMD Millipore). Fixed samples on glass slides were imaged using
a 60×/1.35 NA oil immersion objective on an upright microscope (model
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Lipid storage assays
Oleate–BSA complexes were formed by incubating 2.1 mM fatty acid–free
bovine serum albumin with 12.3 mM oleic acid in 100 mM Tris-HCl, pH
8.0, at 22°C for 5 h. Oleate–BSA stock solution was sterilized by passage
through a 0.2-µm filter and stored at 20°C in small aliquots. To induce
lipid droplet formation, cells were incubated with 400 µM oleate in DME
containing 10% bovine calf serum for 18 h. For experiments where lipid
droplet turnover was studied, cells were then washed three times in fresh
growth medium and then grown for a further 12–36 h. The cells were then
fixed with PLP and processed using the standard immunofluorescence protocol described already. Lipid droplets were detected with 1 µg/ml BODIPY
493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene;
Molecular Probes) added to the secondary antibody-staining step.
Online supplemental material
Fig. S1 shows the biochemical analysis of Rab3GAP1 specificity and confirms depletion of the Rab18 and Rab3GAP complex using specific antibodies. Fig. S2 shows the effects of Rab18 and Rab3GAP depletion and
additional ER and Golgi markers. Fig. S3 compares the localization of
Rab18 and Rab10 to the ER in HeLa and COS7 cells. Figs. S4 and S5
show lipid storage dynamics in cells depleted of Rab18, Rab3GAP complex, or TBC1D20. Videos 1–5 show ER and Rab18 dynamics in control
and Rab3GAP- and Rab18-depleted cells. Videos 6–8 show the rescue of
ER tubular network dynamics by re-expressing mCherry-Rab18 in cells depleted of endogenous Rab18. Video 9 shows a comparison of lipid droplet
and Rab18 dynamics on the ER. Table S1 contains details of the sequences
used for RNA interference. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.201403026/DC1.
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Figure S1. Depletion of Rab18 and Rab3GAP in HeLa and COS7 cells. (a) Rab GAP assays were performed using 0.5 pmol Rab3GAP1 and 100 pmol of
each of the Rabs indicated in the figure legend. GTP hydrolysis after 1 h is plotted in the figure; error bars indicate the range (n = 2). The red dotted line indicates a cut-off of 100 pmol/h GTP hydrolysis used to delineate potential target Rabs taken for further characterization. The inset bar graph shows the
comparison of GAP activity of wild-type Rab3GAP1 and the T18P and E24V disease-associated point mutants toward these target Rabs. GTP hydrolysis
after 1 h is plotted in the figure; error bars indicate the range (n = 2). (b) HeLa and COS7 cells were depleted of Rab3GAP subunits (GAP1 and GAP2),
Rab18, or Rab7 for 72 h. Two different duplexes to Rab3GAP1 (GAP1.1 and GAP1.2) were used. Cell lysates were Western blotted with specific antibodies to confirm depletion of target proteins as shown in the figure. (c) HeLa cells expressing mCherry-Rab18 were depleted of Rab3GAP subunits (GAP1 and
GAP2) for 72 h. Calnexin and mCherry-Rab18 localization are shown; enlargements in all panels taken from the yellow boxed regions show the peripheral
region expected to contain ER tubular networks. (d) HeLa cells were depleted of Rab3GAP subunits (GAP1 and GAP2) or Rab18 for 72 h and then stained
with calnexin antibodies. (e) The presence of calnexin on ER tubules was scored for all conditions and plotted in the bar graph. Error bars indicate the standard deviation of the mean (n = 3 independent experiments).
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Figure S2. Golgi structure in HeLa and COS7 cells depleted of Rab3GAP. (a) HeLa cells were depleted of Rab3GAP subunits (GAP1 and GAP2), Rab18,
or Rab7 for 72 h and then stained with Sec31 and TGN46 antibodies to mark COPII vesicles and the trans-Golgi, respectively. (b) COS7 cells were depleted of Rab3GAP subunits (GAP1 and GAP2) or Rab18 for 72 h and then stained with ERGIC-53 and TGN46 antibodies to mark the ER–Golgi recycling
compartment and the trans-Golgi, respectively.
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Figure S3. Comparison of Rab10 and Rab18 localization to the ER. (a) COS7 cells were depleted of Rab3GAP subunits (GAP1 and GAP2), Rab18, or
Rab10 for 72 h. Two different duplexes to Rab3GAP1 (GAP1.1 and GAP1.2) were used. Cell lysates were Western blotted with specific antibodies to confirm depletion of target proteins as shown in the figure. (b and c) COS7 or HeLa cells were cotransfected with GFP-Rab10 and mCherry-Rab18 for 18 h,
fixed, and then visualized directly. DNA was stained with DAPI (blue in merged images). Enlargements show the peripheral region expected to contain ER
tubular networks. Bars are marked in the figure. (d) COS7 cells expressing GFP-Rab18 were depleted of Rab3GAP subunits (siGAP1 and siGAP2) or Rab10
for 72 h. The cells were fixed and then stained with antibodies to Rtn4 and CLIMP-63. DNA was stained with DAPI (blue in the merged panel). The merged
panel shows a comparison of GFP-Rab18 and CLIMP-63. Enlarged panels taken from the yellow boxed region show details of GFP-Rab18 and Rtn4 localization under the different conditions. Bars are marked in the figure.
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Figure S4. Lipid droplet formation and turnover in cells depleted of Warburg Micro syndrome gene products. (a) COS7 cells were
treated with siRNA targeting the Rab3GAP
subunits, Rab18, and TBC1D20 for 72 h. Oleate–BSA complexes were then added to the
medium for a further 18 h. The cells were
fixed and then stained with antibodies to Rtn4,
CLIMP-63, and BODIPY to reveal lipid droplets. DNA was stained with DAPI (blue in the
merged panel). The merged panel shows a
comparison of lipid droplets detected with
BODIPY and ER tubular networks defined by
Rtn4. The bar is marked in the figure. (b)
COS7 cells were treated for 72 h with the
siRNA duplexes shown in the figure. Cell lysates were Western blotted with antibodies to
the endogenous proteins to confirm depletion.
(c) BODIPY signal intensity was measured 18
h after addition of the oleate–BSA complexes,
and the mean is plotted in the bar graph.
Error bars show the standard error (n = 80).
(d). BODIPY staining was measured 18 h after
addition of the oleate–BSA complexes (t = 0),
then 12, 24, and 36 h after removal of oleate
by transfer to fresh growth medium. The mean
BODIPY signal relative to the t = 0 value is
plotted in the graph. Error bars show the standard error (n = 80).
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Figure S5. ER remains associated with lipid droplets in cells depleted of Rab18 or the Rab18 GEF complex. (a) COS7 cells expressing mCherry-Rab18
were treated with oleate–BSA complexes for 18 h, fixed, and then stained with antibodies to Rtn4 and BODIPY to reveal lipid droplets. (b) COS7 cells were
treated with siRNA targeting Rab18 or the Rab3GAP subunits for 72 h. Oleate–BSA complexes were then added to the medium for a further 18 h. BODIPY
was added to the culture medium at 1 µg/ml, and the cells were then imaged at 2-s intervals using a spinning-disk confocal microscope. The entire cell is
shown for t = 0, and a time series showing images every 4 s from the yellow boxed areas is depicted in the enlarged regions. Bars are marked in the
figure.

Rab3GAP is a Rab18 GEF • Gerondopoulos et al.

S5

Video 1. ER and Rab18 dynamics in control cells. COS7 cells expressing a GFP-ER marker and mCherry-Rab18 were treated
using control siRNA duplexes for 72 h and then used for time-lapse imaging. Images corresponding to 6 planes spaced by
0.2 µm through the cell volume were collected at 1-s intervals using a spinning-disk confocal microscope. A merged maximumintensity projected image with both the GFP-ER and mCherry Rab18 signals is shown.

Video 2. ER and Rab18 dynamics in Rab3GAP1-depleted cells. COS7 cells expressing a GFP-ER marker and mCherry-Rab18
were depleted of Rab3GAP1 for 72 h and then used for time-lapse imaging. Images corresponding to 6 planes spaced by
0.2 µm through the cell volume were collected at 1-s intervals using a spinning-disk confocal microscope. A merged maximumintensity projected image with both the GFP-ER and mCherry Rab18 signals is shown.

Video 3. ER and Rab18 dynamics in Rab3GAP2-depleted cells. COS7 cells expressing a GFP-ER marker and mCherry-Rab18
were depleted of Rab3GAP2 for 72 h and then used for time-lapse imaging. Images corresponding to 6 planes spaced by
0.2 µm through the cell volume were collected at 1-s intervals using a spinning-disk confocal microscope. A merged maximumintensity projected image with both the GFP-ER and mCherry Rab18 signals is shown.

Video 4. ER and Rab18 dynamics in Rab3GAP complex–depleted cells. COS7 cells expressing a GFP-ER marker and mCherryRab18 were depleted of both Rab3GAP subunits for 72 h and then used for time-lapse imaging. Images corresponding to 6
planes spaced by 0.2 µm through the cell volume were collected at 1-s intervals using a spinning-disk confocal microscope. A
merged maximum-intensity projected image with both the GFP-ER and mCherry Rab18 signals is shown.

Video 5. ER dynamics in Rab18-depleted cells. COS7 cells expressing a GFP-ER marker and mCherry-Rab18 were depleted
of Rab18 for 72 h and then used for time-lapse imaging. Images corresponding to 6 planes spaced by 0.2 µm through the cell
volume were collected at 1-s intervals using a spinning-disk confocal microscope. A merged maximum-intensity projected image
with both the GFP-ER and mCherry Rab18 signals is shown. Note the Rab18 signal is lost because of the siRNA treatment.

Video 6. Dynamics of ER and Rab18 in control cells. COS7 cells expressing a GFP-ER marker and mCherry-Rab18 were
treated using control siRNA duplexes for 72 h and then used for time-lapse imaging. Images corresponding to 6 planes spaced
by 0.2 µm through the cell volume were collected at 2-s intervals using a spinning-disk confocal microscope. A merged maximum-intensity projected image with both the GFP-ER and mCherry-Rab18 signals is shown.

Video 7. Dynamics of ER sheets in Rab18-depleted cells. COS7 cells expressing a GFP-ER marker were treated using Rab18.8
3 -UTR siRNA duplexes for 52 h, transfected for 20 h with mCherry-empty vector, and then used for time-lapse imaging. Images
corresponding to 6 planes spaced by 0.2 µm through the cell volume were collected at 2-s intervals using a spinning-disk confocal microscope. A merged maximum-intensity projected image with both the GFP-ER and mCherry-Rab18 signals is shown.

Video 8. Rescue of ER tubules by re-expression of mCherry-Rab18 in Rab18-depleted cells. COS7 cells expressing a GFP-ER
marker were treated using Rab18.8 3 -UTR siRNA duplexes for 52 h, transfected for 20 h with mCherry-Rab18, and then used
for time-lapse imaging. Images corresponding to 6 planes spaced by 0.2 µm through the cell volume were collected at 2-s
intervals using a spinning-disk confocal microscope. A merged maximum-intensity projected image with both the GFP-ER and
mCherry Rab18 signals is shown.

Video 9. Rab18 and lipid droplet dynamics. COS7 cells expressing mCherry-Rab18 were treated with oleate–BSA complexes
for 18 h, then 1 µg/ml BODIPY was added to the medium. Images corresponding to 6 planes spaced by 0.2 µm through the
cell volume were collected at 2-s intervals using a spinning-disk confocal microscope. A merged maximum-intensity projected
image with both the BODIPY (green) and mCherry-Rab18 (red) signals is shown.
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Table S1. Target sequences for RNA interference
Gene symbol
Rab18
Rab18
Rab18
Rab18
RAB3GAP1.1
RAB3GAP1.2
RAB3GAP2
RAB3GAP2
RAB3GAP2
RAB3GAP2
Rab7
Rab7
Rab7
Rab7
Rab10
Rab10
Rab10
Rab10
TBC1D20
TBC1D20
TBC1D20
TBC1D20
Rab18.7 3 -UTR
Rab18.8 3 -UTR

Source

Type of siRNA pool

Sequence (5 →3 )

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN
QIAGEN

ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus
ON-TARGETplus
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool
ON-TARGETplus SMARTpool

UAAACAUGCUAGUUGGAAA
UGCACAGGGUGUUAUAUUA
CAUUAACUCCCAGCUAUUA
GAAACAUACUGUACAAGAA
CAGCUGUACUCAAGGUAAA
GCGAAGAUCCUAUUAGUGA
CGACAACAGUUCUUAUUGA
GGAUGUAGCUAGAGGAAUU
GGAAUACGUUCUUAGUUAA
CAAAUUGGAUGGAUUCAAA
CUAGAUAGCUGGAGAGAUG
AAACGGAGGUGGAGCUGUA
GAUGGUGGAUGACAGGCUA
GGGAAGACAUCACUCAUGA
GCAAGGGAGCAUGGUAUUA
CACGUUAGCUGAAGAUAUC
GAUGAUGCCUUCAAUACUA
GAAUAGACUUCAAGAUCAA
CUGAUAUGGUGCUGCGGCA
GGUUGGAAAUGUCGUUGGA
AGGCAGACUUUAACGCCAA
CGGCCUGAAGAUCGAACAA
ACCAACTTGTACAGACTAATA
CCAGGCCAATTTATAACTAAA
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REPORT
Homozygous Mutations in TBC1D23 Lead
to a Non-degenerative Form
of Pontocerebellar Hypoplasia
Isaac Marin-Valencia,1 Andreas Gerondopoulos,2 Maha S. Zaki,3 Tawfeg Ben-Omran,4
Mariam Almureikhi,4 Ercan Demir,5 Alicia Guemez-Gamboa,1 Anne Gregor,1 Mahmoud Y. Issa,3
Bart Appelhof,6 Susanne Roosing,1 Damir Musaev,7 Basak Rosti,1,7 Sara Wirth,7 Valentina Stanley,7
Frank Baas,6 Francis A. Barr,2 and Joseph G. Gleeson1,7,*
Pontocerebellar hypoplasia (PCH) represents a group of recessive developmental disorders characterized by impaired growth of the pons
and cerebellum, which frequently follows a degenerative course. Currently, there are 10 partially overlapping clinical subtypes and 13
genes known mutated in PCH. Here, we report biallelic TBC1D23 mutations in six individuals from four unrelated families manifesting a
non-degenerative form of PCH. In addition to reduced volume of pons and cerebellum, affected individuals had microcephaly, psychomotor delay, and ataxia. In zebrafish, tbc1d23 morphants replicated the human phenotype showing hindbrain volume loss. TBC1D23
localized at the trans-Golgi and was regulated by the small GTPases Arl1 and Arl8, suggesting a role in trans-Golgi membrane trafficking.
Altogether, this study provides a causative link between TBC1D23 mutations and PCH and suggests a less severe clinical course than
other PCH subtypes.

Originally named by Brun in 1917,1 pontocerebellar hypoplasia (PCH) is a devastating neurological disorder characterized by impaired growth and/or degeneration of cerebral
structures, primarily the pons and cerebellum. To date, ten
different clinical subtypes of PCH have been described, the
majority leading to a neurodegenerative course, manifesting with progressive intellectual and motor decline.2,3
Treatments are only palliative and the prognosis is poor,
as most affected individuals die during infancy or childhood. Despite the expansion of known genes associated
with PCH, most individuals remain without genetic diagnosis, suggesting that additional causes remain to be
identified.
We recruited a cohort of 75 families with likely autosomal-recessive PCH, of which 53 (70.6%) documented
parental consanguinity and 19 (25.3%) had two or more
affected individuals. All affected members were clinically
evaluated by a pediatric neurologist and geneticist, blood
and/or saliva samples and skin biopsies were collected
from participating individuals after obtaining proper
informed consent, and DNA for whole-exome sequencing
(WES) was extracted from at least one affected member of
each family as described.4 The study followed the IRB
guidelines and was approved by the ethical committees
of UC San Diego, The Rockefeller University, and other
participating institutions. In consanguineous families, we
emphasized homozygous, rare (<0.1% allele frequency in
our exome database of 5,000 individuals), and potentially
damaging variants (Genomic Evolutionary Rate Profile

[GERP] score > 4 or phastCons > 0.9).5 Likely causative
mutations were identified in 47 families (62.6% of the total) (Figure 1A). Seven families (9.3%) had a likely causative
variant in a gene not previously implicated in PCH. A total
of 34 families (45.3%) carried mutations in genes previously associated with degenerative forms of PCH, encoding
proteins involved in tRNA splicing, mRNA processing, and
protein synthesis.5–8 Six families (8%) demonstrated a
non-degenerative course of PCH, and among these,
TBC1D23 mutations were identified as a cause for this condition. TBC1D23 has been recently linked also with autosomal-recessive intellectual disability.9 We found six
affected individuals with mutations in TBC1D23 from
four unrelated families from Egypt (families I and II),
Turkey (family III), and Lebanon (family IV) (Figures 1B
and S1).
Family I presented with two affected boys of 16 years
(I-IV-1) and 2 years (I-IV-5) of age, family II presented
with two non-identical girl twins of 4 years of age (II-III-1
and II-III-2), family III presented with one boy of
14 months of age (III-IV-1), and family IV presented with
a girl of 6 months of age (IV-II-1) (Figure 1B). Some of these
individuals manifested reduced head circumference at
birth (R!2 SD standard deviations [SD] below the mean)
and all showed signs of global psychomotor deficits since
early infancy, involving gross and fine motor skills, language (expressive > receptive), and social interaction due
to communication impairment (Table 1). In the most
recent clinical evaluation, all subjects were microcephalic

1
Laboratory for Pediatric Brain Disease, Howard Hughes Medical Institute, The Rockefeller University, New York, NY 10065, USA; 2Department of Biochemistry, University of Oxford, Oxford OX1 3QU, UK; 3Clinical Genetics Department, Human Genetics and Genome Research Division, National Research
Centre, 12311 Cairo, Egypt; 4Clinical and Metabolic Genetics, Department of Pediatrics, Hamad Medical Corporation, 3050 Doha, Qatar; 5Gazi University,
Department of Pediatric Neurology, 06500 Ankara, Turkey; 6Department of Clinical Genetics, Leiden University Medical Center, 2333 ZA Leiden, the
Netherlands; 7Laboratory for Pediatric Brain Disease, Howard Hughes Medical Institute, Rady Children’s Institute for Genomic Medicine, University of California, San Diego, San Diego, CA 92093, USA
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! 2017 American Society of Human Genetics.
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Figure 1. Homozygous Mutations in TBC1D23 Lead to Pontocerebellar Hypoplasia
(A) Summary of exome sequencing results from a cohort of 75 families with pontocerebellar hypoplasia. Most PCH subtypes showed
neurodegenerative features and the genes found in this group were primarily associated with RNA processing (TSEN54, TSEN2, TOE1,
and CLP1) and with metabolism (AMPD2). In the non-degenerative group, TBC1D23 was the most frequent gene, accounting for
5.3% of families, and VLDLR was found in 2.6% of the families.
(B) Pedigrees showing consanguinity in three families. A total of six affected subjects were identified with different deleterious mutations
in TBC1D23. Mutation in brackets has a presumed effect on splicing.
(C) Available midline sagittal T1-weighed MRIs and facies from affected individuals are shown. All individuals manifested severe hypoplasia of pons (red arrow) and moderate to severe hypoplasia of the cerebellum (orange arrow) and all but III-IV-1 had hypoplasia
of corpus callosum (yellow arrow). All were microcephalic and none of them showed obvious signs of facial dysmorphism. Subject
II-III-2 had head deviation due to neck hypotonia.
(D) TBC1D23 exons as ticks and location of mutations are indicated in both transcripts. A schematic of the protein structure is illustrated
along with the protein mutation of families II and III.

(R!3 SD), and height and weight ranged from normal
to !5 SD. Neurological exam was remarkable for generalized weakness (6/6 affected subjects), global hypotonia
(5/6), and cerebellar deficits such as uncoordinated limb
movements (4/6), hyporeflexia (3/6), and impaired or
no ambulation (6/6). Brainstem symptoms including
dysphagia and dysarthria were present in subjects from
family I. None of the six individuals manifested clinical
signs of neurological deterioration and, hitherto, they are
all alive. Brain MRI showed pontocerebellar hypoplasia
in all subjects, along with thin corpus callosum (I-IV-5,
II-III-1, II-III-2, IV-II-1) and cortical hypoplasia (I-IV-5,
II-III-1, II-III-2) (Figure 1C). The radiological findings of
subject III-IV-1 did not change appreciably over a 3-year in-

terval (Figure S2), which is consistent with the non-progressive course of this form of PCH.
All six affected individuals carried mutations predicted
to result in altered splicing, occurring at or near canonical
splice sites (Figure 1D; Table 1), so we used genome build
hg19 and transcript GenBank: NM_001199198.2 (transcript 1) to annotate splicing effects. We found that both
TBC1D23 transcripts were differently expressed in human
tissues, with transcript 1 primarily expressed in the fetal
and adult brain and spinal cord (Figure 2A). To study potential effects of the variants on splicing, we used RT-PCR
to amplify annotated transcripts from fibroblasts of families II and III, who carried mutations c.1687þ2T>A and
c.1687þ1G>A, respectively (primers are available upon
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Table 1.

Description of Clinical Findings of Individuals with TBC1D23 Mutations
I-IV-1

I-IV-5

II-III-1

II-III-2

III-VI-1

IV-II-1

chr3:g.100029386G>A

chr3:g.100029386G>A

chr3:g.100035033T>A

chr3:g.100035033T>A

chr3:g.100035032G>A

chr3:g.100014144A>G

Mutation (cDNA) (NM_001199198.2)

c.1553G>A

c.1553G>A

c.1687þ2T>A

c.1687þ2T>A

c.1687þ1G>A

c.726"2A>G

Mutation (protein)

p.[Arg518Gln;?]

p.[Arg518Gln;?]

p.His534Trpfs*36

p.His534Trpfs*36

p.His534Trpfs*36

p.?

Gestational age

40

38

37

37

N/A

N/A

Weight at birth (kg)

3 ("0.90 SD)

2.8 ("1.22 SD)

1.6 ("3.47 SD)

1.5 ("3.66 SD)

3.8 (þ0.49 SD)

8.8 at age 2 years ("3 SD)

Length at birth (cm)

50 ("0.06 SD)

48 ("0.81 SD)

48 ("0.65 SD)

47 ("1.10 SD)

N/A

N/A

HC at birth (cm)

32.2 ("1.62 SD)

32 ("1.71 SD)

32 ("1.90 SD)

31.5 ("2.24 SD)

42 at 14 months
("3.84 SD)

41.2 at 2 years ("4.4 SD)

Age at diagnosis

delayed since infancy, but
first seen at 16 years of age

2 years

delayed since infancy, but
first seen at 4 years of age

delayed since infancy, but
first seen at 4 years of age

14 months

6 months

Weight (kg), age at last examination

38, 16 years ("2.65 SD)

14, 6 years ("2.96 SD)

14.5, 4 years ("0.79 SD)

11.5, 4 years ("2.62 SD)

N/A

11.9, 7.5 years ("4.11 SD)

Height (cm), age at last examination

143, 16 years ("3.56 SD)

103, 6 years ("2.44 SD)

103, 4 years (þ0.50 SD)

97, 4 years ("0.89 SD)

N/A

98, 7.5 years ("4.89 SD)

HC (cm), age at last examination

48, 16 years ("4.77 SD)

44.5, 6 years ("5.27 SD)

43.5, 4 years ("3.96 SD)

41.5, 4 years ("5.25 SD)

50, 16 years ("3.4 SD)

42, 7.5 years ("7.77 SD)

Gross motor

delayed; can walk alone

delayed; sits only

delayed; can walk alone

delayed; walks supported

delayed

delayed

Fine motor

delayed

delayed

delayed

delayed

absent

delayed

Language

delayed

delayed

delayed

delayed

absent

delayed (babbling at
7 years of age)

Social

delayed

delayed

delayed

delayed

absent

delayed

Regression of acquired milestones

–

–

–

–

–

–

Brainstem findings

dysarthria. no history of
apnea, hearing deficit,
dizziness, or dysphagia

minimal dysphagia.
no history of apnea,
hearing deficit, or
dizziness.

–

–

N/A

–

Cerebellar deficits

truncal and
appendicular ataxia

truncal and
appendicular ataxia

truncal and appendicular
ataxia

truncal and appendicular
ataxia

–

–

Muscle strength (scale 0->5 in
upper and lower extremities)

grade 4/5

grade 4/5

grade 4/5

grade 4/5

grade 5/5

grade 3/5

Muscle tone

hypotonia

hypotonia

hypotonia

hypotonia

normal muscle tone

hypotonia; reduced
muscle tone at 2 years,
but developed spasticity
especially in lower
limbs at 7 years.

Mutation (genomic hg19)
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Psychomotor Development

Neurological Findings

(Continued on next page)

recurrent respiratory
infections, sepsis,
muscle atrophy
Other Systemic Findings

Abbreviations are as follows: plus sign (þ), present; minus sign (-) absent, (N/A) not assessed. SD, standard deviation; HC, head circumference. Mutations in brackets have a presumed effect on splicing.

–
esotropia of left
eye, proximal
interphalangeal
joint contractures
strabismus, recurrent
respiratory infections,
muscle atrophy,
hypoplasia of labia
minora
strabismus, recurrent
respiratory infections,
hypoplasia of labia
minora

–
Type

recurrent respiratory
infections, sepsis

myoclonic seizures
focal seizures
with secondary
generalization
–
–

11 years
–
–
–
–
Onset

Seizures

–

2 years

crawling, unsupported
sitting, and cannot bear
weight in left limb.
wide base gait
non-ambulatory
wide base gait, ataxia
wide base unsteady
gait, ataxia
Gait

can sit and only stand
supported with wide
base gait

hyporeflexia; last
examined at 2 years
of age
normal
hyporeflexia
hyporeflexia
normal
normal
Deep tendon reflexes

IV-II-1
III-VI-1
II-III-2
II-III-1
I-IV-5
I-IV-1
Continued
Table 1.

request). Affected individuals had shorter transcripts relative to control individuals (Figure 2B), and sequencing
of the amplified PCR products confirmed that shorter
transcripts had skipped exon 16 (Figure 2C), leading to
a shift in the reading frame and truncated protein
(p.His534Trpfs*36) (Figures 1D and 2D). Fibroblasts from
families I and IV were not available to assess splicing.
Family IV carried a variant in a canonical splice site
(c.726!2A>G) and family I carried a missense mutation
at the last base of exon 14 (c.1553G>A), both of which
were also expected to compromise splicing. Cellular localization of endogenous TBC1D23 was examined in control,
carrier, and affected individuals’ fibroblasts using specific
antibodies. In control fibroblasts, TBC1D23 overlapped
with the trans-Golgi marker TGN46 and showed signal
adjacent to the cis-Golgi marker GM130 (Figure 2E). This
trans-Golgi staining pattern of TBC1D23 was absent in
cells from affected individuals, whereas cells from carriers
showed reduced staining intensity. Despite the loss of
detectable TBC1D23 in affected subjects (Figures 2D and
2E), there was no obvious alteration in the relative positions of the cis/trans-Golgi markers or the ribbon-like structure of the Golgi (Figure 2E).
TBC1D23 belongs to a family of Tre2-Bub2-Cdc16
(TBC) domain-containing Rab-specific GTPase-activating
proteins (TBC/RabGAPs) that regulate membrane trafficking by inactivating Rabs.10–12 Most TBC/RabGAPs
contain two catalytic residues, Arg and Gln, to stimulate
the hydrolysis of GTP in Rab proteins.13,14 TBC1D23 falls
in the category of unconventional TBC/RabGAPs since it
lacks the catalytic Arg-Gln residues and it might, a priori,
work through a different mechanism to induce GTP hydrolysis14 or it might have a Rab-independent function. When
compared to TBC1D20, which acts on Rab1, none of the 55
Rabs tested showed robust activation of GTP hydrolysis in
the presence of purified TBC1D2315 (Figure S3). This raised
the possibility that TBC1D23 is a Rab-binding protein, or
effector, rather than a Rab regulator and it may target to
the Golgi via this means. However, two lines of evidence
argue against this. First, a region in TBC1D23 (469–570
aa), C-terminal to the TBC1 and Rhodanese domains, is
responsible for its targeting to the trans-Golgi (Figures 3A
and 3B). Second, TBC1D23 remains associated with transGolgi membranes when Rabs are depleted, with just a subset (Rab1a/b, Rab2a/b, Rab6a/b, Rab7a, Rab14a/b) giving
rise to altered TBC1D23 localization due to their effects
on Golgi structure or trafficking to and from the Golgi
(Figure S3). This suggested a Rab-independent targeting
mechanism.
Like Rabs, Ras superfamily GTPases of the Arl and Arf
group are known to be involved in recruitment of cytosolic
proteins to membrane surfaces. Strikingly, depletion of
Arl1, but not ArfRP1 or other Arfs or Arls, resulted in
the complete loss of TBC1D23 from the trans-Golgi
(Figure 3C). Conversely, knocking down Arl8 resulted
in elevated staining for TBC1D23 at the trans-Golgi
(Figure 3C). These findings connect TBC1D23 to an
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Figure 2. Splicing Mutations in TBC1D23 Cause Splicing Defects and Prevent Protein Synthesis
(A) RT-PCR of both TBC1D23 transcripts in different human tissues reveals that transcript 1 is predominantly expressed in the central
nervous system.
(B) RT-PCR from control (C), unaffected parents (F, father; M, mother), and affected subjects (1 and 2 from family II, 1 from family III).
Parents (carriers) showed splicing defect in the mutated allele, represented by the lack of exon 16 in both transcripts. Homozygous individuals manifested splicing defect in both alleles.
(C) Sequencing of PCR bands confirms the absence of exon 16 in both mutant transcripts.
(D) Western blot shows that TBC1D23 is absent in affected individuals and decreased in carriers compared to control.
(E) Representative immunofluorescence images of fibroblasts from control, carrier, and affected. In control and carrier fibroblasts,
TBC1D23 (rabbit 17002; Proteintech, 1:1,000) is located toward the trans-Golgi network as it overlaps with TGN46 (sheep; AbD Serotec;
1:1,000) and not with GM130 (mouse clone 35; BD; 1:1,000). In agreement with western blot results, cells from the affected individual
did not show signal except non-specific staining of the centrosome. The enlarged region shows details of TBC1D23 with the different
Golgi markers. Scale bars represent 10 mm.

Arl1-dependent trafficking process at the trans-Golgi16–19
and to Arl8 function in the endosome-lysosome system.20–22 Thus far, these two Arls have not been associated
with human disease and the impact of their interaction
with TBC1D23 on brain development requires additional
studies.
To investigate the role of TBC1D23 in brain development, we designed a zebrafish model of disease. A single
tbc1d23 ortholog (GenBank: NM_200487) encodes a protein with 77% identity with the human TBC1D23 amino
acid sequence. tbc1d23 transcript was detected as early as
the first hours post-fertilization (hpf) by RT-PCR, and by
in situ RNA hybridization tbc1d23 was primarily localized

in the head at 48 hpf (Figures 4A and 4B), suggesting a
role in brain development. To test whether knockdown
tbc1d23 in zebrafish replicates the human phenotype, we
knocked down tbc1d23 using a translation blocking
morpholino targeting the ATG start codon (tbc1d23-ATG
MO; 50 -CTTCCCCTACAGCATCCGCCATTGC-30 ) and a
splice blocking morpholino targeting intron 4 to exon 5
(tbc1d23-splice MO; 50 -GCAGTCTCTGCAAAAGGCAAT
ATGC-30 ). In contrast to scramble MO, both ATG and
splice MO-injected embryos (3 ng each) had reduced brain
and eye size and manifested curved tails at 48 hpf (more
severe in ATG MO embryos), and this phenotype was
partially rescued with injection of zebrafish tbc1d23
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Figure 3. Trans-Golgi Location of TBC1D23 Depends on the C-Terminal Region and Is Regulated by Arl1 and Arl8
(A and B) HeLa cells were transfected using Mirus LT1 (Mirus LCC) with full-length GFP-tagged TBC1D23 (A) or with deletion constructs
outlined in the schematic (B). After 20 hr of the transfection, cells were fixed with 3% PFA (wt/vol) for 15 min, permeabilized with 0.1%
Triton X-100 (vol/vol) for 7 min, and then stained for TGN46 using a standard protocol. TBC1D23 was visualized using GFP. As illustrated, the region between amino acids 469 and 570 is responsible for the targeting of TBC1D23 to the trans-Golgi.
(C) HeLa cells were transfected using Oligofectamine (Life Technologies) with a specific library of siRNA duplexes targeting Arfs and Arls
(Dharmacon) for 72 hr (a subset of this library is shown). Cells were then fixed and stained as mentioned previously with antibodies
against TBC1D23, TGN46, and GM130. The depletion of Arl1 caused complete loss of TBC1D23 from the trans-Golgi, whereas knocking
down Arl8 increased TBC1D23 staining at the trans-Golgi. Depletion of ArfRP1, which controls Arl1 targeting to the Golgi, did not alter
TBC1D23 expression or localization. Western blot demonstrates efficient knockdown of targeted Rabs by siRNA duplexes and shows the
resulting expression of TBC1D23. In this case, HeLa cells were transfected with siRNA duplexes to Arl1, ArfRP1, and Arl8 or non-specific
control for 72 hr and transfected with expressing EGFP-tagged Arl1, ArfRP1, and Arl8 20 hr before collection for western blot. Antibodies
against EGFP (raised against full-length GFP in sheep) and Tubulin (mouse DM1A; Sigma-Aldrich) were used.
Scale bars represent 10 mm.
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Figure 4. A Zebrafish Model Reproduces the Human Phenotype
(A) RT-PCR shows expression of zebrafish tbc1d23 at different developmental stages relative to control mobk13.23
(B) In situ RNA hybridization in AB embryos at 48 hr post-fertilization (hpf) with sense (negative control) and antisense (signal) probes
for tbc1d23. The expression of tbc1d23 occurs primarily in the head, pointing out its potential role in the development of cerebral
structures.
(C) Representative images of fishes injected with scramble, ATG, and splicing morpholinos (MO, all 3 ng) and rescued with zTbc1d23
mRNA (150–200 ng). Red arrows show reduced size of cerebellum and brainstem along with enlarged IV ventricle in ATG and splicing
MO fishes relative to scramble MO and rescued fishes.
(D) Quantification of morphometric parameters (9–11/condition). Reduced head and eye size and length of both ATG and splicing MO
fish was partially rescued with zTbc1d23 mRNA (n ¼ 10/condition).
(legend continued on next page)
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mRNA (Figures 4C and 4D). These findings were corroborated in Tg(HuC:Kaede) transgenic zebrafish line, which expresses the fluorescent protein Kaede in neurons. The ATG
MO injected Tg(HuC:Kaede) zebrafish showed reduced
signal in the neural axis and manifested altered
morphology of forebrain, brainstem, and cerebellum relative to scramble MO embryos (Figure 4E). Altogether,
tbc1d23 disruption in zebrafish replicates the human
phenotype by impairing brain growth and development.
This study enhances the genetic diagnosis and expands
the phenotypic spectrum of PCH. In contrast to most subtypes, individuals with TBC1D23-associated PCH did not
show clinical neurological deterioration and MRI findings
did not worsen over time. None of the affected individuals have died so far and the oldest are currently 16 years
old (I-IV-1 and III-IV-1). This distinctive clinical course is
therefore highly valuable for family counseling and prognostication since most individuals with other PCH subtypes show progressive worsening and typically succumb
during infancy or early childhood.2 TBC1D23 individuals
shared some neurological manifestations with other
forms of PCH, such as psychomotor impairment, microcephaly, brainstem deficits, and ataxia.2 In addition to
severe volume loss of pons and cerebellum, TBC1D23
individuals manifested hypoplasia of cortex and of corpus
callosum as seen in other forms of PCH3 (Figure 1C). At
the systemic level, the most common findings in all
affected subjects were recurrent respiratory infections
and even sepsis (Table 1). This could relate to the essential
role of the brainstem to swallowing function and
handling respiratory secretions. However, it has been reported that TBC1D23 may have inhibitory effects on
innate immunity and on LPS-induced cytokine release
in mice,24 and we cannot exclude the possibility that
loss of TBC1D23 could exacerbate the inflammatory
response against bacterial infections and lead to more severe clinical manifestations. At baseline, affected individuals did not show significant increase of inflammatory
markers and cytokine levels compared to control subjects
(Table S1). Thus, more studies are necessary to evaluate
the immune system of these individuals in order to determine their inflammatory response to infections.
Thus far, deleterious mutations in two TBC/RabGAPs
genes have been implicated in disorders of brain development: TBC1D24 (MIM: 613577), which causes focal and
familial infantile myoclonic epilepsy,25–27 and TBCK
(MIM: 616899), which has been associated with severe
infantile syndromic encephalopathy.28–30 Like TBC1D23,
both TBC1D24 and TBCK are part of the unconventional
group of TBC/RabGAPs since they lack the Arg and/or
Gln fingers of the TBC domain. TBC1D24 regulates
neuronal migration and maturation by inactivating ADP

ribosylation factor (ARF) 6, a small GTPase involved in
vesicle trafficking.26 Whether ARF6 inactivation occurs
by direct or indirect induction of GTP hydrolysis is still unknown. On the other hand, the target GTPase of TBCK has
not been yet identified. TBCK regulates cell growth and
proliferation by modulating transcription of several
constituents of the mTOR pathway.30 Structural and molecular modeling analyses of mutations in the TBC domain
suggests that TBCK may also have Rab GAP activity and
that the loss of GAP function is associated with disease.28
Our results point toward a Rab-independent trafficking
role of TBC1D23 that may be critical during hindbrain formation, but not contributory to degeneration. Ivanova
et al.31 showed that vesicle trafficking in fibroblasts from
affected individuals lacking TBC1D23 is significantly
slower than control subjects. How this finding relates to
disruption of brain development needs to be elucidated.
Another PCH subtype that is not associated with neurodegeneration is PCH8.32 This condition is caused by mutations in CHMP1A (MIM: 164010), a gene that regulates
proliferation of neural progenitor cells. CHMP1A has two
potential functions—as a charged multivesicular body protein and as a chromatin-modifying protein33,34—such that
it links cytoplasmic signals with chromatin modifications
to regulate proliferation of progenitor cells.32 Individuals
with mutations in CHMP1A manifest severe hypoplasia
of pons and cerebellum and cortical atrophy, and none
of them have shown progression of the clinical and radiological findings, suggesting that this is a developmental
and not a degenerative disorder.32 Another non-degenerative form of PCH not included in the current classification
is VLDLR-associated PCH (MIM: 192977). Along with apoE
receptor 2 (ApoER2), VLDLR serves as a Reelin receptor
to regulate microtubule function in migrating neurons.35
Individuals with damaging mutations in VLDLR manifest
non-progressive cerebellar hypoplasia with flattened
pons and cortical dysplasia.36,37 The majority of PCH subtypes, however, are associated with disruption of protein
synthesis, for example by altering RNA processing (i.e.,
TSEN genes, RARS2, VRK1, TOE1, CLP1)6,8,38–40 or GTPdependent protein synthesis (i.e., AMPD2),41 functions
that are critical for brain development and considered
causative of degeneration when disrupted.2,7 In PCH,
how mutations in genes that regulate protein synthesis
cause neurodegeneration whereas genes involved in trafficking and signaling impairs primarily brain development, and why all these genes preferentially involve the
hindbrain are questions that remain unsolved. Whether
there are key molecular pathways involved in hindbrain
formation where these genes converge and lead to a pontocerebellar phenotype is a matter that needs further
investigation.

(E) Transgenic line Huc:Kaede (CNS label) showed reduced signal and size of the neural axis of ATG MO compared to scramble MO,
which improved in the rescued fish. Drawings on the left illustrate the brain regions labeled in each transgenic fish.
All numerical values were expressed as mean 5 SEM and statistical analysis was performed using two-tailed Student’s t test. *p < 0.05;
**p < 0.01, ***p < 0.001. Scale bars in (B) and (C) represent 200 mm, and in (E) represents 100 mm.
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Accession Numbers
The accession number for the TBC1D23 sequence reported in this
paper is Genbank: NM_001199198.2.

Supplemental Data
Supplemental Data include three figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.ajhg.
2017.07.015.
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Supplementary Information
Supplementary Figure 1. Mutations in TBC1D23 in PCH. Sequencing chromatograms of
genomic DNA illustrating TBC1D23 mutations in affected children and parents from family I
(A), II (B), III (C), and IV (D).
Supplementary Figure 2. Sequential MRI scans show no disease progression. Sagittal T1weighed MRI scans from patient III-IV-1 at 9 and 12 years of age revealed no signs of
progressive volume loss of the pons (yellow arrow), cerebellum (yellow asterisk), corpus
callosum (white arrow), or of other brain regions.
Supplement to Figure 3. TBC1D23 does not have a Rab-dependent function. (A) TBC1D23stimulated GTP hydrolysis in pmol/h was measured for a representative set of human Rabs using
a previously published protocol15. TBC1D20 was used as a control against its known target
Rab1. Error bars indicate the range (n = 2). (B) Recombinant TBC1D23 was analyzed on protein
gels stained with colloidal Coomassie brilliant blue stain (CBB) and Western blot using
TBC1D23 antibodies. (C) HeLa cells were depleted of Rab GTPases for 72h using a specific
siRNA library, and then stained with antibodies for TBC1D23, TGN46 and GM130. A subset of
this library screen is shown. Scale bars are 10 µm.
Supplementary Table 1. Analysis of inflammatory markers and cytokines in blood.
Inflammatory parameters in blood were analyzed at baseline in affected individuals from
families II and IV and in affected and unaffected individuals from family III. Complete blood
count (CBC) including RBC (red blood cells), WBC (white blood cells) and platelets,
sedimentation rate (ESR), and C-reactive protein (CRP) were overall normal in II-III-2 and IV-21, and II-III-1 showed mild microcytic anemia with mild elevation of ESR. Cytokine levels were
slightly elevated in all tested individuals, but there were no significant differences between

affected individuals and controls. Hg: hemoglobin, MCV: mean corpuscular volume, IL:
interleukin, TNF: tumor necrosis factor.
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Structural basis for pH-dependent
retrieval of ER proteins from
the Golgi by the KDEL receptor
Philipp Bräuer1, Joanne L. Parker1, Andreas Gerondopoulos1, Iwan Zimmermann2,
Markus A. Seeger2, Francis A. Barr1*, Simon Newstead1*

I

n eukaryotic cells, millimolar levels of chaperones required for protein folding in the
endoplasmic reticulum (ER) are discriminated
from newly synthesized secretory and membrane proteins which pass through the ER
on their way to the Golgi apparatus (1). Luminal
chaperones and ER-resident membrane proteins
carry a C-terminal Lys-Asp-Glu-Leu (KDEL) sequence required for retention in the ER (2). When
these proteins escape to the Golgi, they are recognized by an integral membrane protein, the
KDEL receptor (KDELR), and retrieved back to
the ER (3). The retrieval receptor ERD2 was discovered in 1990 as one of a number of ER retention defective (ERD) mutants in Saccharomyces
cerevisiae (3–5). ERD2 encodes the 26-kDa KDELR
that enables yeast to retain ER luminal chaperones
(3). It is predicted to have seven transmembrane
domains and belongs to a large and diverse family
of membrane proteins called the PQ-loop superfamily, which play important roles in lysosomal
transport, tissue development, and nutrient transport in plants and bacteria (6). The KDELR is
localized to the cis-Golgi, where it can efficiently
capture escaped ER luminal proteins (7, 8). The
interaction with KDEL proteins is pH-sensitive,
with maximal binding below pH 6 (9). The luminal pH of the cis-Golgi is 6.2, whereas that of
the ER lumen is 7.2 to 7.4 (10, 11), explaining
how the KDELR could bind and release KDELcarrying proteins in these organelles, respectively.
Binding of a protein with a KDEL sequence to
the receptor triggers incorporation of the complex into COPI vesicles, resulting in return of
the complex to the ER (12). Once there, the
complex dissociates and the receptor is rapidly
1
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trafficked back to the Golgi via COPII vesicles
(13, 14). The cytoplasmic surface of the KDELR
is thought to mediate the interaction with the
COPI vesicle machinery, although how this mediation occurs or how it is coupled to KDEL binding remains unknown (13, 14). To elucidate the
molecular basis for receptor-mediated retrieval
in the secretory pathway, we determined the crystal structure of the KDELR in both the peptidefree and -bound states.
To determine the atomic structure of the
KDELR, we screened several homologs from different eukaryotic sources to identify a receptor
suitable for structural and biophysical characterization. Gallus gallus KDELR2 displays the
characteristic pH-dependent binding for the
KDEL peptide in the absence of any additional
cofactors, with a dissociation constant of 1.25 ±
0.14 mM at pH 5.0 in detergent (Fig. 1A). Binding of the peptide is calcium independent (fig.
S1), suggesting luminal calcium plays no role in
the retrieval cycle. The structure was determined
to 2.5-Å resolution at pH 9.0 in the peptide-free
apo state (table S1). The structure has similarities to the eukaryotic SWEET transporter (15)
(fig. S2), despite sharing only 24% sequence identity, and does not resemble the G protein–coupled
receptor family of cell surface receptors. The
receptor adopts a compact structure, consisting
of seven transmembrane (TM) alpha helices
arranged loosely in a hexagonal configuration
when viewed from above (Fig. 1B). The first
three N- and last three C-terminal helices form
two internal triple helix bundles (THBs) arranged in a 1-3-2 sequence, connected with inverted topology by the linker helix TM4. This
structural arrangement, whereby the THBs are
inverted relative to each other by a pseudo twofold rotation axis in the plane of the membrane
(fig. S3), suggests an evolutionary relationship
to secondary active transporters (6).
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Selective export and retrieval of proteins between the endoplasmic reticulum (ER) and
Golgi apparatus is indispensable for eukaryotic cell function. An essential step in the
retrieval of ER luminal proteins from the Golgi is the pH-dependent recognition of a
carboxyl-terminal Lys-Asp-Glu-Leu (KDEL) signal by the KDEL receptor. Here, we present
crystal structures of the chicken KDEL receptor in the apo ER state, KDEL-bound
Golgi state, and in complex with an antagonistic synthetic nanobody (sybody). These
structures show a transporter-like architecture that undergoes conformational changes
upon KDEL binding and reveal a pH-dependent interaction network crucial for recognition
of the carboxyl terminus of the KDEL signal. Complementary in vitro binding and in vivo
cell localization data explain how these features create a pH-dependent retrieval system in
the secretory pathway.

The surface of the cytosolic face contains a
prominent central band of negative charge running down its center (Fig. 1C). The negative charge
is contributed by several acidic residues invariant
in the mammalian KDELRs: Asp87, Glu143, Glu145,
and the C terminus of TM7 (figs. S4 and S5). Cell
biological studies identified these and several
additional residues in the cytoplasmic portion of
human KDELR (ERD2.1) that result in retention
within the ER when mutated (16). Many of these
residues function to support the structural integrity of this electrostatic feature, suggesting
this feature may form part of a diacidic COPIIbinding ER-exit motif (17). The hydrophobic
surface of the receptor is noticeably short, measuring 27 Å at its widest point (Fig. 1D), which is
consistent with other membrane proteins resident in thin membrane bilayers of the ER and
Golgi (18, 19). The asymmetric position of this
narrow hydrophobic belt suggests that the receptor projects outward from the cytosolic side
of the membrane, exposing the negatively charged
surface. Likewise, the receptor would be flush
with the luminal side of the ER and Golgi membranes, where it recognizes KDEL-containing
proteins. A large polar cavity is observed at the
luminal side of the receptor, flanked by side
chains from TMs 1 to 3 from the N-terminal
THB and TMs 5 to 7 from the C-terminal THB,
and measuring 13 Å by 15 Å by 12 Å (Fig. 1E). The
electrostatic surface of the cavity is charged,
with a pronounced dipolar character contributed
by Arg5 (TM1) and Arg169 (TM6), which are positioned opposite Glu117 (TM5) and Asp177 (TM7)
(fig. S6). As discussed later, these residues form
an integral part of the KDEL signal sequence
recognition site.
Binding of the KDEL signal sequence to the human receptor is pH-dependent, yet the mechanism
through which high-affinity binding depends on
acidic pH is unclear (9, 20). To address this
question, we determined, to a resolution of 2.0 Å,
a second structure of the G. gallus KDELR2 bound
to the Thr-Ala-Glu-Lys-Asp-Glu-Leu (TAEKDEL)
peptide at an acidic pH of 6.0 (table S1). The
TAEKDEL peptide bound in the luminal-facing
cavity adopts a vertical orientation with respect to
the membrane, with the AEKDEL residues clearly
resolved in the electron density map (Fig. 2A
and fig. S7). Compared to the apo form, the
peptide-bound receptor shows rearrangement of
the side chains and helices forming the luminalfacing cavity (Fig. 2B and fig. S8). The cytoplasmic half of TM6 rotates inward, which results
in Arg159 moving ~4.8 Å toward the peptide. This
allows the C terminus of the KDEL ligand to be
anchored in place through two salt bridge interactions to Arg159 (TM6) and Arg47 (TM2) (Fig. 2B).
In this conformation, the luminal half of TM1 has
moved outward to accommodate the peptide,
with Arg5 adopting a new rotomer configuration
to interact with a carbonyl group on the peptide.
Movement of TM1 also creates a pocket that
accommodates the leucine side chain of the
KDEL sequence. Recognition of the remaining
side chains is predominantly mediated through
electrostatic interactions to the sides of the
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that protonation of His12 facilitates the formation of the short hydrogen bond that stabilizes
the repositioning of TM6, and thus acts as the
pH sensor within the receptor. Supporting this
proposal, conservative mutations in these residues resulted in the loss of KDEL binding in vitro
(Fig. 3A). The loss of binding to the chicken
receptor in vitro was matched by a failure of
equivalent variants of the human receptor (ERD2.1)
to respond to KDEL ligand overexpression in vivo,
with the receptor remaining localized in the
Golgi despite the presence of KDEL ligand (Fig.
3, B and C). Mutation of Arg159 (TM6) resulted
in a ligand-binding–defective protein trapped
in the ER (Fig. 3, A to C), suggesting this residue
is important for the conformational stability of
the receptor.
In the peptide-bound structure, we also observed a pronounced effect at the cytoplasmic
surface of the receptor, with TM7 moving away
from TM5, ~14 Å relative to the apo receptor,
and creating a new cavity facing the cytoplasm
(Fig. 4, A and B). This movement results in the
repositioning of a strictly conserved acidic residue, Asp193 (TM7). Although an Asp193→Asn mutant in the human receptor was previously shown
to bind KDEL peptide in vitro (16), our data show
this variant remains trapped in the Golgi in vivo,

Fig. 1. Crystal structure of the KDELR. (A) Representative curves
showing normalized binding of [3H]-TAEKDEL peptide to the KDELR at
different pH conditions. (B) Crystal structure of KDELR viewed from the
Golgi membrane. The transmembrane helices are labeled by number. (Top
right) Topology of the fold, highlighting the two triple helix bundles (THB1
Bräuer et al., Science 363, 1103–1107 (2019)
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even in the presence of an excess of KDEL ligand
(Fig. 4, C and D). This supports the view that
movement of TM7 and opening of the cytosolfacing cavity is important for ER retrieval via
COPI. Consistent with this hypothesis, the movement of TM7 exposes a cluster of lysine residues
(Lys201, Lys204, and Lys206) buried in the apo
receptor (Fig. 4A) that could form an ER-retrieval
motif (21, 22). Additionally, the movement of
TM6, discussed in relation to peptide binding
above, causes the peptide chain linking TM5 and
TM6 to shorten, as the length of TM6 is extended
by one helical turn at the cytoplasmic end (fig.
S10). This rearrangement results in the central
band of negative charge, which was a prominent
feature of the cytoplasmic face of the apo receptor,
to lengthen and split into two equal regions (Fig.
4C). It is likely that such a drastic change in the
electrostatics on the cytosolic-facing surface of the
receptor plays a role in mediating the interaction
between the KDELR and the COPI and COPII
coatomer complexes during receptor trafficking.
As already noted, the exposed lysine cluster on
TM7 is similar to previously observed KKXX and
KXKXX dilysine motifs, which are important in
COPI-dependent Golgi-to-ER transport (21, 22).
To test their importance in the human KDELR,
we mutated this motif and observed that the

and THB2). (C) Electrostatic surface representation of KDELR highlighting
the negatively charged band on the cytosolic side of the receptor. (D) View
in (A) rotated 90°, showing placement of the receptor with respect to the
membrane bilayer (dashed lines). (E) Sliced-through volume representation
of (D), highlighting the polar cavity on the luminal side of the receptor.
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luminal-facing cavity. The positive amine group
of the lysine interacts with Glu117 (TM5) in a
negatively charged pocket (Fig. 2C). The aspartate of the KDEL sequence makes a salt bridge
to Arg169 (TM6), whereas the glutamate interacts via a third salt bridge to Arg5 (TM1) and
makes a hydrogen bond interaction to Trp166,
which, similarly to Arg159, moves inward to engage the peptide during the movement of TM6.
The KDELR shows maximal binding between
pH 5.0 and 5.4 with a gradual reduction in affinity until pH 7.0 (Fig. 1A). Our structures reveal that repositioning of TM6 upon peptide
binding is stabilized through the formation of a
short hydrogen bond, measuring ~2.5 Å, between Tyr158 (TM6) and Glu127 (TM5) (Fig. 2D
and fig. S9). Formation of this short hydrogen
bond would stabilize the new position of TM6,
locking the peptide in place through its interaction with Arg159. Tyr158 sits close to a strictly
conserved histidine on TM1, His12, forming an
aromatic interaction. Two water molecules sit
at the bottom of the peptide-binding site, coordinating the peptide carboxyl group to both Tyr158
and His12, which are further stabilized through
a hydrogen bond to Asp9 on TM1 (Fig. 2D and
movie S1). Given its solvent-accessible position
within the peptide-binding site, it is possible
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Fig. 3. Functional characterization
of binding-site mutations. (A) In
vitro binding assay using purified
chicken KDELR. Asterisk indicates
protein that could not be produced.
(B) ER retrieval assays were
performed in the absence (−) or
presence (+) of KDELSec and the
Golgi signal for KDELR is plotted as
mean ± SEM. (C) KDELRs were
tested for KDELSec-induced
redistribution from Golgi to ER
as in (B). TGN46 was used as a Golgi
marker. Scale bar, 10 mm.
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Fig. 2. Molecular basis for KDEL
peptide recognition. (A) The polar
cavity in KDELR is shown with
contributing side chains represented
as sticks and their electrostatic
surface shown. The bound TAEKDEL
peptide is shown with the mFo-DFc
difference electron density (green
mesh) used for model building
displayed, contoured at 3s. The
N-terminal threonine was disordered
in the maps and not modeled.
Water molecules are represented as
spheres (red) with hydrogen bonds
as dashed lines (yellow). (B) Close-up
view of the polar cavity showing the
structural movement induced in TM1
and TM6 upon peptide binding. The
apo structure is shown in colored
helices, the peptide-bound structure
in gray. In the top-down view (right),
only the C-terminal leucine of the
peptide is shown. (C) Close-up view of
the polar cavity shown in (A). Water
molecules are represented as spheres
(red) with hydrogen bonds as dashed
lines (yellow). (D) Overlay of the apo (color-coded helices) and peptide-bound structure (gray), highlighting the short hydrogen bond formed between
Glu127 and Tyr158 at the base of the polar cavity after peptide binding. Two water molecules coordinate the interaction between the C terminus of the peptide
with Tyr158 and His12. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 4. Structural basis for exposure of COPI retrieval signal. (A) Overlay of the apo (gray) and
peptide-bound (colored helices) crystal structures of the KDELR. The movement of TM7 is
highlighted, exposing the C-terminal lysine side chains, indicated by the dashed circle. (Right)
Cytoplasmic view of the receptor with the movement in TM7 indicated. (B) Electrostatic surface
representation of (A). Dashed lines indicate rough position of the Golgi membrane, and the lysine
retrieval motif is indicated by the dashed circle. After movement of TM7, a new cavity opens
on the cytoplasmic side of the receptor, exposing Asp193. (C) Cytoplasmic surface of the receptor,
showing the substantial change in distribution of surface charge, most notably the disruption
of the negative band present in the apo state. (D) Wild-type, Asp193→Asn, and KGKK-dilysine motif
mutant KDELRs were tested for KDELSec-induced redistribution from Golgi to ER. TGN46 was
used as a Golgi marker. Scale bar, 10 mm. (E) Golgi signal for KDELR in retrieval assays performed as
in (D), in the absence (−) or presence (+) of KDELSec is plotted as mean ± SEM.

protein remained localized in the Golgi upon
KDEL ligand overexpression (Fig. 4, D and E).
This motif therefore plays an important role during KDEL-mediated ER retrieval.
In the course of determining the crystal structure, we employed synthetic nanobodies, or
Bräuer et al., Science 363, 1103–1107 (2019)

sybodies, generated using an in vitro selection
platform (23). A crystal structure, obtained at
2.23-Å resolution in the absence of KDEL peptide
(table S1), demonstrates that the CDR3 loop of
the sybody binds within the luminal-facing cavity
yet fails to induce the movement of either TM6 or

8 March 2019

1. L. Ellgaard, A. Helenius, Nat. Rev. Mol. Cell Biol. 4, 181–191
(2003).
2. S. Munro, H. R. Pelham, Cell 48, 899–907 (1987).
3. J. C. Semenza, K. G. Hardwick, N. Dean, H. R. Pelham, Cell 61,
1349–1357 (1990).
4. F. M. Townsley, G. Frigerio, H. R. Pelham, J. Cell Biol. 127,
21–28 (1994).
5. H. R. Pelham, K. G. Hardwick, M. J. Lewis, EMBO J. 7,
1757–1762 (1988).
6. L. Feng, W. B. Frommer, Trends Biochem. Sci. 41, 118–119
(2016).
7. M. J. Lewis, H. R. Pelham, Cell 68, 353–364 (1992).
8. G. Griffiths et al., J. Cell Biol. 127, 1557–1574 (1994).
9. D. W. Wilson, M. J. Lewis, H. R. Pelham, J. Biol. Chem. 268,
7465–7468 (1993).
10. M. M. Wu et al., Chem. Biol. 7, 197–209 (2000).
11. M. M. Wu et al., J. Biol. Chem. 276, 33027–33035
(2001).
12. I. Majoul, M. Straub, S. W. Hell, R. Duden, H. D. Söling, Dev. Cell
1, 139–153 (2001).
13. S. R. Pfeffer, Annu. Rev. Biochem. 76, 629–645 (2007).
14. N. Gomez-Navarro, E. Miller, J. Cell Biol. 215, 769–778
(2016).
15. Y. Tao et al., Nature 527, 259–263 (2015).
16. F. M. Townsley, D. W. Wilson, H. R. Pelham, EMBO J. 12,
2821–2829 (1993).
17. C. Barlowe, Trends Cell Biol. 13, 295–300 (2003).
18. H. J. Sharpe, T. J. Stevens, S. Munro, Cell 142, 158–169
(2010).
19. J. L. Parker, S. Newstead, Nature 551, 521–524 (2017).
20. A. A. Scheel, H. R. Pelham, J. Biol. Chem. 273, 2467–2472
(1998).
21. F. Letourneur et al., Cell 79, 1199–1207 (1994).
22. L. P. Jackson et al., Dev. Cell 23, 1255–1262 (2012).
23. I. Zimmermann et al., eLife 7, e34317 (2018).

4 of 5

Downloaded from http://science.sciencemag.org/ on May 5, 2021

TM7 (fig. S11, A to E). Using a version of Syb37
targeted to the Golgi lumen, Syb37Sec, we observed
partial redistribution of KDELR-Syb37Sec complexes from the Golgi to LAMP1-positive structures (fig. S11F). These results are consistent with
the receptor no longer undergoing normal signalmediated retrieval from the Golgi, but instead
following the bulk flow pathway to the lysosome.
Importantly, Syb37Cyto, a cytoplasmic version
unable to access the Golgi lumen, did not have
this effect. The inability of the sybody to activate the KDELR either in vitro or in vivo highlights the importance of the specific interactions
with the peptide in the luminal-facing cavity
and subsequent movements in TM6 and TM7
that, we propose, define two conformations of the
KDELR, which are important for anterograde
and retrograde trafficking, respectively.
Taken together, our data support a mechanism whereby changes in the electrostatics on
the cytoplasmic surface of the receptor, in combination with protonation of a key histidine
and peptide binding, play an important role in
retrieval of the receptor via the COPI pathway
(fig. S12). A notable discovery from this work is
the presence of mutually exclusive basic COPI
and putative acidic patch COPII recognition
motifs. TM7 plays a pivotal role in presenting
these motifs. The structural change in TM7
is stabilized by an interaction network involving a conserved histidine located adjacent to
the KDEL signal sequence binding pocket. This
creates an elegant way for the KDELR to switch
between the COPII ER-to-Golgi and COPI Golgito-ER trafficking pathways in a pH-dependent
manner.
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Crystal structure of the KDEL receptor
Eukaryotic cells concentrate chaperones in the lumen of the endoplasmic reticulum (ER). These chaperones can
be swept along the secretory pathway to the Golgi apparatus, from where they must be returned. For 20 years, cell
biologists have known the identity of the KDEL (Lys-Asp-Glu-Leu) receptor responsible for this process, but the
molecular basis for its function has remained elusive. Now, Bräuer et al. present crystal structures of the KDEL receptor,
in both the apo ER state and KDEL retrieval signal −bound Golgi state. Comparisons of these two states identify the
conformational switch that exposes the ER retrieval motif. The authors recapitulated the binding and release cycle of the
receptor using purified components, confirming that the receptor is the minimal component required to bind KDEL ligands
in the Golgi.
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Materials and Methods
Cloning, expression and purification of KDELR
The genes encoding for Gallus gallus (Gg) KDELR2 (Uniprot: Q5ZKX9) and Mus musculus
(Mm) KDELR1 (Uniprot: Q99JH8) were codon optimised and cloned into a modified form of
a C-terminal GFPHis fusion vector for expression Saccharomyces cerevisiae strain BY5460
(24). Specifically, Wild-type and mutant forms of the KDELR gene were expressed by growing
an overnight culture in synthetic complete medium minus leucine with 2% glucose (w/v). This
culture was diluted tenfold in medium minus leucine with 2% lactate (v/v) in a 15 L
fermentation vessel (Eppendorf BioFlo 415, DE); variants, as detailed in the text, were grown
in flasks in 0.8 L of media. After 24 h, expression was induced through the addition of 1.5%
galactose (w/v). After a further 24 h the yeast were collected and membranes prepared as
described in (19). Wild type KDELR2 and variants were purified to homogeneity (Fig. S13),
using standard immobilised metal-affinity chromatography (IMAC) in n-dodecyl-β-dmaltopyranoside (Glycon, DE) (DDM) with cholesteryl hemisuccinate (Sigma, UK) (DDMCHS) detergent, as described previously (25). Briefly, membrane fractions were solubilised in
20 mM Tris pH 7.50, 0.1M NaCl, 1% DDM, 0.5% CHS for two hours. The soluble fraction
was then bound to Ni-NTA resin (Pierce/Thermo, USA) in 20 mM Tris pH 7.50, 0.1M NaCl,
0.1% DDM, 0.05% CHS and subsequently eluted with 250 mM imidazole. After overnight
dialysis with Tobacco Etch Virus (TEV) protease in 20 mM Tris pH 7.50, 0.15 M NaCl, 0.03%
DDM, 0.0015% CHS, a reverse IMAC purification step was performed. The flow through was
concentrated in a 10 kDa molecular weight cut off (MWCO) spin concentrator (VivaSpin,
Sartorius) and applied to a Superdex 200 (10/300) column (GE Healthcare) in 20 mM Tris pH
7.50, 0.1M NaCl, 0.03% DDM, 0.0015% CHS.
Sybody selection and purification
Sybody selection was performed against C-terminally Avi-tagged and biotinylated Mm
KDELR1, prepared using the same procedure as for Gg KDELR2. The protocols for sybody
selection have been described elsewhere (23). A high affinity sybody (KD 14.8 nM

1.7),

Syb37, was identified from the loop library (23), which formed a stable complex with the
receptor and co-eluted down a SRT-C SEC 300 column (Sepax, USA). Biolayer interferometry
was performed on an Octet Red 384 (PALL, USA) using streptavidin biosensors which were
loaded with biotinylated Gg KDELR2 at 0.1 mg mL-1 (Fig. S14). KD measurements were
performed using a serial dilution of the sybody from 500 nM to 7.8 nM. A 60 s baseline step

in 20 mM Tris-HCl, 150 mM NaCl, 0.03% DDM, 0.0015% CHS was followed by a 300 s
association step in the desired sybody concentration, followed by a 300 s dissociation step.
Data were analysed in the Octet v9.0 software package. All raw data was baseline and reference
subtracted, in-step corrected, y-axis aligned and filtered with a Savitzky-Golay filter.
Crystallisation and structure determination
Peptide-free Apo structure: The protein-laden mesophase was prepared by homogenizing
monoolein (Sigma, UK) and 15.5 mg.mL-1 Gg KDELR2 in a 60:40 ratio by weight using a
dual-syringe mixing device at 20 °C (26). Crystallisation was carried out at 19 °C using the
Gryphon LCP robot in a 96 well glass sandwich plate (Thermo, USA) using 50 nL mesophase
and 0.8 L precipitant solution, consisting of 30% (v/v) PEG 500 DME, 100 mM Tris pH 9.0
and 100 mM Magnesium sulphate. Crystals were grown at 4 °C and harvested 10 days after
setting up using a tungsten carbide glasscutter to open the plates and employing 30 – 75 m
micromounts (MiTeGen, USA) to harvest the crystals, which were subsequently cryocooled in
liquid nitrogen and stored prior to data collection. Data from apo crystals were collected at the
microfocus beamline I24 (Diamond Light Source, UK). All data were processed and scaled
using the Xia2 (27) pipeline to DIALS (28) and AIMLESS (29) (Supplementary Table 1). No
crystals were obtained for the apo receptor in acidic pH conditions. Peptide bound structure:
Gg KDELR2 was concentrated to 14.5 mg mL-1 and incubated with 6.4 mM TAEKDEL
peptide (Cambridge Peptides, UK) on ice for one hour prior to crystallisation. Crystallisation
plates were set up and left at 19 °C using precipitant 30% (v/v) PEG 600, 100 mM MES pH
6.0, 100 mM Sodium Nitrate. Sybody-complex structure: Gg KDELR2 Syb37 complex was
concentrated to ~ 15 mg mL-1 after being bound on ice for 1 h and subsequently applied to an
SRT-C SEC 300 SEC column (Sepax, USA). Fractions containing the complex were pooled
and concentrated to 15.4 mg mL-1. Crystallisation plates were set up at 19 °C as above, with
crystals forming after 2 days in 30% (v/v) PEG 400, 100 mM Tris pH 9.0.
Phases were initially determined from the Gg KDELR2-Syb37 complex via molecular
replacement using Phaser (30), employing PDB:5M13 as the search model. The initial phases
produced a map that contained interpretable density for the receptor and a model was
subsequently built into the density using O (31) and Coot (32), followed by refinement in
Phenix (33) and BUSTER (34). The peptide-free and bound structures were phased using
molecular replacement employing the KDELR model built into maps calculated from the

Syb37 complex crystals. The distance of the short hydrogen bond in the peptide bound complex
(PDB: 6I6H) was fixed at 2.5 Å using the LINK command in BUSTER. However, refinement
in Phenix suggested a shorter distance of ~ 2.3 Å.

Peptide binding assays
Binding assays were performed in 20 mM MES pH 5.4, 40 mM Sodium Chloride, 0.01% DDM
0.0005% CHS unless stated otherwise. 5

L of 3H-TAEKDEL (Cambridge Research

Biochemicals, UK) at 20 nM was incubated with 5 L of Gg KDELR, purified as above, or
variants thereof at the desired concentration, at 20 °C for 10 min. The reaction was then filtered
through a 0.22 m mixed cellulose ester filters (Millipore, USA) using a vacuum manifold.
Filters were then washed with 2 x 500 L cold buffer. The amount of peptide remaining bound
was measured using scintillation counting in Ultima Gold (Perkin Elmer). Experiments were
performed at least three times, independently, to generate an overall mean and standard
deviation (s.d). Data were normalised to the maximal binding at pH 5.4 and fit with a threeparameter non-linear regression model.
ER retrieval assays
Homo sapiens KDELR1 (Uniprot: P24390) was cloned into a pEF5/TO/FRT vector with a Cterminal 20 amino acid linker made up of 5 copies of Gly-Ser-Ser-Ser followed by GFP to
create KDELR-GFP. Specific point mutations, described in the figures, were introduced using
the Quickchange protocol (Stratagene, USA). To create the cytoplasmic targeted sybody
(Syb37Cyto) human codon optimised Syb37 produced using gene synthesis was cloned into a
pcDNA3.1+ vector with the same C-terminal linker followed by mScarlet. The secretory
pathway targeted Sybody37 construct (Syb37Sec) was created by addition of amino acids 1-26
of human growth hormone (hGH) (the signal peptide) in-frame and upstream of the sybody
start codon. To create the mScarlet-KDEL ligand construct, mScarlet with the N-terminal hGH
signal peptide and the 16 C-terminal residues of human BiP at its C-terminus, containing the
KDEL signal, was cloned into the pcDNA4 vector. COS7 cells were grown on 10 mm diameter
0.16-0.19 mm thick glass coverslips in DMEM containing 10% (v/v) bovine calf serum at 37°C
and 5% CO2. Cells were plated at 50,000 cells per well of a 6-well plate, each well containing
2 coverslips. For ER retrieval assays, the cells were transfected after 18h with 0.5 µg
pEF5/TO/FRT KDELR-GFP and 0.5 µg pcDNA4 mScarlet-KDEL ligand (+ligand) or 0.5 µg
pEF5/TO/FRT KDELR-GFP and 0.5 µg pcDNA4 empty vector (-ligand) diluted in 100µl

Optimem and 3 µl Mirus LT1 (Mirus Bio LLC). For Golgi localisation assays using Syb37,
the cells were transfected after 18h with 0.5 µg pEF5/TO/FRT KDELR-GFP and 0.5 µg
pcDNA3.1+ Syb37Sec or 0.5 µg pEF5/TO/FRT KDELR-GFP and 0.5 µg pcDNA3.1+
Syb37Cyto. After a further 22 h, cells were washed twice with 2 mL of PBS, then fixed for 2 h
in 2 mL PLP (2% w/v) paraformaldehyde in 87.5 mM lysine, 87.5 mM sodium phosphate pH
7.4, and 10 mM sodium periodate). Subsequently, coverslips were washed three times in 2 mL
permeabilization solution 100 mM sodium phosphate pH 7.4, then permeabilised in 1 mg mL1

BSA, 0.12 mg mL-1 saponin, and 100 mM sodium phosphate pH 7.4 for 30 min. Primary and

secondary antibody staining was performed for 60 min in permeabilization solution at 22°C.
Commercially available antibodies were used to detect TGN46 (sheep; AbD Serotec) and
LAMP1 (mouse clone H4A3; BD). Coverslips were mounted on glass slides in Mowiol 4-88
and imaged with a 60×/1.35 NA oil immersion objective on an Olympus BX61 upright
microscope (with filtersets for DAPI, GFP/Alexa-488, -555, -568, and -647 (Chroma
Technology Corp.), a 2048x2048 pixel CMOS camera (PrimΣ; Photometrics), and MetaMorph
7.5 imaging software (Molecular Dynamics Inc.). Illumination was provided by a wLS LED
illumination unit (QImaging). Image stacks of 3-5 planes with 0.3 μm spacing through the ER
and Golgi were taken. The image stacks were then maximum intensity projected and the
selected channels merged to create 24-bit RGB TIFF files in MetaMorph.
To produce the figures, images in 24-bit RGB format were cropped in Photoshop to show
individual cells and then placed into Illustrator (Adobe Systems Inc., USA). To determine ER
retrieval efficiency, the Golgi signal (integrated pixel intensity) for the KDEL receptor was
measured in the region defined by the Golgi marker antibody in the presence (+) and absence
(-) of KDEL ligand (35). Total cell KDELR signal (integrated pixel intensity) was also
measured. For each cell, Golgi KDELR signal was divided by the total KDELR signal, to
account for different expression levels, then plotted as a fraction in bar graph format. Error bars
indicate the SEM. In Figure 3B n for WT=28, H12A=23, R47A=23, R47K=30, E127A=39,
Y158F=22, R159A=23 and R159K=22. For Figure 4E n for WT=27, KGKK mutant=27 and
D193N=44. Line intensity measurements of the different channels were used to examine the
effect of Syb37 on KDELR localisation. These were plotted in line graphs.

Fig. S1.

Peptide binding to the chicken KDEL receptor is independent of external calcium. A. Bar chart
showing normalized binding of [3H]-TAEKDEL peptide to the GgKDELR in the presence (dark blue)
and absence (light blue) of CaCl2.

Fig. S2.

Structural comparison between the KDEL receptor and eukaryotic SWEET transporters. A.
Luminal view of the KDEL receptor (PDB: 6I6B), coloured blue to red with TM helices labelled. The
hexagonal arrangement of the TM helices is highlighted. B. Cytosolic view of the SWEET transporter
from O. sativa (PDB: 5CTG), coloured grey, with TM helices labelled. A similar, though less obvious
hexagonal arrangement of the helices can be discerned. C. Structural overlay of the KDEL receptor on
the SWEET transporter using the cealign command in PyMOL. D. The KDEL receptor can be split into
two triple helix bundles (THBs) as shown, which align better with the equivalent THBs in the SWEET
transporter. Of particular note, TMs 1 and 5 are much shorter in the KDEL receptor relative to the
vacuolar SWEET transporter (PDB:5CTG). TM4 was omitted for clarity.

Fig. S3.

Structural analysis of the KDEL receptor. A. View of KDEL receptor in the plane of the membrane,
colored red to blue. TM4, which acts as linker between THB1 and THB2, has been greyed out for
clarity. Below, topology diagram indicating the arrangement of the helices. The pseudo-two fold
rotation axis that relates THB1 with THB2 is shown as a black oval. B. THB1 can be superimposed
onto THB2 with an r.m.s.d of 2.54 Å over 72 C atoms. The residues that form the ‘PQ-loop’, for which
the superfamily is named, are located on TM5 and shown as sticks. The PQ-loop motif occurs close to
Glu127, which is important in forming the short hydrogen bond that clamps the KDEL peptide in the
receptor. C. TM6 adopts an unusual kink (dashed circle), which facilitates the correct positioning of
Glu127 in the receptor and might explain the requirement for the PQ motif.

Fig. S4.
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Analysis of the electrostatic surface charge on the KDEL receptor in the Apo state. A. Electrostatic
surface of the cytosolic face of the KDEL receptor. Residues contributing to the prominent negatively
charged patch are located on the loop regions connecting TM3 to TM4, and TM5 to TM6. The Cterminal end of TM7 also makes a considerable contribution to the negative charge, due to the freecarboxylic acid group and the carbonyl groups of the terminal residues. B. Sliced in view of the receptor
in the membrane plane, cytosolic side facing up. Residues contributing to the negatively charged patch
are labelled. D193 on TM7 is labelled, as this also contributes a distinctive negative charge close to the
membrane surface (dashed line).

Fig. S5.

Sequence alignment and topology diagram of the KDEL receptor. A. Multiple sequence alignment
between the KDEL receptors from H. sapiens (Uniprot: P24390), M. musculus (Q9CQM2), G. gallus
(Q5ZKX9), D. melanogaster (O76767), A. thaliana (P35402), S. cerevisiae (P18414). B. Topology
diagram drawn using the crystal structure, colored coded for sequence conservation.

Fig. S6.
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Molecular basis for KDEL peptide recognition. A. Schematic showing the interactions made
between the KDEL peptide and receptor. Only the EKDEL region of the TAEKDEL peptide is shown
as the two N-terminal residues do not interact with the receptor. Hydrogen bonds are shown as dashed
lines (red), hydrophobic interactions as semi-circles (red). B. Electrostatic surface of the peptide binding
cavity depicted.

Fig. S7.

OMIT map showing the AEKDEL peptide captured in the receptor. A. Polder OMIT map (green
mesh) contoured at 3 , showing the position of the peptide in the KDELR, shown in cartoon (grey) in
the plane of the membrane. B. Zoomed in view of the OMIT map shown in A. The density for the Nterminal threonine in the TAEKDEL ligand was too weak to model in the residue.

Fig. S8.
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Comparison of receptor in peptide-bound and apo state. Plot showing the mean displacement of
the center of each residue within the receptor upon peptide binding. The dashed boxes show regions of
substantial movement and are highlighted on the structures below. The Apo structure is shown in Jones’
rainbow (colored blue to red) representation while the peptide-bound structure is shown in grey. The
TAEKDEL peptide is shown in yellow. The dashed red box around the TM6 label in the plot indicates
the lesser extent of the helix in the Apo structure.

Fig. S9.

OMIT maps showing the short hydrogen bond interaction between Glu127 and Tyr158 upon
peptide binding and water network. A. View of the short hydrogen bond formed between Glu127
and Tyr158 following binding of the TAEKDEL peptide (yellow sticks). The electron density from a
Polder OMIT map is shown (green mesh), contoured at 3 , around Glu127 and Try158. Two water
molecules are shown (red spheres), connecting Tyr158 to His12, suggesting a possible mechanism for
pH sensing in the ER and Golgi. The second water molecule is observed forming a hydrogen bond to
Asp9, mutation of which results in a receptor that is severely reduced in KDEL peptide binding (18).
Hydrogen bonds shown as dashed lines (yellow). Arg47 and Arg159 (wheat sticks) are shown
coordinating the carboxy terminus of the peptide. B. Equivalent view showing the Polder OMIT map
(green mesh), contoured at 5 , around His12 and Asp9 and the two water molecules (W) linking these
residues to Tyr158 and the carboxy terminus of the TAEKDEL peptide.

Fig. S10.

Structural comparison showing the movement of TM6 upon peptide binding. A. Overlay of the
Apo (grey) and peptide-bound (colored blue to red) receptor structures with the movements in TM6 and
TM7 indicated by arrows (open black). B. TM6 extends by one helical turn following the movement at
the cytoplasmic end of TM7 upon peptide binding. This movement results in the repositioning of the
conserved acidic side chains, Glu143 and Glu145, which contributes to the disruption of the negative
electrostatic band projecting into the cytoplasm, and shown in Fig. S5.

Fig. S11.

Syb37 block KDEL peptide binding but does not induce exposure of the di-lysine retrieval motif.
A. Bar chart showing binding of KDEL peptide to the receptor in detergent. B. Structural overlay of the
KDELR (grey) in complex with Syb37 (wheat) with the apo KDELR structure (colored blue to red).
The receptors overlay with an r.m.s.d. 0.73 Å. The variable regions of Syb37, including the CDR3 loop
are shown in magenta. C. Equivalent overlay of the KDELR-Syb37 complex on the peptide bound
receptor, which overlays with an r.m.s.d. 1.97 Å. D. Zoomed in view of the polar cavity showing the
interactions made to Syb37. Hydrogen bonds are shown as dashed lines. E. Superposition of the
TAEKDEL peptide structure onto the KDELR-Syb37 complex. The CDR3 loop (magenta sticks)
occupies a similar position to the TAEKDEL peptide, but does not engage Arg159, instead interacting
with Arg269 further along the helix. F. KDELR localization in the presence of ER and Golgi luminal
Syb37Sec and cytoplasmic Syb37Cyto. Cells were co-stained with the lysosomal marker LAMP1. Scale

bar is 10µm. Enlarged inset regions and line graphs show the co-localization of KDELR and Syb37Sec
to LAMP1-positive structures.

Fig. S12.

Model for pH-dependent retrieval of ER proteins from the Golgi by the KDEL receptor. Taken
together, our data suggest a model for pH dependent retrieval of ER chaperones from the Golgi
apparatus via the KDELR in mammalian cells. For Golgi to ER retrieval an empty receptor (1) must
first bind to a KDEL protein in the luminal polar cavity at acidic pH (2). Binding results in the
movement of TM1 and TM6, with the position of TM6 being stabilized through the formation of a
strong hydrogen bond interaction between Tyr158 on TM6 and Glu127 on TM5, which serves to lock
the peptide in place. Formation of this lock is likely facilitated through the protonation of His12 on
TM1, acting as the pH sensor for the system. The movement of TM6 causes an outward rotation of the
C-terminal end of TM7, resulting in substantial rearrangement of the electrostatic surface of the receptor
facing the cytosol. The cytoplasmic negatively charged band present in the apo receptor (1) gives way
to a more basic motif on TM7, as the C-terminal lysine side chains are exposed, revealing the likely

COPI binding site (2). Following trafficking back to the ER, the change to neutral pH results in
deprotonation of His12, causing TM1 and TM6 to move back and release the KDEL protein into the
ER lumen (3). As TM7 moves back, the C-terminal lysine motif packs against TM5, re-establishing the
continuous negatively charged band, which may form part of a COPII binding motif (4). The apo
receptor is then trafficked back to the Golgi to repeat the cycle. The requirement for a pH modulated
lock that requires the presence of the KDEL peptide to form, explains how this retrieval system is able
to traffic ER chaperones against a millimolar concentration gradient using the extremely shallow pH
gradient established between these two organelles. An important discovery from this work is that both
the lysine COPI and putative acidic COPII recognition motifs are mutually exclusive, resulting in an
elegant way for the KDEL receptor to switch between the ER to Golgi and Golgi to ER trafficking
systems within the secretory pathway.
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Purification of the KDELR and the KDELR-sybody complex. A. Size exclusion chromatography
trace of the purified WT KDELR on an S200 (10/300) Superdex column. The two peaks likely
correspond to monomer and dimer of the KDEL receptor. B. SDS-PAGE analysis of the pooled peaked
for the WT and variants of the receptor. C. Size exclusion chromatography trace of the WT KDELRSyb37 complex on an SRT-C SEC 300 SEC column. D. SDS-PAGE analysis of the SEC peak from C.
showing formation of the complex.

Fig. S14.

Selection of a sybody with high affinity for the luminal face of the KDEL receptor. Representative
curve for the binding of Syb37 to the GgKDELR using bilayer interferometry. The KD was calculated
from the mean of three independent experiments with the standard deviation shown.

Table S1. Crystallographic data table. Data collection and refinement statistics.
KDELR
(PDB: 6I6B)

KDELR + TAEKDEL
(PDB: 6I6H)

KDELR-Syb37
(PDB: 6I6J)

C 2 2 21

P 21

P 21 21 21

47.90, 103.75, 101.59

47.87, 37.50, 62.75

50.40, 52.98, 133.06

90, 90, 90

90, 95.42, 90

90, 90, 90

Wavelength (Å)

0.969

0.969

0.969

Resolution (Å)

51.88-2.59

47.66-2.00

47.13 - 2.23

(2.66-2.59)

(2.05-2.00)

(2.29-2.23)

Rpim

0.158 (0.348)

0.096 (0.895)

0.055 (0.536)

Rmerge

0.359 (1.069)

0.282 (2.588)

0.122 (1.247)

I/ I

4.1 (1.9)

6.8 (1.7)

7.0 (1.6)

Completeness (%)

99.9 (98.0)

99.2 (97.0)

99.5 (95.9)

Multiplicity

6.2 (6.3)

9.5 (9.1)

6.2 (6.3)

CC1/2

0.900 (0.519)

0.992 (0.721)

0.865 (0.536)

Wilson B-factor (Å2)

23.7

22.6

40.9

No. reflections

50410

143906

111218

Unique Reflections

8183

15154

18108

Rwork/Rfree

0.24/0.27

0.19/0.23

0.21/0.25

Protein

1680

1755

2638

(Bres)*, protein atoms (Å2)

30.8

25.5

49.1

(Bres), peptide atoms (Å2)

n/a

36.4

n/a

(Bres), waters (Å2)

27.7

44.3

48.4

(Bres), lipid atoms (Å )

51.0

65.5

67.9

Ramachandran favoured

97.0

97.6

97.5

Ramachandran outliers

0.0

0.0

0.0

Bond lengths (Å)

0.005

0.013

0.004

Bond angles ( )

0.96

1.49

0.95

Data Collection
Space Group
Cell Dimensions
a, b, c (Å)
, , ()

Refinement

No. atoms

2

R.M.S deviations

*

Bres are the residual B factors of the model.

Movie S1. Structural morph between the apo and peptide bound states of the KDEL receptor.
The movie starts with the apo structure of KDEL receptor (coloured from blue to red) sitting vertically
with respect to the membrane. The binding site is shown in sticks (coloured grey). The TAEKDEL
peptide (coloured yellow), is then modeled entering the apo receptor. The receptor then morphs to show
the crystal structure of the peptide bound state. Water molecules present in the peptide bound state are
shown (red spheres). The TAEKDEL peptide is then modeled being released, and the structure relaxes
back to the apo state. The view is then changed and zoomed in to observe the structural changes in the
peptide binding site following the transition to the bound state. The interaction and length of the
hydrogen bond between E127 and Y158 is shown. Residues in the binding site are labeled. The two
waters coordinating His12 with Y158 and the carboxy terminus of the peptide are highlighted in green.
Following the morph, a structural overlay is shown with the apo receptor overlaid on the peptide bound
state (coloured grey), with binding site residues and peptide shown in sticks.
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SUMMARY

A subset of Rab GTPases have been implicated in
cilium formation in cultured mammalian cells [1–6].
Rab11 and Rab8, together with their GDP-GTP exchange factors (GEFs), TRAPP-II and Rabin8, promote recruitment of the ciliary vesicle to the mother
centriole and its subsequent maturation, docking,
and fusion with the cell surface [2–5]. Rab23 has
been linked to cilium formation and membrane trafficking at mature cilia [1, 7, 8]; however, the identity
of the GEF pathway activating Rab23, a member of
the Rab7 subfamily of Rabs, remains unclear.
Longin-domain-containing complexes have been
shown to act as GEFs for Rab7 subfamily GTPases
[9–12]. Here, we show that Inturned and Fuzzy, proteins previously implicated as planar cell polarity
(PCP) effectors and in developmentally regulated
cilium formation [13, 14], contain multiple longin domains characteristic of the Mon1-Ccz1 family of
Rab7 GEFs and form a specific Rab23 GEF complex.
In flies, loss of Rab23 function gave rise to defects in
planar-polarized trichome formation consistent with
this biochemical relationship. In cultured human and
mouse cells, Inturned and Fuzzy localized to the basal
body and proximal region of cilia, and cilium formation was compromised by depletion of either Inturned
or Fuzzy. Cilium formation arrested after docking of
the ciliary vesicle to the mother centriole but prior to
axoneme elongation and fusion of the ciliary vesicle
and plasma membrane. These findings extend the
family of longin domain GEFs and define a molecular
activity linking Rab23-regulated membrane traffic to
cilia and planar cell polarity.
RESULTS
Identification of the Rab23 GEF Complex
Phylogenetic analysis shows that Rab23 is a member of the
Rab7/32/38 family of Rabs acting in lysosome and lysosome-

related organelle trafficking [15]. Rab7 family GTPases are activated by a conserved group of two-subunit GEF complexes,
where each subunit is characterized by a single copy of a common a-b-a sandwich fold, the longin domain that is close to the
N terminus [9–12]. Longin domains are a defining feature of
diverse GEFs and can therefore be used to identify these enzymes [16]. Because of the relationship between Rab23 and
Rab7, we therefore searched for proteins related to the Mon1Ccz1 Rab7 GEF complex using HHSearch [17, 18]. This
approach revealed similarity not only with the Rab32/38 GEF
BLOC-3 (subunits Hps1 and Hps4) but also with two other proteins, Inturned (Intu) and Fuzzy (Fuz), previously implicated as
planar cell polarity effectors and in developmentally regulated
cilium formation [14, 19]. Fuz shows homology over its entire
length to both Mon1 and Hps1, and each of these three proteins
is predicted to contain three longin domains (Figure 1A). Intu appears to have two protein interaction domains in its N terminus,
a previously detected PDZ domain [20], and a region that we
identify as being weakly similar to WW domains. Most important
for this work, the C-terminal portion of Intu, after the PDZ
domain, is homologous to the full length of Ccz1 and Hps4 (Figure 1B). Intu, Ccz1, and Hps4 are all predicted to contain three
longin domains, in the same pattern as Fuz, Mon1, and Hps1
(Figure 1B). This indicates that Intu and Fuz are likely to have
arisen by duplication of a single progenitor, already implicated
as the ancestral gene for Ccz1, Mon1, Hps1, and Hps4 [12].
The similarity between the C-terminal half of Fuz and longin domains in vesicle coat proteins and the SNARE membrane fusion
protein Ykt6 was noted previously [21]. However, at that time, it
was not realized this was a feature of some Rab GEFs. Our prediction also adds to what was known about this entire family by
identifying two hitherto overlooked longin-type domains in the
region C-terminal to the known longin domain [16].
This pattern of homology indicates that Intu-Fuz are likely to
form a functional pair, equivalent to Mon1-Ccz1 and Hps1Hps4. Interaction mapping revealed that Intu and Fuz form a binary complex (Figures 1C and S1C). In part, this is likely to be
mediated by the multiple longin domains in both proteins (Figures S1A and S1B). By analogy with the other longin domain containing Rab GEFs [11, 22], we propose that the multiple longin
domains are likely to form sequential pairwise interactions.
In agreement with the proposed family relationship, Intu-Fuz
complexes show specific GEF activity toward Rab23, but not
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Figure 1. Inturned and Fuzzy Are Longin-Domain Proteins Related to Known Rab GEF Subunits and Form a Rab23 GEF Complex
(A and B) Predicted domain structures of H. sapiens (A) Fuz, Mon1, and Hps1 and (B) Intu, Ccz1, and Hps4. Longin (green), PDZ (blue), and WW-like domains
(gold) are shown. LD1, LD2, and LD3 indicate the positions of the predicted longin domains, many of which, in particular LD2 of Hps4, are extended beyond the
minimal 120 residues by inserts in loops. All LD1s are canonical bbabbbaa longin domains (b, b sheet; a, a helix), all LD2s are abbabbbba circular permuted
roadblock longin-type domains (dashed lines), and LD3s are typically bbabbba lamtor-like longin domains, which lack the final helix (pale green), except for Hps1,
where LD3 is of the roadblock type.
(C) HEK293T cells were transfected with FLAG-Intu and Myc-Fuz as indicated. After 24 h, complexes were recovered using FLAG immunoprecipitation and
western blotted for Intu and Fuz. Actin was used as a negative control.
(D) GDP-GTP exchange endpoint assays were performed using human Intu-Fuz, Mon1-Ccz1, and Hps1-Hps4 complexes and a subset of Rab GTPases. Mean
GDP-GTP exchange in pmol with error bars indicating the SEM for 3 independent experiments are plotted in the graph for each GEF complex.
(E) GDP-GTP exchange activity of Intu-Fuzzy complexes toward Rab23 was measured over time as a function of GEF concentration. Rabex-5 was taken as a
negative control. The basal exchange rate in the absence of a GEF was subtracted from the values plotted in the graph.
(F) Initial rates of nucleotide exchange were extracted from these data for the Intu-Fuz complex or the individual subunits and plotted against GEF or subunit
concentration for 3 independent experiments. Catalytic efficiency (kcat/KM) toward Rab23 was calculated as described in the STAR Methods.
See also Figure S1.

other Rab7 subfamily GTPases, or Rab1, Rab5, and Rab9 (Figure 1D). This activity was comparable to the Rab7 and Rab32/
38-specific GEFs Mon1-Ccz1 and Hps1-Hps4, respectively (Figure 1D). This activity required the first longin domain of Intu (Figure S1A), similar to mapping of Rab7 GEF activity to the first
longin domains of Mon1-Ccz1 [11]. More detailed kinetic analysis confirmed that Rab23 is activated by Intu-Fuz in a concentration-dependent fashion, but not by the unrelated Rab5 GEF
Rabex-5 (Figure 1E). Intu-Fuz has a high specific activity for
Rab23, kcat/KM !6 3 103 M"1s"1 (Figure 1F), similar to other
Rab GEFs [23]. Like other GEFs in this family, both subunits
are required for specific GEF activity (Figure 1F). Finally, two disease-associated Intu mutants [24] resulted in reduced Rab23
GEF activity (Figure S1D). Based on these findings, we conclude
that Intu-Fuz has the hallmarks of a specific Rab23 GEF.
Rab23 GEF Localizes to Cilia and Promotes Cilium
Formation
Previous work has shown that loss of Intu and Fuz in animal
models disrupts ciliogenesis [14, 21, 25, 26]. Furthermore, Fuz
has previously been shown to localize to centrioles and the basal
region of cilia [27]. We therefore investigated the localization of
endogenous Rab23 GEF complexes using Intu-specific antibodies. Comparison with two ciliary membrane markers,
Arl13b and Rab8, revealed that Intu localizes to the basal region
of the cilium adjacent to one of the centrioles (Figures 2A and
S2A, arrows). This staining was lost in cells depleted of either
3324 Current Biology 29, 3323–3330, October 7, 2019

Intu or Fuz, consistent with the biochemical data that these proteins function as a GEF complex. Rab23 depletion resulted in a
collapse of the Intu staining to a small punctate structure overlapping one of the centrioles (Figure 2, arrows and arrowhead).
Consistent with the idea that this is a ciliary vesicle precursor
associated with the mother centriole, the structure was positive
for Rab8 (Figure S2A, arrow). Similar results were obtained using
the IFT-B component IFT88 as a marker for the interior of the
cilium and ciliary vesicle (Figure S2B).
Loss and shortening of cilia to a single point, most likely to be a
ciliary vesicle, was seen with depletion of Intu, Fuz, or Rab23 as
well as Rab8 in IMCD3 cells (Figures 2C–2F). As a negative control, the ciliary membrane protein Smoothened, which is required
for Hh signaling, but not cilium formation or maintenance, was
depleted. As expected, the cilia were of the same length and
observed at the same frequency as in control cells (Figures
2B–2D). These findings were confirmed in hTERT-RPE1 cells
depleted of Intu, Fuz, or Rab23, which show fewer and shorter
cilia (Figures S2C–S2F).
To provide additional support for the role of Rab23 at cilia, we
investigated the role of its cognate GAP, EVI5L, which can be
used to specifically inactivate Rab23 [1]. Similar to results obtained in hTERT-RPE1 cells [1], overexpression of catalytically
active Rab23 GAP (EVI5L)—but not the catalytically inactive
mutant—reduced cilium formation and cilium length in IMCD3
cells (Figures S3A and S3B). A structurally related GAP acting
on Rab35 (EVI5) had no effect on cilium formation or length,

A

10μm

2μm

B

C

D

E

F

Figure 2. Inturned Is Associated with the Proximal Region of Cilia
(A) IMCD3 cells depleted of Intu, Fuz, or Rab23 using small interfering RNA (siRNA) for 72 h were induced to form cilia by serum starvation for 14 h. The cells were
fixed with TCA-glycine and then stained for Intu and the ciliary markers Arl13b and g-tubulin. Enlarged panels show details of the cilium and basal bodies. Arrows
mark Intu localization to the proximal region of the cilium and the g-tubulin positive mother-daughter centriole pair; open arrowheads mark the position of the
daughter centriole.
(B) IMCD3 cells were depleted of Intu, Fuz, Rab23, Rab8, or Smoothened (Smo) for 72 h and then serum starved for 14 h. The cells were fixed with PFA and then
stained with antibodies to Arl13b and acetylated tubulin (AcTub) or analyzed by western blotting to confirm depletion of target proteins.
(C) Elongated cilia and punctate ciliary vesicles were identified using Arl13b staining (300 cells per condition in 4 independent experiments). Error bars indicate
the SEM.
(D) Cilium length (100 cells per condition in 3 independent experiments) was measured using Arl13b and acetylated tubulin. Errors bars indicate the SEM.

(legend continued on next page)
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Figure 3. Rab23 Activation Is Required Downstream of Ciliary
Vesicle Formation
(A) hTERT-RPE1 cells were depleted of Fuzzy or Rab23 for 48 h and then
induced to form cilia for a further 48 h. The cells were processed for serial
section transmission electron microscopy and data collected for 10 control
cells, 8 Fuzzy cells, and 13 Rab23-depleted cells. Serial sections enabled us to
define the ciliary phenotype in 5 control, 4 Fuzzy cells, and 4 Rab23-depleted
cells. Representative serial sections through the mother centriole and cilium
are shown. Examples of axoneme structures in two control cells are shown.
Arrows indicate the mother centriole appendages, ciliary pocket, and
axoneme in control cells or the ciliary vesicle in Fuzzy or Rab23-depleted cells.
(B) An updated model for the sequential action of Rab GTPases in cilium formation. Components of the Rab23 regulatory cycle are shown. Rab23 is
activated by the Intu-Fuz GEF and inactivated by the EVI5L GAP. The ciliary
vesicle and precursor membranes are depicted in green, the mature ciliary
membrane in orange, and plasma membrane in yellow.

and the Rab8 GAP (TBC1D30) reduced cilium formation and
length as expected (Figures S3A and S3B).
Wild-type Rab23 localized to the plasma membrane in both
hTERT-RPE1 and IMCD3 cells (Figures S3C and S3D). However,
the slowly cycling Rab23Q68A dominant active mutant was greatly
enriched at the cilium (Figures S3C and S3D) but did not alter the

length of cilia in either cell line (Figures S3E and S3F). This is
different to the effects of Rab8 expression, which increases
cilium length when overexpressed [1]. Notably, fewer than 20%
of cells depleted of Intu-Fuz have cilia (Figure 2C), and those cilia
that do form are shortened to <1 mm in length (Figure 2D).
We then asked whether overexpression of wild-type Rab23 or
the dominant active Q68A mutant that accumulates in cilia could
rescue the effects of Intu-Fuz depletion. Overexpression of wildtype Rab23 rescued cilium formation in over 50% of cells (Figure 2E), and cilium length increased to !2 mm (Figure 2F). The
dominant active Rab23Q68A mutant rescued cilium formation to
the level seen in control cells (Figure 2E), and cilium length was
increased to !3 mm compared to 4 mm in control cells (Figure 2F).
To ascertain the specificity of these effects, Rab23 and
Rab23Q68A were expressed in cells depleted of Arl13b, which
fail to assemble normal axonemes [28, 29]. In neither case could
Rab23 overexpression rescue the effects of Arl13b depletion on
cilium formation (Figures 2E and 2F).
Expression of dominant negative inactive Rab23N121I and
known disease-associated mutants Rab23M12K, C85R [30, 31] resulted in reduced cilium formation (Figures S3D–S3F). Both
Rab23N121I and the two disease-associated mutants have
reduced GDP-binding properties (Figure S3G) and show an
increased rate of basal GTP-hydrolysis (Figure S3H). These mutants therefore rapidly bind, hydrolyze, and release nucleotide in
the absence of any regulatory factors. This rapid cycling may
explain why they act as dominant negative mutants, interfering
with endogenous Rab23 function.
Taken together with published work [27], these results support
the conclusion that Intu-Fuz complexes localize to the forming
cilium and proximal region of mature cilia and function upstream
of Rab23 to promote its activation.
Rab23 Activation Is Required Downstream of Ciliary
Vesicle Formation
To further narrow down the stage at which Rab23 and the Rab23
GEF are required for cilium formation, hTERT-RPE1 cells were
examined by transmission electron microscopy. Adjacent serial
sections show the mother centriole marked by characteristic appendages, the associated axoneme, and ciliary pocket in control
cells (Figure 3A). In cells depleted of either Fuz or Rab23, intact
axonemes were not found, consistent with the loss of acetylated
tubulin staining seen by light microscopy (Figures 2A and S2A).
However, docked ciliary vesicles were observed by electron microscopy in both cases (Figure 3A), a phenotype seen previously
in cells lacking Rab8 [5]. These observations support the idea
that the Rab8-positive punctate structures seen by light microscopy in cells depleted of Rab23, Fuz, or Intu are ciliary vesicles
docked to the mother centriole (Figure S2A). They also help us
place Intu-Fuz and Rab23 downstream or parallel to Rab8 in
the cilium formation pathway. Based on these findings, we propose that they function at an intermediate or late stage of cilium
formation, after docking of the ciliary vesicle to the mother

(E) IMCD3 cells were depleted of Intu and Fuz or Arl13b for 48 h, mock transfected ("), or transfected with GFP-Rab23 (WT) or GFP-Rab23Q68A (QA) for 24 h and
then induced to form cilia for 14 h. The cells were fixed with PFA and then stained with antibodies to Arl13b and acetylated tubulin. Elongated cilia and punctate
ciliary vesicles were identified using Arl13b staining (100 cells per condition in 3 independent experiments). Error bars indicate the SEM.
(F) Cilium length (30 cells per condition in 2 independent experiments) was measured using Arl13b and acetylated tubulin. Errors bars indicate the SEM.
See also Figures S2 and S3.
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Figure 4. Rab23 Is Required for Planar
Polarized Trichome Formation in the
Drosophila Wing
(A) Cartoons of Drosophila pupal wing cells show
proximal and distal cellular localization of planar
polarity proteins (orange and green, respectively),
proximal localization of the putative In, Fy, and
Frtz protein complex (red), and the proximal to
distal gradient of apical Mwh localization (purple).
Wild-type is left, showing production of a single
distally pointing planar polarized trichome (black).
Middle shows loss of In, Fy, or Frtz, where Mwh
apical levels are low and not graded and multiple
trichomes are produced that are not planar
polarized relative to the planar polarity protein
localization in the cell. Right shows loss of
Mwh where In, Fy, and Frtz localization is normal
but multiple non-planar polarized trichomes are
produced.
(B and C) Pupal wings carrying loss-of-function
clones of fy2, marked by loss of GFP immunolabeling (green).
(B) A 32 h after-puparium-formation (APF) wing,
immunolabeled for Mwh (red) and Fmi (blue).
(C) A pupal wing from a fly raised at 18# C for
64.5 h (32.5 h equivalent at 25# C), labeled for
F-actin with phalloidin (red) and the junctional
marker Armadillo (blue). Arrows indicate multiple
trichomes emerging from the same cell. Note the
general increase in the apical actin network in
mutant cells.
(D and E) Pupal wings with clones expressing RNAi
against Rab23, marked by presence of b-gal immunolabeling (red in D and green in E).
(D) A pupal wing from a fly raised at 29# C for 27 h,
immunolabeled for Mwh (green) and Fmi (blue).
(E) A pupal wing from a fly raised at 29# C for 27.5 h, labeled for F-actin with phalloidin (red) and Fmi (blue). Again, note the general increase in the apical actin
network in mutant cells; arrows indicate multiple trichomes emerging from the same cell.
(F and G) Adult wing of (F) fy2 fly or (G) wing from fly expressing RNAi against Rab23 using the ptc-GAL4 driver at 25# C.
(H) Western blot of pupal wings from wild-type pupae or pupae expressing Rab23 RNAi, raised at 29# C for 27 h. Blots probed with Mwh antibody or actin control
are shown.
(I and J) 31 h APF pupal wings expressing EYFP-Rab23 and immunolabeled for GFP (green), carrying loss of function clones of fy2 (I) or frtz33 (J) marked by loss of
b-gal labeling (red).
All scale bars, 10 mm. See also Figure S4.

centriole but prior to axoneme elongation and fusion of the ciliary
vesicle and plasma membrane (Figure 3B).
Inturned and Fuzzy Act with Rab23 to Regulate Planar
Polarized Trichome Formation in Drosophila
We then asked whether the regulation of Rab23 by Intu and Fuz
is conserved. In the Drosophila pupal wing, In and Fy (the fly homologs of Intu and Fuz) are thought to act in a complex with the
WD40-repeat protein Fritz (Frtz) (Wdpcp in vertebrates). In, Fy,
and Frtz localize to proximal cell ends, where they regulate the
phosphorylation and localization of the atypical formin multiple
wing hairs (Mwh). Mwh then inhibits actin polymerization and restricts production of actin-rich trichomes to distal cell edges (Figures 4A–4C; reviewed in [32]). Interestingly, knockdown of
Drosophila Rab23 using RNAi caused a trichome duplication
phenotype in the adult wing, as seen in fy, in, and frtz mutants
(Figures 4F and 4G) [33]. We therefore investigated whether
Rab23 acts together with Fy, In, and Frtz to regulate Mwh localization. Strikingly, loss of Rab23 activity in the pupal wing resulted in a loss of apical Mwh localization and excess actin

polymerization, thus phenocopying fy mutants (Figures 4C–4E
and S4A). Furthermore, loss of Rab23 resulted in a decrease in
phosphorylation and overall cellular levels of Mwh (Figure 4H).
Notably, loss of Frtz causes a decrease in Mwh phosphorylation,
but Mwh levels are normal [34]. Loss of Rab23 activity did not
affect the junctional localization of Frtz or Fy, as expected (Figures S4B and S4C). Furthermore, the plasma membrane association of GFP-tagged Rab23 [33, 35] is not affected by loss of In or
Fy (Figures 4I and 4J), suggesting that Rab23 activity, but not its
localization, is regulated by In, Fy, and Frtz. These findings are
consistent with the idea that Rab23 functions in a conserved
pathway downstream of Intu-Fuz.
DISCUSSION
Intu-Fuz Expand the Family of Longin Domain Rab GEFs
Intu, Fuz, and the WD40 repeat protein WDPCP/Fritz form part
of the ciliogenesis and planar polarity effector protein complex
(CPLANE) [24]. Here, we show that the Intu-Fuz subcomplex
of CPLANE has GEF activity toward Rab23. Consistent with
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this biochemical activity, we find that Rab23 functions downstream of Intu-Fuz in cilium formation in mammalian cultured
cells and planar polarized trichome localization in Drosophila.
The existing Rab7 family GEFs, Mon1-Ccz1 and Hps1-Hps4,
are known to have two longin domains, forming the enzymatic
core of the GEF. Our analysis shows that these GEFs and
Intu-Fuz have 6 longin domains, likely to form 3 dimeric platforms. We suggest that these complexes are named tri-longin
domain Rab (TLDR) GEFs to distinguish them from complexes
such as the Rab1 GEF TRAPP, which have a dimeric longin
domain catalytic site or single longin domain DENN-family
Rab GEFs [22, 36]. The known TLDR GEFs Mon1-Ccz1 and
Hps1-Hps4 activate Rab7 and Rab32/38 in pathways directing
traffic from early endosomal compartments to lysosomes and
lysosome-related organelles, respectively [9–11]. Endocytic
trafficking is crucial for the regulation and formation of cilia
[37], and the evolutionary relationship with Rab7 and Mon1Ccz1 suggests that Rab23 and Intu-Fuz are conserved components governing trafficking between endosomal and ciliary
compartments.
In addition to contributing to Rab23 GEF activity, Fuz interacts
with the Ras superfamily GTPase RSG1, also present at the base
of cilia and required for a late stage of cilium formation [21, 38,
39]. RSG1 is strongly associated with the CPLANE through Fuz
[21, 24]. This tight association is unusual for GTPase-GEF interactions, since these are typically transient. One interesting possibility is that the local recruitment or activity of Intu-Fuz toward
Rab23 is mediated through interactions with RSG1. Since longin
and related roadblock domains have been proposed to be versatile binding platforms for GTPases [12, 16], the presence of
multiple such domains in Intu-Fuz would be consistent with interaction with more than one GTPase. This is an area requiring
further investigation.
Intu-Fuz and Rab23 Activation in Planar Polarity and at
Cilia during Development
Rab23 is mutated in Carpenter syndrome, an autosomal recessive human developmental disorder characterized by open neural tube and craniofacial defects [30, 31]. Similarly, recessive
Rab23 nonsense mutations in the open brain mouse are embryonically lethal due to open neural tube defects and other
changes reminiscent of Carpenter syndrome [40, 41]. Mouse
developmental studies indicate Rab23 loss of function results
in defective left-right patterning and dysregulated nodal and
Hh signaling, both pathways associated with cilia [41–43].
Despite these defects, nodal cilia were found to be morphologically normal in one of these studies [42]. Previous reports and
the work shown here indicate that cilium formation in some
cultured cell lines is perturbed following depletion of Rab23 or
suppression of Rab23 function through removal of the GEF or
overexpression of the GAP [1]. Rab23 is also required for trafficking of the Hh signaling regulator Smoothened and dopamine
receptors to mature cilia in a pathway linked to the kinesin Kif17
and the intraflagellar transport machinery [7, 8]. Therefore,
although Rab23 may not be essential for the formation of all cilia
during development, it plays an important role in membrane trafficking at cilia.
While many questions remain about the interplay between
multiple membrane trafficking events during cilium formation,
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the mechanistic link established in this work between Intu-Fuz
and Rab23 activation will be valuable for informing future studies
of cilia and the establishment of planar polarity during
development.
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Steger, M., Alessi, D.R., and Pfeffer, S.R. (2018). A pathway for
Parkinson’s disease LRRK2 kinase to block primary cilia and Sonic hedgehog signaling in the brain. eLife 7, e40202.

24. Toriyama, M., Lee, C., Taylor, S.P., Duran, I., Cohn, D.H., Bruel, A.L.,
Tabler, J.M., Drew, K., Kelly, M.R., Kim, S., et al.; University of
Washington Center for Mendelian Genomics (2016). The ciliopathy-associated CPLANE proteins direct basal body recruitment of intraflagellar
transport machinery. Nat. Genet. 48, 648–656.

7. Boehlke, C., Bashkurov, M., Buescher, A., Krick, T., John, A.K., Nitschke,
R., Walz, G., and Kuehn, E.W. (2010). Differential role of Rab proteins in
ciliary trafficking: Rab23 regulates smoothened levels. J. Cell Sci. 123,
1460–1467.
8. Leaf, A., and Von Zastrow, M. (2015). Dopamine receptors reveal an
essential role of IFT-B, KIF17, and Rab23 in delivering specific receptors
to primary cilia. eLife 4, e06996.
9. Nordmann, M., Cabrera, M., Perz, A., Bröcker, C., Ostrowicz, C.,
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This paper

pFB7761

pcDNA5/FRT/TO/Flag Intu 451-942aa

This paper

pFB7762

pcDNA5/FRT/TO/Flag Intu 1-750aa

This paper

pFB7763
(Continued on next page)
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SOURCE

IDENTIFIER

pcDNA5/FRT/TO/Flag Intu 176-942aa

This paper

pFB7747

pcDNA5/FRT/TO/Flag Intu 1-175aa

This paper

pFB7765

pcDNA5/FRT/TO/Flag Intu

This paper

pFB6514

pcDNA5/FRT/TO/Myc Fuzzy

This paper

pFB7095

pcDNA5/FRT/TO/Flag Fuzzy

This paper

pFB7094

pcDNA5/FRT/TO/GFP Rab23 M12K

This paper

pFB8640

pcDNA5/FRT/TO/GFP Rab23 C85R

This paper

pFB8637

pcDNA5/FRT/TO/GFP Rab23

This paper

pFB8863

pcDNA5/FRT/TO/GFP Rab23 Q68A

This paper

pFB4083

pcDNA5/FRT/TO/GFP Rab23 N121I

This paper

pFB4899

pEGP-C2/EVI5L WT

[1]

pFB3812

pEGP-C2/EVI5L RA

[1]

pFB3816

pEGP-C2/EVI5 WT

[1]

pFB3732

pEGP-C2/EVI5 RA

[1]

pFB3733

pEGP-C2/TBC1D30 WT

[1]

pFB4420

pEGP-C2/TBC1D30 RA

[1]

pFB4434

pcDNA5/FRT/TO/Flag Intu A452T

This paper

pFB9522

pcDNA5/FRT/TO/Flag Intu E500A

This paper

pFB9523

pcDNA5/FRT/TO/Myc Hps1

[10]

pFB6521

pcDNA5/FRT/TO/Flag Hps4

[10]

pFB6517

pcDNA5/FRT/TO/Flag Mon1a

[10]

pFB6180

pcDNA5/FRT/TO/Myc Ccz1

[10]

pFB6506

pET14-ccdB Intu 1-271aa

This paper

pFB7705

pFAT2-Rab1a

[1]

pFB3174

pFAT2-Rab5

[1]

pFB3090

pFAT2-Rab7

[1]

pFB3558

pFAT2-Rab7-like

[1]

pFB2116

pFAT2-Rab9a

[1]

pFB3179

pFAT2-Rab23

[1]

pFB3184

pFAT2-Rab32

[1]

pFB4624

pFAT2-Rab38

[1]

pFB4626

pQE32 TEV Rabex-5

[23]

pFB4981

Metamorph 7.5

Molecular Dynamics Inc

https://www.moleculardevices.com

MicroWin 2000 4.41

Berthold Technologies

https://www.berthold.com

Fiji 2.0.0-rc-49/1.52i

NIH Image

http://fiji.sc/

Prism 5.0

GraphPad Software

https://www.graphpad.com

Adobe Illustrator CS3

Adobe Systems Inc

https://www.adobe.com

Adobe Photoshop CS3

Adobe Systems Inc

https://www.adobe.com

Software and Algorithms

LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and request for resources and reagents, such as plasmids, antibodies and fly strains generated in this study
should be directed to and will be fulfilled by the lead contact, Francis Barr (francis.barr@bioch.ox.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mammalian cell lines
HEK293T cells were cultured at 37# C and 5% CO2 in DMEM containing 10% [vol/vol] fetal bovine serum (Invitrogen). IMCD3 and
hTERT-RPE1 cells were cultured at 37# C and 5% CO2 in a 1:1 mixture of DMEM and HAMS F12, 10% [vol/vol] bovine calf serum
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(Thermo Fisher Scientific) supplemented with 2.5 mM GlutamaxTM, and 1.2g/l sodium bicarbonate. For passaging, cells were washed
in PBS, and then removed from the dish by incubation with TripLE Express (Thermo Fisher Scientific).
E.coli strains
BL21(DE3) were grown in LB and induced at 37# C overnight for expression of recombinant Rab proteins.
Fly strains
Drosophila melanogaster flies were grown on standard cornmeal/agar/molasses media at 18# C or 25# C, in plastic vials in a controlled
humidity environment, on a 12 hr/12 hr light-dark cycle. For pupal wing dissections, pupae were aged for 28 hr after puparium formation (APF) at 25# C, or for 32 hr APF for trichome staining.
Fly strains are described in the Key Resources Table. fy2 and frtz33 are null mutations and Rab23T69A carries a point mutation in the
GTPase domain of Rab23. RNAi lines Rab23GD13145 and Rab23GD13147 were obtained from the Vienna Drosophila Resource Centre
(VDRC). EYFP-Rab23 is a knock-in of EYFP into the endogenous locus of Rab23 [35], and EGFP-Fy was expressed under the Actin5C
promoter [34].
Genotypes of experimental models
The full genotypes used in each figure are listed below:
Figure 4
(B, C) y w Ubx-FLP; fy2 FRT40/ubn-GFP FRT40
(D, E) Rab23GD13147; Actin > y+ > GAL4, UAS-lacZ/+; UAS-Dcr2/+
(F) fy2
(G) w; ptc-GAL4/Rab23GD13145; UAS-Dcr2/+
(H) w and w Rab23GD13147/w; Actin-GAL4, tub-GAL80ts/+
(I) y w Ubx-FLP; fy2 FRT40/arm-lacZ FRT40; EYFP-Rab23 /+
(J) y w Ubx-FLP; frtz33 FRT40/arm-lacZ FRT40; EYFP-Rab23/+
Figure S4
(A) y w Ubx-FLP; FRT82 Rab23T69A/FRT82 arm-lacZ
(B) Rab23GD13147; Actin > y+ > GAL4, UAS-lacZ/+; UAS-Dcr2/+
(C) y w Ubx-FLP; Actin > EGFP-Fy FRT82 Rab23T69A/FRT82 arm-lacZ
METHOD DETAILS
Molecular Biology and Rab protein expression
Human Rab GTPases, Rab GAPs, Rabex-5, Mon1, Ccz1, Hps1 and Hps4 were previously amplified using PCR from human testis,
fetus, and liver cDNA and cloned into pFAT2 for bacterial expression or pGFP-C2 for eukaryotic expression of GFP-tagged Rabs
[10]. Inactive Rab GAP mutants EVI5R208A, EVI5LR160A and TBC1D30R349A have been characterized previously [1]. Human Inturned
and Fuzzy were amplified by PCR from human testis cDNA. Point mutations were introduced using the Quickchange method.
Mammalian expression constructs were made using pcDNA4/TO and pcDNA5/FRT/TO vectors (Invitrogen). Rab proteins in
pFAT2 were expressed in BL21 (DE3) pRIL at 18# C for 12-14h. Cell pellets were disrupted in 20ml IMAC20 (20mM Tris-HCl,
pH 8.0, 300mM NaCl, 20mM imidazole, and protease inhibitor cocktail; Roche) using an Emulsiflex C-5 system (Avestin Inc.). Lysates were clarified by centrifugation at 16,000 rpm in a JA-17 rotor for 30min. To purify the tagged protein, 0.5ml of nickelcharged NTA-agarose (QIAGEN) was added to the clarified lysate and rotated for 2h. The agarose was washed three times
with IMAC20 and the bound proteins eluted in IMAC200 (IMAC20 with 200mM imidazole) collecting 1.5ml fractions. All manipulations were performed on ice or in an 8# C cold room. Purified proteins were dialyzed against TBS (50mM Tris-HCl, pH 7.4, and
150mM NaCl) and then snap frozen in liquid nitrogen for storage at "80# C. Protein concentration was measured using the Bradford assay.
Protein interaction mapping
For protein interaction mapping, FLAG- and myc-tagged full-length or truncation mutants of Inturned and Fuzzy were co-expressed
in 1x 10cm dish of 70% confluent HEK293T cells. For this purpose, 400ml OptiMEM (ThermoFisher Scientific) was mixed with 14ml
Mirus LT1 (Mirus Bio LLC), and after 5min 2mg of each plasmid DNA was added. After 25min this transfection mix was added to the
cells. After 24h growth the cell pellet was lysed for 30min on ice in 500ml cell lysis buffer (50mM Tris-HCl, pH7.4, 150mM NaCl, 1%
[vol/vol] NP-40, 0.1% [wt/vol] sodium deoxycholate and protease inhibitor cocktail). Cell extracts were clarified by centrifugation at
20,000xg in Eppendorf 5417R microfuge for 30 min. Protein complexes were isolated from the clarified cell lysate using 10ml
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anti-FLAG M2 affinity gel (Sigma-Aldrich) for 2h at 4# C. The beads were washed 7 times with 500ml of cell lysis buffer, wash buffer
(50 mM Tris-HCl, pH 7.4, and 150mM NaCl, 0.1% [vol/vol] NP-40). Complexes were analyzed on 7.5%–10% SDS-PAGE gels or by
western blotting.
Purification of longin family GEF complexes
To obtain Rab GEF complexes, FLAG and Myc-tagged forms of Intu and Fuzzy, Mon1 and Ccz1, or Hps1 and Hps4 were transiently
expressed in 8x15cm dishes of 70% confluent HEK293T cells. For this purpose, 800ml OptiMEM (Invitrogen) was mixed with 24ml
Mirus LT1, and after 5min 6mg of each plasmid DNA added. After 25min this transfection mix was added to the cells. After 40h growth
the cell pellet was lysed for 20min on ice in 5ml cell lysis buffer (50mM Tris-HCl pH7.4, 1mM EDTA, 150mM NaCl, 0.5% [vol/vol] Triton
X-100, protease inhibitor cocktail). Cell extracts were split into 1ml aliquots and clarified by centrifugation at 20,000xg in an Eppendorf 5417R microfuge for 20min. The FLAG-tagged proteins were isolated from the clarified cell lysate using 100ml anti-FLAG M2
affinity gel (Sigma) for 4h at 4# C. The beads were washed 7 times with 1ml of cell lysis buffer, 3 times with TBS and then the proteins
were eluted with 100ml 200mg/ml FLAG-peptide in TBS containing 2mM dithiothreitol. Eluted proteins were analyzed on 7.5%–10%
SDS-PAGE gels stained with Coomassie brilliant blue, and concentrations estimated by comparison to a series of bovine serum albumin standards in the range 0.1 to 1mg. The peak fractions were snap frozen in liquid nitrogen for storage at "80# C without dialysis.
Nucleotide binding and Rab GEF endpoint assays
Nucleotide binding and endpoint assays for GEF activity were carried out as follows [10, 23]. First, Rabs were loaded with nucleotide:
10mg GST-tagged Rab was incubated in 50 mM HEPES-NaOH pH 6.8, 0.1mg/ml BSA, 125mM EDTA, 10mM Mg-GDP, and 5mCi
[3H]-GDP (10mCi/ml; 5000Ci/mmol) in a total volume of 200ml for 20min at 4# C. For standard GDP-releasing GEF assays 100ml of
the loading reaction was mixed with 10ml 10mM Mg-GTP, 10-100nM GEF or a buffer control, and adjusted with assay buffer to
120ml final volume. The GEF reaction occurred for 20min at 30# C. After this, 2.5ml were taken for a specific activity measurement,
the remainder was split into two tubes, then incubated with 500ml ice-cold assay buffer containing 1mM MgCl2, and 20ml packed
glutathione-Sepharose for 60min at 4# C. After 3 washes with 500ml ice-cold assay buffer the Sepharose was transferred to a vial containing 4ml scintillation fluid and counted. The amount of nucleotide exchange was calculated in pmoles GDP-released. For GTPbinding assays the following modifications were made: only unlabelled GDP was used in the loading reaction; in the GEF reaction
0.5ml 10mM GTP and 1mCi [35S]-GTPgS (10mCi/ml; 5000Ci/mmol) were used. The amount of nucleotide exchange was calculated
in pmoles GTP-bound.
Kinetic analysis of Rab GEF activity
For analysis of Rab GEF kinetics, 10nmol of hexahistidine-GST-Rab23 was loaded with 20 -(30 )-bis-O-(N-methylanthraniloyl)-GDP
(Mant-GDP) (Jena Bioscience) in 20mM HEPES, pH 6.8, 1mg/ml BSA (protease and Ig-G free), 20mM EDTA, pH8.0, 40mM MantGDP at 30# C for 30min. After loading, 25mmol MgCl2 was added and the sample was exchanged into reaction buffer (20mM HEPES,
pH6.8, 1mg/ml BSA (protease and Ig-G free), 150mM NaCl, 1mM MgCl2) using Zeba spin columns (Thermo Scientific). Nucleotide
exchange was measured using 1nmol of the loaded Rab and the amount of GEF specified in the figure legends in a final volume of
100ml reaction buffer by monitoring the quenching of fluorescence after release of Mant-GDP using a Tristar LB 941 plate reader
(Berthold Technologies) under control of MikroWin Software. Samples were excited at 350nm and emission monitored at 440nm.
GTP was added to a final concentration of 0.1mM to start the exchange reaction at 30# C. Curve fitting and extraction of pseudo first
order rate constants (kobs) was carried out using Microsoft Excel [23]. Since kobs = (kcat/Km)x[GEF]+kbasal where kbasal is the rate constant measured in the absence of GEF, catalytic efficiency (kcat/Km) can be obtained.
Rab GTP-hydrolysis endpoint assays
For Rab-loading reactions, 10ml of assay buffer, 73ml H2O, 10ml 10 mM EDTA, pH 8.0, 5ml of 1 mM GTP, 2ml g-[32P]GTP (10 mCi/ml;
5,000 Ci/mmol; ICN), and 100pmol Rab protein were mixed on ice. A 2.5 mL aliquot of the assay mix was scintillation counted to measure the specific activity in cpm/pmol GTP. Reactions were then incubated at 30# C for 60min. The 5 mL aliquots were immediately
added to 795ml of ice-cold 5% [wt/vol] activated charcoal slurry in 50mM NaH2PO4, left for 1h on ice, and centrifuged at 16,100 g in a
benchtop microfuge (5417R; Eppendorf) to pellet the charcoal. A 400ml aliquot of the supernatant was scintillation counted, and the
amount of GTP hydrolysed was calculated from the specific activity of the reaction mixture.
Immunofluorescence microscopy of cilia in cultured cells
Cells were grown on No. 1.5 glass coverslips in 6-well plates. IMCD3 cells were plated at 30,000 cells per well and transfected with
siRNA duplexes for 3 days. hTERT-RPE1 were plated at 20,000 cells per well and transfected with siRNA duplexes for 2 days or DNA
for 1 day. To promote cilium formation, medium was replaced with growth medium lacking serum for 14h for IMCD3 or 48h for hTERTRPE1 cells. For plasmid and siRNA transfection, Mirus TransIT-X2 (Mirus Bio LLC) and Oligofectamine (Invitrogen), respectively, were
used according to the manufacturers’ instructions.
After the treatments described in the figure legends, cells were washed twice with 2ml of PBS at room temperature prior to fixation
with either trichloracetic acid (TCA) or paraformaldehyde (PFA). For TCA-glycine fixation, cells were incubated in 2ml 10% [wt/vol]
TCA at 4# C for 15min, and then washed five times in 2ml 30mM glycine, PBS pH7.4. For PFA fixation, cells were incubated in 2ml
3% [wt/vol] PFA in PBS for 15min, and then washed with 2ml 50mM ammonium chloride in PBS for 10min. Following fixation, all cells
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were permeabilised for 7min with 0.2% [vol/vol] Triton X-100 in PBS, followed by three washes in PBS. In all cases primary and secondary antibody staining was carried out in PBS for 60min at room temperature. Affinity purified antibodies were used at 1mg/ml while
commercial antibodies were used as directed by the manufacturers. DAPI was added to the secondary antibody staining solution at
0.3mg/ml to stain DNA. Coverslips were mounted in Moviol 4-88 mounting medium (Calbiochem). Fixed samples on glass slides were
imaged using a 60x NA1.35 oil immersion objective on an Olympus BX61 upright microscope with filtersets for DAPI, GFP/Alexa 488,
Alexa-555, Alexa-568, and Alexa-647 (Chroma Technology Corp.), a CoolSNAP HQ2 camera (Roper Scientific), and Metamorph 7.5
imaging software (Molecular Dynamics Inc.). A Lumen 200 Watt metal halide light source (Prior Scientific Instruments Ltd) was used
to illuminate the samples. Image stacks of up to 4 planes with a spacing of 0.3mm through the cell volume were taken. Image stacks
were maximum intensity projected and then merged to create 24-bit RGB TIFF files in Metamorph. Images in 24-bit RGB format were
then cropped in Photoshop CS3 and placed into Illustrator CS3 (Adobe Systems Inc.) to produce the figures.
Electron microscopy of cilia in cultured cells
For electron microscopy, hTERT-RPE1 cells were grown in 2cm dishes and treated as described in the legend to Figure 3. The cells
were washed with 2ml PBS at room temperature, then fixed for 20min with 2.5% [vol/vol] glutaraldehyde in 0.1M sodium cacodylate
buffer pH 7.4. Glutaraldehyde was removed by washing in 0.1M sodium cacodylate for 10min. Subsequently, cells were incubated for
30min with 1% [wt/vol] osmium tetroxide in 0.1M sodium cacodylate for 30min then washed 3x with water. Negative staining was
performed for 20min with 3% [vol/vol] uranyl acetate. Prior to resin embedding, the cells were washed with water and dehydrated
in a stepwise fashion by incubation in 70%, 80%, 90%, 96% and finally 100% ethanol for 10min per step. The cells were embedded
in TAAB 812 resin (TAAB Laboratories Equipment Ltd, UK) and cured for 2 days in a 70# C oven. Thin 70nm sections were cut using a
diamond knife then mounted on grids. Sections were post-stained on grids in 3% [wt/vol] uranyl acetate and lead citrate (Reynolds
stain) and then examined with a FEI Tecnai12 transmission electron microscope.
Pupal wing dissection and imaging
Pupae were raised at 18# C, 25# C or 29# C as indicated and wings were dissected at the indicated time after puparium formation (APF).
As fy mutants are cold sensitive, pupae were raised at 18# C for 64.5 hr for Actin labeling. Pupae expressing RNAi against Rab23 under
GAL4-UAS control were raised at 29# C to enhance the expression of dsRNA. Briefly, pupae were removed from their pupal case and
fixed for 25-35 min in 4% [wt/vol] paraformaldehyde in PBS, depending on antibody combinations. Wings were then dissected and
the outer cuticle removed, and were blocked for 1 hr in PBS containing 0.2% Triton X-100 (PTX) and 10% normal goat serum. Primary
and secondary antibodies were incubated overnight at 4# C in PTX with 10% normal goat serum, and all washes were in PTX. Antibodies against Mwh (rat or rabbit) and Frtz (rabbit) have been described previously [34]. Western blotting of pupal wings used Mwh
(affinity purified rabbit) and Actin (mouse monoclonal AC-40 #A4700; Sigma).
After immunolabelling, wings were post-fixed in 4% [wt/vol] paraformaldehyde in PBS for 30 min. Wings were mounted in 25 ml of
PBS containing 10% [vol/vol] glycerol and 2.5% DABCO, pH7.5.
Pupal wings were imaged on a Leica SP1 confocal microscope using a 40x NA1.4 apochromatic lens or a Nikon A1R GaAsP
confocal microscope using a 60x NA1.4 apochromatic lens. 9 Z-slices separated by 150 nm were imaged at a pixel size of
70-100 nm, and the 3 brightest slices around apicolateral junctions were selected and averaged for each channel in ImageJ.
Adult wing preparations
Adult wings were dehydrated in isopropanol and mounted in GMM (50% methyl salicylate, 50% Canada Balsam), and incubated
overnight on a 60# C hot plate to clear. Wings were photographed at 20x magnification.
Western blotting of pupal wings
For pupal wing westerns, female larvae were raised at 19# C, and then shifted to 29# C for 27 hr APF before dissection of pupal wings
directly into sample buffer. One pupal wing equivalent was used per lane.
QUANTIFICATION AND STATISTICAL ANALYSIS
Details of the number of experimental repeats, numbers of cells analyzed and the relevant statistics are detailed in the figure legends.
Data were plotted and statistical analysis performed using GraphPad Prism software.
Rab GEF and GAP endpoint assays
Nucleotide exchange and Rab GAP activity was measured in duplicate in 3 independent experiments. Mean values were plotted in
bar graphs and error bars indicate the SEM. No statistical tests were performed.
Rab GEF kinetic assays
Nucleotide exchange over time was measured as a function of Rab GEF or GEF subunit concentration in 3 independent experiments.
kobs was obtained by fitting an exponential decay curve to the individual curves in Microsoft Excel. The mean kobs value obtained was
then plotted as a function of Rab GEF or GEF subunit concentration in GraphPad Prism. No statistical tests were performed.
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Quantification of cilium formation and length
For cilium length, the freehand measuring tool of FIJI (ImageJ) was used to measure the length of individual cilia for 100 cells in each of
3 independent experiments. Acetylated tubulin and Arl13b were used as markers for this purpose. GraphPad Prism was used to
calculate the mean length and SEM in mm for each experimental condition. These values were plotted in bar graphs.
To quantify the frequency of cilium formation, the number of elongated cilia and punctate ciliary vesicles were identified and
counted using Arl13b staining as a marker for 100 cells in each of 3 independent experiments. GraphPad Prism was used to calculate
the mean frequency and SEM for each experimental condition. These values were plotted in bar graphs. No statistical tests were
performed.
DATA AND CODE AVAILABILITY
This study did not generate or analyze datasets or code.
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Planar Cell Polarity Effector Proteins Inturned
and Fuzzy Form a Rab23 GEF Complex
Andreas Gerondopoulos, Helen Strutt, Nicola L. Stevenson, Tomoaki Sobajima, Tim P.
Levine, David J. Stephens, David Strutt, and Francis A. Barr

Figure S1. Characterisation of the Intu-Fuz complex. Related to Figure 1.
(A) Predicted domain structure of human Intu. HEK293T cells were co-transfected
with FLAG-Intu and myc-Fuz constructs and after 24h complexes were recovered by
FLAG IP. Fuz binding properties of Intu deletion constructs (scored from negative (-)
to positive (++) and Rab23 GEF activity are summarized in the inset table. (B)
Predicted domain structure of human Fuz. HEK293T cells were transfected with
myc-Fuz or FLAG-Intu and myc-Fuz constructs for 24h. Complexes were recovered
using FLAG IP. (C) Intu and Fuz complexes and individual subunits were analyzed
on Coomassie brilliant blue (CBB) stained protein gels and by western blot to confirm
the presence of the individual subunits. Asterisks mark contaminant proteins. (D)
Rab23 GEF activity of Intu-Fuz complexes containing WT or disease associated
mutant forms of Intu. Error bars indicate the SEM (n=2 independent conditions).

Figure S2. Rab23 GEF localises to cilia and is required for cilium formation.
Related to Figure 2.
(A) IMCD3 cells were depleted of Intu, Fuz or Rab23 for 72h and then induced to
form cilia for 14h. The cells were fixed with TCA-glycine and then stained with
antibodies to Inturned, Rab8 and acetylated tubulin (AcTub) or (B) IFT88, Arl13b and
acetylated tubulin. (C) hTERT-RPE1 cells expressing myc-tagged Fuz were depleted
of Intu, Fuz, Rab23, or Rab8 for 48h then and then induced to form cilia for a further
48h. Cells were fixed with TCA-glycine and then stained with antibodies for Arl13b
and g-tubulin to determine the extent of cilium formation or (D) analysed by western
blotting to confirm depletion of target proteins. (E) Cilium formation (100 cells per
condition in 3 independent experiments) and (F) cilium length (40 cells per condition
in 3 independent experiments) were measured using Arl13b. Errors bars indicate the
SEM.

Figure S3. Specific Rab GAPs inhibit cilium formation in IMCD3 cells. Related
to Figure 2.
(A) IMCD3 cells were transfected for 24h with WT or catalytically inactive (RA) GFPtagged RabGAPs acting on Rabs implicated in cilium function. Cells were then

serum starved to induce cilium formation. After a further 48h the cells were fixed with
PFA and then stained for acetylated tubulin (AcTub) and Arl13b as markers for
primary cilia. DNA was stained with DAPI. Bars, 10 μm. (B) Elongated cilia and
punctate ciliary vesicles were identified using Arl13b staining (100 cells per condition
in 3 independent experiments). Cilium length was measured using Arl13b as a
marker in both RabGAP expressing and non-expressing (control) cells for 50 cells in
each of 2 independent experiments. The mean cilium length for the non-transfected
cells in all conditions is plotted as the control. Error bars are the SEM. (C) Human
telomerase immortalised retinal pigment epithelium (hTERT-RPE1) or (D) mouse
inner medullary duct collecting cells were transfected with wild-type (WT), dominant
active (Q68A), dominant negative (N121I) and Carpenter syndrome associated
mutant (M12K and C85R) versions of GFP-Rab23. Serum starvation was used to
induce cilium formation. After 48h the cells were fixed with PFA and then stained for
Arl13b and DNA (blue). Enlarged insets show the details of the cilia. (E and F)
Cilium length, defined by Arl13b staining, was measured in non-transfected cells
(control) and cells expressing WT or mutant Rab23 for 30 cilia. Error bars indicate
the SEM for 3 independent experiments. (G) GDP-binding and (H) basal GTPhydrolysis were measured for WT and mutant Rab23, error bars indicate the SEM for
3 independent experiments.

Figure S4. Effects of Rab23 on Mwh and Rab23 GEF localisation. Related to
Figure 4.
(A) 32 hr APF pupal wing carrying loss of functions clones of Rab23 marked by loss
of ß-gal labelling (red) and immunolabelled for Mwh (red) and Fmi (blue). (B) Pupal
wing with clones expressing RNAi against Rab23, marked by ß-gal labelling (red).
Pupae raised at 29°C for 25h and wings immunolabelled for Fritz (green). (C) 32 hr
APF pupal wing expressing EGFP-Fy and carrying loss of functions clones of Rab23
marked by loss of ß-gal labelling (red). Wings immunolabelled for GFP (green).
Scale bar is 10 µm.

