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Abstract

ADP-ribosylation factors, or Arfs, function as regulators of vesicle budding and
membrane remodeling, whose activation is catalyzed by Arf-GEFs. All Arf-GEFs known
to date contain a characteristic 200-residue protein domain called Sec7 domain (Sec7d)
that appears sufficient to promote Arf activation. Biostatistical analysis determined that
three new human cDNAs encoding Sec7d, KIAA0522, KIAA(0763 and KIAA1110,
formed a new class of putative Arf-GEFs. Biochemical analysis of truncations
containing the Sec7d of KIAA0522 and KIAAOQ763 confirmed that both cDNAs encode
active Arf-GEFs. More detailed analysis with KIAA0522 established that this GEF acts
on all three Arf classes and shows resistance to BFA. These proteins were renamed
BFA-resistant Arf-GEFs, or BRAGs. 5°’RACE demonstrated that the
BRAGI1/KIAA0522 gene yields several splice variants with alternate exons at the 5’end.
Similar analysis for BRAG2/KIAAG763 identified an additional exon 100 kbp upstream
from the first published exon. Multiple tissue Northern blots with splice-specific probes
determined that some splice variants are expressed primarily in muscle, while others
show a wider range of expression. These results suggest a model in which BRAGs are
Arf-GEFs that contain an active Sec7d flanked by a variable N-terminus that confer

tissue-specific function.
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Chapter 1

Introduction
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1.0 Eukaryotic cells are compartmentalized

The cytoplasm of eukaryotic cells is filled with membrane-enclosed organelles
that contain unique subsets of proteins and perform specialized functions. This
organization, allows eukaryotic cells to tailor a number of micro-environments of specific
pH or redox states to facilitate various aspects of metabolism. Furthermore,
compartmentalization allows the separation of antagonistic processes, and the
containment of potentially harmful components such as lysosomal proteases or
mitochondrial cytochromes.

Some organelles such as peroxisomes, mitochondria, chloroplasts or the nucleus
are able to import fully folded proteins directly from the cytoplasm. On the other hand,
protein entry into nearly all the membrane-bound organelles comprising the central
vacuolar system does not occur directly. The proteins of organelies such as the Golgi
complex and the various compartments of the endo-lysosomal system are either imported
by translocation into the endoplasmic reticulum (ER) or by endocytosis at the plasma
membrane (PM). The final arrangement of membrane and lumenal content is then

achieved through complex and selective transfer events between the many organelles.

1.1 COMPARTMENTS OF THE EXOCYTIC PATHWAY

Compartments of the exocytic pathway include the endoplasmic reticulum (ER),
Golgi complex with its associated cis- and trans- tubular networks, and finally the plasma
membrane (PM) (see Figure 1.1). Following translocation into the ER, proteins destined
for other organelles such as the Golgi complex, endosomes or PM are first targeted to
specialized regions of the ER called transitional ER (tER) or ER exit sites (ERES).
Cargo proteins are then packaged into carriers and move sequentially from the ER, to an
ER-Golgi intermediate compartment (ERGIC) and ultimately the cis-cisternae of the
Golgi complex by a process that allows selective incorporation of cargo and transport
machinery into forming carriers while retaining resident proteins in the ER. These
pleiomorphic carriers are actively transported on microtubules towards the cell center
where they accumulate, fuse into a tubulated network called the cis-Golgi network or
CGN and eventually form new flattened Golgi cisternae near the microtubule organizing

center.
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Figure 1.1 The Central Vacuolar system includes a number of organelles and the transport transport
between them

The central vacuolar sy stem includes the ER, CGN, Golgi, TGN, endosomes, secretory granules and the

PM. There is vectorial transport between the organelles, as is denoted with arrows This figure was
adapted from Figure 1 of Bonifacino and Glick (2004) Cell 116:153-166.
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Current evidence suggests that cargo molecules then progress through the Golgi
stack by a process termed cisternal maturation whereby newly formed cis-cisternae with
their anterograde cargo progressively move towards the trans side as they lose early-
acting Golgi enzymes and acquire late-acting ones (Storrie and Nilsson, 2002). Golgi
resident enzymes have been identified in small vesicles surrounding the Golgi stack and
are thought to continuously move in a retrograde direction to facilitate the “maturation”
process. Cargo molecules destined for the PM are shuttled to the PM from the
penultimate cisterna, while those proteins destined to the endo-lysosomal system are

selectively retrieved from the highly tubulated TGN (see Figure 1.1).

1.2 COMPARTMENTS OF THE ENDOCYTIC PATHWAY

Proteins can also enter the central vacuolar system through one of several
different types of endocytic reactions (see Figure 1.1). Receptor-mediated endocytosis at
clathrin-coated pits is the best understood form of endocytosis. However, several
clathrin-independent reactions can also facilitate internalization of components from the
cell surface (Johannes and Lamaze, 2002),. Some of these alternate mechanisms include
the constitutive uptake of liquid by pinocytosis, the triggered uptake of large pathogens
by phagocytosis, and finally the internalization of plasma membrane patches enriched in
cholesterol and glycopshingolipids. The latter mechanism appears regulated by a distinct
type of coat protein called caveolin that binds and stabilizes these “lipid rafts™ at the cell
surface into characteristic flask-shaped structures called caveolae, (Nabi and Le,
2003);((Parton and Richards, 2003).

Following internalization and uncoating, the endocytic vesicles rapidly converge
with several other intermediates at the “early endosome”. This complex organelle
displays both vesicular and tubular regions and contains the unique phospholipid
phosphatidy! inositol 3-phosphate (PI3P). From the early endosome, internalized
receptors can follow either of two routes. They can be uncoupled from their ligands in
the acidic endosome lumen and targeted to the “recycling endosome” for their eventual
recycling to the cell surface. Alternately, some receptors assemble with several other
proteins in a complex mono-ubiquitylation-dependent process for their eventual

incorporation into intra-lumenal vesicles of the “multivesicular endosome™, also called
Ip
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“multivesicular bodies” (Dupre et al., 2004). Once detached from early endosomes, the
roughly spherical multivesicular endosome associate with microtubules and migrate in a
motor-dependent manner towards the cell center where they eventually fuse with the
more pleiomorphic “late endosome™. From these structures, endocytosed material such
as the EGF-receptor is subsequently transferred to lysosomes for degradation. Note that
transport also occurs between the TGN and both early and late endosomal compartments
for delivery of newly synthesized and cycling components of the endo-lysosomal
pathway (see (Bonifacino and Jackson, 2003).

Recent analysis of entry mechanisms for bacterial toxins and viruses identified
novel endocytic routes that allow these pathogens to evade degradation in lysosomes.
For example, cholera toxin or simian-virus-40 associate with lipid rafts on the cell surface
and internalize into small, tight fitting vesicles that are not immediately transported to
acidic and PIP3-positive “early endosome”, but rather to a new organelle with a neutral
pH that has been called “caveosome”. Like the early endosome, the caveosome appears
capable of sorting as ligands such as cholera toxin are delivered to the Golgi complex,
while others such as SV-40 are shuttled directly to the ER (Nabi and Le, 2003);(Parton
and Richards, 2003).

1.3 FORMATION AND TARGETING OF CARGO CARRIERS:
1.3.1 Several types of coat proteins facilitate protein traffic

Formation of the various cargo carriers described in the previous sections depends
on the spatially and temporally regulated recruitment of specific coat proteins from the
cytoplasm onto membranes (Bonifacino and Lippincott-Schwartz, 2003). To date three
major types of coat proteins have been identified, two of which, called COPI and COPII,
function on exocytic compartments. COPI, the coat protein responsible for traffic
between the ER and Golgi complex was first identified in situ as a dense fuzzy coat on
the cisternal rims and vesicular profiles of Golgi cisternae (Orci et al., 1986). This
material bound membranes weakly and its identification was only made possible
following the demonstration that treatment of cell extracts with poorly hydrolysable
analogs of GTP led the dramatic accumulation of coated structures near Golgi stacks

(Melancon et al., 1987). Subsequent analysis with such Golgi-derived coated vesicles
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identified a stable complex of seven distinct polypeptides that assembled on membranes
of the cis-Golgi and was called coatomer protein, or COP (Waters et al., 1991).
Interestingly, four of the COPI subunits are homologous to subunits of the clathrin
adaptors AP-1 and AP-2 (Schledzewski et al., 1999), and appear to assemble in a similar
structure (Bonifacino and Lippincott-Schwartz, 2003; Watson et al., 2004). This
complex was renamed COPI following identification of a distinct coat system at the ER.
As discussed below, subsequent work established that Arf-GAP1 also participates in
COPI coat formation.

The coat complexes involved in the sorting and packaging of cargo from the ER
for traffic to the Golgi complex were identified through genetic screens performed in the
yeast Saccharomyces cerevisae (Lee et al., 2004). Subsequent functional characterization
using cell-free assays established that four main gene products form two stable
complexes, a Sec23p/Sec24p hetero-dimer and a Sec13p/Sec31p hetero-tetramer, that
assemble sequentially at ER exit sites to form what is now called the COPII coat
(Matsuoka et al., 1998); (Antonny and Schekman, 2001). Mammalian homologues of
these proteins have been identified and shown to perform similar functions (Aridor et al.,
1998). Interestingly, animals express several variants of hSec24 that may allow
production of more than one type of COPII coated vesicles with potentially distinct
functions (Bock et al., 2001).

The clathrin coat was the first type to be visualized by morphological methods,
and the relative abundance of clathrin coated vesicles in brain extracts greatly facilitated
its purification and subsequent characterization (Pearse and Robinson, 1990). The
clathrin molecule is composed of three heavy chains and three light chains that readily
form an easily recognized regular hexagonal lattice. Clathrin assembles at the plasma
membranes to form coated patches and invaginations that ultimately lead to the budding
of small 100 nm clathrin-coated vesicles. Clathrin was subsequently shown to also
assemble on the trans-most cisternae of the Golgi stack and drive tubulation of the TGN.
The recruitment and assembly of the clathrin coat requires assembly proteins (APs) with
specific sites of action. The tetrameric AP-2 complex drives coated pit formation at the
plasma membrane while the subsequently identified AP-1, AP-3 and AP-4 complexes

direct assembly of clathrin on membranes of the TGN and endosomes. Further work
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identified yet another family of 3 related adaptor proteins, the monomeric Golgi-
localized, gamma ear containing, Arf-binding proteins, or GGAs, that also function on
membranes of the TGN and endosome (for review see (Robinson, 2004); (Bonifacino and

Lippincoti-Schwartz, 2003).

1.3.2 Coat proteins can drive membrane deformation

Purified clathrin three-legged trimers, or triskelions, readily assemble ir vitro into
spherical or elongated cages that resemble the structures observed around the coated
vesicles formed in vivo. This ability to self-assemble into spherical structures provided
the initial basis for the hypothesis that coat proteins (COPs) facilitate deformation of flat
membranes and ultimately drive budding of transport vesicles. Subsequent work
established that addition of purified COPII proteins to synthetic uni-lamellar liposomes
can drive formation of small vesicles (Matsuoka et al., 1998). Similar results were later
obtained with purified COPI components (Bremser et al., 1999). More recently, the
crystal structure of the Sec23p/24p hetero-dimer revealed that the membrane-binding face
of the complex forms a natural curve that matches exactly that of a 60 nm COP II vesicle
(Bi et al., 2002). Furthermore, this face displays a net positive charge that explains the
observed preference of the COP II coat for binding synthetic liposomes containing acidic
phospholipids (Matsuoka et al., 1998). Such observations strengthen the hypothesis that
coat proteins drive membrane deformation.

Whereas purified coat proteins appear sufficient to drive release of individual
vesicles in vitro, the process of vesicle scission likely involves additional factors ix vivo.
A newly described protein domain has drawn particular interest recently. The BAR
(Bin/amphiphysin/Rvs) domain is the most phylogenetically conserved feature in
amphiphysins, a class of proteins implicated in membrane tubulation. A crystal structure
established that this module forms elongated crescent-shaped dimers that bind
preferentially to highly curved negatively charged membranes (Carlton et al., 2004).
Overexpression of BAR domains induces membrane tubules. Many proteins, including
several Arf-GAPs, contain such BAR modules that depending on their membrane affinity
may be important for either inducing or sensing membrane curvature (Lee and
Schekman, 2004).
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1.3.3 How does the coat sort cargo

A wide variety of cargo molecules are inserted into and across the ER membrane,
and these must be sorted during their traffic through the central vacuolar system. Cargo
molecules include both single spanning and multi-spanning membrane proteins that can
expose either their N- or C-terminus for interaction with the cytosolic coat machinery.
However, cargo also includes lumenal proteins that cannot interact directly with coat
proteins and must rely instead on poorly characterized trans-membrane proteins that
function as “cargo receptors”. The sorting mechanism allowing the efficient recognition
of such a variety of substrate is best understood for the export of proteins from the ER
regulated by the COP II coat (Barlowe, 2003a).

Current evidence suggests that trans-membrane cargo is concentrated into nascent
vesicles when sorting signals on the cytoplasmic domains of trans-membrane cargo
interact with components of the coating system. To date, such interactions have been
confirmed for both Sec24p and the small GTPase Sarlp. Using Sec23/24 binding assays
and genetic approaches two groups recently identified multiple independent binding sites
on the Sec24p membrane binding face that are critical for sorting of specific cargos into
COPII vesicles (Miller et al., 2003); (Mossessova et al., 2003). Some molecules contain
multiple ER export signals and these studies suggests that in some cases combination of
export signals may be required for efficient packaging of cargo into COPII vesicles.
Components of the COPI coat also recognize signals in the cytosolic domains of trans-
membrane proteins and thus actively participate in selection of cargo into carriers
(Letourneur et al., 1994); (Bremser et al., 1999). In this case, however, the signal targets
proteins for retrieval from the ERGIC and Golgi complex back to the ER (Lee et al,,
2004).

Some trans-membrane proteins such as Erv29p, the conserved p24 family and
ERGIC53/p58 have been proposed to interact with lumenal proteins and act as “cargo
receptors”. Many of these receptors contain either a di-acidic motif or a di-hydrophobic
motif in their cytoplasmic tail that explains their recruitment to COP II budding sites. On
the other hand, the exit motif on the lumenal proteins have not yet been clearly identified.
In the case of recognition by the lectin ERGIC53/p58, the interaction appears to depend

on both calcium and carbohydrate modification on the soluble cargo (Barlowe, 2003b).
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1.3.4 How are vesicles targeted?

Following scission and uncoating, proper delivery of the cargo carrier and its
content involves a complex process with multiple discrete steps that include
translocation, recognition, tethering/docking and fusion. Several factors with organelle

specific distribution ensure the specificity of those reactions.

1.3.4.1 SNAREs Pioneering work by the Rothman group led to the identification of
several “transport factors” implicated in membrane fusion. These included an “N-
ethylmaleimide—Sensitive Factor”, or NSF, and “Soluble NSF Attachment Proteins”, or
SNAPs, required for its association with Golgi membranes (Block et al., 1988);(Clary et
al., 1990). A subsequent search in brain extracts for membrane “SNAP receptors”, or
SNARES, led to the isolation of a complex of three integral membrane proteins
previously implicated in docking and fusion of synaptic vesicles (Sollner et al., 1993).

Work from several laboratories has since identified a large number of proteins
related to the original SNARES that localize to distinct intracellular compartments (Santy
etal., 2001). SNARES are C-terminally anchored integral membrane proteins that form
heterotetramers, also called SNAREpins. Each SNAREpin contains one vesicle SNARE
(v-SNARE) and 3 target membrane SNARESs (t-SNARES) in a stable parallel coiled-coil
bundle. Formation of a multimeric SNAREpin complex with subunits provided by two
different membranes brings these membranes in close proximity and is responsible for
reducing the free energy required for membrane fusion. Experiments with purified
SNARE:s and liposomes confirmed their ability to promote membrane fusion (Weber et
al., 1998); (Jahn et al., 2003).

Individual SNARES show restricted intracellular distribution and can provide a
level of specificity in membrane fusion. Purified t-SNAREs and v-SNARES can pair
promiscuously in vitro, but only those pairs representing physiologically relevant v- and
t-SNARE combinations actually promote membrane fusion when tested with liposomes
(McNew et al., 2000). However, SNARE pairing cannot be the sole determinant of
specificity because some SNARE:s are used at multiple steps in vesicular transport.

Tethering factors that act prior to SNAREpin formation provide the additional specificity.

1.3.4.2 Tethering factors. Tethering factors have been implicated in facilitating the

initial contact between a transport vesicle and its intended target membrane. These
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tethers serve to increase the local concentration of vesicles near the acceptor membrane
and provide some specificity to the pre-fusion events. Two broad families of proteins
have been implicated in tether formation. The first family consists of multi-component
complexes that, as in the case of TRAPP, can contain upward of 10 distinct subunits (Oka
and Krieger, 2005). Three different types of complexes called TRAPP, COG and GARP
regulate various steps between the ER and Golgi, within the Golgi and between the
endosome and Golgi; a different complex called the exocyst operates at the PM (Whyte
and Munro, 2002).

The second family consists of proteins that form elongated, rod-like, coiled-coil
structures (Gillingham and Munro, 2003). Most of these proteins are found associated
with the Golgi complex and are often called golgins. Golgins have been proposed to
form long elongated complexes that can form bridges between the vesicle and target
membranes. Freeze fracture EM studies have confirmed the presence of long fibrous
elements tethering vesicles to nearby acceptor membranes (Orci et al., 1998).
1.3.4.3 rabs Several of the tethering factors interact with specific members of the rab
family GTPases. These interactions may contribute to the assembly of the tethers and or
regulate conformational changes that collapse the tether and brings the vesicle in closer

proximity to the target membrane (Barr and Short, 2003).

1.4 SMALL GTPASES AND REGULATION OF PROTEIN TRAFFIC
1.4.1 Regulation of coat assembly by cycles of GTP binding and hydrolysis

Two main sub-families of related GTPases called Sarlp and Arfs have been
implicated in the regulation of the recruitment and assembly of the coat proteins
described in section 1.3.1. Unlike most other small GTPases, Sarlp and Arfs localize
primarily to the cytosol when in the GDP-bound “inactive” form. However, upon
activation to the GTP-bound form, these proteins associate tightly with the membrane
where they promote coat assembly and vesicle budding. Arfs are myristoylated at their
N-terminus and this lipid modification plays a critical role in this membrane association
(Franco et al., 1996). Sarlp lacks the myristate modification but use a similar mechanism

that takes advantage of a very hydrophobic N-terminal extension (Huang et al., 2001).
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The spatial and temporal regulation of small GTPase activation therefore allows the cell
to determine where and when to initiate coat recruitment.

Under physiological concentrations of Mg and nucleotides, Sarlp and Arfs do not
spontaneously release GDP to bind GTP. Furthermore, these proteins lack a critical
residue required for GTP hydrolysis and are particularly poor GTPases (Pasqualato et al.,
2001). Ancillary factors are therefore required to catalyze guanine nucleotide exchange
and facilitate GTP hydrolysis. A large family of Guanine nucleotide Exchange Factors
(or GEFs), which share a common Sec7 domain, catalyze the exchange on Arfs (Jackson
and Casanova, 2000). Several members of this family, those that function at the Golgi
complex, are direct targets of the drug Brefeldin A. As a consequence, treatment with
Brefeldin A blocks Arf activation and loading on Golgi membranes and causes rapid
release of both the COP1 coat and various clathrin accessory proteins from the Golgi
complex (Lippincott-Schwartz et al., 1991). The mechanism of GDP exchange and the
properties of the Arf-GEF's will be discussed in more detail in section 1.10 below.

Whereas a separate class of enzymes regulates Arf and Sarlp activation, it is the
coat itself that regulates subsequent deactivation. Indeed, detailed biochemical
characterization of the COP II components established that the Sec23p/24p complex acts
a weak GTPase activating protein, or GAP, on the Sarlp protein. As is the case for most
small GTPase GAPs, Sec23p provides a critical arginine residue (the so-called “arginine
finger”) that inserts into the guanine nucleotide binding site and promotes GTP
hydrolysis. This weak Sar1p-GAP activity increases more than 10 fold upon recruitment
of the Sec13/31 complex onto sarl peGTP-bound Sec23/24p (Antonny et al., 2001;
Antonny and Schekman, 2001; Yoshida et al., 1991). This complex dependence on COP
IT components for Sarlp inactivation is thought to lead to formation COP II patches
lacking Sarlp in the center but maintained in a transient meta-stable state by a ring of
Sarlp-GTP on their edges (Antonny and Schekman, 2001).

Several classes of Arf-GAPs have been characterized that all share a conserved
GAP domain consisting of a zinc-finger motif. However, Arf-GAPs vary widely in size
and domain organization and many of these enzymes perform a variety of additional
functions independent of GAP activity (Nie et al., 2003a). For example, Arf-GAP1 was

initially isolated as a negative regulator of Arf recruitment on Golgi membranes but
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subsequently shown to be a structural component of the COPI coat directly involved in
cargo sorting (Reinhard et al., 2003). Furthermore, as was the case for the Sec23/24
complex, the ability of Arf-GAP1 to deactivate and release Arfl is regulated by
interaction with other coat components such as COPI (Goldberg, 1999). A particularly
intriguing property of Arf-GAPI is its sensitivity to membrane curvature (Bigay et al.,
2003). Current evidence suggests the following model: activated Arf recruits both Arf-
GAP and COPI to Golgi membranes through direct interactions; the low activity of Arf-
GAPI on flat bilayers allows the formation of COPI patches that recruit and concentrate
cargo molecules; as the COPI patch grows and leads to formation of a bud, GAP activity
is stimulated allowing release of COPI vesicles lacking Arfs but still coated with COP1
and Arf-GAP; the metastable coat lacking Arf dissociates following vesicle scission
(Holthuis and Burger, 2003).

1.4.2 Other GTPases implicated in membrane traffic

Coat recruitment and membrane remodeling are not the only steps of protein
traffic regulated by small GTPases. Several other classes of small GTPases regulate a
variety of subsequent steps. These include rab proteins, Arf-like proteins (Arl) and
several members of the rho family. Like Arfs, most of these GTPases are lipidated for

membrane association.

1.4.2.1 Rabs. The large family of small GTPases of the rab family encompasses more
than 63 different members in mammals, many of which are restricted to specialized cell
types (Bock et al., 2001). Importantly, each rab localizes to a particular sub-cellular
compartment. Current evidence suggests that rabs are recruited directly to their
intracellular target membranes and that the presence of two geranyl-geranyl groups is
critical for delivery. However, the fundamental question of how localization specificity
is imparted to Rabs remains unanswered (Seabra and Wasmeier, 2004).

Upon activation to the GTP-bound form, rabs regulate a large and diverse group
of effectors, and have been implicated in organizing functionally distinct sub-domains
within a particular membrane, thereby defining organelle identity (Pfeffer, 2003). As

mentioned in section 1.3.4.2, several rabs regulate the selective assembly of tethering
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factors on cargo carriers and target membranes. Rabs also play important regulatory
roles in motility by recruiting molecular motors to organelles and transport vesicles
(Hammer and Wu, 2002).

1.4.2.2 Arls. Some members of the Arf-like, or Arl, protein family have also been
implicated in protein traffic. Arls show 60-80% protein sequence similarity to Arfs but
lack the defining ability to stimulate ADP-ribosylation of Gs by cholera toxin.
Subsequently, Arls were shown to also lack the ability to stimulate the activities of
phospholipase D (PLD) and PI4P5 kinase.

Bio-statistical analysis reveals that the human genome contains more than ten
genes encoding Arls. As a whole, Arls are poorly characterized and the localization of
most Arls remains unknown (Burd et al., 2004). Arl 4 and Arl5 localize to the nucleus
and are not likely to be involved in protein traffic. However, 2 Arls, Arll and Arl3,
associate with microtubules, localize to the Golgi complex and have been implicated in
protein traffic. Current evidence demonstrates that recruitment of Arl3 to the TGN
promotes activation and recruitment of Arll. Atthe TGN, Arll functions in part to
regulate the subsequent tethering of endosome-derived transport vesicles mediated by
GRIP domain proteins (Burd et al., 2004; Graham, 2004). Interestingly, Arll binds some
Arf effectors such as Arfaptin2/POR1 and MKLP1 (Van Valkenburgh et al., 2001) and

may yet have other functions.

1.4.2.3 rho-family proteins. Rho family proteins play a critical role at various steps of
both exocytosis and endocytosis through their regulation of actin dynamics (Engqvist-
Goldstein and Drubin, 2003). Morphologicél studies established early that actin
filaments form a dense network below the plasma membrane. This actin cortex acts as a
barrier to the docking of secretory vesicles and internalization of endocytic vesicles. Asa
consequence, transient depolymerization of this network must occur to allow vesicles to
reach their appropriate docking and fusion sites. The actin cytoskeleton can also have a
facilitatory role in protein traffic. The movement of cargo carriers to specific cellular
sites depends in many instances on the presence of the actin cables and actin-based

motors. Polarized secretion to bud site in yeast is a prime example of this phenomenon.
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Analysis of the human genome has identified 20 genes encoding proteins with a
small GTPase domain of the rho consensus type (Wherlock and Mellor, 2002). These
twenty proteins can be further divided into 5 groups on the basis of sequence and
functional similarities: rho-like, rac-like, cdc42-like, Rnd and RhoBTB (Burridge and
Wennerberg, 2004). The rho-like GTPases (RhoA,B,C) are very similar and their
activation promotes myosin contractility, stress fibers formation, integrin clustering and
assembly of focal adhesions. In contrast, members of the rac-like subfamily (rac1-3,
rhoG) stimulate formation of lamellipodia and membrane ruffles, whereas the Cdc42-like
proteins (Cdc42, TC10, TCL, Wrch1,2) all bind WASP and stimulate formation of
filipodia.

The involvement of rho proteins in protein traffic is not limited to their effects on
the cytoskeleton. Recent studies revealed that rho proteins perform essential functions in
membrane fusion, independent of the cytoskeleton (Eitzen, 2003). For example, Rholp
and cdc42p are enriched on yeast vacuole membranes and both GTPases are required for
homotypic vacuole fusion reconstituted in a cell-free assay lacking cytoskeleton (Eitzen
et al., 2001); (Muller et al., 2001). Current evidence suggests that such effects on
membrane fusion could be related to activation of PI, 5-kinase or PKC and subsequent

stimulation of F-actin assembly on the membrane surface (Eitzen, 2003).

1.5 MOLECULAR DETAILS FOR EXOCYTOSIS
1.5.1 Regulation of ER export by Sarlp and COP II

In most eukaryotes, the endoplasmic reticulum is not a homogeneous
environment. The COPII coat forms on ER sub-domains called transitional ER (tER)
sites, or alternatively ERES for ER exit sites that function as transport active zones.
ERES are long-lived structures defined by the presence of components of the COPII coat
assembly machinery (Bevis and Glick, 2002). At the ultrastructural level, ERES appear
as ribosome-free ER sub-domains approximately 0.5 pm in diameter, with tubular
protrusions of various lengths but constant diameter (Palade, 1975); (Bannykh and Balch,
1997). Several such ER budding sites on distinct but adjacent ER cisternae often cluster
around a central cavity filled with vesiculo-tubular elements (Bannykh et al., 1996). ER

buds are coated by small particles with distinctive spacing corresponding to the COPII
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coat.

The small GTPase Sarlp plays a critical role in assembly of ERES and can initiate
cargo selection (Aridor et al., 2001). Jn vitro studies established that activation of Sarlp
alone, in the absence of other cytosolic components, leads to the formation of ER-derived
tubular domains that resemble ER transitional elements. These transient Sarl-generated
tubular domains perform cargo selection and behave as functional intermediates in ER to
Golgi transport in vitro. Live cell imaging has confirmed that ER export ir vivo is also
characterized by the formation of dynamic tubular structures.

As mentioned in section 1.4.1 above, accumulation of activated Sarip at ERES
ultimately leads to sequential recruitmernt of the Sec23/24 tetramer and Sec13/31 dimer
(Antonny and Schekman, 2001). Activation of Sarlp is catalyzed by the trans-membrane
guanine exchange factor (GEF) Sec12p. Interestingly, in mammalian cells (Weissman et
al., 2001) and the yeast S cerevisiae (Rossanese et al., 1999), Sec12p does not accumulate
at ERES but rather localizes throughout the ER. The site of COP II coat assembly is
therefore not determined by the location of the Sarlp-specific GEF. Recent experiments
in the yeast P. pastoris suggest instead the presence of a regulatory and saturable scaffold
at ERES that collects and organizes components of the COP II coat (Soderholm et al.,
2004). The nature of the scaffold remains unknown, but several lines of evidence suggest
the involvement of Sec16p (Bonifacino and Glick, 2004).

Some abundant cargo molecules are picked up in COPII vesicles at their prevalent
concentration in the ER, without any detectable concentration, by a process termed bulk
flow (Martinez-Menarguez et al., 1999). However, the majority of cargo molecules
appear enriched in COPII vesicles through interaction between sorting signals and either
the COPII coat or a variety of cargo receptors mentioned in section 1.3.3. Some of the
cargo molecules sorted in this manner include SNAREs involved in targeting of the
nascent vesicle.

ERES appear to generate at least two distinct classes of COPII vesicles. Analysis
of the transport of the GPI-anchored protein Gaslp revealed that it utilizes the trans-
membrane protein Emp24 as cargo receptor. Loss of Emp24 prevents packaging of
Gaslp into vesicles with minimal impact on other cargos. Furthermore, when present,

Gaslp and other GPI-anchored proteins enter transport vesicles that are distinct from
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those that carry other cargo proteins such as a-factor and amino acid permeases (Muniz
etal., 2001; Watanabe and Riezman, 2004).

The presence of multiple isoforms of COPII components may explain the
production of distinct types of vesicles. For example, the yeast Sec24 homolog, Lstl, is
required for ER export of an abundant plasma membrane protein and vesicles generated
with Lst1 in place of Sec24 package a distinct subset of cargo (Miller et al., 2002).
Humans express two homologues of Sarlp and several Sec24 isoforms have been
described (Bock et al., 2001). The unique function of each isoform remains unknown
but their relative abundance may facilitate differential regulation of packaging and

transport.

1.5.2 Sorting in VT Cs and Golgi stack by COPI

In S. cerevisiae, COPII vesicles are thought to fuse and target directly cis-Golgi
cisternae dispersed throughout the cytoplasm. In animal cells, COPII vesicles first form
intermediate vesiculo-tubular clusters, or VTCs, that rapidly associate with microtubules
and move towards the juxta-nuclear Golgi complex in a dynein-dependent manner
(Corthesy-Theulaz et al., 1992). This collection of intermediates has also been described
as an ER-Golgi intermediate compartment, or ERGIC. The ERGIC serves as the first
sorting compartment in the exocytic pathway, where proteins that have escaped are
recycled back to the ER (Pelham, 1988). Quantitative immuno-electron microscopy in
rat exocrine pancreas revealed significant concentration for several secretory proteins
during transit from the ER to the Golgi complex (Martinez-Menarguez et al., 1999);
(Oprins et al., 2001). These studies led to a model wherein secretory proteins are
concentrated as a consequence of their exclusion from membrane recycling from VICs
back to the ER (Martinez et al., 1997; Martinez-Menarguez et al., 1999; Oprins et al.,
2001; Warren and Mellman, 1999).

Current evidence suggests that the COPI coat facilitates the maturation of VTCs
using mechanisms similar to those described above for the COPII coat. Live-imaging
studies with GFP-chimeras revealed that COPI associates with transport intermediates
shortly after their formation and release from ERES (Presley et al., 1997);(Scales et al.,
1997). Subsequent experiments with the drug BFA confirmed that COPII and COPI both

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



perform essential but distinct functions in production of transport intermediates (Petham,
2001). As expected, treatment with Brefeldin A had no impact on COPII assembly and
maintenance of ERES, but effectively blocked recruitment of Arf and COP1 on these
structures and interfered with concentration of secretory cargo such as VSV-G and Golgi
resident enzymes (Ward et al., 2001).

Assembly of the COPI coat is thought to promote the sorting of retrograde cargo
into tubules and budding vesicles. Purified COPI both facilitates membrane deformation
and can interact with retrograde cargo. Proteins retrieved to the ER display a
characteristic and essential KKXX motif at their C-terminus that binds directly with
several subunits of the COP1 complex (Cosson and Letourner, 1994). Arf-GAP1, the
other structural component of COP1, also interacts with KKXX-containing proteins.
Interestingly, Arf-GAP1 and COPI display slightly different affinities for KKXX-
containing peptides with varying N-terminal sequences (Reinhard et al., 2003). The
COPI coat performs similar functions at the Golgi complex where it is found associated
with cisternal rims and small 60-90 nm vesicular structures near the Golgi stack (Orci et
al., 1986); (Oprins et al., 1993).

In contrast to the COPII system, the functions of Arf/COPI may not be limited to
membrane deformation and cargo sorting but also include extensive local remodeling of
the membrane bilayer. Upon activation and membrane recruitment, Arfs interacts with
and activate several effectors that include PI4P-5 kinase and PLD (Nie et al., 2003b). In
combination with the ongoing sorting and budding of retrograde cargo, the action of these
lipid modifying enzymes leads to progressive changes in both the protein and the lipid

content of the cargo carriers.

1.6 SORTING TO THE ENDOSOMAL SYSTEM FROM THE TGN

Recent work suggests that sorting and exit from the Golgi complex occurs from
the last 2-3 of cisternae of the stack and may involve two distinct mechanisms
(Mogelsvang et al., 2004). In contrast to the flattened appearance of cisternae in the
middle of the Golgi stack, the trans cisternae show a highly tubulated structure (Ladinsky
et al., 1999); (Marsh et al., 2001). The extreme fenestration often observed on those trans

cisternae gives the impression of a network that results from the actual consumption of
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the cisterna. The trans-most cisterna of the Golgi complex clearly displays buds with the
characteristic pentagonal/hexagonal pattern of the clathrin triskelion. Clathrin coats only
this trans-most cisterna and it is here that cargo destined to the endosomal-lysosomal
pathway is recruited. It is currently assumed that material targeted to the plasma
membrane must exit from the two previous trans-cisternae. Those cisternae show a
distinct type of coat called lace-like or non-clathrin (Ladinsky et al., 1999; Ladinsky et
al., 2002), whose identify remains unknown.

As observed for COPI on early compartments of the exocytic pathway,
recruitment of the clathrin coat on the trans-most cisterna of the Golgi complex depends
on Arf activation. Members of the BFA-sensitive BIG/Sec7p family of Arf-GEFs
catalyze this activation. In contrast to the COPI system, activated Arfs do not recruit the
clathrin triskelion directly, but instead promote the recruitment of several adaptor
proteins of the AP (AP-1, AP-3 and AP-4) and GGA (GGA1l, GGA-2 and GGA-3)
families. Arfs can also regulate recruitment of adaptors indirectly by affecting the levels
of phospho-inositides either directly by activation of phosphatidyl-inositol 4-phosphate 3
kinase, or either indirectly through activation of PLD and production of the phosphatidic
acid (Donaldson, 2003). For example, the recruitment of AP-1 on the TGN depends
critically on the presence of phosphatidyl-inositol 4-phosphate (P14P), a phospho-
inositide produced preferentially on the Golgi complex (Wang et al., 2003).

On the TGN and endosome membranes, these adaptors have been shown to
interact with Arfs and the intracellular tails of several types of transport receptors
(Bonifacino, 2004). Note that AP-3 and GGA-3 function primarily on the endosome
while AP-4 localizes predominantly to the TGN. Interestingly, none of these three
“adaptors” are recovered in clathrin-coated vesicles and they appear instead to function
independently of clathrin (Robinson, 2004). Whether these adaptors recruit an alternate
lattice distinct from clathrin has yet to be determined.

Current evidence does not permit one to clearly determine whether APs and
GGAs function sequentially, on parallel trafficking pathways or on opposite trafficking
pathways. However, the recent demonstration that transfer of a single ubiquitin can act
as a targeting signal in the endo-lysosomal pathway may shed new light on this question

(Reggiori and Pelham, 2002). Indeed, recent work showed that the GAT domain of
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GGAs not only recognizes Arf-GTP but also acts as binding site for mono-ubiquitinated
proteins. Binding of Arfto GGAs actually facilitates binding of the ubiquitinated protein
to the adaptor (Shiba et al., 2004). The GGAs themselves are ubiquitinated and could
thus participate in the complex network of ubiquitin-binding proteins responsible for
formation of multivesicular bodies (Pelham, 2004). Thus, unlike APs, GGAs likely play
a role not only in delivery of cargo to the endosome but also in its transfer to

multivesicular bodies.

1.7 MOLECULAR MECHANISMS FOR ARF6 REGULATED ENDOCYTOSIS
1.7.1 Arf6 displays unique properties

Arf6 is unique among Arfs in showing restricted distribution to endosomes and
the PM. Most eukaryotes express a homologue of Arf6, and all have a predicted pl in the
range of 8.5-9.5, significantly higher than the range of 6-7 predicted for other Arf
isoforms. As a consequence, Arf6 has a net positive charge that is thought to play a role
in its preferential association with the PM (Donaldson, 2003). A conserved signature di-
peptide sequence (Glu-Ser) adjacent to the effector’s binding site has been implicated in
Arf6 recognition and likely plays a critical role in Arf6-specific function (Al-Awar et al.,
2000).

1.7.2 Arf6 plays multiple roles at the PM

The first indication that Arf6 functions at the PM came from the observation that
over-expression of an activated form of Arf6 generates protrusive structures at the cell
surface (Radhakrishna et al., 1996). Subsequent work with either activated or GTP-
binding defective mutants implicated Arf6 in a variety of PM-associated processes such
as cell spreading, cell migration, wound healing and some forms of phagocytosis (for
review, see (Donaldson, 2003)). Arf6 also localizes to endosomal membranes in many
cell types and is required for a clathrin-independent form of endocytosis (Radhakrishna
and Donaldson, 1997).

In contrast to the well-characterized regulation of Golgi coats by Arfs described in
section 1.4.1 above, Arf6 does not exert it effects at the PM and endosome by regulating

AP-2 and clathrin. Instead, Arf6 is involved in regulating membrane lipid composition
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and cortical actin rearrangement. Specifically, Arf6-GTP activates PI4,P 5-kinase, the
enzyme responsible for generating PI(4,5)P2. Arf6-GTP also activates PLD, which
produces phosphatidic acid (PA), a known activator of PI4P 5-kinase. Phosphoinositides,
PIP2 in particular, can then recruit and influence the activity of a variety of other factors.
As discussed in 1.7.2 below, Arf6 also affects the actin regulators rho and rac through
several classes of Arf6-specific GAPs.

1.7.3 Arf6 and remodeling of the actin cytoskeleton

By far the most striking and complex effects of Arf6 are on actin dynamics.

Many of those effects arise indirectly through the activation of the rho GTPase rac
(Franco et al., 1999). Further work identified several potential mechanisms for this cross-
talk between Arfs and the cdc42/rac/rho subfamily. For example, Arfaptin-2/POR1 binds
rac in either nucleotide-bound form but only associates with Arfs in the GTP-form. Upon
activation, Arf6-GTP displaces rac, which is then freed for regulation of membrane
ruffling (Tarricone et al., 2001). The effects of Arf6 on lipid composition can also
modulate the dynamics of cortical actin, possibly synergistically with this rac activation.
Increased PIP2 levels at the PM recruit a number of actin-binding proteins that regulate
the actin network.

A second important mechanism for cross-talk comes from the observation that
Arf6-GAPs serve both as Arf6 regulators and Arf6 effectors. As discussed in more detail
in section 1.9 below, many of these proteins are multi-domain enzymes that include
binding sites for rho GEF or display GAP activity for Rac and/or Rho. Arf6 activation in
this case leads to the recruitment of Arf-GAPs to Arf6-GTP, which then act as scaffold

organizing rho and rac activities.

1.7.4 Arf6 and membrane traffic

Cortical actin acts as a barrier to endocytosis and as mentioned above, Arf6 plays
a key but indirect role in endocytosis by increasing actin dynamics to facilitate formation
and movement of endocytic carriers. Similarly, Arf6-dependent activation of PI4P-3
kinase at the PM (Aikawa and Martin, 2003) or of PLD activity on dense core granules
has also been shown to facilitate fusion (Bader et al., 2004). However, Arf6 has been
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observed on specialized endocytic structures that contain PM proteins internalized
independently of AP-2 and clathrin, and may therefore have more direct functions in
endocytosis (for review, see (Donaldson, 2003)) Interestingly, whereas Arf6 activation is
not required for entry of these proteins into Arf6-positive endosomes, its inactivation
must occur for the subsequent sorting and recycling (Brown et al., 2001).

Several studies suggested that Arf6 also plays a direct role in desensitization and
endocytosis of G-protein coupled receptors, or GPCRs (Hunzicker-Dunn et al., 2002).
Most GPCRs do not internalize constitutively: upon ligand-binding and activation, these
receptors are targeted by specific kinases, and subsequent phosphorylation of the receptor
in turn recruits proteins of the arrestin family (Perry and Lefkowitz, 2002). Arrestins also
interact with a large number of endocytic factors such as AP-2 and clathrin, and were
shown to coordinate the subsequent internalization of GPCRs in a manner dependent on
their ubiquitination and de-ubiquitination (Lefkowitz and Whalen, 2004). Early studies
showed that the Arf-GEF ARNO forms a complex with arrestin that would also recruit
Arf6 upon receptor activation (Claing, 2001). The presence of arrestin in the complex
stimulated ARNO activity and provided a mechanism to couple receptor activation and
Arf6-GTP production. An Arf6-targeted siRNA knockdown study recently confirmed
that Arf6 was indeed required for endocytosis of several different GPCRs (Houndolo et
al., 2005). However, the exact role of activated Arf6 in GPCR endocytosis remains

unclear and may ultimately be limited to lipid remodeling.

1.8 THE PROPERTIES OF ARFS

Mammals express six Arfs grouped in three classes based on sequence similarity
(Boman and Kahn, 1995). The class I Arfs which include Arfs 1, 2 and 3 have been
implicated in Golgt to ER recycling, intra-Golgi traffic and traffic from the TGN. These
Arfs show greater than 95% sequence identity but likely have distinct function (Taylor et
al., 1992). The class II Arfs which include Arfs 4 and 5 have remained largely
uncharacterized; like class I Arfs, they localize primarily to the Golgi complex. Arf6 is
the only class IIT Arf and is the most divergent. It localizes primarily to the endosomal
compartment and has been implicated in endocytosis (D'Souza-Schorey et al., 1995), sub-
cortical actin cytoskeleton rearrangement (Radhakrishna et al., 1996), and cell spreading
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(Song et al., 1998). Interestingly, all six Arfs acquire co-translationally a myristate on an
N-terminal glycine (Berger et al., 1995; Boman and Kahn, 1995). Mutations that prevent
this modification abolish cellular Arf activity (Kahn et al., 1995).

Arfs differ from other small GTPases in that their GTP cycle correlates with
membrane association (Bonifacino and Lippincott-Schwartz, 2003), independent of GDP-
dissociation inhibitors. Crystal structures have been obtained initially for nucleotide-free
Arf-Sec7 complex and recently for two GDP-bound intermediates that, remarkably, can
be ordered to provide snapshots of a “3D movie” of the exchange reaction (Renault et al.,
2003). While in the inactive GDP conformation Arfs localize primarily to the cytoplasm
but can associate weakly with membranes through a myristoylated N-terminal
amphipathic helix (Antonny et al., 1997). In absence of membranes, this amphipathic
helix fits in a hydrophobic groove on the Arf core and acts as locking device that
physically blocks a conformational change required to allow interaction with the GEF
and release of the GDP (Pasqualato et al., 2002). Insertion of the helix in the membrane
removes the lock and now permits the GEF-induced conformational change and GDP
release. GTP binding locks in the conformational change, prevents re-docking of the
helix on the Arf core and traps the activated Arf on the membrane.

The switch I and switch II regions of Arfs are responsible for interaction with
regulators (GEFs and GAPs) as well as several of the Arf effectors (Liang et al., 1997).
Crystal structures of GDP and GTPyS bound Arfs demonstrate that residues of the switch
I and II responsible for effector and GAP interaction are almost completely conserved
among Arfs (Goldberg, 1999). Interestingly, whereas these two regions adopt nearly
identical conformations in the GTP-bound form of Arfl and Arf6 they differ significantly
in conformation when bound to GDP (Pasqualato et al., 2001). This may explain the
differential activation of Arfs by specific exchange factors, but does not address the issue
of specific interaction with effectors.

Arf activation is a highly regulated process involving not only GEFs and GAPs,
but also cargo and effectors. It has been demonstrated that a variety of Arf effectors are
capable of potentiating Arfs for activation, such that the extent of GTP binding in in vitro
studies is significantly increased in the presence of effectors without affecting the rates of

GTP binding or hydrolysis (Boman et al., 2000). Some effectors such as GGAs interact
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with activated Arfs through the switch I and switch II regions and as a consequence
compete with Arf-GAPs, prevent their action and maintain Arfs in an active state
(Puertollano et al., 2001). Other Arf effectors such as coatomer interact with a different
surface of activated Arf and actually increase GAP mediated GTP hydrolysis (Goldberg,
1999; Szafer et al., 2001). Cargo can further modulate Arf activation by interacting with
and decreasing the rate of GAP mediated GTP hydrolysis (Lanoix et al., 2001).

1.2 THE PROPERTIES OF THE ARF-GAPsS

Analysis of the human genome identified 16 genes encoding a characteristic GAP
domain, which consists of a zinc-finger motif (Cukierman et al., 1995; Randazzo and
Hirsch, 2004). Four of these encode proteins similar to Arf-GAP1, and can be
distinguished by the location of the GAP domain at the immediate N-terminus and by the
absence of a PH domain. Arf-GAP1 and Arf-GAP3, the smallest and best characterized
GAPs, localize to the Golgi complex through distinct targeting signals in their C-terminal
region (Aoe et al., 1999). Their function in cargo sorting as components of the COPI
coat was discussed above in section 1.4.1. The other 2 Arf-GAPs in this group, called
Gitl and Git2, are much larger, contain a paxillin binding site and multiple ankyrin
repeats. They were first identified as interactors of G-protein coupled receptor kinases
and current evidence indicates that their GAP activity critically regulates Arf6-GTP
levels at the PM. Increased Arf6-GDP levels decrease endocytosis of G-protein coupled
receptors by both limiting the amount of free arrestin and reducing production of Pi4,5P2
that contributes to AP-2 recruitment (Bader et al., 2004).

The remaining twelve Arf-GAPs have internal GAP domains immediately
preceded by a PH domain; they also contain various combinations of ankyrin repeats, and
in some cases additional PH domains. These Arf-GAPs with Ankyrin repeats and PH
domains, or A(X)AP, are sub-divided into four groups, depending on the presence of SH3
domains (ASAP), coiled-coiled domains (ACAP), GTP-binding protein-like domains
(AGAP), or a Rho GAP domain (ARAP). Like Gitl/2, these large multi-domain Arf-
GAPs can be considered as scaffolds serving to assemble large protein complexes that

contain regulators of both membrane traffic and the actin cytoskeleton.
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The 16 Arf-GAPS clearly outmumber the 6 Arfs and for this reason are thought to
have site- and Arf-specific functions. The PH domains of the various GAPs show
slightly different specificities towards phospho-inositides, and several GAP domains also
show specificity towards their Arf substrate. For example, Arf-~GAP1 acts preferentially
on class I Arfs in vitro. AGAP-1 shows even greater preference for Arfl and its
overexpression, like that of Arf-GAP1 causes dissolution of the Golgi complex, in
agreement for the key role of Arfl in Golgi traffic. On the other hand, several GAPs
localize to the PM and their overexpression reduces intracellular levels of Arf6-GTP.
This is clearly the case for Gits and ACAP1/2. The substrate specificities of ARAPs and
ASAPs have not been resolved (for review see (Randazzo and Hirsch, 2004).

The presence of PH domains in most Arf-GAPs suggests lipids as regulators of
GAP activity. This has been best described for ASAP1. The PH domain is essential for
activity since its deletion yields a protein with less than 0.001% the activity of the wt
protein. The presence of acidic lipids such as phosphatidic acid and PI(4,5)P2 stimulated
10,000 fold the activity of an ASAP-1 truncation containing the PH, GAP and ANK
domains. Limited proteolysis experiments indicated that the lipid-induced increase in
activity coincided with a conformational change. On this basis, Randazzo and colleagues
propose that the PH domain acts as negative regulator that folds over the catalytic GAP
domain and prevents access to the substrate. Binding of PIP2 to the PH domain leads to
its dissociation from the GAP domain and consequent activation of the GAP (Kam et al.,
2000). Lipids have more moderate effects on other Arf-GAPs.

Arf6 and its GAPs have been implicated in regulation of cytoskeletal structures
such as focal adhesions and actin-rich membrane ruffles. Some of these effects clearly
result from Arf6-dependent regulation of lipid composition and subsequent changes in
membrane traffic (Randazzo and Hirsch, 2004). However, several of the Arf6é GAPs are
large multi-domain proteins that act as scaffolds that coordinate the presence of activated
Arf6 and a multitude of signaling molecules that more directly impact the actin
cytoskeleton. For example, Gits have binding sites for both paxillin, a focal adhesion
adaptor, and for PIX, an exchange factor for both rac and cdc42 (Turner et al., 2001).
Similarly, ARAPs contain a second GAP domain with activity towards the actin
regulators cdc42 and rhoA (Miura et al., 2002). ASAPs, on the other hand, interact
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through their proline-rich domain with several tyrosine kinases involved in regulating
turnover of focal adhesions (Randazzo and Hirsch, 2004).

1.10 THE PROPERTIES OF ARF-GEFs
1.10.1 Phylogenetic analysis identifies seven groups of sec7d proteins

Arf-GEFs are characterized by a central 200 amino acids (aa) Sec7 domain
(Sec7d) that has been demonstrated both necessary and sufficient for promoting
nucleotide exchange on Arfs (Chardin, 1996; Mansour et al., 1999). Subsequent
structural and biochemical analysis identified a critical “glutamate finger” that inserts in
the Arf nucleotide binding site and promotes dissociation of the tightly bound GDP
nucleotide, thereby favoring the binding of the more abundant cellular GTP (Goldberg,
1998). Mutation of this glutamate to aspartate significantly reduces activity, while charge
reversal mutation to a lysine completely abrogates GEF activity (Beraud-Dufour et al.,
1998).

Extensive bio-informatics analysis of the fully sequenced genome of seven model
organisms identified a total of 7 different families of Arf-GEFs (Cox et al., 2004). Only
two of these families, the GBF1 (Gealp/Gea2p) and BIGs (Sec7p), are present in all
organisms. Plants and fungi express two unique families, while animal genomes encode
3 unique types that are called: Exchange factor for Arf6 (EFA6), Arf nucleotide opener
(ARNO) and BFA resistant Arf-GEFs (BRAGs). The human genome encodes 13 distinct
Sec7d containing proteins that can be separated into these five groups on the basis of

domain organization and sequence similarity, as shown in Figure 1.2 and 1.3.

1.10.2 Properties of ARNOs

ARNO:s (also called cytohesins) are a family of four 40kDa GEFs unique to metazoans.
In addition to the canonical Sec7d, all ARNOs contain a coiled-coil domain at their N-
terminus and a PH domain downstream of the Sec7d (see Fig 1.3). ARNOs are active on
both class I and class II Arfs in vitro but activate preferentially Arf6 in vivo (Frank et al..
1998); (Macia et al., 2001). ARNOs are primarily cytosolic but can redistribute to the
PM where they function in cytoskeletal dynamics (Frank et al., 1998) and cell spreading

(Santy et al., 2001). Some studies involving very high levels of overexpression have
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Figure 1.2 The BRAGs are a novel family of ARF GEFs

Sec7 domain proteins present in the H. sapiens, C. elegans and D. melanogaster
genomes were identified by BLASTp searches of genome specific databases as of
January 2001. M aximal parsimony using PAUP of consensus alignments generated
with SOAP (1.5) yielded 6 phylogenetic trees with similar distribution and of equal
length. This demonstrated that there are 5 families of ARF-GEFs: The BIGs.GBFs.
EFA6s, ARNOs and now the BRAGs.
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Figure 1.3 ARF-GEF families possess similar domain organization

Each mammalian ARF-GEF possesses the cannonical sec7 domain. Other domains include the dimerization and
cyclophillin binding domain (DCB), proline rich domains (PR), pleckstrin homology domains (PH) and the coiled

coil domain. The ARF-GEFs have been grouped by family, yielding the GBFs, the BIGs, the BRAGs, the EFAG6s
and the ARNOs families, respectively.
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implicated ARNO at the Golgi complex (Franco et al., 1998). The coiled-coil domain
promotes dimerization (Chardin, 1996) and has also been implicated in cellular
localization (Lee and Pohajdak, 2000).

Initial studies on ARNOI (cytohesin 2) revealed that its PH domain regulates
membrane association. Further work established that the PH domain contributes to PM
association by binding selectively the PIP3 (PI3,4,5P) produced in response to receptor
stimulation and subsequent PI3kinase activation (Klarlund et al., 1998). Two alternate
splice variants of ARNOI, 3 and 4 mRNAs have since been described that differ by the
presence of a 3 nt exon encoding a glycine within the PH domain (Ogasawara et al.,
2000). Interestingly, the presence of this additional gly residue in one of the PIP
interacting loop of the PH domain eliminates the specificity towards PI(3,4,5)P2 relative
to PIP2 (Cullen and Chardin, 2000; Klarlund et al., 2000).

1.10.3 Properties of EFA6s

EFAG6s consist of a family of three small metazoan-specific GEFs of
approximately 60kDa. Whereas the expression of the related EFA6A and EFA6C is
restricted to brain tissues, that of EFA6B appears ubiquitous (Derrien et al., 2002). In
contrast to the primarily cytosolic ARNOs, EFA6s associate with membranes and
localize at the plasma membrane / endosomal system (Franco et al., 1999). Furthermore,
EFA6s are the only known GEFs to date that display no GTP exchange activity towards
Arfl in vitro, and shows instead strong activity on Arf6 (Franco et al., 1999). Like
ARNOs, EFA6s contain a PH domain downstream of the sec7d, that appears sufficient to
target to Arf6 and actin-rich membrane ruffles and microvilli structures at the PM
(Derrien et al., 2002). The specificity of the PH domain of this class has not been
reported. EFA6s contain a C-terminal coiled-coil domains that appear essential but

whose function in dimerization has not been investigated in detail (Derrien et al., 2002).
1.10.4 Properties of BIGs
BIG1 was first identified from brain extracts through it ability to promote GTP-

loading on purified Arfs (Morinaga et al., 1996). This activity co-purified with a 200
kDa protein, showed sensitivity to BFA and was therefore called BFA inhibited GEF, or
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BIG (Morinaga et al., 1997). Subsequent cloning of BIG1 facilitated the identification of
a second isoform, called BIG2, which co-purified with BIG1 in a large macro-molecular
complex (Yamaji et al., 2000). BIGs are active on all 3 classes of Arfs (Morinaga et al.,
1997); (Sata et al., 1998), and are the only mammalian family whose GEF activity shows
clear inhibition in vitro by the uncompetitive inhibitor Brefeldin A (Mansour et al.,
1999).

BIG1 and BIG2 are ubiquitously expressed proteins (Mansour et al., 1999) that
localize to trans-most cisternae of the Golgi complex where they are thought to regulate
recruitment of adaptors for the clathrin coat (Yamaji et al., 2000); (Zhao et al., 2002).
Overexpression of Arf-GEFs can partially compensate for their inhibition by BFA.
However, protection resulting from GEF overexpression appears selective. Not
surprisingly, overexpression of BIG2 protects the clathrin coat from dissociation caused
by BFA at the TGN but does not prevent BFA-induced release of COP1 from earlier
Golgi compartments (Shinotsuka et al., 2002). Co-immunoprecipitation analysis using
tagged forms of BIG1 and BIG2 established that greater than 75% of these two GEFs
exist as heterodimers (Yamaji et al., 2000). However, pools of homodimers with unique
function appear to exist, since under some conditions BIG1 and BIG2 localize to
overlapping but distinct regions within the TGN (Melancon et al., 2004); (Shin et al.,
2004).

1.10.5 Properties of GBF1

GBF1 was first identified by expression cloning for its ability to permit growth of
transfected cells in the presence of BFA (Claude et al., 1999). The effect of over-
expression appeared Golgi-specific and the new cDNA was thus called Golgi-specific
BFA resistance factor. Mammals express a single GBF1 member but two isoforms are
present in fungi (Gealp and Gea2p) and plants express three related proteins called
GNOM and GNOM-like 1 2 (GNL-1) and GNL-2. GBF1 is expressed ubiquitously
(Mansour et al., 1998) and functions in early compartments of the Golgi complex where
it regulates recruitment of the COP1 coat (Zhao et al., 2002); (Kawamoto et al., 2002).

GBF1 is most active on ArfS in vitro (Claude et al., 1999) but its over-expression was
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shown to protect both class I and class II Arfs from BFA-induced dispersal in vivo
(Kawamoto et al., 2002).

GBF1, like all other Arf-GEFs, likely functions as a dimer. The possibility that
GNOM is a homodimer was first suggested by unusual allelic complementation between
three classes of GNOM alleles (Busch et al., 1996). Subsequent characterization using a
yeast two-hybrid assay confirmed that GNOM is a homodimer and established that the
region responsible for dimerization is present at the N-terminus (residues 1 to 246), in the
region encoded by the first exon (Grebe et al., 2000). This region is also able to bind
cyclophilin-5, a protein with folding activity that may be important for regulation of
GNOM dimerization and function. This dimerization and cyclophilin-binding, or DCB
domain, is also found in Geas and GBF1 but its function in these proteins has not been
confirmed. However, GBF1 and Geas likely function as dimers because other well-
characterized Arf GEFs such as BIGs (Yamaji et al., 2000) and ARNOs (Chardin, 1996)

clearly form dimers.

1.10.6 Properties of BRAGs

The BRAG:s are the focus of my research and the current thesis. There are 3
human homologues, the most similar of which are BRAG1 and BRAG2 (also called
ArfGEP100). While BRAG2 localizes to the endosomal compartment and is most active
towards Arf6 (Someya et al., 2001), my research indicates that BRAG1 may localize to
the cis-Golgi complex and is more active on class I than class IT Arfs. The D.
melanogaster genome encodes a single BRAG gene, called LONER, whose product has
been implicated in muscle development and activation of Arf6 in the endosomal system
(Chen et al., 2003). Furthermore, LONER appears to be a cytosolic protein whose proper
localization requires the presence of the trans-membrane receptor Duf. Interestingly, the
LONER gene yields three distinct splice variants with potentially tissue-specific function
(Chen and Olson, 2004; Chen et al., 2003). Variable localization and Arf specificity is

not observed in other families and may be considered a novel feature of this family.
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Chapter 2

Materials and Methods
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2.1 GENERAL DNA MANIPULATION TECHNIQUES
The following methodology was used in the generation of all DNA constructs,

except where otherwise noted.

2.1.1 Primer design

Primers were generally designed to meet the following criteria: (1) a melting
temperature (Tm) of 60°C +5°C (2) a GC content of approximately 50%, and if not
possible, of similar value between the primer pairs; (3) inability to form stable homo or
hetero-dimers as determined by Oligo-calculator on the integrated DNA technologies
(IDT) website (http://scitools.idtdna.com/Analyzer/). I further rejected any primer pairs
for which approximately 3 of the 5 terminal residues are complementary, with special
empbhasis on the 3’ most nucleotide; (4) absence of low complexity sequences such as
poly-n tracts, especially near the 3’ ends of primers, as this is the location of
polymerization. (5) a length of 20-30 nucleotides. Restriction sites were often
engineered into the 5’ ends of primers to facilitate directional cloning of the fragment,
often in a specific translational frame (N-and C-tagging). Additional nucleotides were
usually included at the 5° end to increase the efficiency of subsequent cleavage with
restriction enzymes. The number of additional nucleotides used was based on
information provided in the reference appendix of the New England Biolabs (NEB)
catalogue which lists the efficiency of cleavage close to the end of DNA fragments as a
function of the length of overhangs. These additional nucleotides were chosen to be

homologous to the gene sequence.

2.1.2 PCR reactions

The number of cycles was initially set at 25-30, but was further optimized after
the yield of the first set of reactions was determined. The annealing temperature was
usually chosen to be between 5-10°C below the Tm for the primers. Because we have a
Robo-cycler, which allows the simultaneous use of multiple annealing temperatures, I
often chose the Tm as the highest annealing temperature, with several lower temperature

conditions as well. This allowed me to determine the most specific and productive
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conditions. Primers were used at a final concentration of 0.2pmol/ul, and 0.75ul of
enzyme was used per 50ul reaction.

After the last reaction cycle, one tenth of each sample was analyzed on an
analytical agarose gel. Following analysis, the remainder of productive reactions was
purified on Qiaex PCR purification columns. In cases when amplification reactions
performed at multiple temperatures gave moderate but clean products, I would often load
all reactions on the same column. This would concentrate the otherwise dilute PCR

products.

2.1.3 Subcloning

The DNA of interest usually consisted of Qiagen mini-/maxi-prep DNA, or Polymerase
Chain Reaction (PCR products). In most cases, DNA fragments were cloned
directionally into the vector of interest using a pair of non-complementary restriction sites
at the two ends. Whenever possible, the restriction enzyme pair was chosen so that both
enzymes were active under similar incubation conditions. This allowed simultaneous
digestion with both restriction enzymes, and eliminated the need to purify DNA
fragments between digests. When intermediate purification of digested fragments was
required, the restriction reaction was subjected to standard phenol:chloroform purification
followed by ethanol precipitation.

Generally, 1ug of vector and insert were digested and half the products were
separated on a low melting agarose gel and recovered using Sigma GenElute MINUS
EtBr SPIN COLUMNS (cat# 5-6501) or Qiagen Qiaex II Gel Extraction Kit (cat no.
20021). One tenth of each DNA preparation was run a standard analytical agarose gel.
and the relative concentrations of vector and insert were estimated based on ethidium
fluorescence following staining and illumination on a UV light box. Ligation reactions
were then assembled so that the vector to insert ratio (mol : mol) were either 1:1 or 1:3
(where “1 part” is usually 1uL)

To recover plasmids, the ligation reactions were electroporated into TOP10 or DH3a E.
coli and one tenth of the bacteria was plated. DNA was extracted from overnight cultures

using Qiagen miniprep kit, and was subjected to a diagnostic digest (most often using the
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enzymes which were used in the original insertion). Where noted, the resulting clones

were sequenced.

2.2 KAZUSA INSTITUTE CLONES

The KIAA0522, KIAA0763 and KIAA1110 clones were obtained from the
Kazusa Institute. cDNA synthesis from human brain polyA RNA was initiated with a
Not! oligo dT primer and the resulting cDNAs were repaired and ligated with a Sall
adapter at the 5” end prior to insertion into the Sall — Notl site of pBluescript2 SK+.
Initial analysis at the Kazusa Institute revealed interruption of the ORF that suggested a
potential problem with the original KIAA1110 cDNA, clone hh04831b. Further analysis
by RT-PCR confirmed the presence of several mistakes in clone hh04831b
(http://www.kazusa.or.jp/huge/full/goal/hh/hh0483 1 bmrp1/w3open/compare.html).
Although the correct sequence is now available, an intact cDNA has not yet been

reconstructed.

2.3 CONSTRUCTION OF PROKARYOTIC EXPRESSION VECTORS FOR BRAG TRUNCATIONS

The overall strategy for recombinant expression of truncations containing the
Sec7 domain of BRAG1 and BRAG?2 is described in Chapter 3. The first set of
truncation was amplified using the KIAA0522For — KIAA0522Rev and KIAA0763For-
KIAAQ0763Rev primer pairs (see Table 2.1). Coded within the primers were an EcoRI
site at the N-terminus and an Xhol site at the C-terminus. KIAA0522 and KIAA0763
were each amplified with the appropriate primers, digested with EcoRI and Xhol. The
KIAAO0522For primer was abandoned once I realized that the BRAG1 ORF contains 2
EcoRlI sites. I therefore re-ordered the KIAAQ522For primer, this time with a BamH1
site in place of the EcoR1 site. This new primer was named 0522R0.

The KIAA0522R0-KIAA0522 fragment was amplified by PCR and the fragment
was inserted into pCEP4 at the BamH1-Xhol sites. This “R0” construct was then
induced in E. coli-BL21DES3 as described in chapter 2, and purified on GST-agarose
beads. This fragment was then tested for GEF activity on Arf5.

The KIAA0763 fragment was ligated into pGEX4-t-1 exhaustively digested with
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Table 2.1

Primer name Enzyme Primer sequence Tm
KIAAQ0522for: EcoRI 5’: ’tgg aat tca acc 1gt gca age aga Ctt ace age ggg aga 67
c-3
KIAA0522 rev: Xhol 5°- tgt tge teg agg act tit cge tee cca ggt act g¢ ~3° 69
KIAAQ763 for: EcoRI 5;-, tgg aat tca age tca gea age aga cct aac acaagg agg ¢ | 66
KIAAQ763 rev: Xhol _f, -igtigetegagg gigaattictic cgg tct iga geg g gg— | 64
0522F2: BamHI | 5’-gag gga tee gag age tec age aat tec aat gag ac -3’ 59
0522R2: Xhol 5°- acc tge teg aga tgg tea tog ttg gte cge agt tc -3 62
0522R3: Xhol 5°- asc gac teg agg ctg tta cge cgc cec cge ttg —3° 70
0763F2: EcoRI 5’- acg aat tca aca gca cgt cca act cca acg ata cc ~3° 62
0763R2: Xhol 5°- acc tge teg aga tgg tec tea ttg gtc ttt age tc —3° 57
0763R3: Xhol 5°- ctg tac teg age gag ttc tie tic tic tgg aag at—3’ 54
FATG (for pCEP4- | Kpnl 5°- cgc cgg tac cga ggc ggg gtc ggg g ~3° 62
N1):
FUTR (for pCEP4- | Kpnl 5°- tec ggg tac ccg gea gec tea get cet get -3 65
NI1):
Rstop: Xhol 5°- ctg ttc cte gag tca ctc tet cca tte atc aga cca cg -3’ 60
R2St: Xhol 5°- agg tcc cte gag tgt ggc tee cea gac ttt cot =3 61
B1RaceF1: 5°- cgt gga gta cct gct gga get gaa —3° 76
BlRaceR1: 5’- cge cga ata gee cgc tte ettt —3° 74
B1RaceR2: 5°- gee ggg act gga get cct gga t—3° 74
B3RaceR1: 5°- cgt gac gtc ccg gaa age cat ca~3’ 74
B3RaceR2: 5°- gta gcg cgg cag gct cag gat ca -3’ 76
BlRace R3: 5’- tgg tac tgg ctc tcg cgg ccc ggg ctat -3’ 71
B1RaceR4: 5’°- ccg gge cgc ctg gtg gaa ctg get ct -3’ 73
B1RaceF2: 5’- cgggatccgagageccaaategggeegt —3 70
B1RaceR5: 5°- gc tga cce tgg cte cte aga cat -3’ 74
B1RaceRé6: 5°- atc cag gta gag ggg aag atc act g ~3’ 76
B1RaceR7: 5’- tgatgg cac tgg tgg agg aac tg -3 72
B2RaceR1: 5°- cag tgt gca ggce tge gge agttga —3° 78
B2RaceR2: 5°- gac atc act gta cga gge cgt cat —3° 74
B2RaceR3: 5’°- agg ggg cga cag cte cte ctc atc —3° 20
RP12-5UTR: Kpnl 5°- agg agg gta ccc tic tag gga agg gt ggg ga—3’ 61
RP18-5UTR: Kpnl 5’- agg agg gta cca ggg aag ggc tgg gga gga—3’ 63
Rclal: 5°- gac atg ggc cct gac ggg tgg ca—3’ 68
Gtag-5ATG: 5°- cca gag gta ccg agc ccc ccg gga gga gea ge 3’ 70
BIR3RT: 5°- cte tec aca gac ctg cag gac aag -3’ 61
PH-NorFor: 5°- ccc ctc gtg gaa atg cac atg ~3’ 60
PH-NorRev: 5’- gga tgt aaa gcg cag ccg gte —3° 62
RP18-NorFor: 5’- agg gaa ggg ctg ggg agg agg -3 66
5°- ctg ctg cte cte ccg ggg ggc t -3’ 71

RP18-NorRev:
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S5cDNAFor: 5°- gga ggg tgg cge cgt gag aga —3° 67
ScDNARev: 5’-tca get cca gea ggt act cca cg -3 64
BRAGI-FLAGfor: | Kpnl | 5'-aaaggtacc cag gec ctg cat gec cag tat tgc 3 66
BRAGI1-FLAGrev- Xhol 5’- aaa aaa ctc gag tda cgg ccg ctt gt gte gtc atcctr gta | 64
5t0-r: gtc cte tet cca tic atc aga cca cgg tec -3’
BRAGI1-unFLAG- Xhol 5:-’aaa aaa ctc gag tca ctc tct cca tte atc aga ccacggtge | 64
rev: -

StopNorFor: 5°- gaa ttc cca tee cca ctg ctg t -3’ 60
StopNorRev: 5’- agg ttc caa gct cca age tec a~3° 61
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the same enzymes. This construct encodes a protein of expected size 63 kDa (GST +
37,204 Da). Several colonies were obtained, none of the clones showed reproducible
induction of the recombinant protein, and therefore were not analyzed further.

Following the failure of the first set of BRAG1 and BRAG?2 truncations, new
forward and reverse primers were developed. In particular, the EcoRI site in the 0522For
was replaced with a BamHI site at the 5’end of a new forward primer (0522F2) for the
KIAA0522 truncation. The new forward primer (0763F2) for the KIAA0763 truncation
retained the EcoR1 site. Two new reverse primers were also designed for each
truncations (see Fig 3.1 for relative position). The resulting clones from the 0522F2 —
KIAAO0522Rev, 0522R2 and 0522R3 amplifications of KIAA0522 have been named 5rl,
512 and 513, respectively. The chimeric proteins encoded by these constructs were
expected to have masses of 63 kDa (GST + 41,408 Da), 55 kDa (GST + 28, 588 Da) and
78 kDa (GST +52,475 Da), respectively. The clones obtained from the KIAA0763F2 —
KIAAO763rev, 0763R2 and 0763R3 were named 7rl1, 7r2 and 7r3, respectively. . The
chimeric proteins encoded by these constructs were expected to have masses of 70 kDa
(GST + 44,136 Da), 54 kDa (GST + 28,579 Da) and 63 kDa (GST +37,578 Da),

respectively.

2.4 GENERAL METHODS FOR PROTEIN ANALYSIS

To rapidly analyze recombinant protein expression, I inoculated and grew small
cultures overnight. The next morning, cultures were diluted one in three into fresh LB
broth, and incubated for one hour prior to induction with 0.4mM IPTG for one hour.
Cells were recovered by centrifugation in a microfuge, and then resuspended and boiled
in sample buffer for analysis on a 10% poly-acrylamide gel (Laemmli and Eiserling,
1968). The relative mobility of recombinant proteins was estimated by comparison with
commercial molecular weight standards (Broad range standards, BD Biosciences)
analyzed in parallel.

For protein isolation, I first inoculated 2 ml of LB broth that were used following
overnight growth, for inoculation of larger cultures by dilution in the range of 1/500 to
1/1000. Cells were then grown to a density of 0.D.gp0 of 0.4-0.6, and induced by further
culture for 2-4 hours in the presence of 0.4mM IPTG. Cells were recovered by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



centrifugation at 5,000g for 5 minutes at 4°C, washed in PBS, resuspended in 1/10
volume of wet cell mass and disrupted in French Press. The resulting lysates were
adjusted to 0.1% Tween-20 to increase solubility and then cleared by centrifugation at
20,000g for 20 minutes at 4°C. For isolation of glutathione S-transferase (GST)- tagged
proteins, the cleared lysates were incubated by mixing end over end for 12-16 hours at
4°C with glutathione-agarose beads (BioRad) equilibrated in PBS containing 10 mM
beta-mercapto-ethanol. Beads were recovered and washed by repeated centrifugation at
500g for 5 min.

I tested two methods for releasing GST-tagged proteins from the glutathione-
agarose beads. The standard method involves competing the interaction of GST with the
beads though addition of excess free glutathione. The other method, in theory more
selective, involves cleavage of the linker between the GST and KIAA0522 by virtue of
an engineered thrombin cleavage site. Several attempts at recovering protein 5r1 by this
method showed very poor yields (<10% release from beads) and no improvement in
purity over the simpler glutathione elution method. Two separate attempts to improve
thrombin cleavage yields by addition of hirudin, a known thrombin enhancer, were
unsuccessful.

In the end, I chose to elute proteins by sequential incubation with PBS containing
increasing concentrations of glutathione in the range of 5-100 mM. Eluates were flash-
frozen and stored at —-80°C. Where indicated, proteins retained on GA-beads were

released by boiling in a volume of SDS sample buffer equivalent to that used for elution.

2.5 PURIFICATION OF SR0 CONSTRUCT

510 and mock-transfected E.coli were analyzed for expression as described above.
The mock transfected E. coli showed no specific increase in protein levels with IPTG
induction, but the 5r0 transfected E. coli reproducibly expressed a new protein of the
expected size, 63 kDa.

When the 510 bacterial lysates were cleared of insoluble material by
centrifugation there was a considerable loss of recombinant protein, suggesting that the
majority this protein may be insoluble (Fig 2.1). When these cleared lysates were

incubated with glutathione beads, there was binding and elution of several proteins from
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Inoculate culture and grow to OD600 of 0.4-0.6

Induce by addition of 0.4mM IPTG

Pellet cells by centrifugation

Add 0.1% Tween-20 and clear supernatant at 20,000g for 20 min

Recover GST-chimeras on GA-column

Eluted FEluted
mock 5r0

Elute with excess glutathione

Figure 2.1 Purified 510 is suited for biochemical analysis

Panel A. Flowchart of procedure for expression and isolation of GST-BRAG chimeras. For details see the
text,
Panel B. The 510 fusion protein was purified from low speed supernatants of E.coli ly sates using

glutathione-agarose beads. Eluted product was visualized by SDS-PAGE and compared to elution from
mock-transformed ly sates.
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the 5r0 expressing lysates. In contrast, no proteins were bound from lysates of mock-
transfected cells (Fig 2.1). This suggests that multiple proteins are made from the
transcript, there has been proteolysis or several E.coli proteins bind to the recombinant
protein of interest.

Preliminary studies established that most contaminants on the beads could be
released by extensive washing with 5-7 volumes of PBS. Serial elutions with wash
buffer containing SmM, 10mM and 15mM glutathione released the majority of bound
proteins because very little is left on the beads after elution. This method yielded a 510
preparation with several bands migrating around the size expected of 63 kDa (GST +
38,500 kDa) and a 70kDa protein as a contaminant (Fig 2.1). According to GST
purification manual the 70kDa band is likely a chaperone which can be selectively eluted
/ removed from a sample by washing with an ATP containing buffer. This preparation

was then tested in a standard GTP exchange reaction for GDP release on Arf5.

2.6 PURIFICATION OF R1, R2 AND R3 CONSTRUCTS OF KIAA0522

E. coli transformed with the three new KIAA0522 constructs, 5rl, 512 and 5r3, all
expressed new recombinant proteins of the expected size:67 kDa, 54 kDa and 78 kDa,
respectively (Fig. 2.2A). Sec7 domain truncation 5r2 accumulated in E. coli BL21DE3 to
the highest level, while the 5r1 and 513 constructs were only moderately overexpressed
(Fig 2.2A).

When incubated with glutathione beads, the three KIAA0522-sec7 domain
constructs bound GA-beads with varying efficiency. The 5rl truncation bound the GA-
beads weakly and for this reason was not further purified and assayed for GTP exchange
activity. Both the 5r2 and 5r3 constructs bound efficiently to GA-beads and could be
recovered by elution with glutathione.

A number of low molecular weight products in the 30 kDa range co-purified with
the 5r2 and 513 fractions (Fig 2.2A). Although these contaminants did not interfere with
preliminary analysis in the GEF assay, we chose to obtain a more highly purified
preparation for the detailed biochemical analysis described in Chapter 3. Batch binding
experiments first established the BRAG1 sec7 domain truncation bound cationic resins

such as FastFlow-S under salt concentrations as high as 100 mM KCl. In contrast, most
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Pre- Post- Supernatant Eluate Boiled
induction  Induction Beads

200 kDa

116 kDa
97 kDa

66 kDa

45 kDa
31 kDa

21 kDa

200 kDa

Figure 2.2 Expression and purification of the KIAA-522 and KIAA0763 chimeras

Panel A. SDS-PAGE analysis of intermediate fractions obtained during the isolation
of GST-chimeras containing three different truncations of KIAA0522. (see diagram in

Figure 2.1)

Panel B and C. SDS-PAGE analysis of intermediate fractions of the 7R2 and 7R3
chimeras containing truncations of KIAA0763. Shown are equivalent amounts of pre-
induction, post-induction, and soluble post induction samples. Elution profiles for
7r2 and 713 suggest that SmM glutathione is acceptable for elution of 7r2 and 10mM

elution is sufficient for elution of 7r3.
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contaminant were recovered in the flow through fraction. For large scale purification,
eluates from the GA beads were loaded on a 1 ml Mono-S column equilibrated in
phosphate buffer (pH 7) containing 100 mM KCI. After extensive washing with loading
buffer, the BRAG1 Sec7d was eluted a with step gradient containing 350 mM KCl.
Fractions containing BRAG1 were identified by SDS-PAGE electrophoresis, pooled and
stored as aliquots at —80°C.

2.7 PURIFICATION OF R1, R2 AND R3 CONSTRUCTS OF KIAA0763

E. coli transformed with the two new KIAA0763 constructs 7r2 and 7r3 expressed
new recombinant proteins of the expected size:73 kDa and 81 kDa, respectively. Several
preliminary experiments with E. coli BL21DE3 transformed with the 7r2 and 7r3
constructs established that induction with 0.4mM IPTG at 37°C yielded the best
expression. Both of these constructs are highly expressed, with a considerable fraction of
recombinant protein remaining soluble after a 10, 000xg spin (Fig 2.2B,C). The 7r2
truncation bound GA-beads well under all conditions, while the 7r3 construct bound
more poorly under similar conditions. Elution with glutathione yielded final protein
preparations that were >90% pure (see Fig 2.2).

These preparations were tested in a standard GTP exchange reaction for GTP

exchange on Arf5.

2.8 GTP EXCHANGE ASSAYS

GTP exchange assays were performed as previously described by Mansour,
Claude and colleagues (Mansour et al., 1999); (Claude et al., 1999). Briefly, a pre-mix
was assembled that contained sufficient amounts of salts and buffers to yield final
concentrations of 50 mM HEPES (pH 7.5) / 100 mM KC1/ 1 mM MgCl, / 1 mM DTT.
Also added was the GEF of interest, sonicated azolectin vesicles (1.5 mg/ml), GTPyS (40
1M containing radioactive [*°S]GTPYS) and the volume is adjusted with water. The
assay begins when the appropriate amount of Arf is added to give a final volume 50-100
pl.

Reactions were initiated by adding the appropriate ARF. This is because the ARF

will begin to load GTPyS as soon as it is available. Reactions were performed at 30 °C
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rather than 37 °C since unpublished experiments established that GTP loading occurs
more slowly but to greater extent at this reduced temperature.

Time points were taken by removing (typically) 15-20 ul of a 100ul reaction, and
diluting into 2ml of ice cold stop buffer (50mM HEPES (pH 7.5) / 100mM KCI / 10mM
MgCl,). At the end of the reaction, the 2mL samples are filtered through pre-wetted
0.45um MF membrane filters (Millipore, cat# HAWP02500) to trap protein and bound
nucleotides. Filters are then washed twice with 2ml of ice cold stop buffer and dried
under a heat lamp. The extent of radioactivity trapped on each filter was determined

using a Beckman-Coulter (model LS 6500) multi-purpose liquid scintillation counter.

2.9 CALCULATING ADJUSTED GEF VALUES
The raw data obtained from each reaction must be corrected to obtain the number
of moles of GTP exchange on Arfs in GEF-dependent manner. Background values that
must be determined and used for correction include the amount of filter trapped GTP
when reactions contain (1) buffer without proteins; (2) GEF alone = (GEF - buffer) and
(3) Arf alone = (Arf - buffer). To calculate the extent of GEF-dependent exchange on
Arf in a typical incubation I used the following equation to correct the raw value:
GTP exchange = Value - buffer — (GEF-buffer) — (Arf-buffer)
or, following rearrangement
GTP exchange = Value — GEF - Arf + buffer
To calculate the number of moles of GTP exchanged above background, this value is

then divided by the specific activity of GTPYS in the reaction.

2.10 CONSTRUCTION OF EUKARYOTIC EXPRESSION VECTORS FOR BRAG1

To allow for expression of the cDNA in mammalian cells, BRAG1 was first
subcloned into the Invitrogen vector pCEP4. This vector was chosen because a strong
cytomegalovirus promoter drives transcription of the cloned cDNA. Furthermore, this
plasmid can be used to generate stable lines at high frequency since it contains the
Epstein-Barr virus origin of replication and can be readily maintained as an episome in

cells expressing the EBNA-1 protein.
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Because the pCEP4 vector does not provide an initiating ATG, the first one within
the cloned ¢cDNA is used. Therefore there was no concern as to the reading frame of the
inserted fragment. As illustrated in Fig 2.3, the KIAA0522 cDNA was directionally sub-
cloned into the KpnI-NotI sites of pCEP4. These sites were chosen because they are
present in the multiple cloning site of both pBluescript2 and pCEP4, and are absent from
KIAA0522. The resulting plasmid was termed BRAG1-pCEP4. The sequence of the
cDNA was not confirmed by sequencing but subsequent experiments demonstrated that it

encoded a protein of 63kDa.

2.11 TAGGING OF BRAG1 AT N-TERMINUS WITH VSV-G EPITOPE

Our first attempt at constructing an epitope-tagged form of BRAG1 took
advantage of a derivative of pCEP4 generated by Dr. Sam Mansour by insertion of an
oligo in the Kpni-Xbal MCS (p-CEP4-N1). The additional sequence encodes a short
peptide segment derived from the C-terminus of the VSV-G protein (G-tag) in-frame
with an initiating methionine. Several restriction sites located downstream allowed
insertion of a coding sequence to produce of N-terminally tagged form of the protein of
interest. Because there were no convenient, unique restriction sites at the 5’end of
KIAA0522, I chose to amplify the entire coding region of BRAG1 by PCR using primers
containing restriction sites suitable for insertion into pCEP4-N1 (see Table 2.1). The
amplified region encodes an ORF that starts at the first residue after the initiation AUG
and ends immediately after the first in-frame stop codon of the cDNA. This initiating
methionine was omitted from the G-tagged vector to avoid alternate initiation of
translation.

As indicated in Fig 2.3, the forward primer FATG introduced a Kpnl site at the
5’end and the reverse primer RSTOP an Xhol at the 3°end (see Table 2.1). The PCR
reaction yielded a product of the expected size (1487 bp) that was purified and ligated
into pCEP4-N1 using standard methods. A single clone, called G-BRAG1-pCEP4, was
sequenced from the 5’end. The insertion was in frame, without errors over the region
sequenced. This plasmid drives production of a protein of the expected size (163kDa
kDa) in transfected cells (see Fig 4.3C).
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Figure 2.3 Construction of expression vectors for BRAG1 encoding cDNAs
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2.12 SYNTHESIS AND CLONING OF 5> RACE PRODUCTS

To estimate the amount of cells required for mRNA isolation and cDNA
synthesis, I took advantage of manufacturer’s recommendations. The Oligotex manual
suggested that extraction from cultured cells yield 3-6ug of mRNA per 1x107 cells (I
used the lower value for calculations), and the Qiashredder manual suggested that a 10cm
plate will yield 2.1-4.2ug of mRNA at 90% confluency. I concluded that a single 10cm
plate of HEK 293 would yield enough RNA for several reactions with the Generacer kit,
which requires 50-250ng of mRNA per reaction.

RNA was isolated from sub-confluent cultured HEK293. The cells were
trypsinized, spun down and resuspended in Qiagen buffer OL1 (lysis buffer). The cells
were then lysed according to the Qiashredder (cat #79654) protocol and poly mRNA was
isolated using Qiagen Oligotex Direct mRNA Mini Kit. I used 2 pl of the isolated
mRNA (estimate 200ng based on typical yield) of this product for each of the Generacer
“libraries” generated. First strand synthesis was performed using either random
hexamers (RP library), or a combination of the 3 reverse primers KIAA0522 rev,
0522R2, 0522R3 used in the construction of plasmids encoding the 5rl, 5r2 and 5r3 Sec?
domain truncations of BRAG1 (Gene Specific Primed, or GSP library). HeLa total RNA
provided with the kit was reverse transcribed with random
hexamers and amplified with $-actin primers as a positive control. 5’-RACE was
performed using the Invitrogen Generacer™ kit as per manufacturer’s instructions.
Products from reactions yielding high molecular weight species were cloned using the
Zero Blunt® TOPO® PCR Cloning Kit provided with the 5’RACE kit.

The following regime was used for S’RACE of BRAGs 1, 2 and 3.
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Temperature | Time | Cycles
94 2min |1

94 30sec |5

72 2.5 min

94 30sec |5

70 2.5 min

94 30 sec

65 30sec |30

72 2.5 min

72 10 min |1

The DNA was amplified using the Expand High Fidelity PCR kit (cat#
03300242001). Reactions were typically 50ul of which 1ul was template. The primers
were all used at 10 pM (final) except the Generacer 5° primer, which was used at 3x the
standard concentration (as suggested).

2.13 ASSEMBLY OF FULL-LENGTH CDNAS CONTAINING THE ALTERNATE 5’ ENDS OF
RP12 AnD RP18

To determine if the RP12 and RP18 splice variants of BRAG1 have distinct
localization or function, I chose to assemble full-length cDNAs by substituting the
alternate 5° ends present in the RP12 and RP18 RACE products for those present in the
KIAA-0522 cDNA. Construction of cDNAs encoding tagged and untagged forms of
BRAGI1b and BRAGIc involved sub-cloning the RP12 and RP18 sequences into either
the BRAG1-pCEP4 or G-BRAG1-pCEP4 plasmids described above (Fig 2.3).

The RP12 and RP18 clones share a 993 bp sequence with KIAA0522 at their 3°
ends which contain a Clal site that could be used for this construction. KIAA0522
contains an additional Clal site that is not cleaved when plasmid DNA is prepared from a
bacterial, strain capable of methylation (TOP10, dam+, dem+). The RP12 and RP18
regions were amplified by PCR from the TOPO-RP12 and TOPO-RP18 clones using a
forward primer that introduced a Kpnl site at the 5° end. The untagged RP12 and RP18
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sequences include the 5° UTR of each sequence, in case this region was important for
mRNA stability or localization. The purified RP12/RP18 PCR products and the G-
BRAG1-pCEP4 vector were digested to completion with Kpnl. After phenol:chloroform
purification the inserts were digested to completion with Clal.

Preparation of the vector turned out to be more problematic. pCEP4 is a very
large vector (14kb) which includes a single Clal site, thereby necessitating partial digests
for RP12 and RP18 insertion. The purified G-BRAG1-pCEP4 vector was digested to
completion with Kpnl. After phenol : chloroform purification the vector was subjected to
a partial Clal digest for several time points. The products were then run on a Low
Melting Point (LMP) gel and well-resolved species of appropriate size were extracted.
These vector and inserts were ligated, yielding G-BRAG1b-pCEP4 and G-BRAGI¢-
pCEP4.

This cloning of partial digests proved to be much more difficult than originally
imagined. Therefore I added an intermediate cloning step, in which the BRAG1b and
BRAGIc termini were substituted into the KIAA0522 clone. This vector harbors an
appropriate Kpnl site, and lacks the extraneous Clal site. These chimeric cDNAs were
then sub-cloned into pCEP4 using the unique Kpnl and Not1 sites yielding BRAG1b-
pCEP4 and BRAG1c-pCEPA4.

These procedures yielded two pCEP4 constructs, with or without a G-tag, for each
of BRAG1la, BRAG1b and BRAGIc. Of these 6 clones I have only sequenced the 5° end
of untagged BRAGIc. The first 620nt of this clone are without mistake.

2.14 CONSTRUCTION OF VECTORS FOR REGULATED EXPRESSION OF FLAG-TAGGED
FORMS OF BRAG1A, BRAG1B AND BRAGIC

To overcome the low transfection efficiency, potential cytotoxicity and mis-
localization problems encountered with the G-BRAG1-pCEP4 plasmids, I chose to
construct new vectors based on pcDNA 5/TO (Invitrogen). These expression vectors are
significantly smaller than pCEP4 (5.6 kb vs 10.4 kb) and harbor a promoter containing
multiple copies of the Tet operator that allows regulation of transcription by addition of

either tetracycline or its stable analog, doxycycline. The smaller vector size should yield
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higher transfection rates while the ability to regulate expression should allow us to select
expression levels and overcome cytotoxicity.

To overcome problems related to tagging the N-terminus with the G epitope, we
switched to the FLAG epitope and chose to append the tag at the C-terminus. The FLAG
epitope is relatively small, and can be recognized by several well-characterized and
commercially available antibodies; interestingly, some of these are sensitive to Ca™
levels and could be used at a later stage in co-immunoprecipitation experiments to
identify BRAG interactants. Tagging at the C-terminus may avoid disrupting targeting
signals, which in the case of BIG1 and cytohesinl appear to be present at the N-terminus
(Lee and Pohajdak, 2000; Mansour et al., 1999)

The construction was performed in three stages. In the first stage, I used PCR to
amplify a short 670 nt segment with a forward primer located slightly upstream of a
unique Sphl site in the coding region near the 3’end and a reverse primer located at the
stop codon. This PCR product was then cloned in vector pCI using Kpnl and Xhol sites
engineered during amplification at the 5° and 3’ ends, respectively. pCI was chosen for
this purpose because unlike pCEP4 and p5/TO it lacks a Sph1 site. In the second stage,
the 5° end of the BRAG1 cDNAs was inserted in front of the PCR product within pCI
using the unique Sph! site. In the final stage, the 3’end-modified BRAG1 cDNAs were
moved into pcDNA 5/TO using flanking Kpn1 and Xhol sites. This approach produced
modified BRAG1 cDNAs with only a short stretch at the 3°end derived from PCR
amplification. As such there would be little BRAG1 to be sequenced for PCR mistakes.

PCR was performed on BRAG1a-pCEP4 under standard conditions using forward
primer BRAG1-FLAGfor and either BRAG1-FLAGrev-5t0-r or BRAG1-unFLAG-rev as
reverse primers. The forward and reverse primers contained Kpnl and Xhol sites,
respectively, to facilitate subsequent manipulations of the DNA fragment (see Table 2.1).
The reverse primer BRAG1-FLAGrev-5t0-r contained in addition the sequence coding
for the FLAG epitope (sequence: DYKDDDDX, as is used in the pCAL-n-FLAG vector)
in frame with the last codon of BRAGI. Note that this procedure removes the extensive
3* UTR from both the tagged and non-tagged fragments. The PCR products were
1solated, exhaustively digested with Kpnl and Xhol and ligated into vector pCI within its
unique Kpnl and XholI sites. Plasmids 3°’-BRAG1-FLAG-pCI and 3°-BRAG1-pCI
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containing PCR products with or without the FLAG epitope were recovered. This
construct cannot be used for mammalian expression because the cDNA is in the wrong
orientation.

To assemble a complete cDNA, the 936 nt fragment encoding the 5’end of
BRAG]a was isolated from an exhaustive digest of KIAA0522 with Kpnl and Sphl.
Corresponding fragments for BRAG1b and BRAGIc were obtained from similar digests
of BRAG1b and BRAGIc - pCEP4. Those fragments were inserted into (3°-BRAG1-
pCI) DNA and (3°-BRAG1-FLAG)-pCI DNA cleaved with Kpnl and Sphl. From these
ligations, I recovered full length tagged and untagged versions BRAG1b and BRAGIc,
which were subsequently transferred to p5/TO. An undergraduate student in our lab,
Chris Smith has since confirmed the sequence at the 5’ and 3’ ends of the BRAG1b and
BRAG!c inserts of both tagged and untagged forms in p5/TO. Ihave not yet recovered
p5/TO vectors containing the tagged and untagged form of BRAGla. Therefore, the
BRAGI1a FLAG-tagged constructs will have to be isolated to determine the function of
the multiple 5° variants of BRAGI.

2.15 NORTHERN BLOT ANALYSIS
Three probes were designed for the northern blot analysis of BRAGI expression.

The design and target of these probes within the BRAG1 mRNA is discussed in more
detail in Chapter 4. The probes were generated by PCR using the following primer —
DNA combinations and PCR conditions:

PH-probe: PH-NorFor and PH-NorRev on KIAA0522

BRAG!a-probe: 5¢cDNAFor and 5cDNARev on KIAA0522

BRAGI1b/c probe: RP18-NorFor and RP18-NorRev on BRAGIc in pCEP4

These 3 reactions were initially optimized for annealing temperature using the
RoboCycler’s gradient feature. All 3 probes could be specifically amplified under the
conditions outlined in the table below using cold ANTPs. As expected, the products of the
amplifications of probes selective for the PH-domain, BRAG1a and BRAGIb/c were

147nt, 112 and 150 nucleotides, respectively.
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Temperature Time Cycles
94°C 2 mins 1
94°C 30 secs 25
60°C 45 secs

72°C 1 min

72°C 10 mins 1

Radioactive probes were generated by replacing the 0.2 mM dCTP with 0.2 mM
(3000Ci/mmol [:*2P] dCTP ). The probes were purified using a Qiaquick PCR
purification kit, as instructed by the manufacturer (cat# 28104). To ensure that
unincorporated nucleotides were removed, I washed the columns with wash buffer twice
instead of the recommended single wash. The amounts of purified radiolabeled PCR
products were measured by analyzing a small aliquot in a liquid scintillation counter.
The radioactive probes had the following activities: PH-probe: 157, 000 CPM/uL;
BRAG]a-probe: 206, 000 CPM/uL; BRAG1b/c probe: 188, 000 CPM/uL; Actin: 402,
000 CPM/uL. The actin probe was generated using random hexamers, at 4 times the
concentration of the other primers.

The MTN manual suggests using 2x10° CPM / mL of blotting buffer. Because I
was blotting in SmL of Express Hyb, a total of 1x10” CPM worth of probe were used for
each blotting experiment. The blot was probed at 68°C for 1.5 hours, as suggested by the
manufacturer.

Each of the wash was performed with 10x the blotting volume, or S0mL of
appropriate buffer, as listed in the MTN manual. The wash with solution 1 was
performed at room temperature as suggested by the manufacturer. Over the course of this
40 minute wash the buffer was changed 4 times. The wash with solution 2 was incubated
at 50°C as suggested by the manufacturer, with 2 changes of buffer. At the end of the
washes, the blot was wrapped twice in Saran Wrap™, exposed to PhosphorIlmager plate
(Storm; Molecular Dynamics) and resolved on a Storm-840 Phosphorlmager from
Molecular Dynamics. The exposure times for the pictures are as follows: PH-probe: 50
hrs; BRAGla-probe: 53 hrs; BRAG1b/c probe: 48 hrs; Actin: 48 hrs.
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The blot was stripped by incubation in 0.5% SDS at 90-100°C for 10 minutes. The
blot was then exposed for 24 hours, to ensure that the probe has been successfully

removed.

2.16 INDIRECT IMMUNO-FLUORESCENCE

Most experiments were performed with cells grown on coverslips within in a 6
well plate. Media was aspirated and the cells were washed twice with 2ml of PBS pre-
warmed of 37°C. To prevent redistribution of proteins prior to fixation, the wash

procedure was performed as quickly as possible.

2.16.1 Acetone-methanol fixation

Washed cells were covered with 5 ml of 1:1 methanol : acetone from a bottle kept
in a freezer at —20°C. The solvent was removed after 5 min. incubation at room
temperature and the cells were washed twice with 2 ml/well of PBS. Cells were blocked
in preparation for immuno-staining by incubation with PBS containing 0.2% gelatin

*(PBS-g) three times for 5 minutes each.

2.16.2 Parafomaldehyde fixation

Washed cells were fixed by adding to each well 1.5 ml of 3% paraformaldehyde
solution. After a 15 min. incubation at room temperature, each coverslip was washed
three times with 2 ml of PBS and finally incubated for ten min. with 2 mL of a 50mM
NH4CI solution prepared in PBS buffer to quench any remaining cross-liker. The cells
were then washed quickly wash 3 times with PBS + 0.2% gelatin (PBS-g) prior to
permeabilization with 2 ml of 0.1% TX-100 in PBS. As before, the cells were blocked in
preparation for immuno-staining by incubation three times with PBS containing 0.2%

gelatin for 5 minutes each.
2.16.3 bis (sulfosuccinamidyl) suberate (BS®) fixation
Each coverslip was dropped into individual 50 ml falcon tubes containing pre-

cooled 1:1 acetone-methanol and put back in a -20°C freezer. After a minimum of thirty

min., each coverslip was removed from the solvent, drained of excess solvent by blotting
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a corner on a paper towel, and then held vertically in a stream of air until dry. To re-
hydrate, the coverslip was laid face-up and covered with 500 ul of PBSO (PBS + 0.1% n-
octyl-B-D-glucopyranoside) containing 17.4 mg / ml of the cross-linker bis
(sulfosuccinamidyl) suberate (BS®). After three rapid washes with 500ul of PBSO,
excess cross-linker was quenched for 15 min. with 500 ul of 1M Tris pH 7.0. The cells
were blocked in preparation for immuno-staining by incubation for 1 hour with PBS

containing 1% gelatin and 1% nonfat milk.

2.16.4 Immuno-staining

To minimize the amount of antibodies required for staining, incubations were
performed by inverting coverslips onto a 75ul drop deposited onto a sheet of parafilm.
Antibodies were diluted in PBS-0.2% gelatin and first incubation usually lasted 1 hour.
Coverslips were removed from the parafilm after “floating” them on top of 400ul of
PBS-g gently transferred under the coverslips. Coverslips were returned to the 6 well
plate, and washed a total of three times for 5 minutes each at room temperature. To stain
with the secondary antibody, coverslips were again transferred face-down onto 75ul of
PBS-g with an appropriate dilution of secondary antibody (usually alexad495 or 594 for
green and red channels respectively). Following a 45 minutes to 1 hour incubation,
coverslips were removed as before and washed three times with PBS-g, at room
temperature, for 5 minutes each time. This was followed by a final wash in PBS lacking
gelatin. Coverslips were mounted face down on a drop of 1x PBS containing 80% vol :

vol glycerol and 1 mg/ml antifading agent.
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Chapter 3:

Biochemical characterization:
KIAA0522 and KIAA0763 define a new family of BFA-resistant Arf-GEF's
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3.1 INTRODUCTION

Bio-statistical analysis of fully sequenced genomes identified several new genes
encoding Sec7 d proteins. To identify closest relatives, BLASTp searches were
performed with each of the cDNAs listed in column 1 of Table 3.1. The absolute values
of the exponents of E-values obtained for each pairwise comparison are tabulated. This
analysis yielded 5 groupings (Table 3.1), a result that was confirmed by phylogenetic
analysis (Fig. 1.2) and comparison of domain organization (Fig. 1.3). Three human
cDNAs KIAA0522, KIAA0763 and KIAA1110 form a novel family of ARF-GEFs. In
characterizing these cDNAs, several questions must be asked. Do these ARF-GEFs
possess measurable GEF activity in vitro? If so, to which ARFs are they specific? Is this
activity sensitive or resistant to the fungal toxin Brefeldin A?

3.2 DESIGN OF GST-CHIMERAS WITH SEC7D OF BRAG1 AND BRAG2

To demonstrate that the translated products of these genes encode bona fide Arf-
GEFs it is essential to obtain sufficiently large quantities of protein for biochemical
analysis. We chose E. coli as a host for the overexpression of recombinant protein.
Because E.coli expression systems are not able to efficiently translate larger proteins it is
unlikely that we would be able to produce full length KIAA0522 or KIAA0763, which
are predicted to be 169.6 kDa and 108.5 kDa, respectively.

I chose to generate Sec7d truncations from each of these two longest cDNAs,
KIAA0522 and KIAAQ763 (Fig 3.1). This approach has been used successfully by P.
Chardin and S. Mansour to demonstrate that the Sec7d of ARNO and BIG1/p200 are
sufficient to catalyze GDP release on Arfl (Franco et al., 1996; Mansour et al., 1999).
Further work demonstrated that truncations containing the Sec7d of EFA6 and ARNO
retained not only GEF activity but also their respective substrate specificities (Chardin,
1996); (Macia et al., 2001)).
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Table 3.1 Pairwise comparison of E - values suggest the BRAGs define a novel family of GEFs

0522 10763 | 1110 { Dros | C.E. | Mon | Arab [Aco | BIG | BIG }sec7 |cyto [cyto2 |eytod |cytod |rat Gnom | GBF1 | GEA | GEA | C24h1) | EFA
key 2 1 2 1 cylo 1 2 6

0522 & o6 133 113 4] a0 38 37 33 30 30 29 31 29 27 29 26 25 18 17 16 12
0763 e 0 143 122 62 66 40 38 33 31 30 33 35 33 29 34 27 26 19 18 16 14
1110 133 44 o o2 56 19 38 37 31 30 29 32 33 32 26 32 27 25 18 16 16 15
Monkey a6 73 121 45 15 @ 24 23 22 20 18 23 25 25 20 23 18 17 i1 1" 10 S5
Drosoph 124 131 108 [V 76 45 a8 36 35 32 31 38 37 35 32 38 27 27 20 22 24 15
Elegans 66 60 L1 76 o0 I8 29 29 21 20 22 23 23 23 20 24 19 16 21 17 13 13
Arabidops | 42 45 42 38 28 23 > 49 51 50 46 51 84 55 30 32 44 24
Aco2 42 43 41 36 28 23 50 52 5] 45 51 91 G0 30 31 44 24
(elegans)

BIG | 37 38 35 35 21 21 49 46 47 44 49 53 55 25 29 41 17
BIG2 29 31 29 29 I8 19 43 38 40 37 43 57 60 19 23 40 10
sec? 34 35 32 31 22 17 § i , 42 43 40 37 42 49 40 29 30 27 21
cytol 35 [39 [37 |40 (24 |23 50 |51 [50 |49 (42 Joo oo o 162 | 38 35 25 25 |29 25
cyto2 36 41 38 39 23 25 52 53 47 44 43 o0 o o) 166 o0 37 34 23 23 25 23
cyto3 34 |39 |37 |36 |23 I25 51 |52 |48 |46 |41 |eo oo o 168 |oo 38 36 24 23 |26 25
cytod 32 34 3t 33 20 20 46 a5 45 42 38 162 | 166 173 0 164 33 3R 25 24 22 19
rat cyto |35 |39 |38 [40 [24 |23 52 |51 |50 |49 [43 |oo |oo © 164 | oo 38 35 26 27 |29 26
Gnom 29 31 30 27 19 17 85 89 65 64 47 37 36 38 33 37 e 98 £ 03 1 22
GBF1 29 31 29 26 15 16 52 58 53 60 39 34 33 35 30 34 [E x 44 - 20 18
GEAl 23 24 23 20 20 10 31 31 25 24 29 25 22 24 25 26 &G -41 fore) o 33 11
GEA2 23 23 21 22 17 10 31 31 27 26 30 25 22 22 23 26 63 43 o 'S 63 12
C24hll 20 20 21 24 12 10 41 42 42 45 25 28 24 25 21 29 104 oz 44 as © 14
(elegans)

EFAG 15 16 19 15 13 5 23 24 17 15 21 25 23 25 19 25 22 21 12 13 14 [7)

A BLAST p searches were performed with each of the cDNAs listed in column 1. Tabulated are the absolute values of the

exponents of E-values for each obtained for each pairwise comparison. Greater values represent a greater degree of
similarity. oo representsan E - value of 0 . Recognized families of genes are represented as similarily coloured number
boxes. Red = family X, Blue = BIG family, Purple = cytohesin family Orange = GEA family.
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3.2.1 Choice of N-and C- termini for Sec7d truncations

To determine the activity, specificity and BFA sensitivity of KIAA0522 and
KIAA0763, truncated cDNAs encoding the Sec7d fused to glutathione-S-transferase
(GST) were generated for each putative Arf-GEF (Fig 3.1). Selection of the C-terminus
was intended to maximize proper folding and solubility of each product. Terminal
stretches of hydrophobic residues are particularly unfavorable because they have been
observed to promote aggregation. Because the N-terminal portion of the protein is GST,
I expected no solubility problems related to the choice of the N-terminus of the Sec7d.

The N-terminus was chosen to contain a region corresponding to what is known
as the Homology Upstream of Sec7d (HUS) box, as defined by Mansour (Mansour et al.,
1999). This short amino acid stretch first identified in BIG1 is highly conserved amongst
Arf-GEF's and therefore may play an important role for GDP release (Mouratou et al.,
2005). Unfortunately I was unable to identify sequences encoding a HUS box in either
KIAA0522 or KIAA0763. I therefore chose the N-termini of the chimeras based on
similar distance upstream of the motif 1 region of the sec7d of BIG1. The BIG1 HUS
box is 120 amino acids upstream of the switch 1, which itself is a stretch of 29 amino

acid residues Mansour (Mansour et al., 1999).

3.2.2 GST-fusion protein purification

Two methods are generally used to elute GST fusion proteins from glutathione
agarose (GA) beads: competition with free glutathione or thrombin proteolysis. The first
method uses a thrombin cleavage site, which had been engineered between the MCS and
the GST domain. When thrombin is added to GA-beads with bound protein it is expected
that thrombin will release the recombinant protein while GST remains bound to the
beads. This method provides an extra level of specificity as only proteins bound to the
GA-beads with a thrombin cleavage site should be released. As such, most bound
contaminants should remain on the GA-beads. This method is not suitable for proteins
with exposed thrombin cleavage sites as these will be cleaved as well.

The second method for removing GST-fusion proteins from the GA-beads

involves competing the interaction between immobile glutathione to GST with soluble
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KiAA0522 (BRAG1)

IQ Sec?7 PH
L = DRSPS -
F1R0 ® -VPGGERKV LERPHRD*
F2R1 =9 -VPGGERKV LERPHRD*
F2R3 -GKRGRRNSLERPHRD*
F2R2 @ -FL RTNDDHLERPHRD*
KIAA0763 (BRAG2)
IQ Sec7 PH
F1RO § #.PQDRKKFILERPHRD*

- PQ DRKKFTLERPHRD*

F2R1 §

- ELKINEDHLERPHRD*

F2R2§

B - TFQ KKKNSLERPHRD*

F2R3

Figure 3.1 The KIAA0522 and KIAAO763 Sec7 domain GST-chimeras have
hydrophilic termini

Multiple truncations of BRAG1 (top panel) and BRAG2 (lower panel) were
generated by PCR using various combinations of forward and reverse primers (see
Table 2.1). PCR products were inserted in pGEX4 to produce GST fusion proteins
for biochemical analy sis. Black lettering represents terminal BRAG1 sequence, grey
lettering represents sequence derived from the vector and * is a stop codon.
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glutathione. This is the easiest method for eluting proteins. As described in section 2.4,
this was the approach used to purify all GST-chimeras.

3.2.3 Purification of KIAA(522-r( and KIAA0763-r0

Expression in E. coli, and the subsequent purification were optimized for the
KIAA0522-r0 construct, abbreviated as 5r0 (see Materials and Methods in Chapter 2).
The purified product is very clean with a major band at about 66kDa and a minor band at
70kDa (Fig 2.1b). According to the GST purification manual this 70kDa band is a
chaperone which can be selectively eluted / removed from a sample by washing with an
ATP containing buffer. Because the overall yield and purity of this preparation were
sufficient, it was tested in a standard GTP exchange reaction for GDP release on Arf5.

The KIAA0763-r0 product, or 7r0, was mostly insoluble with roughly <10% of
induced protein remaining soluble after a 10, 000g spin for Smin. Several separate
isolates harboring this construct were tested for expression and I was never able to

reproduce the induction of this clone or any 7r0 clones.

3.2.4 GTP exchange reactions

In a standard GTP-exchange reaction, we incubate myristoylated GDP-Arf, GEF,
azolectin vesicles and excess GTPy[>’S] in a physiological buffer (see section 2.8). An
active GEF will promote the release of GDP from the Arf, then allowing the apo-Arf to
bind GTPyS. At the end of the incubation, the samples are filtered through a
nitrocellulose filter that binds proteins, and the amount of bound radioactivity is then
quantitated by scintillation counting. To determine the level of loading of GTP on Arfs
that is GEF-dependent, the raw data obtained must be further processed to account for
self-loading of GTPyS onto Arf and for nonspecific binding of nucleotides to the GEF
and/or the filter. Further details of the correction procedure are described in section 2.9.
For all experiments described below, I will present the raw and processed data on the left
and right side, respectively. This is exemplified in the GTP exchange reaction of

KIAA0522-5r0.
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3.2.5 KIAA0522-5r) is inactive on ArfS.

Graphing the raw data from this GTP-exchange assay gives the impression that
there has been loading of Arf5 by both the ARNO control and 5r0 (Fig. 3.2A). Once the
total values of Arf5 loaded are corrected for GEF-independent GTP binding (see section
2.9 for details), we see a different picture (3.2B). Where it seemed that ARNO and 510
had similar levels of GTP loading in figure 3.2A, we also see that the background binding
of radio-labeled GTPyS to the 5r0 preparation is much higher than the ARNO
preparation. When the values are corrected for background it is evident that the purified
510 has no exchange activity for Arf5 (3.2B). The ARNO control had weak Arf-GEF
activity, with 0.75pmol of enzyme loading 2pmol of Arf5 after a 20 minute incubation.
This represents a 2.7 fold excess of substrate loaded over enzyme (3.2B). Because of the
poor results with each of the two initial GST-fusion proteins, a new set of truncations was
constructed (Fig. 3.1).

3.2.6 Design of alternate sec7d truncations

The 5’ ends of the Sec7d-encoding truncations of KIAA0522 and 0763 were
expanded using a new forward primer (F2) to include more upstream sequences such that
the HUS box is not missed (Fig. 3.1). Analysis of the original C-terminus for 5r0
demonstrated that this end is situated in the middle of the PH domain. As this region may
be vital for phospho-inositide binding, having a partial domain may not have been the
best choice. I therefore designed the new truncations of KIAA0522 to include either all,
or none of the PH domain.

To ensure that [ was not pursuing a poor rational for choice of C-termini, I
designed the new KIAA0763 C-termini such that one truncation would be longer than the

original, and one would be shorter.
3.2.7 Protein expression / purification
The three new KIAA0522 truncations, 5rl, 5r2 and 5r3 were all expressed in

E.coli (Fig. 2.2A). The 5r2 construct was expressed in E. coli while the 5r1 and 5r3

constructs were moderately overexpressed (Fig 2.2A).
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Figure 3.2 The KIAA0522-R0 construct is an inactive ARF-GEF

Panel A. Recombinant 5SRO and ARNO were assayed at the same final concentration in
the standard Arf-GTP exchange assay described in section 2.8 . 5R0 and ARNO
promote retention of similar levels of GTP on nitrocellulose filters.

Panel B. Raw data from panel A was corrected to determine the extent of GTP binding
on Arf5. The graph reveals that ARNO is active on ARF5 while 5RO is not.
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When incubated with glutathione beads, the three KIAA0522-sec7 domain constructs
bound GA-beads with varying efficiency. The 5rl preparation had a very weak affinity
for the GA-beads and for this reason was not purified and assayed for GTP exchange
activity. Both the 5r2 and 513 constructs bound efficiently to the GA-beads. A number
of low molecular weight products co-purified with the 5r2 and 513 fractions (Fig 2.2A).

The 7r2 and 7r3 constructs were expressed in E. coli BL21DE3 and purified on
GA-beads (Fig 2.2 B & C). Both of these constructs are highly expressed, with a
considerable fraction of recombinant protein remaining soluble after a 10, 000xg spin.
The final 7r2 eluate (10mM glutathione) was >90% pure while the 7r3 preparation
(10mM glutathione) was about 70% pure.

3.3 SCREENING THE KIAA0522 AND KIAA0763 CONSTRUCTS FOR GTP EXCHANGE
ACTIVITY

Concentrations for each of the protein preparations were estimated based on
Coomassie stained gels. While I was unable to determine the absolute concentrations of
each preparation, I was able to ensure that roughly equal amounts of enzyme were added
to each reaction. Recombinantly expressed BIG1-sec7d was used as a positive control
for GTP exchange. This construct was previously characterized by Mansour ef a/
(Mansour et al., 1999).

The protein preparations were tested in a standard GTP exchange reaction using
Arf5 as a substrate (Fig 3.3). The most active preparation tested was the 5r3 truncation of
KIAA0522, loading a total of 5 pmol of myr-ArfS after a 10-minute incubation. The 7r3
construct loaded 1 pmol of myr-Arf5. The Sec7d of BIG 1 loaded 2.1 pmol of myr-Arf5.
It is interesting to note that BRAG1-5r3 is the most active construct and the only one with
a complete PH domain (Fig. 3.1). Because the 513 construct of KIAA0522 has proven the
most active of my constructs, I decided to focus my direction on this, the longest cDNA
of the family. In collaboration with Heather Vandertol-Vanier, I scaled up production of
the 5r3 truncation of KIAA0522 and optimized the purification procedure to remove
contaminants (see section 2.6 in Chapter 2 for details).
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Figure 3.3 The 5r3 and 7r3 constructs are active ARF-GEFs

Panel A. Raw data obtained from Arf-GEF assays of the four GST-chimeras
containing the Sec7domain and PH domains of either KIAA0522 (5SR2 and 5R3) or
KIAAOQ763 (7R2 and 7R3). A previously characterized chimera containing the Sec7

domain of BIG1 (M 1) was used as a positive control.

Panel B. The raw data shown in panel A was processed to reveal GEF-dependent
GTP exchange on Arf5. Only the BRAG1 5r3 and BRAG2 7r3 chimeras display

clear ARF-GEF activity.
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3.4 CATALYTIC PROPERTIES SR3

Quantitative studies demonstrate that the FPLC purified 5r3 (Fig. 2.3 panels A & B) was
able to load 1.9pmol of myr-Arf5 in a standard GTP exchange reaction, using 1uM Arf35
and 50nM 513 (Fig. 3.4). This represents a 20-fold excess of substrate loaded over
enzyme, demonstrating that the enzyme acts catalytically. Furthermore, Fig 3.5 (panels C
& D) shows that an increase in enzyme levels leads to a proportional increase in the
amount of GTP exchange on Arfs since 50nM enzyme loaded 5.7pmol of ArfS, which is
roughly 2.5x as much Arf5 as was loaded in reactions containing 20nM 513.

In addition to demonstrating that KIAA0522 is an active Arf-GEF, it is also
essential that we determine its substrate specificity. Because the three classes of Arfs act
at different stages in the exocytic pathway, substrate specificity might provide clues to
the in vivo role of KIAA0522. When tested comparatively against class I, class II and
class III Arfs, there is greater activity on myr-Arf3/1 than myr-Arf5 (Fig. 3.5). 5r3is also
active on myr-ARF6 (Fig. 3.6), but because of poor overall loading by both 5r3 and the
positive ARNO control it is difficult to draw any conclusions. If these data were reliable
it would suggest that 513 is more active than ARNO on Arf6.

3.5 BFA RESISTANCE OF BRAG1 GEF ACTIVITY

Brefeldin A is a toxic metabolite produced by Penicillium brefeldinium. Itis an
uncompetitive inhibitor of the brefeldin A Inhibited Arf GEFs (or BIGs). This means
that the toxin does not compete with substrate / enzyme for an active site or binding site.
Instead the toxin locks the substrate and enzyme into a non-productive complex. In this
scenario the ternary complex consists of Arf-GDP, GEF and BFA.

Arf-GEFs are divided into 2 groups, based on sensitivity to this drug. Several
groups have performed mutagenesis studies to determine which residues are vital to BFA
sensitivity or resistance (Fig. 3.7). A number of residues have been identified in the
Sec7d of ySec7p (Sata et al., 1999) and Gealp (Peyroche et al., 1999), which are able to
convert a BFA sensitive Arf-GEF to a BFA resistant Arf-GEF.

The mechanism for this sensitivity or resistance has recently been elucidated
further through the crystal structure of Arf-GDP bound to GEF and BFA (Renault et al.,
2003). As a whole those studies strongly suggest that the BRAGs should be BFA
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resistant (Fig. 3.7). As predicted by analysis of the primary sequence of KIAA0522 and
the crystal structure (Fig. 3.7) the GEF activity of 5r3 on Arf3 is resistant to BFA under
conditions where BIG1 is completely inhibited (Fig. 3.8). As such I have named this
family the Brefeldin A Resistant Arf-GEFs (BRAGs). cDNAs KIAA0522, KIAA0763
and KIAA1110 from the Kazusa Institute have been named BRAG1, BRAG2 and

BRAGS3, respectively.
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Figure 3.4 The BRAG1-5r3 construct acts catalytically

Panel A. Raw data obtained from Arf-GEF assays of BRAG1 5r3 performed at 20nM
and 50nM enzyme concentrations. About 2.5 times as much GTP remains filter-bound
when using 50nM rather than 20 nM enzyme.

Panel B. Corrected data from panel A also shows increased GEF activity when
increasing enzy me concentration.
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Figure 3.5 BRAG!I catalyses GTP exchange on class I and class II ARF

Panels A and B. Kinetics of GTP bindingon Arf 3 (1uM) and Arf5 (1uM) in the
absence or presence of 50 nM SR3. The raw data from panel A was corrected and
plotted in panel B. BRAGla (5r3) is active both on class I and class II ARFs.

Panels C and D. Arf 3 (1uM) and Arf5 (1pM) were incubated with increasing
concentrations of BRAG1a (5r3) and the extent of GTP binding was measured at either
time zero or following a 3 min incubation at 30 C. The raw data from panel C was
corrected and plotted in panel D. GTP loading on ARF3 and ARFS is roughly
correlated to the concentration of 5r3 added to the reaction.
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Figure 3.6 BRAGI catalyzes GDP exchange on ARF6
Kinetics of GTP binding on Arf 6 (1uM) in the absence or presence of either 20 nM
5R3 or 20 nM of full length ARNO1. Panel A and B show the raw data and corrected

data, respectively. Assays were performed and quantitated as described in Chapter 2
section. BRAG1 is more active than ARNO on ARF6.
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Figure 3.7 BFA resistance or susceptibility is encoded in motif 2 of the Sec7
domain

Mutagenesis studies by several groups have identified key residues in motif 2
of the Sec7 domain which are important for the determination of BFA
resistance. Examples of BFA-sensitive and BFA-resistant sequences were
derived from hBIG1 and hARNOI, respectively. The 3 human BRAGs and
their worm and fly homologs display identical pattern of residues at those key
positions. The BFA sensitivity cannot be inferred from these sequences since
all BRAGs contain an equal mixture of BFA resistance and BFA sensitivity
determinants. However, the identical pattern does suggest that all BRAGs
should show similar response to BFA.
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Figure 3.8 BRAGI GTP exchange activity is resistant to BFA

Exchange assays were performed with Arf5 (1uM) and either 50 nM BRAG1 (51r3)
(Panel A and B) or 50 nM BIG1 (M 1) (Panel C and D). Kinetics of GTP binding
were measured in the absence and the presence of 300 pM BFA. The raw data from
panels A and C were corrected and plotted in panels B and D, respectively. Under
conditions where the sec7 domain of BIG 1 (M 1) is completely inhibited by BFA,
BRAGTI activity is not significantly affected.
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Chapter 4:

Analysis of splicing and expression patterns of BRAGs
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4.1 INTRODUCTION
Chapter 3 demonstrated that the three cDNAs KIAA0522, KIAA0763 and

KIAA1110 form a novel family of sec7 domain proteins. Because this family of Arf-
GEFs is exclusive to metazoans it is likely that they possess some function, which is vital
to multi-cellularity. Quantitative RT-PCR at the Kazusa Institute published on their web
site reveals tissue specific distribution of BRAG1, confirming differential distribution
and therefore differential function of BRAGI in different cell types (Fig 4.1).

The biochemical analysis of KIAA0522 and KIAA0763 Sec7d truncations
established that BRAGI and BRAG2 could function as Arf-GEFs. However, this
provided limited insight as to the cellular function of BRAGs. To elucidate the cellular
function of this novel Arf-GEF family, we must first address two sets of basic questions.
First, we must determine what exactly are BRAGs, since published cDNAs appear to be
partial and may not encode the full-length protein. Secondly, we must determine their
intracellular distribution and also their relative expression in various tissues. Only then
will we be able to identify candidate roles for these proteins. This will allow us to design
tests to investigate their function with either neutralizing antibodies or various other

molecular tools that interfere with their function in cells/tissues of interest.

4.2 OB4, A BRAGI1 SPECIFIC SERUM IDENTIFIES MULTIPLE FORMS

To ensure success of localization we pursued both antibody production and
construction of expression vectors encoding tagged forms of BRAG ¢cDNAs. To generate
polyclonal sera we took advantage of the fact that Heather Vandertol-Vanier had
produced large quantities of the 5r3 protein that cold be used to obtain gel purified
product for immunization. This electrophoretically pure protein was used to immunize
and boost 2 rabbits (OB-4 and 6-17) at 6 weeks interval. Sera obtained after the third
boost and the final bleed were affinity purified on nitrocellulose against 5r3 and tested for
specificity.

The affinity-purified antisera were first characterized by immuno-fluorescence of
cultured Normal Rat Kidney (NRK) cells (Fig 4.2). The 6-17 antiserum did not stain any
specific organelles and was not pursued further. The OB4 serum gave a striking juxta-

nuclear pattern (Fig 4.2, left middle panel) that appears identical to that observed with the
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Figure 4.1 RT-PCR by the Kazusa Institute suggests that BRAG1 is abundant in multiple tissues

The Kazusa Institute performed quantitative RT-PCR on RNA from multiple tissues. Lanes 1 - 5 were amplified
from serial tenfold dilutions of plasmid DNA template (from 0.1 fgto 1 pg, respectively). Lanes 6-19 represent
the RT-PCR amplification from different tissues.

The data was taken from the Kazusa Institute website: http:/www.kazusa.or.jp/huge/gfimage/rt-
per/html/KIAA0522. html
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Fig4.2, The anti-BRAG1 antibody (AP-OB4) detects BRAG1 in NRK

Pre-immune a-BRAG1 signal shows little staining coincident with mannll (medial
Golgi, antibody 53fc3) in comparison to AP-OB4. AP-OB4 stains juxta-nuclear
structure in many cells. OB4 also stain the PM in some cells such as the one
marked with asterix. Furthermore, pre-incubation of APOB4 with immunogen
prior to staining eliminates both Golgi and PM staining.
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Golgi marker mannosidase II (mannll) (Fig 4.2, right middle panel). In some cells (see
bottom right cell marked with white asterix), OB4 yielded instead staining of the plasma
membrane. The juxta-nuclear pattern revealed with OB4 was not observed with the pre-
immune serum (left top panel). Furthermore, preincubation of the affinity purified OB4
with excess antigen eliminated both juxta-nuclear as well as plasma membrane staining,
and yielded instead nuclear staining. Strong nuclear signal by an antibody-antigen
complex has been observed by others and was not investigated further. These initial
experiments suggested that BRAGI is involved in the exocytic pathway.

The affinity-purified antisera were then used to probe blots of detergent extracts
prepared from BHK cells (Fig 4.3). The crude pre-immune serum does not detect any
major protein species, while the crude post-immune serum at the same dilution detects a
number of bands. The largest of the new bands is very diffuse at about 160kDa. Several
bands are also present around 97-116kDa.

Affinity purification caused a clear change in the pattern of proteins recognized
by the OB4 serum (Fig 4.3A). Immunoblots of BHK lysates with the second preparation
of affinity-purified OB4 (AP2) no longer displayed the 200 kDa species and showed
much reduced levels of the 97-116 kDa proteins. This suggested that the higher molecular
weight protein of a size similar to that predicted by KIAA0522 were actually not related
to BRAGI1. The lower molecular weight species may represent products of proteolysis,
or of alternate BRAG1 transcripts. Note that we have not yet unambiguously established
by competition experiments with purified antigen whether the band at 140 kDa represents
endogenous BRAG! expressed in BHK cells. [A preliminary competition experiment
left only a band at 70kDa; however this experiment was never repeated].

To further characterize the sera and directly compare the size of endogenous BRAG1 to
that encoded by the KIAA0522 cDNA, we repeated immunoblot analysis using lysates
prepared from NRK cells transfected with empty expression vector (pCEP4), or with
vectors containing either the original KIAA0522 cDNA or a form modified to encode a G
tag at the N-terminus (see Chapter 2, section 2.11). The results shown in Fig 4.3 revealed
that affinity-purified OB4 detects a 100 and 150 kDa species in lysates of NRK cells
(panel B). A band at 160 kDa is also readily detected in cells that overexpress either

tagged or untagged KIAA0522. As expected, probing with a serum raised against
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Figure 4.3 The OB4 serum detects BRAG1

Panel A. The OB4 serum was affinity purified using nitrocellulose bound 5r3 protein on two separate occasions. The
pre-immune, crude and purified sera were used to blot BHK lysates.

Panel B. The affinity purified OB4 and anti-VSV-G were used to probe immublots of lysates from NRK cells transfected
either with empty vector (pCEP4), or vectors encoding untagged BRAG! or G-tagged BRAGI (G-BRAG!). Lysates

were prepared as described in Chapter 2 thwenty-four hours post-transfection and resolved on SDS-PAGE. The largest
endogenous BRAGI species is 140kDa.
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the G-tag revealed the same 160 kDa species, but only in cells transfected with the G-
tagged form of the cDNA. I concluded that NRK cells express a BRAG! form of 110
kDa and 135 kDa, clearly smaller than the 160 kDa species encoded by the KIAA0522
cDNA obtained from the Kazusa Institute.

4.3 EVIDENCE FOR ALTERNATE SPLICE FORMS OF BRAG CDNAs

The immunoblot results described above suggested that NRK cells express preferentially
a splice form of BRAGI slightly different from that encoded by KIAA0522. Several
additional lines of evidence suggested that some or all of the BRAG cDNAs may be
incomplete and/or alternatively spliced. For example, the S"UTR of longest of the
cDNAs (KIAA0522) encodes an open reading frame (ORF) of 201 nt, which is in frame
with the initiating methionine (Fig 4.4). Examination of genomic sequence upstream of
the putative 5° UTR identified 192 additional nucleotides encoding an ORF that remains
continuous and in-frame with the proposed initiating methionine of KIAA0522. This
suggested the possibility that the KIAA0522 cDNA encodes a truncation lacking the N-
terminus of full-length BRAGI.

Secondly, the use of the newly released Evidenceviewer on the NCBI web site
revealed a number of expressed sequence tags (ESTs) that cluster within the second
intron of KIAA0522 and identify three novel exons (Fig. 4.4). mRNAs submitted to
Genebank at that time connected these 3 exons to one another, but never to exons present
in KIAA0522. The third predicted exon possesses many stop codons in all 3 reading
frames and is covered by a very large number of ESTs (42 at last count), several of which
possess a polyA tail. This suggests that this novel exon might not be retained in BRAG1
mRNAs, but represents the end of a nested gene. The well-known bias of ESTs made
from polyA mRNA towards the 3’-end would readily explain the preponderance of ESTs
covering this exon. However, we cannot rule out the possibility that some BRAG1
transcripts retain the exon with the stop codons. Such transcripts would encode a
truncated form of 183 residues that could have regulatory role if it competed with and

modulated the function of a full-length protein encoded by a transcript retaining those

€xons.
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Figure 4.4 Analysis of BRAGI cDNAs and ESTs suggests that other transcripts
exist in vivo

The boxed areas in the bottom portion of the figure illustrate the exon structure of
several cDNAs encoded by the BRAG1 gene. The boxed area at the top shows all
exons for which EST's have been isolated. The number of such identified ESTs is
given above the three novel exons absent from KIAA0522. Note that 2 of the
¢DNAs containing those novel exons have a poly-A tail.
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4.4 S’RACE oF BRAG1 AnND BRAG2

To determine if the BRAG1 cDNA had been truncated or alternatively spliced at
the 5’ end, I performed 5’RACE using an Invitrogen GeneRacer™ kit (Fig 4.5). This kit
takes advantage of the 5’ cap on full length mRNAs to protect those RNAs from de-
phosphorylation by exogenously added calf intestine phosphatase (CIP). The 5’ cap is
then removed with Tobacco Acid Phosphatase (TAP), and those RNAs with a 5°
phosphate are ligated to the Generacer™ oligo-nucleotide. The ligated Generacer™
oligo-nucleotide then acts as a nonspecific priming site for the 5° RACE reaction.
Thereby, only descendants of capped mRNAs should be amplified by 5° RACE. The
manufacturer provides an additional nested primer complementary to the 5> RACE oligo
for subsequent nested PCR, if many products are observed after the initial 5>RACE
reaction.

The 5’RACE primers for KIAA0522 were designed to address two specific
questions: (1) Is KIAA0522 a 5° truncation of the full length mRNA?, and (2) Are the
novel exons predicted by ESTs complementary to intron 2 actually part of BRAGI or of
some other gene?

To determine if the 5° end of BRAG1 had been truncated, four different primers
were designed with identity to the first exon of KIAA0522 (Fig 4.6). The primer
sequences were chosen to maximize AT content because of the high GC content at the N-
terminus of KIAA0522. Most of the region is also composed of low complexity
sequence (poly G and poly C tracts), so primers were chosen for high complexity
sequence to ensure specificity. Two additional primers were designed in the opposite
(forward) orientation (F1 & F2), which might be used to amplify BRAG1 from plasmid
or 5’RACE products as positive controls.

The second set of primers was designed to determine if the 3 predicted exons nested
within the 2™ intron of KIAA0522 are included in some of the BRAG] transcripts. To
detect the alternate splicing I wanted to perform 5° RACE from a region of BRAG1
encoding a domain critical to function and likely present in all splice forms. As a first
step to identify regions essential to BRAG function, I compared the sequence of BRAGI
to it’s closest relative, BRAG2. I found that the central third of BRAG1 (exons 4-12)
encoding the sec7d and PH domains displayed greatest conservation with BRAG2.
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Figure 4.5 The GeneRacer kit amplifies only full length mRNAs

Schematic description of the four steps leading to the amplification of full length
mRNAs with the GeneRacer kit. In the first step, poly A mRNAs are treated with
CIP to dephosphorylate all mRNAs lacking a 5° mRNA cap (blue oval). Subsequent
treatment with TAP removes the cap to reveal a 5° phosphate. An oligo of defined
sequence is then ligated to the 5’end. This oligo provides a shared 5° region for
priming the final RACE reaction.
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Figure 4.6 Placement of 5° RACE primers on BRAG1

This diagram shows the distribution of BRAG!1 exons along the X chromosome.
Exons 1, 4 and 5 have been enlarged to show the relative distribution of the primers

used in 5° RACE.
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The three selected primers were ultimately derived from the 5 exon of BRAG1 because
it encodes the beginning of the sec7d (Fig 4.6) and this domain is likely the more
essential of the two. As before, I also designed two primers on the opposite strand (F3 &
F4) to act as positive controls for amplification from plasmid for 5’RACE reactions.
Both of these control primers were derived from exon 4. Please note that S"RACE
reactions with exon 5 primers may not only yield products with the putative novel exons
but also those containing exons 1 and 2 present at the 5° end of KIAA03522.

The templates for the 5’RACE reactions were produced from poly A mRNA
extracted from cultured HEK-293 cells, or from total HeLa RNA which was supplied
with the commercial kit. Initially the reverse transcription of mRNA was performed
using random priming (RP) hexamers. Because the first set of S’RACE reactions failed
to yield any specific bands (see below) I produced an additional Generacer library using
mRNA obtained from HEK-393 cells and a mixture of 3 gene specific primers (GSP).
These are the R1, R2 and R3 primers that were used in the production of GST tagged
BRAG1-sec7d (see Fig 3.1). By selectively reverse transcribing BRAG1 mRNA I could

use lower stringency conditions for the PCR without producing nonspecific products.

4.4.1 5° RACE of KIAA0522 from exon 1 fails to amplify BRAG1

5’RACE using the reverse primers R1 and R2 specific to exon 1 failed to produce
any specific bands from either the HEK-293 mRNA and HeLa total RNA libraries (data
not shown). Optimization of the reactions using several concentrations of DMSO,
template, Mg++ and several annealing temperatures failed to yield products. Specifically,
5’RACE bands corresponding to the mRNAs with 5° end of KIAA0522 equal to or larger
than 750nt (R1) and 830nt (R2) were never observed. In contrast, control reactions
performed in parallel with manufacturer-supplied primers complementary for the actin
mRNA yielded strong bands of the expected size.

To enhance the chance of recovering S’RACE products containing exon 1, I
produced an additional Generacer library from HEK-293 mRNA using a mixture of 3
gene specific primers. In addition, I designed two additional reverse primers, R3 and R4

(see Fig 4.6), to increase the likelihood of obtaining specific products in the 5’RACE
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reaction. Unfortunately, as observed previously, none of the 5’RACE reactions with the
new library and primers yielded identifiable products.

Negative results are notoriously difficult to interpret. I concluded that there was
no problem inherent to the reverse transcribed template because contro! reactions
performed with the actin primers readily amplified products of the expected size. This
left us with two alternate explanations. The primers I designed either failed to anneal with
sufficient strength and/or specificity or the level of full length mRNA containing exonl
expressed by HeLa or HEK293 cells was too low to yield readily identifiable 5’RACE
products.

4.4.2 5’ RACE from the 5™ exon of BRAG1 identifies BRAG1b and BRAG1c splice
variants.

Amplification using primers complementary to the 5™ exon of BRAG1 was
successful using both the random primed (RP) and gene specific (GSP) libraries (see
Chapter 2 for details) prepared from HEK 293 mRNA (Fig 4.7). The HeLa library was
never tested with these primers.

Amplification of the 5° end of BRAG!1 from the random primed library was
successful with only one of three primers tested (BIRACERS). This reaction yielded two
bands of about 900bp and 1000bp (Fig. 4.7). These products were cloned using the Zero
Blunt® TOPO® PCR Cloning Kit as before (see Material and Methods). The resulting
colonies were screened for the presence of inserted DNA fragments. The majority of the
42 plasmids screened contained inserts ranging between 300bp and 500bp. Eight
plasmids bearing larger insertions were recovered. Inserts were sequenced from both
classes of clones and 2 species of cDNA were 1dentified bearing homology to BRAG1
(Fig 4.8).

The longer of these inserts, termed BRAG]c¢, differs from the 5’end of KIAA0522
through removal of the first 2 exons of KIAA0522 and inclusion of 2 of the three novel
exons described in figure 4.8 above. This species was isolated twice, from 2 independent
5’RACE and cloning reactions. The predicted molecular weight of BRAG!1 containing
these alternate exons, termed BRAGc, is 141kDa, a size similar to that observed by
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Figure 4.7 5’ RACE of BRAGI1 amplifies several species of DNA

The R1 primed reaction produced three bands at 900bp, 1kb and 100nt, from the
random primed library. The Gene Specific library produced a single weak band at
700bp.
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Figure 4.8 BRAGI is differentially spliced at the 5’ end

Schematic of alternate splicing at the 5° end of BRAG1. BRAGI1b/c lack the first
two exons of BRAG1a, which are replaced with one or two exons predicted from
ESTs. BRAGI1d removes the alternate beginnings of BRAG1a, b and ¢ and
inserts a novel 3rd exon.
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immunoblots (Fig. 4.3) encodes a protein which is larger than endogenous BRAGI in
NRK).

The second insert discovered, termed BRAG1b, also lacks the first two exons of
the KIAA0522 cDNA and includes only the first novel exon present in BRAGIc (Fig
4.8). The predicted molecular weight of the species encoded by this alternate splice form
1s 137kDa, a size also very close to that observed by immunoblots of NRK lysates (see
Fig 4.3). It may also be important to note that the shared initiating codon of the longest
ORF predicted from the sequence of those two variants [ACCCAUGG] matches well the
Kozak consensus sequence (ACCAUGG).

Amplification of the 5° end of BRAG1 from the GSP library was successful with
only one primer (BIRACERS), the same one that yielded product with the RP library. In
this case, the reaction produced a single weak band of approximately 680 nt (Fig 4.7).
Molecular cloning of this product led to identification of a third species of 5> exon from
every clone screened (n=6) (Fig. 4.8). This encodes a novel 5’ end for KIAA0322 that is
appreciably smaller than the other variants. In this transcript, the first four exons of the
published cDNA were skipped and a novel exon was inserted prior to the 5* exon. The
predicted molecular weight of the protein encoded by this transcript is 127kDa, which is
appreciably smaller than the 140kDa band that corresponds to the endogenous
KIAA0522 found in NRK.

It is interesting to note that the 5° end of the published KIAA0522 sequence was
never isolated in these screens. This might be explained by lack of expression or very
low abundance of this transcript in those cell types. Alternatively, the sequence between
the true capped 5°end and the first published exon may be to great to allow efficient

recovery with this approach.

4.4.3 PCR CONFIRMS THE PRESENCE OF BRAG1B AND BRAG1C TRANSCRIPTS IN
HEK?293 CELLS

To demonstrate that transcripts for BRAG1b and BRAGIc could be isolated from the
HEK293 mRNA, a new forward primer was designed with homology to the first exon of
BRAG1b/c (F1RT)(Fig 4.6). PCR was then performed on the random-primed HEK293
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cDNA library with this primer and BIRACERS, the primer that had been successful in
the 5° RACE of BRAG1 (Fig 4.9).

The PCR reactions produced a single band from the random primed library at
900bp. This is similar in size to the original BRAG1b amplification (Fig 4.7). This
suggests the BRAG1b splice variant is abundant enough to be detected while the
BRAGIC variant is not. Under less stringent PCR conditions we observed additional
bands at 1300bp, 1900bp and 2500bp. Because no additional cryptic exons have been
identified downstream of the second exon of BRAGIc, these larger fragments are likely
non-specific products. We made no further attempts to clone and characterize these

products.

4.4.4 5’ RACE of BRAG2:

The identification of several alternatively spliced forms of BRAG1 suggested diversity of
BRAG! function through regulated alternate splicing of the 5° terminus. BRAG2 is very
similar to BRAG1 both in domain structure and sequence, and could also be subject to
regulation by alternate splicing. The 5’end of KIAA0763, the longest available BRAG2
cDNA is shorter than that of KIAA0522 and lacks a variable 5’ region. However, this
could have resulted from truncation during mRNA isolation and BRAG2 may well
possess a variable 5° end like BRAG1. Three primers were designed to perform 5°
RACE of BRAG2 and address this possibility. Each was located within the second exon
of BRAG2, no more than 700bp into the mRNA (Fig 4.10). As before, primers were
designed to maximize AT content in a GC rich region and to maximize primer
complexity.

One of the three BRAG2 primers used for 5’RACE amplified DNA from the
random primed library (Fig 4.11). The R1 primer amplifies three species of DNA from
the random primed library. There are distinct bands at 800bp, 450bp and a weak smear is
evident at 100bp.

The amplified DNA was cloned into pTOPO and clones were screened for
insertions similar in size to the 5’RACE products. Amongst the digested clones there
was a preponderance of lower molecular weight insertions most of which proved to be

vector-derived fragments. One clone had a 731bp insertion with homology to the 5° end
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Figure 4.9 The 5’ end of BRAG1 can be amplified from random primed library

Novel sequence derived from the 5° RACE reaction of BRAG1 was used to
perform PCR on either the RP library or plasmid DNA encoding GBRAG c.
Under the most stringent conditions (64°C) a single band was amplified from RP
library. Under similar conditions, 2 bands are amplified from the plasmid DNA
with primers BIRACERS and F1RT. The expected size was 900 nt. We do not
know the origin of the band migrating at 650 nt.
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Figure 4.10 Placement of 5’ RACE primers on BRAG?2

This diagram shows the distribution of BRAG2 exons along chromosome 3. Exon
2 has been enlarged to show the relative distribution of the primers used in 5°

RACE.
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5’ RACE primer:
Figure 4.11 5’ RACE of BRAG?2 was successful using the R1
primer

5° RACE of BRAG2 was successful using the R1 primer. This
amplification yielded bands at 450 base pairs (bp) and 800 bp.
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of BRAG?2 (Fig4.12). The clone is homologous to BRAG?2 at its 3° end. There is an
additional 296nt of sequence which maps to chromosome 3, 100kb upstream of the first
published exon (this is twice the length of the rest of the gene!!).

4.4.5 5’ RACE of BRAG3

BRAGS3 is the shortest of the 3 human cDNAs. It is truncated at the N-terminus,
such that it is 684nt shorter than BRAG2 and 1828nt shorter than BRAGla. Three
primers were designed with homology to the Ist exon of BRAG3, using the same criteria
as was used for the 5 RACE of BRAG1 and BRAG2.

5’ RACE using the 3 BRAGS3 specific primers failed to yield any products. I
believe that this was simply a matter of bad luck. Only 1/3 of the primers designed for
BRAGI or BRAG2 were able to produce 5° RACE products. Alternatively, the 5
fragment of BRAG3 might have been too long for efficient amplification and cloning.
The recent cDNA submission AK091953 demonstrates that KIAA1110 is a truncation of
BRAGS3, with 2 additional exons at the 5’ end (Fig 4.13)

4.5 NORTHERN ANALYSIS OF BRAG1

To determine if there is tissue specific expression of the BRAG1 splice variants, a
northern blot was performed using a Clonetech Multiple Tissue Northern (MTN) blot (cat
# 7780-1, 10t#3020545). We chose to use a commercially available blot to circumvent
difficulties with procurement of human tissues and reproducibility of the transfer.

Three probes were designed to determine if there was tissue specific expression of
BRAG]I (Fig 4.14). The first probe was designed to detect all BRAG1 isoforms, the
second probe was designed to specifically detect the published BRAG1 ¢cDNA, and the
third probe was designed to detect both BRAG1b and BRAGIc.

4.5.1 BRAGI1-PH specific probe

To detect all splice forms of the BRAG1 mRNA, the northern probe must be
designed to a region that is not subject to alternate splicing. Our approach was based on
the assumption that highly conserved regions should encode domains that perform an

essential function and be less likely to exhibit variance. To identify those regions, I
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Figure 4.12 KIAA0763 is a 5’ truncation of the full length cDNA

5" RACE of BRAG?2 yields an additional exon at the 5° end of the cDNA. This
result is confirmed by the recent submission RNM 014869, which is identical to the

5’ end to BRAG2
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Figure 4.13 KI4AA110isa 5’ deletion of the full length mRNA
5’ RACE reactions were unsuccessful for KIAA1110. A recent Genebank

submission confirms that the KIAA1110 cDNA is incomplete, with two
additional additional exons at the 5’ end.
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Figure 4.14 BRAGI northern probes differentiate between the BRAGI isoforms

The BRAG1b/c and BRAG1a probes are complementary to isoform specific
sequences. The PH domain probe should detect all BRAG1 isoforms.
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performed a pairwise comparison of the genomic sequences of BRAG! and BRAG?2 and
identified several regions of high conservation between BRAG1 and BRAG2.

The region encoding the sec7d may appears at first glance to offer the best
candidate. However, a probe complementary to a region with such a high level of
conservation with BRAG2 (80% identity) may not be specific enough for our purpose.
The probe was therefore designed to detect another highly conserved region encoding the
only other domain with known function, the PH domain. I used about half of the PH
domain as a probe. We expect the PH domain to play a critical regulatory function and
be present in all BRAG splice forms. Pairwise BLAST searching determined that
BRAG2 does not have a homologous region.

The BRAG! PH domain specific probe revealed expression restricted to a limited
set of tissues (Fig 4.15A). The probe hybridized efficiently with mRNA species in the
heart, skeletal muscle and placenta samples. Low signal was also detected in the brain
and colon samples. The lack of significant expression in most tissues did not result from
uneven loading. Probing of the same blot with the actin probe at the end of a series of
blotting and stripping steps confirmed that all wells received similar levels of mRNA (Fig
4.15B).

There were at least 4 species of mRNA detected by the BRAG1-PH domain
probe. In the brain, heart and skeletal muscle the predominant mRNA detected was about
6kb. The heart and skeletal muscle samples displayed an additional band at 1kb,
suggesting that either one of the bands is non-specific, or that multiple, very distinct
splice variants exist within a single tissue.

mRNAs of sizes different from 6 kb were detected in other tissues as well. The
colon sample contained an mRNA of approximately 6.6kb detected slightly above the
band present in the brain, heart and skeletal muscle samples. In the placental sample, the
PH domain probe detected a single very strong band at 2kb.

The smaller mRNAs that were detected in the heart, skeletal muscle and placenta
were unexpected. Because they are much smaller than predicted, they could represent
artefactual abundant species that were erroneously detected. This is unlikely because
these results are similar to what is detected by the KIAA0522 probe (below).
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Figure 4.15 Northern blotting using the PH-domain probe reveals tissue-specific expression

Panel A. A multiple tissue northern blot was probed with a radiolabeled fragment derived from the PH domain
coding regions of BRAG1. The BRAG1-PH domain probe shows strong expression of BRAGI1 in the brain, heart,
skeletal muscle, colon and placenta.

Panel B. The blot was stripped and reprobed several times. The fourth probing was performed with a radiolabeled
fragment derived from actin gene.
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4.5.2 KIAA0522 probe:

To specifically detect the published splice variant KIAA0522, a probe was
designed in the first variable exon of BRAG1 (see Fig 4.14). Because the 5° end of this
splice variant is unique, the probe should only detect a single variant of BRAG1. This
probe revealed a tissue distribution that is identical to that obtained with PH-domain
specific probe. Specifically, mRNAs are detected at 6kb in brain, heart and skeletal
muscle, at 1kb in heart and skeletal muscle, and 2kb in placenta (Fig 4.16).

The observation of identical patterns with the PH-domain and the KIAA0522
probes is striking and significant. Several lines of evidence establish that it does not
result from poor stripping of the commercial blot. Probing the MTN blot with the
BRAGa probe was performed 3™, and followed one with the BRAG1b/c probe that gave
a completely different pattern (see below). Furthermore, we had confirmed by prolonged
fluorography prior to blotting that all radio-labeled material had been removed. Because
the pattern detected with the KIAA0522 probe is identical to that detected by the PH-
domain probe, we conclude that the KIAA0522 variant represents the primary splice
form in those tissues. Furthermore, the mRNAs detected by both probes are likely

specific as two entirely separate probes detect them both.

4.5.3 BRAGI1b/c specific probe

Because the only difference between the BRAG1c and BRAG1b splice variants is
the presence of an additional exon in BRAG]c, the design of a BRAG1b-specific probe is
possible but challenging. This would involve creating a probe whose sequence overlaps
the intron boundary between exon 1 and exon 2 of BRAG1b. Furthermore, the length of
the two arms would have to be experimentally adjusted such that it would efficiently bind
transcripts with exons 1 and 2 when they are joined (as in BRAG1b), but not those
containing these exons when separated by an additional exon (as in BRAGIc). In our
initial studies we chose to bypass this problem and first design a probe specific to the
exon shared by BRAG1b and BRAG]c.

The northern probe specific to both BRAG1b and BRAGIC detected mRNAs that
have different molecular weight and relative abundance from those observed with the

KIAA0522 and PH domain experiments (Fig 4.17). For example, the expression of
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Figure 4.16 Northemn blotting using the PH-domain probe and the BRAG la probe shows striking similarities

Panel A. This panel shows a Northern blot obtained with the PH domain-derived probe and is the same as that shown
in Panel A of T'ig. 4.15
Panel B. This blot stripped and reprobed several times. The third probing was performed with a radiolabeled

fragment derived from a region specific to BRAG1a. Comparison with panel A demonstrates that this probe gives a
similar expression profile as that of the cDNA.
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Figure 4.17 Northern blotting using the PH-domain probe and the BRAG 1b/c probe shows striking dissimilarities

Panel A. This panel shows a Northern blot obtained with the PH domain-derived probe and is the same as that shown
in Panel A of Fig. 4.15

Panel B. This blot stripped and reprobed several times. The second probing was performed with a radiolabeled
fragment derived from a region specific to BRAG1b,c. The BRAG-PH domain probe and the BRAG 1b/c are both
abundant in heart and skeletal muscle. Aside from this, the RNA species seen with the b/c probe seems more
ubiquitous and the signal is a higher molecular weight than the PH-domain probe.
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BRAGIb,c bearing cDNAs was more ubiquitous than observed with the two other
probes. Indeed, signal was detected in samples from brain, heart, skeletal muscle, colon,
liver, small intestine, placenta, lung and peripheral blood leukocyte. The size of the
transcript was more homogeneous than observed with the cDNA and PH probes, with a
single species detected at 6.6kb. Overlay of the three blots demonstrated that the
BRAG1b/c transcripts were of identical size to the species detected in the colon sample
by both the PH and cDNA probe and clearly larger than the major 6 kb species expressed
in muscle tissues.

Because the BRAG1b/c probe detected a single species in a wide range of tissues,
I postulate that either BRAG1b or BRAGIc play an important role in some housekeeping
function of the cell. The other isoforms are likely to play a role in tissue specific

development.

4.6 LOCALIZATION OF ENDOGENOUS BRAG1

Initial localization studies focused on the endogenous protein expressed by
normal rat kidney (NRK) cells, as RT-PCR data posted by the Kazusa Institute indicated
abundant expression in that tissue (Fig 4.1). As shown at the beginning of this chapter in
Figure 4.2, three types of staining were prevalent, a cytosolic pool, a plasma membrane
pool and a Golgi pool (Fig. 4.2). Subsequent studies were focused primarily on the Golgi
pool of BRAGI.

To investigate the intracellular localization of BRAGI in more detail, I chose to
first compare various fixation procedures to optimize resolution (see Chapter 2, for
details). Affinity purified OB4 a-BRAGI serum was used to localize BRAG1. These
preliminary experiments established that methanol-acetone fixation yielded sharper
images with less background than observed with paraformaldehyde. Furthermore, cross-
linking of acetone-methanol fixed samples with 100uM bis (sulfosuccinamidyl) suberate
(BS®) prior to staining yielded further improvements in resolution.

I first examined the relative distribution of BRAG1 with that of mannosidase II
(mannll), a well-characterized Golgi marker (Fig 4.18). This analysis confirmed that
OB-4 stained a juxta-nuclear structure in a significant fraction of NRK cells. As shown

in the merge panel on the right, there was extensive overlap between OB04 and mannl],
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Figure 4.18 BRAG1 localizes to the cis Golgi

BRAG] localization was compared, by confocal microscopy, to the cis Golgi marker p115 and the medial

Golgi marker (mannll). In the merged images, BRAG1 has some overlap with the medial Golgi marker, but
nearly complete overlap with the p 115 marker.
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confirming that the juxtanuclear staining observed with OB-4 corresponded to Golgi
localization.

Zhao et al showed that proteins can be resolved across the Golgi stack by confocal
laser microscopy. As such I used a monoclonal antibody that recognizes a-p115 as a cis-
Golgi marker, and transfected HA-furin as a trans Golgi marker (Fig 4.19). To better
illustrate the differences in extent of signal overlap, I show in this figure a higher
magnification of merged images. We see again that the BRAGI signal overlaps
significantly with mannlI (Fig 4.19, middle panel). However, the OB4 signal is nearly
completely coincident with pl115 (Fig 4.19, left panel). These results suggested that
BRAGT1 localizes preferentially to cis-compartments of the Golgi complex in NRK cells.
To test this more directly, I examined the relative distribution of endogenous BRAG1 and
exogenously expressed HA-furin (Fig 4.19, right panel). In sharp contrast to complete or
partial overlap observed with p115 and mann II, respectively (Figure 4.19 left panels), the
BRAGTI signal was clearly distinct from the HA-furin (Fig 4.19, right panel).

There has been no effort to characterize the cytosolic or plasma membrane
staining of BRAGL. I had originally thought that most of this was background staining
since pre-incubation of the a-BRAGI1 antibody with excess antigen prior to staining
eliminated staining at both the plasma membrane and the Golgi and yielded instead
strong nuclear staining (Fig 4.2).

4.7 LOCALIZATION OF OVEREXPRESSED BRAG1 ISOFORMS

To elucidate in more detail the relative role of the multiple splice forms described
in the previous sections, I constructed mammalian expression vectors in which the unique
BRAGI1b,c 5’ sequences identified by RACE were spliced with the remainder of the
cDNA derived from KIAA0522 (see section 2.13 in Methods for details). Because of the
questionable specificity (see Fig 4.2) and poor reliability of the OB4 antibody, I chose to
create additional versions of BRAG1a, BRAG1b and BRAG1c modified with an epitope
tag at the N-terminus. We expected tagged versions of these proteins to allow detection
of transient transfectants with low level of expression. This is of interest because heavy

over-expression might disrupt regular functioning of the cell. We would also be able to
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Figure 4.19 BRAG1 localizes primarily to cis-elements of the Golgi complex

NRK cells were fixed and stained as described in Chapter 2. Images shown were obtained by confocal laser
microscopy. The image in the left panel was obtained after staining cells with AP-OB4 and a monoclonal antibody
raised against p115. The image in the center panel was obtained after staining cells with AP-OB4 and a monoclonal
antibody raised against mannll. The image in the right panel was obtained after first transfecting cells with a plasmid
encoding HA-tagged furin and staining cells with AP-OB4 and a monoclonal antibody raised against HA.,
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compare the tagged constructs to the affinity purified OB4 to determine if the antibody is
reliable.

In the first attempt to immunolocalize these isoforms of BRAGI, I transfected
pCEP4-derived plasmids encoding untagged BRAG1a and BRAGIc¢ isoforms into NRK
cells (Fig 4.20). The untagged BRAG1la reproducibly localized to discrete structures.
However, as illustrated in Fig 4.20A-C, the nature of these structures varied widely
between transfectants. In most cases, BRAGa stained large and bright patches or the
PM (Fig 20, top panels). In some cases, BRAG1I also localized to juxtanuclear structures
that were also positive for the Golgi marker HA-furin (Fig 4.20, middle panels). In
contrast, untagged BRAGIc displayed a primarily cytosolic, possibly reticular, pattern
with no obvious concentration on juxtanuclear structures (Fig 4.20, bottom left panel)
identified by the medial Golgi marker mannll (Fig 4.20, bottom right panel). In all cases,
I observed very few transfectants stained with OB-4 and those showed very high
expression levels. This might be a concern because it may disrupt cell physiology. The
potentially disruptive effect of overexpression and the low frequency at which
transfectants were identified precluded detailed characterization and made it very difficult
to determine what to call representative data.

The VSV-G tagged versions of the BRAG1a gave a pattern dissimilar to the
untagged forms (Fig 4.21). As mentioned above, NRK cells transfected with untagged
forms of BRAG1a usually showed several large bright patches (Fig 4.21, top panels). In
contrast, NRK cells transfected with the G-tagged form of BRAG1la showed abundant
diffuse staining and lacked the clear labeling of variable but discrete structures (Fig 4.21,
bottom panels). This suggests that N-terminal tagging interfered with localization of this
isoform. In contrast, the G-tagged forms of BRAG1b and BRAGI1c showed a diffuse
somewhat reticular pattern similar to that observed with the untagged forms of these
proteins (Fig 4.22).

To circumvent the problem with low transfection efficiency obtained with NRK
cells, the constructs were transfected and expressed in BHK cells. Unfortunately the
staining pattern of BRAG1 in BHK was dissimilar to that which was seen in NRK. This

cell line was not pursued further.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.20 Overexpressed BRAGla accumulates at various locations in the cell
Overexpressed BRAG1a (red) localizes to the plasma membrane, cytosol and large
cytosolic punctae. Middle panels shows same cells staining either for BRAG1a of

HA-furin. In contrast, BRAGIc displays more disperse reticular staining that does
not coincide with the the medial Golgt marker, mannll shown in green.
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Figure 4.21 Tagging BRAGIla with the VSV-G epitope interferes with localization

NRK cells were transfected with G-tagged and untagged BRAG1la. UntaggedBRAG1a
localizes to punctae, while G-tagged BRAG 1a/b/c are primarily cytosolic with some PM
staining.
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- G-BRAGIc ~

Figure 4.22 Tagging BRAG1b and BRAGIc with the VSV-G epitope does not
interferes with localization

NRK cells were transfected with G-tagged BRAG1b and BRAG1c. Untagged
BRAG!1b and c localizes to a fine reticular pattern clearly distinct from the juxtanuclear
Golgi complex identified with the Golgi marker mannIL
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4.8 CONSTRUCTION AND PRELIMINARY CHARACTERIZATION OF P5/TO VECTORS FOR
BRAGA,B,C LOCALIZATION.

Because the pCEP4-based plasmids were not functioning as had been anticipated,
we decided to re-tag the construct with several changes. Specifically, we wanted:

1. Smaller vector size. The first tagging attempt used pCEP4, which is a very large
vector. To improve the transfection efficiency it was suggested that I should use a
smaller vector.

2. C-terminal tag. The first attempt to tag the construct used an N-terminal tag. A C-
terminal tag may yield better results, if the N-terminus plays an important functional
role.

3. FLAG tag. There were some initial problems concerning the a-VSV-g antibody.
There are many commercially available FLAG antibodies, including at least one
with a sensitivity to Mg++.

I created tagged and untagged versions of BRAG1b,c and untagged versions of
BRAGI1b,c. p5/TO vectors expressing BRAG1a were planned but not obtained. Each
plasmid DNA was then transfected into Hela cells and the distribution of overexpressed
protein examined following induction with doxycycline. Protein distribution was
examined using new polyclonal crude sera 3b2 and 3b5 raised more recently against the
same antigen used originally for production of OB-4. Both antisera were able to detect
BRAGID, yielding strong reticular staining throughout the cytoplasm in some transfected
cells, and a strong nuclear envelope staining in others (Fig 4.23). Figure 4.23 also
compares the patterns observed with the old OB-4 and the better new serum 3B5 in NRK
cells transfected with a vector encoding BRAG1b. The diffuse reticular pattern observed
with OB-4 in NRK cells was similar to that observed in Hela cells. Surprisingly, 3B5
yielded a reticular pattern with pronounced nuclear rim in un-transfected cells NRK cells
(Fig 4.23, bottom panels). Such a pattern was not observed with OB-4 (see Fig 4.2). We
have no explanation for the variable distribution of endogenous BRAG1 in NRK cells.

The results of transfections of HeLa cells with the new BRAG1b,c vectors are
similar to those obtained with the BRAG1-pCEP4 vectors. Transfectants expressing
either untagged or FLAG-tagged BRAG1b,c appeared flatter and displayed characteristic

cytosolic staining, or staining of the nuclear envelope with a fine reticulum throughout
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the cytoplasm (Fig 4.24). The two sera gave similar results. Significantly, none of the
transfectants displayed juxtanuclear staining similar to the Golgi pattern initially
observed in NRK cells (see Fig 4.2).

In summary, 3B5 and OB4 detect distinct patterns for endogenous BRAG]1 in
NRK cells. Whereas OB-4 reveals primarily juxta-nuclear and PM staining, 3B5 shows a
fine reticulum and clear nuclear rim. Overexpressed BRAG1a, like the endogenous rat
protein, localizes to a variety of distinct structures such as peripheral punctae,
juxtanuclear structure or PM; tagging BRAGla with a G-epitope at the N-terminus
abrogates this localization. In contrast, overexpressed BRAG1b and BRAGIc localize to
a diffuse reticular pattern consistent with the ER. This pattern is similar to that detected
for the endogenous protein with the 3B5 sera. Tagging with a FLAG epitope at the C-
terminus does not impact the reticular staining of BRAG1b and BRAGlc.
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Figure 4.23 Characterization of new antiBRAGI sera 3B2 and 3BS

The OB4 antibody detects cytosolic, exogenous BRAG1b. The 3b2 antibody
stains the nuclear membrane, with tubules emanating towards the cell
periphery. 3bS gives a similar phenotype to 3b2. These transfected cells are
similar in signal to the endogenous BRAG1 in NRK.
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Figure 4.24 BRAG1b and BRAGIc tagged with the FLAG epitope at the C-
terminus localize to a reticular pattern

Cells were transfected with BRAG1b or BRAG1c, with or without a C-terminal
FLAG epitope. For this experiment I used FITC to label BRAG structures, because
the red channel was probed with with an anti-ER polyclonal. The untagged
BRAGI1b and ¢ both localize to the nuclear membrane, with some cytosolic staining.
This is not apparent in the FLAG-tagged constructs which are more cytosolic.
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Chapter 5

Discussion
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5.1 Identification of BRAGs

We have determined that the cDNAs KIAA0522, KIAA0763 and KIAA1110
form a novel family of ARF-GEFs. This is evident by pairwise BLAST searches,
phylogenetic analysis, and comparison of the domain organization. These proteins are
clearly larger than EFA6s and the ARNOs, but unlike the other large Arf-GEFs GBF1
and BIGs, they contain a PH domain. It is interesting to note that only GBF1 and BIGs
are shared among all eukaryotes (Cox et al., 2004) and that all three classes of Arf-GEFs
unique to metazoans contain PH domains. A clear function for these unique PH domains
has not been established yet.

When we initially compared the three human BRAG cDNAs, we found that
KIAA0522 was considerably longer than the other two cDNAs. This suggested that one
or more of the cDNAs was a truncation, because we expected them all to be very similar
in size. Of course this expectation proved to be true. The 5° RACE reactions performed
with BRAG2 primers determined that BRAG2 was a partial cDNA. As discussed below,
this result, and the presence of extra 5’ sequence for BRAG3 were later confirmed by

new Genebank submissions for all three clones.

5.2 Characterization of GST-tagged Sec7d truncation of BRAG1

The sec7 domain — GST truncations were initially tested for GEF activity on
ARFS. I subsequently found that 5r3 was active on class I, I and III ARFs. In contrast,
Vaughan and colleagues concluded that a recombinant form of BRAG?2 activated Arf6
preferentially (Someya et al., 2001). Olson and colleagues reported similar specificity for
class III Arfs with the single D. melanogaster BRAG called LONER (Chen et al., 2003).

The specificity of BRAGI could be different in vivo, because other factors might
add specificity to the GEF reaction, such as N- or C-termini or binding partners. Such
change in specificity has been reported for ARNO]1 that activates Arfl preferentially over
Arf6 in vitro but appears more selective for Arf6 in vivo (Macia et al., 2001); (Frank et
al., 1998). It is also possible that BRAGI is a highly promiscuous GEF. Of course, if the
PH domains were spliced out of BRAG1b,c, there may be a soluble form of BRAG!1 with
altered substrate specificity.
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It is interesting to note that the most active GEF truncation possesses the complete
PH domain while the other two truncations tested do not (see Fig 3.1). This might be
important because the PH domain could interact with phosphoinositides present on
synthetic liposomes, thereby allowing recruitment to the membrane for productive
interaction with Arf-GDP.

It is also interesting to note that GST forms a homo-dimer. This could mean that
the 5r3 GST fusion proteins would dimerize through the GST. This is potentially
important for BRAG1 activity, because other GEFs such as the BIGs or the ARNOs also
dimerize (Yamaji et al., 2000); (Chardin, 1996). Therefore, even without the N- or C-

termini, BRAGI sec7 domain truncations may still act as dimers.

5.3 Identification of BRAG1 splice variants

5’RACE of BRAGI was performed with two questions in mind. Is KIAA0522
truncated at the 5’ end, and are there alternate beginnings for BRAG1. I used several
primers with this method, but never retrieved product from the 5’RACE reactions based
on exon 1 of BRAGla. This might be because the KIAA0522 clone may only be
expressed in tissues other than those that we used. Alternatively, the length of sequence
between the true 5’end and exon 1 may be too long for amplification. I cannot exclude
the possibility that the amplification reaction itself did not work.

To address the second question, I performed 5’RACE of BRAG1 using primers
derived from exon 3 of KIAA0522. The random primed library yielded two major
products that defined novel termini. These alternate 5’ends were cloned and named
BRAG!1b and BRAGIc respectively. The library created using BRAG1 specific primers
produced yet another variant at a very high frequency (100% of clones tested). This
BRAGId was not further characterized. It seems to represent an even shorter version of
BRAGI.

5’RACE of BRAG?2 yielded three products, at 100bp, 450bp and 800bp. In my
efforts, I completed the 5’end of KIAA0763 (450bp). It seems likely that the other bands
also represent novel 5° variants of BRAG2. This would infer that BRAG?2 is regulated in

a manner similar to BRAGI.
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I used PCR to confirm the existence of mRNAs containing the novel BRAG1b
exon and exon 5 of BRAG1a (section 4.4.3). Further support for my BRAG1 5’RACE
results and the existence of BRAG1b was recently provided by a new Genebank
submission. An mRNA (AK095232; gi:21754444) with a 5°end identical to that of
BRAGIc was isolated from tongue tissue. This cDNA is nearly identical over most of its
length with the chimeric cDNA I assembled for BRAG1c and includes the exons that
encode the PH domain. This observation demonstrates that the BRAG1b,c chimeras I
assembled with the RACE products and the remaining 3” half of KIAA0522 are
physiologically relevant. No evidence has yet been obtained for alternate splicing at the
5’end of BRAG3. However, a cDNA with homology to BRAG3 has been submitted that
adds two novel exons to the 5° end of BRAG3 (gi: 21750435). More are likely to come.

A recent publication by Olson and colleagues demonstrated that the single
drosophila BRAG, named LONER is vital to muscle development (Chen et al., 2003).
This cDNA is most similar to BRAGla. The authors also determined that LONER is
subject to alternate splicing at the 5° end. Interestingly, none of the three splice forms
published have homology to the BRAG1a/b/c/d isoforms.

Finally, it may be worth noting that AK(095232 differs from the original
KITAA0522 (AB011094.1; gi: 3043567 ) not at the 5°end but also at the 3’end. Direct
comparison of these two sequences reveals that AK095232 lacks a stretch of 49 residues
that corresponds to exon14. AK095232 is also shorter at the 3’end and lacks the last 1245
nt of KIAA0522. Interestingly, loss of exon 14 causes a frame-shift, which leads to
premature translation termination after the first 12 nt of exon 15. This mRNA variant
likely represents a splicing mistake. However, I cannot exclude the possibility that the

protein with the truncated and alternate C-terminus may have alternate function.

5.4 Localization of BRAG1 splice variants

In NRK, the pCEP4-BRAG1a expression construct gave a distinct and
reproducible localization. These large cytosolic blotches may represent aggregated
protein, vacuoles, or even sites of attachment to the substrate. The BRAGI1b and
BRAG]c expression constructs seem to be reticular, surrounding the nucleus. All or

none of these constructs may be localizing properly. The proper localization machinery
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may not be expressed in the cell types used, which was shown to be important for
LONER localization. Perhaps we detect extra localizations because the antibody may not
be specific for the BRAGI sec7 domain.

Furthermore, it is possible that BRAG1b/c that may be soluble (ie. no PH
domain). This would explain the diffuse BRAGI staining observed by
immunofluorescence.

Vaughan and colleagues have demonstrated that GEP100/BRAG2 is most active
on ARF6, and is found primarily at the PM and endosomes. This is expected because all
sec7 domain proteins bearing PH domains are active at PM and endosomes. The
surprising result was our localization of BRAGI1 to the cis-Golgi, not only because of the
PH domain, but because two family members, BRAG1 and BRAG2 do not possess
similar localizations. All other ARF-GEF families are specifically active in a certain
region of the cell, eg BIGs at the TGN, ARNOs at the PM and endosome.

5.5 Tissue specific expression of BRAG1 splice variants

Using the novel sequence derived from 5’RACE of BRAGI, I performed
Northern blots with three probes corresponding to either sequences unique to BRAGla
and BRAG1b/c or sequences (PH domain) that we expected shared among all three
isoforms all BRAGs.

Surprisingly, the PH domain probe gave an expression profile nearly identical to
that of BRAGla. I had expected that all of the splice variants would be represented in the
PH domain blot. This turned out not to be true, since the higher molecular weight species
detected with BRAG1b/c probe was clearly absent from the pattern observed with the
other two probes. Furthermore, the large species recognized by the PH domain probe,
like that observed with the BRAG1a probe, was particularly enriched in heart and skeletal
muscle with some expression in brain and colon. Both of these patterns clearly differ
from the more ubiquitous and slightly larger signal detected with the BRAG1b,c probe.

The wider, nearly ubiquitous distribution of BRAG1b/c suggests that it may be a
housekeeping gene. The results obtained with this probe may have been different from
those obtained with the BRAG1a and PH probes because the BRAG1b/c isoforms are

expressed at very low levels. In this scenario, the signal observed with the PH probe
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would be dominated by the more abundant BRAG1a species. On the other hand, the PH
domain itself could be alternately spliced, as is observed with ARNO, for which alternate
splicing yields PH domains with altered phosphoinositide binding characteristics
(Ogasawara et al., 2000); (Cullen and Chardin, 2000). This may be important to the
localization and function of BRAGs since the PH domain could allow responsiveness to
changes in levels of phosphoinositides. Intracellular compartments vary not only in the
level but also in the types of phosphoinositides they produce (De Matteis and Godi,
2004). Whereas the trans-Golgi cisternae produce primarily Pi4P, membranes of the
endosomes contain PI3P and the PM PI(4,5)P2. Isoforms lacking the pH domain may
therefore localize to different compartments.

AKO095232 is a cDNA that has recently been submitted to Genebank. It includes
all the sequence of BRAGI1b, including the 5" BRAG1b N-terminus. Because this clone
encodes a PH domain, I must conclude that at least some of the BRAG1b cDNAs do
possess a PH domain. However, this does no preclude the possibility that some BRAG1b

splice variants lack PH domains.

5.6 Final comments

The alternate splicing of BRAGs may provide a new paradigm in regulation of the
central vacuolar system. In this model, the BRAGs consist of the central sec7 domain
flanked by variable termini. These alternate termini might confer different localization,
different coats, effectors, membership to large molecular complexes, GAPs, ARF

specificity and homo/hetero-oligomerization.
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CHAPTER 6
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