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ABSTRACT

This thesis describes the identification and characterization of a novel gene,
GRP50 (Golgi-associated ankyrin repeat protein of 50 kilodaltons), which encodes a
highly conserved mammalian protein exhibiting a unique structural architecture.
Homology searching tools reveal that no known orthologues of this protein have been
identified in other species, indicating that it is not a member of a previously characterized
family. GRP50 is abundantly expressed in fetal tissues and in adult brain, and is induced
as part of the serum response in cultured primary fibroblasts.

Sequence analysis indicates that GRP50 encodes a medium-sized protein with
multiple modular domains, including an ankyrin repeat region, a polyproline-rich region,
and a leucine-rich region that may form o-helical coiled coils. Each of these domains has
been shown in other proteins to function as a protein-protein interaction module. We have
used immunolocalization techniques to show that GRP50 is peripherally associated with
the cytoplasmic face of Golgi and vesicle membranes in cultured mammalian fibroblasts.
Further, we have demonstrated that Golgi-association of GRP50 is sensitive to the effects
of the fungal metabolite, Brefeldin A. In biochemical fractionation experiments, GRP50
was purified from cultured cells as part of a large macromolecular complex. The possible
roles of GRP50 in biological events at the cytoplasmic face of Golgi and vesicle
membranes are discussed.
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CHAPTER 1

Introduction



Introduction

The process of assigning biological functions to novel genes has long been at the
heart of modern molecular biology. The tenet that clues to molecular function can be
inferred from primary structure provides the underlying rationale for contemporary
genomics and has significantly impacted the development of bioinformatics as an
independent discipline. Traditionally, in the case of protein-coding genes, novel
sequences are identified by genetic or genomic means, and their putative protein products
are analyzed by a variety of methods designed to aid in functional characterization. These
analyses are usually begun by electronic scanning of sequence databases in order to
identify structurally related proteins or protein domains. A widespread computational
application of this principle is currently underway, in the attempt to annotate the recently
completed genomic sequences of a variety of organisms (Gaasterland and Oprea, 2001).
Ultimately, of course, elucidation of the biological role of a newly identified protein
requires a combination of computational analysis and experimental evidence.

In some instances, the path from primary structure to function is reasonably
straightforward, as in the case when a newly identified protein has an obvious structural
orthologue of known function in a different species. Numerous computational algorithms
and databases have been created specifically to aid in the identification of structurally and
functionally homologous sequences or sequence motifs (Altschul et al., 1997). Even
when a pairwise sequence comparison search engine fails to detect highly related
proteins, databases that rely on the generation of “signature” motifs from the sequences
of functionally related proteins can often be used to distinguish these motifs in a novel

sequence (Bateman et al., 1999; Henikoff et al., 1999). This type of analysis can prove



especially fruitful when a new protein contains conserved domains or motifs, such as
those that mediate DNA binding or an enzymatic activity, that are clearly associated with
a specific molecular function.

Even when the analysis of a new protein sequence reveals a highly conserved
functional domain, the predictive value of such information can be limited. Identification
of a conserved catalytic domain, for instance, is less valuable as an indicator of molecular
function if no information is available regarding the endogenous substrates or regulators
of the enzyme. In circumstances where a novel protein lacks homology to known
functional domains, clues to biological activity can sometimes be inferred from the
identification of conserved structural elements (Teichmann et al., 2001). These
considerations are complicated, however, when a novel protein contains structural
domains that are capable of mediating many distinct cellular processes.

This thesis describes the identification and characterization of a novel gene,
GRP50 (Golgi-associated Ankyrin-Repeat Protein of 50 kDa), which encodes a highly
conserved mammalian protein exhibiting a unique structural architecture. No known
orthologues of this gene have been identified in other species, indicating that it is not a
member of a previously described family. The GRP50 protein contains several predicted
structural domains, including an ankyrin repeat region, a proline-rich region, and a
leucine-rich region exhibiting coiled coil-forming potential. Each of these types of
domains has been shown in other proteins to function as protein-protein interaction
modules. In addition, we have determined that GRP50 is associated with the cytoplasmic
face of the Golgi apparatus in mammalian cells, where it may exist as part of a large

multiprotein complex. In order to provide a framework for the analyses presented in the



chapters that follow, the sections below are devoted to an overview of the structural
domains present in the GRP50 protein and their known functions in protein-protein
interactions. The chapter concludes with a synopsis of some of the well-known
multiprotein complexes that mediate membrane transport through and structural
maintenance of the Golgi apparatus, and includes a discussion of the cytoplasmic factors

that regulate these processes.

Structure and Function of Ankyrin Repeat Proteins

The ankyrin repeat is a 33 amino acid repeating motif that was first described in
the sequences of the yeast cell-cycle regulators Swi6p and Cdc10p (Breeden and
Nasmyth, 1987). In comparing the sequences of these two related proteins, the authors
noted that similar repeating elements were also present in the sequences of the Notch
protein in Drosophila melanogaster and of the lin-12 protein in Caenorhabditis elegans,
two proteins involved in cell fate specification in differentiating tissues (Wharton et al.,
1985; Yochem et al., 1988). Subsequently, cloning and analysis of the cDNA encoding
human erythrocyte ankyrin revealed 22 copies of this repeat in the amino-terminal
domain of the protein (Lux et al., 1990), and resulted in the designation of this element as
the ankyrin (ANK) repeat.

Current analysis of the non-redundant protein databases indicates that ANK
repeats are found in more than one thousand proteins from both prokaryotes and
eukaryotes, with each protein containing between two and twenty (or more) copies of this
motif (Bork, 1993; Michaely and Bennett, 1993). ANK repeats are present in proteins of

diverse functions, including cytoskeletal proteins, transcription factors, cell cycle
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inhibitors, developmental regulators, and toxins (Bork, 1993; Sedgwick and Smerdon,
1999). The common function of ANK repeat proteins is that they bind other proteins, but
their binding partners are not restricted to a single class of target molecules. Further,
although the interaction between an individual ANK repeat protein and its target protein
is specific, the proteins that are known to bind ANK repeats are largely unrelated, both
functionally and structurally. That a number of distinct biological roles have been
ascribed to ANK repeat proteins is likely the result of the widely divergent set of proteins
with which they interact.

This diversity of binding partners is illuminated by the structural organization of
the ANK repeats themselves. Employing structural-prediction algorithms to analyze the
repeats in erythrocyte ankyrin, Lux and colleagues (Lux et al., 1990) proposed that the
principal structural elements of the motif consist of two amphipathic a-helices, separated
by a loop, and followed by a B-hairpin. Subsequent structural prediction analyses,
utilizing ANK repeat consensus sequences, have similarly proposed a B-hairpin-helix-
loop-helix (B,a.,) structure (Figure 1A) in which the helices are aligned in an antiparallel
fashion. In this structure, multiple repeats pack together via the hydrophobic side chains
of the a-helices, such that B-hairpins of different repeats form an extended B-sheet (Bork,
1993; Michaely and Bennett, 1993; Sedgwick and Smerdon, 1999). The binding surface
of a domain containing ANK repeats is therefore determined by the tertiary structure of
multiple stacked repeats, and differences in the number of repeats can contribute to
binding specificity (Andrade et al., 2001).

The proposed general structure of ANK repeat domains was first confirmed upon

determination of the three-dimensional structure of the ANK repeat protein 53BP2 bound
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to the p53 tumor suppressor protein (Gorina and Pavletich, 1996). Subsequently, the
three-dimensional structures of additional ANK repeat proteins, either alone or bound to
their known interacting partners, have been solved. These latter structures include those
of the products of the INK4 gene (p16™**, p18™**, and p19™**®) bound to the cyclin-
dependent kinase CDK6 (Baumgartner et al., 1998; Brotherton et al., 1998; Jeffrey et al.,
2000; Li et al., 1999; Russo et al., 1998), of the transcription factor GA-binding proteinf3
(GABPp) bound to GABPa and to DNA (Batchelor et al., 1998), and of the NF-kB
inhibitor I-kBct, bound to NF-kB (Huxford et al., 1998; Jacobs and Harrison, 1998).
These structures have revealed that the side-by-side stacking of the antiparallel o-helical
pairs results in an extended B-sheet (composed of neighboring B-hairpins) that projects
away from the helices, forming an L-shaped structure that has been compared to a cupped
hand (Sedgwick and Smerdon, 1999). In the cupped hand analogy, the B-hairpins form
the fingers and the a-helical bundle forms the palm. Figure 1B depicts the organization of
an ANK repeat domain (viewed from two different angles), with a single ANK repeat
highlighted in red.

The solved structures of ANK repeat proteins, in complexes with their known
binding partners, provide further explanation for the observed heterogeneity of ANK
repeat interacting proteins. Although the ANK repeat is defined as a consensus sequence,
the most highly conserved residues among divergent ANK repeat proteins are those that
confer the B-hairpin-helix-loop-helix secondary structure (Bork, 1993). This structure can
tolerate considerable sequence variation, particularly in the residues that comprise the -
hairpin, which are not included in the ANK repeat consensus (Figure 1A and Bork, 1993;

Michaely and Bennett, 1993). The above-mentioned structural studies have revealed that,
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while binding can be mediated by any of the solvent-accessible residues of the stacked
ANK repeat structure, it most often involves residues in the B-hairpins (Figure 1B,
Sedgwick and Smerdon, 1999). Thus the specificity of a particular ANK repeat protein
for its binding partner is conferred by the sequences that are least likely to be conserved
among ANK repeat proteins in general.

These observations imply that binding specificity in ANK repeat proteins is
determined both by the number of individual ANK repeats, which associate to form the
tertiary structure of the domain, and by the sequences in and around the repeats
themselves. That the number of ANK repeats present in a given protein can vary
considerably is evident from scanning the protein sequence databases. The Drosophila
plutonium protein contains two ankyrin repeats (Axton et al., 1994), the 53BP2 and INK4
proteins each contain four (Iwabuchi et al., 1994; Li et al., 1999), the I-kB protein
contains six (Haskill et al., 1991), and ankyrin itself contains twenty-two copies (Lux et
al., 1990). Most ANK repeat proteins contain four or more copies of the repeat; however,
mutational analyses and biochemical techniques have recently been used to show that the
carboxyl terminal two ANK repeats of p16™** can fold independently to assume a
thermostable structure (Zhang and Peng, 2000). Based on this result, the authors propose
that the two-ANK repeat fold represents the minimum structural unit for all ANK repeat
proteins (Zhang and Peng, 2000).

As a consequence of the variation in the numbers and sequences of repeats found
in ANK repeat proteins, these molecules have been found to interact with a widely
divergent set of proteins and hence to perform a number of distinct biological roles. The

ANK repeat protein GABP associates with GABPq, a transcription factor of the Ets-
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domain family, to form a multisubunit complex that is capable of DNA binding and
transcriptional activation (Batchelor et al., 1998; LaMarco and McKnight, 1989;
Thompson et al., 1991). Similarly, the intracellular ANK repeat domain of the Notch
receptor, which is released by proteolysis upon ligand binding, functions as a
transcriptional co-activator when bound to the RBP-J (Su(H)) transcription factor (Beatus
et al., 2001; Petcherski and Kimble, 2000; Tani et al., 2001; Wu et al., 2000). The
biological role of the inhibitors of cyclin-dependent kinases differs from the above
examples: p16™**, p15™*® p18™** and p19™*** inhibit activity of CDK6 by stabilizing
a catalytically inactive conformation of the enzyme (Brotherton et al., 1998; Jeffrey et al.,
2000; Russo et al., 1998), thereby effecting an important cell cycle checkpoint. Lastly,
the I-kB proteins inhibit the activity of the NF-«B transcription factor in two ways: I-kB
binding both inhibits the ability of NF-kB to bind DNA and results in export of NF-kB
from the nucleus and/or its sequestration in the cytoplasm (Li et al., 1998). The degree to
which NF-kB activity is inhibited by a given I-kB depends upon the residues in the 3-
hairpins of the I-kB ANK repeats, which directly mediate binding to NF-xB (Huxford et
al., 1998; Jacobs and Harrison, 1998; Simeonidis et al., 1999).

As is the case with many protein-protein interactions, binding of an ANK repeat
protein to its target can be modulated rapidly in a variety of ways. Post-translational
modifications (such as phosphorylation) of either binding partner can result in
conformational changes that favor or impede binding. In addition, regulation of the
steady state levels or subcellular locations of both proteins influences the likelihood of

binding, as in the example of the Notch receptor described above. These examples
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underscore the versatility of ANK repeat-mediated protein-protein interactions in
effecting cellular responses to external stimuli.

The above examples illustrate the broad spectrum of biological functions
attributed to ANK repeat proteins. The common feature of these domains is that almost
all bind to other proteins, although one protein, the yeast Swi6, contains ANK repeats
that are involved in intramolecular interactions (Foord et al., 1999). Thus, the biological
role of an ANK repeat protein is determined by the function of its binding partner and by
whether binding enhances or inhibits that function. The evolutionary conservation of the
basic structure of the ANK repeat, and the large number of proteins that contain this
element, emphasize its general importance as a protein-protein interaction domain. The
exceptional versatility of a general structure that tolerates considerable sequence
substitutions and varying repeat numbers contributes to its utility as a stable, yet

adaptable, interaction domain.

Proline-Rich Sequences in Signaling and Scaffolding

Short proline-rich sequences also interact with a wide variety of cellular proteins,
although the nature of these interactions is distinct from those of ANK repeat proteins in
that proline-rich sequences bind specific classes of protein interaction domains. It is
believed that proline-binding domains are among the most common types of protein
interaction domains (Kay et al., 2000; Reiersen and Rees, 2001). Proline-rich motifs are
the preferred ligands for modular interaction domains such as the Src homology 3 (SH3),
WW, and EVH1 domains (Holt and Koffer, 2001; Kay et al., 2000; Mayer, 2001; Sudol,

1996; Zarrinpar and Lim, 2000).
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The SH3 domain was among the first modular protein interaction domains to be
identified (Mayer and Hanafusa, 1990; Stahl et al., 1988), and in subsequent years a
substantial body of work has focussed on the numerous biological processes effected by
these domains. SH3 domains are 50-70 amino acids in length and have been found in a
large number of eukaryotic signal transduction and cytoskeletal proteins. These include
the Src family of tyrosine kinases, the Ras effector Grb2, the regulatory subunits of
phosphatidylinositol 3-kinase (PI3K) and phospholipase Cy (PLCy), and the actin binding
protein ¢-spectrin. Mutations in the SH3 domains result in mislocalization of PLCy and
Grb2 (Bar-Sagi et al., 1993; Seidel-Dugan et al., 1992) and activate the transforming
potential of Src and Abl (Franz et al., 1989; Seidel-Dugan et al., 1992). These results
provided early evidence for a functional role for SH3 domains.

A screen of a cDNA expression library identified the first putative SH3-binding
proteins (Cicchetti et al., 1992), and the binding sites in the target proteins were mapped
to short (~10 amino acid) proline-rich sequences (Ren et al., 1993). More recently, the
development of combinatorial peptide libraries has permitted determination of the ligand
specificity of a number of SH3 domain proteins. These experiments have revealed that
the preferred ligands for SH3 domains are proline-rich sequences containing the core
conserved motif P-x—x-P, where x is any amino acid (Mayer and Eck, 1995; Ren et al.,
1993). Moreover, individual SH3 domains exhibit preferences for distinct sequences
around the core (Kay et al., 2000; Lim et al., 1994; Rickles et al., 1994; Sparks et al.,
1996). Structural analyses of SH3 domains from a variety of proteins reveals a similar
overall topology (Feng et al., 1995; Musacchio et al., 1994; Yu et al., 1994): the binding

surface of an SH3 domain consists of three shallow grooves, two of which contact
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hydrophobic-proline dipeptides in the P-x—x-P core (Kay et al., 2000; Mayer, 2001). One
key determinant of specificity is given by the preference of most SH3 domains for a
positively charged residue adjacent to the core motif; this residue is thought to occupy the
third groove in the SH3 binding surface (Feng et al., 1995; Kay et al., 2000).

SH3 domains have been implicated in the control of a number of biological
processes, including the regulation of enzymatic activity and the targeting of proteins to
distinct subcellular locations. The classical example of the former function is the
inhibition of Src kinase activity via the intramolecular interaction of its SH3 domain with
a proline-rich linker region adjacent to its catalytic domain; this interaction stabilizes the
catalytically inactive conformation of the kinase (Williams et al., 1997; Williams et al.,
1998). The Src kinase is activated by a phosphorylation-induced conformational switch,
which disrupts SH3 binding to the linker region. A prominent example of the role of SH3
domains in targeting proteins to particular locations is given by the recruitment by Grb2
(via its SH3 domain) of the Ras—GEF, Sos, to the plasma membrane in response to EGF-
receptor activation (Lim et al., 1994; McCormick, 1993). Because Ras is localized at the
plasma membrane, the Grb2-mediated translocation of Sos to the membrane couples Ras
activation (by Sos) to the activation of receptor tyrosine kinases in response to
extracellular signals.

The family of WW domain-containing proteins comprises a distinct class of
proline-binding modules. The WW domain, named for two conserved tryptophan
residues that are critical for function, is a small globular protein module of 38-40 amino
acids which consists of a three-stranded antiparallel -sheet (Bork and Sudol, 1994;

Macias et al., 1996). Although WW domains are structurally unrelated to SH3 domains
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and exhibit distinct substrate specificities, these domains bind proline-rich ligands in a
similar manner (Sudol, 1996; Zarrinpar and Lim, 2000). WW domains bind proline-rich
sequences containing the core consensus P-P—x-Y or P—P-L-P, usually flanked by
additional proline residues (Bedford et al., 1997; Chen and Sudol, 1995; Linn et al., 1997;
Zarrinpar and Lim, 2000).

Significant efforts have focussed on understanding the WW domain due to the
fact that many signaling complexes involving this domain have been implicated in human
diseases, including Liddle’s syndrome of hypertension, muscular dystrophy, Alzheimer’s
disease, and Huntington’s disease (Bork and Sudol, 1994; Chang et al., 1996; Faber et al.,
1998; Rentschler et al., 1999; Schild et al., 1996). The function of WW domains is
similar to that of other protein-interaction modules, in that binding of a WW domain to its
polyproline ligand can alter the activity or subcellular localization of the ligand protein
(Yagi et al., 1999). For example, the ubiquitin-ligase Nedd-4 has been shown to target the
epithelial sodium channel for ubiquitin-dependent degradation, via interaction of the
Nedd-4 WW domain with proline-rich sequences in the 3 subunit of the channel (Staub et
al., 1996; Staub et al., 1997b). Mutations in and around the P-P-x—Y motif in the sodium
channel, which have been detected in many patients with Liddle’s syndrome, abolish
binding and result in extended half-life of the channel and, ultimately, hypertension
(Hansson et al., 1995; Staub et al., 1997a).

The biochemistry of proline provides some insights into the utility of proline-rich
domains as ligands for protein interaction modules. The only naturally occurring amino
acid with a cyclized side chain, proline restricts the conformation of polypeptide chains;

proline-rich sequences tend to adopt a left-handed helical structure with three residues per
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turn that has been termed the polyproline type II (PPII) helix (Reiersen and Rees, 2001).
Although the PPII helical conformation is not limited to proline-rich sequences, the
majority of PPII helices are proline-rich (Stapley and Creamer, 1999). In proline-rich
PPII helices, the proline residues in a core P-x—x—P motif are on the same face of the
helix and therefore are both accessible for interaction with other proteins. In addition, the
interaction of PPII helices with both SH3 and WW domains is largely mediated by
hydrophobic contacts, which result in relatively low-affinity binding (Kay et al., 2000,
Zarrinpar and Lim, 2000). The relatively weak binding to polyproline domains suggests
that the stability of these types of interactions may be modulated rapidly in response to
cellular signals; for example, ligand binding may be stabilized through the additive
affects of multiple interactions or by the assembly of a multiprotein complex.
Altematively, covalent modification of the ligand, such as by phosphorylation, may
selectively stabilize or destabilize binding to its cognate domain.

The importance of proline-rich sequences as protein-interaction domains is
emphasized by the frequency with which these sequences qccur in a variety of organisms
and by the large number of proteins that contain proline-binding domains. Comparative
genomic analysis of the completed sequences of C. elegans and D. melanogaster
indicates that proline-rich motifs are among the most common elements in these
organisms (Rubin and Lewis, 2000). Recent insights into the structure of WW domains
(Huang et al., 2000; Verdecia et al., 2000) revealed a striking similarity between the
binding surfaces of the WW and SH3 modules. This observation is telling given that
these two domains are otherwise structurally unrelated, and suggests that multiple

mechanisms have evolved for interaction with proline-rich sequences.

19



In addition to the well-characterized SH3 and WW domains, several additional
modules that bind proline-rich ligands have been described in recent years (Sudol 1998;
Callebaut et al., 1998; Kay et al., 2000). These include the cytoskeletal regulatory protein
profilin and the proteins of the EVH1 (Ena/VASP Homology) family, which regulate
actin dynamics. EVHI1 ligand sequences are present in components of focal adhesions,
such as vinculin and zyxin, and are believed to influence cell motility (Laurent et al.,
1999; Niebuhr et al., 1997). A common theme among the various proline-binding
domains is their ability to recruit proteins containing proline-rich sequences to specific
subcellular locations and/or into particular hetero-oligomeric complexes, often in
response to a defined stimulus. It has therefore been suggested that the principal role of
proline-binding modules in intermolecular interactions is as molecular scaffolds, which
facilitate the regulated assembly of multiprotein complexes in situations requiring a rapid
response, such as the initiation of signaling cascades, cytoskeletal rearrangement and

synaptic vesicle endocytosis (Cohen et al., 1995; Kay et al., 2000; McPherson, 1999).

Multiprotein Complexes in Membrane Transport and Golgi Structure

Eukaryotic cells contain an elaborate network of membrane-bounded organelles,
the maintenance of which requires the physical and functional separation of their resident
components in the face of constant, bi-directional flow between compartments. The flow
of membrane components and proteins from one organelle to another is mediated by
transport vesicles, which are formed by pinching off of the membrane at one organelle
and are consumed by fusing with the membrane at another. For instance, in the classical

view of transport through the secretory pathway, membrane-bounded vesicles containing
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newly synthesized cargo proteins bud from the endoplasmic reticulum (ER) and fuse with
the cis-Golgi (Palade, 1975; Schekman and Orci, 1996). Similar yet biochemically
distinct vesicles transport cargo through the cis-, medial-, and trans-Golgi and to the
trans-Golgi network (TGN)-endosomal system. At the TGN, they are sorted to their
correct destinations (e.g., plasma membrane, endosome, lysosomes, or secretory granules,
Traub and Kornfeld, 1997). This process is mirrored in the constitutive and regulated
endocytic pathways (Carpentier et al., 1992; Pearse, 1988), and in the retrograde transport
of vesicles from the Golgi to the ER (Letourneur et al., 1994; Orci et al., 1997).

The structural maintenance of organelles and the processes of vesicle formation,
transport, and fusion require the activities of specific hetero-oligomeric protein
complexes that assemble on the cytoplasmic face of these membranes. An overview of
these complexes is depicted in Figure 2. Formation of a vesicle from a donor membrane
requires the prior assembly of a vesicle “coat”, comprised of multiple subunit proteins,
which deforms the membrane and facilitates budding of a nascent vesicle (Klumperman,
2000; Kreis et al., 1995; Lemmon and Traub, 2000; Schekman and Orci, 1996). A
different set of proteins is required for docking and subsequent fusion of a vesicle with
acceptor membranes: soluble proteins are recruited from the cytoplasm into a complex
with integral membrane proteins on vesicles (v-SNAREs) and on the target membrane (t-
SNARES), thereby tethering the membranes to permit fusion (Clague, 1999; Hinshaw,
2000; Rothman, 1994; Sollner et al., 1993a). Specificity of vesicle formation and
targeting is achieved through the use of heterotypic complexes at distinct subcellular
sites, but the underlying principles that govern these processes in the ER, Golgi, and

TGN-endosomal systems are similar. The sections below describe the structures of a few
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of the membrane-associated complexes that mediate these events in the Golgi apparatus
and discuss the regulatory mechanisms involved in complex assembly. The chapter
concludes with a brief discussion of the role of these factors in the structural maintenance
of the Golgi.

The coat complexes that mediate vesicle budding from Golgi membranes have
been characterized extensively. Among the best understood of these are the
clathrin/adaptor protein (AP) complexes, which are involved in receptor-mediated
endocytosis at the plasma membrane and in the selective transport of proteins from the
TGN to lysosomes or endosomes (Mostov et al., 2000; Robinson, 1994). Clathrin/AP
complexes at different subcellular locations contain distinct AP complexes; to date, four
AP complexes have been identified (Hirst et al., 1999; Robinson, 1994; Simpson et al.,
1996; Simpson et al., 1997). Clathrin, which forms the vesicle scaffold, associates in the
TGN with the AP1 complex, which consists of the soluble factors ’-adaptin, y-adaptin,
AP47, and AP19, to promote the formation of vesicles that transport cargo and membrane
components to endosomes (Lemmon and Traub, 2000; Schekman and Orci, 1996).

In the endocytic pathway, a second adaptor protein complex, AP2, is recruited to
the plasma membrane by interaction with the integral membrane protein synaptotagmin -
(von Poser et al., 2000; Zhang et al., 1994). The AP2 complex, which consists of distinct
adaptin subunits (a-adaptin, B-adaptin, AP50, and AP17), associates with clathrin to form
invaginations of the membrane known as coated pits (Robinson, 1994). Membrane
fission requires the activity of yet another protein, the GTPase dynamin, which is
recruited into this complex and forms a ring around the neck of the budding vesicle

(Damke et al., 1995; Takei et al., 1995).
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Although clathrin/AP1 coated vesicles are associated with the TGN, the majority
of coated vesicles in the Golgi apparatus are decorated with the COPI (coat protein I)
coat. COPI-coated vesicles are implicated both in anterograde intra-Golgi transport (of
secretory cargo) and in retrograde transport (of ER-resident proteins) from the Golgi to
the ER (Cosson and Letourneur, 1997; Kreis et al., 1995; Orci et al., 1997). The
formation of COPI vesicles begins with the recruitment to the membrane of an ADP-
ribosylation factor (ARF), a member of the family of Ras-related small GTPases (Serafini
et al., 1991; Spang et al., 1998). The ARF, in its GTP-bound form, is required for the
assembly of coatomer, a multiprotein complex composed of seven subunits (termed a, f3,
B, v, 8, €, and ), onto the membrane (Schekman and Orci, 1996; Waters et al., 1991).
An essential role for COPI has been demonstrated in yeast, where deletion of any of the
subunit components of this complex is lethal (Duden et al., 1994; Letourneur et al., 1994)
and in mammals, where deletion of one of the coatomer subunits results in a global defect
in secretion (Guo et al., 1994).

The assembly of the clathrin/AP1 complex (at the TGN) and of the coatomer
complex (at the Golgi) is dependent upon the activity of ARFs. There are six ARF
proteins in mammals (three in yeast), which are classified according to sequence
similarity (Donaldson and Jackson, 2000; Roth, 1999); of these, the Class I ARFs (ARF1,
ARF2, and ARF3) mediate ihc assembly of the clathrin/AP1 and COPI vesicle coats. The
ARFs are themselves regulated by a family of guanine nucleotide exchange factors
(ARF-GEFs), soluble cytoplasmic proteins which activate membrane-bound ARF by
stimulating the exchange of GDP for GTP (Chardin and McCormick, 1999; Lippincott-

Schwartz et al., 1998). In the case of COPI assembly, ARF-GTP then recruits the
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coatomer components to the membrane to form the intact COPI coat; this assembly does
not require GTP hydrolysis (Spang et al., 1998). At some point, either directly prior to or
immediately following coatomer assembly, the molecular switch is terminated by the
activity of the family of GTPase activating proteins (ARF-GAPs), which promote
hydrolysis of ARF-GTP to ARF-GDP and subsequent dissociation of ARF-GDP from the
membrane (Goldberg, 1999).

The protein complexes that mediate tethering and fusion of transport vesicles with
acceptor membranes are distinct from those described above, although they exhibit some
parallel features. The paradigm for fusion of a vesicle with an acceptor membrane was
first elucidated in studies of synaptic vesicle release in neurons (Sollner et al., 1993a;
Sollner et al., 1993b) and has since been proven broadly applicable to membrane fusion
events. Membrane fusion requires recruitment of the soluble proteins NSF (N-ethyl
maleimide-sensitive factor) and o.-SNAP (o-soluble NSF attachment protein) into a
complex with integral membrane proteins on vesicles (v-SNAREs) and on the target
membrane (t-SNARESs) (Clague, 1999; Mochida, 2000; Waters and Pfeffer, 1999). A
schematic representation of these events is depicted in Figure 3A. Vesicle fusion at a
given subcellular site involves individual members of the v-SNARE and t-SNARE
protein families, sometimes referred to as the “core components” of membrane fusion
(Lin and Scheller, 2000).

Initially, the identification of distinct isoforms of these proteins suggested that the
specificity of membrane trafficking could be attributable to SNAREs (Waters and Pfeffer,
1999). Subsequently, however, the observation that some SNARESs can function

promiscuously at multiple transport steps (Sevilla et al., 1997; Yang et al., 1999) cast
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doubt on this notion, and led to the search for other proteins that might mediate the
observed specificity of membrane targeting. A number of proteins and protein complexes
have since been identified as tethering factors, because they interact with integral
membrane proteins on vesicle and target membranes to physically link the separate
compartments. Tethering components, or “accessory factors”, that function in different
parts of the transport pathway are structurally unrelated, suggesting that they could be
responsible for the specificity observed in membrane targeting (Guo et al., 2000; Waters
and Pfeffer, 1999).

In S. cerevisiae, fusion of ER-derived (COPII) vesicles with the cis-Golgi
membranes requires at least two tethering factors, Usolp and Sec35p (Nakajima et al.,
1991; Wuestehube et al., 1996). Usolp, the orthologue of mammalian p115, is a
homodimer which self-associates via a long coiled coil region (Sapperstein et al., 1995;
Waters et al., 1992) . Usolp and Sec35p are both required for vesicle tethering, which
precedes membrane fusion. In addition, Yptlp (Rabl) association with the membrane is
necessary for recruitment of Usolp, suggesting that the Rab GTPase regulates Usolp
function (Cao et al., 1998). The mechanism by which Rab1 mediates tethering of COPII
vesicles has been further elucidated in mammals, where it appears that Rabl is activated
by proteins on the cis-Golgi prior to p115 entry into the complex (Moyer et al., 2001).

Membrane tethering in intra-Golgi transport also requires p115 (Usolp), though
possibly in a different context (Waters et al., 1992). In this example, the amino terminus
of p115 binds to Giantin, a large integral membrane protein in COPI vesicles, and the
carboxyl terminus of p115 binds to GM130 (Figure 3B). GM130 is a peripheral Golgi

protein which is in turn anchored to the Golgi through an interaction with GRASP65,
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another peripheral Golgi protein which is myristoylated and anchored in the membrane
via this lipid moiety (Barr et al., 1998; Sonnichsen et al., 1998). In this manner, p115 and
GM130 tether COPI membranes to the Golgi apparatus and facilitate membrane fusion.

The p115-mediated tethering of COPI vesicles to Golgi membranes has important
implications for the structural maintenance of the Golgi, which is a mitotically regulated
process (Shorter and Warren, 1999). In animal cells, the Golgi apparatus appears as a
ribbon-like structure adjacent to the nucleus and is composed of multiple stacked
cisternae. At the onset of mitosis, however, this structure undergoes a dramatic
fragmentation of its interphase morphology and is converted into a large number of small
vesicles (Lucocq et al., 1989; Misteli and Warren, 1995); this process coincides with a
global inhibition of membrane trafficking (Warren, 1993).

The observation that the majority of the small vesicles that are formed during
mitotic fragmentation are COPI vesicles (Misteli and Warren, 1995) led to the suggestion
that mitotic fragmentation occurs due to inhibition of vesicle fusion, while vesicle
formation proceeds normally. This theory gained support when it was determined that
GM130 is phosphorylated by the G,/M specific kinase CDK1 and that p115 is unable to
bind to phosphorylated GM130 (Lowe et al., 1998; Nakamura et al., 1997). Elucidation
of the precise role of each of the tethering proteins in this process is complicated by their
involvement in multiple reactions that mediate membrane recognition. Nevertheless,
these examples emphasize the importance of the regulated assembly of peripheral
membrane proteins for the maintenance of Golgi structure and the control of membrane

trafficking.
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The aim of this chapter is to provide a framework for the consideration of the
experimental data presented in the following sections. Chapter 2, below, describes the
cloning and initial characterization of GRP50, a highly conserved mammalian gene
encoding a novel proline-rich, ankyrin repeat protein. The data presented in Chapter 3
demonstrate the Brefeldin A-sensitive association of this protein with the cytoplasmic
face of Golgi and vesicle membranes in cultured cells, and suggest the possibility of a

GRP50-containing multiprotein complex.
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Figure 1
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Figure 1. (A) The ANK-repeat consensus sequence aligned above the B2a.2 structure. B-
hairpins are depicted as arrows, and o-helical regions are depicted as rectangles. A
single ANK repeat is denoted by the lower (black) arrow. (B) Structure of a four-ANK
repeat domain, showing the arrangement of o-helices (cylinders) and B-hairpins
(arrows). a-helices align in an antiparallel fashion to form a bundle, and B-hairpins
project away from the helical bundle. A single ANK repeat is highlighted in red. Left
panel: view from “top” of domain. Right panel: view from side, showing the “cupped
hand” (see text). The dotted line in the right panel indicates the binding surface of the
domain. Adapted from Sedgwick and Smerdon, 1999.
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CHAPTER 2

Identification and Characterization of A Novel Ankyrin Repeat Protein
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INTRODUCTION

Many biological processes are mediated by specific protein-protein interactions,
often occurring over relatively short regions of modular protein domains. Temporal and
spatial regulation of transient protein-protein interactions permits exquisite control over
cellular responses to external stimuli. Over the past decade, the rapid expansion of
protein sequence and structure databases has revealed an increasingly diverse multitude
of conserved sequence elements that have been shown to mediate such interactions.
These include short sequence motifs of a few amino acids, longer conserved protein
domains, and repeat elements consisting of multiple tandem copies of a particular
sequence motif. In some cases, the identification of a conserved protein-interaction
domain in a novel sequence can provide clues to the function of the new protein,
particularly when the domain is known to bind only one or a few types of ligands.
Elucidation of biological function is more complicated, however, when a novel protein
contains an interaction domain that is formally capable of binding many different types of
molecules.

One such protein binding domain is the ankyrin repeat, a 33 amino acid motif that
was first described in the sequences of several cell-cycle regulators in yeast and in tissue
differentiation factors in Drosophila and C. elegans (Breeden and Nasmyth, 1987), and
later found in the cytoskeletal protein ankyrin (Lux et al., 1990). To date, ankyrin repeats
have been detected in more than one thousand proteins from both prokaryotes and
eukaryotes, with each protein containing as few as two to as many as twenty copies

(Bork, 1993; Michaely and Bennett, 1993). Each repeat adopts a 3-hairpin-helix-loop-
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helix (B,a.,) structure; structural studies have revealed that this conformation can tolerate
considerable sequence variation in the residues that directly mediate protein binding
(Bork, 1993; Sedgwick and Smerdon, 1999). Perhaps as a result of this tolerance for
sequence variation, ankyrin repeat proteins have been shown to interact with a widely
divergent set of proteins and hence to perform a number of distinct biological roles.
Examples of ankyrin repeat proteins with known biological functions include the Swi6
and GABPa-GAPBp transcription factors (Batchelor et al., 1998; Foord et al., 1999;
Thompson et al., 1991), the cyclin-dependent kinase inhibitors encoded by the INK4
locus (Baumgartner et al., 1998; Li et al., 1999; Luh et al., 1997; Russo et al., 1998), and
the inhibitor of the NF-kB transcription factor, I-kBa (Huxford et al., 1998; Jacobs and
Harrison, 1998).

Among short motifs that mediate protein-protein interactions, proline-rich
sequences are perhaps the most common. Short proline-rich sequences mediate
interactions with a wide variety of proteins, and are the preferred ligands for several
modular protein interaction motifs, including Src homology 3 (SH3), WW, and EVH1
domains (Holt and Koffer, 2001; Kay et al., 2000; Mayer, 2001; Sudol, 1996). SH3
domains have critical functions in a large number of eukaryotic signal transduction and
cytoskeletal proteins, including the Src family of tyrosine kinases, the Ras effector Grb2,
the regulatory subunits of phosphatidylinositol 3-kinase (PI3K) and phospholipase Cy
(PLCy), and the actin binding protein c-spectrin (Bar-Sagi et al., 1993; Franz et al., 1989;
McCormick, 1993; Seidel-Dugan et al., 1992). WW domains are also found in a number
of signaling and cytoskeletal proteins, where they act to target their proline-rich ligands

to distinct subcellular destinations (Bork and Sudol, 1994; Staub et al., 1996; Staub et al.,
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1997; Sudol et al., 2001). EVHI (Ena/VASP Homology 1) domains are found in proteins
of the Ena/VASP superfamily, which are believed to modulate cellular motility and axon
outgrowth by regulating the dynamics of the actin cytoskeleton (Bear et al., 2001;
Callebaut et al., 1998; Goldberg et al., 2000; Korey and Van Vactor, 2000; Machesky,
1997).

The biochemistry of proline (with its cyclized side chain) restricts the
conformation of proline-rich sequences. These sequences tend to adopt a helical structure
with three residues per turn that has been termed the polyproline-2 (PPII) helix (Kay et
al., 2000; Reiersen and Rees, 2001). The binding of the PPII helix to SH3 domains is
largely mediated by hydrophobic interactions, which result in relatively low affinity
binding that can be rapidly modulated (Kay et al., 2000). The above examples illustrate
the importance of proline-rich sequences as intermolecular ligands, and illustrate the
utility of these sequences in situations requiring the rapid response of cellular processes
to external signals.

The types of signals mediated by transient protein-protein interactions can exert
broad physiological consequences, as is illustrated by the examples given above. We
have identified a novel gene, encoding a protein that contains ankyrin repeats and a
polyproline-rich domain, in the course of screening a murine cDNA library to identify
evolutionarily conserved genes that promote apoptosis. Apoptosis, or programmed cell
death, is an important physiological process in many multicellular organisms. Apoptosis
is a key component of the processes of tissue remodeling and neural patterning during
development, and mediates tissue homeostasis in adult organisms. In addition, apoptosis

can be induced in many cell types by exposure to environmental mutagens that cause
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genotoxic stress (Raff, 1992; Vaux and Weissman, 1993). The first pro-apoptotic genes
were identified in the nematode C. elegans and have since been shown to have
orthologues in mammalian systems (Hengartner and Horvitz, 1994; Miura et al., 1993).

In the experiments described below, we utilized low-stringency hybridization
techniques to screen for murine homologues of the D. melanogaster cell death gene,
reaper (White et al., 1994; White et al., 1996) One of the cDNA clones obtained in this
screen represents a novel mammalian gene, which we have called GRP50. GRP50.is
ubiquitously expressed and does not appear to mediate cell death, but is induced in
response to serum stimulation of cell cycle-arrested fibroblasts in culture.

Stimulation of growth-arrested fibroblasts with serum causes cell cycle re-entry
and induces expression of many genes involved in cell growth, proliferation, and
differentiation (Winkles, 1998). Although this system has been used extensively in the
study of genes that regulate cell cycle progression, only a fraction of serum-induced
genes directly mediate this process. Many of the genes that are induced in response to
serum are involved in diverse cellular processes, such as signal transduction, coagulation,
cytoskeletal reorganization, tissue remodeling, and wound healing (Iyer et al., 1999). The
expression pattern and structural architecture of the GRP50 protein suggest that it may
play a role in the biology of the serum response, through interaction with other cellular

proteins.
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RESULTS

Cloning of GRP50 cDNA

The GRP50 cDNA was originally isolated in a low-stringency hybridization
screen for murine homologues of the D. melanogaster cell death gene, reaper (see
Materials and Methods). Because our goal was to identify genes whose expression is
increased in apoptotic cells, we constructed an oligo(dT)-primed cDNA library using
RNA isolated from cells induced to undergo apoptosis by exposure to y-irradiation. The
cells used in these experiments were mouse embryonic fibroblasts (MEFs) which had
been transformed by stable coexpression of the adenovirus early region 1A gene (EIA)
and an activated ras allele (T24 H-ras). These cells, referred to here as E1A/Ras MEFs,
readily undergo apoptosis in response to low levels of y-irradiation and other genotoxic
agents (Lowe et al., 1993). In contrast, treatment of normal MEFs with low levels of y-
irradiation causes arrest in the G, phase of the cell cycle (Kastan et al., 1992).

Positive clones from the initial cDNA library screening were analyzed by
hybridization to poly(A)+ RNA isolated from normal cells (MEFs) and from apoptotic
cells (y-irradiated, E1A/ras MEFs). Preliminary analysis of cDNA clones obtained in this
screen revealed that one clone detects messenger RNAs (mRNAs) that appeared to be
enriched in oncogenically transformed cells undergoing apoptosis. Figure 1A (left panels)
shows northern hybridization of this clone, a 2.2 kb cDNA originally designated ER18
and later named GRP50, to poly(A)+ RNA from MEFs (upper panel, lane 1) and from y-
irradiated, E1A/ras MEFs (lane 2). The ER18 probe detects two mRNA species: one with

an apparent molecular mass of ~1.7 kb and another of ~3.5 kb; the 3.5 kb mRNA is more
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abundant in y-irradiated, E1A/ras MEFs than in normal MEFs (compare Figure 1A, lanes
1 and 2). In the lower panel, the blot was reprobed with another cDNA clone from this
library (ELP-1, see legend) as a loading control. The ELP-1 probing, together with
ethidium bromide staining of the RNA gel (not shown), indicated that the RNA in lane 2
was underloaded, and suggested that the GRP50 transcript was induced two- to four-fold
in y-irradiated, E1A/ras MEFs. The induction of GRP50 in E1A/ras MEFs appeared to be
due, at least in part, to the effects of y-irradiation in these cells (Figure 1A, right panel).
Analysis of poly(A)+ RNA from unirradiated (lane 1) and from y-irradiated (lanes 2 and
3) E1A/ras MEFs indicated that the RNA is induced by 60 minutes following irradiation.
Detection of a 3.5 kb transcript on the northem‘ blots in Figure 1A suggested that
the 2.2 kb clone represented a truncated GRP50 cDNA. In addition, sequencing of the 2.2
kb clone revealed a single open reading frame lacking an in-frame stop codon upstream
of the first AUG. Because this clone was isolated from an oligo(dT)-primed cDNA
library and contained a poly(A) tract, it seemed likely that the 2.2 kb clone lacked the 5-
prime end of the longer GRP50 transcript. In order to isolate additional GRP50 cDNAs,
the E1A/ras MEF library was rescreened, at high stringency, using the 2.2 kb cDNA as a
probe. A schematic representation of the additional cDNA clones obtained is shown in
Figure 1B. Surprisingly, restriction mapping and sequencing revealed that two of the new
cDNA clones share the same 5-prime end as the original 2.2 kb clone but contain
different 3-prime ends. Although each of the cDNAs isolated contains a poly(A) tail, all
but one differ in the length of their 3-prime untranslated regions (UTRs). A 3.5 kb cDNA
was isolated whose sequence, over the first 2.2 kb, is identical to that of the original 2.2

kb ER18 clone; this larger cDNA contain an additional ~1.2 kb of sequence downstream.
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One clone of 1.8 kb (1B, last line), contains only 3-prime UTR sequences, and is
identical to the last 1.8 kb of the 3.5 kb cDNA.

Isolation of 1.6 kb and 3.5 kb cDNAs with identical 5-prime and different 3-prime
sequence suggested that these clones represent the ~1.7 and ~3.5 kb GRP50 transcripts
observed on the northern blot in Figure 1A. To determine whether these transcripts differ
in their 3-prime UTRs, two restriction fragments (depicted in red lines, 1B) were used as
probes for subsequent northern analysis. One probe corresponds to the 5-prime end of the
GRP50 cDNA, and contains a portion of the open reading frame (ORF), and the second
probe was derived from the 3-prime-most end of the 2.2 kb ER18 clone. A northern blot
containing poly(A)+ RNA was hybridized to each of these probe in succession (Figure
1C). The S-prime probe detects both the 1.7 and the 3.5 kb transcripts (1C, left panel), but
the 3-prime probe detects only the longer transcript (right panel). These results imply that
the sole difference between the two observed GRP50 mRNAs is the length of their 3-
prime UTRs, and that our 1.6 and 3.5 kb clones represent full-length cDNAs derived

from each of these transcripts.

GRP50 mRNA expression profile

Although preliminary experiments suggested that GRP50 mRNA levels are
increased in y-irradiated, E1A/ras MEFs as compared to normal MEFs, further analyses
failed to confirm these results. GRP50 mRNA expression is not generally induced in
response to y-irradiation in MEFs (Figure 2A) or in E1A/ras MEFs (Figure 2B),
indicating that GRPS50 is not a radiation-response gene. In addition, comparison of

GRP50 mRNA levels in unstimulated MEFs and E1A/ras MEFs (Figure 2C)
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demonstrated that GRP50 was not induced in response to expression of the activating
oncogenes, EIA and ras. Different batches of cells were used in the experiments shown
in Figure 2 and in Figure 1A, and the possibility that the cells acquired distinct mutations
in culture cannot be excluded; however, these inconsistencies suggest that the induction
of GRP50 mRNA observed in our initial experiments is not a general feature of GRP50
regulation.

In the course of investigating the expression profile of GRP50 mRNA in response
to radiation and other stimuli, we analyzed the regulation of this gene as a function of cell
cycle progression. Figure 3 (top panels) shows the expression of GRP50 in MEFs that
have been arrested in the G, phase of the cell cycle by serum deprivation, and then
stimulated to re-enter the cell cycle (as a synchronous population) by addition of serum.
The left and right panels show RNA isolated from two independently derived MEF
populations; cells were harvested and RNA isolated at the indicated time points following
serum stimulation. A probe derived from the ARPP PO gene was used as a loading
control for these blots (Figure 3, bottom panels) because expression of this gene does not
vary over the course of the cell cycle (Hurford et al., 1997).

The time course of these experiments (8-24 hours post serum stimulation)
corresponds to the G, and S phases of the cell cycle; *H-thymidine incorporation assays
demonstrate that these cells are in S phase between ~16 and ~20 hours following serum
addition (Humbert et al., 2000). Surprisingly, GRP50 is expressed at very low levels in
quiescent cells, and is induced at least 3-5 fold in serum-stimulated cells; this induction is
evident by 8 hours following serum stimulation and remains constant over the next 16

hours. These results indicate that GRP50 is markedly induced in MEFs as they exit G,
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and re-enter the cell cycle, and identify GRP50 as a serum-response gene. The temporal
pattern and level of induction of GRP50 mRNA in response to serum mirrors that of
other known serum-response genes, including those involved in cytoskeletal
reorganization, tissue remodeling, and wound healing (Iyer et al., 1999, and see
Discussion, below).

The global expression pattern of GRP50 mRNA was investigated using northern
blots containing RNA derived from human tissue. The tissue distribution of GRP50
mRNA was examined in adult (Figure 4A) and fetal (4B) tissues and in adult brain
structures (4C). Although low levels of GRP50 mRNA were detected in all tissues
examined, GRP50 is most strongly expressed in adult brain, heart, and skeletal muscle
and is weakly expressed in lung, liver, and kidney (Figure 4A). A similar pattern of
GRP50 expression was detected in ﬁoﬂhem blots of RNA isolated from mouse tissues
(not shown). In contrast to the low expression levels in some adult tissues, GRP50 is
expressed at high levels in all fetal tissues examined, including fetal lung and kidney
(Figure 4B). Because GRP50 is expressed at high levels in adult brain, we wished to
determine whether this expression is restricted to particular substructures. Figure 4C
shows that GRP50 is expressed throughout the adult brain, and is only slightly more

abundant in the occipital pole and in the frontal lobe than in other brain structures.

Structural features of the GRP50 protein
The sequence of the longest (3.5 kb) GRP50 cDNA is depicted in Figure 5. As
mentioned above, none of the cDNA clones we isolated exhibited sequence differences in

their presumptive protein coding regions. A search for putative open reading frames
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(ORFs) along the cDNA sequence revealed several interesting features. First, the GRP50
transcript contains a single large ORF containing several in-frame methionine (AUG)
codons and no in-frame upstream stop codons. However, this putative ORF is preceded
by a short (39 nucleotide, underlined in 5-prime noncoding sequence in Figure 5) ORF,
which lies in a different reading frame from that proposed for the GRP50 protein and
which terminates prior to the proposed start for GRP50 translation. Second, although
neither of the first two AUG codons conforms precisely to the consensus sequence for
translation initiation, the second is flanked by the most conserved element of this
consensus, a purine at position -3 (Kozak, 1987).

These observations are important because they describe the two most common
exceptions to the general rule that translation of eukaryotic RNA is initiated at the first
AUG codon: initiation at a downstream AUG can occur when the 5-prime proximal AUG
is followed closely by a terminator codon (Kozak, 1999) or when it lacks the consensus
sequence for translation initiation (Kozak, 1995). The facts that none of the cDNA clones
obtained in our screen contain extended 5-prime sequences, and that the largest of these
cDNA:s is the same size as the larger GRP50 mRNA, suggest that our cDNA clones
contain the intact 5-prime end of the GRP50 transcript. Taken together, these data imply
that the second AUG codon may function as the translation initiator. This presumptive
initiator defines an ORF of 1092 bp, conceptual translation of which yields a polypeptide
of 363 amino acids with an estimated molecular mass of 41 kDa (Figure 5).

The structural features of this polypeptide include two ankyrin-like repeats
(Figure 5, boxed) located near the NH,-terminus, a proline-rich central domain

(underlined), and a leucine-rich region at the COOH-terminus. The proline-rich central
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domain (25% proline over a 100 amino acid stretch) is also rich in serine residues (15%),
and includes several sites containing the SH3 domain binding consensus P-x—x-P
(Mayer, 2001). Although the carboxyl-terminal region is leucine-rich, these residues do
not exhibit the heptad periodicity characteristic of a classical leucine zipper (Landschulz
et al., 1988). The Simple Modular Architecture Research Tool (SMART) (Schultz et al.,
2000) identified the ankyrin repeats and the proline-rich low-complexity repeat as the
only motifs corresponding to known protein domains. However, examination of the
GRP50 protein sequence using the coiled coil prediction program COILS (Lupas, 1996;
Lupas et al., 1991) identified sequences in the leucine-rich region that could mediate
formation of a coiled coil structure (indicated with asterisks in Figure 5). Coiled coils are
protein oligomerization domains in which two to five amphipathic c-helices associate to
form a supercoil (Burkhard et al., 2001). Additional analyses of the GRP50 protein
sequence using a suite of software tools (see Materials and Methods) did not reveal other
conserved domains or motifs, apart from consensus sites for phosphorylation and N-

linked glycosylation (not shown).

GRP50 is highly conserved among mammals

A search of the GenBank sequence databases has identified GRP50-homologous
expressed sequence tags (ESTs) of human, rat, rabbit, and swine origins (Accession
numbers AL543701, BG665112, C82830, and BI343865, respectively). Each of these
ESTs shares significant similarity to murine GRP50 at both the nucleotide (~90%) and
amino acid (~95%) levels, suggesting that they represent GRP50 orthologues in these

species. Recently, a 2 kb human cDNA (GenBank Accession number BC012978) that is
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homologous to the first 2 kb of murine GRP50 cDNA was identified. The human and
mouse cDNAs share ~90% identity in the nucleotide sequences of their presumptive
ORFs and ~80% identity in portions of their 5-prime and 3-prime UTR sequences. The
translated amino acid sequences of mouse and human GRP50 share 92% overall identity
(339/368 residues) and 95% overall similarity (350/368 identities plus conservative
substitutions). Alignment of the mouse and human GRP50 protein sequences is shown in
Figure 6A. It is interesting to note that the 5-prime UTR sequences of the mouse and
human cDNAs exhibit an unusual degree of similarity, and that the human GRP50 cDNA
contains a 39 nucleotide upstream OREF like that found in the mouse (Figure 6B).
Conservation of 5-prime UTR sequences, including this short upstream ORF, suggests
that these features may play a role in regulating translation of the GRP50 mRNA.

Protein sequence databases were scanned with the GRP50 protein sequence using
the BLASTP algorithm (Altschul et al., 1997), and the results of these searches are
summarized in Figure 7A. Although the ankyrin repeat region of GRP50 is homologous
to ankyrin repeats in a variety of mammalian proteins (Figure 7A), no mammalian
proteins with overall structural architecture similar to GRP50 were identified. A BLASTP
search using the GRP50 sequence minus the ankyrin repeats did not return any
homologous sequences (not shown). These results imply that GRP50 is a novel ankyrin
repeat containing protein with a unique structural composition. Within the ankyrin repeat
region, GRP50 is most similar to the ankyrin repeats of a predicted protein in C.
elegans(45/97 positives), of mouse, human and rat I-kBa (49/93), and of C. elegans unc-
44 (44/67). Of those proteins with homology to the ankyrin repeat region of GRP50, only

the predicted protein from C. elegans (hypothetical protein R31.2, GenBank Accession
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number T24241) exhibited significant similarity to GRP50 that extends beyond this
domain (Figure 7B). Over the first ~160 amino acids of GRP50 and C. elegans R31.2,
these proteins share 31% identity (51/164 residues) and 45% similarity (74/164,
probability score le-12). The observations that the ankyrin repeats in GRP50 are more
similar to those of C. elegans R31.2 than to those of other mammalian proteins, and that
the similarity between these two proteins extends beyond the repeat region, suggest that
R31.2 may be the orthologue of GRP50 in C. elegans. A search of the complete genomic
sequences of S. cerevisiae and D. melanogaster failed to detect GRP50-homologous
proteins in these organisms.

A BLAST search of the assembled human genome sequence with the GRP50
cDNA identified a locus (LOC91369) on the long arm of chromosome 17 that
corresponds to the human GRP50 gene. The GRP50 gene lies within contig AC005921,
which maps to chromosomal band 17q21.33 (Figure 8A, boxed). This region of
chromosome 17, which is syntenic with mouse chromosome 11, is densely populated
with genes (8B and C), and GRP50 is separated from neighboring genes by less than 10
kb. A schematic representation of the GRP50 locus is shown in Figure 8C; the gene
contains 5 exons and spans approximately 15-20 kb of genomic sequence. As indicated in
Figure 8C, transcription of GRP50 proceeds in the opposite direction to that of the
neighboring genes ABCC3 (upstream) and LUC7A (downstream). ABBC3 encodes the
multidrug resistance protein-3 (MRP-3), a member of a family of ATP-binding cassette
(ABC) proteins expressed in the liver which mediate transport of bile acids,
phospholipids, and organic anions across the canalicular membrane (Borst et al., 2000;

Uchiumi et al., 1998). LUC7A encodes a recently described protein called CROP, an
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arginine- and serine-rich protein identified in a differential display-based screen for genes
that are overexpressed in cisplatin-resistant cultured renal cancer cells (Nishii et al.,
2000). The transcriptional orientations and close physical proximity of these three genes
indicate that the 3-prime noncoding regions of ABCC3 and GRP50 are likely to overlap,
while the 5-prime noncoding regions of GRP50 and LUC7A may share common

transcriptional regulatory elements.
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DISCUSSION

This chapter describes the cloning and initial characterization of a novel gene,
GRP50, which encodes a highly conserved mammalian protein with a unique structural
architecture. Sequence analysis indicates that GRP50 encodes a medium-sized protein
with multiple modular domains, including an ankyrin repeat region, a polyproline-rich
region, and a leucine-rich region that may form o-helical coiled coils. The GRP50 protein
is highly conserved among mammals, but homology with non-mammalian proteins is in
most cases limited to the ankyrin repeat region. However, one hypothetical protein
(R31.2) in the nematode C. elegans contains sequences that are homologous to GRP50
outside of the ankyrin repeats themselves. The C. elegans R31.2 protein also displays an
overall architecture that is partly similar to GRP50, in that it is composed of two NH,-
terminal ankyrin repeats, followed by low complexity repeat regions (some of which are
proline rich).

Because of the structural features of ankyrin repeats discussed above, orthologous
ankyrin repeat proteins from divergent species tend to exhibit sequence conservation
outside of the repeat consensus (Bork, 1993; Sedgwick and Smerdon, 1999), while in
unrelated proteins the homology is limited to the consensus sequence itself. In addition,
binding specificity is conferred by the number of repeats that associate to form a tertiary
structure as well as by the sequences in and around the repeats. Thus the observation that
GRP50 and the R31.2 protein contain the same number of ankyrin repeats, and exhibit
sequence similarity outside of the repeats, might be taken as a more convincing indication

of functional homology than that implied by the high degree of similarity between

~
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GRP50 and I-xBa, which is limited to the ankyrin repeats proper. Although the absence
of a known biological function for either GRP50 or the R31.2 protein precludes a
convincing demonstration of orthology, the structural similarities between these two
proteins parallel those of other distantly related orthologues (Zapata et al., 2000; Zhang
and Emmons, 2000).

Although we have not detected putative GRP50 orthologues in yeast or in
Drosophila, GRP50 is highly conserved among mammals. The predicted amino acid
sequences of ESTs from human, rat, rabbit, and swine each exhibit greater than 95%
similarity to murine GRP50. More striking, however, is the high degree of nucleotide
sequence similarity observed in the untranslated regions of the human and mouse GRP50
mRNAs. Like the mouse GRP50, the human gene appears to produce two alternatively
spliced transcripts (although the smaller transcript is less abundant in human tissues than
in mouse), and no differences in the presumptive open reading frame have been detected
in human ESTs. In addition, analysis of the human GRP50 genomic region using
programs designed to detect protein-coding sequences indicates that a single polypeptide
is produced from this locus. These observations suggest that alternative splicing of the
human GRPS50 gene yields mRNA species that differ only in the lengths of their 3-prime
UTRs, as is apparently the case with murine GRP50.

A comparison of the 5-prime and 3-prime UTRs of murine and human GRP50
reveals that these sequences share gfeater than 80% similarity, and indicates that they
may play a role in the post-transcriptional regulation of GRP50 expression by influencing
the stability or translational accessibility of the GRP50 mRNA. In particular, the presence

of a small open reading frame upstream of the putative translation initiator codons in both

58



the mouse and the human GRPS50 transcripts suggests an evolutionary conservation of
intricate mechanisms for modulating GRP50 expression levels. Conservation of
regulatory sequences implies a cellular requirement that GRP50 protein levels be tightly
controlled.

The profile of GRP50 mRNA expression supports the presumption that GRP50
protein levels are tightly regulated. The tissue distribution of GRP50 mRNA indicates
that, while this gene is ubiquitously expressed in adult tissues, expression levels appear to
be regulated in a tissue- or cell-type specific manner: GRP50 is more highly expressed in
brain, heart, and skeletal muscle than in liver or lung. In addition, GRP50 is expressed at
high levels in embryonic tissues, including those that show low expression levels in
adults. Although our data do not permit a direct comparison between GRP50 mRNA
levels in fetal and adult tissues, in silico analysis of GRP50 representation in the EST
databases suggests that this gene is more highly expressed in embryonic tissues and in
tumors than in normal adult tissues. Thus GRP50 may be a developmentally regulated
gene that exhibits distinct patterns of expression in fetal and adult tissues.

Although originally of interest because of its apparent enrichment in cells
undergoing apoptosis, GRP50 expression is not induced specifically in response to an
apoptotic stimulus or more generally in response to genotoxic stress. Multiple analyses of
GRP50 mRNA levels in y-irradiated MEFs and E1A/ras MEFs did not reveal a consistent
pattern of GRP50 induction under these conditions. Further, the enrichment of GRP50
mRNA iﬁ y-irradiated, E1A/ras MEFs observed in our initial experiments was not
attributable to the expression of transforming oncogenes in these cells, since

untransformed cells exhibit similar levels of the transcripts.
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In contrast, GRP50 expression is markedly induced in the response of MEFs to
serum stimulation. The ability of primary fibroblasts to proliferate in culture is dependent
upon exogenously added serum or purified growth factors; when deprived of serum, these
cells enter a quiescent, or nonproliferative, state termed G,, which is characterized by low
metabolic activity (Winkles, 1998). Quiescent MEFs are released from this state upon re-
exposure to serum and subsequently re-enter the cell cycle as a synchronous population.
The response of primary fibroblasts to serum starvation and release has therefore
provided a model system for the study of genes that mediate growth and cell cycle
progression (Iyer et al., 1999; Winkles, 1998).

Our results indicate that GRP50 mRNA is induced several fold in response to
serum stimulation; the increase in mRNA levels is evident by as few as 8 hours following
exposure to serum and remains constant over the next 16 hours. Because the induction of
GRP50 mRNA was observed in the earliest time points included in these experiments,
these results do not indicate the precise timing of GRP50 induction in the course of the
serum response. In addition, because samples from unsynchronized cells were not
included in these experiments, we cannot determine whether the differences observed
result primarily from a marked repression of GRP50 expression in quiescent cells.
Nevertheless, these results clearly demonstrate that GRP50 is induced in cells as they exit
from G,, and permit some insight into the temporal pattern of GRP50 expression in the
response of fibroblasts to serum stimulation.

Although serum-stimulation experiments are frequently employed in the study of
the cellular response to mitogenic signals, the biology of the serum response is not

limited to cell cycle progression. Recent work by Iyer and colleagues (Iyer et al., 1999)
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describes the analysis of the transcriptome in serum-stimulated fibroblasts using a
microarray-based approach. In this study, the expression profiles of close to 10,000 genes
were examined in serum-starved and serum-stimulated human primary fibroblasts. In
addition to cell cycle regulators and immediate early transcription factors, genes involved
in coagulation, inflammation, angiogenesis, tissue remodeling, cytoskeletal
reorganization, and wound healing were among those that exhibited significant induction
in response to serum.

We searched the data set from these experiments (genome-
www.stanford.edu/serum) for genes whose expression profiles resembled that of GRP50
(i.e., genes that were induced greater than two-fold at each time point from 8 to 24
hours). This search revealed that fewer than fifty genes in the 10K dataset exhibited a
serum induction profile like that of GRP50 (GRP50 was not included in the dataset). Of
those genes that did show a similar profile of RNA induction in response to serum, there
were several that are implicated in tissue remodeling and wound healing (Iyer et al.,
1999). Iyer and colleagues have suggested that the diverse set of serum-inducible genes
represents the broad transcriptional response to a specific physiological stimulus, serum,
that is normally encountered in the context of a wound, and that the view of the serum
stimulus as a mitogenic signal is an oversimplification of a broader biological process.

The experiments described in this chapter detail the cloning of GRP50 and its
identification as a novel member of the ankyrin repeat family of proteins. The predicted
structure of the GRP50 protein indicates the presence of multiple protein binding
domains, and implies that the function of GRP50 is mediated through intermolecular

interactions with another protein or class of proteins. In the absence of a structural
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orthologue of known function, however, it is not possible to predict what types of

proteins might interact with GRP50, and these analyses await further investigation.
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MATERIALS AND METHODS

Cell culture

E1A/ras MEFs were generated by Scott Lowe, and have been described
previously (Lowe et al., 1993). MEFs and E1A/ras MEFs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal calf
serum (FCS), 50 U/ml penicillin, 50 pg/ml streptomycin, and 2mM L-glutamine and
incubated at 37°C in a humidified chamber containing 5% CO,. For irradiation
experiments, cells were plated in 15 cm dishes and exposed to 7Gy of y-radiation in a
GAMMACELL 40 with a "’Cs source. For irradiation time-course experiments, cells
were harvested at the indicated time points following y-irradiation, and pellets were flash-

frozen and stored at —80°C prior to RNA isolation.

Library construction and screening

The E1A/ras cDNA library was constructed using the SuperScript™ Choice
System for cDNA Synthesis (Gibco BRL) according to the manufacturer’s instructions.
RNA from E1A/ras MEFs, harvested one hour following y-irradiation, was subjected to
two rounds of poly(A) selection and used as the template for cDNA synthesis. First
strand synthesis was primed with a Notl-oligo(dT) primer/adapter, maximizing the
likelihood that it would initiate from the poly(A) tail of messenger RNAs. Double
stranded cDNA was size-selected and directionally cloned into the bacteriophage vector
Agt22a. The library was packaged using Gigapack™ Gold packaging extract (Stratagene)

according to the manufacturer’s instructions and propagated in E. coli strain Y1090
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according to standard methods (Sambrook et al., 1989). The total size of the unamplified
cDNA library was ~7 x 10° clones, of which10° clones were plated and screened.

For low-stringency screening to identify reaper-homologous cDNAs, a PCR
product containing the 200 bp reaper open reading frame was labeled with o?P-dCTP by
de novo synthesis using a 3-prime specific primer. Library filters were hybridized to the
resulting probe at > 2 x 10° cpm/ml in Church’s buffer (0.5 M sodium phosphate, pH 7.0,
7% SDS, 1% bovine serum albumin, ImM EDTA, and 100 pg/ml salmon sperm DNA) at
55°. Filters were washed 4 x 20 minutes in 2 x SSC, 0.1% SDS at 50°C. Between
probings, library filters were stripped in 0.4M NaOH for 30 minutes at 45°C, followed by
0.1 x SSC, 0.1% SDS, 0.2M Tris, pH 7.5 for 15 minutes at 45°C. For high-stringency
screening to identify additional GRP50 clones, the original 2.2 kb ER18 cDNA was
labeled with 0**P-dCTP by random priming and hybridized to the stripped library filters
in Church’s buffer at 65°C. The filters were washed 2 x 20 minutes in 2 x SSC, 0.1%
SDS, followed by 2 x 20 minutes in 0.1 x SSC, 0.1% SDS at 55°C. DNA was prepared
from plaque-purified positive phage clones using standard methods (Sambrook et al.,
1989), and cDNAs were excised from phage vectors and subcloned into pBluescript II

(Stratagene) for sequencing and subsequent analysis.

RNA isolation and northern analysis

Human Multiple Tissue Northerns, containing 2ug of poly(A)+ RNA per lane,
were purchased from Clontech and were hybridized and washed according to the
manufacturer’s instructions. Serum starvation and release northerns were a kind gift of

Raluca Verona, and are described elsewhere (Humbert et al., 2000). RNA from cultured
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MEFs and E1A/ras MEFs was prepared as follows: total cellular RNA was isolated using
either the Ultraspec™ RNA isolation system (Biotecx, Houston, TX.) or RNeasy Midi
Kit (Qiagen) according to the manufacturers’ instructions. For poly(A) selection, a
minimum of 500 pg total RNA was bound in batch to oligo(dT)-cellulose (New England
Biolabs) in 0.4 M NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA. The slurry was loaded onto a
disposable column (BioRad), washed extensively with 0.2 M NaCl, 10 mM Tris, pH 7.5,
1 mM EDTA, and poly(A)+ RNA was eluted in DEPC-treated H,0O. For northern
blotting, 2 to 4 pg of poly(A)+ RNA was electrophoresed in MOPS buffer (20 mM Na-
MOPS, 5 mM Na-acetate, | mM EDTA, pH 7.0) through 2.2 M formaldehyde gels. Gel-
fractionated RNA was then transferred to nylon membranes (Hybond N) and hybridized
with the indicated probes in Church’s buffer (0.5M sodium phosphate, pH 7.0, 7% SDS,
1% bovine serum albumin, 1 mM EDTA, and 100 pg/ml salmon sperm DNA) at 65°C.
Northern blots were washed 2 x 20 minutes in 2 x SSC, 0.1% SDS, followed by 2 x 20

minutes in 0.1 x SSC, 0.1% SDS at 55°C.

Sequencing and sequence analysis

Each of the GRP50 cDNAs depicted in Figure 1C was sequenced in its entirety by
generating a series of overlapping subclones. Sequencing of both strands was performed
on an automated ABI sequencer using vector-derived primers or, occasionally, GRP50-
specific primers. DNA and protein similarity searching was performed using the BLAST
server at the NCBI (ncbi.nlm.nih.gov/blast). The BLAST search of the assembled human
genome sequence was carried out using the Ensembl Genome Server at <ensembl.org>.

Protein sequences were analyzed using the software DNASTAR and the suites of tools
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available at the following web servers: Baylor College of Medicine
(searchlauncher.bcm.tmc.edu), ExXPASy (expasy.ch/tools/), and EMBL
(embl-heidelberg.de/Services/index.html). Multiple sequence alignments (DNA and
protein) were generated using the web-based ClustalW 1.8 program, located at
searchlauncher.bcm.tmc.edu/multi-align/multi-align.html. Aligned sequences were

shaded using the BOXSHADE server at ch.embnet.org/software/BOX form.html.
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Figure 3
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Figure 3. Expression of GRP50 mRNA is serum-induced. MEFs were arrested in G,
via serum deprivation and harvested at indicated time points (hours) after serum
addition. Upper panel: GRP50 expression; lower panel; ARPP PO loading control (see
text). Each blot contains RNA isolated from independently derived MEFs.
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Figure 4
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Figure 4. Expression of human GRP50 in adult (A) and (B) fetal tissues, and (C) in adult
human brain structures. Northern Blots were purchased from Clontech. In the lower
panel in (A), the blot was reprobed with actin to control for loading. The GRP50 probe
used is an 800 bp Pvull-Scal fragment of the open reading frame.
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Figure 5

ggcgcggtgggggaggaggectgggectgeggggecgcgagcagccagggagetgtecggtgggegggcgggcgeacgagy
ccctgggccgggecgecgggecggaggcgcgageggggegggcgageccggegctceccteccccatggcegggageeggeegeg
gaggecggcggcggcgctgacaggctcggggeggggeggeccggggeccggggecctggggaagATGAGCGCCCTCCTAGA
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CGGAGCATTTCCATTTAATATGCAAGAGCTGGTACTCAAAGTGAGGATTCAGAATCCATCTCTTCGTGARAATGACTTCA
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GACCAAGTGGAAAAGATAAGAAAGTTACCCAACACTCTGTTAAGAAAGGACAAAGATGTTGCCCGACTCCAGGACTTCCA
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ctctgggccaaaggacaagccattgatcccaaagecctegtatgecccaccaggecccctggtgeccactgegtagtgttcact
aacaccccgcctcaccaggcaggaggccccgaccccccagcagecggtgeccactecttccaagectecttggtgcacaataaa
ctattgctgaatctttgaacagctggaaagtagtcttgagaggcagaagccgaaggttcgagagccagtgtttaatgtge
aggatctagagagttgtcaaagcagaagctgagagcggcagacctatttctageccactcctgttgacagtgegectgaag
gcgcgggcgtgectctettggtggtgcatgetecgtgacactcaagaaattttgaactgatgagggaggaagactggggaa
agaaagaaagcacacacaggtactggacagagggattctggtatgacctgtggctgtgaggtctcatatagcatatttat
aaatgttactcaggtttaaagtatttaaaatatagttacctaattgtaaataggctgttaaccaaaagagcttcccctce
cccagttttcttttatgaccactgatgactgcggctgtctcgacagtcatcttcacatctgetecceccteccacagtcacta
gagggctctctaatgctttctaaaggagccaccacctgctcegtggeccactecctgtcacectgtctaattgecaccattca
agaagagcacaggcgctgttggacaaggcgcccaccactctcacteccctccaggaacaaagagcagettttgageeccgga
cttgttgctggtttaaaggttattgtgggaaactgaactaaaggagttagcatctttatttttgtatcaaagataaaggt
tattttgaaaattattagggtttttacataactctggaatctgttgcttttataaacaaattgttcaattttaggaattc
cccgttacctccacagtcagttgtgagggecctgattagactctggagcatggtgtacgactcttctccaagagcgecatge
aagagtctcccccectcagectcattaaagacgaaaagccacctcggtttgecttaactttagatagataggacctggege
acacaagagcaggagaacagggctggagcagctgttgacgggaccectgctgtecttaagecttttccccatagtgectata
gtttccaaagaaacttaacttcctgggtattaacttaattttattagaacactgcagttgactgaaaacatgcagatgca
ctggaagagaaccttgtgctgaggtaatggcctecccactgecgectgagtgctgaaatgagecttgaggtgttcttcaaag
ccagtgtcactgtgtgggtcactgtgaggtgactgcatggtgcctggccctggcacagctggtgacttceccttgtagagt
gtttgcgtagtggagtggctgtggctcaccacccectttcccaagtgctttaatgaagacacctcecttgtgtttcaacce
aatcagaaactactttaactaaatgtactaacctttttccctcctaatttgectttgaaaaagtttagtaattcaattaag
cgtgattctatcttagaagaaataaactcagtattaattcatgtctaaatcactggggttgagactccttcagecctecect
ggttgattagagattctgagaagcagtagagctggctgggaggtgggctacagaggagcaagcaagcacttcagactgac
caaaggttgtggtggcccacatggctctgecccagtgtectgtgectttgeccacagtcctctggggtcagtgtctecgggecag
tgggatggaactgtgtgattgctcttaggtgagttccgagtcttaatctatgcattcagagaaatatttttatatgegtt
gtgtaatttataacaaggggttttcttttaggctttgttaactgaatgctcctctectecctccactgcatagttaaagca
tgtgttcacactgtgtaaacattcacagaagacttttcctcgtgtgttgttgactctttaaacataacaggtattattaa
aattaactgttaactgacccagcc

Figure 5. Sequence of the 3.5 kb murine GRP50 cDNA, and predicted translation. In the
untranslated regions, the short upstream ORF (5') and consensus polyadenylation signals
(3") are underlined. In the putative protein sequence, the two ankyrin repeats are boxed,
the proline-rich domain is underlined, and the putative coiled coil forming region is indi-
cated with asterisks. '
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CHAPTER 3

GRP50 Is A Brefeldin A-Sensitive Peripheral Golgi Protein
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INTRODUCTION

The Golgi apparatus is a complex organelle, which not only mediates the
modification of newly synthesized proteins and lipids, but also serves as the major sorting
point in the secretory pathway (Farquhar and Palade, 1998). In mammalian cells, it
appears in microscopic studies as a ribbon-like structure adjacent to the nucleus and is
composed of multiple stacked membrane-bounded compartments, termed cisternae. In
the classical view of transport through the secretory pathway, membrane-bounded
vesicles containing newly synthesized cargo proteins bud from the endoplasmic reticulum
(ER) and fuse with the cis-Golgi (Schekman and Orci, 1996). Similar yet biochemically
distinct vesicles transport cargo through the cis-, medial-, and trans-Golgi and to the
trans-Golgi network (TGN), where they are sorted to their correct destinations (e.g., cell
surface, endosome, lysosomes, or secretory granules, (Glick, 2000; Traub and Kornfeld,
1997).

A number of cellular proteins are specifically targeted to the Golgi apparatus, and
these fall into two predominant classes. The first of these includes the multipass
transmembrane proteins that transport molecules across the bilayer as well as the
enzymes that mediate post-translational processing of secretory cargo as it passes through
the lumen of the Golgi. For example, the glycosyltransferases, which are believed to
comprise the bulk of Golgi membrane proteins, are type II integral membrane proteins
whose catalytic domains face the Golgi lumen (Shaper et al., 1988; Taatjes et al., 1992).

These proteins reside exclusively in the membranes of the Golgi apparatus.
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The second category of Golgi-associated proteins includes both integral and
peripheral membrane proteins involved in maintaining the structural organization of the
Golgi and in regulating membrane transport events such as vesicle budding, transport,
and fusion (Gleeson, 1998; Munro, 1998). The peripheral membrane proteins of this
latter category are associated with the cytoplasmic surface of Golgi and vesicle
membranes, to which they are transiently recruited from soluble cytoplasmic pools. At
the membrane, these proteins associate with the cytoplasmic domains of integral
membrane proteins and/or with othér cytosolic proteins to form multiprotein complexes
of diverse functions (Guo et al., 2000; Robinson et al., 1997; Robinson, 1994, Simpson et
al., 1997).

Several of the multiprotein complexes that preferentially associate with Golgi and
vesicle membranes have been characterized extensively. Among the best understood of
these are the clathrin/adaptor protein (AP) complexes, which are involved in receptor-
mediated endocytosis and in the selective transport of proteins from the TGN to
lysosomes or endosomes (Mostov et al., 2000; Pearse, 1988; Robinson, 1994). In
addition, over the past decade the components of the non-clathrin coat complexes that
define coat protein I (COPI) and coat protein II (COPII) vesicles have been elucidated.
Coatomer is a hetero-oligomeric complex that associates with coat protein I (COPI)-
coated vesicles, which are implicated in both anterograde intra-Golgi transport and
retrograde transport from the Golgi to the ER (Cosson and Letourneur, 1997; Kreis et al.,
1995; Orci et al., 1997). A distinct set of proteins assembles to form the complex that
coats COPII vesicles, which transport cargo from the ER to the Golgi (Bannykh and

Balch, 1998; Barlowe et al., 1994).
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Although some of the individual proteins that comprise the above-mentioned
types of complexes are share limited sequence homology, they are structurally and
functionally distinct. The common features among these complexes are that they are
required for vesicle budding at donor membranes, that their components are recruited to
the membrane from cytosolic pools, and that this assembly requires hydrolyzable GTP
(Barlowe and Schekman, 1993; Donaldson et al., 1992; Melancon et al., 1987; Robinson
and Kreis, 1992; Simpson et al., 1996). Coat complex formation begins when a small
GTPase is recruited to the donor membrane by its cognate guanine nucleotide exchange
factor (GEF). Binding of the GTPase, in its GTP-bound form, permits assembly of
additional coat proteins onto the membrane. Activation of the GTPase then results in
hydrolysis of GTP, release of the GTPase (in its GDP-bound form) from the membrane,
and termination of the cycle of coat complex assembly (Guo et al., 2000; Schekman and
Orci, 1996; Spang et al., 1998; Springer et al., 1999).

In addition to the molecules mentioned above, which are implicated in the
formation of vesicles from donor membranes, other Golgi and vesicle associated integral
and peripheral membrane protein complexes are required for fusion of vesicles with
acceptor membranes and for maintenance of the structure of the Golgi apparatus itself.
The importance of these complexes was first elucidated in neurons, where the soluble
proteins NSF and SNAP are recruited from the cytoplasm into a complex with integral
membrane proteins on vesicles (v-SNAREs) and on the plasma membrane (t-SNAREs);
the association of these proteins is required for membrane fusion (Mochida, 2000; Sollner
et al., 1993). In the Golgi apparatus, fusion of COPI vesicles with Golgi membranes is

mediated by the peripheral membrane proteins p115 and GM130, which tether the
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membranes through interactions with Giantin and GRASP65 (Barr et al., 1998;
Nakamura et al., 1997; Sonnichsen et al., 1998). Additional studies have implicated p115
in the reassembly of the Golgi apparatus following mitosis (Lowe et al., 1998; Shorter
and Warren, 1999) and in the general maintenance of Golgi structure in interphase cells
(Puthenveedu and Linstedt, 2001).

Golgi- and vesicle-associated proteins are often categorized according to their
relative resistance or sensisitivity to Brefeldin A (BFA), a small hydrophobic compound
produced by toxic fungi, which exerts pleiotropic effects on the Golgi apparatus (Chardin
and McCormick, 1999; Dinter and Berger, 1998; Roth, 1999). BFA has been shown to
promote dissociation of coatomer and other multiprotein complex components from
Golgi membranes (Donaldson et al., 1990; Podos et al., 1994) and ultimately leads to the
redistribution of Golgi membranes (and their lumenal cargo) to the ER (Dascher and
Balch, 1994; Fujiwara et al., 1988; Lippincott-Schwartz et al., 1989; Sciaky et al., 1997).
The effects of BFA are due to inhibition of ADP-ribosylation factors (ARFs) (Donaldson
and Jackson, 2000; Donaldson et al., 1990) a family of Ras-related small GTPases whose
activity is required for coat protein assembly onto budding vesicles (Schekman and Orci,
1996; Springer et al., 1999).

The previous section described the cloning and characterization of GRP50, which
encodes a novel mammalian protein containing multiple protein-interaction domains. The
results below show that GRP50 is peripherally associated with the cytoplasmic face of
the Golgi apparatus. Further, Golgi-association of GRP50 is sensitive to the effects of
Brefeldin A and may require the activity of one or more AFF-GEFs. Localization of

GRP50 to the Golgi appears to require sequences in the carboxyl-terminal domain of
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GRP50 which are predicted to form a coiled coil. Additionally, these results show that
GRP50 co-purifies from cultured cells as part of a large macromolecular protein
complex, and suggest that it may be associated with other proteins in vivo via

intermolecular interactions.
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RESULTS

GRP50 localizes to the Golgi apparatus in cultured fibroblasts

In order to facilitate analysis of the cellular function of the GRP50 protein, we
generated a series of GRP50 constructs in mammalian expression vectors. In the first of
these, the entire coding sequence of GRP50 was ligated in-frame to a pPCDNA3-derived
vector coding for six NH,-terminal myc-epitope tags (vector pJF-Tag, see Materials and
Methods). A second construct, in which a single myc-epitope tag (11 amino acids) was
added to the NH,-terminus of GRP50 using the polymerase chain reaction (PCR), was
generated in pPCDNA3. These constructs, schematic representations of which are shown
in Figure 1A, permit detection of the resultant fusion proteins using commercially
available anti-myc tag antibodies.

The myc,-GRP fusion protein has a calculated molecular mass of 51 kilodaltons
(kDa), and an apparent molecular mass, as measured by migration in SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), of ~62 kDa (Figure 1B). The increased
apparent molecular mass is not due to post-translational modification, since migration of
myc,-GRP present in transfected cos7 cell lysates is indistinguishable from that of in
vitro translated myc,-GRP (Figure 1B). The myc,-GRP fusion protein, which has a
predicted molecular mass of 42 kDa, also exhibits an increased apparent molecular mass
(~51 kDa) in SDS-PAGE (Figure 1B, right panel). It is likely that the decreased mobility
of myc-GRP proteins in SDS-PAGE is due to the primary structure of the GRP50 protein
(which is highly proline-rich). Like myc,-GRP, endogenous GRP50 (calculated at 41

kDa) is therefore expected to migrate as an apparent ~50 kDa protein in SDS-PAGE.
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Analysis of the GRP50 protein sequence using the PSORT algorithm yielded a
60% probability that GRP50 is a nuclear protein, based on the overall content of basic
residues (Reinhardt and Hubbard, 1998). To determine the subcellular distribution of
myc,-GRP, cells transfected with the myc,-GRP construct were analyzed using indirect
immunofluorescence microscopy. Immunofluorescent labeling of mycy-GRP transfected
Rat-1 fibroblasts revealed a distinct perinuclear staining pattern in interphase cells and a
diffuse overall staining in mitotic cells (Figure 1C, upper panels). Although the short
(approximately 12 kDa) myc, peptide expressed from the empty vector exhibits weak
nuclear staining (1C, lower panels), the myc,-GRP fusion protein is excluded from the
nucleus. The staining pattern observed in myc,-GRP transfected cells was reproducible in
all cell lines examined (including NIH/3T3, 293, and differentiated PC12 cells, data not
shown), and is characteristic of the Golgi apparatus in cultured mammalian cells (Warren,
1993).

To determine whether myc,-GRP is localized to Golgi membranes, pools of stably
transfected Rat-1 fibroblasts were analyzed by double-immunofluorescent labeling using
anti-myc epitope antibodies, together with antibodies to organelle marker proteins
(Figure 2). In transfected cells, myc,-GRP labeling (Figure 2A, left panels) exhibited
considerable overlap with that of the Golgi- and vesicle-associated protein B-COP (24,
middle panels). B-COP is a subunit of coatomer, a multiprotein complex associated with
coat protein I (COPI)-coated vesicles, which transport cargo within and from the Golgi
apparatus (Duden et al., 1994; Orci et al., 1997). Myc,-GRP staining was observed in the

Golgi and in small punctate structures throughout the cytoplasm but was not associated
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with the endoplasmic reticulum (ER); figure 2B shows that the staining pattern of myc,-
GRP does not overlap with that of the ER-resident protein BiP.

Although the observed co-localization of myc,-GRP with the Golgi marker
protein B-COP was striking, this staining pattern could be an artifact of ectopic
overexpression of the tagged protein. To permit analysis of the endogenous GRP50
protein, rabbit polyclonal antiserum was raised against the carboxyl-terminal 126 amino
acids of murine GRP50, expressed as a hexahistidine fusion protein in E. coli (see
Materials and Methods). Whole serum from immunized animals failed to detect either
endogenous or transfected GRP50 (over background bands) on western blots of total cell
lysates (Figure 3A, lanes 1 and 2 and data not shown). However, whole serum was
successfully used to immunoprecipitate myc,-GRP from total cell lysates of transfected
cells (not shown).

In order to reduce background in these experiments due to nonspecific serum
immunoglobulins, antibodies specific for GRP50 were isolated from immune serum by
affinity purification on an immobilized antigen column (see Materials and Methods). The
affinity-purified anti-GRP antibodies weakly detect a single band of ~62 kDa on
immunoblots of total cell lysate from myc,-GRP transfected cos7 cells (Figure 3A, lane
6); this band is recognized by immune serum but not by preimmune serum (3A, lanes 1-
4), and is the same size as the myc,-GRP protein (3A, lane 8) detected by the anti-myc
epitope antibody. Although the purified antibody failed to detect the endogenous GRP50
protein at 50 kDa (likely present at much lower levels than myc,-GRP in cos7 cell
extracts), the absence of contaminating bands in Figure 3, lane 6 suggested that the anti-

GRP antibodies were relatively pure.
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The affinity-purified anti-GRP antibodies retained the ability to
immunoprecipitate the myc,-GRP fusion protein from total cell lysates (Figure 3B).
Purified anti-GRP (left lanes) or anti-myc epitope (polyclonal, right lanes) antibodies
were incubated with total cell lysates from vector-transfected or myc,-GRP transfected
EcR-293 cells (see Materials and Methods) and precipitated using protein-A agarose.
Figure 3B shows detection of myc,-GRP in both anti-GRP and anti-myc
immunoprecipitates analyzed by western blotting with the anti-myc epitope monoclonal
antibody, 9¢10. Myc,-GRP was not detected in immunoprecipitates obtained using
preimmune rabbit serum (not shown).

In a related experiment, anti-GRP or anti-myc antibodies were used to
immunoprecipitate proteins from total cell lysates of 3S-methionine labeled cells, and the
resultant proteins were analyzed by SDS-PAGE (Figure 3C). Purified anti-GRP
immunoprecipitates a major protein of ~62 kDa from myc,-GRP transfected EcR-293
cells, as does the anti-myc antibody; this protein is likely the myc,-GRP fusion (Figure
3C, lanes 2 and 4, upper arrow). In addition, both anti-GRP and anti-myc
immunoprecipitates from myc,-GRP transfected cells contain a second major protein of
~50 kDa (3C, lower arrow). Because this protein is present in anti-myc
immunoprecipitates from myc,-GRP transfected but not from vector-transfected cells
(compare 3C, lanes 3 and 4), it might represent a protein that co-purifies with myc,-GRP
using this method. The 50 kDa protein is also present in anti-GRP immunoprecipitates
from vector-transfected cells (3C, lane 1), and it migrates at the size expected for

endogenous GRP50. These results suggest that the 50 kDa protein may be the
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endogenous GRP50 protein, and that endogenous GRP50 and myc,-GRP could be
associated with each other, directly or indirectly, in myc,-GRP EcR-293 cells.

In order to determine whether the subcellular distribution of endogenous GRP50
resembles that of exogenous myce-GRP, we used affinity purified anti-GRP in indirect
immunofluorescence microscopy. The staining patterns detected by anti-GRP (Figure
4A) and by anti-B-COP (Figure 4B) in NIH/3T3 cells are remarkably similar; endogenous
GRP50 exhibits the perinuclear localization characteristic of the Golgi apparatus in
interphase cells. The staining is diffuse in the mitotic cells shown (arrows in A
correspond to mitotic nuclei in B), when Golgi cisternae fragment prior to cell division
(Lucocq et al., 1989; Lucocq and Warren, 1987). These results imply that endogenous

GRP50, like exogenous myc,-GRP, is a Golgi-associated protein.

GRP50 is a Brefeldin A-sensitive peripheral Golgi protein

The predicted GRP50 amino acid sequence (Figure 5) does not contain any
potential membrane-spanning domains, and it does not appear to possess a signal
sequence for translocation into the ER. Although the protein contains consensus
sequences for N-linked glycosylation (indicated with “*” in Figure 5), the fact that in
vitro translated and exogenously expressed myc,-GRP exhibit identical electrophoretic
mobilities (Figure 1B) implies that the protein is not normally glycosylated. GRP50 does,
however, contain sequences in its leucine-rich region that are likely to form an a-helical
coiled coil structure, according the coiled coil prediction program COILS (Lupas, 1996;
Lupas et al., 1991). In recent years, the coiled coil has emerged as a key structural

element that mediates the association of soluble cytoplasmic proteins with Golgi and
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vesicle membranes (Clague, 1999; Kjer-Nielsen et al., 1999). These observations suggest
that GRP50 is a soluble protein that does not enter the secretory pathway, and that the
protein most likely resides at the cytoplasmic, rather than lumenal, face of the Golgi
apparatus.

To test this hypothesis, we investigated the subcellular distribution of GRP50 in
response to treatment of cells with the fungal metabolite, Brefeldin A (BFA), which
promotes dissociation of coatomer and other multiprotein complex components from
Golgi membranes (Dinter and Berger, 1998; Donaldson et al., 1990; Podos et al., 1994).
As discussed above, BFA acts by inhibiting the ARF family of small GTPases, which are
required for recruitment, onto membranes, of coat proteins from soluble cytosolic pools
(Donaldson and Jackson, 2000; Donaldson et al., 1990; Schekman and Orci, 1996). BFA
therefore permits the classification of Golgi-associated proteins based on their relative
sensitivities to this drug: following a short exposure to BFA, peripherally associated
proteins (such as the coatomer subunit -COP) rapidly redistribute to the cytoplasm,
while integral membrane proteins (such as the enzyme mannosidase II) remain associated
with the Golgi. After a longer exposure to BFA, integral membrane proteins and lumenal
cargo of the Golgi redistribute to the ER (Dascher and Balch, 1994; Sciaky et al., 1997).

The redistribution of GRP50 following BFA treatment more closely resembles
that of B-COP (Figure 6, A and B) than that of mannosidase I (Figure 6C). All three
proteins exhibit Golgi localization in untreated cells (Figure 6, left panels). After
exposure to BFA for two minutes, both GRP50 and B-COP showed a reduced staining of
the perinuclear region and an increased overall diffuse staining (6A and B, middle

panels), and by five minutes (right panels) the perinuclear staining was almost completely
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abolished. Although GRP50 staining was less diffusely cytoplasmic than B-COP after
five minutes, it was clearly no longer confined to the Golgi apparatus. In contrast,
mannosidase II staining (Figure 6C)>was unchanged after two and five minutes of BFA
treatment, indicating that the overall morphology of the Golgi apparatus was not
disrupted in these experiments. These results suggest that GRP50 is peripherally
associated with Golgi membranes, and that this association is dependent on the activity of

a BFA-sensitive ARF.

Golgi-localization is mediated by the C-terminal domain of GRP50

The observation that GRP50 association with the Golgi apparatus can be
abolished by BFA implies that this association is a reversible event, likely mediated by
interaction of a structural domain of GRP50 with an unknown component of these
membranes. To investigate whether a particular structural domain of GRP50 is required
for Golgi localization, additional constructs were generated in the myce-epitope vector
described above (see Materials and Methods) which permit expression of truncated
versions of myc,-GRP. Analysis of the subcellular distribution of these truncated myc,-
GRP fusion proteins in transiently transfected Rat-1 fibroblasts is shown in Figure 7.
Deletion of the carboxyl terminal third of GRP50 (Figure 7, B, C, and E) abolished Golgi
localization, while all fusion proteins containing this domain were targeted to Golgi-like
structures to a greater (D and G) or lesser degree (F). Overexpression of truncated myc,-
GRP fusion proteins did not grossly affect the overall morphology of the Golgi apparatus,

as determined by B-COP staining (not shown). Given these results, it appears that the
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leucine-rich carboxyl terminal domain of GRP50, which contains potential coiled coil

forming sequences, is necessary for Golgi localization of the protein.

Myc,-GRP is part of a large macromolecular complex

Many peripheral Golgi and vesicle proteins are present in cells as part of large
hetero-oligomeric protein complexes. In addition, preliminary fractionation and
immunoprecipitation experiments (e.g., Figure 3C) suggested that GRP50, which
contains multiple putative protein interaction domains, might be associated with other
proteins in the cell. In order to explore whether GRP50 is normally part of a multiprotein
complex, the elution profile of myc,-GRP in gel chromatographic fractionation was
investigated. Because our affinity purified anti-GRP antibodies perform poorly in
immunoblotting assays (Figure 3A), size fractionation experiments were conducted using
extracts from stably transfected myc,-GRP Rat-1 cells (see Materials and Methods).

In this procedure, concentrated cytoplasmic extracts were prepared in detergent-
free buffer and subsequently size-fractionated using FPLC on a Superose 6 column (AP
Biotech). Forty-eight fractions were collected and analyzed by immunoblotting with anti-
myc-epitope antibody and antibodies to -COP and 1dICp, two peripheral membrane
proteins known to elute as components of high-molecular weight oligomers using this
method (Chatterton et al., 1999; Waters et al., 1991). The bulk of cellular proteins, as
measured by spectrophotometric absorption at 280 nm, were eluted from the column in
fractions 35-42 (data not shown). In contrast, the elution profiles of myc,-GRP, 1d1Cp,
and B-COP (Figure 8, A and B) indicate that these proteins purify as components of high

molecular weight complexes.
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Under these conditions, myc,-GRP was found exclusively in the high molecular
weight fractions numbered 20-25, with an elution peak in fraction 23 (Figure 8A). As
previously reported, 1dICp, a member of the ~950 kDa “IdICp complex” (Chatterton et
al., 1999) eluted in fractions 18-21 (Figure 8B, left panel), and B-COP, a component of
the ~700 kDa coatomer complex (Waters et al., 1991), eluted in fractions 24-28 with a
peak in fraction 25 (8B, right panel). The size of the myc,-GRP complex is estimated to
be ~800 kDa, based on comparison of the elution peaks of these proteins. Surprisingly,
no myc,-GRP was detected in later fractions (Figure 8C, top and data not shown) where a
~60 kDa monomer would be expected to elute. B-tubulin, which has a monomeric mass
of 55 kDa, was detected in fractions 32-35 (Figure 8C, bottom). These results suggest
that, in the soluble fraction of cells, myc,-GRP is present mostly or exclusively as a

component of a large protein complex (or complexes).

Two proteins of ~50 kDa co-immunoprecipitate with myc,-GRP

Because the results of the fractionation experiments described above suggest that
myc,-GRP may exist in cells as part of a soluble multiprotein complex,
immunoprecipitation experiments were used t6 probe the composition of the putative
myc,-GRP-assocciated structures. As described above (Figure 3C), earlier results
suggested that additional protein species co-immunoprecipitated with both endogenous
GRP50 and myc,-GRP. Since at least one of these proteins migrates at ~50 kDa (the
expected size of endogenous GRP50), immunoprecipitates were analyzed from myce-
GRP transfected cells, to permit distinction between the immunoprecipitated GRP protein

and any associated proteins.
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Robust expression of full length and truncated myc,-GRP fusion proteins
(depicted in Figure 9A) was achieved by generating stable transfectants in EcR-293 cells,
which allow expreésion of the proteins in an ecdysone-inducible manner (No et al., 1996,
see Materials and Methods). The myc,-GRP fusion proteins were immunoprecipitated
from total cell lysates of **S-methionine labeled cells and analyzed by SDS-PAGE
(Figure 9B). The bands corresponding to myc,-GRP fusion proteins are indicated with
black arrows in Figure 9B (compare with Figure 9C, left panel). At least 2 proteins were
consistently observed in anti-myc immunoprecipitates from myc,-GRP transfected cells
that were not present in immunoprecipitates from vector-transfected cells (Figure 9B,

‘lanes 1 and 2). These proteins are similar in size, both migrating at ~48-50 kDa, and are
present in immunoprecipitates from cells transfected with full length myc,-GRP
(construct #1) and with construct #4, which lacks the animo-terminal ankyrin repeat
region. The co-immunoprecipitated proteins are not present, however, in
immunoprecipitates from cells transfected with construct #3, which lacks the carboxyl-
terminal third of GRP50 (containing the putative coiled coil). Additional protein species
were observed in immunoprecipitates from cells transfected with construct #3, though
these species were not present in immunoprecipitates from cells expressing the full length

mycy-GRP.

Endogenous GRP50 co-immunoprecipitates with myc,-GRP
The additional proteins observed in immunoprecipitates from myc,-GRP
expressing cells do not appear to be proteolytic fragments of the fusion proteins. These

proteins are not detected by the anti-myc antibody on immunoblots (Figure 9C, left
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panel), and proteolytic fragments lacking the myc epitope tags should not be
immunoprecipitated by the anti-myc-tag antibody. As described above, a protein of ~50
kDa was previously detected in anti-GRP immunoprecipitates from vector transfected
cells, and we speculated that this 50 kDa protein could be the endogenous GRP50
species.

To assess whether one of the ~50 kDa proteins detected in the current
experiments was the endogenous GRP50, the affinity purified anti-GRP antibody was
used to probe immuoblots containing the anti-myc immunoprecipitates (Figure 9C, ri ght
panel). Of the five myc,-GRP fusion proteins expressed in these cells, the anti-GRP
antibody detects only the full length fusion (construct #1) and the fusion containing the
intact carboxyl terminus (construct #4); this result was expected because only the
carboxyl terminal region of GRP50 was used as the immunogen in the generation of these
antibodies. However, the anti-GRP antibodies also detect one of the ~50 kDa proteins
present in anti-myc immunoprecipitates from cells expressing these fusion proteins
(indicated by red arrow in Figure 9C, right panel). These results suggest that this ~50 kDa
protein is in fact the endogenous GRP50, and that endogenous GRP50 is capable of
associating (directly or via an intermediate protein) with myc,-GRP in lysates from
transfected cells. In addition, this association appears to require sequences in the carboxyl
terminus of GRP50, since it is observed only when the intact C-terminal domain is
present in the fusion protein. To date, the identity of the other proteins present in these

immunoprecipitates has not been determined.
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DISCUSSION

The results described above identify GRP50 as a novel peripheral Golgi
associated protein. The localization of GRP50 to the Golgi apparatus was initially
observed in cells in which myc-tagged GRP50 was ectopically overexpressed, and was
confirmed by immunostaining of endogenous GRP50. The overall structural architecture |
of GRP50 suggests that the protein is a soluble cytoplasmic molecule that is peripherally
associated with Golgi and vesicle membranes, perhaps via interactions with resident
integral or peripheral membrane proteins. The experiments demonstrating that
localization of GRP50 to the Golgi apparatus is Brefeldin A sensitive bolster this claim,
as BFA has been shown to cause dissociation of many peripherally-associated proteins
from the membranes of the Golgi (Donaldson et al., 1990; Podos et al., 1994).

Although the results showing immunolocalization of GRP50 to the Golgi
apparatus in cultured fibroblasts are compelling, they almost certainly represent an
incomplete picture of the cellular role of this protein. First, the resolution of the light
microscope does not permit clear distinction between the various subcompartments of the
Golgi and the TGN-endosomal system, and therefore we cannot discern from these
experiments whether GRP50 is restricted to a particular region of this system. In these
experiments, both endogenous GRP50 and ectopically expressed myc,-GRP were
detected in punctate structures scattered throughout the cytoplasm, suggesting that the
function of the protein is not restricted to the Golgi apparatus proper. Moreover, in
immunofluorescent labeling assays, the concentration of some protein molecules in close

physical proximity in a defined structure can result in increased local fluorescence, which
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in our experiments may have obscured the signal of diffusely cytosolic molecules.
Finally, we have investigated the localization of GRP50 in a limited number of cell types
in culture, and our experiments do not offer any indication of the subcellular distribution
of this protein in other types of cells. While these results therefore permit us to conclude
that GRP50 is associated with the Golgi apparatus, they do not necessarily imply that the
protein is found only in this location.

In fact, several lines of evidence suggest that the association of GRP50 with Golgi
membranes is a transient event and that GRP50 is recruited to these membranes from a
cytosolic pool. First, the GRP50 sequence suggests that the protein is not fatty-acylated
and targeted to membranes by this mechanism. In addition, the myc,-GRP fusion protein
was detected (on immunoblots) in the soluble fraction of cells disrupted by mechanical
force in the absence of detergents. Although it is possible that the proteins found in the
soluble fraction represent Golgi-bound myc,-GRP that was disrupted in the process of
homogenization, a more likely interpretation is that GRP50 is present in both membrane-
associated and soluble forms in cells. Lastly, the fact that GRP50 association with the
Golgi apparatus is sensitive to the effects of BFA implies that this association is a
regulated, rather than constitutive, event, which occurs under specific conditions
conducive to binding.

In recent years, the mechanism by which BFA promotes dissociation of some
peripheral membrane proteins from the Golgi apparatus has been characterized in some
detail. This disruption is due to the effects of BFA on ADP-ribosylation factors (ARFs), a
family of small G-proteins which, in their GTP-bound form, are required for the

assembly of vesicle coat proteins (Schekman and Orci, 1996). BFA inhibits the guanine A
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nucleotide exchange factors (GEFs) that stimulate the exchange of GDP for GTP on
ARFs (Peyroche et al., 1999). BFA acts as a noncompetitive inhibitor of ARF, by binding
to the normally transient complex of the GEF and ARF-GDP, resulting in stabilization of
an inactive complex and in reduction of the amount of free GEF available to bind (and
activate) other ARFs (Chardin and McCormick, 1999). Thus the initial effect of BFA
treatment is the disruption of complexes whose association depends of the activities of
ARFs and of BFA-sensitive ARF-GEFs. The kinetics of GRP50 redistribution to the
cytoplasm in response to BFA treatment suggests that association of GRP50 with the
Golgi apparatus is an ARF (or ARF-GEF)-dependent process.

We used myc,-GRP fusion proteins to identify the region of GRP50 that mediates
localization to the Golgi apparatus. These experiments indicated that the carboxyl-
terminal region of GRP50, which contains a potential coiled coil domain, is required for
targeting of the myc,-GRP fusion proteins to the Golgi apparatus. The o-helical coiled
coil mediates oligomerization in many proteins, and has recently been implicated in the
targeting of several peripheral membrane proteins to the Golgi (Kjer-Nielsen et al.,
1999). In our experiments, mycs-GRP fusions lacking the C-terminal region of GRP50
were no longer targeted to the Golgi, but were concentrated near the nucleus. The
exception to this pattern was observed in cells expressing a myc,-GRP fusion that
contained only the central, proline-rich domain; this protein localized exclusively to the
nucleus. In transiently transfected cells, none of the myc,-GRP fusion proteins were
found to be diffusely cytosolic.

Although these experiments do not implicate specific residues in binding to the

Golgi, they do suggest that residues in the C-terminal domain are required for Golgi

100



localization. The observation that a myc,-GRP fusion containing only this C-terminal
region of GRP50 is at least capable of Golgi localization argues that this domain is
sufficient for the appropriate targeting of GRP50. We cannot conclude whether the
mislocalization of myc,-GRP fusion proteins that lack this domain mimics an alternative
distribution pattern for endogenous GRP50, since these effects could easily be due to
overexpression, to misfolding of the truncated proteins, or both.

Gel chromatographic fractionation of cytosol prepared from myc,-GRP
transfected cells resulted in the elution of myc,-GRP in fractions corresponding to high-
molecular weight complexes. Based upon the elution profiles of 1dICp and 3-COP, we
estimate the size of the myc,-GRP complex to be ~800 kDa. To our surprise, we did not
detect myc,-GRP in any of the later fractions, where a ~62 kDa monomer would be
expected to elute. One interpretation of this result is that myc,-GRP is normally present in
cells as part of a large protein complex and that very little protein exists as a monomer.
Even if this is the case, however, we cannot conclude that the same is true for
endogenous GRP50, since overexpression of the myc,-GRP fusion protein could easily
have shifted the equilibrium in favor of complex formation.

Additionally, it is possible that the extra domain provided by the myc,-epitope tag
results in a fusion protein with very different binding properties than those of the
endogenous protein. These same caveats must be applied to the estimation of the size of a
putative GRP50 complex, because the myc,—tag might reasonably be expected to alter the
chromatographic elution profile of the protein. Still, these results suggest that GRP50
could exist in cells as a member of a large macromolecular complex; the structural

features of this protein, coupled with its subcellular localization, contribute to the
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plausibility of this interpretation. Ultimately, however, a meaningful interpretation of
these results requires that these experiments be repeated in untransfected cells and that
the elution profile of endogenous GRP50 be assessed.

The above caveats apply equally to the analyses of our immunoprecipitation
experiments. The results of these experiments suggest that myc,-GRP associates, in cells
or in total cell lysates, with at least two protein species of ~50 kDa. That one of these ~50
kDa proteins is detected by affinity-purified anti-GRP antibody implies both myc,-GRP
and endogenous GRP50 are present in a complex that co-immunoprecipitates with myc,-
GRP. In addition, the observation that this protein species is present only when the myc,-
GRP fusion protein contains the intact carboxyl-terminal domain of GRP50 argues that
the interaction of myc,-GRP with the complex requires this domain. Confirmation of
these results would be aided, however, by a demonstration that this interaction could be
abolished by a single amino acid substitution.

The fact that the carboxyl-terminal domain contains sequences with the potential
to form an a-helical coiled coil suggests the possibility that GRP50 could be present in
cells as an oligomer, since this structure is among the principal oligomerization domains
found in proteins (Burkhard et al., 2001). However, our results do not directly address
this possibility, since the observed co-immunoprecipitation of GRP50 with. myc,-GRP
could easily be due to the presence of one or more additional protein species that interact
directly with the GRP proteins. Additional experiments will be required to address this
issue.

The data described above demonstrate that GRP50 is associated with the Golgi

apparatus in a Brefeldin A-sensitive manner, and suggest that this association is almost
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certainly mediated by intermolecular interactions with other proteins. The structural
features of the GRP50 protein argue strongly for a function conferred by protein-protein
interactions. Our results, although qualified by the difficulties inherent in ectopic
overexpression studies, suggest the existence of a GRP50 protein complex, the nature of

which merits further investigation.
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MATERIALS AND METHODS

Expression Constructs

The myc,-GRP fusion constructs were constructed by subcloning various
restriction fragments of the GRP50 open reading frame into a pcDNA3 (Invitrogen)
derived vector containing sequences coding for six NH,-terminal myc epitope tags
followed by a multiple cloning site (pJF-Tag, a gift of Alain Charest). The single-myc-
tagged GRP50 construct was generated via the polymerase chain reaction using a
proofreading thermostable polymerase (PfuTurbo, Stratagene) and the following primers:
5’—acggatccaccatggaacaaaaacttatitctgaagaagatctgatgagegecctectagage-3” (where the 5°
sequence encodes the 11 amino acid myc epitope tag, and the 3’ sequence corresponds to
the first 20 nucleotides of the GRP50 open reading frame), and
5’—agctcgagtcagtacgtcagttttgaagetctce-3” (corresponding to the last 25 nucleotides of the
GRP50 open reading frame). The PCR product was digested with BamHI and Xhol and
ligated into the mammalian expression vector pcDNA3 (Invitrogen); this construct was
sequenceﬂ fully to ensure that no mutations were generated during the PCR amplification
step. In order to permit stable, inducible expression of myc-GRP fusion proteins, the
entire coding sequence of each of the myc,-GRP fusion constructs (including the myc,-
tags) was excised from pJF-Tag and subcloned into the expression vector pIND
(Invitrogen). In pIND constructs, expression of the fusion protein is driven by an
ecdysone-inducible promoter and can be selectively modulated by addition of an

ecdysone analog to the culture medium (see below).
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éell Culture

Rat-1 fibroblasts were maintained under standard conditions in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 5% heat-inactivated Fetal Calf
Serum (FCS), 50 U/ml penicillin, 50 pg/ml streptomycin, and 2mM L-glutamine.
NIH/3T3 cells were cultured in DMEM plus 10% calf serum (CS) and the above
concentrations of penicillin, streptomycin, and L-glutamine. Myc-GRP-transfected Rat-1
and NTH/3T3 cells were maintained in the above media plus 600 pg/ml G418 (Geneticin,
GibcoBRL).

EcR-293 cells were purchased from Invitrogen as part of the Ecdysone-Inducible
Mammalian Expression System (No et al., 1996) and maintained, according to the
manufacturer’s instructions, in DMEM plus 10% FCS, 2mM L-glutamine, and 400 pg/ml
Zeocin™ (to maintain selection on the pVgRXR plasmid). EcR-293 cells transfected with
myc-GRP constructs (or control plasmids) were maintained in this medium plus 400
ng/ml G418. In EcR-293 transfectants, expression of myc-GRP or control fusion proteins
was induced by incubation in 1-5 pM ponasterone A (Invitrogen, diluted from 1 mM
stock) in selective medium for 16-24 hours prior to harvesting or fixation.

All transfections were performed in serum-free medium (Optimem, GibcoBRL)
using Lipofect AMINE reagent (GibcoBRL), according to the manufacturer’s
recommendations. Generally, cells plated in 6-well dishes were transfected using 1 pg of
column-purified (Qiagen) plasmid DNA and 3-6 ul Lipofect AMINE reagent (depending
upon the cell line used); components were scaled up for transfections in larger culture
dishes. In transient expression experiments, transfected cells were incubated 36-48 hours

prior to harvesting or fixation. Cell lines containing stably integrated expression
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constructs were generated as above, except that plasmids were linearized prior to
introduction into cells, and transfectants were diluted into selective medium, as described
above, after 72 hours.

When indicated, cellular proteins were labeled with **S-methionine prior to
harvesting for immunoprecipitation. For these experiments, cells in 100mm dishes were
washed twice with PBS and incubated for one hour in methionine-free DMEM
(GibcoBRL), followed by incubation for 5 hours in methionine-free DMEM plus 300-
500mCi *S-methionine, supplemented with 1% dialyzed FCS. Myc-GRP-transfected
EcR-293 cells were labeled as follows: Myc-GRP expression was inducted by addition of
1 uM ponasterone A to the culture medium. After 10 hours, the culture medium was
removed, cells were washed twice with PBS and then incubated for 6 hours in
methionine-free DMEM plus 300-500mCi **S-methionine, supplemented with 1%
dialyzed FCS and 5 uM ponasterone A. This procedure was designed to ensure that
transcription of myc-GRP (induced by ponasterone) was occurring at a high rate prior to
addition of **S-methionine.

For immunofluorescence microscopy, cells were cultured on 22 x 22 mm glass
coverslips (No. 1 thickness) in 6-well culture dishes, and treated or transfected as
described above. For Brefeldin A (BFA) experiments, cells plated on coverslips were
incubated in culture medium containing 5 pg/ml BFA (diluted from 5 mg/ml stock) for
the indicated times (0, 2, or 5 minutes) and immediately fixed (without intermediate

washing steps) and permeabilized as described below.
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Immunofluorescence Microscopy

For indirect immunofluorescence microscopy, cells plated on glass coverslips
were washed several times with phosphate-buffered saline (PBS), fixed in 2% formalin
(2% formaldehyde in PBS) for 15 minutes at room temperature, washed with PBS, and
permeabilized in 0.1% Triton-X100 for 15 minutes at room temperature. Prior to addition
of primary antibodies, fixed samples were blocked in 10% goat serum (Sigma), 0.2%
Tween-20 in PBS for a minimum of 30 minutes at room temperature. Primary antibodies
were diluted in blocking buffer and incubated with cells for 4 hours to overnight at 4°C.
Samples were washed extensively with PBS and incubated 1-2 hours with one of the
following secondary antibodies, dilﬁted in blocking buffer: Cy3-conjugated anti-mouse
IgG (diluted 1:1000), Cy3-conjugated anti-rabbit IgG (1:1000), Texas Red-conjugated
anti-mouse IgG (1:250), or FITC-conjugated anti-rabbit IgG (1:150). All secondary
antibodies were obtained from AP Biotech, and the appropriate dilution range for each
was determined empirically. Texas Red anti-mouse and FITC anti-rabbit IgG’s were used
together for all double labeling experiments, because the emission spectra of these two
fluorochromes exhibit the least amount of overlap.

Following incubation with fluorochrome-linked secondary antibodies, cells were
washed extensively with PBS and nuclei were counterstained with 4,6-diamidino-2-
phenylindole (DAPI, added to penultimate PBS wash). Processed coverslips were
mounted onto slides using Vectashield mounting medium (Vector Labs) and viewed
using a Zeiss Axioplan2 microscope fitted with filters for fluorescence microscopy.
Digital images were captured using a Quantix CCD camera (Photometrics Ltd.) driven by

the IPLab Spectrum software package. Images were analyzed, false-colored, and merged
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using IPLab Spectrum and subsequently exported to Adobe Photoshop for additional

manipulations.

Antibodies

The following antibodies were obtained from the indicated commercial sources
and were diluted (for immunostaining, immunoblotting, or immunoprecipitation)
according to the manufacturers’ recommendations: mouse monoclonal anti-myc tag
(9E10 and 9E10-agarose conjugate) and rabbit polyclonal anti-myc tag (A-14) (Santa
Cruz Biotechnology); mouse monoclonal anti-BiP (StressGen); rabbit polyclonal anti-f3-
COP (Affinity Bioreagents); mouse monoclonal anti-mannosidase II (BABCO); and
mouse monoclonal anti-B-tubulin (Sigma). Affinity purified rabbit polyclonal antibodies
to 1d1Cp were a kind gift of Jed Chatterton and were used as described previously
(Chatterton et al., 1999). Fluorochrome-labeled secondary antibodies are described above
(see Immunofluorescence Microscopy). Horseradish peroxide-labeled secondary
antibodies were used in immunoblotting experiments as follows: HRP-conjugated anti-
mouse IgG, FAB-specific (Sigma) was diluted 1:4000, and HRP-conjugated anti-rabbit
IgG (AP Biotech) was diluted 1:10,000 in immunoblot blocking buffer (see below).

Antibodies to GRP50 were generated as follows: a part of the murine GRP50
cDNA encoding the carboxyl-terminal 126 amino acids of the protein was cloned into
pQE (Qiagen) and expressed in E. coli strain XL1-Blue (Stratagene) as a hexahistidine
fusion protein (his-C126). The hise-C126 fusion protein was purified from bacterial
inclusion bodies by adsorption to Ni-NTA-agarose (Qiagen) under denaturing conditions,

according to the manufacturer’s recommendations. Purified his,-C126 was refolded by
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gradual exchange from 8 M urea into physiological buffer by dialysis (at 4°C) against
PBS/Urea. Beginning with 4 M Urea/PBS, the Urea concentration in the dialysis buffer
was halved every two hours over a period of 12 hours, at which point samples were
dialyzed for 2 hours against pure PBS. During the refolding procedure, the hise-C126
protein formed insoluble aggregates (in 2 M Urea/PBS), which were subsequently used to
generate custom rabbit polyclonal antisera at Covance, Inc. A fine suspension of purified
his-C126 aggregates was used to immunize two female New Zealand white rabbits, and
bleeds were performed and serum collected according to standard procedures (Harlow

and Lane, 1988).

Affinity Purification of Anti-GRP bAntibodies

We tested the rabbit antisera (obtained from Covance) for their ability to
recognize recombinant GRP50 in immunoblotting and immunoprecipitation experiments;
these experiments indicated a low titer of anti-GRP antibodies in whole sera. In addition,
non-specific antibodies in the immune sera resulted in very high background in these
experiments. For these reasons, we chose to affinity-purify anti-GRP antibodies from our
rabbit antisera. Polyclonal antibodies specific for GRP50 were subsequently isolated and
concentrated as follows: the entire GRP50 open reading frame was cloned into the pQE
vector (Qiagen), expressed in E. coli strain BL21 as a hexahistidine fusion protein (his,-
GRP), and purified as described above. Unlike the his,-C126 protein, however, the his-
GRP fusion protein was successfully refolded into a soluble form during this procedure.
The soluble his,-GRP fusion protein was used to generate an antigen affinity column, as

described below.

109



The soluble his,-GRP protein was coupled to cyanogen bromide (CNBr)-activated
Sepharose 4B (AP Biotech) according to the manufacturer’s instructions. Briefly, 0.3 g
(dry weight) CNBr-activated separose beads were resuspended in 1 mM HCl and
subsequently washed for 15 minutes with 100 ml 1 mM HCI. Two milligrams of soluble
his,-GRP protein were dissolved in 10 ml coupling buffer (0.1 M NaHCO,, 0.5 M NaCl,
pH 8.3) at a concentration of 0.2 mg/ml and added to the washed beads (1 ml bed
volume). The protein/sepharose mixture was incubated overnight at 4°C with constant
rotation, and the antigen-coupled beads were collected by gravity sedimentation.
Coupling efficiency was >90%, and was determined by measuring the protein
concentration in the post-coupling flow through using the BCA protein assay kit (Pierce).
The coupled beads were washed with 10 ml coupling buffer (to remove unbound
antigen), and the coupling reaction was stopped by overnight incubation in 10 ml 1 M
ethanolamine, pH 8. Antigen-coupled beads were loaded onto an EconoColumn (BioRad)
and washed extensively with 10 column volumes (CV) of each of the following buffers:
10 mM Tris (pH 7.5), 0.5 M NaCl, followed by 100 mM glycine (pH 2.5), 0.5 M NaCl,
followed by 10 mM Tris (pH 8.8), 0.5 M NaCl (until the flow-through was pH 8.8). The
column was then washed with 10 CV each of 100mM triethylamine (pH 11), 0.5 M NaCl,
followed by 10 mM Tris (pH 7.5), 0.5 M NaCl, followed by PBS. The washed antigen
column was stored at 4°C in PBS plus 0.01% thimerosal (Sigma) until ready to use.

Immunoglobulins were collected from 50 ml of whole rabbit antiserum by
saturated ammonium sulfate precipitation (Harlow and Lane, 1988), dissolved in 10 ml
PBS, and dialyzed >2 hours against PBS (to remove excess salt). Concentrated antibodies

were then added to the antigen-coupled sepharose beads, and the mixture was incubated
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overnight at 4°C with constant rotation. The column was washed with 20 CV 10 mM Tris
(pH 7.5), 0.5 M NaCl followed by 20 CV 10 mM Tris (pH 7.5), 0.1 M NaCl. Antibodies
bound by acid-sensitive interactions were eluted in 10 CV 100 mM glycine (pH 2.5), 0.1
M NaCl and neutralized with 1 CV 1 M Tris (pH 8). The column was then washed with
10 CV 10 mM Tris (pH 8.8), 0.1 M NaCl, and base-sensitive antibodies were eluted with
10 CV 100 mM triethylamine (pH 11), 0.1 M NaCl and neutralized with 1 CV 1 M Tris
(pH 8). Eluted antibodies were concentrated by saturated ammonium sulfate precipitation

and redissolved in PBS.

Protein Preparation, Inmunoprecipitations, and Immunoblotting

Total cell protein extracts were prepared by lysing cultured mammalian cells in
either radio-immunoprecipitation aséay buffer (RIPA, 50 mM Tris, pH 8, 150'mM NaCl,
1% (w/v) Triton X-100, 1% (w/v) NaDeoxycholate, 0.1% (w/v) SDS) or NP40 lysis
buffer (50 mM Tris, pH 8, 150 mM NaCl, 1% (w/v) NonidetP-40) (Harlow and Lane,
1988), supplemented with 2 mM EGTA, 0.2 mM Na,VO,, 50 mM NaF, 1 mM PMSF,
and a cocktail of protease inhibitors (Complete™, Roche). Lysates were prepared by
adding lysis buffer to culture dishes (on ice) and scraping adherent cells into buffer.
Lysates were incubated, with rotation, for 15 minutes at 4°C and clarified by
centrifugation. Proteins were quantified using the BCA protein assay kit (Pierce).

For immunoblotting, 10 to 50 ug of total cell lysate was fractionated by SDS-
PAGE according to standard methods (Harlow and Lane, 1988), and transferred to PVDF
membrane (ImmobilonP, Millipore) using a Mini Trans-Blot™ cell (BioRad). Blots were

blocked in PBS, 0.1% Tween-20 (PBST) plus 5% (w/v) nonfat dry milk. Primary
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antibodies were added in blocking buffer and incubated 2 hours to overnight at 4°C. Blots
were washed in PBST, incubated with HRP-conjugated anti-mouse or anti-rabbit IgG
(diluted in PBST plus 3% (w/v) nonfat dry milk) for 30-60 minutes, and washed
extensively in PBST. Bound antibodies were visualized using enhanced
chemiluminescence (ECL, AP Biotech) gccording to the manufacturer’s instructions.

For immunoprecipitations, total cell lysates were quantified and equal amounts of
lysate were precleared by incubation for 1 hour with 50 pl normal rabbit serum and 50 pl
(packed volume) heat-killed, fixed Staph A Cowan (SAC, Zymed Laboratories) followed
by centrifugation for 10 minutes at 10,000 x g. Precleared lysates were incubated with 1-
2 ug purified antibody for 3 hours to overnight at 4°C. Antibody-antigen complexes were
isolated by addition of 50 pl of a 50% (v/v) slurry of protein-G agarose (for the anti-myc
monoclonal antibody 9e10) or protein-A agarose (all other antibodies) followed by
incubation for 1-2 hours at 4°C. (Protein-A and Protein-G agarose were purchased from
Roche). Beads were collected by centrifugation and washed a minimum of four times in
lysis buffer. Beads were boiled in SDS-PAGE loading buffer, and immunoprecipitated
proteins were analyzed by SDS-PAGE, followed by autoradiography (for »S-labeled

samples) or immunoblotting (for unlabeled protein samples).

Gel Chromatographic Fractionation

Cytosol was prepared, from 40 subconfluent 150 mm dishes of Rat-1 fibroblasts
stably expressing myc,-GRP, using a previously described method (Balch et al., 1984;
Chatterton et al., 1999). Cells were harvested by trypsinization and washed first with

medium, followed by 140 mM potassium acetate/10 mM triethylamine-acetic acid (pH
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7.2) supplemented with 20 pg/ml type II trypsin inhibitor, and then with 125 mM
potassium acetate/25 mM Hepes-KOH (pH 7.2) supplemented with 20 ug/ml type II
trypsin inhibitor. Cells were homogenized using a ball bearing homogenizer (H&Y
Enterprise, Redwood City CA) in 125 mM potassium acetate/25 mM Hepes-KOH (pH
7.2) supplemented with 0.1 units aprotinin, 5 ug/ml leupeptin, and 2 pg/ml type II trypsin
inhibitor. The homogenate was clarified by centrifugation for one hour at 200,000 x g.
Three hundred microliters of cytosol were size-fractionated by gel chromatography at a
flow rate of 0.25 ml/min on a 24 ml Superose 6 column (AP Biotech). Forty-eight 0.5ml
fractions were collected and 30ul aliquots were analyzed by SDS-PAGE followed by

immunoblotting.
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Figure 1. (A) Schematic of the myc,-GRP expression constructs used in (B) and (C). (B) Left panel:
immunoblot showing migration of in vitro translated (left) and transfected (right) myc,-GRP. The
right lane contains total cell lysate from myc,-GRP transfected cos7 cells. Right panel: immunoblot
of total cell lysates from myc,-GRP (left) and myc,-GRP transfected cos7 cells. (C), (D)
Immunofluorescent labeling of ratl cells transfected with (C) myc, -GRP and (D) empty myc
vector. Myc-tagged proteins in (B), (C) and (D) were detected with the anti-myc monoclonal
antibody 9¢10. In (C) and (D), antibody staining was visualized using cy3-linked anti-mouse IgG;
nuclei are counterstained with DAPI (right panels).
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Figure 2
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Figure 2. Immunofluorescent labeling in pools of stably transfected, myc-GRP expressing Rat-1
fibroblasts. (A). Myc-GRP is localized to the Golgi apparatus. The upper and lower panels show
two different pools of myc-GRP transfected Rat-1 cells, double-labeled with the anti-myc
monoclonal antibody 9¢10 (left) and anti-BCOP polyclonal antibody (middle), followed by Texas
Red- and FITC-conjugated secondary antibodies. The digital images were merged (right) to
indicated overlapping staining. (B). Myc-GRP transfected Rat-1 cells double-labeled with anti-
myc polyclonal antibody and anti-BiP monoclonal antibody show no overlap between myc-GRP
staining and the endoplasmic reticulum.
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Figure 4

anti-GRP DAPI

anti-B-COP DAPI

Figure 4. Inmunofluorescent labeling of GRP (4) and b-COP (B) in untransfected
NIH/3T3 cells. Cells were labeled with affinity purified rabbit anti-GRP or rabbit
anti-B-COP (Affinity Bioreagents, Inc.), followed by FITC-conjugated anti-rabbit
IgG (left panels). Arrows indicate mitotic cells, as shown by DAPI counterstaining of
nuclei (right panels).
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Figure 6

BFA: untreated 2 min S min

GRP50

manll

Figure 6. Immunolocalization of GRP50 (A), B-COP (B), and mannosidase II (C) in untreated
(left panels) and Brefeldin A treated (middle, right panels) rodent fibroblast cells. Cells were
treated with 5 pg/ml BFA for the indicated times and fixed immediaely. Primary antibodies
(affinity purified anti-GRP polyclonal, anti-3-COP polyclonal, and anti manIl monoclonal
antibodies, see Materials and Methods) were detected with cy3-linked anti-rabbit (A and B) or
anti-mouse (C) IgG.
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Figure 9
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Figure 9. (A) myc,-GRP constructs used in (B) and (C). The domain used to generate anti-GRP
antibodies used in (C) is denoted with an asterisk. (B) Anti-myc immunoprecipitates from 33S-
methionine labeled EcR-293 cells, transfected with empty vector (V) or myc,-GRP constructs
shown in (A). Black arrows indicate the myc,-GRP proteins; red arrows highlight putative co-
immunoprecipitated proteins. (C) Western blots of anti-myc immunoprecipitates from EcR-293
cells, transfected with myc,-GRP constructs shown in (A). Left panel, probed with 9e10; right
panel probed with anti-GRP purified polyclonal antibodies. The red arrow highlights the band
presumed to be endogenous GRP. Immunoprecipitations were performed using a 9e10-agarose
conjugate (see Materials and Methods).
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CONCLUSIONS

This thesis describes the identification of a highly conserved mammalian gene,
GRP50, which encodes a novel Golgi-associated ankyrin repeat protein. In an effort to
glean clues to the molecular and biological functions of the GRP50 protein, we have
utilized a variety of approaches. This section summarizes the results of these analyses,
suggests avenues for future investigation, and offers an anecdotal perspective on the
contemporary approaches to the problem of assigning function to novel sequences.

Computerized sequence analysis and structure prediction tools have permitted the
identification of GRP50 as a novel member of the ankryin repeat superfamily of proteins
(Sedgwick and Smerdon, 1999). In addition, we have identified a putative orthologue of
GRP50 in a hypothetical protein sequence (R31.2) in the nematode, C. elegans. The N-
terminal domains of the mammalian and nematode proteins share considerable sequence
similarity, both within and adjacent to their ankyrin repeat domains. The central and
carboxyl-terminal regions of these proteins are only slightly similar, however, and the C.
elegans protein contains a carboxyl-terminal transmembrane domain.

In view of our results demonstrating localization, via sequences in the carboxyl
terminus, of GRP50 to the cytoplasmic face of Golgi and vesicle membranes, the
presence of a transmembrane domain in the nematode protein R31.2 might be taken as
further confirmation of orthology. It seems reasonable to conclude that, in the course of
evolution, the functional domains present in the nematode protein became physically
separated, such that in the mammalian protein targeting to the membrane is achieved by

other means. Both proteins would be anchored to the membrane by their carboxyl
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termini, leaving their structurally related N-terminal domains available for binding via the
ankyrin repeat and proline-rich domains. A comprehensive analysis of the genes that
mediate membrane transport in C. elegans is currently underway (Koushika and Nonet,
2000), and may yet yield clues to the function of this protein in the nematode.

It is perhaps surprising that we were unable to identify GRP50-homologous
sequences in the genome of Saccharomyces cerevisiae, which has long been the model
system of choice for the study of Golgi function and membrane trafficking. This could be
explained by the fact that the GRP50 sequence is comprised of structural domains which,
aside from the ankyrin repeats, do not conform to a consensus that is easily detected in
pairwise sequence analysis (Califano, 2001). The ever-expanding structural databases
may eventually be useful for predicting these types of homologies (Teichmann et al.,
2001). An alternative explanation could be that GRP50 functions in a pathway, or part of
a pathway, for which there is no isomorphic counterpart in yeast. With regard to the
biology of the Golgi apparatus, the primary difference between fungi and animal cells is
structural; in fungi and plants, the multiple cisternae of the Golgi are not stacked together
but instead are maintained as dispersed compartments (Warren, 1993). As a consequence,
yeast do not exhibit the mitotic fragmentation of the Golgi apparatus that is observed in
animal cells (Lowe et al., 1998; Lucocq and Warren, 1987). Presumably, animal cells
contain proteins or protein complexes that contribute to the stability of the stacked
cisternae which are not required in yeast.

When sequence analysis does not reveal orthologues of known function,
expression profile analysis can be a useful tool in the characterization of a novel gene,

since genes that function in a common biological process frequently display coordinate
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regulation. The utility of this approach is underscored by the growing popularity of
microarray expression data analyses in contemporary functional genomics (Altman and
Raychaudhuri, 2001). Our analyses of the expression profile of GRP50 reveal several
intriguing features. First, although GRPS0 is ubiquitously expressed, its expression levels
appear to be regulated in a cell- or tissue-type specific manner, and may be modulated in
development. In addition, GRP50 is induced as part of the serum response in primary
fibroblasts.

A recent study examined the expression profiles of close to 10,000 genes in
serum-starved and serum-stimulated human primary fibroblasts (Iyer et al., 1999), and
these data are available in a searchable format (genome-www.stanford.edu/serum).
Comparison of the profile of GRP50 serum-induction to the dataset generated in this
experiment revealed that fewer than fifty genes exhibited a serum-induction profile like
that of GRP50. Among those genes that showed a similar profile of mRNA induction in
response to serum were several that are implicated in tissue remodeling and wound
healing (Iyer et al., 1999), but no genes encoding known Golgi-associated proteins.
Moreover, we searched the 10K dataset for the names of known Golgi- and vesicle-
associated genes and found at least twenty, none of which were serum-induced. In fact,
all of these genes displayed expression patterns consistent with their role as
“housekeeping” genes; that is, their mRNA levels were unchanged in the time course of
this experiment. These results imply that the regulation of GRP50 expression is distinct
from that of many other genes encoding Golgi- and vesicle-associated proteins, which

may indicate a unique role for the GRP50 protein in specific physiological processes.
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A number of studies have described global gene expression patterns in a variety
of organisms using cDNA microarray-based methods (Cho et al., 1998; Spellman et al.,
1998; White et al., 1999). In one recent example, the expression patterns of close to
19,000 nominally nonredundant genes were investigated in both embryonic and adult
mouse tissues (Miki et al., 2001). However, we have not found GRP50 among the
published mammalian cDNA datasets used in these studies, including the RIKEN 19K
dataset derived from full-length selected mouse cDNAs (Miki et al., 2001) and the 10K
dataset of human fibroblast-derived cDNAs described above (Iyer et al., 1999). This
result was somewhat surprising, given the widespread expression of GRP50 indicated by
our experiments, and may indicate a tendency of these analyses to exclude certain types
of sequences. In any event, the fact that GRP50 is not included in these datasets limits our
conclusions regarding its expression profile to the results of individual northern analyses.

Analysis of the structural features of the GRP50 polypeptide sequence indicates
that the protein is composed of multiple modular domains, including an ankyrin repeat
region, a polyproline-rich region, and a leucine-rich region that may form a-helical
coiled coils (Burkhard et al., 2001). Because each of these types of domains has been
shown in other proteins to function as a protein-protein interaction module, we conclude
that GRP50 almost certainly participates in intermolecular interactions. The function of
this protein is therefore probably mediated through the intermolecular interactions in
which it participates. This assumption, if correct, implies that the biological role of
GRP50 is determined by the function of its binding partner or partners, and by whether
binding enhances or inhibits that function. Our data indicate that GRP50 is localized to

the cytoplasmic face of Golgi and vesicle membranes, most likely though interaction with
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other integral or peripheral membrane proteins. In addition, our results suggest that
GRP50 is capable of associating with additional soluble cytoplasmic proteins to form a
large macromolecular complex. These observations imply that GRP50 functions, in a
complex with other proteins, to effect specific biological events at the cytoplasmic
surface of the membrane.

A cursory examination of the structure of the Golgi apparatus and of the
mechanisms that direct membrane trafficking in eukaryotic cells reveals that these
processes are mediated by a host of proteins and multiprotein complexes (Schekman and
Orci, 1996; Traub and Kornfeld, 1997). In addition, the key features of these processes at
distinct subcellular sites are functionally similar but involve heterotypic protein
complexes. It is therefore impossible to speculate which events might be mediated by
GRP50 without knowledge of the proteins with which it interacts. The list of known
proteins Golgi- and vesicle-associated proteins is long and getting longer, and involves
both membrarie- and cell-type specific components. However, our results offer a few
hints as to which processes are more likely to involve GRP50-interacting proteins. For
instance, our data show that GRP50 association with the Golgi apparatus is sensitive to
the effects of Brefeldin A (BFA), and that the kinetics of this sensitivity resemble those
of other proteins whose association with membranes is dependent on the actiivty of the
ARF family of GTPases (Donaldson et al., 1992; Helms and Rothman, 1992). Because
BFA is a specific inhibitor of a class of ARF-GEFs (Roth, 1999), these results imply that
the association of GRP50 with the membrane requires the activity of a BFA-sensitive

ARF or ARF-like protein.
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A number of ARF proteins and of ARF effector proteins have been identified, and
new members are added to this list frequently. To date, in mammals, there are six known
ARF proteins, at least eight ARF-GEFs, and at least seven ARF-GAPs (Donaldson and
Jackson, 2000; Roth, 1999). The ARFs are divided into three classes, one of which (the
class I ARFs: ARF1, ARF2, and ARF3) is required for the recruitment of coat proteins to
budding vesicles at the Golgi and the TGN. The class II ARFs are proteins whose specific
functions are not known, and the class Il ARF, ARF6, regulates membrane traffic and
cytoskeletal organization at the plasma membrane (Roth, 1999). The ARF-GEFs contain
numerous protein binding domains and are divided into two classes: one class is BFA
sensitive, the other is BFA resistant. The ARF-GAPs similarly contain numerous protein
interaction domains, including ankyrin repeats and SH3 domains (Donaldson and
Jackson, 2000), and are acutely sensitive to BFA. The observed BFA-sensitivity of
GRP50 could be explained by GRP50 association with one or more of these proteins, and
future experiments aimed at determining the identity of GRP50-interacting proteins
should address this possibility.

Finally, preliminary results from a two-hybrid screen for interacting proteins (see
Appendix) suggest a possible role for GRP50 in cytoskeletal changes associated with cell
growth and motility and with neurite outgrowth. The results of this screen are very
preliminary and have yet to be confirmed biochemically, but they provide intriguing
possibilities for speculation. A proposed role for GRP50 in cell motility or in cytoskeletal
remodeling could fit nicely with the expression data discussed above, since GRP50
displays a serum-induction profile similar to that of many genes involved in these

processes.
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In this era of fully sequenced genomes, it often seems as though there are few
remaining biologically important molecules that have not been described in at least one
organism. The combination of the development of increasingly sophisticated
bioinformatics algorithms and the rapidly growing number of proteins with solved
structures has permitted the classification of apparently disparate sequences as
structurally related. Nevertheless, for a newly identified protein without biologically
well-characterized orthologues, the road from sequence to function is long. Ultimately,
elucidating the biological role of proteins like GRP50 may lead to a greater
understanding of the molecular processes that mediate vesicle formation and fusion,
cytoskeletal reorganization, and signal transduction at the cytosolic face of membranes in

eukaryotic organisms.
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INTRODUCTION

Elucidation of the molecular function of a novel protein can be facilitated by the
identification of putative interacting proteins. If the target proteins have defined
biological roles, this approach can reveal whether the protein of interest functions in a
known pathway. When sequence analysis or experimental evidence suggest that a novel
protein participates in a multiprotein complex, several approaches can be employed to
identify other components of the complex. Biochemical techniques such as protein
crosslinking, co-immunoprecipitation, and chromatographic fractionation may permit the
isolation of proteins that physically associate with the protein of interest; however,
determining the identity of these proteins can be challenging (McNabb and Guarente,
1996). The yeast two-hybrid system provides an alternative strategy for the identification
of interacting proteins, and allows direct isolation of cDNAs encoding candidate binding
partners.

The yeast two-hybrid screen permits rapid identification of novel protein
interactions using an in vivo assay for reporter gene activation (Bartel and Fields, 1997;
Chien et al., 1991; Fields and Song, 1989). Transcription of the reporter gene is regulated
by the GAL4 transcription factor, which is composed of two physically and functionally
separable domains, a DNA-binding domain (BD) and a trans-activation domain (AD).
Both domains are required for activation of the GAL4-responsive promoter. The two
domains of the GAL4 transcription factor can be expressed in yeast as separate proteins;
in this case, transcription of a GAL4-driven reporter gene will proceed only if the two

domains are brought into close physical proximity at the GAL4 promoter. In a two-hybrid
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screen, the protein of interest (bait) is expressed as a fusion with the GAL4 BD, and a
library of cDNA sequences is expressed as fusions to the GAL4 AD. Interaction of any of
the proteins encoded by the cDNA library with the bait protein brings the GAL4 BD and
AD together and permits transcription of the reporter gene(s).

As discussed in Chapters 2 and 3, the GRP50 protein contains multiple putative
protein-binding domains and can be isolated from mammalian cells as part of a large
multiprotein complex. In an effort to identify putative GRP50-interacting proteins, we
screened a human fetal brain cDNA library using the Matchmaker™ Pretransformed
cDNA Library System (Clontech). This library was chosen because, as shown in Chapter
2, GRP50 mRNA is abundantly expressed in fetal tissues and in adult brain. The
pretransformed library system permits screening of a cDNA library by a simple yeast
mating procedure (Bendixen et al., 1994). As shown below, the GRP50 protein exhibits
both toxic and transcriptional transactivation effects when expressed as a GAL4 BD-
fusion protein in yeast. As a result of these intrinsic properties of the GRP50 protein, the
two-hybrid screen yielded a large number of clones, many of which are likely false
positives. This section describes the results of this screen, and summarizes the ongoing

efforts to identify and verify GRP50 binding partners.
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RESULTS

An overview of the Matchmaker™ two-hybrid system used in this screen is
depicted in Figure 1. In this system, GAL4 BD-bait fusion proteins are expressed in the
haploid yeast strain PJ69-2A (MATa), and the library of GAL4 AD fusion proteins is
expressed in the haploid yeast strain Y187 (MATo). Mating of a PJ69-2A(bait) strain
with the Y187(library) strain yields a diploid strain which can be assayed for activation of
the GAL4-responsive reporter genes HIS3, ADE2, and lacZ (Figure 1A). HIS3 and ADE?2
are nutritional reporters, which permit selection of cells that have gained the ability to
grow on medium lacking histidine and adenine (PJ69-2A and Y 187 are auxotrophic for
these amino acids). The LacZ reporter permits colorimetric detection and quantitation of
GAL4 promoter activation, and can be used to assay the relative strengths of bait-target
protein interactions (Aho et al., 1997; Estojak et al., 1995). A key feature of this system is
that the HIS3 and ADE?2 reporter genes are driven by heterologous promoters, whose only
common feature is the small (17 nucleotide) consensus sequence that is bound by the
GALA4 transcription factor (Figure 1B). These two distinct promoters are designed to limit
the class of false positives that result from nonspecific interaction of a library protein
with sequences in the reporter gene promoter.

Although the two-hybrid system is a powerful tool for the detection and
identification of novel protein-protein interactions, there are two principal limitations of
this technique (Bartel et al., 1993; Golemis et al., 1996). First, expression of some bait
proteins (as GAL4 fusions) can be toxic in yeast, resulting in reduced viability or slow

growth of bait strains. A second and more common difficulty arises when expression of
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the GAL4-bait fusion protein results in inappropriate activation of GAL4-responsive
genes, in the absence of any GAL4 AD protein. The basis for the two-hybrid system is a
requirement for interaction of the bait protein (fused to the GAL4 BD) with a library
protein (fused to the GAL4 AD) for reporter gene activation. It is therefore critical that
expression of the bait protein alone does not lead to reporter gene activation, or the screen
cannot be performed.

For these reasons, GAL4-bait expressing strains must be tested prior to library
screening to ensure that they exhibit the expected phenotypes. Phenotype verification is
aided by comparison with the control strains provided; in this system, the bait control is
strain PJ69-2A containing plasmid pVA3-1, which encodes a GAL4 BD/p53 fusion
protein, and the library control is strain Y187 containing plasmid pTD1-1, which encodes
GAL4 AD/SV40 large T-antigen fusion protein. The pS3 and SV40 T-Ag proteins
interact in a two-hybrid system and bring the GAL4 BD and AD together to activate the
reporter gene promoter (Iwabuchi et al., 1993; Li and Fields, 1993), such that mating of
PJ69-2A(pVA3-1) with Y187(pTD1-1) yields a diploid strain which is His+, Ade+, and
LacZ+. Importantly, the bait strain PJ69-2A(pVA3-1) can be used as a negative control
when assaying experimental bait strains for toxicity or inappropriate transactivation of
reporter genes.

A series of two-hybrid bait constructs, in which portions of mouse and human
GRP50 were fused downstream of the GAL4 BD, were generated in the yeast expression
vector pAS2-1 (Figure 2). These constructs were introduced into the haploid yeast strain
PJ69-2A and the resultant bait strains were tested for toxicity and for reporter gene

transactivation. Figure 2 summarizes the phenotypes of the GAL4 BD-GRP50 fusion
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proteins. Two constructs, mGRP(full) and mGRP(C), exerted toxic effects on PJ69-2A;
the PJ69-2A(mGRP(full)) strain grew poorly in liquid culture and on agar plates, and the
PJ69-2A(mGRP(C)) transformants were not viable. In addition, the PJ69-
2A(mGRP(full)) strain exhibited 10-fold reduction in mating efficiency (likely due to its
slow growth rate) as compared to control strains (not shown).

All of the GAL4 BD-GRP50 bait strains exhibited transactivation of the ADE2
reporter, as measured by robust growth on medium lacking adenine (Figure 2). However,
the bait strains expressing hGRP(1-330) and mGRP(-pro) exhibited the expected His- and
LacZ- phenotypes, indicating that these fusion proteins could be used in a two-hybrid
screen using the HIS3 nutritional reporter alone. Using only one of the two nutritional
reporters was expected to reduce the stringency of the two-hybrid screen, since this
approach fails to exploit the additional selectivity conferred by the distinct ADE2 and
HIS3 promoters (see Figure 1B). Nonetheless, the GAL4 BD-hGRP(1-330) protein was
the longest GRP50 construct that did not convert the yeast to His+, and did not exert
negative effects on yeast growth. This protein was used as the bait in our two-hybrid
screen.

The GAL4 BD-hGRP(1-330) protein was used to screen the Matchmaker™
pretransformed human fetal brain library for two-hybrid interactions, and the results of
this screen are summarized in Figure 3. Diploid His+ colonies were classified as strong or
weak positives according to the number of days required for growth (on medium lacking
histidine) to at least 2 mm in diameter. 47 strong positives were obtained after 8 days, and
144 weak positives were obtained after 15 days of growth on selective medium. All

positive clones were then analyzed for expression of the LacZ reporter gene using a
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colony-lift filter assay for 3-galactosidase activity (see Material and Methods). Of the
191 His+ clones obtained in this screen, 57 were also LacZ+ (Figure 3) and were
investigated further.

In order to identify the two-hybrid positive clones, cDNA inserts from 40
His+/LacZ+ positives were directly amplified from yeast using the polymerase chain
reaction (see Materials and Methods) and vector-derived primers. Restriction digests
were used to sort clones and eliminate duplicates, and unique cDNAs were sequenced
and identified by database searching. Table 1 lis.ts the identities of 29 cDNAs isolated in
the two-hybrid screen. Several cDNAs were isolated more than once, as indicated by the
number in the left column of the table. In addition, some clones contained only 3-prime
untranslated sequences and no coding sequences, as indicated in the table (second
column). Of the proteins identified in this screen, two (SCG10 and Rab6) are known
Golgi-associated proteins (Lutjens et al., 2000; Van Wye et al., 1996), and five (c.-
spectrin, SCG10, SUN2, zyxin, and B-tubulin) are associated with the cytoskeleton and
affect motility (Charbaut et al., 2001; Cianci et al., 1999; Malone et al., 1999; Nix et al,,
2001). Because our data have shown that GRP50 is a membrane-associated protein, these
proteins seem particularly intriguing as candidates for GRP50 interacting proteins.

Some of the cDNA clones obtained in our screen did not appear to contain
protein-coding sequences immediately downstream of the GAL4 AD, and many that did
contain protein-coding sequences were out of frame with the GAL4 AD. However,
translational read-through across non-translated gaps can occur in S. cerevisiae, and
translational frameshifting is common in this organism (Dinman, 1995). We therefore

tested the two-hybrid positive yeast clones listed in Table 1 for the presence of GAL4
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AD-fusion proteins of the expected sizes (based on cDNA sequence). Yeast protein
extracts were prepared from two-hybrid positive strains and analyzed by immunoblotting
(data not shown, see Materials and Methods). Based on sequence and protein expression
results, the eight proteins listed above the solid line in Table 1 were selected as the first
set of clones to be analyzed further.

We sought to confirm the two-hybrid results by alternative methods. The cDNAs
encoding these eight proteins were subcloned into the mammalian expression vector
pCMV-Tag?2 (Stratagene) and coexpressed with myc,-GRP (see Chapter 3) in cultured
mammalian cells. Transfected cells were analyzed by immunofluorescence microscopy
and immunoprecipitation to determine whether these proteins co-localize and/or co-
purify with myc,-GRP (data not shown). To date, we have been unable to confirm the
interaction of any of the two-hybrid positives with GRP50. Efforts to characterize and, if

possible, confirm all of the positives obtained in the two-hybrid screen are ongoing.
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DISCUSSION

This section describes the results of a two-hybrid screen for GRP50-interacting
proteins. Our efforts to carry out this screen were complicated by the fact that
(over)expression of the full-length GRP50 protein (fused with the GAL4 AD) is toxic in
yeast. In addition, all of the GAL4 BD-GRPS50 bait constructs were capable of
transactivating one or more of the reporter genes used in this screen. As a result of these
properties of the GRP50 protein, the selection for two-hybrid interacting proteins was not
sufficiently stringent to prevent isolation of a large number of positives. For this reason,
many if not most of the clones isolated are likely to be false positives (Bartel et al., 1993;
Serebriiskii et al., 2000).

The transactivating properties of the GAL4 BD-GRP50 fusion protein could be
mediated by several factors. First, the GRP50 protein contains multiple regions
containing acidic residues that might mimic transactivation domains; short amphipathic
acidic domains have been shown in other proteins to result in inappropriate
transcriptional activation in the two-hybrid system (Ruden, 1992; Ruden et al., 1991). In
addition, the presence of multiple protein-interacting domains in the GRP50 protein could
result in recruitment, to the reporter gene promoters, of cellular factors that activate
transcription. The observation that the GAL4 BD-mGRP(full) fusion protein
transactivates the HIS3 reporter, while the GAL4 BD-hGRP(1-330) does not may be
explained by the differences between these two proteins. These proteins differ in the
carboxyl-terminal 38 residues of GRP50 (deleted in hGRP(1-330) and in the proline-rich

central domain, which exhibits the greatest degree of divergence between the mouse and
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human GRP50 proteins (See Chapter 2, Figure 6). Transactivation of the HIS3 reporter
could be due to residues in the central, proline-rich domain of GRP50, since the strain
expressing the fusion protein lacking this domain, GAL4 BD-mGRP(-pro), is His- and is
phenotypically identical to the GAL4 BD-hGRP(1-330) strain.

Yeast two-hybrid screens frequently yield a number of false positive results
(Serebriiskii et al., 2000). Because of the toxic and transactivating effects that result from
expression of GRP50 as a GAL4-fusion protein, it was particularly difficult to rule out
false positives among the large number of clones isolated in this screen. To date, only the
strongest positives (from the 3-galactosidase assay) have been characterized, and we are
continuing in our efforts to identify the remaining clones. Still, some of the positive
clones we have identified may represent genuine GRP50-interacting proteins. The
identification of multiple proteins that function in cytoskeletal changes associated with
cellular motility and neurite outgrowth is particularly intriguing, given the architectural
structure and membrane-associated localization of the GRP50 protein. If confirmed, these
types of protein interactions might point to a role for GRP50 in linking the membranes of
the Golgi and/or vesicles with proteins of the cytoskeleton. Identification of GRP50
binding partners is critical to understanding the molecular function of this protein, and

future efforts will continue to address this problem.
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MATERIALS AND METHODS

Expression Plasmids and Yeast Strains

Bait constructs were generated in the plasmid vector pAS2-1 (Clontech), which
encodes the GAL4 DNA-BD as an N-terminal fusion with the protein of interest. pAS2-1
contains the TRPI gene for use as a selectable marker; yeast carrying the plasmid are
selected for the ability to grow on medium lacking tryptophan. The cDNAs encoding the
various domains of the murine or human GRP50 depicted in Figure 2 were cloned into
BamHI/Xhol digested pAS2-1, and junctions were verified by sequencing with the pAS2-
1 forward primer 5’-TCGGAAGAGAGTAGTAAC-3’ and the pAS2-1 reverse primer
5’-CCTGAGAAAGCAACCTGACC-3’. Bait constructs were introduced into the
haploid yeast strain PJ69-2A (MATa) by electroporation according to standard
procedures (Ausubel et al., 2001) and bait strains were isolated by selecting for Trp+
colonies.

Four independent clones of each bait strain were isolated, and His, Ade, and LacZ
phenotypes were verified by comparison to the control bait strain PJ69-2A(pVA3-1). Bait
strains were tested for toxicity by measuring the growth rate in liquid cultures (by ODy,)
of bait and control strains. Mating efficiencies of bait and control strains were compared
by performing a test mating with the AD-library control strain Y187(pTD1-1). Yeast
protein extracts were prepared from bait strains, and expression of fusion proteins was
verified by immunoblotting with anti-GAL4 BD antibody (not shown).

The human fetal brain AD-library, pretransformed into the haploid yeast strain

Y187 (MAT), was purchased from Clontech. Human fetal brain cDNAs were cloned
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into the plasmid vector pACT2, which encodes the GAL4 AD as an N-terminal fusion
with a library of cDNA sequences. pACT2 contains the LEUZ2 gene for use as a selectable
marker; yeast carrying the plasmid are selected for the ability to grow on medium lacking
leucine. The original cDNA library was estimated to contain 3.5 x 10° independent cDNA
clones prior to amplification, and the titer of the library (in Y187) was given as >5 x 10’

cfu/ml (according to manufacturer’s product data sheet).

Growth, Maintenance, and Selection of Yeast Strains

Yeast strains were maintained according to the manufacturer’s instructions and
standard techniques (Ausubel et al., 2001). Yeast media and supplements were purchased
from Clontech (except where indicated) and prepared according to the manufacturer’s
instructions, except that rich medium (YPD) was supplemented With 0.003% adenine
hemisulfate (Sigma) and 15 pg/ml kanamycin. Minimal selection medium (SD) was
supplemented with the appropriate “dropout” powder, (e.g., -Trp, -Trp/-His, -Trp/-Leu/-
His/-Ade) and 0.003% adenine hemisulfate (except -Ade media). All SD media lacking
histidine (-His formulations) were supplemented with 5 mM 3-amino-1,2,4-triazole (3-
AT) to suppress background growth due to leaky HIS3 reporter gene expression (Fields,
1993). The optimal 3-AT concentration necessary to prevent growth of the bait strain

PJ69-2A(hGRP-1-330) on SD -His plates was determined empirically.
Two-hybrid library screening

The bait strain PJ69-2A(hGRP-1-330) was mated with 1 ml of the pretransformed

Y187(library) strain according to the manufacturer’s instructions. Briefly, SD -Trp liquid
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medium was inoculated with strain PJ69-2A(hGRP-1-330) and grown overnight at 30°C
with shaking. The bait culture (ODgy, = 1.1) was harvested by centrifugation,
resuspended, and combined with 1 ml pretransformed library in a 2 L flask. YPDA/Kan
(YPD plus adenine and kanamycin) medium was added to a final volume of 50 ml and
the culture was incubated overnight at 30°C with gentle swirling (50 rpm). The mating
culture was harvested by centrifugation, resuspended in ~10 ml YPDA/Kan, and plated
onto 54 15 cm plates containing SD-agar -Trp/-Leu/-His/-Ade (QDO medium), plus 5
mM 3-AT. Plates were incubated at 30°C; strong positives were picked and re-streaked
onto QDO medium after 8 days, and weak positives were picked and re-streaked after 15
days. The mating efficiency in this experiment was low (1.5% vs. expected >5%), and the

total number of clones screened was ~8 x 10°.

Filter-lift assay for B-galactosidase activity

Two-hybrid positive clones that survived the nutritional selection were streaked
onto SD-agar (-Trp/-Leu) plates and assayed for $-galactosidase activity using a
previously described method (Breeden and Nasmyth, 1985). The positive control diploid
PJ69-2A(pVA3-1) x Y187(pTD1-1) and the negative control diploid PJ69-2A(pAS2-1) x
Y187(pTD1-1) were always included in these experiments for comparison. Freshly
grown colonies were transferred to filter paper (Grade 410, VWR) using the colony-lift
method, and cells were permeabilized by immersing the filters in LN, for 10 seconds.
Following freeze/thaw, filters were transferred (colony side up) to filter paper that had
been pre-soaked in assay buffer Z (150 mM NaHPO,, 10 mM KCI, 1 mM MgSO,, pH 7),

plus 40 mM B-mercaptoethanol, and 0.33 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-
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galactopyranoside (X-gal). Filters were incubated at 30°C and monitored hourly for the
appearance of blue color; yeast strains were scored as positive in this assay if colonies
turned blue within ~4 hours. At later time points (between 6 and 8 hours), false positives

appeared (as judged by phenotypes of negative control strains).

Identification and analysis of positive cDNA clones
cDNA inserts were amplified directly from two-hybrid positive yeast strains using
the polymerase chain reaction and the following pairs of nested primers (derived from the
pACT?2 AD-library vector):
pACT2 set 1 forward 5’-TCTATTCGATGATGAAGATACCC-3’
reverse 5’- GTGCACGATGCACAGTTG-3’
pACT2 set 2 forward 5’-CCCACCAAACCCAAAAAAAG-3
reverse 5" GAACTTGCGGGGTTTTTCAG
For each positive strain, a single large (>2 mm), fresh yeast colony was scraped into 100
ul of 10 mM Tris (pH 7.5), 0.1 mM EDTA. Samples were vortexed vigorously and boiled
for 10 minutes, then vortexed again. Samples were centrifuged for 5 minutes to remove
debris, and 5 ul of the supernatant was removed for use as the template for amplification
using the proofreading thermostable polymerase PfuTurbo (Stratagene). The “set 17
primers listed above were used in the first amplification step; upon completion of the
reaction, 1 ul of the product was removed to a new plate for the second amplification,
using the set 2 (internal) primers.
PCR-amplified cDNA clones were digested with Alul and the resulting restriction

fragment polymorphisms were used to eliminate duplicate clones. Unique clones were
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gel-purified and sequenced using an ABI automated sequencer and the primers listed
above. Clones were identified by scanning the nonredundant GenBank sequence
database, using the BLAST server at the NCBI (ncbi.nlm.nih.gov/blast).

Selected two-hybrid positive clones were further characterized as follows: In
order to determine whether GAL4 AD-fusion proteins of the expected sizes (based on
cDNA sequence) were produced in these strains, protein extracts were prepared and
analyzed by immunoblotting with the 12CAS5 antibody (Santa Cruz Biotechnology, data
not shown). 12CAS5 recognizes the HA-epitope encoded downstream of the GAL4 AD in
pACT?2. Strains in which GAL4 AD-fusion protein were detected were then used to
prepare plasmid DNA from yeast using the Yeastmaker™ Yeast Plasmid Isolation Kit
(Clontech). Selected cDNA inserts were excised from pACT?2 and subcloned into the
mammalian expression pCMV-Tag2, which encodes an NH,-terminal FLAG epitope tag.
The FLAG-tagged proteins were coexpressed with myc,-GRP (see Chapter 3) in cultured
mammalian cells and assayed for co-localization (by indirect immunofluorescence

microscopy) and/or co-immunoprecipitation with the myc,-GRP protein (not shown).
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Transform into PJ69-2A(MATa) Pretransformed in Y187(MATa)
Select for Trp+ (on SD -Trp) (All Leu+)

- S/
—~—

¢ Mate (Diploids are Trp+, Leu+)

Select for activation of ADE2, HIS3 reporter genes
(on SD -Trp/-Leu/-Ade/-His)

v

Screen all Ade+/His+ positives for activation of LacZ
(B-gal assay)

v

Characterize all Ade+/His+/LacZ+ clones
(candidates for two-hybrid interaction)

B

| GAL4UAS | GALI TATA

| GAL4UAS | GAL1TATA | LacZ |

Figure 1. (A) Outline of the two-hybrid system used in this screen. A bait strain, constructed
in PJ69-2A (MATa), is mated to the pretransformed library strain Y187 (MATo). PJ69-2A
and Y187 are auxotrophic for Trp, Leu, Ade, and His. The diploid mating products are
selected for activation of the nutritional reporters ADE2 and HIS3, and positive clones are
screened for activation of the LacZ reporter. (B) The diagram shows the structure of the ADE?2
and HIS3 and LacZ reporter genes. ADE2 and HIS3 are driven by heterologous promoters to
minimize selection of false positives.
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Figure 3
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His+ clones

Figure 3. Summary of positive clones obtained in the two-hybrid screen. Clones that

survived the nutritional selection are designated His+; strong positives grew on

selective medium within 8 days, and weak positives grew within 15 days. All clones

were tested for activation of the LacZ reporter using a filter-based B-galactosidase
assay (see Materials and Methods), and the numbers of LacZ+ and LacZ- clones
within each class are indicated.
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Table 1

AHCY, encodes S-adenosyl 48 kDa enzyme that promotes
homocysteine hydrolase transmethylation reactlons

: 031 102) breakpomt

L-ferritin Femtm llght chain subumt (iron binding
protem)

SCG10 (neuron-specific stathmin ” Neuronal growth assoc1ated protem
2 isoform) (nGAP), destabilizes microtubules at

growth cone locahzes to Golg1

SUN2 (KIAA0668), sad1l-unc84 Involved in nuclear mlcranon may lmk

homeodomam protein nuclear envelope to MTOC

bu r&m“&!ﬁmﬁt&k&&ﬁ&?ﬁw 3

B-tubulm
i CACO2688E, Trom 1434331 "“fﬁ*ﬁ“lmown%

Rt atater ot

AK025855 unknown cDNA Unknown
"DKFZp761D2324 :

FEZ1/LZTS1 (3’ UTR) Putative tumor suppressor gene encodes
leucine zrpper protem

L1-cell adhesion molecule (LICAM) (3’ Extracellular protein involved in cell
UTR) mtgratron and neurlte outgrowth

"ERK-6/Ephrin-A2 (EPLG6) (intron)

NM_021932, hypothetical protein from unknown
11p15 5 (3’ UTR)
"RAB6 cDN.

Unrelated sequences containing Alu
repeats

Table 1. List of 29 two-hybrid positive clones and their identities. The number
in the left column indicates the frequency with which a given sequence was
isolated. Some clones contained only 3’ UTR sequences and no coding
sequences (indicated in parentheses).
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