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Abstract

It has become increasingly apparent that, besides targeting proteins for proteasomal
degradation, ubiquitination has a role in regulating the trafficking of proteins between
intracellular compartments. One well-documented example of this is the nitrogen-
regulated trafficking of the general amino acid permease, Gaplp, through the cndosomal
system of the yeast Saccharomyces cerevisiae. Tt has previously been noted that the
nitrogen-tegulated trafficking of Gaplp bears similarity fo the insulin-regulated trafficking
of the glucose transporter, GLUTH4, in fat and muscle cells. Both proteing move from an
intracellular location to the cell surface in response to an extrinsic trigger. In this thesis, I
show that human GLUT4 is subject to nitrogen-regulated trafficking when expressed in
yeast. Furthermore, I demonstrate that, like Gaplp ralficking in yeast, the regolated
trafficking of GLUT4, both in yeast and in the insulin-scasitive ccll line 3T3-L1
adipocytes, requires the ubiquitination of the transporter. A model in which ubiguitination
is required for the sorting of GLUT4 into the insulin-responsive pool, from where it is

mobilised to the cell surface in response to insulin, is presented and discussed.
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Chapter 1:  Introduction

1.1. Type-2 Diabetes

Diabetes mellitus is characterised by persistent hyperglycemia (Salticl and Kahn, 2001). In
normal individuals, plasma glucose levels are maintained within a narrow range between 4
and 7mM (Salticl and Kahn, 2001). This level rises following a carbohydrate meal due to
the ubsorption of glucose from the intestine. The pancreatic f$-cells sense this increase and
respond by secreting insulin, which acts to lower the elevated plasma glucose levels in a
number of ways, including, inhibiting hepatic glucose production, and increasing the
uptake of glucose into fat and muscle tssues (Saltiel and Kahn, 2001). Conversely, under
conditions of hypoglycemia, glucagons (secreted by the w-cells of the pancreas) raise
plasma glucose levels by, for example, stimutating the breakdown of glycogen stored in
the liver, and by activating gluconeogenesis (Figure 1.1 - taken from
http://health.howstutfworks.com/diabetes1.him).

In the disease state of diabetes, insulin fails to bring about the aforementioned decrease in
plasma glucose levels (Saltiel and Kahn, 2001). Type-1 diabetes is characterised by the
aatoimmune-mediated destruction of pancreatic fi-cell islets, leading to a failure of insulin
production and/or insulin secretion (Zimmet et al., 2001). Type-1 diabetic sufferers must
therefore take exogenous insulin for survival (Zimmet ¢t al., 2001). Type-2 diabetes (also
known as non-insulin-dependent diabetes, NIDD}) is characterised by an underlying insulin
resistance: a failure of normally insulin sensitive tissues, such as muscle and adipose, to
respond (o insulin und increase their glucose uptuke (Zimmet et al., 2001).
Hyperinsulinaemia often precedes the development of Type 2 diabetes as a comnpensatory
responsc to insulin resistance, indicating that insulin resistance, rather than impaired
insulin secretion, is involved in the development of Type 2 diabetes {(DeFronzo, 1992).
This, combined with an oversupply of glucose from the liver, results in high circulating
plasma glucose levels, causing many of the complications associated with Type-2 diabetes,

including eye, nerve, kidney and heart disease (Brownlee, 2001).
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Figure 1.1.Schematic diagram showing factors that maintain blood sugar homeostasis

(taken from http://health.howstuffworks.com/diabetesl.htm)
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The recent explosive increase in the number of people, worldwide, diagnosed with diabetes
has led to the conviction that diabetes mellitus is now one of the major threats to human
health in the 21* century (Zimmet et al., 2001). Globally, the incidence of diabetes has
been estimated (o increase o the present value of around 150 million, to 220 million by
2010; and this figure has been projected to increase further to 300 million by 2025 (Amos
et al., 1997; King et al., 1998).

Although Type-1 diabetes is more commonly detected among children, its frequency
among the general population is relatively low when compared to Type-2 diabetes, which
accounts for over 90% of diabetic cascs globally (Zimmet et al., 2001). lts increased
prevalence among children and adolescents in various countries, including the UK, has
underlined a serious new aspect of this epidemic, which is strongly associated with obesity
and an inactive lifestyle (Zimmet et al., 2001). As a multifactorial disease, understanding
Type-2 diabetes is an overwhelming task. It is not clear, for cxample, why the disease is
particularly pronounced in certain ethnic groups, such as, Pacific and Indian Ocean
Islanders, groups in India and Australian Aboriginal communities (Zimmet et al., 2001).
What is clear is that insulin-resistance and Type-2 diabetes are disease states that constitute
an enormous healthcare problem in both the developed and developing world.
Understanding the actions of insulin will go a long way towards arming us to tackle this

epidemic und this represents the overall goal of the work presented in this thesis.

1.2, Insulin Action

Following its secretion from the pancreas, insulin binds to its receptor on the surface of
insulin-sensitive cclls in its primary targets, skeletal muscle, adipose tissue and liver (Lee
and Pilch, 1994; Sesti, 2006). The insulin receptor is a cell-surface heterotetrameric
tyrosine kinase consisting of two extracellular a-subunits, which bind insulin, and two
transmembrane 3-subunits with tyrosine kinase activity (Lee and Pilch, 1994). The
binding of insulin to the c-subunits of the receptor induces the transphosphorylation of one
of the B-subunits by the other which, in turn, results in the increased catalytic activity of
the kinase (Saltiel and Pessin, 2003; Watson et al., 2004a). The activated insulin receptor
catalyses the tyrosine phosphorylation of a number of intracellular substrates, including
members of the insulin-recepior substrate (IRS) family, IR81/2, She, Cbl and APS (Saltiel

and Kahn, 2001). The phosphorylated tyrosines of these substrates act as docking sites for
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signalling proteins containing Src-homology-2 (SH2) or phosphotyrosine binding (PTB)
domains (Czech and Corvera, 1999; Salticl and Kahn, 2001), triggering a scrics of
signalling cascades that regulate a plethora of cellular processes; including vesicle
trafficking, protein synthesis, enzyme activation and inactivation, and gene expression
(Czech and Corvera, 1999; Salticl and Kahn, 2001). The IRS lamily of proteins are the
best-characterised intracellular substrates 1o be phosphorylated by the insulin receptor.
They interact with a variety of SH2 domain containing effector molecules, but perbaps
most importantly with the p83 regulatory subunit of phosphatidylinositol (PI) 3-kinase,
which has an essential role in insulin-stimulated glucose uptake and GLUT4 fransiocation,
likely through its downstream targets, the serine/threonine kinase Akt/protein kinase BB
(PKB) and the atypical protein kinase C (PKC) isoform PKCT (Czech and Corvera, 1999).
The exact mechanism(s) by which PKB and PKCET regulate glucose transport remains
undefined but one pacticular downstream targef of Akt/PKB, the protein Akt substrate of
160kDa {AS5160), has the potential in providing a functional link between the insulin
signalling cascade and glucose uptake (Watson and Pessin, 2006). AS160 contains
multiple Akt/PKB phosphorylation sites in addition to a Rab-(GTPase activating protein
(Rab-GAP) domain (Sano et al., 2003). As Rab proteins regulate several steps of
membrane transport, such as vesicle budding, motility, tethering and fusion (Zerial and
McBride, 2001), AS160 could translate the information carried by the insulin-signalling

cascade into molecular events that result in glucose uptake (Watson and Pessin, 2006).

One of the major consequences of insulin binding to its receptor on fat and muscle cells is
the translocation of the facilitative glucose transporter 4 (GLUT4) from an intracellular
store to the plasma membrane (reviewed in (Bryant et al., 2002) Figure 1.2). Following
this translocation, GLUT4 proteins transport glucose across the plasma membrane
according to a model of alternate conformation (Mueckler, 1994). This model predicts that
the transporter exposes a single substrate binding site toward the outside of the cell. The
binding of glucose to this site provokes a conformational change associated with transport,
and releases glucose to the other side of the membrane (Mueckler, 1994). This altows the
rapid movement of glucose, down its concentration gradient, from the interstitial fiuid into
the fat or muscle cell, thereby increasing the uptake of glucose into muscle and adipose

tissue and reducing the levels of plasma glucose (Bryant et al., 2002).
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Insulin resistance is associated with insufficient recruitment of GLUT4 to the plasma
membrane, despite there being normal GLUT4 expression (Bjornholm and Zierath, 2005).
Therefore, understanding the precise molecular mechanisms that control the insulin-
regulated translocation of GLUT4 is a major focus of current research. Understanding this
process could provide specific therapeutic targets to help treat and/or prevent Type-2

diabetes.

- Insulin + Insulin

Figure 1.2. GLUT4 translocation in 3T3-L1 adipocytes.

A confocal image of 3T3-L1 adipocytes either treated with 100nM insulin for 15 mins
(right panel), or not (left panel). GLUT4 localisation was visualised using an antibody
that specifically recognizes the transporter and a secondary antibody conjugated to alexa-

488 (green). Taken from (Bryant et al., 2002)).
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1.3. GLUT4

GLUT4 is a member of a large family of facilitative sugar transporters, known as GLUTs,
which distribute glucose throughout various tissues of the body (Gould and Bell, 1990;
Mueckler, 1994; Olson and Pessin, 1996). GLUTs are highly related proteins, each
predicted to span the membrane twelve times with both their amino- and carboxyl- termini

located in the cytosol (Figure 1.3) (Joost and Thorens, 2001).

A  Sugar moiety

FQQl
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GAP1p C-terminal
B GAPip Cterminal| py/p| DI L KQEIAEEKAIMATKPRWYRIWNFWC

Figure 1.3. Targeting motifs of GLUT4 and Gaplp

A) Schematic diagram of the predicted membrane topology of GLUT4 indicating of the
position of the targeting motifs (highlighted in red) (discussed in Section 1.5 (adapted from
(Bryant et al., 2002)). B) Sequence of the C-terminal tail of Gaplp (residues 570-601),
indicating important targeting motifs (highlighted in red) (discussed in Section 1.8
(adapted from (Hein and Andre, 1997)).

As facilitative carriers, GLUT proteins act as shuttles to transport glucose down its

concentration gradient in an energy-independent manner (Watson et al., 2004a). There are




Rebeccu K McCann, 2007 Chapter One, 12

thisteen known members of the GLUT family, cach of which differ in their tissue
distribution and kinetic propertics as well as in their intracellular localization: together,
these allow for the acute regulation of glucose transport into various body tissues under
various physiological conditions (Gould and Bell, 1990; Mueckler, 1994; Olson and
Pessin, 1996). Tor example, mammalian tissues such as the brain, which require a constant
supply of glucose, contain glucose transporters with a high aflinity for glucosc that arc
constitutively targeted to the cell surface, a property specific to GLUT1 and GLUT?3
(Thorens, 1996). High affinity transporters such as GLUT'1, GLUT3 and GLUT4 have
Michaelis constants (K,,) well below the normal blood glucose concentration, und so their
levels of cell surface expression determines the flux of glucose into the cell (Thorens,
1996). Certain tissues, such as muscle and adipose, require a more regulated glucose
transport system and have adapted methods to rapidly np-regulate their glucose transport
rates in response o an extracellular stimulus (Bryant et al., 2002), Such systems cnablc the
body to conirol the large fluctuations in blood glucose levels after a meal and supply
skeletal muscle with the extra glucosce it requires during exercisc (Bryant ct al., 2002).
GLUT4, primarily expressed in skeletal muscle and adipose tissue is responsible for the
insulin-stimulated transport of glucose into fat and muscle cells and for the increased
transport of glucose into skeletal muscle during exercise (Bryant et al., 2002; Olson and
Pessin, 1996, Watson et al., 2004a). Under basal conditions, in the absence of insulin,
GLUT4 is retained intracellularly, but is mobilised (translocated) to the plasma membrane
in respounse to insulin (Bryant et al., 2002; Watson et al., 2004a), This translocation of
GLUT4 1o the plasma membrane accounts for the incrcased transport of glucose into fat

and muscle cells in response to insolin (Bryant et al., 2002; Watson et al., 2004a).

Despite the fact that the intracellular trafficking of GI.ITT4 has been intensely studied for
nearly 20 years, iwo fundamental questions remain largely unanswered (Bryant et al.,
2002).

* How does insutin cause the release of GLUT4 from the intracellufar compartment(s)

that it occupies under basal conditions?

* How is GLUT4 sorted into the location from which it is released in response to

insukin?
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1.4. Iniracellular trafficking of GLUT4

As noted above (Section 1.3 and Figure 1.2) GLUT4 is almost entirely sequestered within
intracellular compartments and excluded from the plasma membrane of adipocytes in the
absence of insulin (reviewed in (Bryant et al., 2002)). GI.UT4 has been localised to a
variety of intracellular organelles, including, sorting and recycling endosomes, the irans-
Golgi network (TGN}, the plasma membrane and vesicles thal mediate transport between
these compartments. This range of intracellular localisations for GLUT4 indicates a
complex intracellular trafficking itinerary that adds to the complexity sunrounding the

debate regarding GLUT4 intracellular trafficking (reviewed in (Bryant ct al., 2002)).

Although GLUT4 cleatly overlaps to some extent with endocytic markers such as the
transferrin receptor (TIR), a significant proportion of GLUT4 does not co-localise with the
TIR, suggesting that endosomes do not represent the major storage compartment of
GLUT4 in adipocytes (Livingstone et al., 1996). Furthermore, detailed analysis of GLUT4
traffic to and from the cell surface in non-insulin-stimulated adipocytes highlights that the
rate of GLUT4 cxocytosis is approximately 10-fold slower than that of the TR (which is
regarded as one of the most well studicd constitutive recycling protcins in mammalian
cells) (Holman et al., 1994; Tanner and Lienhard, 1987). This indicates that GI.UT4 must
be sclectively retained either within a more static secretory pool, or involved in a dynamic
cycle that is distinct from recycling endosomes. In support of this, chemical ablution of
endosomes upon the uptake of horseradish peroxidase (TRP) conjugated transferrin not
only demonstrated that only 30-40% of intracellular GLUTY is subject to ablation
(Livingstone et al., 1996; Martin et al., 1996), but also that chemical ablation of endosomes
does not affect the insulin-stimulated transiocation of GLU' T4 in adipocytes (Martin et al.,
1998).

Immunogold labelling of GILUT4 identified a proportion of GI.UT4 (~13% of total
GLUT4 distribution in basal cells), that is present in the TGN of both muscle and fat cells
(Slot et al., 1991a; Slot et al., 1991b). Furthermore, GLUT4 co-localises significantly with
proteins known to traffic between the TGN and endosomes, inclading the cation-dependent
mannose G-phosphate receptor (CD-MPR) (Martin et al., 2000b), the cation-independent
mannose §-phosphate receptor (CI-MPR) (Kandror and Pilch, 1296b) and adaptor protein
complex- | (AP-1) (Martin et al., 2000b). This suggests the possibility of a recycling
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pathway for GLU'T4 between the TGN and endosomes. Following internalised GLUT4
from the adipocyte cell surface (Palacios et al., 2001) demonstrated that GLUT4 transits
through endosomes (focalising with the early endosomal marker EEA] at early time
points) to the TGN (localising with the SNARE proteins syntaxin 6 and syntaxin 16 at later

time points after internalisation) (Shewan et al., 2003).

As well as there being evidence to support the intracellular retention of GLU'I4 within a
recycling loap between endosomes and the TGN (discussed above), the use of both
morphological and biochemical techniques identified a discrete portion of small (30nm
diameter) GL.UT4-containing vesicles (Hashiramoto and James, 2000; Kandror and Pilch,
1996a; Ramm et al., 2000), supporting the presence of a pool of GLUT4-containing
membranes, devoid of GLUT1 and other non-insulin regulated cargo, that move directly to
the plasma membrane in response to insulin. This population of, somewhat ili-defined,
vesicles are highly responsive to insulin and are often referred to as GI.UT4 storage
vesicles (GSVs) (Rea and James, 1997). GSVs have been found to exclude other recycling
proteins, such as the TR and the CD-MPR, but importantly, do contain the v-SNARE,
vesicle associated membrane protein (VAMP2) (Ramm et al., 2000), which has previcusly
been shown to facilitate the exocytosis of synaptic vesicles to the plasma membrane.
VAMP2 forms a functional SNARE complex with the t-SNAREs Syntaxin 4 and SNAP23
(Kawanishi et al., 2000}, which are highly enriched at the plasma membrane of fat and
muscle cells (Thurmond and Pessin, 2001). Formation of a SNARE complex between
VAMP?2 present in GSVs and Syntaxin 4/SNAP23 at the cell surface likely results in the
delivery of GL.UT4 from GSVs to the plasma membrane.

It is worth noting that the two models of intracellular sequestration of GLUT4 discussed
here are not mutually exclusive. In the absence of insulin, GSVs are likely to represent a
dynamic storage pool of GLUT4, in constant movement between the TGN and endosomes
(Bryant et al., 2002). Otherwise, the erdosomal and TGN pools would become depleted of
GLUT4; to account for this models in which, in the absence of insulin, GSVs constantly

re-cnter the endosomal system have been proposcd (Bryant et al., 2002).
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1.5. GLUTH Targeting Motifs

A variety of studies have been focussed on the goal of identifying specific targeting motifs
in the primary sequence of GLUT4. By examining the subcellular distribution of either
GLUT4 point mutants, or chimeras comprised of different portions of GLUT4 and GLUT]
(the glucose transporter isoform coustitutively targeted to the cell surface), two distinct
wra{ficking motifs in the cylosolic amino and carboxyl termim were identificd in GLUT4
(Marshall et al., 1993; Piper et al., 1992; Verhey et al., 1993); a phenylalanine-based motif,
FQQI*®, located in the N-terminus and a dileucine motif, LL***% | in the C-terminus
(Figure 1.3). These motifs fall into two categories of structurally unrelated transport
motifs (so called phenylulanine/tyrosine and dileucine based motifs) that are shared by a
variety of other membrane proteins (Lalioti et al., 2001). These motifs have the ability to
recruit clathrin adaptors (such as AP1 and AP2)} to membranes and thereby facilitate in the
packaging of mcmbyasac protcins into clathrin-coated vesicles for further transport (Laliot
et al., 2001). Originally, the FQQI*® and LL"*® motifs in GLUT4 were shown to function
as infernalisation motifs in the process of endocytosis (Garippa ct al., 1996; Garippa et al.,
1994; Kao et al., 1998; Piper et al., 1993; Verhey et al., 1995); at the cell surface, GLUT4
is localised to AP-2/clathrin coated pits and is endocytosed via a clathrin-mediated process
(Kao et al., 1998; Robinson et al., 1992), this process was shown (o be regulated by the N-
terminal FQQI*®* and C-terminal LL**“* motifs (Garippa et al., 1996; Garippa et al., 1994;
Marsh et al., 1995; Piper et al., 1993; Verhey et al., 1995). However, further analysis
revealed additional roles for these motifs in the intracellular sorting and sequestration of
GLUT# and they have been proposed to function at distinet intracellular sorting steps
{Melvin et al., 1999).

Mutation of the phenylalanine® (Phe) residue of GLUT4 causes the transporter to
accumulate at the cell surface of unstimulated adipocytes (Marsh et al., 1995). This mutant
also displays an enhanced susceptibility to endosomal ablation with Tin-HRP as comparcd
to the wild type GI.UT4 (Melvin et al., 1999). By following the internalisation of GLUT4
from the adipocyte cell surface, it was also found that Phe’ mutagenesis inhibits the
recycling of endocytosed GLUT4 to the GLUT4 storage compartment and results in its
mis-targeting to late endosomes/lysosomes (co-localising with the late
endosomal/tysosomal marker, LIMPIIT) where it undergoes rapid degradation (Palacios et

al., 2001). These data indicate a role for Phe’ of GLUT4 in regulating its intracellular
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sorting at the levels of both endocytosis and entry into the GLUT4 storage compartment.
Examination of the trafficking of newly synthesised GLUT4 (studied at short time intervals
within 2-12hr post-transfection), indicates that the transporter moves from the TGN
directly to the GI.UT4 storage compartment, without first transiting the plasma membrane
(Watson et al., 2004b). Analyses of a variety of GLUT4/GLUT1 chimera proteins indicate
that this transport step relies upon sequences in both the amino terminus and the large

cytoplasmic loop, between transmembrane domatns 6 and 7 (Khan et at., 2004).

A role for the dileucine™** (diLeu™**®) motif in the intracellular sorting of GLUT4 was
recognised when dil.eu™*/AA mutants were found to show increased resistance to
endosomal ablation (Melvin et al., 1999), and exhibit increased cell surface distribution in
basal adipocytes at high levels of expression (Marsh et al., 1995). This indicates a yole for
the diLeu*®™*® motif, most likcly at the TGN, as endosomal ablation docs not significantly
affect this compartment (Livingstone et al., 1996). Moreover, it was found that diLeu***
mutants were retained in the TGN, leading to their exclusion from the GILUT4 storage
compartment (Martinez-Arca et al., 2000). A major phosphorylation site in GI.UT4,

serine™, which resides adjacent to the dileu* *°

motif, may play a role in the intracellular
sorting of GLUT4 at the TGN, as the co-localisation of GLUT4 and the clathrin adaptor
protein AI’l in intracellular vesicles is enhanced when this residue is mutated (Marsh et al.,

1998).

Additional analyses of chimeric transporter proteins in insulin-responsive cells fed to the

suggestion of there being additional targeting information, besides the diLeun™* %

motif, in
the C-terminus of GLUT4 (Hauvey et al., 1995; Verhey et al., 1995). A C-terminal
truncation mutant of (GI .UT4, lacking the last five residues, is mis-targeted to late
endosomes following trafficking through the TGN of fibroblasis (Martinez-Arca et al.,
2000), and mutation of the dilLeu™*° motif in the context of this GLUT4 truncation
mutant reveals a role in sorting to the GLLUT4 storage compartment from the TGN
(Martincz-Arca ct al., 2000). In addition, mutagenesis of a potential protein tyrosine
kinase and phosphatase substrate, tyrosinem, within the truncation mutant, was shown to
control the exit of GLUL'4 from the GLU'L'4 storage compartment (Martinez-Arca et al.,
2000). Purther evidence to indicate the importance of the extreme C-terminus of GLUT4

in intracellular targeting was highlighted by the disraption of the acidic motif,
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TELEYLGP*% _distal to the diLeu™ " motif, resulting in mutants being more
susceptible to endosomal ablation, implying a role for this motif in the endocytic sorting of
GLUT4 (Shewan et al., 2000). Given that GLUT4 was shown to traffic rapidly trom the
cell surface, via the early endosomal system, to a perinuclear compartinent enriched in the
TGN t-SNARESs, Syntaxin 6 and 16 (Shewan et al., 2003), SNAREs previously implicated
in the trafficking of material between endosomes and the TGN (Mallard et al., 2002}, these
data suggest that this C-terminal acidic targeting domain regulates the trafficking of

GLUT4 to this perinuciear Syntaxin 6/16-positive compartment (Shewan et al., 2003).

1.6. A model for GLUT4 transport

The apparent complexity that swrounds the intracelular trafticking itinerary of GLUT4 is
highlighied by the finding that under basal conditions GL.U1'4 caqa be found distributed, to
varying degrees, throughout the majority of intracellolar membrane systems. The
numserous studies outlined in Section 1.4 led to the proposal of a working model that could
accommodate many of the apparently contradictory observations (Figure 1.4) (Bryant et
al., 2002). This model suggests that GLUT4 is selectively targeted into an intracellular
transport loop between the TGN and endosomes (cycle 2, Figure 1.4) in a scemingly fuotile
cycle, which serves to exclude GI.UT4 from the cell-surface recycling pathway (cycle 1,
Figurcl.4). Contained within this intraceltular transport loop is the intracellular store of
GLUT4, which, in the absence of insulin, moves slowly froin the TGN to fuse with
endosomes. In the presence of insulin, however, this intracelinlar store is released from the
cycle and able to fuse directly with the plasma membrane. There arc several lines of
evidence thatl support the exisience of a unique pool of GLUT4 vesicles that can fuse
directly with the plasma membrane in response to insulin. However, in the abscence of
insulin, this population of vesicles is highly unlikely to reinain a static body (as discussed
before, at the cnd of Scction 1.4). Tf this were the case, the endosomal and TGN stores of
GLUT4 would soon become depleted and all the GLUT4 would be present in GSVs.
Therefore, it seems likely that GSVs slowly fuse with endosomes, thus allowing GLUT4 to

re-enter the endosomal system.

ik
ol
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Figure 1.4.A model depicting the insulin-regulated trafficking of GLUT4
Details are described in Section 1.6. Taken from (Bryant et al., 2002).

One of the major problems with the study of insulin-regulated GLUT4 trafficking is that,
as terminally differentiated cells, fat and muscle are hard to work with experimentally
(Quon et al., 1993). For example, they are notoriously difficult to transfect, giving
inefficient and irreproducible results (Quon et al., 1993). As a consequence of this, the
expression of exogenous constructs requires the use of viral expression vectors (Hertzel et
al., 2000). This is an expensive and time-consuming process, and therefore not one to be
taken lightly. A common approach used to circumvent such a problem is to use an
experimentally tractable eukaryote system, such as the budding yeast Saccharomyces
cerevisiae (Baker’s yeast) (Broach et al., 1991; Guthrie and Fink, 1991). However, since
yeast neither responds to insulin, nor express GLUT4, it is not the immediately obvious

model system in which to study the insulin-regulated trafficking of GLUT4.
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1.7. Yeast as a system to study GLUT4 trafficking

S. cerevisiae is a well-cstablished and powerful tool that has greaily {urthered the
kuowledge of many aspects of cell biology, including membrane trafficking (Broach et al.,
1991; Guthrie and Fink, 1991). Until recently, it was thought that yeast are not subject to
regulated membrane trafficking events akin to the insulin-regulated trafficking of GLUT4.
It is now clear that yeast do indeed possess a regulated membrane trafficking step that
bears remarkable similarity to the insulin-regulated trafficking of GIUT4; that is the
nitrogen regulated trafficking of the general amino acid permease Gaplip. The general
amino acid permeasce Gaplp is stored intraceliularly under nutrient rich conditions (Roberg
ct al., 1997). Howcver, when nutrients are limited, Gaplp is trafficked to the plasma
membrane where it facilitates the uptake of amino acids from the extracellular media
(illustrated in Figure 1.5b) (Roberg et al., 1997). This regulated trafficking bears many
striking similarities to that of GLUT4 in insulin-sensitive cells and accounts for the
increase in levels of Gaplp on the cell surface of yeast in response to nitrogen availability
(Roberg et al., 1997). On preferred sources of nitrogen, such as glutamate, Gaplp is
transported to the yeast endosomal system (Figure 1.5b) (Roberg et al., 1997). In contrast,
when cells are grown on non-preferred sources of nitrogen, such as proline, Gaplp is
sorted from an intracellular storage pool to the cell sucface, where it allows amino acids

into the cell for use as a nitrogen source (Figure 1.5b) (Roberg et al., 1997).
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Figure 1.5. Comparison of insulin-regulated GLUT4 trafficking in adipocytes (a) with
nitrogen-regulated Gaplp trafficking in S.cerevisiae (b)
(adapted from (Bryant et al., 2002))

Like GLUT4, Gaplp is predicted to span the membrane twelve times (Jauniaux and
Grenson, 1990) and, intriguingly, contains motifs in the cytosolic carboxyl-terminal
domain that are analogous to those involved in GLUT4 trafficking (Hein and Andre,
1997). The carboxyl-terminal tail of GLUT4 contains several motifs required for its
insulin-regulated trafficking (Lalioti et al., 2001) (outlined in Section 1.5) that, when
mutated, result in a loss of insulin-stimulated translocation (Lalioti et al., 2001). When the
carboxyl-terminal tail of GLUT4 is replaced with the equivalent region from the yeast
protein Gap1p, resulting in a GLUT4/Gap1p chimeric protein, the chimera exhibits a
similar trafficking response to insulin as endogenous GLUT4 (Figure 1.6, Nia Bryant and
David James; unpublished results). In the absence of insulin, the chimera, like endogenous
GLUT4, co-localises with the TGN marker, TGN38 (Figure 1.6a). Upon insulin
stimulation, again like GLUT4 itself, the chimera translocates to the plasma membrane
(Figure 1.6a). Fractionation of 3T3-L1 adipocytes (shown in Figure 1.6b, Nia Bryant and
David James; unpublished results) also shows an insulin-dependent movement of the
chimera out of the intracellular membrane (LDM) fraction to the plasma membrane (PM)
fraction. The transferrin receptor (TfR), however, remained unaffected in these same cells.
These data indicate that the targeting motifs and the molecular machinery that control the

regulated trafficking of Gaplp and GLUT4 is conserved throughout evolution.
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Figure 1.6.The C-terminal tail of Gaplp directs GLUT4 to the plasma membrane in an
insulin-dependent manner

(unpublished data; Nia Bryant and David James).

A chimeric protein in which the C-terminal tail of GLUT4 was replaced with the
analogous region from the yeast protein, Gaplp (GLUT4/Gaplp) carrying an HA-tag, was
expressed in 3T3-L1 adipocytes using a retroviral expression vector. Cells were either
treated with 10nM insulin (+insulin) or vehicle alone (-insulin), before the following
procedures were performed: (a) indirect immunofluorescence microscopy using an anti-
HA antibody was used to visualise the chimera. (b) differential centrifugation was used to
generate fractions enriched in either plasma membrane (PM) or intracellular GLUT4
membranes (LDM; low density microsomes). These fractions were subjected to SDS-

PAGE and immunoblot analysis.
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1.8. The gencral amino acid permease, Gaplp
The S. cerevisiae genome encodes a family of around twenly related amino acid

permeases, which are delivered by the secretory pathway to the plasma membrane and

function 1o allow amino acids into the cefl for use in protein synthesis and as a source of
nitrogen {Andre, 1995). These permeases can be divided into two distinct classes

according to their regulation and function (Sophianopouloun and Diallinas, 1993).

Constitutive permeases are usually high affinity permeases that transport either specific
amino acids, or a set of chemically related compounds, and are expressed in yeast
regardless of the nitrogen conditions (Horak, 1986). Included within this class of
permeases are the histidine permease, Hiplp (Tanaka and Fink, 1985) and the lysine
permease, Lyplp (Sychrova and Chevallicr, 1993). This class of permeases are thought to

transport amino acids primarily for use in protein synthesis (Andre, 1995). It is the second

class of permeases, regulated permeases, that includes the general amino acid permease,

Gaplp, (which can transport all naturally oceurring amino acids) (Grenson et al., 1970;
Jauniaux and Grenson, 1990) and Putdp (which transports proline) (Lasko and Brandriss,
1981; Vandenbol et al,, 1989). Regulated permeases are induced by growth on poor
nitrogen sources and Gaplp is thought to play a pivotal role in the control of nitrogen

metabolism, since it transports amino acids that atc both substrates for, and inducers of,

amino acid wtilisation pathways (Magasanik and Kaiser, 2002).

S.cerevisiae has the ability to utilise a variety of nitrogen-containing compounds as its sole
source of nitrogen (Magasanik and Kaiser, 2002). Inside the ccll, a range of enzymes

catalysc the metabolism of thesc assorted compounds to gencrate ammonia, which then

feeds into a common set of reactions that vltimately produce glutamate and glutamine
(Magasanik and Kaiser, 2002). The amnino nitrogen of glutamate and the amide group of
glutamine serve as the basis of total cellular nitrogen in yeast and are donors for all of the
amino acid and nucleotide biosynthesis pathways in the cell (Magasanik and Kaiser, 2002).

‘When provided with a mixture of nitrogen sources in the growth medium, S.cerevisiae will

show preference for the utilisation of particular nitrogen sources (Chen and Katser, 2002).
Preferred nitrogen sources such as glutamine are used by the cell first and only once these
are depleted will the cell then use the non-preferred nitrogen sources such as proline (Chen
and Kaiser, 2002). In the laboratory, glutamine, glutamate and asparagine are commonly

provided as preferable sonrces of nitrogen, while proline is mostly used as the non-
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preferable source; other non-preferred sources include arnithine, allantoin and urea

{(Magasanik and Kaiscr, 2002).

Gaplp activity is strictly regulated by nitrogen availability, to some extentata
transcripticnal level, but largely by posttranslational means (Magasanik and Kaiser, 2002).
The GATA-type transcription factors GIn3p and Gatlp/Nillp and the cytoplasmic factor
Ure2p co-ordinately control the transcription of a variety of nitrogen-responsive genes,
which includes the expression of GAP! (Stanbrough et al., 1995). Gln3p and Gatlp/Nillp
positively regulate GAPI expression in cells grown on urea or glutamate as the ritrogen
source, but when cells are grown on glhutamine, Ure2p represses GAPI expression
(Stanbrough and Magasanik, 1995). Howcver, it becanc apparent that posttranslational
modifications of Gaplp were also involved in its regulation (Stanbrough and Magasanik,
1995): a comparison between Gaplp protein levels and permease activity on different
nitrogen sonrces indicated that Gap Lp protein levels were similar in cells grown either on
glutamate or urea, but that Gaplp activity in cells grown on urea was 100-fold higher than
that of cells grown on glutamate (Stanbrough and Magasanik, 1995). Thercfore, although
expression of GAPI was comparable in cells grown on either vrea or glutamatce, indicated
by the similar protein levels, the Gaplp protein must be regulated at anothet point fo

account for the differences in permease activity (Stanbrough and Magasanik, 1995).

Cell fractionation experiments localised Gap1p to the Golgi/endosomal system in cells
grown on rich sources of nitrogen (Roberg et al., 1997) such as in the presence of
glutamate. Despite displaying steady state localisation to the endosomal system, Gaplp is
eventually transported directly to the vacuole where it is degraded, without transiting
through the plasma membrane (Roberg et al., 1997). When cells are then transferred to
urea medium (an unfavourable source of nitrogen) the activity of Gaplp increases, as it
redistributes to the plasma membrane (Roberg et al., 1997). It has heen suggested that
Gaplp is engaged within an intracellular recycling loop between the Golgi and prevacuolar
compartment (PVC) that acts as an internal store of Gaplp, which is ready to be mobilised
to the plasma membrane in response to the quality of the nitrogen source (Magusanik and
Kaiser, 2002). This strengthens the parallels noted between the nitrogen-regulated
pathway of Gaplp and the insulin-regulated tratficking pathway of GLUT4.
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The exposure of cells to ammonia results in an incrcase in ubiquitinated forms of Gaplp

(Springael and Andre, 1998). The products of the NP71 and NPI2 genes are required for
the nitrogen-regulated inactivation and degradation of Gaplp (Grenson, 1983a; Grenson,
1983b). NPII is an essential gene that encodes the E3 ubiquitin ligase, RspSp, which
catalyscs the addition of a ubiquitin moicty to bysine residucs in target proteins (Huibregtse
et al., 1995; Springael and Andre, 1998) and NPI2 encodes the ubiquitin hydrolase
Doadp/Ubpdp/Ssv7p (Springael et al., 1999), further suggesting that the ubiquitin pathway
is involved in the turnover regulation of Gaplp (Hein et al., 1995). In npil mutant cells,
where the levels of the Npil/Rsp5 ubiquitin ligase ure significantly reduced, and in npi2 _
mutant cells, where the amount of free monomeric ubiquitin is around four times lower ::s'l':
than in wild type cells, Gaplp ubiquitination is impaired, and the permease remains stable
at the plasma inembranc (Springacl and Andre, 1998; Springac] ¢t al., 1999). This is
because the monoubiquitination of Gapip, like many cell surface proteins, is required for
the internalisation step of endocytosis (Hicke and Dunn, 2003). However, the role of
ubiquitination in Gap lp traffic is more complicated than this. For instance, overexpression
of Bullp or BulZp proteins, which form a complex with Rsp5Sp (Yashireda et al., 1998;
Yashiroda et al., 1996), cause Gaplp to be sorted to the vacuole for degradation regardless
of the nitrogen source (Helliwell et al., 2001). Bullp and Bul2p, together with RspSp,
specify the polyubiquitination of Gaplp, which is required for its infracellular targeting
from the TGN to the vacuole (Helliwell et al., 2001). Therefore, ubiquitination of Gaplp
is required, not only for the endocytosis and eventual down-regulation of Gaplp that has
pre-accumulated at the cell surface, but also for the direct sorting of neosynthesised Gaplp

from the late secretory pathway to the vacuole (Helliwell et al., 2001).

The carboxy- terminal tail of Gaplp plays an essential role in its nitrogen regulated down-
regulation, as matations within the last eleven amino acids of Gaplp or within a di-leucine
peptide or glutamate residue located in a putative a-helix of the carboxy- terminal tail,
protects the permease against NIL,* induced inactivation (Figure 1.3) (Ilein und Andre,
1997; Springael and Andre, 1998). However, these mutant permeases are still modified by
the addition of ubiquitin moeities (Springacl and Andre, 1998). Gaplp is poly-
ubiquitinated at two lysine acceptor sites, with the ubiguitin moieties being attached

Lys® of the preceding ubiquitin, creating Lys®-linked polyubiquitin chains (Springael et
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al., 1999). Specifically Lys’ and Lys'™ of the amino-terminal cytosolic domain of Gaplp

arc poly-ubiquitinated with chains of at least two ubiquitin moieties (Soetens et al., 2001).

1.9, Ubiquitination

Ubiquitination is the post-translational conjugation of the small protein, ubiquitin, to
specific lysine residues on a target protein (Hicke and Dunn, 2003). Ubiquitin is a 76
amina acid polypeptide whose C-terminal glycine carboxyl group forms an isopeptide
bond with either the e-amino group of specific lysine residues or, less commonly, with the
amino group at the amino-terminus of a substrate protein (Hicke and Dunn, 2003). The
conjugation of ubiquitin to a target protein can regulate a wide assortment of cetlular
processes including protein degradation and quality control, endocytosis and vesicular
wallicking, cell-cycle control, stress response, DNA cepair, signalling, transcription and

gene silencing (Hicke and Dunn, 2003).

The covalent attachment of ubiquitin to target lysine residues in a substrate protein occurs
following the sequential action of three different enzymes {outlined in Figure 1.7)
(Weissman, 2001). A ubiquitin-activating enzyme (EI) adenylates the carboxyl terminus
of ubiquitin before forming a high-energy thiolester bond between ubiquitin and a
cysteinyl side-chain, in an ATP-dependent reaction (Hershko and Ciechanover, 1998;
Schwartz and Hochstrasser, 2003; Weissman, 2001). The activated ubiquitin is then
transferred onto a cysteinyl group on one of the twenty known ubiguitin-conjugating
enzymes (E2) by transthiolation, which, usuvally in cooperation with a ubiquitin ligase (I'3),
then transfers the ubiquitin moiety onto the lysine side chain of a target protein (Hershko
and Ciechanover, 1998; Hicke and Dunn, 2003; Schwartz and Mochstrasser, 2003;
Weissman, 2001). The substrate specificity and timing of the ubiquitination reaction is
determined largely by the E3 ubiquitin ligase, which is therefore often regarded as the key
regulatory determinant of the process (Hicke and Dunn, 2003). E3 ligases can either
themselves form a thioester bond with ubiquitin before transferring it onto a substrate
protein or can [unction as a bridge between an activated E2 enzyme and the substrate
protein; with the ubiquitin molecule transferring directly from the E2 cnzyme to the
substrate (Schwartz and Hochstrasser, 2003). This depends on whether the E3 enzyme
contains a HECT (homologous to the E6-AP carboxyl terminus) domain or RING (really

interesting new gene) related domain, respectively (Hicke et al., 2005; Schwartz and
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Hochstrasser, 2003). De-ubiquitinating enzymes (DUBs) can trim or remove ubiquitin
signals and are necessary to process ubiquitin precursors in order to generate a Gly-Gly
sequence at their carboxy- terminal, which is the site of attachment to target molecules

(Schwartz and Hochstrasser, 2003).
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Figure 1.7.The ubiquitination pathway
(Weissman, 2001 ).

Different types of ubiquitin modification are associated with distinct cellular functions
(Hicke and Dunn, 2003). Protein modification by a single ubiquitin molecule on one or
more of its lysine residues is referred to as monoubiquitination or multi-
monoubiquitination, respectively (Hicke and Dunn, 2003). However, at least three lysines
within ubiquitin itself, Lys®, Lys*, and Lys®, can themselves be ubiquitinated, thus
forming chains of ubiquitination (Arnason and Ellison, 1994). This is referred to as
polyubiquitination (Arnason and Ellison, 1994). A polyubiquitin chain of at least four
ubiquitin moieties linked through Lys* of ubiquitin has been shown to regulate a large
number of nuclear, cytosolic and ER membrane proteins by targeting them for degradation
by the 268 proteasome (Chau et al., 1989; Thrower et al., 2000), a large barrel-shaped
multicatalytic protease complex (Hershko and Ciechanover, 1998). Polyubiquitin chains
linked through Lys* facilitate the binding of substrate proteins to this complex (Thrower et
al., 2000). This role for ubiquitin dominated early discussion as to ubiquitin function;
however, it has become increasingly apparent that ubiquitin also has a distinct role in
regulating the transport of proteins between intracellular membrane compartments (Horak,
2003). Short di- or tri- chains of Lys® linked polyubiquitin have been associated with

regulating the endocytosis of some plasma membrane proteins and their subsequent
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delivery to the mammalian lysosome or yeast vacuole where they undergo eventual
proteolysis (Fisk and Yaffe, 1999; Galan and Haguenauer-Tsapis, 1997; Hoege et al.,
2002). Monoubiquitination has been identified as a sorting signal throughout the endocytic
pathway (Ilicke, 2001; Hoege et al., 2002; Salghetti et al., 2001) and, in fact, fusion of a
single ubiquitin moiety in-frame to many plasma membrane proteins is a sufficient signal

for their internatisation (Dupre et al., 2004; Hicke and Dunn, 2003).

1.9a. The role of ubiguitin in protein transport

There are at least two distinct mechanisms by which ubiquitin can regulate protein
transport; ubiquitin can either modify the aciivity of the protein fransport machinery, or can
serve as a sorting signal to direct the movement of transmembrane proteins between
different intraceliular compartments (Hicke and Dunn, 2003). For example, monoubiquitin
acts as a signal to sort transmembrane proteins, from both endocytic and biosynthetic
pathways, into vesicles that bud into the lumen of a late endosomal compartment known as
the multivesicular body (MVB) (Katzmann et al., 2002). The MVB fuses with the
mammalian lysosome or the yeast vacuole, which results in the cventual proteolysis of the

MVB contents (Katzmann et al., 2002).

1.9b. Ubiquitin Binding Domains

The method by which a ubiquitin signal can regulate various celiular cvents has been
attributed to the recently discovered collection of modular protein domains that non-
covalently bind to ubiquitin, known as ubiquitin-binding dumains (UBDs) (Hicke et al.,
2005; Hurley et al., 2006). These motifs allow ubiquitin to function as a signalling
connection in the regulation of varions cellular proteins and processes in a manner similar
to that controlled by phsophorylation/dephosphorylation of proteins (Hicke et al., 20035;
Hurley et al,, 2006). For example, multiple ubiquitin-binding proteins containing a wide
variety of UBDs function to dcliver ubiquitinated proteins into the budding luminal
vesicies of MVBs (Katzmann et al., 2002) by recognising two hydrophobic patches on the
surface of the ubiquitin molecule (Di Fiore et al., 2003). TJBDs are generally small (20-
150 amino acid residues), independently folded motifs that recognise various surlfaces on
ubiquitin, which allows them to interact directly with monoubiquitin and/or polyubiquitin
chains (Hicke ct al., 2005). At least sixteen structurally diverse UBDs have been identifted

thus far, which are found in a wide variety of proteins with differing structural features and
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biological functions (reviewed in (Hicke et al., 2005; Hurley et al., 2006)). The largest
class of ubiquitin-binding domains are a-helical domains and inclnde, the ubiguitin-
associated domain (UBA), the ubiquitin-interacting motif (LI:TM), the double-sided CIM
(DUIM), the motif interacting with ubiquitin (MIU), the GAT domain (GGA (Golgi-
localised, gumma-ear-containing, ADP-ribosylation-factor-binding protein) and TOM
{target of Myb)) and the CUE (similar to Cuel) domain (Hurley ¢t al., 2006), All of the
above arc known to interact with a hydrophobic patch on ubiquitin that includes the residue
1le™ (Hurley et al., 2006). Zinc-finger domains (Znk's) make up the second largest class of
UBDs and offer more diversity with respect to recognition and binding affinity when
compated to helical domains, largely due to the fact they recognise three different regions
on the surface of ubiquitin (Hurley et al., 2006). Other UBDs include, amongst others (as
reviewed in (Hurley et al., 2006)), the Ubc {ubiquitin-conjugating enzyme) E2 variant
(UEV) domain which contains an o/ fold that contacts both the Ne™ hydrophobic patch
and a hydrophilic site centred around Gln® of ubiguitin and the ubiyuitin-binding motif
(UBM), which is centred around Leu® of ubiquitin (Hurley et al., 2006).

1.9¢. Ubiguitination as a signal in regulated traffic

During the conversion of immature mouse dendritic cells to mature mouse dendritic cells,
the major histocompatibility complex class II molecules (MHC II) are redistributed from
late endosomal and lysosomal compartments to the plasma membrane (Shin et al., 2006).
The MHC II $-chain cytoplasmic tail is ubiquitinated in immature dendritic cells, resulting
in its endocytosis (Shin et al., 2006). This ubiquitination ccases upon cell maturation,
allowing for the accumulation of MHC II at the plasma membrane (Shin et al., 2006). A
ubiguitination-deficient mutant of MHC 11, where the single lysine residue in the -chain is
replaced by an arginine residue, is retained at the plasma membrane in immature dendritic
cells (Shin et al., 2006). This effect is reversed upon the addition of a single ubiquitin
moiety to the cytoplasmic tail of this mutant, creating a constitutively ubiquitinated MHC

IT molecule that is retained intracellularly (Shin et al., 2006).

The short-chain ubiquitination of renal aquaporin-2 (AQP2) water channels provides a
recently described example of ubiguitination regulating the cndocytosis and subsequent
targeting of a membrane protein into MVBs (Kamsteeg et al., 2006). Transmembrane

water transport, and consequently water homeostasis, is controlled by the insertion and
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retrieval of water channels, such as AQP2, to and from the cell surface (Kamsteeg et al.,
2006). Arginine-vasopressin (AVP) induces the phosphorylation of AQP2 at Ser™,
cansing its redistribution from intraceltular vesicles to the apical membrane of kidney cells
(Kamsteeg et al., 2006), thus allowing an increase in Lthe waler permeability of the kidney-
collecting duct. Upon AVP removal or PKC activation, AQP2 is ubiquitinated at the
apical membrane, with one Lys®-linked chain at Lys™ (Kamsteeg et al., 2006).
Iniernalisation kinetic studics between wild type and a ubignitination~-deficient (K270R)
AQP2 mutant revealed that ubiquitination enhanced AQP2 endocytosis (Kamsteeg et al.,
2006). Electron microscopy localised the ubiquitin-deficient mutant to the apical
membrane, ecarly endosomes, and the limiting membrane of MVBs, in contrast to a
constitutively ubiquitinated form of AQP2 (AQP2-Ub) that localised primarily fo the
internal vesicles of MVBs (Kamsteeg et al., 2006). Furthermore, lysosomal degradation
was found to be extensive for AQP2-Ub, low for AQP2-K270R, and intermediate for
AQP2-wt, indicating that the short-chain ubiquitination of AQP2 has a role in its
endocytosis, MVB sorting, and consequently, its lysosomal degradation (Kamsteeg et al.,
2006).

1.10. A role for ubiquitination in the insulin-regulated trafficking of GLUT4?

Although GLUT4 has not previously been shown to be ubiquitinated, the small ubiquitin-
like modifier protein, SUMO (also called sentrin), has been shown to modify GLUT4
(Lalioti et al., 2002). Additionally, the SUMO-conjugating enzyme, mUbc?® was identified
in a yeast two-hybrid screen to identify proteins that interact with the C-terminal tail of
GLUT4 in insulin-sensitive cells (Giorgino et al., 2000). SUMO is related to ubigquitin and
may also regnlate protein transport, either by acting as a signal, or by competing with
ubiquitin (or tysine modification sites (Hay, 2005). Little is known about the interaction of
mUbcY with GLUT4, although several observations indicate that it has an important role in
regulating the transporter: for example, expression of a dominant-negative version of
mUbc9 causes the degradation of GLUT4 and a decrease in the insulin-stimulaled glucose
transport in I.6-myoblasts (Giorgino et al., 2000). A rolc for ubiquitin in GLUT4
trafficking has also been implicated by the identification of a protein harbouring two
ubiquitin-like (Ub)) domains as being involved in the intracellular retention of GI.UT4 in
adipocytes in the absence of insulin (Bogan et al., 2003). This protein, TUG, is found in a

complex with GLUT4 in basal adipocyies, but this association is lost following insulin-
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stimulation (Bogan et al., 2003). Furthermore, TUG disruption results in enhanced
translocation of GLUT4, along with increased glucose uptake (Yu et al., 2007). These data
support a model in which GLUT4-containing vesicles are tethered and thus retained
intracellularly through interaction with TUG (Bogan et al., 2003). Insulin would then
stimulate the release of tethered GLUT4, allowing its delivery to the plasma membrane
(Bogan et al., 2003).

As discussed above in Section 1.8, the nitrogen-regulated trafficking of Gaplp in yeast is
controlled by ubiquitination of the transporter, which occurs when cells are grown under
nutrient-rich conditions (Helliwell et al., 2001). This ubiquitination facilitates the binding
of Gaplp to the GAT domain of the GGA (Golgi-localised, y-ear-containing, ARF-
binding) adaptor proteins (Scott et al., 2004). The GGA proteins are a family of
ubiquitously expressed, monomeric clathrin adaptors that facilitate protein sorting in the
TGN/endosomal system (Bonifacino, 2004; Pelham, 2004). They have a conserved
modular arrangement consisting of four distinct domains: the Vps27, Hrs, Stam (VHS)
domain interacts with acidic di-leucine sorting signals found in the mannose-6-phosphate
receptors; the GGA and TOM (GAT) domain binds Arf:GTP and ubiquitin; the hinge
region recruits clathrin; and finally, the y-adaptin ear (GAE) domain (which has sequence
similarity to the ear region of y-adaptin) binds a number of accessory factors (Figure 1.8)
(Bonifacino, 2004; Pelham, 2004). GGA proteins are recruited to the TGN by the Arfl
GTPase and therefore have the ability to select cargo destined for endosomes by recruiting

ubiquitinated proteins and incorporating into clathrin-coated vesicles (Pelham, 2004).

Acidic di-leucine
sorting signals

Clathrin

GAT

ARF:GFP \

Ubiquitin Accessory
factors

inge

Figure 1.8. Domains and interactions of a typical GGA protein
(Pelham, 2004).
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Gga proteins are essential for the nitrogen-regulated trafficking of Gaplp in yeast (Scott et
al.. 2004). The intcraction between ubiquitin moieties on Gaplp and the GAT domain of
the Gga proteins i an absoluic requirement, as yeast cells carrying the gga2 AGAT allele as
the sole GGA gene are unable to sort Gaplyp in this regulated manner (Scott et al., 2004).

GGA proteins have also been implicated in regulating the entry of GLUT4 into its insulin-
responsive location in 3T3-L1 adipocytes (Li and Kandror, 2005; Watson et al., 2004b).
Initial studies expressing a ‘dominant-ncgative’ GGA mutant (containing only the VHS
and GAT domains) blocked the cntry of newly synthesized GLUT4 into its insulin-
sensitive pool in 3T3-L1 adipocytes (Watson et al., 2004b) and selectively inhibited the in
vitro budding of GLUT4-containing vesicles (while having no eflect on the generation of
vesicles containing GLUT | and/or the transferrin receptor) (Watson ct al., 2004b).
Furthermore, in adipocytes, the GGA?2 isoform shows significant colocalisation with
GLUTH4 in the perinuclear region of the cell (Li and Kuandror, 2005).

The involvement of GGA proteins in the regulated sorting of both Gaplp (in yeast) and
GLUT4 (in adipocytes) underscores the parallels between these two systems and makes it
tempting to speculate that ubiquitination may be involved in the biogenesis of the insulin-

sensitive pool of GL.UT4, perhaps utilising thc GGA proteins to do so.

1.11. Aims of project

As with many studies looking at the insulin-regulated trafficking of GLUT4, investigations
in{o the role of ubiquitin in the process of GLUT4 trafficking have been hampered by the
difficulties involved with using tcrminally differentiated fat and muscle cells. This study
sct out to overcome such issues by taking advantage of the casily manipulated, genetically
tractable model eukaryote Saccharomyces cerevisiae in order to investigate the role of

ubiquitination in the insulin-regulated trafficking of GLUT4.
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Chapter 2: Materials and Methods

2.1. Materials

2.1.1. General reagents and enzymes

All chemicals reagents were obtained from Sigma-Aldrich (Poole, UK), VWR (Poole, UK)
or Fisher Scientific (Leicester, UK). Acrylamide was ohtained from Severn Biotcech Litd
(Kidderminster, UK). Media components were from Meltford Laboratories Ltd (Suffolk,
UK), FORMEDIUM (Norwich, UK} or Difco Laboratories Inc (Appleton Woods
Laboratory Equipment and Consumables, Birmingham, UK). Solutions for enhanced
chemiluminescence (ECL) and secondary antibodies for immunoblotting were from
Amersham Biosciences (Buckinghamshire, UK). DNA restriction enzymes, T4 DNA
ligase, Tag® polymerase and Pfi ® polymerase were obtained from Promega
(Southampton, UK). Platinum Pfx® polymerase was obtained fromn Invitrogen (Paisley,
UK). Broad range protein markers from Biorid (IHertfordshire, UK) were used for protein

electrophoresis. Yeast lytic enzyme was from MP Biomedicals (Aurora, USA)

2.1.2. Bacterial and yeast strains
The strains of E.cofi and S.cerevisiae used in this study are listed in Table 2.1. Plasmids
were routinely propagated in the E.coli host strain XL-1 Blue (Stratagene); recombinant

proteins were produced in the £.colf host strain BL-21 (DE3) (Invitrogen).

2.1.3. Media

Yeast cultures were grown in either rich medium (YPD; containing 1% {(w/v) ycast extract,
2% (w/v) peptone and 2% (w/v) glucose) or standard minimal (selective) medium (SD;
containing 0.67% (w/v) yeast nitrogen base without amino acids, 2% (w/v) glucose and
supplemented with synthetic complete amino acid dropout supplements as required)
(ForMedium; Norwich, UK) (Sherman, 1986). Where stated, maltose was added as the
sole carbon sovrce in place of glucose to make YPM and SM. When solid mediom was

required micro agar was added to 2% (w/v).

Bacterial cultures were grown in standard 2YT medium (containing 1.6% (w/v) tryptone,
1% (w/v) yeast extract and 0.5% (w/v) NaCl) supplemented with 100ug/ml ampicillin. For

solid plates, micro agar was added to 2% (w/v). For the production of recombinant
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proteins, hacterial straing were grown in nutrient enriched Terrific Broth medium (Melford
Laboratories Ltd; 1.2% (w/v) tryptone, 2.4% (w/v) yeust extract, 0.4% (v/v) glycerol,
0.017M KH,PO,, 0.072M K,HPO,), supplemented with 100z:g/ml ampiciltin.

2.14. Antibodies

Rabbit polyclonal antiserum that specifically recognises the carboxyl-terminal fourteen
amino acids of hGLUT4 (Brant et al., 1992) were made in-house and used at a 1: 1000
dilution for immunoblolting or a 1:100 dilution for imnunofiuorescence. Rat monoclonal
antibodies (clone 3F10; 100ug/mi) that specilically recognise the epitope YPYDVPDY A
{derived from the human influenza hemagglutinin (HA} protein) were purchased from
Roche (Mannheim) and used at a 1:2000 dilution for immunoblotling or a 1:100 dilution
for immunotluorescence. Rabbil polyclonal anti-Viilp antibodies have beea previously
described (Coc ct al., 1999); antiscrum was uscd at a 1:30000 dilution for immunoblotting.
Mouse monoclonal antihodtes (3-Sug/ul) that specifically recognise ubiquitin were
purchased from Covance (Cambridge Bioscience Ltd, UK) and used at a 1:1000 dilution
for immunoblotting. Living Colors® A.v. mouse monoclonal antibody (JL-8) that
recoguises Aeguorea victoria green [luorcseent protein (GFP; 100ug/ml) was used ata
concentration of 1:3000 for immunoblotting and purchased from Clontech Laboratories, 3
Inc (California, USA). Rabbit polyclonal antibody (Iug/pl) specifically recognising the
carboxyl-terminal fourteen amino acid peptide YASINFQKQPLEDRQ of rat liver IRS-1
was from Upstate (New York, USA) and used al a concentration of 1:1000 for
immunoblotting. Rabbit polyclonal antiserum, raised against the cytoplasmic domain of
rat Syntaxin 4 was used at a concentration of 1:1000 for immunoblotting and obtained
from Synaptic Systenis (Goettingen, Germany). Antibodies against EEA1, Syntaxinl6 and
a mousc monoclonal antibody that recognises the C-terminus of hGLUT4 (1I'8) (James et
al., 1988) were kindly provided by Professor David James (Garvan Institute of Medical
Research, Australia).

2.2 Methods

2.2.1. DNA marnipulations

Plasmid DNA was routinely isolated from bacterial cultures using the Promega Wizard®
Plus SV Miniprep kit. Oligonuclcotides used in polymerase chain reaction (PCR)

amplification or sitc-dirccted mutagenesis (SDM) of DNA sequences (listed in Table 2.2)
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were manufactured by cither Yorkshire Bioscience Ltd (York, UK) or Vhbio Ltd
(Gateshead, UK) and diluted in nuclease free water to a final concentration of 50pmol/ul.
The high fidelity polymerase Platinum Pfc® (Invitrogen) was used for PCR amplification
of DNA sequences.

The tollowing indicates a typical recipe tor the PCR:

10mM dNTPs Spl
S50mM MgSQO, Sul
10X Pfx buffer Sl
Enhancer Snl
ddH,0 26l

Forward primer (50pmol/ul stock) 1ut
Reverse primer (50pmol/pl stock) 1ul
Purified plasmid DNA Tl
Pfx DNA polymcrase lul

Geacerally, the PCR was completed with the following conditions:

95°C Imin

94°C 1min30secs

55°C Imin 30 cycles
68°C (Imin/kb)

68°C 10min

4°C hoid

DNA manipulation techniques were performed using standard procedurcs (Sambrook,
2001). DNA fragments were resolved electrophoretically through 0.8% (w/v) agarose in
tris-acetate (TAE) buffer (0.04M Tris-acetate, 0.00IM EDTA). SDM of DNA sequences
was carried out with Pfu® polymerase according to the QuikChange® method
(Stratagene). The exchange of one amino acid residue for another was performed with the
use of synthetic oligonucleotides, designed with the desired mutation at the centre of the
cligonucleotide. 1pd (16 units) Dpnl was added to the reaction mixture following
completion of the SDM reaction, and further incubated for Lhr at 37°C in order to digest

the parental IDNA. Mutations were confirmed by DNA sequencing.
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The following indicates a typical recipe for the SIDM reaction:

10X Pfu buffer Sul
10mM dNTPs Tl
Pfu polymerase 1l
ddH,0 to final volume of 50wl
Purified plasmid DNA 50ng
Primer [ 125ng
Primer 2 125ng

Typically, the following conditions were used to complete the SDM reaction:
95°C Imin

85°C 50secs

60°C 50sces 18 cycles
68°C {2min/kb)

68°C 7min

4°C hold

2.2.2 Plasmid construction

All plasmids constructed and used in this study are listed in Table 2.3. pRM1 was
constructed by subcloning a BamHI-Psil fragment, containing sequence encoding HA-
tagged ubiquitin downstream of the CUPI promoter, from Yepl12 (Hochstrasser et al.,
1991} into pRS3135 (Sikorski and Hicter, 1989),

pWTG4 (pRM2) was constructed by amplifying the human GLUT4 ORF from a cDNA
(provided hy Professor Gwyn Gould) by PCR using oligos 1 and 2 (Table 2.2) to generate
the GLUT4 ORF flanked by sequences homologous to the 3’ end of the CUP! promoter
and the proximal end of the PHOS 3’UTR. This plasmid was then used (o repair a gapped
pNB701 (constructed by Nia Bryant and based on pRS316 (Sikorski and Hieter, 1989)),
which contains the ORF encoding the protein RS-ALP (retention sequence-ALP) (Bryant
et al., 1998b) under controt of the CUPT promoter, followed by the 3’ /TR of PHOS.
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PG47KR (pRM3) was constructed from pWTG4 (pRM2) by using SDM to sequentially
mutate the codons for the 7 lysine residues (at positions 109, 242, 245, 261, 264, 266 and
495) to codons for arginine residues. The pairs of oligonucleotides used (61 and 62, 73 and
74, 85 and 8G, 77 and 78, 117 and 118, 119 and 120, 121 and 122), and the ‘intermediate’
plasmids created (pPRMS5, pRM1 1, pRM 12, pPRM13, pRM14, pRM15 and pRM3) in the
process of making the final plasmid pG47KR (pRM3) are listed in Tables 2.2 and 2.3,

respectively.

Plasmids pRMS5, pRMG, pRM7, pRMS, pRMY, pRM 10 and pRM16 were conslructed from
pWTG4 (pRM?2) by vsing SDM to individually mutate the codosns for the 7 lysine residues
(at positions 495, 242, 245, 261, 264, 266 and 109, respectively) to codons for arginine
residues. The pairs of oligonucleotides nsed in each SDM reaction (61 and 62, 85 and 86,
87 and B8, 89 and 90, 91 and 92, 93 and 94, 73 and 74) are listed in Table 2.2.

Plasmids pRMI17, pRMIE, pRM19, pRMZ0, pRM21, pRM22 and pRM23 were
constructed from pG47KR (pRM3) by using SDM to individually mutate the codons for
the 7 arginine residues (at positions 242, 261, 109, 245, 264, 266 and 493, respectively) to
codons for lysine residues. The pairs of oligonucleotides used in each SDM reaction (233
and 234, 237 and 238, 231 and 232, 235 and 236, 239 and 240, 241 and 242, 243 and 244)
are listed in Table 2.2,

pRM34 was constructed using oligos 365 and 366 (Table 2.2) to generatc a PCR product
from pGO36 (Odorizzi et al., 2003) encoding GFP(S65T) flanked by sequences
homologous to the 3” end of the GLUT4 ORF and the proximal cnd of the PHOS 3’UTR.
Homologous recombination was used to insert the GFP(S65T) ORF immediately after the
fast codon of GLUT4 by repairing a version of pRM?2 in which the GLUT4 STOP cadaon
was replaced by an Sphl site (by SDM using oligos 343 and 344; Table 2.2) and

subsequently linearised using this sitc.

pG47KRHAUD (pRM24) was constructed using oligos 183 and 186 (Fable 2.2) to generate
a PCR product from pRM 1 encoding HA-tagged ubiquitin flanked by sequences
homologous to the 3’ ends of the GLUT4-7K/R ORF and the proximal end of the PHOS8

3"UTR. Homologous recombination was used in insert the HA-tagged ubiquitin ORF
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immediately after the last codon of GLUT4-7K/R by repairing a version of pRM3 in which
the GLUT4-7K/R STOP codon was replaced by an Sp#l site (by SDM using oligos 183
and 184; Table 2.2) and subsequently linearised using this site.

pRM4 was constructed using the pairs of oligos 260, 263 and 261, 264 (Table 2.2) to
generate two PCR products encoding amino acid residucs 1 to 75 of wild tvpe HA-GLUT4
{with the exofacial HA-tag between residues 67 and 68) and amino acid residues 69 to 509
of the hGLUT4-7K/R mutant, respectively, using pMEXHAGLUT4 (Benito et al., 1991;
Shewan et al., 2000) and pRM3 as templates,. These two PCR products were ‘spliced’
together in a PCR using oligos 260 and 261 (Table 2.2) and subcloned as an EcoRI-Sall
fragment into the pBABE-puro retroviral expression vector (Morgenstern and Land, 1990).

pRM25 was constructed using oligos 260 and 262 (Table 2.2) to generate a PCR product
from pRM24 encoding GLUTA4-7K/R-HA-Ub with EcoRT and Sall restriction sites at the
5 and 37 ends, respectively. This PCR product was then subcloned into pBABE-puro

retroviral expression vector (Morgenstern and Land, 1990).

pRM30 and pRM31 were constructed using oligos 149 and 153 (Table 2.2) to generate a
PCR product from p1839 (Piper et al., 1997) encoding LEU2 and regions of ~600bp
upstream and downstream of the LEU2 gene. This PCR product was used to replace the

URA3 gene of pRM2 and pRM3 with the LE{/2 gene, by homologous recombination.

pCAL1 was constructed by using SDM to mutate the codons for Met’> and Phe®” of
Dsk?p in the context of the plasmid encoding the GST-UBA fusion protein (Funakoshi et
al., 2002) to codons for arginine and alanine respectively, using oligos 352 and 353 (Table

2.2) (this was performed by Chris Lamb, 1 placement student in the lab).

2.2.3. DNA sequencing

All plasmids constructed for use in this study were verified by DNA sequencing, which
was performed by The Sequencing Service (School of Life Sciences, University of
Dundee, Scotland) using Applied Biosystems Big-Dye Ver 3.1 chemistry on an Applied
Biosystems model 3730 automated capillary DNA sequencer.
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2.24. Transformation of E, coli and S. cerevisiae
Bacterial transformations were carried out as described (Hanahan, 1983). Yeuast celis were
made competent and transformed according to lithium acetate method, as described (Ito et

al., 1983).

2.2.5. APNE assay

Yeast cells were palched onto solid rich media (YPD) and overlaid with ~8mal reaction
media (RxM; (0.2M Tris-HCI pH7.4, 0.2mg/ml N-acetyl-phenylalanine~p-naphthyl-ester
(APNE) in dimethylformamide (DMF), 0.8mg/ml Fast Garnet GBC salt and 0.7% (w/v)
micro ugar). Overlaid RxM was allowed to solidify and colour development ol patched

yeast was observed over time. PEP4 strains twrn red, pep4-3 strains remain white.

2.2.6. Isolation of yeast chromosomal DNA

Yeast cells were grown to stationary phase in 10ml of rich mediwn, harvested and washed
in 1ml 1.0M sorbitol, 0.1M EDTA (pH7.5). Cells were resuspended in 0.4ml 1.0M
sorbitol, 0.1M EDTA (pH7.5) and transferred to a 1.5ml microcenirituge tube. 15ul of
15mg/ml yeast lytic enzyme (in SOmM Lris-HCI pH7.7, ImM EDTA, 50% (v/v) glycerol)
was added to the cells prior to a 30min incubation at 37°C. The resuiting spheroplasts
were harvested in a micracentrifuge at 1840 g for 2mins and resuspended in 500u! TE
(10mM Tris-HC1 pH8.0, TmM EDTA pHR.0). To lyse spheroplasts, 90u] of lysis solution
(0.25M EDTA pHS8.0, 0.4M Tris-HCI pHS8.0, 2% SDS (w/v)) was added, prior o a brief (2
sec) period of vortexing and a 30 min incubation at 65°C. After spheroplast lysis, 80pul of
SM KOAc was added 1o the lysates, and the samples left on ice for a minimum of Zhours.
Prccipitated matter, including insoluble potassium dodecyl sulphatc and denatured
proteins, was pelleted in a 15 min spin at top speed at 4°C in a microcentrifuge.
Supernatants were transferred to fresh 1.5ml microcentrifuge tubes and DNA was
precipitated by the addition of an equivalent volume of ice-cold 100% ethanol.
Precipitated DNA was harvested in a 15 min spin at top speed at 4°C in a microcentrifuge.
The DNA pellets were washed with 70% ethanol (v/v), recovered in another 15 min spin at
top speed ut 4°C n a microcentrifuge, air-dried at 25°C, and resuspended in 100u] TE
(10mM Tris-HCI pH8.0, 1mM EDTA pH8.0). 1l was routinely used as a template for
PCR in a 30ul reaction.
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2.2.7. Plasmid rescue from yeast

Yeast cells were grown to stationary phase in 10m! sclective media and 5 ODyy,
cquivalents of cells were harvested in a microcentifuge at 3610 g for 2mins. Cells were
resuspended in 0.5ml buffer S (100mM K, HPO, pH7.2, 10mM EDTA, S0mM f3-
Mercaptoethanol, SOpug/ml yeast lytic enzyme (in S0mM Tris-HCI pH7.7, ImM EDTA,
50% (v/v) glycerol)) and incubated at 37°C {or 30mins. The resulting spheroplasts wesre
harvested using centrifugation in a microfuge and lysed by resuspension and trituration in
100l Yysis buffer (25mM Tris-HCI pH7.5, 25mM EDTA and 2.5% (w/v) SDS) and
incubation at 65°C for 30mins. 166ul 3M KOAc was added betore incubation on ice for
I0mins. Lysates were subject to cenfrifugation at top speed in a microcentrifuge for
10mins at 4°C. Superpatants were iransferred to fresh microcentifuge tubes, and 0.8ml
100% cold ethanol was added. Samples were left on ice for 10mins before being subject to
centrifugation al top speed in a microcentrifuge. Precipitated DNA was washed with 70%
ethanol (v/v), air dried, and resuspended in 40pl di1,0. 20pl was commonly used to

transform X1.-1 Blue cells.

2.2.8. Tissue culture technigues

2.2.8a. Cell culture of 3T3-LI murine fibroblasts and adipocytes

3T3-1.1 fibroblasis were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) newbom calf serum (NCS) and 1% (v/v) penicillin and
streptomycin. Fibroblasts were maintained as sub-confluent cultures at 37°C in a 10% CO,
humidified incubator. Differentiation into adipocytes was initiated 1 to 3 days post-
confluency by the addition of DMEM containing 10% (v/v) foetal calf serum (FCS), 1%
(v/v) peaicillin and streptomycin, 0.25pM dexamethasone, 0.5mM 3-isobutyi-1-
methylxanthine and [pg/ml insulin. After 3 days, the differentiation medium was replaced
with fresh DMEM supplemented with 10% (v/v) FCS, (% (v/v) penicillin and
streptomycin and 1pg/ml insulin. Adipocytes were re-fed with DMEM supplemented with
10% (v/v) FCS and 1% (v/v) penicillin and streptomycin every 3 days and utilised for

experiments at least 8-12 days following the initiation of differentiation.

2.2.8b. Cell culture of Plat-E cells
Plat-E cells were cultured in DMEM supplemented with 10% (v/v) foetal calf serum
(FCS), 1% (v/v) penicillin und streptomycin, 1pg/ml puromycin (Sigma) and 10pg/ml

~ii
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biasticidin (Invitrogen). Plat-E cells were maintained as sub-confluent cultures at 37°C in

8 5% CO, bunidified incubator.

2.2.8¢. Preparation of virus using Plat-E cells

cDNA constructs subcloned into the pBABE-puro retroviral expression vector were
transfected into Plat-E cells (plated at a density of 5x10° cells/10cm plate 24hr prior in
DMEM with 10% (v/v) ['CS) using Lipofectamine™ 2000 reagent (Invitrogen) according
to the manufacturer’s protocol. Transfection medinm was replaced after 3hr with 8ml
DMEM with 10% (v/v) FCS. After a further 24hr at 37°C this media was replaced with
6m] DMEM with 10% (v/v) FCS to increase retroviral titre and following another 24hr at
37°C, cells were transferred to 32°C for 24hr before harvesting the media, which was

filtered through a 0.45pn syringe filter (Millipore) and stored at ~80°C until required.

2.2.8d. Infection of fibroblasis with retrovirus

To generate 3T3-L1 adipocytes stably expressing each constiuct, 3T3-L1 fibroblasts
(plated into 10cm dishes to achicve 40% coniluence) were infected with the relevant
retrovirus for 12hr in the presence of 10pg/ml Polybrene® (Sigma). Infected cells were
selected in DMEM containing 10% (v/v) FCS, 1% (v/v) penicillin and streptomycin
supplemented with 2pg/ml puromycin (Sigma). These infected fibroblasts were then
grown to confluence and differentiated into adipocytes cxactly as outlined in Section 2.2.8a

except always with 2ug/ml puromycin added to the medium.

229 Electrophoretic separation of proteiny

Electrophoretic separation of proteins was performed using discontinuous SDS
polyacrylamide gels (SDS-PAGE) following the basic procedures outlined by (Laemmli,
1970). Proteins were separated using gels composed of a stacking region (5% acrylamide
in stacking buffer; 0.25M Tris-HCI (pH6.8), 0.2% (w/v) SDS) and a separating region
(routinely 10% acrylamide in separating buffer; 0.75M Tris-HC1 (pHS8.8), 0.2% (w/v)
SDS). A 30% acrlyamide-bisacrylamide mixture (37.5:1 ratio; Severn Biotech Ltd,
Worcestershire) was used. Gels were run in tris-glycine electrophoresis buffer (25mM

Tris-HC, 250mM glycine, 0.1% (wfv) SDS).
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Resolved proteins were visualised by agitating gels in Coomassic Brilliant Blue solution
(0.25g Coomassie Brilliant Blue R250 in methanol: H,O: glacial acetic acid (4.5:4.5:1
v/e/v)) for 1 hour, followed by agitation in destain solution (3% (v/v) methanol, 10% (v/v)

glacial acetic acid) until bands were clearly visible (generally overnight).

2.2.10. Transfer of proteins onto nitrocellulose

A Bio-Rad Trans-Blot® SD cell was to transfer proteins trom polyacrylamide gels onto
nitroccllulosc membrancs (Protran, 0.45p pore size). Gels and membranes were
sandwiched between 6 pieces of Whatman 3MM paper, presoaked in semi-dry transfer
buffer (50mM ‘Iris-HCL, 40mM glycine, 0.037% (w/v) SDS, 10% methanol) prior to the
application of constant 180mA current, which was routinely applied for anywhere between

35 min (for one gel) up to 60 min (for four gels).

2.2.11. Immunoblot analysiy

Following protein transfer, unfilicd sites on the nitrocellulosc membrane were blocked
with 5% (w/v) non-fat dried milk in PBST (0.1% (v/v) Tween-20 in phosphate buffered
saline {PBS; 140mM NaCl, 3mM KClI, 1.5mM KH,PO,, 8mM Na,HPO,)) by gentle
agitation for at least 30 min at room temperature. The membranes were then exposed to
primary antibody for either 2 hours at room temperature, or overnight at 4°C, with gentle
agitation. Antibody preparations were diluted as described in Section 2.1.4 in 1% (w/v)
non-fat dried milk in PBST. Following exposure to primary antibody, the membrane was
washed with PBST, 6 times for 5 min each, before exposure to secondary antibody for 1
hour at room temperature [routinely, a-rabbit (at a 1:5000 dilution), c-rat (at a 1:2000
dilution), or a-mouse {at a 1:2000 dilution) IgG-HRP conjugate; Amersham Biosciences,
Bucks, UK] in 5% (w/v) non-fat dried milk in PBST. Following another 6 washes of 5

min each in PBST, protein bands were visualised using ECL.

2.2.12. Preparation of veast cell extracts for immunoblot analysis

To assess the steady-stute levels of proteins in yeust whole cell exiracts, cells were
harvested (by centrifugation for 5 min at 660 g on a bench top centrifuge) from ycast
cultures that had grown to mid-log phase (0D, between 0.6-1.0), washed once in distilled
water and resuspended to 100 OD units/ml in Twirl buffer (50mM Tris (pH 6.8), 8M urea,
10% (v/v) glyeerol, 5% (w/v) SDS and 0.2% (w/v) hromophenol blue, 10% (v/v) §3-
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mercaptocthanol). Cell extracts were gencerated by a 10 min incubation at 635°C, followed

by brief vortexing. The denatured proteins contained within 15ul of cell extract were
resolved by SDS-PAGE, translerred to nitrocellulose membrane, and subjected to

immunoblot analysis.

2.2.43. Microscopic Analysis

2.2.13a.  Direct fluorescence with yeast

Yeast cells harbouring GFP-cxptessing plasmids were growa in sclective medium
containing [00xM CuSQ, to an ODy, of 0.6-1.0. For fabelling with FM4-64 (Molecalar
Probes, Oregon, USA), cells were labelled for 1hr at 30°C with 200nM FM4-64 in

selective medium (SD). Cells were then washed at least twice before incubating for at
Ieast 30min at 30°C in selective media {(SD). To ensure that the GFP protein was kept at
the optimal pH Ievel for fluorcscence detection, cells were {inally resuspended in 200wl

IM Tris-HCI (pHS).

2.2.13b.  Indirect immunofluorescence with yeast

Cells were grown in selective medium (SD) containing 100uM CuSQO, to an ODy, of 0.6-
1.0. Cells were pre-fixed in 3.7% formaldehyde for Lhr at room temperature before
fixation in 45M NaOH, 4% (w/v) pataformaldchyde, 0.1M KH. PO, for 16hrs at room
temperature. Cells were converted to spheroplasts using 150z/ml yeast lytic enzyme in ‘
1.2M sorbitol, 50mM KPi (pH7.3), ImM MgCl, at 30°C for 30min and permeabilised by
treatment with 1% (w/v) SDS in 1.2M sorbitol for 1min, Cells were then allowed to
udhere io poly-L-lysine coated multiwell slides. Nonspecific antibody binding was 3
blocked by incubation of cells in PBS containing Smg/ml BSA and 0.1% {v/v) normal 4
donkey serum. Primary antibody incubations were performed at room temperatuee in a
humid chamber for 2 hr. Antibodies against h\GLUT4 and the HA epitope tag were pre-
absorbed to yeast proteins (to remove non-specific binding) by incubating with cells ;
harbouring either pTC2 (a plasmid with a similar background to pW'I'G4) or cells without
an HA-tagged protein, respectively. Cells were double fabelled for h\GLUT4 and
hemagglutinin epitope (HA) tagged Kex2p by including both antibodies in the ptimary
antibody solution. All antibodies were diluted in PBS containing 5mg/ml BSA, which was
also used for all washes. Cells were then washed at least 7 times before undergoing a 1 hr

incubation with the appropriate secondary antibodies diluted in PBS containing Smg/mil
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BSA, which were conjugated to either Alexa Fluor-488 or Alexa Fluor-368 (Molecular
Probes, USA). Cells were again washed at least 7 times belore being coverslipped with
immunomount (Thermo Shandon, USA). Cells were visvalised through a 100x oil
immersion objective on a Zeiss Axiovert fluorescence microscope {Carl Zeiss, Germany)
equipped with a Zeiss LSM410 laser confocal imaging system. Image sets were processed

and overlaid using Adobe Photoshop ™.

2.2.13¢. Indirect immunofluorescence with 3T3-L1 adipocytes

Cells were grown on coverslips (previously antoclaved and coated with gelatine) in 24-
well plates and were washed twice with PBS prior to being fixed with 200pl of 3% (w/v)
paraformaldehyde (PFA) in PBS for 30 min at room temperature.  After another two
washcs with PBS, frec aldchyde groaps were newtralised by washing twice with 20mM
glycine in PBS. Non-specific binding sites were blocked and cells permeabilised by
incubating with 200ul 0.1% (w/v) saponin in 2% (w/v) BSA in 20mM glycine in PBS for
20 min. Cells undergoing staining to detect hemagglutinin epitope (FHA) at the cell surface
were not permeabilised hut were incubated in 2% (w/v) BSA in 20mM glycine in PBS for
20 mins to block non-specific binding sites. Incubation with primary antibodies was
achieved by placing a 40pl drop of antibody preparation ento parafilm. Coverslips were
removed from wells, the edges dried, and placed on top of the drop of antibody, cell side
down. Cells were double labelled for HA-tagged GLUT4 and endogenous Syntaxinl6 or
EEALI by including both antibodies in 0.1% (w/v) saponin in 2% (w/v) BSA in 20mM
glycine in PBS. For cell swiface labelling of IIA-tagged GLUT4, primary antibody was
prepared in 2% (w/v) BSA in 20mM glycine in PBS. After a 45 min incubation, the
coverslips were washed 4 times with either 0.1% (w/v) saponin in 2% (w/v) BSA in 20mM
glycine in PBS or 2% (w/v) BSA in 20mM glycine in PBS. Secondary antibodies Alexa
Fluor-488 (Molecular Probes) and Cy3-conjugated antibody (Jackson Immunorcsearch)
were applied in a manner similar to that of the primary anttbody but with a 30 min
incubation time. After a further 4 washes, the coverslips were embedded in immunomount
onto microscope slides and stored overnight in the dark at 4°C. Mounted coverslips were
analysed using a 63x oil immersion objective fitted to a Zeiss Axiovert flnorescence
microscope, equipped with a Bio-Rad MRC-600 confocal imaging systeni. lmage sets

were processed and overlaid using Adobe Photoshop ™.
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2.2.14. Immunoprecipitation from yeast cell lysates

Ycast strains harbouring the appropriate plasmids were grown to mid-log phase (ODygy,
between 0.6-1.0) in 500ml of suitable selective media containing 100uM CuSQO, to induce
expression from the CUPI promoter as required. Cells were harvested (by centrifugation
for 30 min at 1060 g in a bench top ceatrifuge) and cesuspended in 5ml YPD-sorb (50%
{v/v) YPD, 50% (v/v) 1.2M sorbitol), to which 30ul of a 15mg/ml stock of yeast lytic
enzyme (in 50mM Tris-HCl pH?7.7, 1M EDTA, 50% (v/¥) glycerol) and 15ul -
mercaptoethanol were added. Cells were converted to spheroplasts during a 1 hr
incubation, with shaking, at 30°C. Spheroplasts were then layered onto 10mi of 1.2M
sucrose (to cushion spheroplasts during centrifugation) before being harvested at 660 g for
5min in a bench top centrifuge and transferred to ice. Spheroplasts were disrupted by
vortexing briefly in Smli ice-cold lysis buffer (200mM sorbitol, 100mM KoAc, 1% (v/v)
Triton X-100, 50mM KCI, 20mM PIPES (pH6.8)). Cell debris was removed by a 5 min
spin at 660 g at 4°C in a bench top centrifiige before the cleared lysate was separated into
aliquots of 1.2ml into screw-capped tubes. To reduce non-specific binding, 50wl of PrA-
Agarose (50% slurry; Sigma-Aldrich) was added to the lysates, which were then briefly
vortexed and incubated on ice for 15 min. PrA-Agarose was then removed by
centrifugation for 5 min at 7370 g at 4°C in a bench top centrifuge. A small aliquot (10ul)
of cell lysate was reserved for SDS-PAGE analysis before 1ml of lysate was transferred to
a fresh tube. To each tube, the appropriate primary antiserum. (10p] aGLUT4 (Brant et al.,
1992)) was added. After brief vortexing, lysates and antibodies were mixed by rotation for ;
2 hr at 4°C, prior to the addition of 50ul PrA-Agarose and a subsequent additional hour of
rotation at 4°C. PrA-Agarose with bound antibody and associated proteins were pelleted
in a 1 min spin at 7370 g at 4°C in a bench top centrifuge, and pellets washed 3 times in
1ml lysis buffer. Bound proteins were eluted in 20pl LSB {(100mM Tris-HCl (pH6.8), 4% ~
(w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) -
mercaptoethanol) and denatured by incubation for 5 min at 65°C. PrA-Agarose was

pelleted in a 5 min spin at top speed in a microcentrifuge and immunoprecipitated proteins
resofved by SDS-PAGE, transferred to nitrocellulose membrane, and subjected to 5

immunoblot analysis.
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2.2.15. Preparation of 3T3-L1 adipocytes lysate

3T3-L1 adipocytes cultured on 10cm dishes were washed once and incubated at 37°C in
serum-free DMEM for 2 hr. Following the transfer of plates onto ice, the cells were
washed 3 times with cold PBS. All subsequent steps were perforimed on ice unless
indicated otherwise, Cells were scraped from the plate into 0.25ml/plate fysis buffer
(50mM sodium HEPES (pH?7.5), 150mM sodium chloride, SmM EDTA, 1mM sodium
vanadate, 6uM MG 132, 1mM N-ethylmaleimide (NEM), 1% (v/v) Triton X-100, 0.1mM
phenylmethylsulphonyl fluoride (PMSF), 10ug/ml soybean trypsin inhibitor, 10ug/mi
benzamidine and EDTA-frec complete protcase inhibitor mix (1 tablet (Roche) / 50mli lysis
buffer). Pooled cells were homogenised by passing the cell suspension through a 24XG
needle 10 times and twice through a 26XG needle. In order to remove lipid droplets,
homogenized cells were centrifuged at 500 g for 10 min at 4°C in a bench top centrifuge

and the lysate removed from underneath the floating layer of Lipid.

2.2.16. Immunoprecipitation from 3T3-L1 adipocytes lysate

Iml adipocyte lysate (prepared as described in Section 2.2.15) was incubated at 4°C for 1
hr with rotation before centrifugation at 12470 g for 15 min at 4°C in a bench top
centrifuge to pellet insoluble material. To reduce non-specific binding, 50ul of PrA-
Agarosc (50% slucry; Sigma-Aldrich) was added to the lysates, which were then bricfly
vortexed and incubated on ice for 15 min. PrA-Agarose was then removed by
centrifugation for 5 min at 7370 g at 4°C. A 10pl aliquot of cell lysate was reserved for
SDS-PAGE analysis before 1ml of lysate was transferred to a fresh tube. To each tube, the
appropriate primary antisera (e.g. 10ul oGLUTA4 (Brant et al., 1992)) was added. After
bricf vortexing, lysates and antibodies were mixed by rotation for 2 hr at 4°C, prior to the
addition of 50ul PrA-Agarosc (50%slurry; Sigma-aldrich) and a subsequent additional
hour of rotation at 4°C. PrA-Agarose with bound antibody and associated proteins were
pelleted in a 1 min spin at 7370 g at 4°C in a bench top centrifuge, and pellets washed 3
times in 1ml lysis buffer. Bound proteins were eluted in 20pl LSB (100mM Tris-HC1
{pH6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) B-
mercaptoethanol) and denatured by incubating for 5 min at 65°C. PrA-Agarose was
pelleted in a 5 min spin at top speed in a microcentrifluge and imrunoprecipitated proteins
resolved by SDS-PAGE, transferred to nitroceliulose membrane, and subjected to

immunoblot analysis.
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2.2.17. GST fusion protein expression and purification

Chemically competent BL-21(DE3) cells (Invitrogen) were transformed with plasmids
driving the production of the appropriate GST [usion prolein. Overnight caltures of
transformed cells were diluted into 400ml Terrific Broth medium. (with appropriate
antibiotics) and incubated, with shaking, at 37°C until an 0D, of ~0.6 was reached.
Expression of the recombinant fusion proteins was then induced with 1mM isopropyl-p-D-
thiogalactopyranoside (IPTG) for 4 hr. Cells were harvested by centrifugation in a
Beckman Coulter $X4750 rotor at 3,273 g for 20 min. Cell pellets were resuspended in
19.5ml PBS before transfer to 50ml falcon tubes and incubation with lysozyme (at 4 final
concentration of 1mg/ml) for 30 min on ice. Cells were lysed by immersing the probe of a
Sanyo Soniprep 150 in the suspension and sonicating for 5 x 30 sec pulses, with 30 sec
cooling periods on ice separating the pulses of sonication. Cell lysates were centrifuged in
a Beckman JA-20 rotor for 30 min at 4°C at 48,400 g to remove insoluble material. To
recover fusion proteins, glutathione-Sepharose (Amersham Biosciences) was pre-
equilibrated (as per the manuflaciurer’s instruclions) and made up to a 50% slurry in PBS.
An aliguot of glutathione -Sepharose slurry was added to the cleared bacterial lysute
containing the GST- (glutathione S- transferase) tagged fusion proteins. Generally, ~0.5m]
glutathione-Sepharose slurry was used. Lysates and glotathione-sepharose resin were then
mixed, with rotation, for at east 1 hr at 4°C. Beads loaded with recombinant proteins were
routinely harvested in a 2 min spin at 500 g at 4°C, tollowed by at least 3 washes in cold
PBS (generally ~1mi) to remove non-specitically bound proteins. Beads were resuspended
in PBS supplemented with protease inhibitors (1 tablet complete inhibitor cocktail

(Roche)/ 530ml PBS) at a bead:buffer ratio of 1:1.

2.2.18. GST fusion protein pull down assays from adipocyte cell lysates
Recombinant GST fusion proteins were purified from transformed £.coli BL21(DE3)
cultures as outlined above in Section 2.2.17. For pull-down assays, 3T3-L1 adipocytes
cultured on 10cm dishes were washed once and incubated at 37°C in seruim-free DMEM
for 2 hir. Following the transfer of plates onto ice, the cells were washed 3 times with cold
PBS. All subsequent steps were performed on ice unless indicated otherwise. Adipocyte
cell lysates (prepared as described in Section 2.2.15) was then incubated at 4°C for I hr

with rotation before centrifugation at 12470 g for 15 min at 4°C in. a bench top centrifuge
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to pellet insoluble material. A 10ul aliquot of cell lysate was reserved for SDS-PAGE
analysis before the lysate was split cqually amongst the various GST fusion proteins
(10ug/sample) immobilised to glutathione-Sepharose beads and incubated with rotation at
4°C for 2 hr. Beads were recovered by a brief 20 sec centrifugation and washed 3 times
with lysis buffer prior to the elution of bound proteins by the addition of 20nl I.SR and
incubation at 65°C for 15 min. Samples were subject to SDS-PAGE and immunoblot

analysis.

2.2.19. GST fusion protein pull down of yeast cell lysates

Yeast strains harbouring the appropriate plasmids were grown to mid-log phase (ODg,
between 0.6-1.0) in 50m! of suitable selective media containing 100puM CuSO, to induce
cxpression from the CUP/ promoter as required. Cells were hatvested (by centrifugation
for 5 min at 900 g in a bench-top centrifuge) and resuspended in Sml YPD-sorb (50% (v/v)
YPD, 50% (v/v) 2.4M sorbitol), to which 50pl of a 15mg/ml stock of yeast lytic enzyme
(in SOmM Tris-HCl pH7.7, LmM EDTA, 50% (v/v) glycerol) and 1 Sul 3-mercaptoethanol
were added. Cells were converted to spheroplasts during a | hr incubation, with shaking,
at 30°C. Spheroplasts were collected by centrifuging at 660 g for 53 min in 4 bench top
centrifuge and resuspended in 250xl1 pull-down lysis buffer (50mM sodium HEPES
(pH7.5), 150mM sadium chloride, 5mM EDTA, 1mM sodium vanadate, 6uM MG132,
ImM N-ethylmaleimide (NEM), 1% (v/v) Triton X-100. 0.1mM phenylmethylsulphonyl
fluoride (PMSF), 10ag/ml soybean trypsin inhibitor, 10ug/ml benzamidine and EDTA-free
complete protease inhibitor mix (1 tablet (Roche) / 50ml] lysis buffer) before transferring to
a 1.5ml microfuge tube. Cell lysate was then incubated at 4°C for 1 hr with rotation before
centrifugation at 12470 g for 15 min at 4°C in a bench top centrifuge to pellet insoluble
material. Samples were equalised for protein concentration by Bradford assay and a small
aliquot of cell lysate reserved for SDS-PAGE analysis before the lysate was split equally
amongst the various GST fusion proteins (10pug/sample) immobilised to glutathione
Sepharose beads and incubated with rotation at 4°C for 2 hr. Beads were recovered by a
bricf 20 scc centrifugation and washed 3 times with lysis buffer prior to the elution of
bound proteins hy the addition of 20ul LSB and incubation at 65°C for 15 min. Samples

were subject to SDS-PAGE and immunoblot analysis.
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2.2.20. Subceltular membrane fractionation of 3T3-L1 adipvcytes

3T3-L1 adipocytes cultured on [0cm dishes were washed once and incubated at 37°C in
serum-free DMEM for 2 hr, prior fo incubation with 200nM insulin for 15 mins.
Following the transfer of plates onto ice. the cells were washed 3 times with cold PBS. All
subsequent steps were performed on ice unless indicated otherwise. Cells were scraped
from the plate into 1ml/plate HES4+PT (250mM sucrouse, 20mM HEPES (pH7 .4}, ImM
EDTA and 1 protease inhibitor tablet (Roche)/ 50ml HES buffer). Pooled cells were
homogenised by passing the cell suspension through a 25X G needle 10 times and twice
through a 27XG needle. In order to remove lipid droplets, homogenized cells were
centrifuged at 500 g for 10 min at 4°C in a bench top centrifuge and the homogenate
removed from vnderneath the floating layer of lipid. Homogenate was subject to
differential centrifugation to prepare subcellular membrane fractions. This protocol yields
four membrane fractions designated as high-density microsomes (HIDM), low-density
microsomes (LDM), plasma membrane (PM) and mitochondria/muclei (M/N). All
centrifugation steps were carried out at 4°C. The homogenates were initially centrifuged
for 12 mins at 12000rpm in an 80Ti rotor (Beckman, Palo Alto, CA, USA) to pellet PM
and M/N. This pellet was resuspended in 10mi of HES+PI and recentrifuged for 12 mins
at 12000rpm in an 80Ti rotor, the washed pellet was resuspended in 1m] IES+PY and
layered onto 10ml high suerose HES (1.12M sucrose, 1M EDTA, 20mM HEPES

(pH7 .4)) and centrifuged for 60mins at 25000rpm using a SW41Ti rotor (Beckman, Palo
Alto, CA, USA). The pellet obtained trom this step represents the M/N. The PM fraction
was removed from the interface, HES added to a final volume of [2ml and the membranes
coliected by centrifugation for 15 mins at 15000rpm in an 80Ti rotor. The supernatant
from the initial 80Ti centrifugation, comprising LDM, HDM and cytosol was subjected to
centrifugation for {7 mins at 15000rpm in an 80Ti rotor to isolate the HDM fraction. The
resulting supernatant was then subject to centrifugation for 75mins at 50000rpm uvsing an
80Ti rotor to yield the LIDM fraction. Membrane fractions were resuspended in HES+PI
and stored at -20°C,
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E.coli strains used in this stady:

Strain Genotype Source
BL-21 F ompT hsdS,(r,my) gal dem (DE3) Invitrogen
(DE3)
XL-1Blue | recAl endAl gvrA96 thi-1 hsdR17 supE44 relAl lac ¥’ proAB | Stratagene
taclPZAM15 Tnl0 (Tet")]
S.cerevisiae strains used in thisstedy:
Strain Genotype Constraction | Source
1 | SF838-9D«a | MAT ot leu2-3,112 ura3-52 his4-519 (Rothman et
ade6 gal? pepd-3 al., 1989)
2 | RPY10 MATo leu2-3,112 ura3-52 hisd-519 (Piper et al.,
adet gal? 199y
7 | MCO9GA MATa wra3-52 his3-11,15 len2-3,112 (Reifenberger
MAL2 SUC2 GAL MEL et al., 1995)
8 1 KY73 MATa ura3-52 his3-11,15 leu2-3,112 (Reifenberger
MAL2 SUC2 GAL MEL et al., 1995)
hxtT A::HIS3: :Ahxitd hxt5::LEU2
hxt2A: :HIS3 hxi3A: :LEU2::Ahxit6
hxi7: 1183
10 | SEYG210 MAT o ura3-52 his3-A200 leu2-3,112 (Robinson et
tvs2-801 trpl-AY01 suc2-AY ade2- al., 1988)
101
20 | RMY1 KY73 with pep4-3 pLO2010 This study
(Nothwehr et
al., 1995)
linearised with
EcoRI was
used to disrupt
PEP4in KY73
21 | RMY?2 MC996A with pepd-3 pL0O2010 This study
(Nothwelr et
al., 1995)
linearised with
EcoRI was
used to disrupt
PEP4 in
mewea ||
77 | SGY73 leu2-3,112 ura3-52 hisd-519 adet (Gerrard et
pepd-3 Avps27::LEU2 al., 2000)
88 | MBY004 MAT o ura3-52 his3-A200 leu2-3,112 {Black and
fys2-801 trpl-A901 Pclham,
suc2A9ggal::HISSspLggal: TRP1 2000)

Table 2.1. E.coli and S.cerevisiae strains used in this study
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Oligo | Description Sequence (5’=> 3’)
1 CUPIhGLUT4 GATATTAAGAAAAACAAACTGTACAATCA
ATCAATCAATCATCACATAAAATGCCGTC
GGGCTTCCAACAGATA
2 FUTRhGLUT4 ATTATAACGTATTAAATAATATGTGAAAA
AAGAGGGAGAGTTAGATAGGATCAGTCG
TTCTCATCTGGCCCTAA
61 hGLUTAK495RYGLUT4 CTTTTAGAGCAGGAGGTGCGACCCAGCAC
AGAACTTG
62 reverse compliment of 61 CAAGTTCTGTGCTGGGTCGCACCTCCTGC
TCTAAAAG
73 hGLUT4K109RhGEUT4 CAGTGGCTTGGAAGGCGAAGGGCCATGCT
GGTC
74 reverse compliment of 73 GACCAGCATGGCCCTICGCCTTCCAAGCC
ACTG
85 hGI.UT4K242RhGLUT4 CGAGGGGCCTGCCAGACGAAGTCTGAAG
CGCCTGAC
86 reverse compliment of 85 GTCAGGCGCTTCAGACTTICGTCTGGCAGG
CCCCTCG
87 hGLUT4K245RhGLUT4 CIGCCAGAAAGAGTCTGCGACGCCTGACA
GGCTGGG
88 reverse cowplitnent of 87 CCCAGCCTGTCAGGCGTCGCAGACTCTTT
CTGGCAG
89 hGLUT4K261RhGLUT4 GAGTGCTGGCTGAGCTGCGAGATGAGAA
GCGGAAGC UV ——
90 reverse compliment of 89 GCTTCCGCTTCTCATCTCGCAGCTCAGCCA
GCACTC
91 hGLUT4K264RhGLUT4 CTGAGCTGAAGGATGAGCGACGGAAGCT
92 reverse compliment of 91 CACGCTCCAGCTTCCGTCGCTCATCCTTCA
GCTCAG
93 hGLUT4K266RhGLUT4 GAAGGATGAGAAGCGGCGACTGGAGCGT
I GAGCGGC
94 reverse compliment of 93 GCCGCTCACGCTCCAGTIGCCCGCTICHCA
TCCIIC
117 hGLUT4K109RK242RK245 | CTGCCAGACGAAGTCTGCGACGCCTGACA
RhGLUT4K109RK242R GGCTGGG
118 reverse compliment of 117 CCCAGCCTGTCAGGCGTCGCAGACTTCGT
119 hGLUT4K109RK242RK245 | CTGAGCTGCGAGATGAGCGACGGAAGCT
RK261RK264RhGI.UT4K 10 | GGAGCGTG
9RK242RK245RK26GIR
120 reverse compliment of 119 CACGCTCCAGCTTCCGTCGCTCATCTCGC
AGCTCAG
121 hGLUT4K109RK242RK 245 | GCGAGATGAGCGACGGCGACTGGAGCGT
RK261RK264RK266RhGL. | GAGCGGC

UT4K 109RK242RK245RK2
61RK264R
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122 reverse compliment of 121 GCCGCTCACGCTCCAGTCGCCGTCGCTCA
TCTCGC
149 |LEU25' | GGTTAAAAAATGAGCTGATTTAAC
153 LEU25’° GGAGACGGTCACAGCTTGTC
183 hGLUT47KRSpAIZ’UTR GGGCCAGATGAGAACGACGCATGCTCCTA
TCTAACTCTCCCTC
184 reverse compliment of 183 GAGGGAGAGTTAGATAGGAGCATGCGTC
GTTCTCATCTGGCCC
185 3'UTRSphAIUD ATTATAACGTATTAAATAATATGTGAAAA
AAGAGGGAGAGTTAGATAGGAGCATGCT
TAACCTCCACGCAGACGCAAGACCAA
186 hGLUT47KRSpHHA-Ub GGAGGTIGCGACCCAGCACAGAACTIGAG
TATITAGGGCCAGATGAGAACGACGCATG
CATGAAATACCCATACGATGTT
231 hGLUT47KRRIO9KhGLUT | CAGTGGCTTGGAAGGAAAAGGGCCATGC
47KR TGGTC
232 reverse compliment of 231 GACCAGCATGGCCCTTITTCCTTCCAAGCC
ACTG
233 hGLUT47KRRZ242ZKBGLUT | GAGGGGCCTGCCAGAAAGAGTCTGCGAC
47KR GCCTG
234 reverse compliment of 233 CAGGCGTCGCAGACTCTITTCTGGCAGGCC
CCTC
235 hGLUT47KRR245KhGLUT | GCCAGACGAAGTCTGAAGCGCCTGACAG
47KR GCTGG
236 reverse compliment of 235 CCAGCCTGTCAGGCGCTTCAGACTTCGTC
TGGC
237 hGLUT47KRR261IKhGLUT | GIGCYGGCTGAGCTIGAAGGATGAGCGAC
47KR GGCGA
238 reverse compliment of 237 TCGCCGTCGCTCATCCTICAGCTCAGCCA
GCAC
239 hGLUT47KRR264KhGLUT | GAGCTGCGAGATGAGAAGCGGCGACTGG
4TKR AGCGTG
240 reverse compliment of 239 CACGCTCCAGTCGCCGCTTCTCATCTCGC
AGCTC
241 hGLUT47KRR266KhGLUT | CGAGATGAGCGACGGAAGCTGGAGCGTG
47KR. AGCGG
242 reverse compliment of 241 CCGCTCACGCTCCAGCTICCGTCGCTCATC
TCG
243 hGLUT47KRR495KhGLUT | CTTTTAGAGCAGGAGGYGAAACCCAGCAC
47KR AGAACTTG
L 244 reverse compliment of 243 CAAGTTCTGTGCTGGGTITTICACCTCCTGCT
CTAAAAG
260 EcoRIWGLUT4 GGAATTCATGCCGTCGGGCTTCCAACAG
1 261 SallhGLUT4 AGGGTCGACTCAGTCGTTCTCATCTGGCC
C
262 SallUb AGGGTCGACTTAACCTCCACGCAGACGCA
AG
263 3’hGLUTS from residue 69 GCCTGGAGGGATGGAGCTGGG
264 5’hGLUT4 from residue 69 CCCAGCTCCATCCCTCCAGGC
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343 hGLUT4Sphl3"UTR GCCAGATGAGAACGACGCATGCTATCTAA
(removing stop) 1 CTCTCCCTC

344 13wx%nmnmhmmnofy8 GAGGGAGAGTTAGATAGCATGCGTCGTTC
TCATCTGGC

352 DSK2M342RF344ADSK?2 GACAACTAAACGACAGGGGCGCCTTCGAT
TTCGATAGAAAC

353 reverse compliment of 352 GI'TICTATCGAAATCGAAGGCGCCCCTGT
CGTTTATTGGTC

365 hGLUTASphIGFP GGAGGTGCGACCCAGCACAGAACTTGAG
TATTTAGGGCCAGATGAGAACGACGCATG
CATGGGTAAAGGAGAAGAACTTTTC

366 | ZUTRSpAIGEP ATAACGTAT

AAGAE iGGAGﬁGTTAGATAGGAGCATGCT
TACTTGTATAGTTCATCCATGCCATG

Table 2.2. Oligonucleotides used in this study
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___________ Plasmid Description Reference
| pLO2010 pep4-AH3 in pRS300 (Nothwehr et al.,
_________ 1995)
33 | pPRM2 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 from the CUP/promoter
66 | pRMI Yeast expression plasmid (CEN, LEU2) encoding | This study
HA-tagged ubiquitin from the CUP/promoter
133 | pTC2 Yeast expression plasmid (CEN, URA3) encoding | This study
PHOS under control of CUPIpromoter (constructed by
Tom Carr)
155 | pRMS Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutation K493R
from the CUPJ promoter
174 | pPRM6 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutation K242R
from the CUPI promoter
175 | pPRM7 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutation K245R
from the CUP. promoter
176 | pPRM8 Yeast expression plasmid (CEN, URA3) encoding | This study
human GELUT4 with the point mutation K261R
from the CUP I promoter
187 | p1839 Yeast expression plasmid {CEN, LEU2) encoding | (Piper et al.,
PHOS from the GAL promoter 1997
190 | pRM9 Yeast expression plasmid (CEN, URA3) encading | This study
human GL.UT4 with the point mutation K264R
from the CUPI promoter
191 | pRM10 Yeast expression plasmid (CEN, URAZ) encading | This study
human GLUT4 with the point mutation K266R
from the CUPI promoter ]
197 | pPRM11 Yeast expression plasmid {(CEN, URA3) encoding | This study
human GI.1JT4 with the point mutations K495R
and K242R from the CI/P7 promoter
198 | pRM12 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutations K495R,
K242R and K245R from the CUPI promoter o
203 | pRM13 Yeast expression plasmid (CEN, URA3) encoding | This study
human GI.UT4 with the point mutations K495R,
K242R, K245R and K261R from the CUPI
promoter
204 | pPRM14 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutattons K495R,
K242R, K245R, K26 IR and K264R from the
CUPI promoter S
205 | pRM15 Yeast expression plasmid (CEN, URAZ) encoding | This study

human GLUT4 with the point mutations K495R,
K242R, K245R, K261R, K264R and K266R
from the CUPI promoter
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(as pGEX-DSK ;4 but with two point mutations,

206 | pRM3 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with lysines 109, 242, 245, 261,
264, 266, 495 mutated to arginine residues
(G1.UT4-7K/R) from the CI/PI promoter
230 | pRM16 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4 with the point mutation K 109R
from the CUPI promoter
269 | p2313 Yeast expression plasmid (CEN, URA3) encoding | (Scott et al.,
GFP-tagged Gaplp from the CUPI promoter 2004)
305 | pRMIL7 Yeast expression plasmid (CEN, URAZ) encoding | This study
human GLUT4-7K/R with the point mutation
R242K from the CUPI promoter
306 | pPRM18 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4-7K/R with the point mutation
| | R261K from the CUL/ promoter
311 | pPRM19 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4-7K/R with the point mutation
R109K from the CUPI promoter
312 | pRM20 Yeast expression plasmid (CEN, URA3) encoding | 'This study
human GLUT4-7K/R with the point mutation
R245K from the CUP/ promoter
313 | pPRM21 Yeast expression plasmid (CEN, URA3) encoding | This study
human GLUT4-7K/R with the point mutation
R264K from the CUPI promoter
314 | pRM22 Yecast cxpression plasmidt (CEN, URA3) encoding | This study
human GLUT4-7K/R with the point mutation
o R266K from the CU#{ promoter
315 | pRM23 Yecast expression plasmid (CEN, URA3) encoding | This study
human GLUT4-7K/R with the point mutation
R495K from the CUPI promoter
316 | pRM24 Yeast expression plasmid (CEN, URA3) encoding | This study
R GLUT4-7K/R-HAUDb from the CUP! promoter
320 | pRM25 Retroviral expression vector encoding GLUT4- This study
TK/R-HAUD
321 | pPRM4 Retroviral expression vector encoding HA-tagged § This study
GLUT4-7K/R
332 | pSN222 Yeast expression plasmid (CEN, LEU2) encoding | (Nothwehr et al.,
HA-tagged Kex2p 1995)
346 | pPRM30 Yeast expression plasmid (CEN, LEU2) encoding | This stody
human GI.UT4 from the CUP Ipromoter
347 | pPRM31 Yecast expression plasmid (CEN, LEU2) encoding | This study
GLUT4-7K/R from the CUP Ipromoter
358 | pHA- Retroviral expression vector encoding HA-tagged | (Shewan et al.,
GLUT4 GLUT4 2000)
359 { pGEX- E.coli expression vector encoding GST-UBA (the | (Funakoshi et al.,
DSK pa UBA domain, residues 328-373 fuscd to the C- 2002)
terminus of GST), based on pGEX
390 | pCAL1 E.coli expression vector encoding GST-UBA This study

(constructed by
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M342R and F344A in the UBA domain)

Chris Lamb)

human GLUT4 tagged with GEP(S865T) from the
CUP{ promoter

398 | GST-GGAL- | E.coli expression vector encoding the VHS and (Mattera et al.,
VHS-GAT GAT domains of GGAL, based on pGEX 2004)
399 | GST-GGA3- | E.coli cxpression vector encoding the VHS and (Mattera et al.,
VHS-GAT | GAT domains of GGA3, based on pGEX 2004)
405 | 2256 Yeast expression plasmid (CEWN, URA43) encoding | (Scott et al.,
HA-tagped GGA2 2004)
£ 406 | 2309 Yeast expression plasmid (CEN, URA3) encoding | (Scott et al,,
HA-tagged GGA2gatA 2004)
421 | pRM34 Yeast expression plasmid (CEN, URA3) encoding | This study

Table 2.3. Plasmids used in this study
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Chapter 3:  Investigation of GLUT4 trafficking in yeast Saccharomyces

cerevisiae,

3.1. Introduction

Kaiser and colleagues first noted that yeast possess a regulated membrane trafficking step
that bears remarkable similarity to the insulin-regulated trafficking of GILUT4; that is the
nitrogen-regulated trafficking ot the general amino acid permease Gaplp (Roberg et al., @
1997). Fat and muscle cells increase their capacity to take up glucose in response to
insulin by deiivering thc GL.UTY transporter to the cell surface from an intracellular =
storage compartment. T.ikewise, the general amino acid permease Gaplp is stored
intracellularly under nutrient rich conditions but when nutrients are Hnited, Gaplp is
trafficked to the plasma membrane where it fucilitates the uptake of amino acids from the
exfracellular media (Roberg et 4l., 1997).

Given the parallels that exist between the insulin-regulated trafficking of GLUT4 in fai and
muscle cells and the nitrogen-regulated trafficking of Gaplp in 8. cerevisiae, a chimeric
protein was constructed, in which the carboxyl! terminal tail of GLUT4 was replaced with
the analogous portion of Gaplp, When expressed in adipocytes, this GLUT4/Gaplp
chimera localises to the TGN, like endogenous GLUT4 (unpublished data; Nia Bryant and
David James, Tigure 1.6). Additionally, like GLUT4 itsclf, the GLUT4/Gaplp chimera
translocates to the cell surface of adipocytes upon insulin stimulation (unpublished data;

Nia Bryant and David James, Figure 1.6). To build on this obseryation, I sct out to further

explore the parallels between GLUT4 and Gaplp regulated trafficking by testing the

ey
E
"

hypothesis that mammalian GLUT4 would traffic in a nitrogen-regulated manner if

expressed in the S, cerevisiae (ycast).

To this end, I expressed human GLUT4 (hGLLUT4) in yeast. This chapter describes how

this was achieved and also presents data consistent with the above hypothesis.

3.2. Expression of hGLUT4 in yeast Saccharomyces cerevisiae,
Previous studies expressing mammalian GLUT4 in yeast have reported that the transporter
is retained intracellularly, localising to the endoplasmic reticulum (ER) (Kasahara and ¥

Kasahara, 1997; Wieczorke ¢t al., 2003). This IR localisation may be due to the high
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levels of expression used in these studies as they expressed GLUT4 at very high levels
from the GALI-10 promoter. In order to produce GLUT4 at more modest levels in yeast, 1

undertook 1o express the ransporler [rom the regulatable CUP! promoter.

The yeast CUPI promoter is derived from the copper metallothionein protein (Cu-MT); a
low molecular weight, cysteine-rich protein that binds copper and whose induction in
response 1o the addition of copper to yeast cells results in their copper resistance (Butt et
al., 1984). One advantage of using the CUPI promoter for heterologons gene expression is
that it is titratable, allowing gene expression to be tightly modulated (Mascorra-Gallardo et
al,, 1996). This can prevent the masking of certain phenotypes that would otherwise occur
with gene overexpression. The expression features of the CUPT promoter contrast with
that of the GALI-70 promoter from which GLLUT4 has previously heen expressed in yeast
(Kasahara and Kasahara, 1997; Wieczorke et al., 2003), which, in the presence of galactose
and absence of glucose, induces a 1000-fold increase in gene expression (Adams, 1972;
Douglas and Hawthomne, 1964). This high Ievel of expression from the GALJZ-10 promoter

is either switched ‘on’ or ‘o[l” and lacks the advantages of being more tightly controlled.

In order to place the GLUT4 ORF under CU£{ control, the strategy outlined in Figure 3.1
was adopted to construct plasmid pWTG4 (pRM2) (harbouring hGLUT4 under control of
the CUP1 promoter).
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cuP1  xhot

CUP1 JUIR
salt +
3UTR
pNB701
pNB701 digested with
Xho1/Sal
Co-transformed with hGLUT4
PCR product into SF838-9Da.
pNB701

pWTG4

Figure 3.1. Schematic of pWTG4 (pRM2) construction

(details as described in text. Please note that the Xhol and Sall sites indicated in pNB701

are unique).
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Plasmid pNB701 (based on pRS316 (Sikorski and Hieler, 1989), and constructed by Nia
Bryant) contains the ORF encoding the protein RS-ALP (retention sequence-ALP) (Bryant
et al., 1998b) under control of the CUP1I promoter, followed by the 3’ U7R of PHOS (a
region often containing impostant regulatory sequences (Mazumder et al., 2003)).
Homologous recombination was used to replace the RS-ALP ORT of pNB701 with the
ORF for hGLUT4. To this end, PCR was used to amplify hGLUT4 from a plasmid
carrying human GLUT4 ¢cDNA (provided by Prolessor Gwyn Gould) using hGLUT4
oligos 1 and 2 (Figure 3.2 and Table 2.2). These primers were designed to produce a
fragment of DNA, cocoding human GLUT4, with cnds homologous to the CUP! promotey
and PHOS8 3’ UTR. The majority of the ORF for RS-ALP was removed from pNB701 by
digestion with restriction enzymes X0l and Safl and the resulting linear plasmid, along
with the hGLUT4 PCR fragment, wus used to co-transform SF838-9Da yeast cells.
Homologous recombination between the ends of the PCR product and the linearised
plasmid {as illustrated in Figure 3.1) allowed the hGLUT4 PCR product to repair the gap
created in pNB701, thereby creating pWTG4 (pRM2).

hGLUT4 oligot
GATATTAAGAAAAACAAACTGTACAATCAATCAATCAATCATC ACATAN1 ATGCCHBTCEGGECTTCCAACAGATA

3OURT < I 2 STRGLITA s
hGLUTS oligo2

ATTATAACGTATTAAATAATAT CTGAAAAANAGCAGGGACGAGTTAGATAGGATCAGTCGTTCTCATCTGGCCCTAA
Yo Glof FUTR ~F e s s me o e BPHGLUTS 4

Figure 3.2. \GLUTH primer sequences

Following the co-transformation reaction, colonies were selected on media lacking nracil
{(any cells that did not repair the gapped plasmid wounld not be able to grow as the
lincarised plasmid would not be able to propagate). Colonies were picked from this plate

and patched onto media lacking uracil and containing 150pM CuSQ,. Immunoblot

analysis was performed to identify colonies that werc expressing human GLUT4. This was

performed by Nia Bryant and is therefore not presented in this thesis. Plasmid was rescued

from colonies identified as expressing GLUT4 and these were subsequently transformed
into ‘fresh’ SF838-9Daq. yeast cells to check for expression of GLUT4. I{aving obtained
plasmid DNA that drives the expression of human GLUT4 from the CUPI promoter, I
confirmed that no errors had been introduced into the GLUT4 ORF using DNA
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sequencing, The plasmid thus obtained was subsequently used to characterize the

expression of human GLU14 in ycast.

The ability of plasmid pWTG4 (pRM?2) to drive the expression of hGLUT4 in yeast was
characterised nsing immunoblot analysis. pWTG4 (PRM2) was used to transform into
SF838-9Do. yeast cells and the resulting transformants were grown in selective media (SD)
either containing 100;zM CuSO,, or not, (as indicated; Figure 3.3). Proteins contained in
lysates prepared from 10 ODg,, cquivalcats of cclls were scparated using SDS-PAGE prior
to immunoblot analysis using an antibody that spccifically recogniscs the carboxyl-
terminal fourteen amino acids of GI.UT4 (Brant et al., 1992),

An immunoreactive band with an apparent molecular weight of ~42KDa was detected in
cells grown in the presence of copper but missing from those cells grown in the absence of
copper, indicating that this band is a result of expression from the CUPI promoter. No
such bund was detected in SF838-9Da cells harbouring pTC2 (a plasmid harbouring
PHOS under the CT/P1 promoter instead of hGLAIT4, from Tom Carr) indicating the band
was specific to cells carrying pWTG4. Lysate from 3T3-L1 adipocytes was used as a
positive control for the presence of mammalian GLUT4. Although the predicted molecular
weight of hGLUT4 is 55kDa (Fukumotoe et al., 1989) typically a lower molecular weight of
around 48kDa is detected by SDS-PAGE analysis, as seen with the 3'13-L.1 adipocyte
lysate in Figure 3.3. Hydrophobic proteins bind SIS at a higher ratio, therefore it is
common for highly hydrophobic proteins like mamumalian glucose transporters to migrate
faster on SDS-PAGE gels (Birnbaum ct al., 1986; Mucckler ct al., 1985; Thorens ct al.,
1988) and so this lower molecular weight value for hGLUT4 is not unexpected.

il
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Figure 3.3. Expression of hGLUT4 in SF838-9Da cells.

SF838-9Da yeast cells harbouring pWTG4 (hGLUT4 under CUP1 promoter) or pTC2
(empty vector) were grown in selective media either with or without 100uM CuSO,as
indicated above. The amount of hGLUT4 in 10 OD,,of cells was assessed using
immunoblot analysis. Lysate from 3T3-L1 adipocytes was included in the immunoblot as a
positive control (the amount of the v-SNARE Vtilp in each sample was similarly assessed

to control for equal loading).

Figure 3.3 indicates a discrepancy between the molecular weight of hGLUT4 detected in
the yeast lysate with that of the adipocyte lysate (approximately 42 and 48kDa
respectively). The heterologous expression of ratGLUT1 in yeast cells showed a similar
reduction in molecular weight of around SkDa between ratGLUT1 expressed in yeast
(40kDa) compared to that expressed in animal cells (varies from 44 to 55kDa depending on
tissue and cell type) (Kasahara and Kasahara, 1996). In this case, the glycosylation of
GLUT1 was examined. Treatment of human erythrocyte GLUT1 with N-glycosidase F
treatment (a deglycosylation enzyme) saw a reduction in molecular mass from 50 to
40kDa. With the molecular mass of GLUT]1 in yeast also being 40kDa this indicates yeast-
made GLUT1 is not N-glycosylated to the same extent as it is in mammalian cells
(Kasahara and Kasahara, 1996). GLUT4 contains a single N-glycosylation site in its first
extracellular loop (Pessin and Bell, 1992) and is processed by N-linked glycosylation to

form the mature transporter in L6 muscle cells (Mitsumoto and Klip, 1992). It is therefore
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likely that, like ratGLUT1, the hGLUT4 expressed in yeast lacks glycosylation. In Figure
3.3, the majority of hGLUT4 detected in yeast is found at 42kDa (indicating
unglycosylated hGLUT4) but a small minority of hGLUT4 can be detected at 50kDa that
would indicate glycosylated hGLUT4. Glycosylated proteins often migrate as diffuse
bands by SDS-PAGE, as indicated with adipocyte lysate, but less so in the yeast lysate.

As discussed above, a major advantage of using the CUPI promoter is that it is titratable,
allowing gene expression to be tightly modulated (Mascorro-Gallardo et al., 1996). The
expression characteristics of pWTG4 were established by growing SF838-9Da. cells
harbouring pWTG4 in selective media (SD) containing increasing amounts of CuSO,
(Figure 3.4). Proteins contained in lysates prepared from 10 ODg,, equivalents of cells
grown in these media were separated using SDS-PAGE. Immunoblot analysis with -
GLUT4 antibody shows that an increase of CuSO, in the media is related to an increase in

the expression of hGLUT4.

///T Cuso,

0 10 20 50 100 200 500 (UM)

T
37kDa - T cU

e ————————————— et 1

Figure 3.4. hGLUT4 expression increases in relation to CuSO,in media.

SF838-9Da yeast cells harbouring pWTG4 (hGLUT4 under CUP1 promoter) were grown
in selective media (SD) with increasing amounts of CuSQO,, as indicated above. The
amount of hGLUT4 in 10 ODgy, of cells was assessed using immunoblot analysis (the

amount of Vtilp in each sample was similarly assessed to control for equal loading.

3.3. hGLUT4 is stabilised in yeast cells that lack active vacuolar proteases.

The PEP4 gene encodes the vacuolar aspartyl protease, proteinase A which promotes the
activation of mature vacuolar hydrolases from their inactive precursors (Ammerer et al.,
1986; Woolford et al., 1986). The yeast strain SF838-9Da. contains a pep4-3 mutation that

makes it deficient in active vacuolar protease activity (Rothman et al., 1989) and,
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consequently, allows the stabilisation of proteins that are targeted to the lumen of the

vacuole or to the proteolytically active endosomal system.

pWTG4 was expressed in the yeast strain SF838-9Da. (pep4-3) and the congenic PEP4
strain, RPY 10 (Piper et al., 1995; Piper et al., 1994) and proteins contained in lysates
prepared from 10 ODy,, equivalents of cells were separated using SDS-PAGE prior to
immunoblot analysis performed with anti-GLUT4 antibody. hGLUT4 was detected when
expressed in the pep4-3 strain (SF838-9Da) but not when expressed in the congenic PEP4
strain (RPY 10), suggesting that hGLUT4 is stabilised in strains that lack active vacuolar
proteases (Figure 3.5).

Yeast Strain

1 SF838-9Da
* RPY10

' RMY1

+ KY73

i+ RMY2

+ MC996A

PEP4

a GLUT4

a Vtilp

Figure 3.5. hGLUTA is stabilised in yeast lacking active vacuolar proteases

SF838-9Da, RPY10, KY73, RMY1, MC996A and RMY?2 yeast cells (PEP4 or pep4-3, as
indicated above) harbouring pWTG4 (hGLUT4 under CUPI promoter) were grown in
selective media (SM) with 100uM CuSO,. The amount of hGLUT4 in 10 OD,,of cells was
assessed using immunoblot analysis (the amount of Vtilp in each sample was similarly
assessed to control for equal loading). SF838-9Da, RMY1 and RMY2 are congenic to
RPY10, KY73 and MC996A respectively; in each case the congenic pairs differ only at the
PEP4 locus, with the latter being wild-type and the former null mutant.

To investigate this further, the PEP4 gene was disrupted in strains KY73 and MC996A to
create the congenic strains RMY 1 and RMY2 respectively. The PEP4 gene was disrupted
in strains KY73 and MC996A using the loop in/loop out gene disruption method with the
plasmid pLO2010 (Nothwehr et al., 1995). This involved transforming strains KY73 and
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MC996A with plasmid pLO201(} linearised following digestion with £coRl. pLO2010
conlains the URA3 sclectable marker flanked by homologous scquences to PEP4
(Nothwehr ct al., 1995). The PEP4 gene was replaced by the URA3 containing fragment
following its integration by homologous recombination and cells with the URA3 distuption
were selected by growth on SD-URA solid media. The URA3 marker is also flanked by
sequences of DNA that enable the URA3 marker to ‘loop-out’ by homologous
recombination. Cells successful in looping out ZRAF were selected by growth on media
containing 5-fluoroorotic acid (5-FOA) (Nothwehr et al., 1995). The URA3 genc cncodes
orotine-3’-monophosphate (OMP) dicarboxylase, which converts the non-toxic 5-FOA to
fluorodeoxyuridine (Boeke et al., 1987). Fluorodeoxyuridine is toxic to cells and so, only
those strains lacking the URA3J gene can grow in the presence of 5-FOA (Bocke ct al.,
1987). Finally, the N-acetyl-phenylalanine-p-naphthyl-ester (APNE) overlay assay (Wolf
and Fink, 1975) was used to confirm the pep4-3 mutant colonies and their lack of vacuolar
protease activity. The APNE overlay assay detects the activity of carboxypeptidase Y
(CPY) (Wolf and Fink, 1975), which is activated by proteinase A, the PEP4 gene product.
CPY mediates the release of B-naphthol from APNE, which is detected in the APNIE
overlay assay from its reaction with the TPast Garnet GBC salt and the resulting formation
of an insoluble red dye. PEP4 strains therefore turn red, whereas pep4-3 strains (with their

lack of active CPY) remain white.

Immunoblot analysis using anti-GLUT4 antibody with cclls harbouring pWTG4 (grown on
copper-containing media) detects hGLUT4 in the strains lacking active vacuolar proteases
(pep4 mutants; SFB38-9Da, RMY 1 and RMY?2, Figure 3.5) bot not in the congenic parent
strains (wild-type PEP4; RPY 10, KY73 und MC996A, Figure 3.5). These data indicate
that, when cxpressed in yeast, hGLUT4 is delivered to a proteolytically active

compartment.

3.4. hGLUT4 localises to the Golgi in yeast.

In order to dcternine the subcellular distribution of hGILLUT4 in yeast, SE338-9Da cells
harbouring pWTG4 (expressing hGLUT4) and pSN222 (which drives expression of HA-
tagged Kex2p) were viswaliscd using indircet immunofluorescence microscopy (Figure
3.6). Kex2p is a well-characterised endoprotease in S.cerevisiae, which cleaves the

precursors of several proteins, such as the mating pheromone a-factor (Fuller et al., 1989),
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in the late Golgi compartment of yeast cells, likely the yeast equivalent of the mammalian
TGN (Bryant and Boyd, 1993; Redding et al., 1991; Wilcox and Fuller, 1991; Wilcox et
al., 1992). Figure 3.6 shows an intracellular punctate staining of hGLUT4, which co-
localises significantly with that of the TGN marker Kex2p. This Golgi-localised punctate
staining seen for hGLUT4 (Figure 3.6) is in contrast to that previously described (Kasahara
and Kasahara, 1997; Wieczorke et al., 2003), where it was reported that mammalian
GLUT4, when expressed in yeast, localised to the ER. However, as noted earlier, this is
likely due to the fact that in these studies GLUT4 was expressed at very high levels from
the GAL1-10 promoter, perhaps resulting in GLUT4 misfolding and failing to leave the
ER.

GLUT4 Kex2p merge

Figure 3.6. hGLUT4 colocalises with Kex2p (TGN) in yeast.

SF838-9Da cells harbouring pWTG4 (hGLUT4 behind the CUP1 promoter) and pSN222
(encoding HA-tagged Kex2p) were grown in selective media (SD-ura-leu) containing
100uM CuS0,, fixed in formaldehyde and double labelled with anti-HA and anti-GLUT4
antibodies. Rat anti-HA was visualised with alexa568-coupled secondary antibody (red in
merged image) and rabbit anti-GLUT4 was visualised with alexa488-coupled secondary

antibody (green in merged image).

3.5. hGLUT4 accumulates in the “class E” compartment in vps27 cells.

Like other yeast TGN proteins, Kex2p is retained in the yeast TGN by continually cycling
through the endocytic system (Brickner and Fuller, 1997; Bryant and Stevens, 1997), and a
similar phenomenon has been described for GLUT4 in adipocytes (Shewan et al., 2003).

Resident TGN proteins such as Stel3p and Kex2p localise to the exaggerated
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endosomal/prevacuolar compartment (PVC} that accummlates in Class E vps mutants such
as vps27A4A cells (Piper ct al., 1995). VPS27 is onc of 13 Class E vacuolar protcin sorting
(VPS) gencs, that act together to regulate membrane traflic through the PVC (Raymond el
al., 1992). Mutations in any ope of these genes causes the accumulation of the “Class E
compartment” which contains TGN proteins, as well as biosynthetic and endocytic traffic
en route to the vacuole (Raymond et al., 1992). To further investigate the localisation of
hGLUT4 in yeast, I set out to ask whether hGLUT4 also accumulates in the Class E

compartment of vps27A mutunt cells.

For this purpose a GFP(S865T)-tagged version of hGLUT4 was produced (the mutant
GFP(S65T) emits a brighter fluorescence and acquires fluorescence up to four times faster
than wild-type GI'P (Heim et al., 1993)). Site-directed mutagenesis was used to replace
the ‘stop’ codon of the hGLUT4 ORI in pRM2 with an Sphl site. Following digestion
with Spal to linearise the resulting plasmid, sequence encoding GFP(S65T)was iniroduced
immediately after the last codon of hGLUT4 ORF by homologous recombination (for this,
sequence encoding GFP(865T) was amplified by PCR using oligos 365 and 366 (Table
2.2) as primers and pGO36 (Odorizzi et al., 2003) as a template, to carry ends homologous
to the 3° end of the hGLUT4 ORF and the proximal region of the PHO8 3°UTR). The
resulting plasmid, pRM34 therefore encodes a GEP(S65T)-tagged version of hGLUT4
from the copper-inducible CUP1 promoter. The construction of this plasmid was verified

by DNA sequencing.

SF838-9Da. cells, producing a GFP(S63T)-tagged version of hGLUT4 show an
intracellular punctate distribution for hGLUT4 that is reminiscent of the indirect
immunofluorescence of h\GLUT4, seen in Figure 3.6. Importantly, when expressed in
vps27A mutant cells, the distribution of GFP(865T)-tagged hGLUT4 is markedly different
from that seen in wild-type cells, localizing to one or two tight spots. These were
identified as the Class E compartment by their accumulation of the lipophilic styryl dye N-
(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl) pyridivm dibromide
(FM4-64; Molecular Probes, Oregon, USA). In wild-type cells 'M4-64 is endocytosed
and delivered to the limiting membrane of the vacuole (Vida and Emr, 1995), but becomes
trapped in the Class E compartment of vps27A mutant cells (Bryant et al., 1998a). The
data presented in Figure 3.7 are consistent with a model in which, like Kex2p, GLUT4
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achieves localization to the yeast TGN by continually cycling through the endosomal

system.

wild-type vps2/7A

GLUT4 GLUT4 FM4-64

Figure 3.7. hGLUT4 accumulates in the class E compartment in vps27A cells
GFP(S65T) was visualised in SF838-9Da (VPS27) and SGY73 (vps27A) cells harbouring
pRM34 (GFP(S65T)-tagged hGLUT4 under the CUP1 promoter), which were grown in
selective media (SD) with 100uM CuSO,. SGY73 (vps27A) cells were also labelled with

FMA4-64 to mark the Class E compartment.

The data presented in Figures 3.6 and 3.7 indicate that, in yeast, as in adipocytes (Shewan
et al., 2003), hGLUT4 localises to the TGN, and that this localisation is achieved by the
transporter recycling through the PVC. Intriguingly, the Golgi-localised punctate staining
observed for hGLUT4 in yeast (Figure 3.6) is reminiscent of that found for Gaplp under
nutrient rich conditions (Roberg et al., 1997), and importantly Gap1p also localises to the

PVC of Class E vps mutants (Nikko et al., 2003; Rubio-Texeira and Kaiser, 2006).

3.6. hGLUT4 is stabilised by growth on proline-containing media.

Mutant GLUT4 lacking its carboxyl-terminal tail fails to translocate to the plasma
membrane of mammalian cells in response to insulin (Figurel.6, unpublished results; Nia
Bryant and David James). This indicates that the trafficking information regarding the
translocation of GLUT4 resides in the carboxyl-terminal tail. GLUT4 contains a

carboxyl-terminal di-leucine motif and an acidic-cluster-based motif that have important
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roles in the internalisation and subcellular targeting of GLUT4 (Cope et al., 2000; Shewan
et al., 2000). When this region of GLUT4 is replaced with the carboxyl-terminal tail of the
yeast general amino acid permease, Guplp, the lranslocation of GLUT4 1o the plasma
membrane of mammalian cells in response to insulin is recovered (Figurel.6, unpublished
results; Nia Bryant and David James). This demonstrates that the targeting motifs required
for insulin-regulated GLUT4 trafficking are conserved between GLUT4 and Gaplp.
Gaplp also contains a dileucine motif within its carboxyl-terminal tail that is required for

its nitrogen-regulated transport (Hein and Andre, 1997).

As outlined in Section 1.8, the general amino acid permecase, Gaplp, actively transports all
naturally occutring amino acids across the plasma membrane of yeast (Grenson et al.,
1970; Jauniaux and Grenson, 1990). When yeast cells are grown on non-preferred
nitrogen sources such as proline or urea, Gaplp is mobilised from an intracellular storage
pool to the plasma membrane, where it allows amino acids into the cell for use as a source
of nitrogen (Roberg et al., 1997). However, when yeast cells arc grown on prefecred
souarces of nitrogen such as glutamate, Gap1p transported to the proteolytically active yeast
endoscmal system (Roberg ct al., 1997). The parallels noted between the nitrogen-
regulated transport of Gaplp in yeast and the insulin-responsive transport of GLUT4 in
mammalian cells (Roberg et al., 1997) led me to investigate the hypothesis that GLUT4

would traffic in the same pathway as Gaplp when expressed in yeast.

In order to address this hypothesis, the effect of the nitrogen source in the growth media on
hGLUT#4 stabilisation was determined (Figure 3.8). KY73 (PEP4) and RMY1 (pep4-3)
yeast cells harbouring pWTG4 were grown in media containing 100zM CuSO, and
utilizing either, 0.5% ammonium chloride, 0.1% glutamate or 0.1% proline as the sole
source of nitrogen. Proteins contained in lysates prepared from [0 ODgy equivalents of
cells were separated using SDS-PAGE prior to immunoblot analysis, performed with anti-
GLUT¢ antibody.
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Figure 3.8. hGLUT4 is stabilised by growth on proline-containing media.

KY73 (PEP4) and RMY1 (pep4-3) yeast cells harbouring pWTG4 (hGLUT4 under CUP1
promoter) were grown in media containing 100uM CuSO,and, either, 0.5% ammonium
chloride, 0.1% glutamate or 0.1% proline as the sole nitrogen source, as indicated above.
The amount of hGLUT4 in 10 ODg,,0f cells was assessed using immunoblot analysis (the

amount of Vtilp in each sample was similarly assessed to control for equal loading).

As in Figure 3.5, hGLUT4 could be detected in pep4-3 strains (lane2) but not in PEP4
strains (lanel) grown in media containing ammonium chloride. Interestingly, however, a
greater amount of hGLUT4 could be detected in KY73 (PEP4) cells when grown in media
that contained proline as the sole source of nitrogen, but not when grown in media with
glutamate as the nitrogen source. hGLUT4 was, therefore, more stable in yeast grown with
limited nutrients, which mirrors that found with Gaplp (Roberg et al., 1997) and led to the
hypothesis that hGLUT4 was being directed away from the endosomal system when
nutrients were limited and therefore prevented from degradation by active vacuolar
proteases. This is reminiscent of the nitrogen-regulated trafficking of Gaplp and provides

further indication that, when expressed in yeast, hGLLUT4 traffics within the same transport
pathway as Gaplp.

3.7. Chapter summary
This chapter describes how I expressed human GLUT4 (hGLUT4) in yeast in order to

explore the possibility of using yeast as a model system in the study of insulin-regulated




Rebecea K McCann, 2007 Chapter Three, 72

GLUT4 trafficking. Idetermined that, when expressed in yeast, hGLUT4 shows
significant colocalisation with the TGN marker Kex2p, and accumulates in the Class E
compartment of vps27A mutant cells, consistent with a model in which GLUT4 localises to
the TGN of yeast by continvally cycling through the endosomal system. Furthermore, !
show that hGLUT4 is stabiliscd when cxpressed in pep4A yeast lacking active vacunolar
proleases, thus indicating the delivery of hGLUT4 (0 a proteolytically aclive compartien(.
These findings led me to further investigate the parallels between GLUT4 and Gaplp
regulated tratficking by examining the tratticking of hGLUT4 when expressed in yeast
grown with either a good, or poor, supply of nitrogen. Like Gaplp, hGLUT4 was
transported away from a proteolytically active compartment when exposced to poor
nutrients, thus supporting the hypothesis that hGLUT4 shares the same transport pathway

as Gaplp when expressed in yeast.




A UL

Chapter 4: Examination of the ubiquitination of GLUT4




Rebecca K McCann, 2007 Chapter Four, 74

Chapter 4:  Examination of the ubiquitination of GLUTA.

4.1. Introduction

The data presented in Chapter 3 demonstrates that, in yeast, hGLUT4 traffics in a nitrogen-
regulated manney akin to that of Gaplp. The nitrogen-dependent trafficking of Gaplp is
regulated, at least in part, by the ubiquitination of the transporter (Magasanik and Kaiser,
2002). Ubiquitination of Gaplp is required, not only for the endocytosis of Gaplp from
the plasma membrane in response to favourable nufrient conditions (Springael and Andre,
1998; Springael et al., 1999) but also for the direct sorting of Gaplip {rom the TGN to the
proteolytically active compartnent (Helliwell et al., 2001). Therelore, in view of the
similarities between Gaplp and GLUT4 trafficking, I set out ta examine whether hGLUT4,
like Gaplp, was also ubiquitinated in yeast.

This chapter presents data to show that hGLUT4 is ubiquitinated when expressed in yeast,
and also outlines attempts made to determine the specific lysine residue(s) within hGLUT4
that is/are ubiquitinated. However, it is important to note that the purpose of investigating
the tratficking of hGLUT4 in yeast was to provide a model system for nnderstanding the
insulin-regulated tratficking of GLLUT4 in mammalian cells, and therefore, with this in
mind, this chapter also presents data to show that GEUT4 is also ubiquitinated in the

insulin-sensitive murine cell line 3T3-1.1 adipocytes.

4.2, hGLUT4 is ubiquifinated in yeast.

As an initial approach to investigate whether, like Gaplp, GI.UT4 is ubiquitinated in yeast,
GLUT4 was immunoprecipitated from yeast cells that were also expressing an HA-tagged
version of ubiquitin. These experiments were carried out in SF838-9Da (pep4-3) yeast
cells to minimize the possibility of degradation of any ubiquitin conjugates by vacuolar
protcascs, and pPRM1 was uscd to cxpress HA-Ub at high levels, in order to ensure a pool
of free ubiquitin and also to provide an epitope tag for the easy detection of the ubiquitin
conjugates. SF838-0Da cells harbouring pWTG4 (pRM2) and also pRM1 (I1A-tagged
ubiquitin under control of the CUP/T promoter), or not, were grown in selective media
containing 100xM CuSQ, to induce expression from the CUPI promoter.
Immunoprecipitates formed from yeast cell lysates vsing rabbit anti-GLUT4 antibody were

subject to immunoblot analysis with rat anti-HA antibody in order to detect uny HA-Ub
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that was conjugated to hGLUT4 and mouse anti-GLUT4 monoclonal antibody to verify
that equal amounts of hGLUT4 and hGLUT4-7K/R were immunoprecipitated (Figure 4.1).

lysate IP: GLUT4
HA-ub + - + + - +
GLUT4 WT WT K/R WT WT K/R

-150kD
-100kD
-75kD

-50kD
-37kD

IB:
HA-Ub

-25kD
-15kD

-50kD
-37kD

IB: a6t —
GLUT4 b ‘ :

Figure 4.1. hGLUT4 is conjugated to HA-tagged ubiquitin in yeast

SF838-9Da yeast cells harbouring either pWTG4 or p7KRG4 (as indicated above; WT or
K/R, respectively) with HA-Ub or not (as indicated above +/-) were grown in selective
media (SD) containing 100uM CuSO,. Immunoprecipitates formed with 10ul anti-GLUT4
antibody were subject to immunoblot analysis with anti-HA antibody (to investigate
whether HA-tagged ubiquitin was conjugated to hGLUT4 in yeast) and 1F8 antibody (a
GLUT4 monoclonal antibody) to verify whether equal amounts of WT and 7K/R protein

were immunoprecipitated.

Ubiquitination is the post-translational conjugation of the small molecule, ubiquitin, most
commonly to specific lysine residues on a target protein (Hicke and Dunn, 2003). There
are seven lysine residues in the sequence of hGLUT4 that are predicted to be cytosolically
disposed (Figure 4.2): each one of these represents a potential site of ubiquitination. The

first of these residues (K109) is predicted to be within the first intracellular loop, five of
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these residues (K242, K245, K261, K264 and K266) have a predicted location within the
large intracellular loop between transmembrane domains 6 and 7, and the final lysine

residue (K495) is in the carboxyl-terminal tail (Figure 4.2).

Figure 4.2. Schematic diagram of the predicted membrane topology of GLUT4
indicating the positions of cytoplasmic lysine residues
(adapted from (Bryant et al., 2002))

To characterise the ubiquitination of hGLUT4 observed using HA-tagged ubiquitin, I made
a mutant version of hGLUT4 in which the 7 cytosolically-disposed lysines are mutated to
arginine residues to serve as a non-ubiquitinated control. Both lysine and arginine residues
contain basic side chains, but whereas lysine has a free amino group to which ubiquitin
covalently attaches to target proteins, arginine does not: arginine is therefore routinely used
to replace lysine in order to abolish ubiquitination without grossly altering the overall
higher-order structure of the protein. Codons encoding the seven cytosolically-disposed
lysine residues (K109, K242, K245, K261, K264, K266 and K495) of hGLUT4 were
mutated in a series of SDM reactions using pRM2 as the original template. The pairs of
oligonucleotides used (61 and 62, 73 and 74, 85 and 86, 77 and 78, 117 and 118, 119 and
120, 121 and 122), and the ‘intermediate’ plasmids created (pRMS, pRM11, pRM12,
pRM13, pRM14, pRM15 and pRM3) in the process of making the final plasmid encoding
the ubiquitin-deficient mutant (hGLUT4-7K/R) are listed in Tables 2.2 and 2.3,
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respeclively. The final plasmid pG47KR (pRM3) encodes hGLU'T4 with all seven

cyloplasmic lysines mutated to arginine residues from the CUPI promoter.

When hGLUT4-7K/R was immunoprecipitated from SF838-9Da cells that were also
producing HA-tagged ubiquitin, no ubiquitination was detected (Figure 4.1). Importantly,
the bottom panel of this figure shows that hGLUT4-7K/R was precipitated just as

efficiently as its wild-type connterpart (which clearly is ubiquitinated) in this experiment.

An immunoreactive band with an apparent molecular weight of ~50kIDDa was detected in
the immunoprecipitate of those cells expressing both wild type hGLUT4 and HA-tagged
ubiquitin, demonstrating that HA-Ub was conjugated to hGLU'L'4 in yeast. "Lhis band was
absent from the immunoprecipitate of those cclls expressing solely wild type hGLUT4 or
those cells expressing the ubiquitination-deficient form of h\GLUT4 (hGLUT4-7K/R) with
HA-Ub, indicating the band was specific to cells carrying pWTG4 and HA-Th. An
immunoreactive band of ~42kDa could be detected in all immunoprecipitates when they
were subject to immunceblot analysis with 1F8 antibody (a GLUT4 mouse monoclonal
antibody) confirming that equal amounts of wild type hGLUT4 and hGLUT4-7K/R were
immumnoprecipitated. This increase of ~8kDa in the molecular weight between the 42kDa
band detecting hGLUT4 and the 50kDa band detecting HA-Ub conjugated to hGLUT4 is
consistent with the conjugation of one ubiquitin moiety to the hGLUT4 molecule, implying

that h\GLUT4 is monoubiquitinated.

It was necessary to confirm that the ubiquitination of hGI.UTY4 detected in Figure 4.1 was
not due to the overexpression of [IA-fagged ubiquitin in yeast. Therefore, an approach was
taken to establish whether hGLUT4 expressed in yeast was ubiguitinated by endogenous
ubiquitin (Figure 4.3). SF838-9Dw cells harbouring either pWFG4 (pRM2)} or p7TKRG4
{(pRM3) were grown in selective media containing 100xM CuSQ, to induce expression of
hGLUT4 and hGLUT4-7K/R, respectively. Tmmunoprecipitates formed with rabbit anti-
GLUT4 antibody were subject to immunoblot analysis with mouse anti-ubiquitin antibody,
in order to deteclt whether endogenous ubiquitin was conjugated 10 hGLUT4, and mouse
anli-GLUT4 monoclonal antibody to verily whether equal amounts of hGLUT4 and
hGLUT4-7K/R were immunoprecipitated (Figure 4.3).
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IP: GLUT4

IB:Ub

IB:
GLUT4

Figure 4.3 hGLUT4 is conjugated to endogenous ubiquitin in yeast

SF838-9Da yeast cells harbouring either pWTG4 or p7KRG4 (as indicated above; WT or
KI/R, respectively) were grown in selective media containing 100uM CuSO,.
Immunoprecipitates formed with 10ul anti-GLUT4 antibody were immunoblotted with
anti-Ub antibody to investigate whether endogenous ubiquitin was conjugated to hGLUT4
in yeast and 1F8 antibody (a GLUT4 monoclonal antibody) to verify whether equal
amounts of wild type hGLUT4 (WT) and hGLUT4-7K/R (K/R) protein were

immunoprecipitated.

In agreement with Figure 4.1, an immunoreactive band with an apparent molecular weight
of ~50kDa was detected in the immunoprecipitate of those cells expressing wild-type
hGLUT4 but not in those cells expressing the ubiquitination-deficient mutant hGLUT4-
7K/R, with the levels of immunoprecipitated wild type hGLUT4 and hGLUT4-7K/R being
approximately equal. Again, this is consistent with the addition of a single ubiquitin

molecule to hGLUT4 and shows that hGLUT4 is bound to endogenous ubiquitin in yeast.

The above immunoprecipitation experiments establish that h\hGLUT4 is ubiquitinated in

yeast, but this was always to be a model system for the study of the insulin-regulated
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trafficking of GLUT4 and the end goal always to determine whether GLUT4 wus
ubiquitinated in mammalian cells. However, immunoprecipitation of 3T3-1.1 adipocyte
lysate with anti-GLUT4 antibody and subsequent immunoblot analysis with anti-ubiguitin
antibody failed to yield any presentable data, and I therefore sought an altemative approach
to investigate the possibility that GLUT4 is ubiquitinated in adipocytes. To this end, 1
utilised a GST fusion protein harbouring a ubiquitin-hinding domain from the yeast protein

Dsk2p.

Dsk2p is a member of a family of proteins that possess an N-terminal ubiguitin-like (Ubl)
domain and a C-terminal ubiquitin-associated (UBA) domain (Jentsch and Pyrowolakis,
2000). This family of proteins plays an imaportant role in protcin degradation by the
ubiquitin-proteasome pathway possibly as an adaptor between ubiquitinated proteins
destined for proteasomal degradation and the proteasome complex (Funakoshi et al., 2002).
The C-terminal UBA domain of Dsk2p binds to Lys*-linked polyubiquitin chains while
the N-terminal Ubl domain interacts with the proteasome (Funakoshi et al., 2002). 1t has
been established that the C-terminal UBA domain alone (residues 328-373 of Dsk2p)
binds, not only polyubiquitin but also monoubiquitin when produced as a GST-fusion
protein (Funakosht et al., 2002). I therefore sought to use this GST-fusion protein in “pull-

down’ experiments to determine whether GLUT4 is ubiquitinated in adipocytes,

It was important to include a negative control for these experiments and I thercfore set out
to obtain a version of this protein whose abilily to bind ubiquitin is impaired. The structire
of the UBA domain of Dsk2p in complex with ubiquitin has been solved und identifies
residues within the UBA domain as being important for the binding of ubigvitin (Ohno et
al., 2005): Met** mediates two contacts between the UBA domain and ubiquitin; it forms a
hydrophobic contuct with the Tle*-centred pocket of ubiquitin and a hydrogen bond to
Gly*" of ubiquitin. Phe*™ makes hydrophobic contacts with Gly” of ubiquitin (Ohno et al.,
2005). These two residues were mutated by SDM to Arg™? and Ala**in order to abolish
ubiquitin binding of the Dsk2p-UBA damain (this was performed by Chris Lamb, a

placement student in the lab).

This mutant was designed 1o ack as # non-ubiquitin-binding control in the GST pull-down

assays investigating GILUT4 ubiquitination. However, before using this new approach
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with 3T3-L1 adipocytes, I set out to validate its effectiveness in specifically detecting
ubiquitinated GLUT4 with the yeast system.

The recombinant fusion proteins, GST-UBA (GST fused to the UBA domain of Dsk2p;
residues 328-373 (Funakoshi et al., 2002)) and GST-UBAmut (GST fused to the UBA
domain of Dsk2p harbouring the two point mutations M342R and F344A) were expressed
in BL-21(DE3) cells (Invitrogen) and purified using glutathione-Sepharose beads. The
concentration of fusion proteins immobilised on the beads was estimated using SDS-PAGE
and staining with Coomassie Blue, and comparison with a series of protein standards (2ug,
4pg and 10pg BSA) included on the same gel (Figure 4.4). Figure 4.4 shows bands of
equal intensity for both GST-UBA and GST-UBAmut, with an apparent molecular weight
of ~30kDa, around 5-6kDa larger than GST alone, consistent with the addition of the UBA
and UBAmut domains.

GST
GST-UBAMuL.
10ugBSA
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Figure 4.4. SDS-PAGE protein assay for immobilised GST fusion proteins

GST-fusion proteins, GST-UBA and GST-UBAmut were expressed in bacteria and purified
with glutathione-Sepharose beads. Proteins eluted from the beads were separated by SDS-
PAGE and the gel stained with Coomassie Blue. In order to estimate the quantity of

protein bound to the beads, a series of protein standards; 2ug, 4ug and 10ug BSA were
also loaded.




Rebecca K McCann, 2007 Chapter Four, 81

In order to validate the use of the GST fusion proteins in the detection of GLUT4
ubiquitination, lysates prepared from SF838-9Da cells producing either hGLUT4 (from
pRM30) or hGLUT4-7K/R (from pRM31), in addition to a GFP-tagged version of Gaplp
(from p2313; to serve as a control) were incubated with either GST-UBA and GST-
UBAmut immobilised on glutathione-Sepharose beads. Following the washes described in
Section 2.2.19, proteins bound to the GST-fusion proteins were eluted and subject to SDS-
PAGE and immunoblot analysis with anti-GFP antibody and anti-GLUT4 antibody (Figure
4.5). 0.25% of the input lysate was also subject to SDS-PAGE and immunoblot analysis
with anti-GFP and anti-GLUT4 antibodies in order to check that equivalent amounts of

GaplpGFP, wild-type hGLUT4 or hGLUT4-7K/R proteins were added to the two different
GST fusions.
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Figure 4.5. hGLUTY interacts with GST-UBA in a GST pull down assay

Lysate prepared from SF838-9Da yeast cells harbouring either pWTG4LEU2 (pRM30) or
p7KRG4LEU2 (pRM31) (as indicated above; WT or K/R, respectively) and p2313 (GFP-
tagged Gaplp) were incubated with glutathione-Sepharose beads that carried either of the
GST-fusion proteins, GST-UBA and GST-UBAmut. Proteins eluted from the beads were
subject to immunoblotting with anti-GF P antibody (top panel) and anti-GLUT4 antibody
(bottom panel). 0.25% input (left panel; top and bottom) was also loaded as a control to

verify whether equal amounts of proteins were expressed.
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GEP-tagged Gaplp provided « control in this experiment as a protein known to be
ubiquitinated in veast (IHein and Andre, 1997; Helliwell el al., 2001 ; Springacl and Andre,
1998; Springacl ct al., 1999). Immunoblot analysis with anti-GFP antibody detected an
immunoreactive band of an apparent molecular weight of ~80kDa in the GST-UBA pull-
down assays but not in the pull-down performed using the GST-UBAmut (Figwe 4.5},
indicating that, as predicted, the point mutations introduced here have indeed abolished the

ability of the UBA domain {0 bind ubiquitin.

Immunoblot analysis with anti-GLUT4 antibody detects a band with an apparent molecular
weight of ~50kDa in the GST-UBA pull down assay from a yeast cell lysate containing
wild type hGLUT4, but not trom a lysates prepared from cells expressing the
ubiguitination-deficient hGLUT4-7K/R (Figure 4.5). The GILU'T4 immunoreactive band is
also abscnt from the pull down performed vsing the GST-UB Anut fusion with lysatc
prepared from cells expressing wild-type hGLUT4. The levels of wild type hGLUT4 and
hGLUT4-7K/R added io the pull-down assays were comparable, as visualised by
immunoblot analysis of the input lysate, which indicates immunoreactive bands of similar
intensities with apparent molecular weights of ~42kDa in each case. GST-UBA binds
ubiquitin, and therefore, ubiquitinated proteins are isolated i the GST pull-down assays.
The detection of an immunoreactive band at ~50kDa in cells cxpressing wild-type
hGLUTH4, but not in cells with the ubiquitination-deficicnt hGLUTA4-7K/R, thus indicates
that hGLIIT4 is ubiquitinated in ycast, probably by the addition of onc ubiquitin mocity.
This supports the data obtained with the immunoprecipitation experiments, and establishes

this technique as a suitable method to investigate GLU T4 ubiquitination,

4.3. GLUT4 is ubiquitinated in adipocyies

The ubiquitination of GLUT4 in adipocytes was determined by incubating lysate prepared
from 3T3-L1 adipocytes with glutathione-Sepharose beads carrying the GST fusion
proteins, GST-UBA (ubiquitin-binding) and GST-UBAmut {(non-ubiquitin binding).
Proteins pulled-down by GST-UBA and GST-UBAmut were analysed by immunoblot
analysis with anti-GLUT4 antibody (to detect any GLUT4 bound to the GST fusion
protcins), anti~Syntaxind antibody (as a non-ubiquitinated protein contol) and anti-IRS-1
antibody (as a ubiquitinated protein control) (Figure 4.6). 2.5% of the input lysate was also

snbject to SDS-PAGE and immunoblot analysis with the various antibodies to verify to
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presence of the different proteins in the lysate. The coomassie staining of the purified
GST-fusion proteins used is also shown in Figure 4.6 to confirm that equivalent amounts

of the two fusion proteins were used in the pull-downs experiments.
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Figure 4.6. GLUTA4 is ubiquitinated in 3T3-L1 adipocytes

Lysate prepared from 3T3-L1 adipocytes was incubated with glutathione-Sepharose beads
that carried the GST-fusion proteins, GST-UBA and GST-UBAmut. Proteins eluted from
the beads were subject to immunoblotting with anti-GLUT4, anti-IRS-1 and anti-Syntaxin4

antibodies. 2.5% input (lane 1) was also loaded as a control.

Immunoblot analysis with anti-GLUT4 antibody in Figure 4.6 shows an immunoreactive
band only in proteins eluted from the beads carrying GST-UBA, not from those beads
carrying an equivalent amount of the GST-UBAmut control. This immunoreactive band
has a slightly larger molecular weight than the GLUT4 immunoreactive band detected in
the input lysate, which is expected with ubiquitinated GLUT4. The binding of GLUT4
from adipocytes to the ubiquitin-binding UBA domain, but not to the non-ubiquitin
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binding UBAmut domain, demonstrates that cndogenous GLUT4 is ubiquitinated in
adipocytes.

The protein levels of the insulin receptor substrate 1 JRS-1) are regulated by its
ubiquitination (Zhande et al., 2002) and subsequent proteasomal degradation (Sun et al.,
1999). Therefore, the presence of IRS-1 in the puill-down assays was determined (as a
protein known to be ubiqguitinated in these cells) by immunoblot analysis with anti-IRS-1
antibody. Figure 4.6 demonstrates that IRS-1 is pulled out of the adipocytes lysates by
GST-UBA, but not by the GST-UBAmut, confirming the specificity of binding of GST-
UBA to ubiquitinated proteins. Syntaxin 4 is a target (t)-SNARE located at the plasma
mcmbranc of adipocytes (Tellam ct al,, 1997; Volchuk et al., 1996). As it is unlikely to be
a target for ubiquitination it was used as a negative control for the GST pull-down assays.
Input lysate subject to immunoblot anaiysis with anti-Syntaxind antibody detected an
immuncreactive band of the predicted molecular weight of Syntaxind, which was absent
from the GST pull-downs: providing yet further evidence that the GST pull-down assays

were specific for ubiquitinated protein.

Having confirmed that endogenous GLUT4 in adipocytes is ubiquitinated, T wanted to
assess whether this ubiquitination was abolished by mutation of the 7 lysines of GLUT4
that are predicted to be cytosolically disposed (Figure 4.2). I therefore created a retroviral
expression vector to drive the expression of the hGLUT4-7K/R mutant in 3T3-L1
adipocytes (the construction of this vector, production of retrovirus and the expression of
wild-type HA-tagged GLUT4 and HA-tagged GLUT4-7K/R in infected adipocytes is

outlined in the following chupter).

Lysates from 3T3-L1 adipocytes expressing either wild-type HA-tagged GLUT4 or HA-
tagged GLUT4-7K/R were incobated with glutathione-Sepharose beads loaded with either
GST-UBA and GST-UBAmut as described in materials and methods. Proteins eluted from
the beads were subject to immunaoblotiting with anti-HA antibody to detect any HA-tagged
GLUT4 bound to the GST fusion proteins (Tigure 4.7). 2.5% of the input lysate was also
sabject to SDS-PAGE and immuncblot analysis with anti-1IA antibody to verify equal
Jevels of expression of wild type GLUT4 and GLUT4-7K/R (Figure 4.7).
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Figure 4.7.GST pull down with adipocytes expressing HA-GLUT4 or HA-GLUT4-7KIR
Lysate prepared from 3T3-L1 adipocytes expressing either HA-GLUT4 or HA-GLUT4-
7K/R (as indicated above; WT and K/R respectively) was incubated with glutathione-
Sepharose beads that carried the GST-fusion proteins, GST-UBA and GST-UBAmut.
Proteins eluted from the beads were subject to immunoblotting with anti-HA antibody.

2.5% input lysate was also loaded as a control.

Immunoblot analysis with anti-HA antibody detected immunoreactive bands with apparent
molecular weights of ~48kDa in the input lysate of adipocytes expressing either wild type
or the ubiquitination-deficient form of HA-GLUT4. However, the immunoreactive band
was a lot less pronounced in the case of HA-GLUT4-7K/R, likely due to poorer expression
from the HA-GLUT4-7K/R retrovirus. An immunoreactive band can also be detected in
the GST-UBA pull down from the lysates prepared from adipocytes expressing wild-type
HA-GLUT4, indicating ubiquitinated HA-GLUT4 (as demonstrated in Figure 4.6). This
band is absent from the GST-UB Amut control pull-down. No such band was detected in
the GST-UBA pull-down from adipocytes lysates containing HA-GLUT4-7K/R.

However, due to the low levels of expression of this mutant in this experiment it cannot be
determined whether this control does, in fact, abolish ubiquitination. Unfortunately, due to
time constraints, I was unable to fully optimise this experiment in order to acquire equal

levels of wild-type HA-GLUT4 and HA-GLUT4-7K/R.
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4.4. Mapping the ubiquitination sites of hGLUT4

Having determined that GLUT4 is modified by the addition of, at least one ubigquitin
moiety, I set out to map the ubiquitination site(s) in the transporter. Having demonstrated
that mutation of all 7 of the lysine residues within hGL.UT4 that are predicted to be
localised in the cytosol (Figure 4.2) abolishes the ubiquitination of GLUT4 (Figures 4.1
and 4.3), my fucst approach to mapping the site of ubiquitination was to create a series of
lysine ‘knock-out’ mutants of GLUT4: with the 7 lysine residues mutated individually to
arginincs. The pairs of oligonuclcotides; 61 and 62, 85 and 86, 87 and 88, 89 and 90, 91
and 92, 93 and 94, 73 and 74 (listed in Table 2.2) were used in a set of scven separate
SDM reactions to individually mutate the lysine residues of hGLUT4, encaded by pWTG4
{(pRM2), to arginines. This created the scerics of GLUT4 *knock-out’ mutants under control
of the CUPI promoter; pRMS5 (K495R}, pRMG6 (K242R), pRM7 (K245R ), pPRM8
(K261R), pRM9 (K264R), pRM 10 (K266R), pRM16 (K109R) (listed in Table 2.3). These
mutants were used, along with pWTG4 (pRM?2) and p7KRG4 (pRM3), to investigate
which of the lysine residues in hGL.UT4 was ubiquitinated. This was achieved by
expressing the various forms of hGLUT4 in SF838-9Da yeast, using anti-GLUT4
antibodies fo immunoprecipitate the transporter, and then probe each of the precipitated
versions of GLUT4 with anti-ubiquitin antibodies (in a manner similar to that presented in
Figure 4.3). The rationale behind this experiment was that mutation of the ubiquitination
acceptor site would abolish the ubiquitination of hGLUT4 (as seen for the hGLUT4-7K/R
mutant in Figures 4.1 and 4.3).

SF838-9Da cells harbouring either pWTG4 (pRM2), p7KRG4 (pRM3) or one of the 7
Iysine ‘knock-out’ mutants, K109R (pRM16), K242R (pRM6), K245R (pRM7), K261R
{(pRM&), K264R (pRM9), K266R (pRM 10} and K495R (pRMS5) were grown in selective
media (SD) containing 1002M CuSO, to induce expression of hGLUT4, hGLUT4-7K/R
and the 7 mutants. Immunoprecipitates formed with rabbit anti-GLLUT4 antibody were
subject to inmunoblot analysis with mouse anti-ubiquitin antibody, in arder to detect
whether endogenous ubiquitin, normally conjugated to hGLUT4, was prevented from
ubiquitinating any of the 7 ‘knock-out’ mutants. Immunoblot analysis with mouse anti-
GLUT4 monoclonal antibody was used to ascertain whether equivalent amounts of
hGLUT4, hGLUT4-7K/R and the seven ‘knock-out” mutants were immunoprecipitated
(Figure 4.8},

.....
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Figure 4.8. Investigation into the ubiquitination of GLUT4 lysine ‘knock-out’ mutants.
SF838-9Da yeast cells harbouring any one of pWTG4, p7KRG4 or one of the 7 lysine

37kDa-

i _
37kDa-# e

‘knock-out’ mutants (described in the text above) were grown in selective media containing
100uM CuSO,. Immunoprecipitates formed with 10ul anti-GLUT4 antibody were
immunoblotted with anti-Ub antibody and 1F8 (a GLUT4 monoclonal antibody).

The data presented in Figure 4.8 are consistent with those presented in Figures 4.1 and 4.3,
in that the anti-ubiquitin antibody detects a band with an apparent molecular weight of
~50kDa in the immunoprecipitate from cells expressing wild-type hGLUT4 but not in that
obtained from cells expressing the hGLUT4-7K/R mutant. However, all of the seven
‘knock-out’ mutants showed a similar 50kDa immunoreactive band, indicating ubiquitin
conjugation; none showed the removal of ubiquitin binding to hGLUT4 as seen with the
ubiquitination-deficient mutant, as would have been expected had any of the ‘knock-out’

mutants abolished ubiquitination of hGLUT4.

Although the data presented thus far are consistent with hGLUT4 being monoubiquitinated
(modified by a single ubiquitin molecule on one of its lysine residues), it is possible that
the protein is multi-monoubiquitinated (modified by a single ubiquitin molecule on more
than one lysine residue), as oppose to polyubiquitination, which refers to chains of
ubiquitin molecules (Arnason and Ellison, 1994; Hicke and Dunn, 2003). This would
explain the data presented in Figure 4.8, in that even if one of the ubiquitination sites had
been knocked out, another one (at least) would still be ubiquitinated. I therefore undertook

to make a series of 'knock-in’ mutants where each of the 7 putative ubiquitination sites
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were ‘put back inlo’ the ubiquitination-deficient (hGLUT4-7K/R) mutani, ihus generating
7 individual mutants with ooly one lysine residue available for ubiquitination. The pairs of
oligonucleotides; 233 and 234, 237 and 238, 231 and 232, 235 and 236, 239 and 240, 241
and 242, 243 and 244 (listed in Tablc 2.2) were used in a sct of 7 scparatc SDM reactions
to individnally mutate the arginine residues at positions 109, 242, 245, 261, 264, 266 and
495 of hGIUT4-7K/R (in pRM3) back to lysine residues, thus making a series of ‘knock-
in” mutants under control of the CUP{ promoter; pRM17 (TKRK242), pRM18
(7KRK261), pRM19 (7KRK109), pRM20 (7KRK245), pRM2| (7TKRK264), pRM22
(TKRK266), pRM23 {7KRK495) (listed in Table 2.3}. As described for the ‘knock-out’
mutants, these ‘knock-in” mutants were used, along with pWTG4 (pRM2) and p7KRG4

(pPRM3), to examine which of the lysine residues was subject to ubiguitination,

SE838-9Da cells harbouring either pW1'G4 (pRM2), p7KRG4 (pRM3) or one of the 7
lysine ‘knock-in’ mutants, were grown in selective media containing 100xM CuSO, to
induce expression of hGLUT4, hGLUT4-7K/R and the 7 mutants. Immunoprecipitates
formed with rabbit anti-GLUT4 antibody were subject to immunoblot analysis with mouse
anti-ubiquitin antibody, in order to detect whether endogenous ubiquitin was conjugated to
any of the individual lysine residues within the hGLUT4 ‘knock-in’ mutants. Tmmunoblot
analysis with mouse anti-GLUT4 monoclonal antibody was used to ascertain whethex
equivalent amounts of hGLUT4, hGLU(4-7K/R and the seven ‘knock-in’ mutants were

immunoprecipitated (Figurc 4.9).
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Figure 4.9. Investigation into the ubiquitination of GLUT4 lysine ‘knock-in’ mutants.
SF838-9Da yeast cells harbouring any one of pWTG4, p7KRG4 or one of the 7 lysine
‘knock-in’ mutants (as described in the text above) were grown in selective media
containing 100uM CuSO,. Immunoprecipitates formed with 10ul anti-GLUT4 antibody
were immunoblotted with anti-Ub antibody, to investigate whether ubiquitin conjugation
was retained in any of the ‘knock-in’ mutants, and 1F8 antibody (a GLUT4 monoclonal

antibody).

The data presented above in Figure 4.9 is consistent with that seen in Figures 4.1, 4.3 and
4.8, in that an immunoreactive band with apparent molecular weight of ~50kDa is detected
by the anti-ubiquitin antibody in the immunoprecipitate from cells producing wild-type
hGLUT#4 but not from those cells producing the ubiquitin-deficient mutant hGLUT4-7K/R.
Disappointingly however, all of the 7 *knock-in" mutants still showed the presence of
similar 50kDa immunoreactive band, with the exception of, perhaps, hGLUT4-7K/RK266.
However, this experiment was repeated ona number of occasions, without any consistency

in the results.

This knock-in/knock-out approach to mapping the site of hGLUT4 ubiquitination was
unsuccessful. This has also been the case in other studies attempting to map ubiquitination
sites. Lysine to arginine mutants of the three ubiquitination substrates; c-Jun (Treier et al.,
1994), the T-cell receptor T subunit (Hou et al., 1994) and the encephalomyocarditis
(EMC) virus 3C protease (Lawson et al., 1999), showed every single mutant to retain

nearly wild-type susceptibility to ubiquitination. Therefore, it would seem that E3 ligases




Rebecea K McCann, 2007 Chapter Four, 90

can be rather nonselective with respect to which lysine in the target protein is
ubiquitinated. If a parlicular lysine residue is unavailable for modification by
ubiquitination, it is probable the E3 ligase moves along the protein until it finds a lysine
that can be ubiquitinated. This would explain why all of the GLUT4 “knock-in’ and

‘kpock-out” mutants created appeared to be ubiquitinated,

4.5. Chapter summary

In view of the finding that, when expressed in yeast, hGLUT4 traffics in a nitrogen-
regulated manner analogous to the regulated ttafficking of Gap1p, the aim of this chapter
was to address whether, also like Gapip, GLUT4 was subject to ubiquitination. By way of
a series of immunoprecipitation experiments and pull-down assays, I show that hGLUT4 is
indeed ubiquitinated in yeast, and importantly, also in the insulin-sensitive, murine cell line
3T3-L.1 adipocytes, most likely by monoubiquitination. This chapter also outlines efforts
madc towards identifying the specific lysinc residuc(s) of GLUT4 that is/are subject to

ubiquitination.

vy




Chapter 5: Analysis of the role of ubiquitination in GLUT4
trafficking
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Chapter5:  Analysis of the role of ubiquitination in GLUT4 trafficking.

5.1. Introduction

The finding that GLUT4 is subject to ubiquitination adds to the similarities between the
regulated trafficking of GLUT4 in insulin-sensitive cells and the general amino acid
permease, Gaplp in yeast. Given that h\GLUT4, when expressed in yeast, follows the same
nitrogen-regulated trafficking pathway as Gaplp, and the sorting of Gaplp to the
proteolytically active compartment in nutrient-rich conditions is regulated by its
ubiquitination (Hein and Aadre, 1997; Helliwell et al., 2001; Springael and Andre, 1998;
Springael et al., 1999), I set out to test the hypothesis that ubiquitination plays a role in the
nitrogen-regulated trafficking of GLU't4 in yeast.

By using yeast that produce either a ubiguitination-deficient mutant of hGLUT4
(hGLUT4-7K/R), or a constitutively-ubiquitinated hGLUT4 fusion protein (hGY.UT4-
7K/R-HAUb), I set out to address whether, like Gaplp, the ubiquitination of hGLUT4 in
yeast serves as a signal to direct the transporter to the proteolytically active compartment
for degradation. This chapier presents data to support the above hypothesis, and also
presents experiments divected towards defining a role for ubiquitination in the regulated
trafficking of GLUT4 in the insulin-sensitive murine cell line, 3T3-L1 adipocytes.
Through a series of experiments studying the trafficking of either wild type HA-GLUT4,
the ubiquitin-deficient mutant IMTA-GLUT4-7K/R or the constitutively- ubiquitinated
hGLUT4-7K/R-HAUb in adipocytes, I propose a model in which the ubiquitination of
GLUT4 is required for its exit from the TGN into the GLLUT4 storage vesicles (GSVs)

from where it can be mobilised to the plasma membrane in response to insulin.

5.2. Ubiquitination of hGLUT4 in yeast targels it for degradation by active vacuolar
proteases

In order to build on the findings prescented in Chaplers 3 and 4: namely that when
expressed in yeast, hGLUT4 traffics in a nitrogen-regulated manner analogous to Gaplp;
and, again like Gaplp, GLUT4 is ubiquitinated, I set out to determine whether the
ubiquitination of GLUT4 is determined for its nitrogen-regulated trafficking in yeast. To
this end, T asked whether the ubiquitination-deficient matant hGLUT4-7K/R (Figures 4.1,
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4.3 and 4.5) is subject to the same nitrogen-regulated trafficking as its wild-type

counterpart in yeast.

KY73 cells (PEP4; wild-type, i.e. containing active vacuolar proteases) expressing either
wild-type hGLUT4 or the ubiquitination-deficient \GLUT4-7K/R were grown in media
containing either 0.5% ammonium chloride or 0.1% proline as the sole source of nitrogen
(Figure 5.1). Proteins contained in lysates prepared from 10 ODy,y, equivalents of cells
were separated using SDS-PAGE prior to immunoblot analysis, performed with anti-

GLUT#4 antibody (and also anti-Vtilp as a loading control).

Nitrogen Source

> Ammonium Chloride

7 Proline

- N B
GLUT4 WT 7KIR WT  7KIR

s

50kDa - : . aGLUT4

25kDa —————————— /(|1

Figure 5.1. hGLUT4-7KIR is stabilised in PEP4 cells.

KY73(PEP4) yeast cells harbouring either pWTG4 (pRM2; hGLUT4 under control of the
CUPI1 promoter) or pG47KR (pRM3; hGLUT4-7K/R under control of the CUPI
promoter) were grown in media containing 100uM CuSO,and, either, 0.5% ammonium
chloride or 0.1% proline as the sole nitrogen source, as indicated above. The amount of
hGLUT4 or hGLUT4-7K/R in 10 ODy,,equivalents of cells was assessed using immunoblot
analysis with anti-GLUT4 antibody (the amount of Vtilp in each sample was similarly

assessed to control for equal loading).

Consistent with the data presented in Figure 3.8, wild type hGLUT4 can be detected in
KY73(PEP4) cells grown in media providing proline as the sole source of nitrogen (a poor

nitrogen source), but not when grown in media containing ammonium chloride (a rich
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nitrogen source) (Figure 5.1). ‘I'his indicates that wild-type hGLUT4 is more stable in
yeast grown with limited nutrients, such as proline, likely due to the fact that it is being

directed away from the proteolytically active endosomal system (as seen for Gaplp).

In contrast to its wild-type counterpatt, the ubiguitination-deficicnt hGLUT4-7K/R mutant
was castly detectable in cells containing active vacuolar proteases and grown on
ammonium chloride (Figure 5.1). This indicates that hGLUT4-7K/R is being prevented
from degradation, likely due to it being directed away from the endosomal system, thus
avoiding vacuolar proteases, even under conditions where the wild type hGI.UT4 is being
transported to a protealytically active compartment. As hGLUT4-7K/R lacks modification
by ubiquitin, this adds further weight to the hypothesis that the ubiquitination of hGLTUT4

subsequently causes its transport to the proteolytically active endosomal system.

To further investigate the role that ubiquitin modification plays in hGLUT4 trafficking, 1
created a translational fusion of hGLUTA4-7K/R with an HA-tagged ubiquitin moicty. This
fusion protein was produced by using site directed mutagenesis to replace the ‘stop’ codon
of the hGLUT4-7K/R ORF in pRM3 with an SpAl site. Following digestion with SpAl to
linearise the resulting plasmid, sequence encoding HA-tagged ubiquitin (which had been
amplified wsing PCR to carry homologous to the hGLUT4-7K/R ORF and the PHOS
3'U1R) was introduced (o the carboxy-terminal end of hGLUTA4-7K/R by homologous
recombination (see Section 2.2.2 for details). The resuliing plasmid, pG47KRHAUD
(pRM24) encodes conslitutively-ubiquitinated fusion protein hGLUT4-7K/R-TTAUD from
the copper-inducible CUPI promoter. The construction of this plasmid was verified by

DNA sequencing.

KYT73(PEP4) and RMY [{pep4-3) cells expressing the constitutively-ubiquitinated
HGLUT4-7K/R-HAUDb fusion protein were grown in media containing 0.5% ammonium
chloride or 0.1% proline as the sole source of nitrogen (Figure 5.2). Proteins contained in
lysates prepared from [0 ODy, equivalents of cells were separated using SDS-PAGE prior
to immunoblot analysis, performed with anti-HA antibody to deteet the hGLU'T4-7K/R-
TIAUD fusion protein and anti-Vtilp as a loading control.

2t
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Figure 5.2. hGLUT4-7KIR-HAUb is degraded by vacuolar proteases regardless of the
nitrogen source.

KY73(PEP4; containing active vacuolar proteases) and RMY I(pep4-3; without active
vacuolar proteases) yeast cells harbouring pRM24 (hGLUT4-7K/R-HAUD fusion protein
under control of the CUP1 promoter) were grown in media containing 100uM CuSO,and
either 0.5% ammonium chloride or 0.1% proline as the sole nitrogen source, as indicated.
The amount of hGLUT4-7K/R-HAUD fusion protein in 10 OD,,, equivalents of cells was
assessed by immunoblot analysis with anti-HA antibody (the amount of Vtilp in each

sample was similarly assessed to control for equal loading).

Immunoblot analysis with anti-HA antibody detects an immunoreactive band with an
apparent molecular weight of ~50kDa in the lysate produced from cells that lack active
vacuolar proteases (Figure 5.2). This is consistent with the predicted molecular weight of
the hGLUT4-7K/R-HAUD fusion protein, as it accounts for the addition of one 8kDa
ubiquitin moiety to the ~42kDa hGLUT4-7K/R protein. Importantly, no such band was
detected in the lysate prepared from cells, expressing the fusion protein, that contain active
vacuolar proteases. These data are consistent with a model in which the hGLUT4-7K/R-

HAUD fusion protein is delivered to the proteolytically active endosomal system where it
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is degraded by active vacuolar proteases (as only in cclls that tack vacuolar proteases is the

fusion protcin stabilised).

As shown in Figures 3.8 and 5.1, wild-type hGLUT4 is degraded in cells grown in
ammonium chloride but not in cells grown in proline. 1 have interpreted this as reflecting
the diversion of hGLUT4 away from the proteolytically active endosomal system under
nitrogen-limiting conditions, as observed for Gaplp {Roberg et al., 1997). In contrast, the
ubiguitination-deficient mutant hGLUT4-7K/R is stabilised, not only in cells grown using

the poor nitrogen source proline, but also in the presence of the rich nitrogen source

ammontum chloride (Figure 5.1); indicating that ubiquitination of GLUT4 is required for
its nitrogen-regulated sorting to the endosomal system. The constitutively-ubiquitinated
hGLUT4-7K/R-HAUDb fusion prolein is degraded regardless of the nitrogen source, and is
only stablilised upon inactivation of vacuolar proteases (Figure 5.2). Thus it appears that
the in-frame ubiquitin fusion protein is trafficked to the proteolytically active endosomal
system regardless of nitrogen source. These data indicate that the addition of a ubiquitin

moiety 1o hGLUTY is sufficient to direct the transporter to the endosomal system in yeast.

5.3. Expression of recombinant GLUT4 proteins in 3T3-1.1 adipocytes
Having characterised the trafficking of both the ubiguitin-deficient mutant hGLUT4-7K/R
and the constitutively ubiquitinated hGLUT4-7K/R-HAUD fusion protein in the yeast

Saadw oA ue

model system, L moved on to use these proteins to investigate the role of ubiquitination in .
the trafficking of GLUT% in insulin-sensitive cells. For this purposc, I set out to create two
retroviral expression vectors that would drive the expression of the hGILUT4-7K/R mutant
and the hGLUT4-7K/R-HAUD fusion protein in the insulin-sensitive murine cell line 3T3-
L1 adipocytes.

For these experiments, it was necessary for the retrovirally expressed GLUT4 molecules to
carry an HA-epitope tag in order to distinguish them {rom endogenous GLU T4 expressed
by 3T3-L1 adipacytes. I obtained a rctroviral expression construct that drives the
expression of wild-type GLUT4 harbouring an HA tag in the first exofacial loop of
GLUT4, from Professor David James. This molecule is subject to insulin-regulated
trafficking in 3T3-L.1 adipocytes in a manner indistinguishable from the endogenous
protein (Shewan et al., 2003). To create an HA-tagged version of the hGLUT4-7TK/R

mutant T used an approach that involved ‘splicing’ two gene fragments together by the
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gene splicing by overlap extension (SOEing) PCR technique (Horton ct al., 1990). This
technique is a method of recombining DNA sequences without depending on restriction
sites or the use of restriction endonucleases or ligase, allowing the precise design of
junctions between DNA sequences. In bricf, gene SOEing relies on the gene fragments to
be recombinced sharing a complimentary sequence at one end, allowing the DNA strands
from the two different fragments to form an overlap. The extension of this overlap by
DNA polymerase yields a recombinant molecule in which the original DNA fragments arve

‘spliced’ together.

To construct an HA-tagged version of the hGLUT4-7K/R mutant, cDNA encoding amino
acid residues 1 to 75 of wild type HA-GI.XIT4 (with the exofacial HA-tag between residues
67 and 68) was ‘spliced’ together with cDNA encoding amino acid residues 69 to 509 of
the hGILUT4-7K/R mutant, which includes all of the lysine to arginine changes. Therelore
two fragments of DNA were generated in two separate PCRs with pairs of oligos 260, 263
and 261, 264 (Table 2.2) using pMEXHAGLUT4 (Benito et al., 1991; Shewan ct al., 2000)
and pG47KR (pRM3) as templates, respectively. Thesc two fragments contain

overlapping regions of identical sequence between the cDNA encoding amino acids 69 to
75 of GLUT4 and were used together as tcaplate DNA in a final PCR to extend the
overlap (using oligos 260 and 261) to produce a final recoinbinant molecule encoding an

HA-tagged version of the mutant GLUT4-7K/R.

In order to construct retroviral expression vectors that will drive the cxpression of HA-
GLUT4-7K/R and the hGLUT4-7K/R-HAUD fusion protein in adipocytes, PCR products
encoding HA-tagged GLUT4-7K/R and hGLUT4-7K/R-HAUb were introduced into the
pBABE-puro retroviral expression vector (Morgenstern and Land, 1990). Note that the
hGLUT4-7K/R-HAUh fusion protein already contains an HA-tag between the carboxyl
terminal of the GLUT4 molecule and the first methionine of ubiquitin; therefore there was

no need to engineer a tag into this sequence.

In addition to producing the final recombinant HA-GLUT4-7K/R encoding DNA, oligos
260 and 261 were designed (o add EcoRI and Sall restriction sites at the 5° and 3” ends,
respectively, of the HA-GLUT4-7K/R molecule. This allowed for the subcloning of the
HA-GLUT4-7K/R mutant as an EcoRI-Sa/l fragment into the pBABE-puro retroviral
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expression vector (Morgenstern and Land, 1990). Similarly, the hGLUT4-7K/R-HAUb
encoding DNA was amplified using PCR with oligos 260 and 262; also designed to add
EcoRI and Sall restriction sites at the 5° and 3" ends, respectively, of the PCR product,
again enabling it to he subcloned into the pBABE-puro retroviral expression vector. The
resulting plasmids, pRM4 and pRM?235 thus encode HA-GLUT4-7K/R and hGLUT4-7K/R-
HAUD, respectively, in the retroviral expression vector, pBABE-puro (Morgenstern and
Luand, 1990),

The production of infectious retrovirus containing the constrocts, pRM4, pRM25 and
pHA-GLUT4; cncoding HA-tagged wild type GLUT4 in pBABE-puro (Shewan et al.,
2000), was carried out with the use of the packaging cell line, Platinum-E (Plat-E) (Morita
et al., 2000). ‘T'he Plat-E cells constitutively express the viral structural genes, gag. pol and
eny, which encode essential protein components for the production of infectious retrovirus,
including the viral reverse transcriptase and retroviral coat proteins (Morita et al., 2000).
As fully described in Section 2.2.8c, the Plaf-E cell line was stably transfected with the
retroviral expression vectors using liposome-mediated transfection. The Plat-E packaging
cell line produces retroviral particles (containing the retrovirul expression vectors), which
are released into the media surrounding the puckaging cells. This media, containing the
relevant retrovirus, can then be added divectly to the media of 3T3-1.1 fibroblasts to allow
infection of these cells and consequent uptuke of the recombinant GLUT4 ¢DNA. The
pBABE-puro retroviral expression vector contains a drug selectable marker that confers
sesistance to infected cells in medivm containing puroniycin (Morgenstern and Land,
1990). Subscquent differentiation of infected 3T3-L1 fibroblasts thus generated 3T3-L1
adipocytes that stably express each of the 3 GLUT4 constructs (wild-type HA-GLUT4; the
ubiquitin deficient HA-GILUT4-7K/R; and the GLUT4-7K/R mutant carrying an in-frame
ubiquitin fusion hGLUT4-7K/R-IHAUD}, which were nsed to analyse the role of
ubiquitination in insulin-regulated GLUT4 trafficking.

54. Ubigquitination of GLUTY is required for its exit from the Syntaxinl G positive
compartment inte insulin responsive GSVs.

As described for Gaplp, the conjugation of ubiquitin to transmembrane proteins can act as
# sorting signal for their transport into vesicles that bud into the lumen of multivesicular
bodies (MVB) (Katzmann et al., 2002). MVBs subsequently fuse with the mammalian

lysosome, or the yeasl vacuole, resulting in the eventual proteolysis of the MVB contents
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(Katzmann et al., 2002).

The ubiquitination of proteins at the cell surface also acts as a signal for their
internalisation (Urbe, 2005). This was first described in yeast where SteGp, an ABC (ATP-
binding cassette) transporter accuamulates in a ubiquitinated form in end (cndocytosis-
defective) mutant cells (Kolling and Hollenberg, 1994). The ubiguitination of many
proteins has subsequently beer shown to be required for their internalisation from the ccll
surface (Urbe, 2005). In mammalian cells, the ubiqguitination of the renal aquaporin-2
(AQP2) water channel at the apical membrane of the kidney-collecting duct upon removal
of the hormone arginine-vasopressin triggers its internalisation and subsequent delivery to
the lysosome (Kamsleeg et al., 2000). Conversely, the ubiquitination of major
histocompatibility complex class 1l molecules (MHC II) ceases upon dendritic cell
maturation, allowing for its accumulation at the plasma membrane (Shin et al., 2006). A
ubiquitination-deficient mutant of MHC 1I is retained at the plasma membrane of immature
dendritic cells, while a constitutively ubiguitinated MHC I molecule is retained
intracellularly (Shin et al., 2006). Likewise, a ubiquitination-deficient mutant of AQP2
localised mainly to the apical membrane of kidney cells while a constitutively
ubiquitinated form of AQP2 localised primarily to the internul vesicles of MVBs
(Kamsteeg et al., 2006). Tn light of the above studies, and the data presented thus far in
this thesis, demonstrating that ubiquitination of hGLUT4 in yeast acts as a signal to direct
the transporter to the proteolytically active endosomal system, I embarked on a series of
experiments to study the role that ubiquitination plays in the trafficking of GLU1'4 in 3173-
L1 adipocytes.

To assess whether ubiquitination was required for the insulin-dependent delivery of
GLUT4 from an infracellular store to the plasma membrane of adipocytes, I utilised an
assay that takes advantage of the exofacial HA-tag carried by wild-type HA-GLUT4 and
the ubiquitin-deficient HA-GLUT4-7K/R mutant. Antibodies that specifically recognise
the HA-cpitope (in the first cxofacial loop of the two retrovirally expressed GLUT4
constructs) were used to visualise GLUT4 molecules present at the cell surface of
adipocytes that had either been (reated with insulin, or not. This experiment (prescnted in
Figure 5.3) was carried out in collaboration with Jacqueline Steckli at the Garvan Iustitute

of Medical Research, Australia. The labelling of surface GLUT4 was carried out in the
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absence of any cell permeabilisation (see Section 2.2.13c for details), but was followed by
a second round of labelling with anti-HA antibody after subsequent permeabilisation with
saponin. This allowed for the labelling of total HA-tagged GLUT4 and was used as a
control to check that absence of HA staining at the cell surface was not due to lack of
expression (Figure 5.3). Due to the fact that the HA tag present in the constitutively-
ubiquitinated hGLUT4-7K/R-HAUD is in the cytosolically-disposed carboxyl terminal tail
of the GLUT4-7K/R molecule, rather than in an exofacial HA-tag, I was unable to include

hGLUT4-7K/R-HAUD in this experiment.

Basal Insulin
surface GLUT4 surface GLUT4

total GLUT4

7K/R

Figure 5.3. HA-GLUT4-7KIR fails to translocate to the plasma membrane in response to
insulin.

3T3-L1 adipocytes expressing wild-type HA-tagged GLUT4 (wt) or HA-GLUT4-7K/R
(7K/R), incubated for 20mins in the presence (Insulin) or absence (Basal) of 200nM
insulin, were fixed and processed for surface and internal GLUT4 staining as described in
Section 2.2.13c. Surface GLUT4 (labelled with anti-HA antibody) is shown in red, DAPI

in blue and total HA staining is shown in white. Scale bar = 10um.
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The insulin-stimulaied translocation of wild-type HA-GLUT4 to the plasma membrane of
adipocytes is evident in Figure 5.3, as indicated by the surface labelling of HA-GLIIT4
(shown in red) following treatiment of adipocytes cxpressing wild type HA-GLUT4 with
insulin, If the ubiquitination of GLUT4 acted as a signal to direct its internalisation from
the plasma membrane of adipocytes, I would have expected the ubiquitination-deficient
HA-GLUT4-7K/R to be constitulively localised to the adipocyte plasma membrane.
However, Figure 5.3 shows a lack of surface labelling of the ubiquitination-deficient HA-
GLUT4-7K/R in adipocytes regardless of whether they were treated with insulin or not.
This is despite there being approximately equal levels of internal GLUT4 (shown in white)
between adipocytes expressing wild type HA-GLUT4 or ubiquitination-deficient HA-
GLUT4-7K/R. The low levels of HA-GLUT4-7K/R surface labeiling compared to the
wild-type protein following insulin treatment, demonstrates a Tailure of the ubiquitination-
deficient HA-GLUT4-7K/R to translocate to the plasma membrane in response 1o insulin.
Therefore, rather than indicating a role for nbiguitination in the internalisation of GLUT4
from the plasma membrane of adipocytes, it would appear that ubiquitination of GLLUT4

may be required for its insulin-stimulated translocation to the plasma membrane.

To further investigate these findings, [ used dillerential centrifugation to perform
subccllular fractionation on adipocytes expressing HA-GLUT4, HA-GLU14-7K/R or
GLUTA4-7K/R-HAUB to determine the subcellular distribution of the three GLUT4
molecules, before and after insulin treatment. This technique yields four membrane
fractions that have previously been characterised in detail (Piper et al., 1991) and are
designated as; the high-density microsomal fraction (HDM), containing large endosomal
components and the endoplasmic reticulum (ER), the low-density microsomal fraction
{LDM), enriched in GI.UT4 storage vesicles (Millar et al., 1999), the plasma membrane
fraction (PM) and the mitochondria/muclei fraction (M/N). Proteins contuined within the
PM, LDM and HDM fractions were separated by SDS-PAGE and subjected to immunoblot
analysis with anti-HA aatibody (Figure 5.4).
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Figure 5.4. HA-GLUT4-7KIR fails to translocate to the plasma membrane in response to
insulin.

3T3-L1 adipocytes expressing either wild-type HA-GLUT4 (WT), or HA-GLUT4-7K/R
(7KR) were incubated in the absence (-) or presence (+) of 200nM insulin for 20 min.
Cells were then fractionated into PM, LDM and HDM fractions as described in materials
and methods. Aliquots of each fraction (10ug of protein) were then immunoblotted with

anti-HA antibody.

As previously demonstrated (Shewan et al., 2000), the amount of wild type HA-GLUT4 in
the PM fraction increases in response to insulin treatment, with a corresponding decrease
in the LDM fraction. This demonstrates the translocation of wild type HA-GLUT4 from
the GLUT#4 storage vesicles, contained within the LDM fraction, to the PM. Although the
amount of HA-GLUT4-7K/R in the PM does increase slightly following insulin
stimulation, there is no corresponding decrease of HA-GLUT4-7K/R in the LDM fraction.
This suggests that the small increase of HA-GLUT4-7K/R at the PM, in response to

insulin, is unlikely due to its translocation from GLUT4 storage vesicles.

The data presented in Figures 5.3 and 5.4 indicate that ubiquitination of GLUT4 is required
for the insulin-stimulated translocation of the transporter to the plasma membrane of
adipocytes. One possibility is that an insulin signal might result in the ubiquitination of
GLUT#4 and cause GLUT#4 to traffic to the plasma membrane. If this were the case, I
would expect to see an increase in GLUT4 ubiquitination upon treatment of the adipocytes
with insulin. To address this, I prepared lysate from adipocytes that were either treated

with 200nM insulin or not and investigated the ubiquitin status of the endogenous GLUT4
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from these adipocytes. This was achieved by incubating the lysates with glutathione-
Sepharose beads carrying the GST fusion protein, GST-UBA (ubiquitin-binding) and, as a
control, GST alone. Proteins pulled-down by GST-UBA and GST were analysed by
immunoblot analysis with anti-GLUT4 antibody (to detect any GLUT4 bound to GST
alone or to the GST fusion protein), anti-Syntaxin4 antibody (as a non-ubiquitinated
protein control) and anti-IRS-1 antibody (as a ubiquitinated protein control) (Figure 5.5).
2.5% of the input lysate was also subject to SDS-PAGE and immunoblot analysis with the

various antibodies to verify to presence of the proteins in the lysate.

GST-
Lysate GST UBA
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Figure 5.5. GLUT4 is ubiquitinated in 3T3-L1 adipocytes with and without insulin
stimulation

Lysate prepared from 3T3-L1 adipocytes, treated with 200nM insulin or not for 15mins
(+/- respectively) was incubated with glutathione-Sepharose beads that carried the GST-
Jusion protein GST-UBA or GST alone. Proteins eluted from the beads were subject to
immunoblotting with anti-GLUTH4, anti-IRS-1 and anti-Syntaxin4 antibodies. 2.5% input

(lanes 1 and 2) was also loaded as a control.
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Consistent with the data shown in Figure 4.6, inmunoblol analysis with anti-GLUT4
antibody in Figure 5.5 reveals that GLLUT4 binds selectively to the GST-UBA fusion
protein. Immunorcactive bands of approximately equal intensity and with the expected
larger molecular weight to represent ubiquitinated GLUT4 (as compared to the input
lysate) were detected from adipocytes that were, or were not, treated with insulin. This
indicates that GLUT4 is ubiquitinated in adipocytes regardless of whether the cells are

stimulated with insulin, or not.

I'next petformed a series of indirect immunofluorescence experiments to further
characterise the HA-GLUT4-7K/R mutant in adipocyies. Adipocytes expressing wild-type
HA-GLUT4, HA-GLUT4-7K/R or GLUT4-7K/R-ITAUb were incubated [or 20 mins either
with, or without 200nM insulin before being processed for indircct immunofluorescence,

as described in Section 2.2.13c¢. Cells were double labelled with antibodics specific for the
HA-cpitope tag (io label the recombinant GLUT4 molecules) and either antibody specific
for the TGN marker Syntaxinl6 (Figure 5.6), or antibody specific for carly cndosomnal
antigen 1 protein (EEAT1), a marker of early endosomes (Mu et al., 1995) (Figure 5.7).

5 %y it aa?d DL
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Figure 5.6. HA-GLUT4-7K/R and GLUT4-7K/R-HAUb co-localise with the Syntaxinl6
positive compartment.

373-L1 adipocytes expressing wild-type HA-GLUT4 (WT), HA-GLUT4-7K/R (7K/R) or
GLUT4-7K/R-HAUb (7K/R-HAUB) were incubated in the presence or absence of 200nM
insulin for 15min. Cells were then fixed in 3% paraformaldehyde and double labelled with
anti-HA antibody and an antibody specific for Syntaxinl 6. Mouse anti-HA was visualised
with Cy3-coupled secondary antibody, rabbit anti-Syntaxin 16 was visualised by alexa488-

coupled secondary antibody.
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Figure 5.7, HA-GLUT4-7K/R and GLUT4-7K/R-HAUb do not colocalise with EEAL
3T3-L1 adipocytes expressing wild-type HA-GLUT4 (W1), HA-GLUT4-7K/R (7TK/R) or
GLUT4-7K/R-HAUb (7K/R-HAUD) were incubated in the presence or absence of 200nM
insulin for 135min. Cells were then fixed in 3% paraformaldehyde and double lubelled with
anti-HA antibody and an antibody specific for EEAL. Mouse anti-HA was visualised with
Cy3-coupled secondary antibody, rabbit anti-EEA 1 was visualised with alexa488-coupled

secondary antibody.
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Consistent with previous studies (Martin et al., 2000a; Shewan et al., 2000; Shewan et al.,
2003), Figure 5.6 demonstrates that wild-type HA-GLUT'4 (shown in red), localiscs to the
peri-nuclear region of basal adipocytes, co-localising with the TGN marker Syntaxinl6
(shown in green), and also to small punctate structures throughout the cytoplasm, thought
to represent GSVs (Martin et al., 2000a). Althongh HA-GILUT4-7K/R also shows
colocalisation with Syntaxin1é in the perinuclear region of the cell, it is striking that there
is a distinct lack of labelling of the cytosolic vesicles with this mutant, which shows a less
dispersed staining compared to the wild-type (Figure 5.6). The labelling of these
peripheral punctate structures by wild-type HA-GLUT4 is also evident in Figure 5.7,
where again the HA-GLUT4-7K/R mutant shows less diffuse labelling throughout the
cytoplasm of the adipocytes. In addition, to further support that seen in Figures 5.3 and
5.4, wild-type HA-GLUT4 displays a marked translocation to the plasma membrane in
response to insulin, whereas the HA-GLUT4-7K/R mutant doce not respond to insulin in

this manner.

The observation that HA-GLUT4-7K/R is excluded from punctate, GSV-like, structures in
adipocytes and 1s not insulin responsive, supports a model in which the ubiquitination of
GLUT4 facilitates its entry into GSVs from where it is mobiliscd to the cell surface in
response to insulin. As the HA-GLUT4-7K/R mutant lacks ubiquitin modification, it is
prevented from entering the GSVs, and hence does not translocate to the plasma membrane

in response to insulin,

One prediction of the above nodel is that the constitutively-ubiquitinated GLUT4-7K/R-
HAUb [usion protein would have a subcellular localisation that mirrors that seen for wild-
type GLUT4. However, indirect immunofluorescence performed on adipocytes expressing
the GLUT4-7K/R-HAUb fusion protcin (Figures 5.6 and 5.7) show it to have the sume
subcellular localisation as the ubiquitination-deficient HA-GLUT-7K/R in basal cells (note
that that the GLLUT4-7K/R-HAUDb is also absent from the peripberal GSV-like structuzes),
and also demeonstrate that this mutant is not responsive to insulin. Although I found that
this method of attaching ubiquitin to GLUT4 was sufficient to direct its trafficking 1o the
endosomal system in yeast (Figure 5.2) it does not appear to be sufficient to direct the
entry of GLUT4 into GSVs in adipocytes. It is possible that the specific site of ubiquitin

attachment to the GLUT4 molecule is important for this function,
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5.5. GGAs are requaired for ubiquitin-dependent hGLUTA trafficking

Ggu proteins ure essential for the nitrogen-regulated trafficking of Gaplp in yeast (Scott et
al., 2004). The interaction between ubiquitin on Gaplp and the GAT domain of the Gga
proteins is an absolute requirement, as Gaplp remains stable in yeast expressing Gga2p
lacking its GAT domain (gga2-AGAT) as the sole Gga protein, under conditions where it is
normally degraded (Scolt et al., 2004).

GGA proteins have also been implicated in regulating the entry of GLUT4 into its insulin-
responsive location in 3T3-L1 adipocytes (Li and Kandror, 2005; Watson et al., 2004b).
The entry of newly synthesised GLUT4 into its insufin-sensitive pool was blocked in
adipocytes expressing a ‘dominant-negative’ GGA mutant (containing only the VIS and
GAT domains) (Watson et al., 2004b). This mutant also selectively inhibited the in vitro
budding of GLUT4-containing vesicles (while having no cffect on the generation of
vesicles containing GLUT1 and/or the transferrin receptor) (Watson et al., 2004b). In
addition, the GGA2 isoform shows significant colocalisation with GLUT4 in the
perinuclear region of adipocytes (Li and Kandror, 2005).

The involvement ol GGA proteins in the regulated sorting of both Gaplp (in yeast) and
GLUT4 (in adipocytes) adds to the parallels between these two systems and makes it
tempting to speculate that the ubiquitination of GLUT4 might control its association with
GGA proteins, an interaction which may be involved in the biogenesis of the insulin-
sensitive pool of GLUT4.

To explore this possibility, I set out to investigate whether, as with Gaplp, Gga proteins
were required for the trafficking of hGLUT4 to the yeast endosomal system. hGLUT4 and
hGLUT4-7K/R were expressed in the yeast strains MBYQ04 (gga), deficient in Gga
protems, and the congenic, wild-type GGA strain, SEY6210 (Black and Pelbam, 2000;
Robinson et al., 1988). Proteins contained in lysates prepared from 10 ODg,, equivalents of
cells were separated using SDS-PAGE prior to itmunoblot analysis, performed with anti-

GLUT4 antibody (Figure 5.8; carried out in conjunction with Nia Bryant).
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Figure 5.8. GGAs are required for ubiquitin-dependent hGLUT4 trafficking

SEY6210 (GGA) and MBY004 (gga) yeast cells harbouring either pWTG4 or pG47KR (as
indicated above; WT and K/R, respectively) were grown in selective media (SD) containing
100uM CuSO,. The amount of wild type hGLUT4 and hGLUT4-7K/R in 10 ODyg,,
equivalents of cells was assessed using immunoblot analysis (the amount of Vtilp in each

sample was similarly assessed to control for equal loading).

As shown previously (Figure 3.5), steady state levels of wild-type GLUT4 in wild-type
(GGA) yeast (containing active vacuolar proteases) grown under the nitrogen-rich
conditions used here are low, due to the delivery of the transporter to the proteolytically
active endosomal system (Figure 5.8). In contrast, the ubiquitin-deficient mutant
hGLUT4-7K/R is not delivered to the endosomal system and remains stable under the
same conditions (Figure 5.8). Importantly, levels of wild-type GLUT4 expressed in cells
lacking Gga proteins (ggaA) were similar to those seen for hGLUT4-7K/R expressed in
both wild-type (GGA) and ggaA mutant cells. Note that it was not possible to look at the
nitrogen dependency of this observation since the ggaA cells would not grow when
supplied with unfavourable nitrogen sources such as proline. This is presumably due to a
failure of Gaplp to reach the cell surface under these conditions (since this trafficking step
required the Gga proteins). The data presented in Figure 5.8 are consistent with the model
in which the Gga proteins are required to sort ubiquitinated GLUT4 into the proteolytically

active endosomal system in yeast.

Since the interaction between the Gga GAT domain and ubiquitin is an absolute
requirement for Gaplp sorting in yeast (Scott et al., 2004), I set out to investigate whether

there was a similar interaction with the ubiquitin conjugated to hGLUT4. GLUT4 was
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immunoprecipitated from yeast expressing either wild-type hGLUT4 or ubiquitin-deficient
hGLUT4-7K/R, with either HA-tagged wild-type Gga2p or a version lacking the ubiquitin-
binding GAT domain (HA-tagged GGA2Agat). The Gga constructs nsed here were those
used in (Scott et al., 2004); obtained fromn Rob Piper, University of Towa,
Immunoprecipitates were subject 10 immunoblot analysis with rat anti-HA antibody (to
detect whether uny HA-tagged GGAZ2 had coprecipitated with hGLUT4), and mouse anti-
GLUT4 monoclonal antibody to assess whether equal amounts of hGLUT4 and hGLUT4
TK/R were immunoprecipitated (Figure 5.9).

If there were an (nteraction between hGLUT4 and Gga2p, I would expect the immunoblot
analysis with anti-HA antibody to detect a band in the immumoprecipitate from yeast
expressing both wild-type hGLUT4 and HA-tagged Gga2p. If this interaction was between
the ubiquitin, bound to hGLUT4, and thc GAT domain of Gga2p, I would predict that this
band would not be present in the immunoprecipitate prepared from yeast expressing
hGLUT4-7K/R or HA-tagged GGA2Agat. Figure 5.9 shows no evidence for an interaction
between HA-tagged Gga2p and hGLUT4. However, this experiment was flawed since
immunoblot analysis with anti-GLUT4 monoclonal antibody demonstrates that equal
amounts of wild-type hGLUT4 or hGLUT4-7K/R were not immunoprecipitated. Indeed,
the lack of a band representing GLLUT4 in the lysates indicates that neither the wild-type
not the 7K/R mutant were cven expressed in these cells (although a band was detected in
one of the immunoprecipitates). Unfortunatcly, due to time constraints I was unable to
repeat this experiment in order to acquire equal levels of wild-type hGLUT4 and hGLUT4-
7K/R and am therefore not able to conclude whether, like Gaplp, ubiguitinated GLUT4
interacts with the Gga GAT domain in yeast. Another problem with this approach is that I
do nat know whether the putative interaction between the Gga protein and the ubiquitin on

GLUT4 would survive the conditions used in this experiment.
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Figure 5.9. Immunoprecipitation to determine an interaction between hGLUT4 and HA -
tagged GGA2, in yeast.

SF838-9Da yeast cells producing either wild-type hGLUT4 (from pRM2) or the
ubiquitination-deficient hGLUT4-7K/R mutant (from pRM3) and either HA-tagged Gga2p
(from p2256) or HA-tagged GGA2A gat (from p2309) were grown in selective media (SD)
containing 100uM CuSO,. Immunoprecipitates formed with 10ul anti-GLUT4 antibody
were subject to immunoblot analysis with rat anti-HA antibody and mouse anti-GLUT4

monoclonal antibody (1F8).

I also performed experiments to examine whether GLUT4 associates with any of the three
GGA isoforms expressed in adipocytes. To investigate an interaction with GGA2,
previously implicated in GLUT4 sorting into GSVs (Li and Kandror, 2005; Watson et al.,
2004b), GLUT4 was immunoprecipitated from 3T3-L1 adipocytes. This
immunoprecipitate was subsequently subject to immunoblot analysis using an anti-GGA2
antibody, obtained from Juan Bonifacino, National Institutes of Health, Bethesda. (Figure
5.10).
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Figure 5.10. Immunoprecipitation te determine an inieraction between endogenous

GLUT4 and GGA2, in adipocytes.

Immunoprecipitates formed with 10pul arti-GLUT4 antibody from lysate prepared from
3T3-L1 adipocytes were subject to immunoblot analysiy with anti-GGA2 anttbady (to
investigate whether GGAZ interacted with endogenous GLUTH in adipocytes). 2.5% input

(lane 1) was also loaded as a control.

Immunoblot analysis with anti-GGA2 antibody detects an immunoreactive band of
~67kDa (the predicted MW of GGA?2) in the adipocyte lysate (Figure 5.10). However,
GGA?2 appears not to have coprecipitated with GLUT4, as a similar immunoreactive band
cannot be detected abuve background levels in the immunoprecipitate formed with anti-
GLUT4 antibody. It is possible thal the levels of GGA2 bound to GLUT4 at any one time
are too low for detection by this approach, particularly if GGA2 interacts only with
ubiquitinated GLUT4. As with the expeciment presented in Tigure 5.9, another caveat here
is that the conditions used for the immunoprecipitation may have disrupted an interaction
between ubiquitin and the Gga proteins. Further experiments carried out under different
conditions will be sequired to tnvestigate this. Yet another problem with this experiment is
that 1 was unable to probe the immunoprecipitates with anti-GE.UT4 antibody since the

GGA2 antibody was also a motise monoclonal.
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To investigate an interaction between GLUT4 and the other GGA isoforms expressed by
adipocytes, I took another approach where I utilised GST fusion proteins containing the
GAT and VHS domains of GGA1 and GGA3, GST-GGA1-GAT-VHS and GST-GGA3-
GAT-VHS, respectively (obtained from Rob Piper, University of lowa). Lysate prepared
from 3T3-L1 adipocytes was incubated with glutathione-Sepharose beads carrying the
GST fusion proteins, GST-GGA1-GAT-VHS and GST-GGA3-GAT-VHS and, as a
control, GST alone. Proteins pulled-down by the GST fusion proteins or by GST alone
were analysed by immunoblot analysis with anti-GLUT4 antibody (to detect any GLUT4
bound to the GST fusion proteins) (Figure 5.11). 2.5% of the input lysate was also subject
to SDS-PAGE and immunoblot analysis with anti-GLUT4 antibody to verify the presence
of GLUT4.
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Figure 5.11. GST pull down assays to determine an interaction between endogenous

GLUT4 and GGA proteins, in adipocytes.

Lysate prepared from 3T3-L1 adipocytes was incubated with glutathione-Sepharose beads
that carried GST alone or the GST-fusion proteins, GST-GGAI-GAT-VHS and GST-
GGA3-GAT-VHS. Proteins eluted from the beads were subject to immunoblot analysis
with anti-GLUT4 antibody. 2.5% input (lane 1) was also loaded as a control.



Rebecca K McCaun, 2007 Chepter Five, 116

Immunoblot analysis with anti-GLUT4 antibody detects an immunoreactive band with an
apparent molecular weight of ~48kDa in the adipocyte lysate, thus indicating the presence
of GLUT4 (Figure 3.11). However, no such band was detected in the proteins pulied-
down by either of the GST fusion proteins, presenting no evidence for an interaction of
GLUT4 with either GGA1 or GGA3. However, this experiment lacks a positive control.
To substantiate this experiment, I would nced to perform immunoblot analysis of proteins
known to interact with GGA1 and GGA3, such as the cation-independent munnose 6-
phosphate receptor (CI-MPR) or the cation-dependent mannose 6-phosphate receptor (CD-
MPR) (Puertollano et al., 2001).

Although GGAZ2 has been implicated in the sorting of GI.UT4 in adipocytes, no direct
interaction between GGA2 and GLUT4 has been previously detected (Li and Kandror,
2005). Consistent with this, I was unable to coprecipitate GGAZ and GLUT4 from 3T3-L1
adipocytes (Figure 5.10), or demonstrate binding of GLUT4 from an adipocyte lysate to
either GST-GGAI1 or GST-GGA3 fusion proteins (Figure 5.11). However, I am aware that

these results are preliminary due to the caveats discussed.

5.6. Chapter summary

In this chapter [ aimed to address the role that ubiquitin plays in the nitrogen-regulated
trafficking of GLUT4 when expressed in yeast, as well as in the insulin-regulated
tratficking of GLUT4 in the murine cell line 3T3-1.1 adipocytes. By investigating the
intracellular trafficking of a ubiguitination-deficient mutant of hGLUT4 (hGLUT4-7K/R),
or a constitutively-ubiguitinated hGLUT4 fusion protein (h\GLUT4-7K/R-HAUb), 1
determined that, in yeast, the ubiquitination of GLUT4 is both necessary and sufficient to
direct it io the proteolytically active endosomal system. TFurthermore, through a series of
experiments studying the trafficking of wild-type HA-GLUTH4, the ubiquitin-deficicnt
mutant HA-GLUT4-7K/R and the constitutively- ubiquitinated hGLUT4-7K/R-HAUb in
adipocytes, [ have presented data to support a imodel in which ubiquitination of GLUT4 is
required for its exit from the TGN into the GLU't4 storage vesicles (GSVs) from where it

can be mobilised to the plasma membranc in response to insulin.




Chapter 6: Final Discussion
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Chapter 6:  Final Discussion

The overall goal of this thesis was to further our understanding of the insulin-regulated
trafticking of the facilitative glucose transporter GLUT4 in fat and muscle cells. One of
the major consequences of insulin binding to its receptor on fat and muscle cells is the
translocation of GLUT4 from an intracellular store to the plasma membrane (Bryant et al.,
2002). This allows the uptake of glucose into muscle and adipose tissne, thereby reducing
levels of plasma glucose (Bryant et al., 2002). The insulin-resistant state associated with
Type-2 diabetes and obesity is characterised by an insufficient recruitment of GLUT4 to
the plasma membrane in response to insulin, despite there being normal kevels of GLUT4
expression {Bjornholm and Zierath, 2005). 'Therefore, understanding the molecular
mechanisms that control the insulin-regulated trafficking of GLUT4 is of high priority as it
Las the potential to aid us in the development of therapeutic interventions to treat and/or

prevent Type-2 diabetes.

Despite the fact that (he intracellular trafficking of GLU'T'4 has been intensely studied for
ncarly 20 years, two fundamental questions remain largely unanswered (Bryant et al.,
2002):

How is GLUT4 sorted into its insulin-sensitive pool?

How is GLUT4 mobilised to the plasma membrane in response to insulin?

One of the major problems with the study of insulin-regulated GLUT4 trafficking is that,
as they are terminally differentiated, insulin-responsive cells are hard to work with
experimentally (Quon et al., 1993). A common approach used to circomvent such a
problem in cell biology is to use an experitnentally tractable eukaryote system, such as the
budding yeasl Saccharomyces cerevisiae (Baker’s yeast) (Broach et al., 19921; Guthrie and
Fink, 1991). Therc is a high degree of conservation in some of the major signalling
pathways and basic cellular processes between S.cerevisiae and mammalian cells (Broach
et al., 1991; Guthrie and Fink, 1991). This has led to S.cerevisiae becoming a well-
established and powerful tool that has greatly furthered the knowledge of many aspects of
cell biology, such as membrane trafficking, cell cycle control, cell signalling and DNA

repair (Broach et al., [991; Gathrie and Fink, 1991). However, given that ycast neither
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respond to insulin, nor express GLUT4, it is not immediately apparent how yeast might be

a good system in which to study the insulin-regulated trafficking of GLUT4,

Despite their lack of insulin-responsiveness, it is clear that yeast do possess a regulated

membrane trafficking step that bears remnarkable similarity to the insulin-regulated

trafficking of GLUT4, namely the nitrogen-regutated trafficking of the general amino acid .
permease, Gaplip (Roberg et al., 1997). Gaplp is retained intracellularly onder nutrient-
rich conditions but when nutrients are limited, Gaplp is trafficked to the plasma
membrane, where it facilitates the uptake of amino acids [rom Lhe extracellular media
(Roberg ct al., 1997). Like GLU14, Gaplp is predicted iv span the membrane (welve
times (Jauniaux and Grenson, 1990) and interestingly, contains motifs in its cytosolic
carboxyl terminal tail that are analogous to those required for GLUT4 trafficking (Hein !
and Andre, 1997). Furthermore, when a chimeric protein, in which the carboxyl terminal

tail of GLUT4 was replaced with the analogous portion of Gaplp, is expressed in

adipocytes, it localises to the TGN and translocates to the cell surface in response to

insulin, similar 10 endogenous GLUT4 (Nia Bryant and David James; unpublished data;

Figure 1.6).

To build on these observations, and 1o assess the suitability of using yeast as a model
system in the study of the insulin-regulated GLUT4 wafficking, 1 expressed human GLUT4
(hGLUT4) in yeast to further cxplore the paralicls between GLUT4 und Gaplp regulated
trafficking. In Chapter 3, I describe how I expressed hGLUT4 in yeast and presented data
to demonstrate that hGLUT4 traffics in yeast in a nitrogen-regnlated manner analogous to

that observed for Gaplp.

I used indirect immunofluorescence to demonstrate that, like Gapip (Roberg et al., 1997),
hGLUTA4 shows an intracellular punctate staining, which co-localises significantiy with
Kex2p, a markcer of the ycast TGN (Redding et al., 1991; Wilcox and Fuller, 1991; Wilcox
et al., 1992). This observation is in contrast to previous studies expressing mammalian
GLUT4 in yeast (Kasahara and Kasahara, 1997; Wieczorke et al., 2003), which reposted
that the transporter localises to the endoplasmic reticulum (ER). This is likely due to the
high levels of expression used in these studics, as they expressed GLUT4 at very high
levels from the GALI/10 promoter (Kasahara and Kasahara, 1997; Wieczorke et al., 2003).
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it is likely that when expressed at such high levels a large proportion of GLUTY is
misfolded and therefore fails to exit the ER. In order to produce GLUT4 at more modest
Ievels in yeast I used the regulatable CUPI promoter, which allows gene expression to be
tightly modulated (Mascorro-Gallardo et al., 1996). The colocalisation of GLUT4 with
Kex2p was encouraging as GLUT4 colocalises with the TGN marker Syntaxinl6 in

mammalian cells (Figure 5.6) (Shewan et al., 2003).

Kex2p is retained in the yeast TGN by continually cycling through the endocytic system
{(Brickner and Fuller, 1997) and a similar phenomenon has been described for GLUT4 in
adipocytes {Shewan et al., 2003). The yeust endocytic system is protectytically active
{Bryant and Stevens, 1997) and so my finding that I can only detect hGLUT4 at steady
state levels in yeast cells devoid of active vacuolar proteases (Figures 3.5 and 3.8) supports
the immunofluorescence data and indicates that hGLUT4 localises to the yeast TGN by

continually cycling through the endosomal system.

Importantly, Chapter 3 demonstrates that hGLUT4 traffics in yeast in a nitrogen-regulated
manner akin to Gaplp. When yeast producing hGI .UT4 were grown in media containing
ammonium chleride as the sole nitrogen source {a good source of nitrogen), hGLU T4 was
directed to the proteolytically active endosomal system and degraded. However, when the
same cells were provided with proline (a poor source of nitrogen) as their sole nitrogen
source, hGILUT4 was stabilised, indicating that it had been directed away from the
endosomal system and therefore not degraded. This mirroring of the nitrogen-regulated
tratficking of Gaplp (Roberg et al., 1997) indicates the two transporters are simnilarty
trafficked in yeast, further advances the parallels between GLUT4/Gaplp trafficking, and

firmly establishes the use of yeast as a suitable model systern to study GLUT4 trafticking.

Gaplp moves to plasma membrane in response to limited nutrients (Roberg et al., 1997).
Unfortunately I was unable to assess whether hGLUT4 also traffics to the plasma
membrane in yeast grown with limited nutrients. With morc time, I could have taken a
number of approaches o address this. I could have used indirect immunofluorescence (or
a GEP-tagged version of hGLUT4) to localise hGLUT4 in yeast grown in proline-
contaising media. In addition, another approach would be to utilise the fiexA yeuast strains,

KY73 und RMY 1, which are normally unable to grow on glucose-containing media due to
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the fact that they lack endogenous hexose transporters and instead must be supplied with
an alternative carbon source (such as maltose). If h\GLUT4 does indeed traffic to the
plasma membrane in response to limited nutrients, it should enable the growth of AexA

yeast in proline-containing, glucose-containing media.

Nonctheless, the data presented in Chapter 3 clearly demonstrate that hGLUT4 is
trafficked away from the endosomal system under poor nitrogen conditions, but enters
proteolytically active compartments when nitrogen is pleatiful. The nitrogen-regulated
trafficking of Gaplp is reguluted by the ubiquitination of the transporter, targeting it for
degradation by active vacuolar proteases as a mechanism to control nitrogen uptake under
natricnt rich conditions (Hein and Andre, 1997; Helliwell et al., 2001; Springael and
Andre, 1998; Springael et al., 1999). With this in mind, and noting the simitaritics that
exist between Gaplp and GLUTA4, T demonsirated that hGLUT4 was also subject to

ubiquitination when expressed in yeast.

This was presented in Chapter 4 through a serics of immunoprecipitation experiments and
pull-down assays. The initial indications from these studies point towards hGLUT4 being
monoubiquitinated, as a prominent immunoreactive band at ~30kDa detected in both the
immunoprecipitation experiments and the GST-UBA pull down assays suggest the addition
of one ubiquitin moiety to the transposter. The modification of a protein by monoubiquitin
can be a signal for the targeting of transmembrane proteins, from both endocytic and
biosynthetic pathways, into vesicles budding into the lumen of the multivesicular body
(MVB), which subsequently fuses with, and consequently delivers its contents to, the

mammalian lysosome or yeast vacuole (Katzmann et al., 2002).

Having provided evidence that hGLUT4 is ubiguitinated in the yeast model system, and
having established the suitability of the GST-UBA pull down assay as a technique to
delermine whether a particular protein is ubiquitinated (Figurcs 4.1, 4.3 and 4.5), T went on
to use the puli-down approach to demonsirate that endogenous GLUT4 is ubiquitinated in
the insulin-scnsitive, murine cell line 3T3-L1 adipocytes (Figure 4.6). Unfortunately, I
was not able to definitively ascertain whether the mutant HA-GLUT4-7K/R is, as
predicted, not ubiquitinated when expressed in adipocytes. This was due to inadequate

levels of expression frum the retrovirus in the cells used for this experiment. With more
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time, I would have optimised this expression either by infecting more adipocytes or
producing a fresh preparation of virus with a higher titre of infectivity. However, given
that the 7K/R mutant was not ubiquitinated in yeast, it seems reasonable to assurne that it

will not be in adipocytes cither.

I also presented efforts made towards identifying the specific lysine residue(s) in the
GI.UT4 molecule that is (are) ubiquitinated. Frusiratingly, these studies were unsuccessful
at identifying definitive sites of ubiquitination and due to time constraints I was unable to
explore an altemative approach. One possible avenue that could have been taken to
address this issue would be to use tandem mass spectrometry (MS/MS) to identify the
precise site of ubiguitination (Peng et al., 2003). "T'his would require substantial work as I
would need fo optimise conditions to purify suflicient quantities of GLUT4 for these
experiments, and given that the transporter bas 12 transmembrane domains this would be
no small undertaking. However, eslablishing that hGLUT4 is ubiquitinated is a very novel
and exciting finding that has opened up new avenucs of research and furthered our

understanding of the insulin-regulated trafficking of GI.UT4.

As a first step towards understanding the role of GLUT4 ubiquitination I followed the
irafficking of the ubiquitination-deficient mutant GLUT4-7K/R, and also a constitutively-
ubiquitinatcd GLUT4 fusion protein (GLUT4-7K/R-HAUD) in yeast and in adipocytes
{Chapter 5). T determined that ubiquitination is both necessary and sufficient to direct
hGLUT4 to the proteclytically active endosomal system in yeast, and in adipocytes, 1
observed that ubiquitination of GLUTA4 is required for its insulin-stimulated translocation
to the plasma membrane. This observation suggests that ubiquitination is either required
for the delivery of GLUT4 from GSVs to the cell surface, or into GSVs in the first place. T
favour a maodel in which ubiquitination is required for the sorting of GLUT4 into GSVs
(rather than from GSVs to the cell surtace) for the following reasons; firstly, if
ubiquitination was the insulin-regulated signal that allows GLUT4 to exit from GSVs to
the cell surface, I would expect to see an increasc in the ubiquitination of the trapsporter in
response to insulin. This was pot observed (Figure 5.5) and instead | detected that GLUT4
is constitutively ubiquitinated in basal adipocytes (Figures 5.5). In addition,
imnmunofluorescence microscopy indicates that wild-type HA-GLUT4 localises, not only

to the TGN (colocalising with Syntaxinl6), but also to cytosolic puncta, previously
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identified as GSVs (Martin et al., 2000a). The HA-GLUT4-7K/R localised only to the

TGN with the punciate staining being conspicuously absent. §

I had hoped to use the constitutively ubiquitinated version of GLUT4 (GLUT4-7K/R-
HAUD) te distinguish between the two models proposed above. If ubiquitination is
required for the delivery of GLUT4 from GSVs to the cell surface, then I would predict
that this mutant would localise to the cell surtace of adipacytes even in the absence of
insulin-stimulation. If, on the other hand, ubiquitination is required for GLUT4’s delivery
into GSVs then 1 would predict that this matant would behave like wild-type GILUT4,
requiring insulin-stimulation for translocation to the plasma membrane. Unfortunately,
this mutant proved hard to characterisc in that, when cxpressed in basal adipocytes it
showed the same localisation as the ubiquitin-defective HA-GLUT4-7K/R mutant:
localising to the peri-nuclear TGN region of the cell, but lacking the cytosolic punctate

staining observed for wild-type HA-GLUT4. No plasma membrane staining was detected

either in basal adipocytes or following insulin-stimulation (Figures 5.6 and 5.7). Itis
possible that the ubiquitin moeity fused onto GLUTA4 is not correctly folded in adipocytes
and thus GLUT4-7K/R-HAUbD hehaves like HA-GLUT4-7K/R.

GGA proteins are a family of clathrin adaptors that facilitate protein sorting in the

TGN/cndosomal system (Pelbam, 2004). They have beenr found to play a role in both the

5

nitrogen-regulated trafficking of Gaplp in yeast (Scott et al., 2004) and in the regulated
trafficking of GLU'1'4 in insulin-sensitive cells (Li and Kandror, 2005; Watson et al.,
2004b). The ubiquitination of Gaplp, caused when yeast are grown on rich sources of
nitrogen (e.g. ammoniumy), regulates its interaction with the yeast GGAs (through the
ubiquitin-binding GAT domain} (Scott et al., 2004), which deliver Gaplp to the endosomal
system and divert it away from the plasma membrane (Scott et al., 2004). Under poor

nitrogen conditions (e.g. proline) however, Gaplp is not ubiquitinated, does not bind
GGAs, and is therefore trafficked to the cell surface (Soetens et al., 2001). This finding
provides a link between the ubiquitination of Gapfp under nitrogen-rich conditions and the

transporter’s regulated trafficking.

Intriguingly, over-expression of a dominant-interfering GGA mutant (VHS-GAT) in

adipocytes inhibits the sorting of newly synthesised GLUT4 into an insulin-sensitive pool,
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but it does not inhibit the movement of GLUT4 from GSVs to the cell swface (Watson et
al., 2004b). The finding that the ubiquitination-deficient GLUT4 mutant (GLUT4-7K/R)
displays defective entry into the regulated cell surface recycling pathway could reflect a
role for GGAs in binding to ubiquitinated GLUT4, a step that would be impaired with the
GLUT4-7K/R mutant. Indeed, wild-type hGLLUT4 was stabilised when expressed in

mutunt yeast cells lacking GGA proteins (ggaA, Figure 5.8), grown under the nitrogen-rich
conditions that normally deliver hGLUT4 to the proteolytically active endosomal system
for degradation (Figure 3.5), thus indicating a requircinent for GGA proteins in this
trafficking step. The steady-state levels of hGLUT4-7K/R were similar when expressed in
either wild-type or ggaA cells, and not significantly different to that observed for wild-type
hGLUT4 in ggaA cells (Figure 5.8). This is consistent with a model in which the
ubiguitination of hGLUT4 facilitates its trafficking within the endosomal/TGN systcm in
concert with the GGA proteins. By analogy with the regulated irafficking of Gaplp, it is
tempting speculate that the ubiquitination of GLUT4 might control its association with
GGA protcins (Scott et al., 2004). However, although GGA?2 has been implicated in the
sorting of GLUT4 in adipocytes, no direct interaction between GGA2 and GLUT4 has

been detected (Li and Kandror, 2005). Furthermore, I was unable to demonstrate, by either
coprecipitating any of the GGA isoforms with GLUT4 or by GST fusion protein pull-down

assay, any interaction between GLUT4 and any of the GGA isoforms, in ycast, ot in

adipocytes (Figures 5.9, 5.10 and 5.11). However, I am aware that these studies are

preliminary and require further work for the results 10 be substantiated.

Ubiquitination has been implicated as a signal in the regulated trafficking of a number of
other molecules, including MHC class II and aquaporin-2 (Kamsteeg et al., 2006; Shin et
al., 2006). In these instances, a Joss of the ubiquitin modification results in the
accumulation of the prolcin at the cell surface, implying a role for ubiquitination in
controlling endocytosis. Similarly, a loss of the ubiquitin modilication of Gaplp results in

its accumulation at the cell snrface (Helliwell et al., 2001; Soetens et al., 2001). Notably

e
5

however, this is not the case for GLUT4, as the ubiquitination-deficient GLUT4-7K/R
mutant did not accumulate at the cell surface, but rather in the TGN area of adipocytes and :.
was rendered insulin insensitive. This is consistent with the model for GLUT4 transport i

proposed in (Bryant et al., 2002), which suggests that GLUT4 is selectively targeted into

an intracetlular transport loop between endosomes and the TGN and is therefore
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consequently excluded from the cell-surface recycling pathway. Within this intracellular
transport loop GI.UT4 is packaged into insulin responsive GSVs from where it can move
to the cell surface in response to insulin. The lack of insulin responsiveness, and the
absence from peripheral punctate GSV-like structures in adipocytes, of the ubiquitination-
deficient GLUT4-7K/R mutant supports a role for ubignitination in the trafficking of
GLUT4 from the TGN/endosomal system into GSVs. Overall, this model bears
remarkable similarities to that proposed for the sorting of Gaplp in yeust, and the finding
that certain elements of this regulated pathway can be transferred to GLUT4 represents yet
another example of the conservation between these essential trafficking pathways and the

machinery that controls thern.

Future Work

This study has been successful in implicating a role for ubiquitination in the insulin-
regulated trafficking of GLUT4 jn adipocytes. This finding has opened up a new area of
research that can now be directed towards understanding more about this process. Of high
priotity will be to determine precisely which of the 7 cytosolically disposed lysine residues
arc ubiquitinated in adipocytes. In addition, since the E3 ubiquitin ligase is often regarded
as the key regulatory determinant of the ubiquitination process (IHicke and Dunn, 2003), it
would be of great interest to identify which ligase trans{ers the ubiquitin moiety onto
GLUT4 in adipocytes.
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