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APβ1/2 and Hip1r: Insights into Early and Late Stage Clathrin
Adaptors in Dictyostelium discoideum

Ramiro Thomas Sosa III, Ph.D.
The University of Texas at Austin, 2012

Supervisor: Terry O’Halloran

Clathrin-mediated endocytosis is the process whereby specific cargoes are
internalized into coated vesicles from the plasma membrane. Numerous clathrin
adaptors facilitate this process by linking the coat protein clathrin to the plasma
membrane by associating with PI(4,5)P2 and binding to membrane-bound cargo.
Here, I investigated the role of two clathrin adaptors, APβ1/2 and Hip1r, in
clathrin-mediated endocytosis. I found that Dictyostelium APβ1/2 functions in
both the AP1 and AP2 complexes, unlike vertebrates, which have distinct β
subunits for each AP complex.

I found that APβ1/2 function is required for

several clathrin-dependent processes, including cytokinesis, development and
osmoregulation. I also uncovered a role for APβ1/2 in the stability other subunits
of the AP1 and AP2 complexes. Finally, phenotypic comparisons of APβ1/2
mutant cells with cells missing subunits that are specific to the AP1 or AP2
complex allowed me to distinguish between endocytic defects and endosomal
trafficking defects in clathrin mutants. My investigation of Hip1r centered on the
known requirement for Hip1r in actin dynamics during endocytosis and a possible
role for Hip1r phosphorylation in regulating actin. To determine how
phosphorylation contributes to Hip1r function, I identified a specific serine
vi

residue that serves as a Hip1r phosphorylation site. I also identified a novel role
for the kinase PKB in Hip1r phosphorylation. I determined that phosphorylation
is not required for Hip1r localization to the plasma membrane. Similar to Hip1r,
PKB is required for proper actin dynamics during endocytosis.

My results

support a model in which epsin recruits Hip1r to the plasma membrane during
formation of clathrin-coated vesicles. Here, Hip1r functions as both a clathrin
adaptor and a negative regulator of actin polymerization. I propose that
phosphorylation of Hip1r by PKB triggers a reduction in the affinity of Hip1r for
clathrin, which may stimulate actin polymerization and tethering of clathrincoated vesicles with the actin cytoskeleton.
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Chapter 1: Key players and critical events in endocytosis

1.1 CLATHRIN-MEDIATED ENDOCYTOSIS: SIGNIFICANCE
All eukaryotic cells, whether in a single cell or multicellular context, require
transport of molecules across the plasma membrane. However, this uptake of materials
from outside of the cell is tightly regulated and highly specific. A number of molecular
mechanisms exist to regulate this strict specificity in order to control the location, timing
and identity of cargo to be endocytosed. All eukaryotic cells internalize larger, specific
cargo via clathrin-mediated endocytosis.
Cells utilize clathrin-mediated endocytosis for a number of cellular processes,
including nutrient uptake, the processing of extracellular signaling molecules, and plasma
membrane maintenance and organization. Defects in this process lead to a number of
human pathologies. For example, familial hypercholesterolemia is a genetic disorder
characterized by high levels of low-density lipoproteins (LDL) in the blood. The
accumulation of LDL in the bloodstream leads to accelerated atherosclerosis and earlyonset cardiovascular diseases. The cause of this disorder has been traced to mutations in
the LDL receptor, whereby LDL can bind to its specific transmembrane receptor, but the
intracellular endocytic machinery cannot internalize the receptor (Anderson et al., 1977).
Additionally, defects in endocytosis have been associated with neurodegenerative
diseases such as Huntington’s and Alzheimer’s diseases, further highlighting the
importance of clathrin-mediated endocytosis (Legendre-Guillemin et al., 2005; Provencal
et al., 2004).
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While a large number of molecular players have been identified and
characterized, the molecular mechanisms underlying the regulation of clathrin-mediated
endocytosis are not fully understood.

1.2 CLATHRIN:

ASSEMBLY AND DISASSEMBLY OF CLATHRIN COATS

As its name suggests, a key structural protein involved in clathrin-mediated
endocytosis is the intracellular coat protein clathrin. The functional clathrin unit found in
cells is the three-legged clathrin triskelion (Fig. 1.1). Each leg of the clathrin triskelion
consists of one large 190 kDa clathrin heavy chain (CHC) molecule and a smaller 25 kDa
clathrin light chain (CLC) molecule. Within each triskelion, the carboxy terminus of
each of the three CHC molecules is joined at the central hub of the triskelion, while the
globular N-terminal domains of CHC interact with a number of clathrin accessory
proteins (Kirchhausen, 2000). The triskelion hub is stabilized by CLC, with each light
chain associated with the C-terminus of one heavy chain molecule. Similar to CHC, the
C-terminus of each light chain is oriented proximally towards the triskelion hub (Brodsky
et al., 2001; Kirchhausen, 2000).

2

Figure 1.1 Structure of an individual clathrin triskelion. Clathrin heavy chains and
clathrin light chains are joined at their C-termini, forming a three-legged clathrin
triskelion. Triskelions are the functional clathrin units that make up the clathrin coat on
the inner surface of the plasma membrane. Modified from Kirchausen, 2000.

Individual clathrin triskelions associate with neighboring triskelions to form a
clathrin coat on the intracellular face of the plasma membrane (Figure 1.2).

The N-

terminal legs of neighboring CHC molecules overlap in an anti-parallel fashion, creating
an extensive lattice-like network.

As this clathrin lattice assembles and grows, the

plasma membrane is curved into a clathrin-coated vesicle that is pinched off from the
plasma membrane. Though clathrin makes up a key structural component of coated
vesicles, it relies on a host of intracellular proteins for its assembly on the membrane,
coated pit formation and vesicle formation.

3

Figure 1.2 Deep etch visualization of the inner surface of a human carcinoma cells
reveals a polygonal clathrin latticework and a clathrin-coated vesicle. Individual clathrin
triskelions associate with neighboring triskelions to form the clathrin coat, which is
tethered to the plasma membrane by a host of clathrin adaptors and assembly proteins,
which are obscured from view by the clathrin coat in this image. Modified from Heuser
1987.

1.2.1 Clathrin assembly
Early in vitro studies demonstrated that purified clathrin is capable of selfassembly into triskelions and lattices (Liu et al., 1995; Ybe et al., 1998). However,
clathrin, by itself, is unable to associate with components of the plasma membrane.
Therefore, clathrin requires a host of accessory proteins for in vivo recruitment and
assembly into a clathrin coat at the plasma membrane. Some clathrin accessory proteins
4

are highly specialized and have additional functions such as cargo selection or induction
of membrane curvature. However, all accessory proteins are capable of associating with
clathrin.
Several clathrin-binding motifs have been identified. The earliest identified, and
most prevalent, clathrin-binding motif is the clathrin-binding box with the canonical
amino acid sequence LΦXΦ(D/E) (Dell'Angelica et al., 1998). In this sequence, Φ is a
bulky hydrophobic residue (Leu, Ile, Met, Phe or Val) and the terminal amino acid
contains a carboxy group (Asp or Glu). The clathrin binding box interacts with a beta
propeller domain located at the C-terminus of clathrin heavy chain (Owen et al., 2004).
Other motifs, such as the DLL motif (consensus sequence (S/D)LL) of AP180 and the Wbox (consensus sequence PWDLW) motif of amphiphysin have been shown to interact
with clathrin (Miele et al., 2004; Morgan et al., 2000). However, less is known about
their association with clathrin and the mechanisms that regulate this interaction.
Additionally, assembly of clathrin on the plasma membrane occurs in discreet
patches along the plasma membrane. These patches of phosphatidylinositol (4,5) bisphosphate (PIP2) act to concentrate cargo and serve as docking sites for a myriad of
clathrin accessory proteins, thereby directing the sites of clathrin assembly and,
ultimately, sites of endocytosis (Jost et al., 1998). Numerous clathrin adaptors interact
with both PIP2 and sorting signals present on the cytoplasmic tail of select cargo, thus
providing a mechanism by which cells can concentrate cargo into sites of endocytosis.
The specificity of accessory proteins for PIP2 helps to promote the assembly of
clathrin at the proper place within the cell. Additionally, the cell uses a unique regulatory
mechanism to prevent unwanted spontaneous assembly of clathrin lattices. As mentioned
previously, clathrin is capable of self-assembling into lattices in vitro at nonphysiological pH. Interestingly, CLC negatively regulates spontaneous clathrin assembly
5

at physiological pH (Ybe et al., 1998). CLC disrupts high-affinity salt bridges between
CHC molecules, thus preventing their association.

What is not known is how this

negative regulation of clathrin assembly is relieved. It is proposed that the binding of
accessory proteins reverses the inhibitory effects of CLC, thereby freeing up CHC to
form CHC-CHC interactions (Ybe et al., 1998). Work from Frances Brodsky’s lab
demonstrates a role for the clathrin adaptor Hip1r in binding clathrin light chain, thus
providing a possible mechanism to allow clathrin heavy chains to bind each other and
assemble a clathrin lattice on the membrane. (Chen and Brodsky, 2005). Together with
the preferential affinity of clathrin accessory proteins for PIP2, this regulatory role of
CLC provides the cell with an elegant mechanism of ensuring that clathrin assembly
within the cell occurs in a controlled manner at specific locations.

1.2.2 Coated pit invagination
The transition from a flat assembled clathrin latticework on the inner surface of
the cell to a spherical cytosolic vesicle presents a physical challenge to the cell. Physical
forces must be exerted on the plasma membrane to initiate an inward movement of
membrane in the initial stages of vesicle formation. Clathrin and clathrin accessory
proteins work together to generate these necessary forces (McMahon and Gallop, 2005;
Ungewickell and Hinrichsen, 2007). It has been proposed that the intrinsic polyhedral
geometry associated with clathrin lattices favors a curved conformation, somewhat like a
soccer ball (Kirchhausen, 2000).

Therefore, clathrin triskelions themselves act to

promote membrane curvature or stabilize curved membranes (McMahon and Gallop,
2005). Additionally, clathrin accessory proteins contain domains which, when associated
with membrane phospholipids, contribute to the induction and stabilization of membrane
6

curvature. The Epsin N-terminal homology (ENTH) domain of the clathrin accessory
protein epsin binds to PIP2, which stimulates insertion of an N-terminal α-helix of the
ENTH domain into the inner leaflet of the plasma membrane.

This membrane insertion

not only stabilizes the association of epsin with PIP2, but it also generates forces that
bend the membrane (Ford et al., 2002). Similarly, the N-terminal Bin/Amphiphysin/Rvs
(BAR) domains of amphiphysin and endophilins associate with PIP2 (Ferguson et al.,
2009; Frost et al., 2009; Youn et al., 2010). These domains have a natural concavity and
are suited for binding to curved membranes. However, this association occurs through
charge-charge interactions at the inner surface of the plasma membrane rather than
through membrane insertion. Therefore, the BAR domain is thought to contribute to
sensing and stabilization of curved, invaginated membranes.

1.2.3 Vesicle Scission
Once sufficiently invaginated from the plasma membrane, the emerging clathrin
coated vesicle buds off from the donor membrane. However, this budding does not occur
spontaneously.

Rather, mechanical forces are actively generated and the vesicle is

pinched off from the plasma membrane. This occurs through the concerted efforts of
several proteins.
The primary mechanical forces that act to pinch off the vesicle from the
membrane are generated by the GTPase dynamin (Roux et al., 2006). Dynamin binds
and forms a helical collar around the neck of budding clathrin-coated vesicles (Schmid et
al., 1998; Sweitzer and Hinshaw, 1998). Upon hydrolyzing GTP, dynamin undergoes a
conformational change that generates the necessary mechanical forces required to pinch
the vesicle from the membrane.
7

Several lines of evidence also support a role for forces generated by the actin
cytoskeleton in vesicle scission (Roux et al., 2006). Pharmacological inhibition of actin
turnover or assembly has been shown to block endocytosis (Kubler and Riezman, 1993;
Lamaze et al., 1997).

Additionally, visualization of individual clathrin-coated pits

reveals a sequential recruitment of dynamin, followed by short bursts of actin recruitment
just prior to internalization of clathrin-coated vesicles. These studies not only suggest a
requirement for actin in endocytosis, but also support a role for actin in possibly
providing mechanical forces that contribute to the internalization and scission of vesicles
(Kaksonen et al., 2006; Merrifield et al., 2002; Milosevic et al.).

1.2.4 Uncoating
Once a clathrin-coated vesicle is internalized into the cytosol away from plasma
membrane, the coat of clathrin and clathrin accessory proteins is removed. This is
necessary for transport of the vesicle to its intracellular target and for recycling of the
coat components back to the plasma membrane to participate in new endocytic events
(Brett and Traub, 2006). Uncoating occurs through the concerted activity of the clathrin
accessory protein auxilin and Hsc70 (Ma et al., 2002; Ungewickell et al., 1995). Like
other clathrin accessory proteins, auxilin binds to PI(4,5)P2 (through its N-terminal
PTEN-like domain). Additionally, the middle region of auxilin binds to clathrin and
other clathrin accessory proteins, including dynamin. Finally, auxilin contains a Cterminal J domain that recruits Hsc70 to newly formed vesicles (Eisenberg and Greene,
2007; Ungewickell et al., 1995).
Hsc70 is an ATPase that binds to the J domain of clathrin-bound auxilin (Greene
and Eisenberg, 1990). Upon ATP hydrolysis, Hsc70 undergoes a conformational change,
8

which places strain near the C-terminus of CHC. This strain, when placed upon multiple
CHC molecules, leads to dissociation of the clathrin coat from the vesicles (Xing et al.).
Recent evidence suggests a role for the clathrin adaptor endophilin in vesicle
uncoating. In mice, endophilin is recruited to the necks of clathrin-coated pits, a similar
localization to dynamin. However, endophilin knockout mice of have an accumulation of
coated vesicles, not coated pits (Milosevic et al.).

These data suggest a role for

endophilin in uncoating of vesicles, but not in vesicle formation.

1.3 KEY PLAYERS: CLATHRIN ADAPTORS AND ACTIN
A special class of clathrin accessory proteins exist that not only act as general
clathrin recruiters, but also confer specificity for plasma membrane components to
clathrin coated pits. They do this by binding specifically to PI(4,5)P2, binding to the
transmembrane domains of select cargo or receptors, or both (Owen et al., 2004). Many
of the previously described clathrin accessory proteins can also be classified as clathrin
adaptor proteins that bind clathrin and the membrane. For example, epsin inserts into the
inner leaflet of the plasma membrane where it interacts with PIP2 through its ENTH
domain and it associates with clathrin through two clathrin-binding boxes (Chen et al.,
1998; Itoh and De Camilli, 2006; Itoh et al., 2001). Additionally, most adaptors contain
domains that allow them to interact with other clathrin adaptors, allowing them to form a
highly interconnected endocytic network (Owen et al., 2004; Schmid and McMahon,
2007). Finally, actin and actin-associated proteins play a key role in late stages of
endocytosis (Engqvist-Goldstein and Drubin, 2003; Kaksonen et al., 2003). Here I
describe the contributions of actin and some of the clathrin adaptors relevant to my
doctoral studies.
9

1.3.1 AP2
Among all endocytic clathrin adaptors, the heterotetrameric adaptor protein
complex 2 (AP2) stands out due to its large number of interactions with other
components of the endocytic machinery (Schmid et al., 2006; Schmid and McMahon,
2007). The AP2 complex is composed of large α and β2 subunits (~105 kDa each), a
medium sized µ2 subunit (~50 kDa), and a small σ2 subunit (~25 kDa) (Hirst and
Robinson, 1998; Traub, 1997). Individually, the subunits of the AP2 complex contribute
specific functions that allow the assembled complex to interact with clathrin, cargo and
PIP2, thus defining AP2 as an adaptor protein that allows clathrin triskelions to bind the
plasma membrane and cargo.
The large α and β2 subunits have similar structures, both consisting of a Nterminal trunk domain, a flexible unstructured linker, and a C-terminal appendage
domain. Though these subunits are structurally similar, they are functionally diverse.
The N-terminal trunk domain of α binds to PIP2, while the appendage domain binds to
numerous clathrin adaptors, thus contributing to the role of AP2 as an endocytic hub
protein.
In contrast, the trunk of the β2 subunit binds to PIP2 and selects cargo at the
plasma membrane. Additionally, the β2 trunk regulates the association of µ2 with PIP2,
allowing for cooperative binding of AP2 to the plasma membrane (Jackson et al., 2010).
Furthermore, the flexible hinge of β2 contains a clathrin-binding box allowing AP2 to
recruit clathrin to the plasma membrane (Dell'Angelica et al., 1998; Shih et al., 1995).
Like the α subunit, the appendage domain of the β subunit associates with other clathrin
adaptor and accessory proteins, further contributing to the role of AP2 as an endocytic
hub (Owen et al., 2000).
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The µ2 subunit of AP2 binds to a brick-shaped core formed by the N-terminal
trunk domains of the α and β2 subunits.

Binding of AP2 to PIP2 induces a

conformational change in the structure of µ2 that allows it to bind to the YXXΦ motif of
endocytic cargo (Kirchhausen, 1999). Additionally, phosphorylation of µ2 by adaptor
associated protein kinase 1 (AAK1) regulates the association of the AP2 complex with a
membranous cargo (Ricotta et al., 2002). The small σ2 subunit also binds to the core of
the AP2 complex. However, its contribution to AP2 function is unclear.
In Dictyostelium, AP2 α subunit has been shown to colocalize to the plasma
membrane with clathrin and the clathrin adaptor epsin (Brady et al., 2008). Additionally,
α has been shown to be required for osmoregulation, as targeted disruption of the large α
subunit of AP2 results in enlarged contractile vacuoles (Wen et al., 2009). My work
characterizing the β and µ2 subunits is discussed in Chapter 2.

1.3.2. AP1
Like the AP2 complex, AP1 is a heterotetrameric complex composed of two large
subunits (β1 and γ), a medium µ1 subunit, and a smaller σ1 subunit. These subunits
function similarly to AP2, but have specificity for intracellular organellar membranes,
namely the trans-Golgi and endosomal compartments (Scales et al., 2000).

In

vertebrates, these subunits are unique and specific to the AP1 complex and are not
interchangeable with subunits from other complexes (Kirchhausen, 1999). Though AP1
function has been studied, more is known about the AP2 complex, and the precise
function of AP1 within the cell is up for debate. Separate lines of evidence support roles
for AP1-associated trafficking in both anterograde and retrograde transport between the
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trans-Golgi and cytosolic endosomal compartments (Bonifacino and Rojas, 2006; Foote
and Nothwehr, 2006; Robinson, 2004).
When I began my graduate work, little was known about the AP1 complex in
Dictyostelium. Previous studies had shown that the large γ subunit of AP1 recruits and
colocalizes with clathrin at the Golgi (Lefkir et al., 2003). Additionally, disruption of µ1
results in several clathrin phenotypes, including defects in growth, development and
osmoregulation (Lefkir et al., 2003). My work reveals a significant role for APβ1/2 in
AP1 and clathrin function (Sosa et al., 2012), and is discussed in Chapter 2.

1.3.3 Hip1r
Like other clathrin adaptors, Hip1r associates with the plasma membrane and with
clathrin.

The N-terminal AP180 N-terminal homology (ANTH) domain binds

specifically to PIP2 (Ford et al., 2001; Legendre-Guillemin et al., 2004). Additionally, the
central coiled-coil of Hip1r associates with clathrin light chain (Chen and Brodsky,
2005). Together, these domains contribute to the function of Hip1r as a clathrin adaptor.
However, Hip1r contains a unique C-terminal Talin-Hip1/R/Sla2p Actin-Tethering CTerminal Homology (THATCH) domain has been shown to associate with F-actin, thus
making Hip1r unique among other clathrin adaptors (Engqvist-Goldstein et al., 1999).
Domain analysis of mammalian Hip1r and the yeast homolog Sla2p (synthetic
lethal with abp1) links Hip1r function with regulating the association of actin with
clathrin -coated vesicles. Binding of clathrin light chain to the coiled-coil domain of
Hip1r causes a conformational change in Hip1r, resulting in Hip1r adopting a compact
globular conformation (Chen and Brodsky, 2005; Engqvist-Goldstein et al., 2001; Wilbur
et al., 2008). This finding is particularly intriguing, considering a vast majority of other
12

clathrin adaptors bind to clathrin heavy chain. Additionally, binding of Hip1r to clathrin
light chain negatively regulates the association of Hip1r with actin. Together, these
suggest a role for clathrin-induced conformational switching of Hip1r in regulating
association of clathrin-coated vesicles with the actin cytoskeleton.
In Dictyostelium, Hip1r has been shown to be important for both clathrin and
actin dynamics during endocytosis.

Hip1r colocalizes with clathrin at the plasma

membrane, and this localization and phosphorylation of Hip1r are dependent on the
clathrin adaptor epsin (Repass et al., 2007).

Additionally, total internal reflection

fluorescence (TIRF) analyses revealed that targeted disruption of Hip1r results in
extended clathrin lifetimes and abnormal actin rocketing at endocytic sites at the plasma
membrane, consistent with a role for Hip1r in coordinating actin with clathrin-coated
vesicles (Brady et al., 2010).

In addition, Hip1r null cells display abnormal spore

morphology in developing Dictyostelium (Repass et al., 2007). Whereas wild-type spores
appear oblong, spores from Hip1r null cells appear round and contain a disorganized
spore coat.
While Hip1r has been shown to be important for endocytosis in mammals, yeast
and, more recently, Dictyostelium, little is known about the mechanisms that regulate the
association of Hip1r with F-actin. If the association of clathrin light chain with Hip1r
inhibits that association of Hip1r with actin, then how is this inhibition relieved during
vesicle internalization? What is the role of Hip1r phosphorylation? Is phosphorylation
of Hip1r the switch that regulates dissociation of clathrin light chain and preference for
association with Hip1r? My studies investigating the role of phosphorylation in Hip1r
function is discussed later in Chapter 3.
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1.3.4 Epsin
Like other clathrin adaptors, epsin has domains that associate with both the
plasma membrane and clathrin.

The epsin N-terminal homology (ENTH) domain

associates with PIP2 by insertion of an α helix into the inner leaflet of the plasma
membrane (Ford et al., 2002; Itoh et al., 2001). This membranous insertion not only
tethers epsin to the plasma membrane, but it also induces curvature of the membrane,
contributing to invagination of clathrin-coated pits. The C-terminus of epsin is flexible
and mostly unstructured, but does contain small motifs that interact with clathrin and
other adaptor proteins (Chen et al., 1998; Drake et al., 2000; Kay et al., 1999).
Numerous studies have demonstrated an importance for epsin in clathrinmediated endocytosis. In mammals, Drosophila, and yeast, epsin localizes with clathrin
at the plasma membrane, and disruption of epsin results in endocytic defects (Chen et al.,
1998; Overstreet et al., 2003; Wendland et al., 1999). More recently in Dictyostelium,
epsin has been shown to be required for clathrin and actin dynamics at the plasma
membrane during endocytosis (Brady et al., 2010). Additionally, epsin is required for
both the localization and phosphorylation of Hip1r (Repass et al., 2007). Despite these
extensive studies of epsin, several questions remain about the role of epsin in
endocytosis. How does epsin contribute to Hip1r phosphorylation? Are the actin and
clathrin phenotypes seen in epsin null cells due to direct effects of epsin on actin and
clathrin, or are they a result of unphosphorylated or mislocalized Hip1r? Is Hip1r
unphosphorylated in epsin null cells because it cannot localize to the plasma membrane?
Or, is Hip1r mislocalized because it is not phosphorylated? My research was to address
some of these questions and is discussed in Chapter 3.
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1.4 DICTYOSTELIUM AS A MODEL SYSTEM
The soil amoeba Dictyostelium discoideum offers several unique advantages as a
model system. Dictyostelium are relatively inexpensive to maintain, have a short life
cycle and their genome is has been fully sequenced. Additionally, Dictyostelium are
haploid organisms, making genetic manipulation relatively easy. Furthermore, many
Dictyostelium proteins and protein pathways are conserved up to humans, allowing us to
investigate complex pathways in a relatively simple eukaryote. Importantly, clathrin and
clathrin-related processes have been extensively studied in Dictyostelium.
Both clathrin light chain and clathrin heavy chain have been shown to be
important for a number of processes in Dictyostelium. Cells lacking either clathrin heavy
chain or clathrin light chain have severe cytokinesis defects (Niswonger and O'Halloran,
1997a; Wang et al., 2003). These cells are unable to grow in suspension cultures and
appear large and multinucleate. Additionally, both clathrin heavy chain and light chain
are required for osmoregulation (Niswonger and O'Halloran, 1997a; Wang et al., 2003).
Cells missing clathrin are unable to form contractile vacuoles, the osmoregulatory
organelles used to collect and pump water out of Dictyostelium in hypotonic
environments.
While Dictyostelium exist as unicellular organisms under favorable conditions,
they undergo a multicellular developmental process when faced with starvation
conditions. Starvation triggers the secretion of cyclic adenosine monophosphate (cAMP),
which serves as a chemoattractant for aggregation.

Cells migrate along the cAMP

gradient in a head-to-tail polarized fashion, ultimately forming a fruiting body consisting
of ~105 cells. Cells deficient for clathrin heavy chain or clathrin light chain fail to fully
develop into mature fruiting bodies, providing a valuable readout for assessing clathrin
function.
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Though extensively studied, several questions still remain about the molecular
mechanisms underlying clathrin-mediated endocytosis in Dictyostelium. What cargoes
does Dictyostelium internalize? Do the proteins that assemble clathrin on the membrane
also regulate vesicle internalization by actin? How does clathrin contribute to the unique
developmental process of Dictyostelium?

How does clathrin contribute to

osmoregulation? Further examinations of these processes in Dictyostelium will not only
expand our knowledge of clathrin-related processes in lower eukaryotes, but it will also
provide valuable insight into endocytosis in mammals due to the highly conserved nature
of clathrin-mediated endocytosis.

1.5 GOALS OF MY DOCTORAL RESEARCH
The main goals of my doctoral research were to characterize two clathrin
adaptors: the β subunit of AP2 and Hip1r. We chose to investigate the role of β because
it is the clathrin-binding subunit of the AP2 endocytic hub.

To characterize β in

Dictyostelium, I first identified the large β subunit. Similar to Drosophila and yeast, we
found that Dictyostelium contains a single β subunit that we called APβ1/2 that could
function in both the AP1 and AP2 complexes.

To investigate the contribution of this

hybrid β subunit, we disrupted the gene encoding APβ1/2 by homologous recombination.
We found that APβ1/2 knockouts displayed several clathrin phenotypes, including
defects in growth, development, and osmoregulation.

Additionally, we found that

APβ1/2 is required for the stability of both the AP1 and AP2 complexes, thus providing
functional evidence for the role of APβ1/2 in both complexes. To identify the functional
contribution of each complex to clathrin function, we compared phenotypes of cells in
which subunits of either AP1 or AP2 were disrupted.
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We found that growth and

cytokinesis in suspension culture, development and osmoregulation were all AP1dependent processes, while cytokinesis in adherent cultures is dependent on AP2. These
studies helped us understand the functional contributions of the large β subunit to the
AP1 and AP2 complexes and contribute to our understanding of the AP1 and AP2
complexes to clathrin function in Dictyostelium (Sosa et al., 2012).
Additionally, my studies also investigated the role of phosphorylation in Hip1r
function.

To do this, I needed to first identify where Hip1r was phosphorylated.

Shannon Repass initially mapped phosphorylation of Hip1r to a region between amino
acids 355-616. I generated several truncation mutants of Hip1r that allowed us to further
map the phosphorylation site between amino acids 355-426, which contains 10 possible
phosphorylation sites. Protein-protein interaction prediction suggested that Ser417 was
phosphorylated by protein kinase B (PKB)/Akt kinase.

To test this possibility, we

obtained PKB null cells and assessed their ability to phosphorylate Hip1r. Western blot
analyses revealed the presence of a single band of unphosphorylated Hip1r, suggesting a
requirement for PKB in Hip1r phosphorylation and a possible role for Ser417 as a
phosphorylation site within Hip1r. Further characterization revealed that Hip1r localized
to the plasma membrane in PKB null cells, suggesting that Hip1r localization to the
plasma membrane is not phosphorylation dependent.

Additionally, PKB null cells

display abnormal actin rocketing at the plasma membrane near endocytic sites,
suggesting a requirement for PKB, and possibly phosphorylation, in regulating the
association of actin with clathrin-coated vesicles. These studies provide valuable insight
into the mechanisms that regulate Hip1r function and demonstrate a novel role for PKB
in regulating clathrin-mediated endocytosis. Phosphomimetic and phosphosilent Hip1r
mutants have been cloned and expressed in Dictyostelium in order to carry out future
studies to further characterized the role of Hip1r phosphorylation in endocytosis.
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Chapter 2: A Single Beta Adaptin Contributes to AP1 and AP2
Complexes and Clathrin Function in Dictyostelium

2.1 INTRODUCTION
Clathrin coated vesicles are found in all eukaryotic cells and form when clathrin
and accessory proteins assemble on the cytoplasmic surface of membranes, promoting the
membrane to invaginate and subsequently detach into a spherical coated vesicle.
Collectively, clathrin and accessory proteins function to mechanically shape the emerging
spherical vesicle and also to select specific membrane proteins as cargo for the forming
vesicles. Clathrin coated vesicles function in diverse cellular processes that include the
uptake of nutrients and hormones from the extracellular milieu, the removal of signaling
receptors from the plasma membrane, and directing lysosomal enzymes toward
lysosomal compartments. Clathrin triskelia, the basic subunits of clathrin coats, have no
intrinsic membrane-associating capability. Therefore, they rely on a host on clathrin
adaptors to tether clathrin to the cytoplasmic leaflet of the vesicular membrane
(Bonifacino and Lippincott-Schwartz, 2003; Brodsky et al., 2001; Schmid and McMahon,
2007).
The archetypal clathrin accessory proteins are the multimeric Assembly Proteins
(AP’s), which link clathrin triskelions to the membrane and recruit specific membrane
cargo into the coated vesicle. Four AP complexes exist in mammals and each plays a
unique role in trafficking. The contribution of AP1 to cellular function is currently
debated, with evidence supporting both anterograde and retrograde trafficking between
the trans-Golgi and endosomal compartments (Bonifacino and Rojas, 2006; Foote and
Nothwehr, 2006; Robinson, 2004; Robinson et al.). AP2 participates in clathrin-mediated
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endocytosis at the plasma membrane. AP-3 and AP-4 pathways are less clearly defined,
but both are proposed to function in endolysosomal trafficking (Charette et al., 2006;
Kirchhausen, 2000; Nakatsu and Ohno, 2003). Recent work in HeLa cells provides
evidence of an evolutionarily ancientAP5 complex involved in endosomal sorting (Hirst
et al., 2011).
AP complexes have been studied mostly in vertebrates where each AP complex
is composed of four different subunits, consisting of two different large subunits (~105
kDa each), a medium subunit (~50 kDa) and a small subunit (~20 kDa, Figure 2.1A)
(Hirst and Robinson, 1998; Traub, 1997). Within each of the four AP complexes, one of
the structural features with other beta subunits. All AP beta subunits contain an Nterminal trunk domain that forms the core of the brick-shaped AP complex (Kirchhausen
et al., 1989; Owen et al., 2000). Key residues within the trunk domain of the β2 subunit
regulate the ability of the mu2 subunit to interact with specific membrane lipids (Owen
and Evans, 1998). Binding of the β2 subunit to phosphatidylinositol 4,5-bisphosphate
(PtdIns4,5P2) influences the association of mu2 with surrounding PtdIns4,5P2.
Subsequent large conformational changes in the mu2 subunit and movement of the β2
subunit uncover binding sites on mu2 for endocytic motifs on transmembrane cargo
(Jackson et al.). This suggests coordinated roles for the β and mu2 subunits in regulating
the binding of AP2 to PtdIns4,5P2 and to cargo destined for clathrin coated vesicles
(Collins et al., 2002; Owen et al., 2004; Owen and Evans, 1998). Extending from the core
domain of the beta subunit is a largely unstructured flexible hinge domain that is attached
to a globular C-terminal appendage domain. Supporting their ability to serve as adaptors,
the hinge regions of the AP1 and AP2 beta adaptins contain a canonical clathrin-binding
box that allows these beta subunits to recruit and bind clathrin (Dell'Angelica et al., 1998;
Shih et al., 1995). The C-terminal appendage domain of beta subunits interacts with
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other clathrin adaptors, promoting a cooperative recruitment of clathrin accessory
proteins (Owen et al., 2000).
In vertebrates, each of the four beta subunits is specific to its respective AP
complex and is not interchangeable with the analogous subunit from another complex
(Figure 2.1B). This suggests that each subunit serves a unique function within the four
AP complexes. However, analysis of the genomes of several invertebrates such as
Caenorhabditis elegans and Drosophila melanogaster and plants such as Arabadopsis
thaliana have identified only a single gene for the beta subunit that could be shared
between the AP1 and AP2 complexes (Figure 2.2) (Boehm and Bonifacino, 2001; Dacks
et al., 2008). These sequence analyses, as well as other functional studies, suggest that a
single beta subunit could serve in both the AP1 and AP2 complexes in some organisms
(Keyel et al., 2008; Li et al.; Page and Robinson, 1995). This contrasts sharply with the
widespread invariance of distinct beta subunits for AP3 and AP4, which have been shown
to have strict specificity for their respective complexes (Hirst et al., 1999; Peden et al.,
2002).

Figure 2.1 AP complex composition. A. Each of the four vertebrate tetrameric AP
complexes consists of two large subunits, one medium subunit and one small subunit. B.
Vertebrate AP complexes contain four unique β subunits. D. melanogaster, C. elegans
and D. discoideum contain only three with a single β subunit that could contribute to AP1
and AP2.
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Figure 2.2 Beta subunits of AP complexes from various species.

In the course of analyzing clathrin adaptors in Dictyostelium we identified a single
beta adaptin subunit, β1/2, with amino acid sequence homology for the beta subunits of
both AP1 and AP2. Our results demonstrate that this single beta subunit is shared
between AP1 and AP2 and that β1/2 has a vital contribution to both the stability and the
function of the AP1 and AP2 complexes. Taken together with previous phylogenetic
studies, our study suggests that the β1/2 subunit of Dictyostelium resembles a common
ancestor of the more specialized β1 and β2 subunits of the vertebrate AP complexes.
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2.2 RESULTS
2.2.1 Identification of a single beta adaptin for the AP1 and AP2 complexes of
Dictyostelium
To investigate tetrameric adaptor protein (AP) complexes in Dictyostelium we
searched the sequenced genome for genes that could encode the subunits for the four AP
complexes, AP1-AP4. The Dictyostelium genome sequence database contained four
medium subunits (mu1-4) characterized previously that could contribute to the four
tetrameric assembly proteins, AP1-AP4 (de Chassey et al., 2001; Lefkir et al., 2003). We
also identified four small subunits (sigma 1-4) that could contribute to AP1-4.
The presence of four unique medium and four unique small subunits suggested
that Dictyostelium cells contained four tetrameric AP complexes. However, when we
searched the Dictyostelium genome for large subunits, we identified only seven different
subunits, instead of eight as would be expected if the four complexes each contained two
unique large subunits.

Of the seven large subunits that we identified, four shared

sequence homology that corresponded to AP2 alpha (Wen et al., 2009), AP1 gamma
(Lefkir et al., 2003), AP3 delta and AP4 epsilon. Two other large subunits in the database
shared homology with AP3 beta and AP4 beta. However only a single beta subunit was
found that could correspond to either the AP1 beta subunit or the AP2 beta subunit. Since
this gene, ap1b1, shared sequence homology that was intermediate between AP1 beta and
AP2 beta, we named the predicted protein β1/2.
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Figure 2.3 Amino acid sequence and structural features of Dictyostelium beta adaptin.
Solid underline represents the N-terminal trunk domain, shaded box represent the clathrin
binding motif, and the dashed underline represents the C-terminal appendage domain.

The gene encoding β1/2 protein predicted a protein with 942 amino acids and a
molecular weight of 107 kDa. Sequence analysis of β1/2 revealed structural features
typical of beta adaptins, including the presence of an N-terminal trunk domain and a Cterminal beta adaptin appendage domain (Kirchhausen et al., 1989; Owen et al., 2000)
(Figure 2.3). These two conserved domains were joined by an unstructured flexible
linker containing a clathrin-binding motif LIDLD, which conformed to the canonical
clathrin-binding motif L(L,I)(D,E,N)(L,F)(D,E) (Dell'Angelica et al., 1998). Taken
together, our analysis of the Dictyostelium genome suggested that Dictyostelium cells
contained four heterotetrameric AP proteins, AP1-AP4, and that a single beta subunit,
could function in both the AP1 and AP2 complexes.
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2.2.2 Loss of β1/2 leads to reduced amounts of mu1 and mu2 protein
To determine the functional contribution of the single β subunit identified by
sequence analysis, we cloned the single gene that encoded β1/2, used homologous
recombination to delete the gene in Dictyostelium cells, and examined the phenotype of
the null mutants. We first determined how the absence of the β1/2 protein influenced the
stability of the remaining subunits of the AP1 and AP2 complexes. Western blot analysis
revealed that β1/2 null cells contained only trace amounts of the medium subunits for
AP1 (mu1) and AP2 (mu2), (Figure 2.4A) but relatively normal amounts of the large
AP2α subunit (Figure 2.4B). This indicated that the absence of Dictyostelium β1/2
decreased the stability of the medium subunits in both AP1 and AP2.
To determine whether the other large subunit of AP2 could also affect medium
subunits, we examined how the absence of AP2α influenced steady state levels of the
remaining subunits. The AP2α null cells contained only trace amounts of the mu2
subunit, the medium subunit for AP2 (Figure 2.4A).

In contrast, AP2α null cells

contained levels of the mu1 subunit that were similar to wild-type cells, suggesting that
the large AP2α subunits specifically stabilizes the medium subunit of the AP2 complex.
To determine if the stabilization was unique for the medium subunits, we also
analyzed the protein levels of one large subunit in cells lacking the other large subunit of
the complex. AP2α levels appeared unaffected by the loss of β1/2, and, in the reciprocal
experiment, the levels of β1/2 in AP2α null cells were also close to wild-type levels.
These data suggest a major role for the large subunits of the AP1 and AP2 complexes in
stabilizing the medium-sized subunits of their respective complexes.
We next examined whether the absence of the medium subunits of AP1 and AP2
influenced the stability of the large beta subunit. Western blots showed that mu1 and
mu2 null cells contained normal amounts of the β1/2 proteins (Figure 2.4C). Thus the
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absence of the large subunits impacted the stability of the medium subunits much more
than the absence of the medium subunits impacted the large subunits. In addition, the
influence of the large subunits on the stability of other subunits within the AP complex
was not common to other coated pit proteins, as clathrin null cells showed normal levels
of the large and medium subunits of AP1 and AP2.

2.2.3 The association of clathrin and AP2 with the plasma membrane is reduced in
the absence of β1/2
To determine the intracellular distribution of the β1/2 protein, we expressed a
GFP-tagged version of the protein in wild-type cells. In wild-type cells, GFP-β1/2
distributed within punctae on the plasma membrane and concentrated in a dense cluster
of fluorescence in the middle of the cell (Figure 2.5A). These locations were consistent
with the incorporation of GFP-β1/2 into plasma-membrane-associated AP2 complexes
and Golgi-associated AP1 complexes. Wild-type cells expressing GFP-tagged β1/2 and
stained with anti-clathrin antibodies (Wang et al., 2003) revealed that clathrin colocalized with some of the punctae on the plasma membrane and co-localized extensively
with the central cluster of fluorescence.
We also stained cells that expressed GFP-β1/2 with an antibody against the AP2α
(Figure 2.5B). Punctae on the membrane that contained the GFP-β1/2 stained brightly
with the antibody against the alpha subunit, demonstrating that the punctae on the plasma
membrane corresponded to AP2 complexes. The bright fluorescence in the center of the
cell contained only GFP-β1/2, and not AP2α, consistent with the known localization of
the Dictyostelium AP1 complex, which associates with clathrin structures near the
nucleus (Lefkir et al., 2003).
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Figure 2.4 The large subunits contribute to stability of the AP1 and AP2 complexes.
Western blots of whole cell lysates blotted with antibodies against the µ1, µ2, β subunits
of the AP1 and AP2 complexes. (A-C) Western blots of whole cell lysates of wild-type
cells (WT) and null mutants for AP1, AP2 subunits and clathrin heavy chain (CHC) were
blotted with antibodies against the indicated AP subunits. Anti-myosin heavy chain
(MHC) served as a loading control.
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Figure 2.5. APβ1/2 co-localizes with and influences the localization of clathrin and
alpha adaptin. Cells transformed with GFP-tagged β1/2 (GFP-β) were immunostained.
(A-B) GFP-β co-localizes with clathrin (A) and with punctae of AP2α at the cell
periphery (B). (C-D) Gene disruption of APβ1/2 (β-) leads to the loss of clathrin (C) and
loss of AP2α (D) at the cell periphery. Scale bar, 10mm. Cell lysates from wild-type
cells were immunoprecipitated with either anti-µ1 (µ1) or anti-µ2 (µ2) and, as controls,
non-immune serum (NI) and no antibody (Ab-). (E) Immunoprecipitates were assessed
on Western blots probed with anti-APβ1/2 (anti-β) to detect co-immunoprecipitation of
APβ1/2. APβ1/2 co-immunoprecipitates specifically with both µ1 and µ2.
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We next examined how the absence of the β1/2 protein gene impacted the
distribution of clathrin. Wild-type cells and β1/2 deficient cells were stained with anticlathrin antibodies and examined by immunofluorescence microscopy (Figure 2.5C).
Whereas wild-type cells showed punctae of clathrin on the plasma membrane and within
the center of the cell, β1/2 null cells were lacking the bright cluster of fluorescent clathrin
in the center of the cell, but continued to display fluorescent punctae on the plasma
membrane. Besides clathrin, the absence of the β1/2 protein influenced the distribution
of AP2α. Staining wild-type cells with anti-AP2α showed prominent staining of punctae
on the plasma membrane (Figure 2.5D), the distribution typical for AP2α (Wen et al.,
2009). However, β1/2 null cells showed an absence of AP2α on the plasma membrane.
Taken together, these data suggest that β1/2 is critical for the distribution of clathrin
within central cellular stores and for the plasma membrane localization of AP2, but is less
important for the distribution of clathrin on the plasma membrane.

2.2.4 β1/2 associates with subunits of the AP1 and AP2 complexes
The previous studies provided visual evidence supporting a role for β1/2 in the
AP1 and in the AP2 complexes.

To further substantiate this role, we employed a

biochemical approach to directly test for the association of Dictyostelium β1/2 with AP1
and AP2 complexes. In co-immunoprecipitation experiments, we found that β1/2 coimmunoprecipitated in lysates precipitated with antibodies specific for either mu1 or for
mu2 (2.5E). This association is specific, as experiments using non-immune serum or
protein-A beads alone (no serum) were unable to pull down β1/2. These biochemical
results, coupled with the localization data, provide strong evidence for a dual role for
β1/2 in both the AP1 and AP2 complexes.
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2.2.5 β1/2 null cells display defects in cytokinesis
To examine the cellular contribution of β1/2, we examined the β1/2 null cells for
phenotypic deficiencies typical of clathrin null cells. Previous studies of Dictyostelium
clathrin heavy chain mutants (CHC-) have revealed that the clathrin heavy chain is
required for cytokinesis in suspension cultures, as exhibited by an inability of CHC- cells
to grow in suspension (Gerald et al., 2001; Niswonger and O'Halloran, 1997a). We
compared the ability of various mutants to grow in suspension culture (Figure 2.6A).
Wild-type cells grew well in suspension cultures, exhibiting a doubling time of 16.1
hours. In contrast, β1/2 null cells exhibited a significant growth defect with a longer
doubling time (25.2 hours). To determine whether the growth defect was associated with
a failure in cytokinesis, we stained wild-type and β1/2 null cells with the DNA-binding
dye DAPI (4',6-diamidino-2-phenylindole) after they had grown in suspension for four
days and looked for multinucleated cells. (Figure 2.6B). Whereas the majority of wildtype cells contained a single nucleus, the majority of β1/2 null cells contained multiple
nuclei, consistent with a defect in cytokinesis. In agreement with previous studies, CHCcells also displayed a severe defect in cell growth and failed to grow in suspension. The
observed growth defect in CHC null cells was significantly more severe than the defect in
beta null cells.
To evaluate the contribution of the other subunits of AP1 and AP2 to cytokinesis
in suspension culture, we compared β1/2 null cells null cells with mutant cells carrying
deletions in genes for other subunits of the AP1 and AP2 complexes. Similar to CHCcells and β1/2 null cells, mutants deficient in the AP1 medium subunit, mu1, displayed a
significantly longer doubling time (34.2 hours). In contrast, mutants in two other subunits
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of the AP2 complex displayed growth rates similar to wild-type cells (alpha null cells =
18.2 hours; mu2 null cells = 16.2 hours). Thus, mutants in subunits of the AP1 complex
(β1/2 and mu1) displayed cytokinesis defects when grown in suspension. These defects
were similar to those of clathrin mutants, whereas mutants in subunits specific to the AP2
complex (alpha and mu2) grew similarly to wild-type cells.
Dictyostelium cells are known to use different modes of cytokinesis when grown
in suspension and adherent cultures (Nagasaki et al., 2002; Nagasaki et al., 2001; Uyeda
et al., 2000). To explore this, we investigated the ability of the various null cell lines to
undergo cytokinesis in adherent culture by staining cells with DAPI and counting the
number of nuclei in each cell (Figure 2.6C). In cultures of cells lacking subunits for the
AP2 complex (AP2α, β1/2 or mu2), a large percentage of cells contained multiple nuclei
(18-40%), indicating a significant cytokinesis defect in adherent culture. In contrast,
cultures of cells lacking a subunit for AP1 (mu1) contained fewer than 4% multinucleated
cells, a value more similar to the number of multinucleated cells in wild-type cells. Taken
together these results suggested different phenotypes for AP1 and AP2, with subunits of
AP1 (mu1, β1/2) required for cytokinesis in suspension cultures and subunits of AP2
(mu2, β1/2, alpha) in adherent culture.
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Figure 2.6. Gene disruption of APβ1/2 results in severe growth and cytokinesis defects.
(A) Cells at an initial concentration of 104 cells/mL were grown in suspension and
counted every 24 hours. β1/2 null cells (β-) display a significant decrease in growth
when compared to wild-type cells and cells deficient in subunits of AP2 (n=3
independent experiments, error bars = S.E.M.) (B) Cells from suspension culture were
flattened, fixed and stained with 4',6-diamidino-2-phenylindole (DAPI). β1/2 null cells
(β-) display a cytokinesis defect as seen by large multinucleate cells. Scale = 10µm. (C)
Nuclei stained with DAPI counted in cells grown in adherent cultures. Loss of APβ1/2
results in an increased number of multinucleate cells relative to wild-type cells and cells
deficient in the mu1 subunit of AP1 (N=308-487 cells, 3-4 independent experiments).
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2.2.6 β1/2 is required for osmoregulation
An additional clathrin-specific phenotype exhibited by Dictyostelium is a defect in
osmoregulation (Gabriel et al., 1999; O'Halloran and Anderson, 1992; Stavrou and
O'Halloran, 2006; Wang et al., 2003; Wen et al., 2009). Dictyostelium cells are capable
of surviving in hypo-osmotic environments due to osmoregulatory activity of the
contractile vacuole. This membranous network of interconnected bladders and tubules
fills with water and rapidly contracts, discharging water from the cell (Gabriel et al.,
1999; Gerisch et al., 2002; Heuser et al., 1993). To test a possible requirement for the
β1/2 protein, we challenged β1/2 null cells by transferring cells from isotonic media to
water (Figure 2.7). When in media, wild-type cells contained numerous vacuoles. After
the cells were immersed in water, many of these vacuoles expanded and then merged
with the plasma membrane to discharge their contents. In contrast, even in media, β1/2
null cells had a smooth morphology, and lacked the large vacuoles characteristic of
contractile vacuoles. When immersed in water, β1/2 null cells rapidly swelled, but
remained smooth in appearance and without the engorged vacuoles typical of swollen
contractile vacuoles. This phenotype was completely penetrant, as 100% (n=110 cells, 3
independent experiments) of observed cells lacked visible dajumin-GFP-labeled
contractile vacuoles. The absence of swollen vacuoles in media and water was similar to
the phenotype characteristic of mu1- and CHC- cells, which also did not contain large
vacuoles when immersed in either water or media, but differed from mu2- cells, which
contained swollen vacuoles.
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The preceding experiment established that osmoregulatory activity was
compromised in β1/2 null cells. To investigate whether this deficiency was associated
with altered contractile vacuole structure, we examined the distribution of dajumin-GFP,
a known contractile vacuole membrane marker (Gabriel et al., 1999), in β1/2 null cells
and other mutant backgrounds (Figure 2.8). In wild-type cells, dajumin-GFP localization
was limited to the tubules and bladders of the contractile vacuole network. In mutants
deficient for subunits specific to the AP2 complex (alpha and mu2), dajumin-GFP
similarly labeled both the tubules and bladders of the contractile vacuole network. In
mutants deficient in for subunits of AP1 (mu1), dajumin labeled patches of the plasma
membrane and small vesicles inside. In β1/2 null cells, the labyrinth-like network of the
contractile vacuole was missing.

Instead dajumin-GFP uniformly and prominently

labeled the plasma membrane as well as small vesicles clustered in the cell interior. The
complete absence of a contractile vacuole and the redistribution of dajumin-GFP were
observed in every β1/2 null cell examined (n=110, 3 independent experiments). An
identical distribution of dajumin-GFP uniformly on the plasma membrane and within
small vesicles was observed in CHC null cells. Thus the distribution of the contractile
marker in β1/2 null cells was distinct from mutants in other AP subunits but was identical
with the contractile vacuole marker distribution in the clathrin heavy chain mutant.
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Figure 2.7 Osmoregulation defects of APβ1/2 null cells. Dictyostelium cells were
photographed after incubation in water. Contractile vacuoles (arrows) were observed in
wild-type, AP2a (α) null, and m2 null cells. APβ1/2 (β-), mu1 and clathrin heavy chain
(CHC) null cells rapidly swelled and lacked large vacuoles. Scale bar, 5mm.
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Figure 2.8 Loss of APβ1/2 leads to disruption of the contractile vacuole network. Cells
transformed with the contractile vacuole marker Dajumin-GFP were incubated in water
and examined by fluorescence microscopy. Dajumin-labeled contractile vacuoles are
seen in wild-type cells and cells deficient in the alpha (α) and medium (mu2) subunits of
the AP2 complex. No contractile vacuoles were detected in 100% (n=110, 3 independent
experiments) of cells deficient in APβ1/2 (β-), similar to µ1 or clathrin heavy chain
mutants. Scale bar, 10µm.

2.2.7 Developmental defects in β1/2 null cells
Clathrin null cells display defects in development (Niswonger and O'Halloran,
1997b). In the unique Dictyostelium developmental cycle, ~105 cells aggregate and
eventually form a multicellular fruiting body. The developmental cycle is triggered when
nutrients are depleted, which stimulates individual amoeba to secrete pulses of cyclic
adenosine monophosphate (cAMP) from individual cells. Cells use these cAMP waves to
migrate along the cAMP gradient towards an aggregation center. The culmination of
development is the formation of a fruiting body, consisting of a stalk and a spore-filled
sorus.
To test for a role of β1/2 in development, we inoculated wild-type and β1/2 null
cells into starvation buffer. After twenty hours, the majority of wild-type cells had
adopted an elongated morphology and collected into streams of cells (Figure 2.9A). In
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contrast, the majority of β1/2 cells were round and failed to aggregate. When plated on
starvation plates, β1/2 cells also failed to aggregate (Figure 2.9B). Occasionally, a
mound of β1/2- cells was observed, but never a fully differentiated fruiting body typical
of wild-type cells. Thus the developmental phenotype of β1/2 null cells displayed was a
severe disruption of their ability to construct a fruiting body, similar to the phenotype
described for CHC null cells, and in contrast with the capacity of other AP subunits and
clathrin adaptors, which are able to make fruiting bodies (Brady et al., 2008; Lefkir et al.,
2003; O'Halloran and Anderson, 1992; Repass et al., 2007; Stavrou and O'Halloran,
2006).

Figure 2.9 APβ1/2 null cells are defective in development and chemotaxis. Cells were
collected, washed and placed in chambers or on plates devoid of nutrients to induce
chemotaxis and development.
(A) Wild-type cells were observed undergoing
chemotactic streaming, while beta null (β-) cells remained as individual cells. Scale bar,
100 µm. (B) After incubation on starvation plates, wild-type cells developed into fruiting
bodies and beta null cells failed to develop, occasionally progressing only to the tipped
aggregate stage of development. Scale bar, 1mm.
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Figure 2.10 APβ1/2 null cells can sense cAMP. Unlabeled Dictyostelium cells (70%)
were mixed with RFP-expressing cells (30%) in starvation buffer and incubated for 17
hours to induce chemotactic aggregation. When mixed with unlabeled wild-type cells,
RFP-expressing β1/2- cells migrated in streams (A), similar to mixed populations of
labeled and unlabeled wild-type cells (B). Mixed populations of labeled and unlabeled
β1/2- cells did not aggregate in response to starvation conditions (C). Scale bar, 100µm.
The developmental phenotype of β1/2- cells could be explained by either an
inability to sense the chemotactic signal cAMP or by a defect in secreting cAMP. In
order to distinguish between these possibilities, we mixed a smaller number β1/2- cells
marked by RFP expression with a larger number of wild-type cells and allowed them to
develop in starvation buffer (Figure 2.10). The RFP-labeled β1/2- cells readily integrated
into chemotactic streams formed by the wild-type cells. This observation suggested that,
if provided with appropriate cues, β1/2- cells can sense and respond to cAMP signals
secreted by neighboring wild-type cells.
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2.3 DISCUSSION
While vertebrate cells have four distinct beta subunits for AP1, AP2, AP3 and
AP4, we found that Dictyostelium cells have a single beta subunit, β1/2 that contributes
to both AP1 and AP2. The presence of a hybrid beta subunit in Dictyostelium is not an
anomaly among organisms: examination of sequence databases has revealed a single beta
subunit for AP1 and AP2 in both Drosophila and C. elegans (Boehm and Bonifacino,
2001). Immunofluorescence experiments also have demonstrated that the single beta
subunit found in Drosophila can associate with AP2 and AP1 when expressed in
mammalian tissue culture cells (Camidge and Pearse, 1994). Sequence analysis of beta
subunits in different organisms has led to the suggestion that, in contrast with the beta
subunits for AP3 and AP4, two different beta subunits for AP1 and AP2 evolved through
gene duplication relatively late in eukaryotic cells and independent of the AP1 and AP2
complexes (Dacks et al., 2008).

Surprisingly, S. cerevisiae contain 4 unique beta

subunits, suggesting that yeast beta adaptins underwent a divergent evolution that was
different from betas of higher eukaryotes. Our functional analysis of a single hybrid beta
subunit for AP1 and AP2 extends the comparative analysis of gene sequences to
determine the functional consequences of a single hybrid beta subunit.

2.3.1 Large AP subunits are required for medium subunit stability
By assessing the amounts of the remaining subunits in β1/2 null cells, we
determined that the beta subunit is critical for stabilizing the medium subunits for both
AP1 and AP2 in Dictyostelium. Our analysis of AP2α null cells indicates that this second
large subunit in AP2 also stabilizes the mu2 subunit, as shown by the dramatic decrease
in mu2 protein levels in AP2α null cells.

Structural studies of the AP2 complex have
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revealed extensive intermolecular interactions between different subunits of the AP2
complex. While each of the subunits of the tetrameric complex interact with each other
to some extent, major hydrophobic interactions are shared between the large beta subunit
and the mu subunit and between the large alpha subunit and the smaller sigma subunit
(Owen et al., 2004). Additionally, previous studies have demonstrated that deletion of
AP large subunits destabilizes the smaller subunits (Peden et al., 2002; Yeung et al.,
1999). In contrast, when the medium subunit mu1 is deleted in Dictyostelium, the large
gamma subunit continues to assemble with the remaining AP1 subunits (Lefkir et al.,
2003). However, these results are highly variable among several species. For example,
loss of the large beta3 or delta subunits of the yeast AP3 complex has no effect on the
stability of the mu3 subunit (Panek et al., 1997). Additionally, loss of the mu1A subunit
of the AP1 complex in mice leads to decreased levels of gamma and sigma1 (Meyer et
al., 2000). Our results, combined with results from previous studies highlight the variable
stability of the AP complexes across various model systems. Future studies are required
to determine if mu1 and mu2 are downregulated at the mRNA level, or if they are
synthesized proteins that are degraded due to AP complex instability.

2.3.2 Functional redundancy of AP2, but not AP1, for clathrin distribution
β1/2 null cells exhibited severe deficiencies similar to those described previously
for clathrin mutants and AP1 mutants (Lefkir et al., 2003; O'Halloran and Anderson,
1992). These similar phenotypes could be explained by the different contributions of
AP1 and AP2 to clathrin localization. The AP1 complex colocalizes with central stores of
clathrin, and participates in processes such as contractile vacuole biogenesis and Golgi
trafficking (Lefkir et al., 2003). In contrast, the AP2 complex localizes to the plasma
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membrane (Wen et al., 2009). We found that β1/2 mutants lost the normal distribution of
clathrin within the center of the cell, but continued to assemble punctae of clathrin on
their plasma membranes. The continued localization of clathrin on the plasma membrane
could be explained by the presence of redundant clathrin adaptors at the cell periphery,
which, in Dictyostelium include the clathrin-associated proteins epsin, AP180, and Hip1r
(Brady et al., 2008; Repass et al., 2007; Stavrou and O'Halloran, 2006). Conceivably,
these clathrin adaptors could substitute for AP2, promote clathrin assembly and tether
clathrin to the membrane in the absence of AP2. In contrast, AP1 is the sole clathrin
adaptor in Dictyostelium cells known to associate with central stores of clathrin. Our
results suggest that AP1 is much less functionally redundant with clathrin adaptors on
internal stores of clathrin.

Figure 2.11 Phenotypic comparisons of AP subunit mutants. Shaded boxes represent
phenotypic defects. Wild-type phenotypes are represented with a “+”. Defects are
represented with a “-“. Deficiencies in AP1 subunits (β1/2 and µ1) closely resemble the
phenotype of clathrin heavy chain mutants, suggesting a strong requirement for AP1 in
clathrin-related processes.
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2.3.3 Distinct Roles for AP1 and AP2 in cytokinesis and osmoregulation
Comparison of mutant phenotypes can also be used to pinpoint intracellular
pathways for AP1 and AP2 (Figure 2.11). Similar to clathrin mutants (Niswonger and
O'Halloran, 1997a), β1/2 null cells display severe defects in cytokinesis. In Dictyostelium
cells, cytokinesis occurs by two distinct pathways that depend on growth conditions.
When cells are grown in suspension, cytokinesis occurs through myosin II-dependent
constriction of the contractile ring (cytokinesis A). When cells are grown attached to a
substrate, actin-driven radial polar extensions drive cytokinesis (cytokinesis B) (Nagasaki
et al., 2001). With this in mind, our data suggest distinct roles for the AP1 and AP2
complexes in cytokinesis A and B. Cells missing AP1 subunits (β1/2 and mu1) displayed
severe cytokinesis defects in suspension cultures, suggesting a role for AP1 in cytokinesis
A. Conversely, cells missing AP2 subunits (AP2α, β1/2 and mu2) displayed cytokinesis
defects in adherent culture, suggesting a role for the AP2 complex in cytokinesis B. The
cytokinesis defect of β1/2 null cells in both suspension and adherent cultures support
functional contributions for β1/2 to both the AP1 and AP2 complexes.
Separate roles for AP1 and AP2 are also suggested by the distinct contractile
vacuole phenotypes displayed by different mutants. The Dictyostelium contractile
vacuole network is completely disrupted in cells lacking either the clathrin heavy chain or
the AP1 subunit mu1 (Lefkir et al., 2003; O'Halloran and Anderson, 1992). Similarly, we
found that loss of β1/2 resulted in a severe disruption of the contractile vacuole network
as revealed by the relocation of the contractile vacuole marker dajumin-GFP from an
exclusive location of the contractile vacuole to a uniform distribution on the plasma
membrane.

Mu1 nulls expressing dajumin-GFP displayed a mislocalization of the

contractile vacuole network. However, unlike beta null cells, mu1 nulls accumulated
Dajumin-GFP in small internal vesicles.
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In β1/2 null cells both AP1 and AP2 are disrupted, which could impact both
contractile vacuole biogenesis (by the Golgi-associated AP1) and endocytosis of missorted contractile vacuole resident proteins from the plasma membrane (by the plasma
membrane-associated AP2). Consequently, β1/2 null cells display a uniform
accumulation of the contractile vacuole marker along the plasma membrane. In contrast,
disruption of the mu1 subunit affects only the AP1 complex, resulting in failure of only
contractile vacuole biogenesis.

This defect would result in mis-sorted contractile

vacuole-associated proteins and accumulation of these proteins at the plasma membrane.
Internal clusters of contractile vacuole membrane could be seen in mu1 cells. Unlike
β1/2 null cells, where AP2 is disrupted, some of this mis-sorted Dajumin-GFP in mu1
null cells could be retrieved to internal compartments via the AP2 complex, resulting in
both a punctuate plasma membrane distribution and the presence of labeled internal
structures.
Based on our results and previous studies, we propose the following functions for
clathrin, AP1 and AP2. Together with clathrin, AP1 participates in vesicular trafficking
of internal stores of clathrin. These internal pools of clathrin vesicles could participate in
an uncharacterized yet critical pathway for cytokinesis A, in development into robust
fruiting bodies, and in a pathway required for contractile vacuole biogenesis such as the
trafficking of important proteins from the TGN to the contractile vacuole. Together with
clathrin, AP2 functions in plasma membrane events, many of which are functionally
redundant with other plasma membrane adaptors. The phenotypes displayed by mutants
deficient in AP2 subunits are less severe than AP1 mutants, yet also reveal non-redundant
contributions of AP2 in recycling contractile vacuole proteins from the plasma membrane
and a contribution to cytokinesis B. Taken together the phenotypes of β1/2 null cells
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emphasize the numerous and important roles for AP1 and AP2 in cell function and
highlight the critical contribution of the β subunit to these complexes.
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Chapter 3: Phosphoregulation of Hip1r: new insights

3.1 INTRODUCTION
Clathrin-mediated endocytosis involves multiple clathrin accessory proteins that
promote assembly of clathrin at the plasma membrane.

Similar to these accessory

proteins, clathrin adaptor proteins recruit clathrin, but have the additional function of
binding to PIP2, thereby tethering clathrin directly to lipids in the plasma membrane
(Boehm and Bonifacino, 2001; Owen et al., 2004). One unique class of adaptors, the
Sla2/Hip1 family, interacts with the actin cytoskeleton in addition to its function as a
clathrin adaptor (Chen and Brodsky, 2005; Qualmann and Kessels, 2002).
The Sla2/Hip1 family of proteins has conserved domains across species from
yeasts to humans. An N-terminal AP180 N-terminal homology (ANTH) confers the
ability to bind PIP2 to this class of proteins (Hyun et al., 2004; Itoh and De Camilli, 2006;
Legendre-Guillemin et al., 2004).

A centrally located coiled-coil domain mediates

protein-protein interactions, including binding to clathrin (Chen and Brodsky, 2005;
Engqvist-Goldstein et al., 2001).

Sla2/Hip1 also contain a C-terminal talin-

HIP1/R/Sla2p actin-tethering C-terminal homology (THATCH) domain, which binds Factin (Brett et al., 2006; Engqvist-Goldstein et al., 2001; Legendre-Guillemin et al.,
2002). The human orthologs also contains a C-terminal proline-rich domain that binds to
cortactin (Le Clainche et al., 2007).
Several lines of evidence suggest a role for Hip1r in regulating actin
polymerization. The ability of this class of proteins to associate with and regulate the
actin cytoskeleton makes these proteins unique among all clathrin adaptors.
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Shannon Repass, a former member of our lab carried out the initial
characterization of Dictyostelium Hip1r (Repass, 2007; Repass et al., 2007). Her work
identified a Dictyostelium ortholog of Hip1r that contained similar features to other
orthologs of Hip1r: a PIP2-binding N-terminal ANTH domain, a central coiled-coil
domain, and an actin binding C-terminal THATCH domain (Figure 3.1). She found that
deletion of Hip1r resulted in abnormal spore morphology. Whereas wild-type cells have
oblong-shaped spores, Hip1r null cells had round spores. Visualization by electron
microscopy revealed that Hip1r null spores lacked an organized cellulose spore coat,
demonstrating a requirement for Hip1r in spore morphology.
Additionally, Shannon found that phosphorylation and localization of Hip1r were
dependent on epsin (Repass et al., 2007). Later work by Rebecca Brady in our lab
demonstrated that Hip1r was required for proper clathrin and actin dynamics at the
plasma membrane during endocytosis (Brady et al., 2008). Total Internal Fluorescence
Reflection (TIRF) microscopy revealed that in Hip1r null cells clathrin has a prolonged
persistence time and total lifetime at the plasma membrane, and the actin that associates
with clathrin at the membrane appears more diffuse and moves laterally on the membrane
when compared to wild-type cells. Epsin null cells have similar clathrin and actin
phenotypes as Hip1r null cells.

Because epsin is required for the localization and

phosphorylation of Hip1r, it is possible that the clathrin and actin phenotypes seen in
epsin null cells are a result of mislocalized or unphosphorylated Hip1r. Therefore, we
needed to test whether Hip1r phosphorylation contributes to clathrin and actin dynamics
during endocytosis.
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Figure 3.1 Hip1r schematics from various species. Hip1r across all species interacts with
PIP2 through its N-terminal ANTH domain, mediates protein-protein interactions with its
central coiled-coil domain, and binds actin with its C-terminal THATCH domain. While
the central proline-rich domain of Dictyostelium Hip1r is not conserved, humans contain
a C-terminal proline-rich domain that regulates actin polymerization through its
interaction with cortactin.

When I began my studies of Hip1r, Shannon Repass had mapped the
phosphorylation site to a stretch of approximately 260 amino acids (amino acids 355-616)
within the N-terminus of the coiled coil region (Repass, 2007). My goals for these
studies were 2 fold:

identify the phosphorylation site of Hip1r and generate

phosphosilent and phosphomimetic mutants of Hip1r with which to study clathrin and
actin dynamics. I have identified serine 417 as the likely site of Hip1r phosphorylation
and PKB as a novel regulator of Hip1r phosphorylation and actin dynamics at the plasma
membrane.

Additionally, preliminary results suggest an important role for

phosphorylation of Hip1r S417 in Hip1r function. Taken together with previous studies,
our results support a role for PKB-mediated Hip1r phosphorylation in regulating actin
polymerization at endocytic patches at the plasma membrane.
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3.2 RESULTS
3.2.1 Mapping of the Hip1r phosphorylation site
The initial characterization of Dictyostelium in our lab mapped the
phosphorylation site of Hip1r to the N-terminal of the central coiled-coil region (between
amino acids 355-616, Repass, 2007). To pinpoint the specific amino acids targeted by
phosphorylation, I constructed expression plasmids for a series of N-terminal truncations
of Hip1r and transformed these into Dictyostelium Hip1r null cells (Figure 3.2). To
assess the phosphorylation state of these proteins, I analyzed whole cell lysates by SDSPAGE. Western blots showed that the fragment corresponding to amino acids 355-961
containing

the

coiled-coil

and

THATCH

domains

(Flag-CC-THATCH)

was

phosphorylated, but the shorter fragment containing a N-terminally truncated coiled-coil
domain (amino acids 426-961, Flag-CC-THATCH426-961) was not phosphorylated
(Figure 3.3). This result suggested that the phosphorylation site of Hip1r was located
between amino acids 355-426.

Figure 3.2 Hip1r truncation constructs. Previous analyses by Shannon Repass mapped
the Hip1r phosphorylation site between amino acids 355-616. Serial N-terminal
truncations constructs were used to map the Hip1r phosphorylation site. While fulllength CC-THATCH was phosphorylated, none of the CC-THATCH truncation mutants
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were phosphorylated, suggesting the site of Hip1r phosphorylation lies between amino
acids 355-426 (modified from Repass et al., 2007).

Figure 3.3 Western blot analyses of Hip1r truncations. Whole cell lysates were
subjected to SDS-PAGE and probed with antibodies against Hip1r. Flag-CC-THATCH
(355-961) appears as a doublet on Western blots. Flag-CC-THATCH426-961 migrates as a
single band suggesting the phosphorylation site of Hip1r lies in a 71-amino acid stretch at
the N-terminus of the CC-THATCH domain.

Previous work by Hilary Graham showed that Hip1r was phosphorylated on a
serine or threonine residue (Graham, 2008). Treatment of whole cell lysates with a
phosphotyrosine-specific

phosphatase

(YOP

phosphatase)

had

no

effect

on

phosphorylated Hip1r while treatment with phosphoserine/phosphotyrosine specific
phosphatase (PP1 phosphatase) resulted in removal of the upper phosphorylated band of
Hip1r whole cell lysates. Inspection of the amino acid sequence for this stretch of Hip1r
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revealed 10 Ser/Thr residues as possible targets for phosphorylation. Analysis of the
Hip1r amino acid sequence using Scansite, a program used to predict protein interacting
motifs (www.scansite.mit.edu), revealed S417 as the most likely phosphorylation
candidate among these serine and threonine residues (Obenauer et al., 2003). Scansite
found that the amino acids surrounding S417 (RQRSTS, S417 underlined) conforms to a
consensus protein kinase B (PKB)/Akt kinase phosphorylation sequence (RXRXXS/T)
(Lawlor and Alessi, 2001). This RQRSTS sequence is also present in human Raf-1
kinase, which in known to be phosphorylated by PKB (Zimmermann and Moelling,
1999). Together these data suggest a role for PKB in phosphorylation of Hip1r in
Dictyostelium.

3.2.2 PKB is required for Hip1r phosphorylation, but not localization
Dictyostelium contains 2 PKB isoforms: PKB and PKBR1 (Kamimura et al.,
2008; Tang et al.). This is in contrast to humans, which contain 3 isoforms of PKB
(PKBα, PKBβ and PKB∂).

The Dictyostelium isoform PKB is a member of the PI3-

kinase pathway, and is activated by 3'-phosphoinositide-dependent kinase (PDK) in
response to the presence of phosphatidylinositol 3,4,5-triposphate (PIP3). Additionally,
PKB has been shown to be important in regulating cell polarity during chemotaxis
(Kamimura et al., 2008; Tang et al.). PKBR1 also functions during chemotaxis, but it is
activated independently of the PI3K pathway (Kamimura et al., 2008).
If PKB is associated with Hip1r phosphorylation, then cells deficient in PKB
should not be able to phosphorylate Hip1r. To test this possibility, I acquired
Dictyostelium cells from the Dictyostelium stock center with a targeted disruption of the
pkbA gene encoding PKB. I analyzed whole cell lysates by SDS-PAGE and probed with
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antibodies against Hip1r (Figure 3.4). The resulting western blots revealed that Hip1r
migrated as a singlet, similar to epsin null cells and consistent with unphosphorylated
Hip1r. While this does not identify PKB as the kinase that phosphorylates Hip1r, it does
demonstrate a requirement for PKB in Hip1r phosphorylation.
The PKB null cells provided us a system with which to investigate the role of
phosphorylation in Hip1r localization. In contrast to wild-type cells, which contain a
punctate distribution of Hip1r on the plasma membrane, in epsin null cells Hip1r has a
cytosolic distribution. Is this inability to concentrate Hip1r within coated pits due to the
lack of epsin in the cell, or is mislocalization a consequence of Hip1r’s inability to be
phosphorylated? With the PKB nulls we have a cell line that contains epsin yet is unable
to phosphorylate Hip1r, thereby allowing us to experimentally test the factors that
contribute to Hip1r localization. If Hip1r localizes at the plasma membrane (similar to
wild-type cells) in PKB null cells, then phosphorylation must not be required for
localization, suggesting that the abnormal cytosolic distribution of Hip1r in epsin null
cells must be due to the absence of epsin and independent of phosphorylation. However,
if Hip1r localization in PKB null cells is cytosolic (similar to epsin null cells), then Hip1r
localization may be dependent on phosphorylation.
To test these possibilities, I used affinity-purified antibodies against Hip1r to
immunostain Hip1r (Figure 3.5). When visualizing middle sections of Dictyostelium
cells, Hip1r localized into distinct punctae on the plasma membrane, similar to wild-type
cells.

These data demonstrate a requirement for PKB in the phosphorylation of Hip1r

and demonstrate that phosphorylation is not required for the localization of Hip1r to the
plasma membrane.
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Figure 3.4 PKB is required for Hip1r phosphorylation. Whole cell lysates were run on
polyacrylamide gels, transferred to nitrocellulose and immunoblotted for Hip1r. Hip1r in
PKB null cells migrated as a single band, similar to epsin null cells. MHC=myosin heavy
chain loading control.

Figure 3.5 PKB is not required for Hip1r localization. Cells were attached to coverslips,
fixed and permeabilized. Cells were immunostained using affinity-purified antibodies
against Hip1r and middle sections of the cells were imaged. Similar to wild-type cells,
Hip1r was localized to the cell periphery in PKB null cells. Scale, 10µm.
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3.2.3 Loss of PKB has no effect on clathrin dynamics, but does affect actin dynamics
at the plasma membrane
If phosphorylation has no effect on localization, then how does phosphorylation
contribute to the function of Hip1r?

Does phosphorylation of Hip1r contribute to

recruitment of clathrin or coordinating actin to clathrin-coated vesicles at the plasma
membrane? To gain insight into these questions, we investigated clathrin and actin
dynamics in PKB null cells.
To visualize clathrin and actin we co-expressed reporters for clathrin (mRFPmarsCLC) and actin (LimEΔcoil-GFP) in PKB null cells and imaged their dynamics by total
internal reflection fluorescence (TIRF) microscopy (Figures 3.6 and 3.7). In PKB null
cells, clathrin punctae had a total lifetime of 28±4 seconds (mean ± s.e.m., n=25 punctae
on 3 cells) at the plasma membrane, which was similar to wild-type cells (29±4 sec, n=34
punctae on 5 cells) (Figure 3.8). However, Hip1r null cells displayed longer total
lifetimes (48±10 sec, n=13 punctae on 3 cells) of clathrin punctae at the membrane. This
is in agreement with published results from Rebecca Brady, who reported a total lifetime
of 39±2 sec in wild-type cells and 68±4 sec in Hip1r null cells (Brady et al., 2010).
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Figure 3.6 Fluorescence intensity plots from TIRF analysis. Live cells expressing
reporters for clathrin (mRFPmars-CLC) and actin (LimEΔcoil-GFP) were imaged every 3
seconds by TIRF microscopy to visualize clathrin and actin dynamics at the plasma
membrane. Average fluorescence intensity was normalized to maximum intensity of
each channel and plotted as a function of time. Time 0 corresponds with the peak
intensity of the clathrin signal. Clathrin and actin peaks in wild-type cells are highly
coincident, suggesting tight coordination between clathrin and actin during endocytosis.
Actin peaks are less coincident with clathrin peaks in Hip1r null cells, as seen by flatter,
broader peak. This may suggest that actin assembly is less coordinated with clathrincoated pits. In PKB null cells, actin coordination seems to be intermediate between that
of wild-type and Hip1r null cells.

Figure 3.7 Representative time lapse TIRF images of individual clathrin and actin
punctae. Individual clathrin and actin punctae were analyzed to generate the fluorescence
intensity plots in Figure 3.6. In wild-type cells, clathrin and actin punctae are spatially
and temporally coordinated and appear as distinct focused punctae on the membrane.
Actin and clathrin are less coordinated in Hip1r null and PKB null cell lines. Actin
appears more diffuse compared to wild-type cells. Additionally, clathrin appears longerlived in Hip1r null cells compared to wild-type and PKB null cells.
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To determine if loss of PKB affected actin, we used TIRF microscopy to image
actin at the plasma membrane (Figure 3.6 and 3.7). In PKB null cells, actin associated
with clathrin at the plasma membrane appeared more diffuse than in wild-type cells,
where actin appeared at the membrane as tight, focused punctate structures (Figures 3.8
and 3.9). To quantify lateral mobility of these actin punctae, I used the method of Brady
et al. (Brady et al., 2010), and drew a circle (radius = 5 pixels) around each clathrinassociated actin puncta (Figure 3.8). If the actin puncta was located outside of the 5 pixel
circle, I considered to puncta to be laterally mobile.

Whereas approximately 15% of

wild-type actin puncta (n=34 punctae, 4 cells) appeared laterally mobile, 45% of actin
puncta in Hip1r null cells (n=11 punctae, 3 cells) and 46% of actin puncta in PKB null
cells (n=24 punctae, 3 cells) were laterally mobile. These results are consistent with
studies by Brady et al, where 11±8% (mean±SEM) of punctae from wild-type cells and
53±6% of Hip1r null punctae appeared motile at the cell surface. These similar actin
phenotypes in PKB and Hip1r null cells, combined with previous studies revealing a
similar phenotype in epsin null cells, suggest an important role for phosphorylation of
Hip1r in regulating actin assembly during vesicle internalization (Brady et al., 2010).
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Figure 3.8 Loss of PKB has no affect on clathrin lifetime, but alters actin dynamics at the
plasma membrane. (A) We measured total lifetime of clathrin punctae that were
internalized with actin at the plasma membrane. Clathrin punctae in PKB null cells had
an average lifetime of 28 ± 4 sec (mean ± SEM, n=25 punctae on 3 cells), similar to wildtype cells (29 ± 4 sec, n=34 punctae on 5 cells). Punctae from Hip1r null cells had a
lifetime of 48 ± 10 sec (n=13 punctae on 3 cells). (B) Actin punctae that were
internalized with clathrin were assessed for lateral mobility (actin cometing). A circle
with a 5 pixel radius was drawn around the actin puncta when it first appeared. If the
actin punctum was located outside of the circle at the end of its lifetime, then we
considered actin to be laterally mobile. 45% of actin punctae (n=24 punctae from 3 cells)
from PKB null cells appeared to be laterally mobile, similar to Hip1r null cells (45%,
n=11 punctae, 3 cells), while only 15% of wild-type actin punctae (n=34 punctae, 4 cells)
displayed
a
similar
phenotype.
N=1
experiment.

Figure 3.9 Actin is laterally mobile in Hip1r and PKB null cells. Images shown are
representative actin punctae imaged by TIRF microscopy. Actin punctae from wild-type
cells are spatially restricted at the plasma membrane. The yellow circle represents the
site of appearance of the actin punctae. Actin in Hip1r and PKB null cells starts as
distinct punctae, but rapidly diffuse and move laterally outside of the yellow circle. The
punctum seen in PKB null cells started in the middle of the frame, but rapidly moved
outside the field of view (towards the bottom of the frame). Actin reporter = LimEΔcoilGFP.
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3.2.4 Loss of PKB does not significantly affect spore morphology
The previous experiments demonstrated a requirement for PKB in Hip1r
phosphorylation and regulation of actin dynamics during endocytosis. Previous studies
demonstrated a requirement for Hip1r in shaping spores during Dictyostelium
development (Repass et al., 2007). When Dictyostelium encounter starvation conditions,
they undergo a unique developmental cycle in which ~105 cells aggregate to form a
fruiting body (Kessin, 2001). A spore-filled sorus containing dormant amoeba spores sits
atop the fruiting body. In wild-type cells these spores appear oblong and contain an
organized spore coat made of cellulose (Repass et al., 2007). In contrast, spores from
Hip1r null cells appear round and disorganized (Repass et al., 2007). To test for a
requirement for PKB in spore morphology, we challenged the cells with starvation
conditions to force them to undergo development. We harvested the spores from fruiting
bodies and measured their length to width ratios (Figure 3.10).
Similar to previous studies, wild-type spores appeared elliptical, with a length-towidth ratio of 1.81 ± 0.02 (Repass et al., 2007). Also consistent with previous studies,
Hip1r null cells (ratio = 1.07 ± 0.01) and epsin null cells (ratio = 1.23 ± 0.02) yielded
spores that were round. Development of PKB null cells resulted in spores with an
intermediate phenotype, with a length-to-width ratio of 1.50 ± 0.02. These results were
measured from n= 62-143 spores from 2 independent experiments. These data suggest
that the presence of PKB has less of an influence on spore morphology that the clathrin
adaptors Hip1r and epsin.
While PKB is required for phosphorylation of Hip1r, it is possible that PKB has
other downstream target that may contribute to the observed PKB phenotypes. Thus, we
cannot determine from the PKB null cells how phosphorylation of Hip1r contributes to
spore morphology.

To directly test the effects of Hip1r phosphorylation on spore
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morphology, I mutated the suspected phosphorylation site (Ser417) of Hip1r to a nonphosphorylatable glycine residue and expressed this phosphosilent construct as a FLAGtagged protein from an extrachromosomal plasmid in Hip1r null cells. As a control, I
made a parallel plasmid that expressed the wild type Hip1r protein as a FLAG-tagged
protein from an extrachromosomal plasmid in Hip1r null cells. I then assessed the
phosphorylation states and expression levels of Flag-Hip1r and Flag-Hip1r-S417G
expressed in Hip1r null cells (Figure 3.11). Similar to endogenous Hip1r in wild-type
cells, Flag-Hip1r expressed in Hip1r null cells appeared as two bands. Addition of calf
intestinal phosphatase (CIP) resulted in loss of the higher molecular weight band,
suggesting that this band corresponds to phosphorylated Hip1r. In contrast, Flag-Hip1rS417G appeared as a single band on SDS-PAGE gels. Addition of CIP had no effect on
the migration of this band, suggesting that this expression construct is not
phosphorylated.
Both Flag-Hip1r and Flag-Hip1r-S417G appeared as large dark bands. When
these lysates were diluted to 105 cells per lane, the intensity of the Flag-Hip1r and FlagHip1r-S417G bands appeared similar in intensity to endogenous levels in wild-type cells.
These suggest that the Flag-tagged Hip1r and S417G phosphosilent construct are
overexpressed approximately tenfold greater that wild-type levels.
I then assessed the ability of these constructs to rescue the round spore phenotype
characteristic of Hip1r null cells (Figure 3.12). I found that fruiting bodies from Hip1r
null cells expressing the S417G mutation yielded spores that were comparable in
dimension to Hip1r null cells (length:width ratio =1.12 ± 0.01), and were not stastiscally
different in shape from the parental Hip1r null cell line . In contrast, while expression of
the wild-type Hip1r construct did not fully rescue the Hip1r null line, fruiting bodies from
Hip1r null cells expressing wild type Hip1r yielded spores that were more oblong
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(length:width ratio = 1.46 ± 0.04) ,and were statistically different from Hip1r null cells
(p=1.22x10-10).
Examination of the distribution of shapes of cells expressing Flag-Hip1r showed
an even distribution from completely round (like Hip1r null cells) to oblong (like wildtype cells, Figure 3.13). In contrast, cells expressing the S417G mutation were more
uniformly similar to the Hip1r null cells. Taken together these experiments suggest that
Hip1r Ser417 may be a target for phosphorylation by PKB, and that this phosphorylation
may be required for the function of Hip1r.

Figure 3.10 PKB is required for normal spore morphology. Spores were harvested from
fruiting bodies and measured to determine length to width ratios. Spores from PKB null
cells had a length-to-width ratio of 1.50 ± 0.02 (n=143 spores, mean ± S.E.M), which was
intermediate between wild-type (1.81 ± 0.02, n=124) and Hip1r null (1.07±0.01, n=92)
cells. Scale bar, 5 µm.

58

Figure 3.11 Serine 417 is required for Hip1r phosphorylation. Whole cell lysates were
run on SDS-PAGE gels and blotted for Hip1r to assess phosphorylation state and
expression levels of Flag-tagged expression constructs. Flag-tagged Hip1r expressed in a
Hip1r null background (Hip1r- + Hip1r) migrates as two bands, similar to endogenous
Hip1r in wild-type cells (WT). Addition of calf intestinal phosphatase (CIP) resulted in
loss of the upper band, suggesting that Flag-Hip1r is phosphorylated. Mutation of serine
417 to glycine (Hip1r- + S417G) resulted in Hip1r migrating as a single band. At 105
cells/lane, cells expressing the FLAG-tagged constructs produced bands that appeared
similar to wild-type and epsin null cells at 106 cells per lane, suggesting that Flag-Hip1r
and Flag-Hip1r-S417G are expressed approximately 10 times greater that endogenous
levels.

Figure 3.12 Expression of phosphosilent Hip1r does not rescue the spore morphology
defects of Hip1r null cells. Hip1r null cells expressing Hip1r-S417G (1.12 ± 0.01, n=62
spores) generated spores that had length to width ratios similar to Hip1r null cells
(1.07±0.01, n=92). In contrast, Hip1r null cells expressing FLAG-Hip1r (1.46 ± 0.04,
n=63) partially rescued the spore length-to-width ratios to wild-type levels. Scale bar,
5µm.
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Figure 3.13 Spores from PKB null cells display a broad rage of length to width ratios.
Spores were harvested from fruiting bodies and their length to width ratios were
measured. Spores from PKB null and Hip1r null cells expressing Hip1r displayed a
broad range of spore shapes, with even distribution across all ratios. This is in contrast to
wild-type, Hip1r null, epsin null, and Hip1r null + S417 cells, which have spore
morphologies that favor oblong or round shapes.

3.2.5 Loss of PKB does not have a global effect on actin
Loss of PKB was shown to have an actin phenotype similar to Hip1r and epsin
null cells, observed by actin rocketing in TIRF microscopy (Brady et al., 2010). To test if
PKB has a global effect on actin, we grew PKB null cells in suspension culture.
Cytokinesis of Dictyostelium cells in suspension culture is an actin-dependent process.
Previous studies by Shannon Repass demonstrate that Hip1r null cells are not defective in
cytokinesis, suggesting that the abnormal actin cometing seen in TIRF of Hip1r null cells
is specific to actin associated with clathrin-coated pits and not a global effect on actin.
Our preliminary data (n= 1 experiment) showed that PKB null cells are not defective in
growth or cytokinesis (Figure 3.14). PKB null cells had a doubling time of 25 hours,
which is similar to the doubling time of wild-type (26 hrs.) and Hip1r null (27 hrs.). This
increase in titer over time is consistent with cell undergoing cytokinesis normally.
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To further examine cytokinesis in PKB null cells, we stained cells from
suspension culture with the DNA-binding dye DAPI to visualize the nuclei.

As

previously reported, clathrin heavy chain null cells display severe cytokinesis defects, as
seen by large multinucleate cells containing up to 20 nuclei (Niswonger and O'Halloran,
1997a). Our preliminary data revealed that 97% of PKB null cells (n=100 cells, 1
experiment) contained 1 or 2 nuclei. This is similar to wild-type cells (100%, n=87 cells)
and Hip1r null cells (94%, n=79 cells). Together, these results suggest that in suspension
culture PKB null cells are able to grow and divide normally. More importantly, they
suggest that loss of PKB does not have a global effect on all actin processes, highlighting
the importance of PKB activity in regulating actin during clathrin-mediated endocytosis.

Figure 3.14 PKB is not required for growth or cytokinesis in suspension cultures. Cells
were placed in suspension culture at an initial concentration of 104 cells/mL and counted
over time. PKB null cells had a doubling time of 25 hours, similar to both Hip1r null
cells (27 hrs.) and wild-type cells (26 hrs.). N=1 independent experiment.
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3.3 DISCUSSION
The role of Hip1r as a clathrin adaptor has been well characterized. More recent
studies have revealed a role for Hip1r in regulating actin dynamics during internalization
of clathrin-coated vesicles at the plasma membrane.

These findings raise several

questions. What is the role of phosphorylation in Hip1r function? Is the absence of
Hip1r from the plasma membrane in epsin null cells responsible for the observed actin
phenotype? Or, is it the absence of phosphorylated Hip1r that results in rocketing actin
tails associated with clathrin pits seen in the TIRF imaging? Our results have provided
clues that allow us to begin to answer these questions. Our studies also have identified
PKB as a regulator of Hip1r phosphorylation state, suggesting a possible role for
phospholipid regulation of actin dynamics during clathrin-coated vesicle internalization.

3.3.1 A novel role for PKB in phosphoregulation of Hip1r
Protein Kinase B/Akt kinase is a serine/threonine kinase involved in numerous
biological functions, including cell migration, proliferation and apoptosis among others
(Lawlor and Alessi, 2001; Lee et al., 2005). It is in the phosphatidylinositol 3-kinase
(PI3K)/mammalian target of rapamycin (mTOR) signaling pathway, and is activated by
the phosphorylation of PIP2 to PIP3 (Cybulski and Hall, 2009).

While numerous

downstream targets of PKB have been identified, components of the endocytic machinery
are absent from the list of downstream effectors (Lawlor and Alessi, 2001).
The identification of a requirement for PKB in Hip1r phosphorylation is
surprising, but may provide clues to the role of membrane lipid composition in regulating
clathrin-coated vesicle formation.

Here we demonstrate that PKB, a PIP3-activated

kinase contributes to the phosphorylation of a PIP2-associated clathrin adaptor. This
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could suggest a means for the cell to regulate the phosphorylation of Hip1r at the
periphery of PIP2-enriched clathrin-coated pits. This possibility is explored further in
Chapter 5.

3.3.2 Phosphorylation may regulate association of Hip1r with clathrin and actin
We identified a requirement for PKB in phosphorylation of Hip1r (Figure 3.4).
However, the question still remains: How does phosphorylation contribute to Hip1r’s
function during clathrin-mediated endocytosis? One possibility is that phosphorylation
of Hip1r is important for spatiotemporal coordination of clathrin-coated pits with the
actin cytoskeleton. Restricted phosphorylation of Hip1r may serve to control the timing
and location of actin association with newly emerging clathrin-coated vesicles. It is
possible that limiting PKB activity to an area outside of clathrin-coated pits but near the
necks of budding vesicles, the cell may be able to concentrate phosphorylated Hip1r.
This may allow for regulated interactions between the emerging clathrin coated vesicle
and the actin cytoskeleton. This possibility is supported by our TIRF microscopy images
of PKB null cells. We found that loss of PKB results in motile actin at endocytic sites,
characterized by laterally mobile actin comets associated with clathrin punctae (figure
3.8B). These results are similar to Hip1r null cells and are consistent with previous
studies (Brady et al., 2010).
Surprisingly, we found that loss of PKB did not affect the total lifetime of clathrin
punctae at the membrane (figure 3.8A), unlike the extended clathrin lifetimes of Hip1r
and epsin null cells (Brady et al., 2010). We will need to repeat this experiment to verify
this result. One possible explanation for the normal clathrin lifetimes that we observed in
PKB null cells is that the lack of Hip1r at the plasma membrane in Hip1r and epsin null
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cells prevents efficient association of clathrin-coated pits with the actin cytoskeleton,
leading to motile actin and extended lifetimes. However, Hip1r localizes to the plasma
membrane in PKB null cells. In these cells, the presence of Hip1r, regardless of its
phosphorylation state, may contribute to the coordination of actin with clathrin-coated
vesicles. Consistent with this possibility is the result that clathrin lifetimes are not
affected by loss of PKB (Figure 3.8A). However, turnover of the phosphorylation state
of Hip1r may be required for regulation of actin polymerization. If true, this could
explain why actin dynamics are aberrant in PKB null cells while clathrin seems
unaffected by loss of PKB.
Alternatively, phosphoregulation may act as a switch to dictate whether Hip1r
functions as a clathrin adaptor or an actin binding protein. Previous studies have shown
that the binding affinity of Hip1r for actin is significantly reduced when clathrin light
chain is bound (Wilbur et al., 2008). Additionally, clathrin light chain binding induces a
conformational change in which Hip1r adopts a compact conformation. Phosphorylation
could serve as a mechanism to prevent binding by clathrin light chain, thereby
“switching” Hip1r into an actin-binding conformation.
Inspection of the secondary structure of Hip1r supports this possibility. In mice,
Hip1r binds to clathrin light chain in an unstructured region of the coiled-coil domain that
has a low propensity to form coiled-coils (Wilbur et al., 2008). Similarly, we mapped
Hip1r phosphorylation to the N-terminal region of the coiled-coil domain in
Dictyostelium (Figure 3.3). Serine 417, the predicted phosphorylation site, resides in an
area that has a low propensity to form coiled coils, similar to the binding site of clathrin
light chain (Figure 3.15). Phosphorylation of this unstructured region of Hip1r may serve
as mechanism to induce a conformational change in Hip1r that promotes dissociation
clathrin light chain, thereby allowing Hip1r-actin interactions to occur. Interestingly,
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phosphorylated Hip1r has a noticeable shift in electrophoretic mobility relative to
unphosphorylated Hip1r. The addition of a phosphate group with a molecular weight of
less than one kDa should not have the large effect on protein mobility that we observe on
western blots.

However, large-scale conformational changes brought about by

phosphorylation could not only account for this electrophoretic shift, but could also serve
to regulate access of clathrin light chain to Hip1r.

Figure 3.15 Coils plot of Hip1r amino acid sequence. Increased coils score suggest a
high propensity to form coiled coils. Previous studies mapped the binding site for
clathrin light chain to the trough between the first and second coiled coils. Our studies
map the phosphorylation site of Hip1r to serine 417, which is also located between the
first and second coiled coils.
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3.3.3 Alternative consequences of Hip1r phosphorylation
While the primary role of Hip1r as a clathrin adaptor and actin binding protein
have been described, additional functions of Hip1r have also been described. Hip1r
negatively regulates actin polymerization by associating with cortactin (Le Clainche et
al., 2007). Cortactin is known to interact with the actin nucleator Arp2/3, actin filaments
and dynamin, and, more recently, has been shown to bind Hip1r by its SH3 domain.
Additionally, the timing of cortactin recruitment coincides with vesicle scission
(Merrifield et al., 2005).

Phosphorylation of Hip1r may play an important role in

regulating the association of Hip1r with cortactin, thereby restricting actin polymerization
to the neck of budding vesicles. Inspection of the Dictyostelium Hip1r amino acid
sequence surrounding the phosphorylation site reveals a putative cortactin SH3 binding
site near Pro435 (PPDPPKF). The sequence surrounding Pro435 loosely conforms to the
consensus polyproline sequence known to bind the SH3 domain of cortactin
(PPΨPXKP), where Ψ is an aliphatic amino acid (Sparks et al., 1996). The close
proximity of this putative cortactin binding site (~Pro435) to the predicted
phosphorylation site (Ser417) of Hip1r supports the possibility of phosphorylation
regulating the association of Hip1r with cortactin.
A search of the Dictyostelium database did not identify any orthologs of cortactin.
However, a BLAST search using human cortactin did identify a putative actin-binding
protein containing an SH3 domain. This protein is an orthlog of Lsb1 (Las17 binding
protein-1) in yeast.

Lsb1 interacts with Las17, which is a homolog of the human

Wiscott-Aldrich Syndrome Protein (WASP) that is known to activate the actin nucleator
Arp2/3 (Li, 1997; Winter et al., 1999). Thus, Hip1r binding and regulation of an Lsb1like protein in Dictyostelium may be similar to the role of Hip1r as a negative regulator of
actin polymerization by binding cortactin in humans.
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Recent studies in yeast provide a connection between the Las17, the actin
cytoskeleton and the PI3K pathway in endocytic pits (Michelot et al.). In vitro studies
using Las17-induced actin networks identify several new proteins that interact with
endocytic actin patches. Among these is target of rapamycin complex 2 (TORC2), which
is known to activate PKB/Akt kinase (Cybulski and Hall, 2009; Schmidt et al., 1996).
Additionally, studies in Dictyostelium demonstrate a requirement of TORC2 in PKB
activity (Lee et al., 2005). These findings are consistent with a role for PKB in regulating
Hip1r phosphorylation and actin assembly in Dictyostelium.
Based on our results, I propose that PKB-dependent phosphorylation of Hip1r acts
as a switch to regulate the function of Hip1r. Hip1r in the middle of PIP2-rich coated pits
may not be accessible to PIP3-activated PKB. Here, Hip1r could serve as a typical
clathrin adaptor, binding to the plasma membrane and the clathrin coat. Clathrin binding
serves two purposes here.

First, (because Brodsky showed that Hip1r cannot

simultaneously bind clathrin and actin), clathrin binding would prevent Hip1r from
associating with the actin cytoskeleton. Secondly, Hip1r association with clathrin light
chain may function to prevent actin polymerization in early immature coated pits.
However, Hip1r at the edges of coated pits may be accessible to phosphorylation
by PKB due its close proximity to the PIP2-PIP3 interface. Once phosphorylated,
conformational changes could result in Hip1r losing its affinity for clathrin light chain,
which has been shown to promote actin polymerization. Furthermore, once clathrin
dissociates, Hip1r is free to bind actin.

Additionally, in budding vesicles,

phosphorylation may ensure that the SH3 domain of a cortactin-like protein does not bind
to Hip1r, thus freeing it to promote actin polymerization. In the neck of budding vesicles,
high concentrations of free clathrin and a cortactin-like protein may result in coordinated
large-scale actin polymerization, which may aid in vesicle internalization.
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Thus, I

propose that phosphorylation switches Hip1r from “clathrin adaptor status” to “actin
regulator status” at the edges or necks of mature clathrin coated vesicles.
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Chapter 4: Discussion and Future Directions

The role of clathrin adaptors in regulating the assembly and internalization of
clathrin-coated vesicles has been the subject of numerous studies. To date, over 20
different clathrin adaptors have been identified in tethering the clathrin coat to the
underlying plasma membrane (Owen et al., 2004). While functionally redundant in their
ability to link clathrin to the membrane, many of these adaptors have additional roles
during the formation and/or internalization of clathrin-coated vesicles. For example,
amphiphysins and AP180 have both contribute to regulating the shape and size of coated
vesicles (Nonet et al., 1999; Peter et al., 2004). My works focuses on characterizing two
different clathrin adaptors in Dictyostelium: the large β subunit of the AP2 complex and
Hip1r.
The AP2 complex has the distinction of being an endocytic “hub” due to its
interactions with numerous clathrin adaptors and accessory proteins (Schmid et al.,
2006). I have identified a Dictyostelium ortholog of the β subunit of AP2.

Similar to

other lower eukaryotes, including C. elegans and Drosophila, this β subunit is component
of the AP1 complex in Dictyostelium (Boehm and Bonifacino, 2001). As such, we
named the Dictyostelium ortholog β1/2. I have characterized Dictyostelium β1/2 and
uncovered a vital contribution of β1/2 to the stability of both AP1 and AP2 complexes.
Hip1r has a unique role among clathrin adaptors in regulating clathrin and actin
assembly at the plasma membrane (Brady et al.; Chen and Brodsky, 2005). However, the
molecular mechanisms underlying Hip1r function are poorly understood.

I have

identified a putative phosphorylation site in Hip1r that may regulate actin assembly at the
plasma membrane. Additionally, I have uncovered a novel role for PKB in regulating the
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phosphorylation state of Hip1r, suggesting a role for the PI3K pathway in regulating actin
assembly during endocytosis.

The results of these studies raise several important

questions as to the role of β1/2 and Hip1r function in endocytosis.

4.1 DICTYOSTELIUM APβ1/2 - A MULTIFUNCTIONAL HYBRID RELATIVE OF MAMMALIAN
BETA ADAPTINS 1 AND 2
Among all clathrin adaptors, the AP2 complex stands out due to its large number
of interactions with other endocytic proteins. This AP2 endocytic “hub” interacts with
clathrin, PIP2, cargo, and a host of clathrin adaptors and clathrin accessory proteins
(Schmid and McMahon, 2007).

Mammalian AP2 complexes consist of two large

subunits (α and β2), a medium sized subunit (µ2) and a small (σ2) subunit. Specificity
for the plasma membrane and cargo are conferred by µ2 and α, while the β2 and α
subunits interact with other clathrin accessory proteins (Traub, 1997). However, the only
subunit that interacts with clathrin is the large β2 subunit (Owen et al., 2000). Thus, I
began characterizing how the β subunit of AP2 contributes to clathrin function in
Dictyostelium.
Whereas vertebrates have separate β subunits for the AP1 and AP2 complexes, a
search of the Dictyostelium genome revealed only a single β subunit (which we called
APβ1/2) that could potentially function in both complexes. To test this possibility we
used targeted homologous recombination to disrupt the gene encoding this single beta.
We found that APβ1/2 null cells had several phenotypes similar to clathrin heavy chain
null cells. However, these results were difficult to interpret since APβ1/2 function in
both the AP1 and AP2 complexes. Were the observed phenotypes a result of disrupting
AP1 function, AP2 function, or disruption of both?
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To address this question we looked for clathrin phenotypes in cells lacking
subunits of either the AP1 or AP2 complex. We found that mutant of subunits of the AP1
complex more closely resembled clathrin phenotypes than mutants of subunits specific to
the AP2 complex (Figure 2.11). Interestingly, separate work on Hip1r confirms the
conclusions drawn from my studies of APβ1/2. If growth, cytokinesis and development
are all AP1-dependent (i.e., Golgi trafficking) processes, then mutants lacking other
endocytic proteins should not have defects in these processes.

In her initial

characterization of Hip1r, Shannon Repass observed normal growth and cytokinesis in
Hip1r null cell. Additionally, Shannon’s work demonstrated that Hip1r null cells are able
to fully develop into fruiting bodies under starvation conditions, suggesting that Hip1r is
not required for development. Later, I observed the same results in my studies of Hip1r.
These results are in agreement with my conclusions that most observed clathrin
phenotypes are a result of disrupting clathrin-associated Golgi trafficking.
This study of Dictyostelium APβ1/2 revealed a strong dependence on AP1 in
clathrin function. This was particularly surprising since AP2 interacts with multiple
clathrin adaptors at the plasma membrane. Though AP2 serves as an endocytic hub, the
functions of its individual subunits are redundant with other clathrin adaptor proteins.
Therefore, it is possible that the essential function of AP2 is to serve as a scaffolding
complex that contributes to, but is not required for, the stability of other clathrin adaptors
at clathrin-coated pits.

4.2 HIP1R IS A SUBSTRATE FOR PHOSPHORYLATION BY PKB AT THE PLASMA
MEMBRANE

Numerous studies have identified Hip1r as both a clathrin adaptor and negative
regulator of actin assembly. However, it is not known how these separate functions are
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spatially or temporally regulated during clathrin-mediated endocytosis. Additionally, it is
unclear if Hip1r recruits clathrin while simultaneously negatively regulating actin, or if
these two diverse functions occur during different stages of clathrin-coated vesicle
formation.

To address these gaps in our knowledge of Hip1r function, we began

investigating the contribution of Dictyostelium Hip1r to clathrin-mediated endocytosis.
Recent studies by Shannon Repass demonstrate a requirement for epsin in Hip1r
phosphorylation and localization in Dictyostelium (Repass et al., 2007).

In wild-type

cells, Hip1r is phosphorylated and is localized in distinct punctae at the plasma
membrane. However, Hip1r is not phosphorylated and has a cytosolic distribution in
epsin null cells. This raises several important questions. Is Hip1r localization to the
plasma membrane dependent on phosphorylation? Or, is Hip1r recruited to the plasma
membrane in an epsin-dependent manner?

If phosphorylation is not important for

localization, then what is its significance?
To determine if phosphorylation is important for localization, I examined Hip1r
localization in PKB null cells.

I showed that PKB was required for Hip1r

phosphorylation (Figure 3.4). Thus, we used PKB null cells, which contain epsin and
unphosphorylated

Hip1r,

to

determine

if

localization

is

epsin-dependent

or

phosphorylation-dependent. The presence of Hip1r at the plasma membrane in PKB null
cells suggested that phosphorylation is not required for Hip1r localization (Figure 3.5).
From these data I propose the following sequence of events for Hip1r localization and
phosphorylation. First, Hip1r is recruited to the plasma membrane by epsin. Once
localized to the plasma membrane, Hip1r is phosphorylated in a PKB-dependent manner.
Though this result is informative in understanding the chronological order of events
during endocytosis, the question still remains:
phosphorylation?

what is the significance of Hip1r

Future studies using phosphosilent and phosphomimetic Hip1r
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expressed in a Hip1r null background may provide valuable insight that may address this
open question.

4.3 PKB MAY PROMOTE THE ASSOCIATION OF CLATHRIN-COATED VESICLES WITH THE
ACTIN CYTOSKELETON

PKB is a component of the PI3K pathway, and activation/signal transduction of
this pathway is important for many cellular processes, including promoting cell cycle
progression, inhibiting apoptosis and promoting insulin signaling responses (Bevan,
2001; Downward, 1999; Gesbert et al., 2000; Lawlor and Alessi, 2001).

The

identification of PKB as a regulator of Hip1r phosphorylation was surprising, as
endocytic factors have not been reported as downstream targets of PI3K signaling
(Lawlor and Alessi, 2001).

Though sequence analysis predicts that Hip1r is a direct

target of PKB phosphorylation, further studies are required to determine this possibility.
TIRF microscopy of PKB null cells revealed a severe actin phenotype, similar to
Hip1r and epsin null cells. This suggests that phosphorylation of Hip1r may be important
for coordinating clathrin-coated pits with actin at the plasma membrane during vesicle
internalization.

However, these results are inconclusive, as PI3K signaling/PKB

phosphorylation affects multiple downstream targets that may contribute to actin
regulation.
To determine if PKB affects actin through Hip1r or through a larger global effect
as a result other downstream targets, we tested for other actin phenotypes in PKB null
cells. Growth of Dictyostelium cells in suspension culture is actin-dependent. Shannon
Repass demonstrated that Hip1r null cells display similar growth kinetics as wild-type
cells in suspension culture, suggesting that loss of Hip1r does not have a global effect on
actin (Repass et al., 2007). We conducted a similar analysis with PKB null cells, and our
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results demonstrated that loss of PKB had no effect on growth or cytokinesis of PKB null
cells grown in suspension culture. This suggests that loss of PKB does not have a global
effect on all actin processes. Thus, we can conclude that the observed actin phenotype
seen in the TIRF analysis of PKB null cells is due to a specific endocytic defect as
opposed to a global effect on all actin-associated events.
Previous studies suggest a possible link between PKB activation and actin
polymerization during chemotaxis. In Dictyostelium, the PI3K pathway and PKB are
preferentially activated at the leading edge of cell migrating towards the chemoattractant
cAMP (Merlot and Firtel, 2003).

This activation of PKB is accompanied by actin

polymerization and pseudopod formation specifically at the leading edge of migrating
cells. However, a direct link between PKB function and actin polymerization has yet to
be uncovered.

4.4 PUTTING IT ALL TOGETHER: A SPATIOTEMPORAL MODEL FOR HIP1R/PKB
FUNCTION DURING ENDOCYTOSIS

Work from David Drubin’s lab suggests that Hip1r is a negative regulator of actin
polymerization at the plasma membrane. Studies of human Hip1r revealed that Hip1r
binds to cortactin, and that disruption of this cortactin binding site results in abnormally
long actin comet tails at sites of endocytosis (Engqvist-Goldstein et al., 2004; Le
Clainche et al., 2007). Additionally, their studies reveal that a Hip1r-cortactin complex
inhibits actin filament elongation. Their earlier work in yeast reveals that cells lacking the
yeast ortholog of Hip1r have defects in the association of actin with endocytic patches
(Kaksonen et al., 2003). Rather than forming distinct punctae associated with endocytic
patches, actin appears as comet tails near these patches.

These results clearly

demonstrate a requirement for Hip1r in negatively regulating actin polymerization.
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Our work is consistent with the work from Drubin’s lab and supports a role for
Hip1r as a negative regulator of actin polymerization. In cells lacking Hip1r or in cells
that are unable to localize Hip1r to the plasma membrane, actin appears as comet tails,
similar to what was observed in yeast Sla2p mutants (Brady et al.; Brady et al., 2010).
My work has looked at Hip1r is closer detail, assessing the role of Hip1r phosphorylation
in regulating actin at endocytic patches.
My work showed an actin phenotype in cells lacking PKB/Akt kinase, an integral
member of the PI3K signaling pathway. In PKB null cells, Hip1r is not phosphorylated
(Figure 3.4).

Despite this lack of phosphorylation, Hip1r localized to the plasma

membrane, similar to wild-type cells (Figure 3.5). TIRF imaging revealed that PKB null
cells display an actin phenotype resembles the actin comet tails observed in Hip1r and
epsin null cells in Dictyostelium, Sla2p in yeast, and human Hip1r (Figure 3.7).
Interestingly, endocytic factors have not been reported as targets of PKB
phosphorylation, suggesting a novel connection between the PI3K pathway and the
endocytic pathway.
Taken together with previous studies of Hip1r, I propose the following model as a
means for spatial and temporal regulation of actin polymerization at sites of endocytosis.
Hip1r is recruited to the plasma membrane in an epsin-dependent manner during
assembly of clathrin-coated pits (Figure 4.1). Here, Hip1r functions as a general clathrin
adaptor by binding clathrin light chain, thus tethering the clathrin coat to the plasma
membrane.

Hip1r association has two simultaneous effects.

First, Hip1r-CLC

interactions could inhibit actin polymerization, since CLC has been shown to promote
abnormal actin assembly (Chen and Brodsky, 2005).

Additionally, Hip1r-CLC

interactions prevent the association of Hip1r with actin (Wilbur et al., 2008). Thus,
Hip1r-CLC interactions may be required for maturation of clathrin-coated pits by
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preventing untimely actin assembly and association of coated-pits with the actin
cytoskeleton.
I propose that phosphorylation of Hip1r by PKB inhibits Hip1r-CLC interactions
at the edges of coated pits (Figure 4.2). Once phosphorylated, Hip1r is free to bind to
actin through its C-terminal THATCH domain. However, because PKB is activated by
PIP3 outside the clathrin-coated pits, phosphorylated Hip1r may be spatially limited to
the edges of coated pits. This phosphorylated Hip1r may not be sufficiently concentrated
to associate with the actin cytoskeleton early in coated pit formation.
Once the coated pits have matured into coated vesicles tethered to the membrane
by only a thin neck of membrane, several events may occur to assist in vesicle
internalization.

First, several neck-specific proteins are recruited to the membrane.

Among these is cortactin, which has been shown to promote actin polymerization in
mammals. While Dictyostelium does not have a cortactin ortholog, it does have several
polyproline motifs that may allow for binding of a SH3-domain containing cortactin-like
protein.

A BLAST search for cortactin in the Dictyostelium genome identified the

presence of a gene encoding a protein orthologous to Las17 binding protein 1 (Lsb1) in
yeast. Lsb1 has been shown to bind and activate Las17, the yeast ortholog of mammalian
WASP (Li, 1997; Winter et al., 1999). Both WASP and Las17 are activators of actin
assembly. Thus, it is possible that, like mammals and yeast, Dictyostelium is able to
negatively regulate actin polymerization by binding to an activator of WASP.
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Figure 4.1 Model for Hip1r function during an early stage of coated pit formation. I
propose a model in which Hip1r (yellow) functions primarily as an adaptor for clathrin
(green) during early stages of coated pit formation. Hip1r localization to concentrated
patches of PIP2 (red semicircle) requires epsin (orange). Binding of clathrin to Hip1r
prevents its interactions with actin. Hip1r in the middle of coated pits may be spatially
inaccessible to phosphorylation by PKB (light blue). It is possible that PKB may be able
to phosphorylate Hip1r at the edges of coated pits. However, it is unclear when
phosphorylation of PKB occurs during coated vesicle formation. H=Hip1r, E=epsin,
P=phosphate group.

Figure 4.2 Model for Hip1r function during a late stage of coated pit formation. I
propose that phosphorylated Hip1r may be concentrated at the edges of coated pits, close
to the neck of budding vesicles. Unphosphorylated Hip1r may bind to an unknown
protein x (purple) that may be functionally similar to cortactin, therefore Hip1r would
serve as a negative regulator of actin polymerization. However, phosphorylation by PKB
may dissociate this unknown protein X from Hip1r, resulting in focused actin
polymerization (pink) immediately adjacent to the clathrin-coated vesicle. Additionally,
phosphorylated Hip1r may act to coordinate this newly polymerized actin with the
clathrin-coated vesicle, thus serving as a molecular tether between the emerging vesicle
and actin.
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Phosphorylation of Hip1r by PKB may inhibit the association of Hip1r with a
Lsb1-like protein, thus relieving the inhibition of actin polymerization.

When

concentrated in the necks of emerging coated vesicles, this may result in large-scale actin
polymerization that is sufficient to drive internalization of coated vesicles. Additionally,
phosphorylation may prevent Hip1r from binding to CLC. This might allow Hip1r to
associate with actin, thus providing the crucial link between coated vesicle and the actin
cytoskeleton.
Alternatively, because PKB displays similar actin phenotypes as Hip1r,
phosphorylation by PKB may serve to negatively regulate actin assembly. It is possible
that phosphorylation of Hip1r prevents unwanted actin assembly, and that PKB null cells
display an actin phenotype due to unregulated actin polymerization. If this model is true,
then a phosphatase must exist to relieve the negative regulatory effects of phosphorylated
Hip1r. Further experiments are needed to distinguish between these two possibilities.
In summary, I propose phosphorylation of Hip1r by PKB serves two main
purposes (Figure 4.3). First, phosphorylation may relieve the negative regulatory effect
of Hip1r by freeing promoters of actin polymerization. Additionally, phosphorylation
may allow Hip1r to adopt a conformation that allows it to bind to the actin cytoskeleton

78

Figure 4.3 Flowchart for PKB activity. I propose that PKB serves two main functions
during endocytosis. First, phosphorylation of Hip1r by PKB may relieve the negative
regulation of an unknown protein X, which promotes actin polymerization, thus
providing mechanical forces necessary for internalization. Additionally, phosphorylation
of Hip1r may dissociate clathrin from Hip1r, thereby freeing Hip1r to interact with actin
(dashed line) and promoting coordination of actin with clathrin coated-vesicles during
internalization.
In light of the results of my own studies and previous studies, questions still
remain as to the significance of Hip1r phosphorylation. Does phosphorylation prevent
Hip1r-CLC interactions? Does phosphorylation serve to relieve the negative regulatory
effects of Hip1r on actin polymerization? To address these questions, I have generated a
series of Hip1r phosphorylation mutants.

If phosphorylation prevents Hip1r from

associating with CLC, then CLC would not be detected in pulldown assays using Hip1r
null cells expressing phosphomimetic Hip1r (S417D). Additionally, if phosphorylation is
required to promote actin polymerization, then expression of phosphomimetic Hip1r
would rescue the actin phenotypes of Hip1r and PKB null cell lines. Further studies of
Hip1r and PKB are crucial to understanding the role of phosphorylation during
endocytosis.
My early work details the functional contribution of a single large β subunit to
both the AP1 and AP2 complexes. Additionally, my more recent studies have uncovered
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a novel role for PKB in regulating Hip1r phosphorylation and actin polymerization.
Furthermore, sequence analysis of Dictyostelium Hip1r reveal binding sites for CLC and
a cortactin -like protein, two known promoters of actin polymerization. Together, these
support a role for unphosphorylated Hip1r in preventing actin polymerization and a role
for phosphorylated Hip1r in promoting actin polymerization. Additionally, they suggest
that phosphorylation may serve as a mechanism to regulate the timing and location of
actin polymerization during clathrin-coated vesicle internalization.
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Chapter 5: Experimental procedures
5.1 CLONING OF AP1B1
The ap1b1 and apm2 genes encoding the AP1/AP2 beta adaptin and mu2 gene
products were identified by using BLAST searches of the Dictyostelium genome database
(dictybase.org). Predicted proteins were analyzed and aligned with beta adaptins or mu2s
from other species using the Megalign program (DNAStar, Madison, WI). The ap1b1
coding region was amplified from Dictyostelium cDNA in two fragments using the
primers

5’-CGCGGATCCATGTCTGACTCAAAGTATTTTC-3’

CATCGAGATGACTAGTCGTATCAGTAATG-3’
ACTGATACCAC

(5’

end

of

AGTCATCTCGATG-3’

and

ap1b1)

and

and

AGGCCCGGGATTTAAATTTGATTATTAATTAATAAA-3’ (3’ end).

5’5’5’-

Each PCR

product was cloned into the pCR-2.1 vector (Invitrogen, Carlsbad, CA). The apm2
coding

region

was

amplified

using

CGCGGATCCATGATTAGTGCATTATTCTTAATG-3’

the

primers
and

5’5’-

TCCCCCGGGTTTTAAATACGATTTTGATAGGTACCAG-3’. The resulting ~450 bp
piece was subcloned into pCR2.1.

5.2 GENERATION OF POLYCLONAL ANTIBODIES
cDNA’s encoding the ap1b1 or the apm2 gene products were cloned into the
glutathione-S-transferase bacterial expression vector pGEX-2T. The resulting plasmids
were transformed into Escherichia coli BL-21 cells, and the GST-β fusion protein or
GST-mu2 proteins were purified as previously described (Vithalani et al., 1998). The
purified proteins were used to generate both rabbit and guinea pig polyclonal antibodies
(Cocalico Biologicals, Reamstown, PA). For western blots, the guinea pig antibody
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against GST-β was used at 1:1000; the rabbit polyclonal antibodies against GST-mu2
protein were used at 1:1000.

5.3 GENE DISRUPTION OF AP1B1
PCR was used to amplify the 5’ and 3’ regions flanking the ap1b1 gene. The 5’
upstream

region

was

amplified

using

AAGCTTATTTATTGGTAGTGTCAACCCATTTCATTGTTTTTCC-3’

5’and

5’-

CTTTTTATTTGTTTTCATTCGGGGGTGTG-3’. The 3’ downstream region of ap1b1
was amplified using 5’-GAAAAAGCAATAGCAATGATAAAGGATAGAGA-3’ and
5’-GGATCCATGCATCTTCTAAAACTTTAATTGTATCAGTTCTACC-3’. Each PCR
product was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) and subsequently subcloned
into pSP72-Bsr (Wang et al., 2002), which carries a blasticidin-resistance gene. This
knockout construct was linearized using XhoI and EcoRV. 10ug linearized construct was
transformed by electroporation into Dictyostelium discoideum Ax2 cells, and
recombinants were selected in HL-5 media supplemented with 5ug/mL blasticidin.
Clones were screened by PCR and western blotting with anti-β antibodies for the deletion
of the gene and the absence of the β1/2 protein.

5.4 DICTYOSTELIUM TRANSFORMATIONS
Dictyostelium cell lines were transformed with various expression plasmids by
electroporation. Cells were collected by centrifugation and washed in H-50 buffer (20mM
HEPES, 50mM KCl, 10mM NaCl, 1mM MgSO4, 5mM NaHCO3, 1mM NaH2PO4).
Cells were resuspended in H-50 buffer at 5x107 cells/mL, mixed with 10 μg of plasmid
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and electroporated using a Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA,USA) at 75 kV
and 25 μF.

5.5 CELL CULTURE
Cells were cultured in tissue culture plates in HL-5 medium supplemented with
0.6% penicillin/streptomycin (Invitrogen, Inc., Carlsbad, CA).
blasticidin selection were supplemented with 5 µg/mL blasticidin.

Null cells under
Cells containing

expression plasmids containing G418 resistance were supplemented with 20 µg/mL
G418 (Gibco-BRL, Invitrogen, Inc., Carlsbad, CA). Cells containing plasmids with
hygromycin resistance were supplemented with 35 µg/mL hygromycin (Invitrogen, Inc.,
Carlsbad, CA).

5.6 CO-IMMUNOPRECIPITATION
Dictyostelium cells were harvested, resuspended to 5 x 107 cells/mL in lysis buffer
(20mM TES (pH 7.5), 100 mM NaCl, 1mM EGTA) with protease inhibitors diluted to
the manufacturer’s instructions (Fungal Protease Inhibitor cocktail, Sigma-Aldrich, St.
Louis, MO), and lysed by passing through two polycarbonate membrane’s (5µm, GE
Osmonics, Trevose, PA) in a Gelman Luer-Lock-style filter (Gelman Sciences, Ann
Arbor, MI). Lysates were cleared by centrifugation (13K rpm, 5 min, 4°C). Cleared
lysate supernatant samples were taken and added to SDS-PAGE sample buffer for
Western Blot analysis. One mL of the cleared lysate supernatant was added to 400µl of
polyclonal serum (goat-anti-µ1, goat-anti-µ2, or pre-immune serum) and incubated
overnight at 4°C with rocking. 100µL of Protein A agarose beads (Thermo Scientific,
Rockford, IL) were added to the serum-lysate mixture and incubated overnight at 4°C
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with rocking. Beads were collected by centrifugation and washed five times with 1mL
TBS-Plus Buffer (1.5M NaCl, 0.5M NaCl, 0.5M Tris-HCl, 0.5% Triton-X100, 0.1%
SDS, 1% NP-40, pH 7.5), and unbound lysate was collected for Western blot analysis.
To elute bound proteins from the protein A beads, the beads were resuspended in 50µL
0.1M Glycine buffer (pH 3.0) and incubated at room temperature for 3 min. Beads were
collected by centrifugation and eluate samples were collected. Elution was repeated by
addition of 50µL Glycine buffer, centrifugation and collection. Neutralization of samples
was achieved by addition of 10µL of 1M Tris-HCl to elutions. SDS-PAGE sample buffer
was added to both the elutions and beads for Western Blot analysis.

5.7 WESTERN BLOTTING
Dictyostelium cells were harvested, resuspended in SDS-containing sample
buffer, loaded at a concentration of 106 cells per well, run on 7.5% polyacrylamide gel,
and transferred to nitrocellulose membranes. After blocking with 5% milk in Trisbuffered saline (TBS), membranes were incubated with primary antibodies, washed with
TBS, and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies
(Southern Biotech, Birmingham, AL). Membranes were developed using Pierce ECL
Western Blotting Substrate (Thermo Scientific, Rockford, IL).

5.8 MEASUREMENT OF GROWTH RATE
Cells were inoculated into HL-5 media at an initial concentration of 104 cells/mL
and grown in shaking culture at 20°C. Concentrations were measured every 24 hours for
a period of 10 days.
84

5.9 DEVELOPMENT ASSAYS
To induce development, 108 cells were harvested by centrifugation, washed with
starvation buffer (20 mM MES pH 6.8, 0.2 mM CaCl2, 2 mM MgSO4), plated at 107
cells/mL on 10cm starvation plates (starvation buffer, 1% Noble Agar (BD, Sparks, MD))
and incubated at 20°C. Images of the developing plates were taken using a Leica MZ16F
(Leica Microsystems, Bannockburn, IL) dissection microscope using a Leica DFC480
camera and associated Leica imaging software. For mixed population chemotaxis assays,
106 cells (30% expressing pTX-RFP) were collected by centrifugation, washed with
starvation buffer, plated in 2-well borosilicate chambers and incubated for 17 hours.
Differential interference contrast and fluorescence images were taken using a 20 x 0.50
NA PanFluor objective as described below.

5.10 EPIFLUORESCENCE MICROSCOPY
Cells expressing GFP fusion proteins were harvested, allowed to attach to
coverslips for 30 minutes and incubated in low-fluorescence media (Liu et al., 2002) for
30 minutes before live visualization. Similarly, DAPI-stained cells were allowed to
attach to coverslips and fixed in a cold solution of 1% formaldehyde in methanol for 5
minutes. Cells were washed in PDF (2 mM KCl, 1.1 mM K2HPO4, 13.2 mM KH2PO4)
and stained in 0.1 ug/mL (286nM) DAPI for 10 minutes. Stained cells were washed with
PDF before mounting.
Differential interference contrast and fluorescence images were taken on an
inverted Nikon Eclipse TE 200 microscope (Nikon Instruments, Dallas, TX) using a 100
x 1.4 NA PlanFluor objective or a 20 x 0.50 NA PanFluor objective and Quantix 57
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camera (Roper Scientific, AZ) controlled by Metamorph imaging software (Molecular
Devices, Sunnyvale, CA).

5.11 TIRF MICROSCOPY
Cells were imaged by total internal reflection fluorescence (TIRF) with the
assistance of Kate Luby-Phelps at the University of Texas Southwestern Medical Center
Imaging Core Facility. Images were acquired on a Zeiss AxioObserver TIRF microscope
using 488nm and 561nm lasers wit a Roper QuantEM camera controlled by Slidebook
software (Intelligent Imaging Innovations, Inc., Denver, CO). Images were taken every 3
seconds for up to 5 minutes total.
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APPENDIX
DICTYOSTELIUM STRAINS USED IN THESE STUDIES
Cell line
Ax2
2E9
6A5
µ1µ25E2
4F6
5B4
PKB-

Description
wild-type
APβ1/2 null
AP2α null
µ1 null
µ2 null
CHC null
Hip1r null
epsin null
PKB null

Parental background
N/A
Ax2
Ax2
DH1-10
Ax2
Ax2
Ax2
Ax2
KAX3
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Source
Lab Stock
Thomas Sosa
Yujia Wen
Letourner Lab
Yujia Wen
Lab Stock
Shannon Repass
Rebecca Brady
dictybase/Firtel Lab

EXPRESSION PLASMIDS
Name
description
pTX-GFP-β
N-terminally tagged APβ1/2
N-terminally FLAG epitope
pTX-FLAG-β
tagged APβ1/2
pTX-Dajumin-GFP
C-terminally tagged contractile
vacuole marker
pTX-RFP-mars
empty RFP tag
pTX-Flag-CCN-terminal tagged Hip1r
THATCH
amino acids 355-961
pTX-Flag-Hip1r426-961 N-terminal FLAG tagged
Hip1r amino acids 426-961
pTX-Flag-Hip1r476-961 N-terminal FLAG tagged
Hip1r amino acids 476-961
pTX-Flag-Hip1r532-961 N-terminal FLAG tagged
Hip1r amino acids 532-961
pTX-FLAG-Hip1r
N-terminal FLAG-tagged
Hip1r
pTX-FLAG-Hip1rN-terminal FLAG-tagged
S417G
phosphosilent (S417G) Hip1r
pTX-FLAG-Hip1rN-terminal FLAG-tagged
S417D
phosphomimetic (S417D)
Hip1r
C-terminal GFP-tagged actin
pDM--LimEΔcoilreporter
GFP
pDM-- mRFPmarsN-terminal RFP-tagged
CLC
clathrin reporter
pDM358+LimEΔcoil- C-terminal GFP-tagged actin
reporter and N-terminal RFPGFP + mRFPmarstagged clathrin reporter
CLC
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resistance
G418
G418

source
Thomas Sosa
Thomas Sosa

G418

dictybase

G418
G418

dictybase
Shannon Repass

G418

Thomas Sosa

G418

Thomas Sosa

G418

Thomas Sosa

G418

Thomas Sosa

G418

Thomas Sosa

G418

Thomas Sosa

Hygromycin Thomas Sosa
Hygromycin Thomas Sosa
Hygromycin Thomas Sosa

PCR PRIMERS
primer sequence
name
TO365 5’-CGCGGATCCATGTCTGACTCAAAGTATTTTC-3’
TO366 5’-CATCGAGATGACTAGTGGTATCAGTAATG-3’
TO367 5’-ACTGATACCACTAGTCATCTCGATG-3’
TO368 5’-AGGCCCGGGATTTAAATTTGATTATTAATTAATAAA-3’
TO371 5’-GAAAAAGCAATAGCAATGATAAAGGATAGAGA-3’
TO372 5’-ATGCATCTTCTAAAACTTTAATTGTATCAGTTCTACC-3’
TO373 5’-CTTTTTATTTGTTTTCATTCGGGGGTGTG-3’
TO374 5’-CATTTCATTGTTTTTCCTAGCTGTTGTTG-3’
TO494 5’-CTCGAGAGGAATTGGAAAGATTACTTCAAGAGGAACAAG-3’
TO495 5’-CTCGAGAAGAAGCATCAGTTGATAAACCAGCTTCACCAC-3’
TO496 5-CTCGAGAACAATTACGTGAACAACTCATTGCCATCAGAG-3’
TO508 5-CTCGAGGAATGACAGCGTTTGAAGCAATTGTCCATAAAG-3’
TO513 5’-ACAACGTTCAACCGGTACACCACCAGCTTTGGAAAAG-3’
TO514 5’-ACCGGTTGAACGTTGTCTTGTTGGTGCATCATCAC’3’
TO515 5’-AGTACTGATACACCACCAGCATTGGAAAAGAAAGAAGCATC’3’
TO517 5’-GTGGTGTACTAGTACTACGTTGTCTTGTTGGTGCATCATCAC’3’
TO518 5’-AGATCTAAAATGTCAGATCCATTTGTTGAAGAAAATGTTG-3’
TO520 5’-AGATCTAAAATGTCTGCTTCAGTTAAATGTGGTGCTTGC-3’
TO522 5’-ACTAGTAACAATTGGTTGATTTTTTAAACG-3’
TO523 5’-ACTAGTACCAGTTGGTTGACCATCAGCACCAAATACGGTG-3’
TO524 5’-CCCGGGTTCTCACTAAAATCATTACAAAGACTGTC-3’
TO525 5’-CCCGGGTTTTTCCTTGACTATCAGTATTGG-3’
TO528 5’TCTAGATTATTGATTTTCGTCATATTGTTTCTTTC-3’
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PCR PRIMER PAIRS
primer pair

description

TO365/TO366

APβ1/2 piece 1 with BamHI/SpeI; for pTX-GFP

TO367/TO368

APβ1/2 piece 2 with SpeI/SmaI; for pTx-GFP

TO371/TO372

APβ1/2 3’ UTR

TO373/TO374

APβ1/2 5’ UTR

TO494/TO528

Hip1r 476-961 with 5’ XhoI/3’ XbaI + stop codon; for pTX-FLAG

TO495/TO528

Hip1r 426-961 with 5’ XhoI/3’ XbaI + stop codon; for pTX-FLAG

TO496/TO528

Hip1r 532-961 with 5’XhoI/3’ XbaI + stop codon; for pTX-Flag

TO508/TO525

Hip1r piece 1 with 5’ XhoI/3’ SmaI; for pTX-FLAG

TO524/TO528

Hip1r piece 1 with 5’ SmaI/3’ Xba + stop codon; for pTX-FLAG

TO508/TO514

Hip1r S417G piece1 with 5’ XhoI/3’ AgeI; for pTx-Flag

TO513/TO528

Hip1r S417G piece2 with 5’ AgeI/3’ XbaI + stop codon; for pTx-Flag

TO508/TO517

Hip1r S417D piece1 with 5’ XhoI/3’ ScaI; for pTx-Flag

TO515/TO528

Hip1r S417D piece2 with 5’ ScaI/3’ XbaI + stop codon; for pTx-Flag

TO518/TO522

full length CLC with 5’ BglII/3’ SpeI for modular vector system

TO520/TO523

full length LimEΔcoil with 5’ BglII/3’SpeI for modular vector system

MISCELLANEOUS EXPERIMENTS
Characterization of Guinea pig-anti-APβ1/2 antibodies
Polyclonal antibodies were raised as described previously. Whole cell lysates
from wild-type and APβ1/2 were subjected to SDS-PAGE and transferred to
nitrocellulose as described previously.

Membranes were blotted with anti-APβ1/2

antibodies from guinea pigs and rabbit (Figure A1). Anti-AP2α antibodies were used as
controls. Anti-APβ1/2 antibodies raised in rabbit detected a band of proteins ~110kDa in
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wild-type cells. This band was absent in APβ1/2 null lysates. This band migrated with
AP2α, which is the same size as APβ1/2, suggesting that this band was specific for
APβ1/2. However, there were several background bands in the lanes blotted with rabbitanti-APβ1/2, suggesting that these polyclonal antibodies were somewhat promiscuous in
their antigenicity.
To generate more specific antibodies, we raised polyclonal antibodies in guinea
pigs. Antibodies from both guinea pigs 18 (GP18) and 19 (GP19) were much more
specific. The second test bleed of GP18 yielded the greatest specificity, with a single
dark band ~110kDa corresponding to APβ1/2.

Figure A.1 Characterization of anti-APβ1/2 antibodies. Whole cell lysates from wildtype and APβ1/2 null cells were subjected to SDS-PAGE and Western blot analysis.
Rabbit-anti-APβ1/2 (R-anti-B) antibodies detected APβ1/2, but produced multiple
background bands. Guinea pig antibodies were much more specific, with test bleed 2
from guinea pig 18 (GP18-2) being the most specific. Serum from GP18-2 was used for
detecting APβ1/2 in Western blots throughout my research.
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GFP-APβ1/2 does not fully rescue osmoregulation defects
To determine if GFP-tagged APβ1/2 was functional, we assessed the ability of
GFP-APβ1/2 to rescue the observed osmoregulation defects seen in APβ1/2 null cells
(Figure A2). In isotonic medium, contractile vacuoles were clearly visible and decorated
with punctae of GFP-APβ1/2. When shifted from isotonic medium to water, APβ1/2 null
cells + GFP-APβ1/2 became swollen, eventually detaching from the underlying substrate.
However, small contractile vacuoles were seen in these cells in both isotonic and
hypotonic conditions, unlike APβ1/2 null cells, which had no detectable contractile
vacuoles (Figures 2.7 and 2.8).

These data suggest that GFP-β1/2 is partially functional

in rescuing the osmoregulation defects of APβ1/2 null cells.

Figure A.2 Expression of GFP-APβ1/2 (GFP-β) in APβ1/2 null cells (β-) partially
restores contractile vacuole formation. APβ1/2 null cells have no detectable contractile
vacuole in isotonic medium or water (Figure 2.7 and 2.8). Expression of GFP-β partially
rescues the osmoregulatory defect of these cells as seen by the presence of contractile
vacuoles (marked by arrowheads) in both isotonic and hypotonic conditions. Contractile
vacuoles formed in water are significantly smaller that contractile vacuoles from wildtype cells in similar conditions. Scale, 10µm.
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Flag-APβ1/2 rescues the developmental defect of APβ1/2 null cells
Because GFP-APβ1/2 was only partially functional, we cloned APβ1/2 into pTXFLAG to see if a smaller less bulky tag would rescue APβ1/2 function. To test for
rescue, we transformed Flag-APβ1/2 into APβ1/2 null cells and induced development of
these cells by subjecting them to starvation conditions (Figure A3). APβ1/2 null cells do
not form fruiting bodies under these conditions (Figure 2.9). However, expression of
Flag-APβ1/2 resulted in formation of fruiting bodies similar to wild-type cells,
suggesting that Flag-APβ1/2 may be fully functional. Further tests of APβ1/2 null cells
expressing this construct need to be conducted to assess if it fully rescues the APβ1/2 null
phenotypes (osmoregulation, subunit stability, etc.).

Figure A3. Flag-tagged APβ1/2 (Flag-β) rescues the developmental defect of APβ1/2
null cells. While APβ1/2 null cells do not develop into fruiting bodies (Figure 2.9),
expression of Flag-β rescues this developmental defect. However, these fruiting bodies
smaller than fruiting bodies from wild-type cells, suggesting that Flag-APβ1/2 may only
be partially functional. Scale, 1mm.
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