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Abstract

Ube3a is a HECT domain E3 ubiquitin ligase originally discovered as the protein

factor required for the degradation of the oncogene p53 by the high-risk human pa-

pillomaviruses and later identified as the critical protein for the neurodevelopmental

disorder Angelman syndrome. However, characterization of the endogenous proper-

ties of Ube3a has been limited and the mechanism underlying the pathogenesis of

Angelman syndrome has not been elucidated. Given ubiquitous expression of Ube3a,

we hypothesized Ube3a may regulate a general process required for proper cellular

function. Over the last few years, an interesting cohort of Ube3a interacting part-

ners and putative substrates have been named, including Golgi-localized proteins

and proteins known to regulate secretory trafficking. Therefore, we hypothesized

that Ube3a may regulate Golgi structure or function.

In this dissertation I define a new role for Ube3a function at the Golgi apparatus

in the regulation of intralumenal ion homeostasis. A disruption in Golgi morphology

by Ube3a overexpression in Clone 9 cells first suggested that Ube3a could regulate

the structure of the Golgi apparatus. Cells with stable knockdown of Ube3a have

altered Golgi morphology as shown by electron microscopy, with the Golgi appearing

disorganized, overly fenestrated, and swollen. Next, we determined that the pH of

the Golgi apparatus in Ube3a knockdown cells is significantly elevated, implying

that the elevated Golgi pH is primary cause of the altered Golgi morphology in the

Ube3a knockdown cells. Finally, we wanted to determine whether these results were
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applicable to the brain and Angelman syndrome. We found that the morphology of

the Golgi structures in Ube3a(m−/p+) visual cortical neurons were greatly perturbed,

and could be seen as swollen cisternae by electron microscopy and disorganized Golgi

structures by immunohistochemistry. Thus, these results suggest a new role for

Ube3a in the regulation of ion homeostasis at the Golgi apparatus, and this function

is relevant for both non-neuronal and neuronal cell populations. This is predicted to

lead to deficits in Golgi function, particularily in the glycosylation and proteolytic

processing of nascent cargo. These findings provide new insight into the function of

Ube3a and into the pathogenesis of Angelman syndrome.
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Introduction

Ube3a is a HECT domain E3 ubiquitin ligase originally discovered as the pro-

tein factor required for the degradation of the oncogene p53 by the high-risk pa-

pillomaviruses [Huibregtse et al., 1991, Huibregtse et al., 1993b] and later found to

be the Angelman syndrome critical protein [Sutcliffe et al., 1997, Trent et al., 1997,

Kishino et al., 1997, Matsuura et al., 1997]. Expression of Ube3a is regu-

lated by brain-specific imprinting [Rougeulle et al., 1997, Albrecht et al., 1997,

Vu and Hoffman, 1997, Nicholls and Knepper, 2001], despite its nearly ubiquitous

presence in other cell and tissues types. Mutations that disrupt the ubiquitin ligase

activity of Ube3a are sufficient to cause Angelman syndrome [Nawaz et al., 1999,

Cooper et al., 2004]. This postnatal neurodevelopmental disorder is described by

severe mental retardation, developmental delay, speech impairment, ataxia, and a

unique behavioral phenotype that includes an apparent happy disposition and fre-

quent laughter [Williams, 2005]. However, characterization of the endogenous prop-

erties of Ube3a has been limited and the mechanism underlying the pathogenesis of

Angelman syndrome has not been elucidated.

Given the broad distribution of Ube3a expression, we hypothesized that the pri-

mary cellular role of Ube3a is not neuron-specific. Instead, Ube3a may regulate

a more general process required for proper cellular function. Over the last few

years, an interesting cohort of Ube3a interacting partners and putative substrates

has been named, though the consequences of these interactions has not been in-
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vestigated. These include two proteins that localize to the Golgi apparatus—PIST

[Jeong et al., 2007] and Golgin-160 [Jung et al., 2005]—as well as several proteins

that can regulate protein trafficking at the Golgi apparatus: Src family kinases

[Oda et al., 1999], ubiquilin [Kleijnen et al., 2000], and tuberin [Zheng et al., 2008].

Therefore, we hypothesized that Ube3a may regulate Golgi structure or function.

The Golgi apparatus is a single-copy perinuclear organelle arranged as a stack

of interconnected cisternae and operates as the midpoint of the secretory path-

way [Lippincott-Schwartz and Zaal, 2000]. Nascent protein cargo from the en-

doplasmic reticulum is delivered to the Golgi apparatus, where the cargo is

processed into mature proteins and sorted for export to the appropriate des-

tination. The structure of the Golgi apparatus is maintained by the flow

of membrane-carried cargo [Fujiwara et al., 1988, Lippincott-Schwartz et al., 1989,

Griffiths et al., 1989, Ladinsky et al., 2002, Cao et al., 2005], a variety of gol-

gins and associated proteins [Short et al., 2005], and the osmolarity and pH

of the cisternae [Ledger et al., 1980, Boss et al., 1984, Kellokumpu et al., 2002,

Làzaro-Dièguez et al., 2006, Maeda et al., 2008].

This dissertation describes a new role for Ube3a in the regulation of intralumenal

ion homeostasis of the Golgi apparatus. This function was discovered and character-

ized by following these specific aims:

Aim I – Characterize Ube3a expression patterns and confirm the interaction of Ube3a with

Golgi-localized proteins. Very little work has been performed on the basic properties

of Ube3a, particularly in the absence of the E6 viral proteins. In Chapter 4, I first

examine the subcellular localization of overexpressed Ube3a isoforms, subcellular

localization of endogenous Ube3a, and cortical imprinting of Ube3a. Next, I confirm

that Ube3a interacts endogenously with both PIST and Golgin-160.
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Aim II – Determine whether Ube3a has a role at the Golgi apparatus. If Ube3a has a

role at the Golgi apparatus, altering Ube3a levels will likely influence Golgi structure.

In the first part of Chapter 5, I demonstrate that either overexpressing or knocking

down Ube3a disrupt Golgi morphology.

Aim III – Determine how Ube3a alters Golgi morphology. The Golgi apparatus is a

dynamic structure whose morphology is maintained by the trafficking of cargo and

by the regulation of intralumenal Golgi pH. In the middle of Chapter 5, I demonstrate

that the Golgi apparatus in Ube3a knockdown cells is under-acidified, and that this

is the primary defect underlying the disrupted Golgi morphology.

Aim IV – Determine whether Golgi morphology is altered by loss of Ube3a in vivo.

Finally, if Ube3a does indeed regulate the pH of the Golgi apparatus, the effects

of this should be evident in Ube3a deficient mice. In the last part of Chapter 5, I

demonstrate that the morphology of Golgi structures in cortical neurons of Ube3a

deficient mice is significantly perturbed.

Altogether, these results define a new function for Ube3a in cellular homeosta-

sis. As the function of the Golgi apparatus is critical for the proper targeting and

processing of a wide variety of proteins, compromised Golgi function would have

broad consequences for cellular function. Preliminary experiments investigating the

functional consequences of Ube3a loss and potential mechanisms for the observed

phenotypes are presented in Chapter 6. Defining the cellular role of Ube3a will

contribute to the understanding of the pathophysiology of Angelman syndrome.
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1

Ube3a

Ube3a is a HECT domain E3 ubiquitin ligase whose dysfunction underlies postnatal

neurodevelopmental disorder Angelman syndrome. As an E3 ubiquitin ligase, Ube3a

recognizes and catalyzes the transfer of ubiquitin to specific protein substrates, and

point mutations in Ube3a that abolish this activity are sufficient to cause Angelman

syndrome. Though several Ube3a substrates have been identified to date, none have

yet been linked to Angelman syndrome pathophysiology. This chapter provides an

overview of the published research on Ube3a as an E3 ubiquitin ligase, the role of

Ube3a in Angelman syndrome, and the phenotypes of Angelman syndrome-model

mice and flies.

1.1 Ube3a is an E3 ubiquitin ligase

Ube3a was discovered in the search for factors responsible for oncogenic func-

tion of the high-risk human papilloma viruses (HPV) [Huibregtse et al., 1991,

Huibregtse et al., 1993b]. Early experiments demonstrated that p53, a cell-cycle

checkpoint protein, is degraded in an ATP- and ubiquitin-dependent manner in the

presence of the HPV protein E6 [Scheffner et al., 1990, Werness et al., 1990]. How-
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ever, the requirement of an additional factor for the E6-induced degradation of p53

was postulated as the degradation occurred in in vitro assays using proteins purified

in a rabbit reticulocyte lysate system but not using proteins purified in a wheat-germ

extract system [Huibregtse et al., 1991]. Indeed, this observation led to the isolation

of a ∼100kD protein, deemed E6-associated protein (E6-AP), required for the degra-

dation of p53 in the presence of E6 [Huibregtse et al., 1993b]. Later, the entire

minimal complex for true in vitro p53 ubiquitination by E6-Ube3a was described—

E6-Ube3a, E1 ubiquitin ligase, and an E2 ubiquitin ligase (e.g. UBC8 from Ara-

bidopsis thaliana). This meant, by definition, that E6-Ube3a provides the E3 ubiq-

uitin ligase activity for this reaction [Scheffner et al., 1993, Ciechanover et al., 1994,

Shkedy et al., 1994]. Finally, the 26S proteasomal complex is required to degrade the

ubiquitinated p53 [Shkedy et al., 1994]. The discovery of Ube3a as an E3 ubiquitin

ligase provided one of the earliest descriptions of the complete complex required for

ubiquitin-dependent degradation of a specific substrate and defined a new class of E3

ubiquitin ligases based on the C-terminal “HECT” (homologous to the C-terminus

of E6AP) domain of Ube3a (Figure 1.1).
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Figure 1.1: Ube3a. (A) Domain structure of Ube3a. Ube3a contains a con-
served C-terminal HECT domain critical for its role as an E3 ubiquitin ligase.
The cysteine residue (C840 in human Isoform III) near the C-terminus forms a di-
rect thioester bond with ubiquitin before transferring it to the substrate. There
are three isoforms of Ube3a formed by alternative splicing (II, III) and an al-
ternative downstream start site (I) that result in different N-terminal sequences.
Numbering of isoforms refers to the designations of human Ube3a. (B) Organiza-
tion of maternal and paternal chromosome 15q11-13 and illustration of imprint-
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ing, adapted from [Lalande and Calciano, 2007, Horsthemke and Wagstaff, 2008].
Genes expressed exclusively from the paternal allele are in blue and from the
maternal allele in pink. Genes expressed biallelically are in green, and si-
lenced genes are in grey. Arrows indicate directionality of the transcripts. The
yellow star indicates the Prader-Willi/Angelman syndrome imprinting centers.

1.1.1 The ubiquitin proteasome system

The ubiquitin-proteasome system is a pathway of regulated protein degradation that

relies on ubiquitin, a protein that is covalently attached to selected substrates, and

the 26S proteasome, a multisubunit complex degrades poly-ubiquitinated proteins.

The ubiquitination of proteins is a multi-step process (Figure 1.2) that involves 1)

ubiquitin activation by E1, 2) transfer of activated ubiquitin to E2, 3) attachment

of ubiquitin to the substrate via an E3 or an E2-E3 complex, 4) formation and elon-

gation of a poly-ubiquitin chain, 5) delivery of the poly-ubiquitinated protein to the

proteasome, and finally, 6) degradation of the poly-ubiquitinated protein by the pro-

teasome [Yi and Ehlers, 2007]. De-ubiquitinating enzymes can counteract the poly-

ubiquitination of a substrate and facilitate ubiquitin recycling at the proteasome.

The E1-E2-E3 cascade can also catalyze the formation of other non-degradative

ubiquitin chain signals, which can regulate proteins trafficking and protein-protein

interactions. The ubiquitin-proteasome system is involved in many pathways, such

as the degradation of faulty proteins by ERAD, activity-dependent reconstruction of

the neuronal synapse, turnover of cell cycle proteins, and receptor trafficking. Dys-

function of the ubiquitin-proteasome system has been implicated in several diseases,

including Parkinson’s, poly-Q repeat diseases, cancer, and, of particular interest here,

to Angelman syndrome.
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Figure 1.2: The Ubiquitin-Proteasome System. The ubiquitination of pro-
teins is a multi-step process that involves 1) ubiquitin activation by E1, 2)
transfer of activated ubiquitin to E2, 3) attachment of ubiquitin to the sub-
strate via an E3 or an E2-E3 complex, 4) formation and elongation of a poly-
ubiquitin chain, 5) delivery of the poly-ubiquitinated protein to the protea-
some, and finally, 6) degradation of the poly-ubiquitinated protein by the pro-
teasome. De-ubiquitinating enzymes can counteract the poly-ubiquitination of

8



a substrate (indicated in blue) and facilitate ubiquitin recycling at the proteo-
some. The E1-E2-E3 cascade can also catalyze mono-ubiquitination and the
formation of other non-degradative ubiquitin chain signals (indicated in red).

Ubiquitin Ubiquitin is a 76 amino acid, ∼7kD protein that was first isolated from

bovine thymus and posited to be a protein hormone [Goldstein et al., 1975]. Its

ubiquitous presence in tissues and diverse organisms such as mammals, chick-

ens, fish, plants and yeast inspired the protein name “ubiquitous immunopoietic

polypeptide.” In parallel studies, ATP-dependent proteolysis factor-1 (APF-1)

was identified as a heat stable polypeptide that is covalently conjugated onto ly-

sine residues on proteins in an ATP-dependent manner; this reaction was required

for the degradation of proteins [Ciehanover et al., 1978, Ciechanover et al., 1980a,

Ciechanover et al., 1980b, Hershko et al., 1980]. APF-1 was later shown to be iden-

tical to ubiquitin [Wilkinson et al., 1980].

E1-E2-E3 ubiquitin ligation cascade Ubiquitination of a substrate requires ubiqui-

tin activation by E1, ubiquitin transfer by E2, and substrate selection by E3

[Hershko et al., 1983]. E1 activates ubiquitin in a Mg++-ATP dependent reaction by

first creating a ubiquitin adenylate intermediate on the C-terminal glycine of ubiq-

uitin and subsequently transferring the ubiquitin to a catalytic cysteine on E1 via a

thioester bond [Hershko et al., 1979, Ciechanover et al., 1981, Hershko et al., 1981,

Haas and Rose, 1982, Hershko et al., 1983]. Activated ubiquitin is then transferred

to E2 via a thiolester linkage [Hershko et al., 1983]. E3 ubiquitin ligases facilitate

the transfer of ubiquitin from the E2 to the protein substrate [Hershko et al., 1983]

in a manner that depends on the type of E3 involved. E1 is not able to directly

transfer its activated ubiquitin to either an E3 ubiquitin ligase or a protein sub-

strate [Hershko et al., 1983], and E2 cannot interact simultaneously with E1 and E3
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[Eletr et al., 2005].

E1 ubiquitin ligase The omnipresent E1 ubiquitin ligase is highly conserved among

species and is encoded by only one gene in mammals [Handley et al., 1991]. Deletion

of the yeast E1, UBA1, is lethal [McGrath et al., 1991], suggesting that no other

genes can compensate for the loss of E1 function. E1 has two ubiquitin-carrying

sites, one for the ubiquitin-adenylate intermediate and one for the thioester ubiqui-

tin conjugate [Ciechanover et al., 1981, Haas and Rose, 1982, Haas and Rose, 1982].

Activity of E1 may be regulated both through phosphorylation [Nagai et al., 1995,

Stephen et al., 1996] and changes in subcellular localization [Grenfell et al., 1994,

Stephen et al., 1996].

E2 ubiquitin ligases Roughly 30 E2 ubiquitin carrying enzymes have been identified

in mammalian genomes [Hegde, 2004], and these proteins share an active-site cat-

alytic cysteine residue for binding ubiquitin and a UBC domain for facilitating their

interaction with E3 ubiquitin ligases [Glickman and Ciechanover, 2002]. E2 ubiqui-

tin ligases differ in their subcellular localization, preferred ubiquitin linkage type,

and affinity for particular E3 ubiquitin ligases. Interestingly, some E2s have been

reported to directly conjugate ubiquitin to a protein substrate in the absence of an

E3 [Hoeller et al., 2007].

E3 ubiquitin ligases The E3 ubiquitin ligases are responsible for the recognition of

the protein substrate and the transfer of ubiquitin to the substrate. The large di-

versity of E3 ubiquitin ligases conveys most of the specificity of substrate recog-

nition. The two major classes of E3 ubiquitin ligases are the HECT (homolo-

gous to E6-AP C-terminal) and RING (really interesting new gene) domain pro-

teins. These classes of ubiquitin ligases differ in how they catalyze the trans-
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fer of ubiquitin to the protein substrate. The HECT domain proteins, including

Ube3a, Nedd4, and Itch, contain a conserved catalytic cysteine that directly forms

a thioester linkage with the ubiquitin moiety that is to be transferred the substrate

[Huibregtse et al., 1995, Scheffner et al., 1995]. The RING domain proteins act as a

scaffold to facilitate the interaction between E2-ubiquitin and the substrate and do

not form covalent intermediates with ubiquitin [Yi and Ehlers, 2007]. RING domain

E3 ubiquitin ligases are further split by whether they act alone (e.g. Mdm2, parkin)

or as part of a multisubunit complex (e.g. Anaphase-promoting complex (APC),

Skp1-Cullin/CDC53-Fbox (SCF) complex).

Types of ubiquitin conjugation and ubiquitin chain formation The E1-E2-E3 ubiquitina-

tion cascade can lead to different configurations of ubiquitin attachment to protein

substrates. The most canonical form of ubiquitin attachment is K48 polyubiqui-

tination, in which a chain of ubiquitin residues is formed by attaching subsequent

ubiquitins to the lysine 48 residue of the previous ubiquitin. A chain of at least

four K48-linked residues typically targets the substrate for proteasomal degradation.

In contrast, K63-linked polyubiquitination has non-proteolytic functions in DNA

damage repair, cellular signaling, intracellular trafficking, and ribosomal biogenesis

[Ikeda and Dikic, 2008]. Monoubiquitination can induce endocytosis and lysosomal

proteolysis of membrane proteins, [Haglund et al., 2003], mediate the sorting of pro-

teins in the Golgi apparatus [Pelham, 2004], and regulate mitotic dis/re-assembly of

the Golgi apparatus [Meyer, 2005]. Other forms of ubiquitin attachment, including

K29, K33, multiple-monoubiquitination, and linear ubiquitin chain formation have

been reported, and they can have diverse effects on the function and/or stability

of the protein substrate [Ikeda and Dikic, 2008, Li and Ye, 2008]. Ube3a has been

reported to exclusively form K48 polyubiquitin chains [Kim et al., 2007], and no

other function outside of proteosomal degradation has been reported for the Ube3a-
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catalyzed ubiquitin reactions.

Ubiquitin chain formation and elongation can be mediated by a separate class of

ubiquitin ligases deemed E4 ubiquitin ligases [Hoppe, 2005]. The U-box E4 ubiquitin

ligases contain a domain structurally similar to the RING domain, though they lack

sequence homology. E4 ubiquitin ligases act without E3 ubiquitin ligases to add

ubiquitin moeties to form poly-ubiquitin chains, but the E3 ubiquitin ligases are

still required to attach the first ubiquitin to the substrate. Interestingly, pre-formed

polyubiquitin chains can be directly conjugated to substrates [Li et al., 2007].

The 26S Proteasome The 26S proteasome is a large multisubunit complex that recog-

nizes and degrades poly-ubiquitinated protein substrates [Murata et al., 2009]. The

two primary components of the proteasome are the 20S proteolytic core particle and

the 19S regulatory particle. The 20S proteolytic core particle is comprised of four

hetero-heptameric stacked rings, with two outer α-rings and two inner β-rings. The

β-rings form the proteolytic chamber, and the α rings form the entry gate; all pro-

teolytic activity takes place within the inner face of the rings. The 19S regulatory

particle can be subdivided into the base and the lid. The base of the 19S regula-

tory particle contains nine proteins, including six ATPase subunits that facilitate

substrate unfolding and α-ring channel opening. The non-ATPase subunits in the

base, along with RPN10 at the base-lid interface, capture ubiquitinated substrates

either directly or through ubiquitin adaptor proteins such as HHR23 or Dsk2. The

nine-subunit lid is thought to deubiquitinate incoming protein substrates.

De-ubiquitinating enzymes Ubiquitination of protein substrates is balanced by the

action of de-ubiquitinating enzymes (DUBs), which remove ubiquitin moeities from

protein substrates. Their existence was first noted when free ubiquitin was re-

leased from polyubiquitin chains with ATP depletion [Hershko et al., 1980]. Be-
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tween 80 to 90 de-ubiquitinating enzymes have been identified in the mammalian

genome through proteomic and bioinformatic techniques [Nijman et al., 2005]. Most

DUBs are cysteine proteases and have been categorized into five classes: C-

terminal hydrolases (UCHs), ubiquitin-specific proteases/peptidases (USPs), ovarian

tumor domain proteases (OTUs), Machado-Joseph disease protein domain proteases

(MJDs), and Jabl/MPN/Mov34 metalloenzymes (JAMMs) [Singhal et al., 2008,

Nijman et al., 2005]. The UCHs consist of four proteins that remove ubiquitin pri-

marily from small substrates (20-30 amino acids) and are thought to participate in

ubiquitin recycling at the proteasome or in the processing of newly synthesized ubiq-

uitin. The USPs form the largest group of DUBs and contain two short well-conserved

motifs, the Cys and His boxes, that have the residues required for catalysis. The

specific function of DUBs in the other classes is unclear. DUBs generally have dif-

ferent activities towards different ubiquitin chain structures. Beyond counteracting

the ubiquitination of protein substrates, DUBs also protect E3 ubiquitin ligases from

auto-ubiquitination and premature degradation. Additionally, DUBs are required at

the proteasome for the recycling of ubiquitin from poly-ubiquitinated substrates.

Ubiquitination and cellular function Ubiquitination of substrates regulates both gen-

eral aspects of cellular function and specific signaling pathways. The endoplas-

mic reticulum associated degradation pathway (ERAD) is involved in the recog-

nition of improperly folded proteins. These proteins are generally recognized by

chaperones, polyubiquitinated by various E3 and E4 ubiquitin ligases, and retero-

translocated from the endoplasmic reticulum for degradation by the proteasome

[Vembar and Brodsky, 2008]. Monoubiquitinated membrane proteins are recognized

by ubiquitin interacting proteins such as epsins, which facilitate their endocytosis.

The ESCRTs (endosomal sorting complex required for transport) I, II, and III then

sort the monoubiquitinated membrane proteins to lysosomes and finally to multi-
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vesicular bodies, where they are degraded [Saksena et al., 2007].

Regulation of synaptic remodeling provides many examples of how ubiquitina-

tion can control specific signaling pathways to alter cellular function. PKA is per-

sistently activated during long-term facilitation in Aplysia due to the proteasome-

dependent degradation of the PKA regulatory subunits; inhibition of proteasome

activity prevents long-term facilitation [Hegde et al., 1993]. Drosophila Highwire

and its C. elegans homolog RPM-1 are RING finger domain E3 ubiquitin lig-

ases that localize to presynaptic compartments and regulate synaptic development

[Wan et al., 2000, Zhen et al., 2000]. Loss-of-function mutations in Highwire result

in the overproduction of synaptic boutons at the neuromuscular junction, and the

lower quantal content of these synapses suggests that their function is compromised

[Wan et al., 2000]. Chronically altered synaptic activity bidirectionally and globally

regulates the composition of proteins at the postsynaptic density via a mechanism

that requires ubiquitin-proteasomal mediated degradation [Ehlers, 2003]. Synaptic

activity also induces the phosphorylation of SPAR by SNK, which results in the

proteasome-dependent degradation of SPAR and the remodeling of dendritic spines

due to alterations in actin organization [Pak and Sheng, 2003]. SCRAPPER, an

F-box domain E3 ubiquitin ligase, participates in an SCF complex to induce the

degradation of RIM1 at presynaptic terminals and regulate presynaptic vesicle re-

lease and presynaptic plasticity [Yao et al., 2007].

The ubiquitin-proteasome system and disease Dysregulation of the ubiquitin-

proteasome system has been linked to many human diseases, including cancer, in-

flammatory disorders, neurodegenerative diseases, and the neurodevelopmental dis-

order Angelman syndrome. The cell cycle is regulated by ubiquitination at sev-

eral checkpoints [Branzei and Foiani, 2008], so it is not surprising that misregula-

tion of ubiquitination can lead to cancer. The human papilloma virus hijacks the
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ubiquitin ligase activity of Ube3a to promote the degradation of p53, resulting in

under-regulated cellular proliferation and cervical cancer [Huibregtse et al., 1993a].

Mutations in the BRCA1, a component of the BRCA1-BARD1 E3 ubiquitin lig-

ase complex, cause breast cancer [Jiang and Beaudet, 2004]. Inhibition of ubiqui-

tination pathway components has been proposed as a treatment for certain can-

cers [Sato et al., 2008, Yang et al., 2009]. Misregulation of the transcription fac-

tor NFκB underlies many inflammatory disorders, such as asthma and arthritis

[Schwartz and Ciechanover, 2008]. NFκB activity is modulated at several interfaces

by the ubiquitin-proteasome system, and proteosomal inhibition decreases NFκB ac-

tivity and inflammation. A multitude of neurodegenerative disorders are directly

caused by or involve dysregulation of the ubiquitin proteasome system. A familial

form of juvenile Parkinson’s disease is caused by mutations in parkin, a RING E3

ubiquitin ligase. These mutations increase neuronal excitability and render the cells

more susceptible to excitotoxicity [Helton et al., 2008]. Angelman syndrome is a

neurodevelopmental disorder caused by disruption of Ube3a expression in the brain,

and is discussed thoroughly in the next section.

1.1.2 Properties of Ube3a as an E3 ubiquitin ligase

Ubiquitionation by Ube3a Ube3a exclusively forms K48-linked polyubiquitin chains

on itself and on HHR23 [Kim et al., 2007], and no other forms of ubiquitin conju-

gation with Ube3a have been reported. Though Ube3a can facilitate ubiquitina-

tion in vitro with UbcH5 [Nuber et al., 1996], UbcH7 and UbcH8 are thought to

be the preferred E2 ubiquitin ligases for Ube3a [Eletr and Kuhlman, 2007]. An

E2-E3 binding assay based on fluorescence polarization determined that Ube3a

binds strongly to UbcH7 (5 µM) and UbcH8 (7.5 µM), weakly (<200 µM) to

UBC4 (yeast), UbcH5b, UbcH2, and Ubc9, and not at all to Rad6b, Ubc12, or

UbcH10 [Eletr and Kuhlman, 2007]. As a HECT domain ubiquitin ligase, Ube3a
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forms a direct thioester bond with ubiquitin at Cysteine 840 and acts directly in

the transfer of ubiquitin to a substrate protein rather than as an adaptor protein

[Scheffner et al., 1995]. Mutation of this cysteine to serine or alanine inhibits Ube3a’s

ubiquitin ligase activity, and the Ube3a C840A mutant acts as a dominant negative

in both in vitro ubiquitination assays and when expressed in cells [Talis et al., 1998].

The −4 phenylalanine (Phe 869 in human Isoform III) is critical for the transfer

of ubiquitin from Ube3a to substrates [Salvat et al., 2004]. Mutations of the pheny-

lalanine to tyrosine or alanine block Ube3a’s ability to ubiquitinate p53, though a

stable thioester intermediate still forms between Ube3a and ubiquitin. Ube3a with

C-terminal extensions (e.g. FLAG tag or others) is able to form the thioester in-

termediate but unable to facilitate p53 ubiquitination in the presence of E6. It was

hypothesized that the −4 phenylalanine is crucial for properly orienting the ubiquitin

to the lysine residue that is to be ubiquitinated.

1.1.3 Proteins that interact with Ube3a and putative Ube3a substrates

Many proteins have been identified to interact with Ube3a or be putative Ube3a

substrates. However, only a handful have been demonstrated to be E6-independent

Ube3a substrates, thus far, have been linked to Angelman syndrome. Interestingly,

these proteins include a cluster of proteins known to directly or indirectly regulate

protein trafficking, particularly at the Golgi apparatus—PIST, Golgin-160, tuberin,

ubiquilin, and Src family kinases. Interaction of Ube3a with these proteins strongly

suggests that Ube3a could modulate a subset of trafficking at the Golgi appara-

tus. The putative substrates and interacting partners of Ube3a of most interest are

discussed below; others, including E6-dependent substrates, are listed in Table 1.1.
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Golgin-160 Golgin-160 was first shown to interact with Ube3a through a screen

for proteins interacting with steroid hormone coactivators [Jung et al., 2005,

Han et al., 2006]. Golgin-160 localizes to the cytoplasmic face of the Golgi

[Misumi et al., 1997], targeted to the Golgi by a sequence in the N-terminal

region [Hicks and Machamer, 2002]. Like other golgins, Golgin-160 contains a

large C-terminal coiled-coil domain. Golgin-160 has been implicated in apoptosis

[Maag et al., 2005, Mukherjee et al., 2007], trafficking of membrane proteins, and or-

ganization of the Golgi apparatus [Yadav et al., 2009]. Loss of Golgin-160 decreases

surface expression of the β1-adrenergic receptor [Hicks et al., 2006] and GLUT4

[Williams et al., 2006] but does not affect the trafficking of VSVG or transferrin

[Williams et al., 2006]. GLUT4, Terminal glycosylation of GLUT4, but not of trans-

ferrin receptor, is disrupted in the absence of Golgin-160. It was proposed that

knockdown of Golgin-160 allows GLUT4 to bypass an additional sorting step at the

trans-Golgi network [Williams et al., 2006]. Co-expression of Golgin-160 promotes

the surface expression and current amplitude of the kidney potassium channel ROMK

as well as Kir2.1, Kv1.5 and Kv4.3 channels [Bundis et al., 2006]. Golgin-160 also

interacts with serine racemase and co-expression decreases the turnover of serine

racemase by the ubiquitin-proteasome system [Dumin et al., 2006]. Knockdown of

Golgin-160 causes Golgi fragmentation and loss of wound-induced polarized secretion

[Yadav et al., 2009].

PIST PIST is polyubiquitinated by Ube3a in vitro, and overexpression of

dominant-negative Ube3a(C820A) in HEK293T cells increases HA-PIST levels

[Jeong et al., 2007]. PIST’s N-terminal coiled-coil (CC) domains and C-terminal

class I PDZ domain [Neudauer et al., 2001] allow it to associate simultaneously with

Golgi matrix proteins and with a variety of PDZ-binding receptors. The neuronally-

expressed isoform nPIST contains an alternatively spliced exon 3 within the sec-
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ond CC domain [Yue et al., 2002]. Though PIST strongly co-localizes with Golgi

markers, it has been detected in multiple subcellular fractions including cytoplas-

mic [Cheng et al., 2002], endosomal [Cheng et al., 2004], and postsynaptic density

fractions [Yue et al., 2002, Cuadra et al., 2004]. PIST regulates the trafficking of

many PDZ-domain containing proteins, including the cystic fibrosis transmembrane

receptor (CFTR) [Cheng et al., 2002], β1-adenergic receptor [He et al., 2004], and

glutamate receptors via stargazin [Cuadra et al., 2004], from the Golgi apparatus to

the plasma membrane. However, overexpression of PIST has no effect on VSVG or

P-glycoprotein surface expression [Cheng et al., 2002]. Interestingly, PIST binds to

Golgin-160 [Hicks and Machamer, 2005b]. Loss of PIST causes male infertility due

to lack of formation of the acrosome, a structure derived from trans-Golgi stacks in

spermatids [Yao et al., 2002, Ito et al., 2004].

HHR23A/B The human homolog of Rad 23, HHR23A/B, was the first E6-

independent Ube3a substrate to be described [Kumar et al., 1999]. HHR23A/B

was originally identified as part of an excision DNA repair protein com-

plex with xeroderma pigmentosum syndrome complementation group C (XPC)

[Masutani et al., 1994]. However, subsequent analysis of its ‘ubiquitin-like’ UBA and

UBL domains suggested a function in the ubiquitin-proteasome system. HHR23A

binds polyubiquitin [Kang et al., 2007] and the proteasome subunit S5a via its

UBL domain [Hiyama et al., 1999]. Through these interactions, HHR23 may as-

sist the proteasome in capturing polyubiquitinated substrates [Kang et al., 2007].

HHR23B localizes to the cytoplasm and nucleus with cell-cycle dependence, with

the lowest nuclear localization during S phase [Katiyar and Lennarz, 2005]. Overex-

pression decreases p53 levels and transcriptional activity [Zhu et al., 2001]; siRNA

against HHR23A increases p53 levels and decreases apoptosis due to genotoxic stress

[Kaur et al., 2007]. HHR23 also interacts with ubiquilin via a UBL-UBA domain
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interaction, and their association is decreased with MG132 treatment.

PLIC/Ubiquilin PLIC/ubiquilin was first identified by a yeast two-hybrid screen to

find Ube3a binding partners [Kleijnen et al., 2000] and was discovered in parallel

by attempts to identify proteins that interact with presenilin [Mah et al., 2000], the

GABAA receptor [Bedford et al., 2001], and mTOR [Wu et al., 2002]. The 66kD

ubiquilin is broadly expressed in tissues, and contains an N-terminal UBL do-

main and C-terminal UBA domain [Mah et al., 2000, Kleijnen et al., 2000]. By

immunoelectron microscopy in rat brain, ubiquilin localizes to intracellular mem-

brane compartments, including the Golgi apparatus [Bedford et al., 2001]. Ubiquilin

co-immunoprecipitates with proteasome subunits [Kleijnen et al., 2000] and poly-

ubiquitinated proteins via its UBA domain [Kleijnen et al., 2003, Ko et al., 2004].

Overexpression of ubiquilin increases presenilin 2 levels [Mah et al., 2000], p53 levels

[Kleijnen et al., 2000], and surface GABAA receptor levels [Bedford et al., 2001], and

decreases surface nicotinic acetylcholine receptors [Ficklin et al., 2005]. Ubiquilin

also interacts with Eps15, suggesting that it may also mediate ubiquitin-dependent

endocytosis [Regan-Klapisz et al., 2005]. Downregulation of ubiquilin by siRNA in-

creases the rate of APP maturation and secretory trafficking, leading to an increase in

sAPP and Aβ secretion [Hiltunen et al., 2006]. Overexpression of ubiquilin decreases

poly-Q-huntingtin-induced toxicity and cell death [Wang et al., 2006] by increasing

the turnover of poly-Q-huntingtin [Wang and Monteiro, 2007]. In general, ubiquilin

may have a role similar to HHR23 in the trafficking and regulation of ubiquitinated

proteins.

Tuberin Tuberin was recently demonstrated to be a Ube3a substrate

[Zheng et al., 2008]. siRNA knockdown of Ube3a significantly increases the

half-life of tuberin, and overexpression of Ube3a significantly enhances the
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ubiquitination of tuberin in 293T cells. However, a true in vitro ubiquiti-

nation assay has not been performed. Tuberin, encoded by the tumor sup-

pressor gene TSC2, is implicated in autism-linked disorder tuberous sclerosis

[Huang and Manning, 2008, Rosner et al., 2008a, Rosner et al., 2008b]. Tuberin

acts in a complex with hamertin (TSC1), and together they suppress activity of the

Ras GTPase Rheb. Activation of the tuberin/hamertin complex results in the inhibi-

tion of mTOR-mediated gene transcription, whose primary role is to regulate cellular

growth and proliferation. Tuberous sclerosis-causing mutations in TSC2 (loss-of-

function) result in abnormal cellular proliferation and tumor-like growths in many

tissues, including the brain. Tuberin has primarily nuclear and cytoplasmic localiza-

tion, but has also been described to have a Golgi [Wienecke et al., 1996] or vesicular

[Plank et al., 1998] localization. Several reports have indicated that tuberin may

also regulate secretory trafficking. Polycystin-1, a glycoprotein normally targeted

to the basolateral membrane of cells, is retained in the Golgi-apparatus in tuberin-

deficient cells [Kleymenova et al., 2001], as are caveolin-1 [Jones et al., 2004],

and VSVG-GFP [Jones et al., 2004]; GLUT4 is also retained intracellularly

[Jiang et al., 2008]. Interestingly, tuberin also binds the estrogen receptor and

can mediate estrogen-induced cell growth [Finlay et al., 2004, York et al., 2006].

Tuberin has also been reported to be a substrate of the human homolog of Highwire

[Han et al., 2008] (a.k.a. Pam, MYCBP2), which has been shown to interact with

Ube3a [Jung et al., 2005].

Src family kinases A yeast two-hybrid screen for Ube3a interacting proteins us-

ing a human T cell cDNA library identified the Src family kinases Blk and Lck

[Oda et al., 1999]. Activation of Blk promotes its degradation by Ube3a, sug-

gesting that proteasome-dependent degradation may regulate the pool of kinase-

active Src family kinases [Oda et al., 1999]. Src family kinases, including Src, Fyn,
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Blk, Yes, Lyn and Lck, are nonreceptor tyrosine kinases that have known roles in

growth factor induced mitogenesis, cell survival, and cell migration [Frame, 2002].

Src and Fyn also regulate NMDA receptor phosphorylation and LTP induction

in neurons [Salter and Kalia, 2004]. Newly synthesized Yes and Lyn, but not

Src or Fyn, traverse the Golgi on their way to the plasma membrane, and sig-

nificant pools of Yes, Lyn, Src and Lck can be found at the Golgi apparatus

[Bijlmakers et al., 1997, Bard et al., 2002, Kasahara et al., 2004, Sato et al., 2009].

Src may regulate the association of c-Cbl, a RING domain E3 ubiquitin ligase,

with the Golgi apparatus [Tanaka et al., 1995, Bard et al., 2002]. The morphology

of the Golgi apparatus is perturbed in a stable cell line lacking Src, Fyn, and Yes

[Bard et al., 2003]. The Golgi apparatus appears compacted at the light level, re-

flecting a disrupted stack organization with bloated cisternae that could be seen

by electron microscopy [Bard et al., 2003]. VSVG trafficking was not disrupted in

these cells [Bard et al., 2003]. Recently, it was demonstrated that coordinated traf-

ficking of cargo induces massive tyrosine phosphorylation at the Golgi apparatus

and that this phosphorylation by Src family kinases regulates intra-Golgi trafficking

[Pulvirenti et al., 2008].

p53 Many studies have clearly demonstrated the requirement for

HPVE6 as an adaptor for Ube3a to recognize p53 as a substrate

[Huibregtse et al., 1991, Huibregtse et al., 1993a, Beer-Romero et al., 1997,

Talis et al., 1998, Traidej et al., 2000]. However, a debate as to whether p53

is an endogenous substrate continues to this day [Mishra and Jana, 2008],

and there have been reports of p53 upregulation in Ube3a-deficient mice

[Jiang et al., 1998, Khan et al., 2006]. I speculate that this debate reflects

roles for both Ube3a and p53 in cellular stress-sensing and response pathways,

rather than a direct ligase-substrate interaction. This theory is consistent with the
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dysregulation of the PI3K-Akt pathway in Ube3a null prostate [Khan et al., 2006].

Also, p53 upregulation was observed only in the brains of the epilepsy-susceptable

129SvEv Ube3a deficient mice [Jiang et al., 1998] and not in the seizureless C57/Bl6

Ube3a deficient mice [Miura et al., 2002]. Alternatively, the data could suggest

that p53 is a Ube3a substrate with certain endogenous co-factors present in

not-quite purified protein preparations for in vitro ubiquitination. Knockdown

or overexpression of HHR23, an endogenous Ube3a substrate, alters p53 levels

[Zhu et al., 2001, Kaur et al., 2007]. All together, a survey of the literature strongly

favors the hypothesis that p53 is not an endogenous Ube3a substrate.

1.1.4 Ube3a as a steriod receptor coactivator

Ube3a also functions as a co-activator for the type I steroid homone recep-

tors, including the progestone, estrogen, androgen, and glucocorticoid receptors

[Nawaz et al., 1999, Khan et al., 2006, Gopinathan et al., 2008]. This function is

presumably independent of its ubiquitin ligase activity, and Ube3a with Angel-

man syndrome-causing mutations can have intact steroid co-activator function

[Nawaz et al., 1999, Cooper et al., 2004]. Hormone receptors are activated by bind-

ing ligands or through catalytic phosphorylation. They then dimerize and translo-

cate to the nucleus, where they influence gene transcription. However, the activated

receptors are unable to independently mediate gene transcription and require cofac-

tors, the steriod receptor co-activators (SRCs). Overexpression of SRCs enhances

the transcription activity of hormone receptors many-fold, suggesting that they are

a limiting factor. The L-X-X-L-L motif is a common feature of SRC-1 family mem-

bers and is crucial for the co-activator-receptor interaction; Ube3a contains three

L-X-X-L-L motifs.

Some studies suggest that the ubiquitin ligase activity of Ube3a also regulates

steroid receptor signaling. Overexpression of Ube3a decreases ERα levels, and
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Ube3a ubiquitinates ERα in vitro [Li et al., 2006]. Similarily, androgen receptor

levels are increased in Ube3a knockout prostate gland, and the androgen receptor

is ubiquitinated by Ube3a in vitro [Khan et al., 2006]. Ube3a also interacts with

the nuclear coactivator AIB1 [Shao et al., 2004] and the perioxisome proliferator-

activated receptor (PPAR) [Gopinathan et al., 2008]. Alterations of Ube3a levels

modulated both AIB1 levels [Mani et al., 2006] and the transcriptional activities of

PPAR [Gopinathan et al., 2008].

Ube3a’s dual function as a steroid receptor coactivator and ubiquitin ligase may

play a role in the development and function of reproductive tissues. Ube3a is over-

expressed in tumors isolated from mouse mammary gland, prostate, and ovaries

[Sivaraman et al., 2000]. Ube3a knockout mice have reduced fertility and underde-

veloped reproductive tissues [Smith et al., 2002].

1.2 Loss of Ube3a function causes Angelman syndrome

The gene for Ube3a maps to 15q11-13 [Yamamoto et al., 1997,

Kishino and Wagstaff, 1998] (Figure 1.1), a relatively unstable chromosomal

region that undergoes deletions, duplications, and inversions. This region is

epigenetically regulated, such that several of the genes in 15q11-13 are expressed

exclusively from the paternal or maternal chromosome. Loss or multiplication of the

genes in this region does not go unnoticed—a paternal deletion causes Prader-Willi

syndrome, a maternal deletion causes Angelman syndrome, and maternal multipli-

cations cause autism. Prader-Willi and Angelman syndromes can also be caused by

imprinting center defects or by uniparental disomy of chromosome 15, each of which

results in gene expression from only one parental chromosome.

Although a de novo microdeletion of 15q11-q13 on the maternal chromo-

some is the most common cause for Angelman syndrome, mutations that abol-

ish the ubiquitin ligase activity of Ube3a are sufficient to cause the disease
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[Nawaz et al., 1999, Cooper et al., 2004]. Ube3a was mapped to the Angelman crit-

ical region in 1994, though it was dismissed as the Angelman syndrome protein

as it lacked imprinted expression in Angelman/Prader-Willi patient fibroblasts and

lymphoblasts [Nakao et al., 1994]. A few years later multiple groups narrowed the

Angelman syndrome critical region around the Ube3a gene [Sutcliffe et al., 1997,

Trent et al., 1997], and specific Angelman syndrome-causing genomic disruptions

and mutations in Ube3a were found upon closer examination [Kishino et al., 1997,

Matsuura et al., 1997]. Several of these mutations caused premature truncations

of Ube3a, suggesting that Angelman syndrome was due to loss of Ube3a function.

Indeed, much smaller, single-amino-acid-changing Angelman syndrome-causing mu-

tations were found to specifically interfere with the ubiquitin ligase activity of Ube3a

[Nawaz et al., 1999, Cooper et al., 2004].

Angelman syndrome is characterized by severe mental retardation and develop-

mental delay, speech impairment, ataxia, and a unique behavioral phenotype that

includes an apparent happy disposition and frequent laughter [Williams, 2005]. Be-

tween one in 10,000-20,000 people are estimated to have Angelman syndrome world-

wide. More than 80% of patients display abnormal EEGs, seizures beginning at

less than 3 years of age, and delayed head growth that can result in microcephaly.

The speech impairment is severe, with patients using at most several words, while

non-verbal communication and receptive language skills are higher than expressive

verbal language skills. There is no obvious defect in brain development that can be

recognized through examining MRI or CT scans of Angelman syndrome patients,

and gross examination reveals no errors in cell migration, cortical lamination, and

no major neuronal cell death. The only human pathology specimen studied closely

exhibited significant decreases in dendritic branching, dendritic growth, cell body

size, and spine number [Jay et al., 1991]. Such defects are consistent with the mi-

crocephaly and with the structural abnormalities observed in other forms of mental
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retardation. Angelman syndrome is not recognizable in patients at birth, neurode-

velopment is progressive, and patients enjoy a normal lifespan.

1.2.1 Ube3a is imprinted in brain

The gene for Ube3a is imprinted, which means that its expression is determined

by the parental origin of the gene. That is, Ube3a is expressed exclusively from

the maternally inherited chromosome and loss of the maternal UBE3A gene ef-

fectively removes all Ube3a expression [Rougeulle et al., 1997, Albrecht et al., 1997,

Vu and Hoffman, 1997, Nicholls and Knepper, 2001]. Though imprinting is gen-

erally determined by preset methylation patterns in all cells, resulting gene ex-

pression is determined by regulatory elements and promotors that are expressed

in a tissue-specific manner. Thus, although Ube3a is expressed in many tis-

sues, it is only in certain regions in the brain that it is expressed exclusively

from the maternal chromosome, with the hippocampus, cerebellum, and olfactory

bulb displaying the most robust imprinting [Albrecht et al., 1997, Jiang et al., 1998,

Yamasaki et al., 2003, Dindot et al., 2008]. Ube3a appears to be imprinted only in

the neurons, and not the glia, of brain regions displaying imprinted Ube3a expres-

sion [Yamasaki et al., 2003, Dindot et al., 2008]. It has been reported, that Ube3a

expression is preferentially expressed from the maternal allele in non-neuronal cells

[Herzing et al., 2002], though loss of maternal Ube3a does not lead to a loss of or

decrease in steady-state Ube3a expression in non-neuronal tissues.

The mechanism of tissue-specific Ube3a imprinting has not yet been resolved,

though the Prader-Willi imprinting center normally serves to repress paternal Ube3a

expression [Chamberlain and Brannan, 2001]. Much attention has been given to

the presence of a paternal Ube3a antisense transcript [Rougeulle and Lalande, 1998,

Chamberlain and Brannan, 2001, Runte et al., 2001, Landers et al., 2004], which

was reported to exist only in the brain [Rougeulle and Lalande, 1998] and is hy-
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pothesized to repress paternal Ube3a expression. However, disruption of mater-

nal Ube3a increases the expression of the antisense transcript [Landers et al., 2005].

This suggests that Ube3a regulates the expression of the antisense transcript, making

it unlikely that the antisense transcript regulates Ube3a expression.

1.2.2 Gain of Ube3a function may cause autism

The proximal arm of chromosome 15 is relatively unstable, and duplications and

triplications of this region have been reported in addition to the deletions that

cause Angelman and Prader-Willi syndromes. One notable rearrangement causes

“Idic15” syndrome, which characterized is by moderate to severe developmental

delay, muscle hypotonia, seizures, and autisic behaviors, such as gaze avoidance,

shuning body contact, and preference to be alone [Battaglia, 2008]. Patients with

Idic15 syndrome have extra copies of the maternal (but not paternal), Prader-

Willi/Angelman syndrome critical region [Browne et al., 1997, Cook et al., 1997],

suggesting that an overdose of maternally imprinted genes are responsible for the

disorder. Trisomy and tetrasomy of 15q11-13 result in more severe phenotypes

than duplications, suggesting that gene dosage matters [Battaglia, 2008]. Ube3a

and ATP10C [Herzing et al., 2001] are the only known maternally imprinted genes

in this region, and so it has been hypothesized that overdose of Ube3a underlies

Idic15 syndrome. This is consistent with the finding of linkage disequilibrium at the

Ube3a gene in autism families [Nurmi et al., 2001]. Maternal 15q11-13 duplications

and triplications result in increased Ube3a mRNA levels in patient-derived cell lines

[Herzing et al., 2002, Baron et al., 2006]. However, other groups have implicated

the GABA receptor genes located in 15q11-13. Though the GABRB3, GABRA5,

GABRG3 genes are biallelically expressed in normal brain [Hogart et al., 2007]

and not considered to be imprinted, there are reports of biased paternal ex-

pression [Meguro et al., 1997] and biased monoallelic expression in autistic brains
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[Hogart et al., 2007]. Further investigations of the consequences of Ube3a overex-

pression in cellular and neuronal function are required to determine whether Ube3a

contributes significantly to Idic15 syndrome and to autism in the general population.

1.2.3 Neurodevelopmental disorders related to Angelman syndrome

Roughly 10-15% of patients diagnosed with Angelman syndrome have no known ge-

netic lesion directly affecting the Ube3a gene; that is, they do not have uniparental

disomy, imprinting center mutations, 15q11-13 deletions, Ube3a mutations. This

suggests that mutations in other genes may cause the Angelman syndrome pheno-

type. These genes could either be in the same pathway as Ube3a (e.g. modifiers

of Ube3a function or Ube3a substrates) or have similar effects on cellular function.

Disorders reported to have phenotypes mimicking Angelman syndrome include Rett

syndrome, methylene tetrafolate reductase deficiency, alpha-thalassemia retardation

syndrome, 22q13.3 terminal deletion [Williams et al., 2001], late-treated phenylke-

touria [Dan et al., 2001], and NHE6 mutation disorders [Gilfillan et al., 2008]. Of

these, the overlap between Angelman and Rett syndromes has been given the

most attention. Rett syndrome is caused by loss-of-functions in MeCP2, and is

classically characterized by apparently normal development of early motor and

language skills, followed by a stalling (∼5-8 months of age) and subsequent re-

gression (∼1-4 years of age) of development. During this regression period, ac-

quired purposeful hand movements and language skills are lost, and autistic symp-

toms and seizures appear [Jedele, 2007]. Variant forms of Rett syndrome have

also been described, including reports of patients initially diagnosed with Angel-

man syndrome based on behavioral phenotypes who were later shown to have

MeCP2 mutations [Imessaoudene et al., 2001, Milani et al., 2005]. Several groups

have investigated whether MeCP2 regulates expression of Ube3a, though with

conflicting results. Two groups reported that MeCP2 deficiency altered Ube3a
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expression in the brains of both mouse Rett syndrome models and Rett syn-

drome patients [Samaco et al., 2005, Makedonski et al., 2005], whereas others found

normal Ube3a protein and mRNA levels in Rett syndrome mouse model brains

[Jordan and Francke, 2006, Lawson-Yuen et al., 2007]. It is still unclear whether

MeCP2 and Ube3a have more indirect interactions or contribute to similar cellu-

lar pathways.

1.3 Mouse and fly models of Angelman syndrome

Much of our understanding of the neurological roles of Ube3a arise from the study

of Angelman model mice. Due to imprinting, heterozygotes lacking the mater-

nal copy of Ube3a (Ube3a(m−/p+)) are effectively brain-specific Ube3a knockouts,

whereas heterozygotes lacking the paternal copy of Ube3a (Ube3a(m+/p−)) express

Ube3a at normal levels in the brain and elsewhere. Like Angelman syndrome pa-

tients, the Ube3a(m−/p+) mice appear grossly functionally and structurally normal,

though significant learning and motor deficits appear when closely examined. Some

insight into the molecular mechanism of the pathogenesis has also been gained by

the finding of stimulus-dependent deficits in long-term potentiation (LTP) induction

[Jiang et al., 1998, Weeber et al., 2003, Miura et al., 2002] and the mis-regulation of

CaMKII phosphorylation [Weeber et al., 2003, van Woerden et al., 2007].

1.3.1 Mouse models of Angelman syndrome

Several mouse models of Angelman syndrome have been created. The first model,

created before the discovery of Ube3a as the Angelman syndrome critical gene, has

uniparental paternal disomy of the PWS/AS critical region [Cattanach et al., 1997].

These mice have an increased risk of early spontaneous death, abnormal growth

curves, apparently normal brain histology, abnormal AS-like EEGs, and various

abnormal behaviors, such as mild gait ataxia, hind limb clasping, altered startle
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response, and behavioral hyperactivity in open field testing. Another early mouse

model of Angelman syndrome, the GABRB3 knockout, was described to be pheno-

typically similar to Angelman syndrome patients [DeLorey et al., 1998]. However,

discovery of Ube3a as the Angelman syndrome critical gene and the later compari-

son of GABA receptor densities in the Ube3a(m−/p+) and GABRB3 knockout mice

[Sinkkonen et al., 2003] suggested that GABA receptor density was not central to

the pathophysiology of Ube3a deficiency or Angelman syndrome.

The primary Angelman syndrome model mouse for the field was the first to specif-

ically target and knockout Ube3a [Jiang et al., 1998]. Though the mice are generally

viable, there is a strain-dependent reduction in survival of homozygous null mice

especially on the 129/SvEv background; this reduction is potentially due to an in-

creased seizure rate over the hybrid C57Bl/6 X 129Sv/Ev background. The only

consistent histological difference between Ube3a(m−/p+) and Ube3a(m+/p−) mice is

decreased brain weight. There are no differences in anti-ubiquitin immunoreactivity.

Subtle motor function and more significant motor coordination and motor learn-

ing deficits are apparent in Ube3a(m−/p+) mice. Audiogenic stimuli induce seizures

in the Ube3a(m−/p+) and Ube3a(m−/p−) mice at much a greater frequency than in

Ube3a(m+/p−) or Ube3a(m+/p+) mice. Ube3a(m−/p+) mice display significant defi-

ciencies in context-dependent fear conditioning but not tone-dependent (cued) fear

conditioning. Consistent with the learning deficits, adult Ube3a(m−/p+) mice have

defects in hippocampal long-term potention. Intense cytoplasmic staining of p53

was observed in the hippocampus and Purkinje cells in Ube3a(m−/p+) and Ube3a

knockout mice. Ube3a(m+/p−) mice are indistinguishable from wildtype littermates.

Examination of neuronal microstructure reveals decreases in hippocampal and cor-

tical spine number [Dindot et al., 2008]. To summarize, Ube3a(m−/p+) mice closely

resemble Angelman syndrome patients with their mild microcephaly, impaired motor

coordination, abnormal EEGs, seizures, and impaired learning.
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Subsequent analysis demonstrated that the LTP deficit in Ube3a(m−/p+) is

stimulus-dependent, and can be obtained using a stronger stimulus (3X100Hz trains

vs. 1X100Hz trains) [Weeber et al., 2003]. Examination of LTP-implicated kinases

reveals alterations in CaMKII phosphorylation, but not in the abundance or phos-

phorylation of PKA, PKC, or ERK. The levels of Ca++/CaM induced CaMKII au-

tophosphorylation are significantly reduced in hippocampal homogenates due to in-

creased autoinhibitory phosphorylation of CaMKII at Thr305/306. Along with this,

the PSD-associated pool of CaMKII is decreased and activity of protein phosphatases

1 and/or 2A is decreased in Ube3a (m−/p+) mice.

This led to the hypothesis that dysregulation of CaMKII phosphorylation and

function is the basis for the plasticity defects observed in the Ube3a (m−/p+) mice.

To test this, Ube3a (m−/p+) mice were crossed with CaMKIIT305/T306V mice, which

lack inhibitory CaMKII autophosphorylation [van Woerden et al., 2007]. The in-

hibitory autophosphorylation is significantly reduced in both the CaMKIIT305/T306V

and Ube3a(m−/p+)XCaMKIIT305/T306V mice, resulting in total CaMKII activ-

ity levels of Ube3a(m−/p+)XCaMKIIT305/T306V comparable to wildtype. Perfor-

mance in rotorod, context-dependent fear-conditioning, and Morris Water maze

tasks as well as LTP induction and seizure frequency appear ‘rescued’ in the

Ube3a(m−/p+)XCaMKIIT305/T306V mice. However, it is worth noting that 1) the

seizure phenotype could have been rescued by altering the background of the mice,

and 2) no direct interation between Ube3a and CaMKII or CaMKII regulatory el-

ements have been described, and 3) the CaMKIIT305/T306V mice were considered to

have a relatively normal phenotype, despite reports elsewhere [Zhang et al., 2005].

Therefore, it is difficult to conclude whether CaMKII autoinhibitory phosphorylation

is a direct contributor to the Angelman syndrome phenotype or if it is a downstream

consequence of abnormal neuronal function.

A second Ube3a deficient mouse model of Angelman syndrome mouse model has
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been created on a C57Bl/6J background [Miura et al., 2002]. Similar deficiences were

reported in motor coordination, hippocampal-dependent memory tasks, and LTP in-

duction, though no viability reduction, audiogenic-inducible seizures, or increased

p53 immunoreactivity were observed in the Ube3a (m−/p+) mice. A later study per-

formed sleep recordings in Ube3a (m−/p+) mice on the C57B/6J background (3-5

months) and found that the Ube3a (m−/p+) mice have a decreased sleep efficiency,

suggesting the mice have disturbed/fragmented sleep [Colas et al., 2005].

1.3.2 Fly model of Angelman syndrome

Two Drosophila models of Angelman syndrome were recently created

[Wu et al., 2008, Lu et al., 2009]. The Drosophila homolog of Ube3a, dube3a,

is expressed in the cytoplasm of many cell types and is enriched in the neuronal

mushroom bodies [Wu et al., 2008]. Flies with a deletion of dube3a show abnormal

climbing behavior, impaired motor function, and abnormal circaidian rhythms

[Wu et al., 2008]. These flies show learning deficits in spaced-training memory

paradigms that are known to create the type of long-term memory that lasts more

than one week, but perform normally on massed-training memory paradigms that

create more intermediate-term memories (∼4 days) [Wu et al., 2008]. No seizure

behavior was observed in the dube3a deficient flies [Wu et al., 2008]. Drosophila

lacking Ube3a expression also have defective dendritic arborization, with de-

creased dendritic branching and total dendritic length of the dendritic arborization

ddaC, ddaE, ddaF peripherial nervous system neurons in the third instar larvae

[Lu et al., 2009].

1.4 Conclusion

Despite the years of research on Ube3a in the context of the human papilloma viruses

and Angelman syndrome, very little is known about the cellular role of Ube3a.
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The altered CaMKII phosphorylation patterns observed in the Ube3a(m−/p+) mice

may have offered us a clue, though no direct (or even somewhat indirect) molec-

ular mechanisms have been described to explain this finding. Also, studies in the

Ube3a(m−/p+) mice ignored the ubiquitous expression of Ube3a and have instead

focused on neuronal-specific pathways. Ube3a interacts with many proteins, but

rarely have any of interactions discovered been pursued in subsequent studies, and

none so far have been implicated in Angelman syndrome. Thus, in the work pre-

sented here, I sought to define a cellular role for Ube3a by starting with the cluster

of Golgi/trafficking-associated Ube3a interacting proteins and substrates and by de-

termining whether Ube3a is involved in the regulation of Golgi structure or function.

33



2

The Golgi apparatus

The Golgi apparatus operates as the midpoint of the secretory pathway, receiving

nascent protein cargo from the endoplasmic reticulum, processing the cargo into

mature proteins, and sorting the cargo for delivery to the appropriate destination.

Ube3a’s interaction with Golgi-localized and Golgi-regulating proteins suggests that

Ube3a may regulate some aspect of the Golgi apparatus. This chapter provides an

overview of the Golgi apparatus, with particular emphasis on the interdependence of

Golgi structure and function.

2.1 Overview of the Secretory Pathway

The secretory pathway (Figure 2.1), consisting of the endoplasmic reticulum (ER),

endoplasmic reticulum to Golgi intermediate compartments (ERGICs), Golgi appa-

ratus, trans-Golgi network (TGN), secretory vesicles, and endosomes, is required

for the biosynthesis and trafficking of nascent membrane and secretory proteins.

Membrane proteins are typically processed in a sequential manner through the com-

partments, with their synthesis in the endoplasmic reticulum, sorting and processing

in the Golgi apparatus and TGN, and delivery to their destination transport in

34



secretory carriers or via endosomes.

nucleus

pH 7.4 pH 5.8

Endoplasmic

Reticulum

ERGICs

cis-Golgi

med-Golgi

trans-Golgi

Trans Golgi Network

Endosomes

Secretory cargo

Lysosomes

Figure 2.1: The Secretory Pathway. Membrane proteins are typically processed
in a sequential manner through the compartments, with their synthesis beginning
in the endoplasmic reticulum, sorting and processing completed in the Golgi ap-
paratus and TGN, and delivery to their destination, often at the plasma mem-
brane, by transport in secretory vesicles through endosomes. Membrane com-
partments along the secretory pathway progress ively acidifies, with the endo-
plasmic reticulum having a near-neutral pH, the cis- and medial Golgi cisternae
mildly acidic, and the trans-Golgi cisternae, TGN, and endosomes further acidified.

The endoplasmic reticulum is a continuous network of tubular and cisternal mem-

branes that extends throughout the cell. The presence of ribosomes indicates active

synthesis of membrane proteins into the ER membrane, and these membrane do-

mains are designated ‘rough’ ER. The absence of ribosomes designates ‘smooth’ ER

that is primarily considered to be a source and sink of calcium for various signal-

ing processes [Finch and Augustine, 1998, Verkhratsky, 2005]. Signal sequences on

nascent polypeptides are recognized and brought to the ER by the signal recogni-

tion particle if they are to be synthesized and processed by the secretory pathway.
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The ribosome is tethered to the ER by the Sec61 complex, which forms the translo-

con and functions as the pore for translocating nascent polypeptides across the ER

membrane [White and von Heijne, 2005]. The folding of nascent proteins is assisted

by ER chaperones, and improperly folded proteins may be targeted for degradation

[Vembar and Brodsky, 2008]. Following proper synthesis, folding, initial carbohy-

drate addition, subunit assembly, and other protein-specific signals, the proteins are

sequestered at ER exit sites where the COPII coat complex buds off vesicles destined

for the ERGIC. The ERGIC functions as a sorting station, returning ER-resident pro-

teins and misfolded-chaperone bound proteins back to the ER via COPI complex-

mediated retrograde transport [Appenzeller-Herzog and Hauri, 2006]. The endoplas-

mic reticulum is also the major site for lipid synthesis [van Meer et al., 2008].

Proteins not returned to the endoplasmic reticulum continue proceed from the

ERGIC to the Golgi apparatus, a single copy perinuclear organelle. The Golgi ap-

paratus is organized as stack of membrane-bound structures, or cisternae, that are

catagorized into cis-, medial -, and trans-Golgi compartments. Cargo is received

by the generally ER-facing cis-Golgi cisternae and exits by the generally plasma-

membrane oriented trans-Golgi cisternae. The Golgi stacks are interconnected by

tubular structures, and the overall structure is maintained by the microtubule net-

work. Glycosylation, proteolytic processing, and cargo sorting are the primary func-

tions of the Golgi apparatus. The trans-Golgi network (TGN) resides at the trans-

face of the Golgi apparatus, and may or may not be continuous with the trans-Golgi

cisternae. The TGN primarily serves as a sorting station for mature cargo. This

cargo may be sent to the plasma membrane, endosomes, lysosomes, secretory gran-

ules, or back to the Golgi apparatus. The TGN also receives cargo from various

sources, such as the recycling endosomal pathway and can serve as a crossroads for

secretory and endosomal trafficking as well as the retrograde trafficking of proteins.
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Endosomes are vesicular, multi-vesicular, or tubular membrane structures located

throughout the cell and are categorized as early/sorting, late, or recycling endosomes.

Endocytosed cargo is typically delivered to the early/sorting endosomes, which

sort the cargo for either recycling or degradation [Maxfield and McGraw, 2004].

The early endosomes gradually acidify and mature into late endosomes. Mono-

ubiquitinated cargo destined for degradation is sorted by the ESCRT complexes

into vesicles that form the intralumenal multivesicular body (MVB) vesicles

[Saksena et al., 2007]. These vesicles fuse with lysosomes, whose resident hydro-

lases, proteases, and lipases degrade the delivered material. Cargo destined for recy-

cling can either be rapidly transported back to the plasma membrane or transferred

to long-lived recycling endosomes, which can sequester proteins and act as a rate-

limiting step for delivery back to the plasma membrane.

2.2 Structure of the Golgi apparatus

The Golgi apparatus is constructed of flat cisternae arranged in interconnected stacks

and is generally localized to the centrosome by microtubule dependent mechanisms.

The Golgi may have three to eight cisternae per stack in mammalian cells, depending

on cell type. The cisternal width, roughly ten to twenty nanometers, is most narrow

in the medial cisternae, increasing bidirectionally towards the cis- and trans- faces of

the Golgi. The cisternae generally have similar surface area, but can differ in volume

by as much as fifty percent. With a few exceptions, the Golgi is a continuous structure

and protein exchange throughout the structure has been observed [Cole et al., 1996].

The structure is highly dynamic, and cargo trafficking, pH/osmolarity, cell polarity,

microtubule dynamics, Golgi structural proteins, the cell cycle, apoptosis, and mem-

brane composition all contribute to the regulation of Golgi structure. Contributions

of cargo trafficking and osmolarity to Golgi morphology are discussed separately in

subsequent sections.
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2.2.1 Microtubules and Golgi Structure

The positioning, polarity, and integrity of the Golgi complex are controlled by mi-

crotubule dynamics. Early studies of the Golgi complex revealed that disrupting

microtubules with fragments the Golgi apparatus into detached Golgi membrane

stacks dispersed over a wide area in the cytoplasm [Robbins and Gonatas, 1964,

Moskalewski et al., 1975, Thyberg and Moskalewski, 1985]. This process is re-

versible, and the Golgi apparatus reforms with the reassembly of the microtubule

network. This suggests that the integrity and pericentrosomal localization og the

Golgi apparatus is dependent on the microtubule network. The Golgi apparatus

polarizes in secretory cells to direct membrane traffic towards specialized plasma

membrane domains, such as in the direction of cell movement in migrating fibrob-

lasts [Kupfer et al., 1982]. Disrupting microtubules with nocodazole or stabilizing

microtubules with taxol does not change the rate of surface accumulation or sialy-

lation of VSVG, a model Golgi cargo protein, but disrupts the polarized delivery of

cargo in secretory cells [Rogalski et al., 1984]. This indicates that the microtubule

network is not required for the trafficking or processing of protein cargo, but is re-

quired for the polarized delivery of cargo. The microtubule network also contributes

to Golgi morphology as the route for membrane addition to and removal from the

Golgi apparatus, and the balance and continuity of membrane dynamics are critical

for the maintenance of Golgi structure.

2.2.2 Protein composition of the Golgi apparatus

There are several principle categories of Golgi proteins— enzymes for protein and

lipid processing, the Golgin family of coiled-coil domain proteins, small GTPases

that regulate golgins, and Golgi-associated kinases and phosphatases. Enzymes for

processing of proteins in the Golgi apparatus, such as glycosyltransferases, glycosi-

dases, proprotein convertases, and lipid-modifying proteins are discussed in the next
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section. A selected subset of Golgi proteins are summarized in Table 2.1.
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The golgins were discovered based on the presence of autoantibodies produced

against them in patients with autoimmune disorders. Golgins have coiled coil do-

mains that mediate homo- and hetero-association of the proteins and can asso-

ciate either directly or indirectly with the Golgi membrane [Barr and Short, 2003,

Short et al., 2005]. Giantin, golgin-84, and CASP are transmembrane proteins with

cytoplasmic coiled-coil domains. Golgi reassembly stack protein (GRASP) 65 and

GRASP55 are N-myrisitoylated and bring GM130 and golgin-45, respectively, to

the cytoplasmic face of the Golgi membrane [Barr et al., 1997]. Other golgins are

recruited to the cytoplasmic face of the Golgi membrane through their associa-

tion with Golgi-localized Rabs, ARFs, and ARLs. Several functions have been

demonstrated for the golgin proteins. They can tether vesicles involved in intra-

Golgi transport to the Golgi membranes. For example, the Giantin-p115-GM130

complex docks COPI vesicles to the Golgi apparatus with GM130 remaining on

the Golgi membrane, giantin traveling in the COPI vesicle, and p115 acting as a

bridge to link giantin and GM130 [Sönnichsen et al., 1998, Seemann et al., 2000].

Golgins such as GRASP65 and GRASP55 act as Golgi stacking proteins, and ad-

dition of antibodies against either prevents Golgi reassembly in in vitro assays

[Barr et al., 1997, Shorter et al., 1999]. Finally, disrupting the golgins or interac-

tions between the golgins is critical for Golgi fragmentation in mitosis and apoptosis,

as discussed later in this chapter.

Members of the Rab, ARF, and ARL families of small GTPases regulate the

interaction between vesicles and golgins. Rab1 and Rab2 activity are required

for the transport of cargo from the Golgi apparatus [Tisdale et al., 1992]. For

example, Rab1 recruits p115 to COPI vesicles at ER exit sites and thus facil-

itates the targeting of those vesicles to the Golgi apparatus [Allan et al., 2000].

Golgin-84, which is required for cisternal elongation and Golgi stack formation,

specifically binds active Rab1 [Diao et al., 2003, Satoh et al., 2003]. Rab6 is re-
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quired for intra-Golgi trafficking [Martinez et al., 1994] and for the budding of ex-

ocytic vesicles from the TGN [Jones et al., 1993]. This is mediated at least in

part by an interaction with the dynein/dynactin-binding golgin Bicaudal D1/D1

[Matanis et al., 2002]. ADP-ribosylation factor 1 (ARF1) recruits AP-1 for clathrin

coat formation in the trans-Golgi [Stamnes and Rothman, 1993, Traub et al., 1993,

D’Souza-Schorey and Chavrier, 2006]. ARF1 also recruits the clathrin coat pro-

teins to Golgi-localizing, γ-adaptin ear homology domain, ARF-binding (GGA) fam-

ily proteins [Dell’Angelica et al., 2000, Puertollano et al., 2001]. The GGAs me-

diate the sorting of mannose-6-phosphate receptors from the TGN to the lyso-

somes [Doray et al., 2002b, Doray et al., 2002a]. Arf-like GTPase 1 (ARL1) re-

cruits GRIP domain golgins, such as golgin-245 and golgin-97, to Golgi membranes

[Setty et al., 2003, Short et al., 2005], and ARL1 can also regulate Golgi structure

[Lu et al., 2001].

Protein phosphatase 2A and several kinases regulate Golgi structure and func-

tion [Preisinger and Barr, 2001]. Golgi disassembly during mitosis is mediated by

polo-like kinase phosphorylation of GRASP65 [Tang, 2008], ERK2 phosphorylation

of GRASP55 [Duran et al., 2008, Feinstein and Linstedt, 2008], and cdc2-cyclin-B1

mediated phosphorylation of GRASP65 and GM130 [Tang, 2008]. Golgi reassembly

after mitosis is facilitated by dephosphorylation of GM130 by PP2A [Tang, 2008].

Casein kinase II regulates the docking of vesicles at the Golgi by phosphorylation of

p115, which increases p115’s affinity for GM130 [Dirac-Svejstrup et al., 2000]. Pro-

tein kinase D (PKD, aka PKCµ) is the kinase most associated with non-mitotic

aspects of Golgi structure and function. PKD localizes to the Golgi apparatus

[Prestle et al., 1996] and is a downstream target of Gβγ in the Golgi fragmentation

pathway [Jamora et al., 1999]. Inactivation of PKD prevents the scission of tubules

exiting the TGN, thus inhibiting the delivery of cargo via bulk tubular carriers to

the plasma membrane from the TGN [Liljedahl et al., 2001, Yeaman et al., 2004,
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Bossard et al., 2007].

2.2.3 Disassembly and reassembly of the Golgi during mitosis

The Golgi apparatus is disassembled and reassembled during mitosis. During late

G2/early prophase, the tubules linking the Golgi stacks are severed, leading to the

fragmentation of the Golgi apparatus and the appearance of tubulo-vesicular mitotic

Golgi clusters [Lucocq and Warren, 1987, Lucocq et al., 1987, Shima et al., 1997].

Mitotic Golgi dissasembly requires two processes, unstacking and vesiculation, which

can be reconstituted in vitro with purified Golgi membranes [Tang et al., 2008]. Un-

stacking is accomplished by the cdc2-cyclinB1 and polo-like kinase phosphorylation of

GRASP65, which disrupts GRASP65 oligomerization [Tang, 2008]. Phosphorylation

of GRASP55 is also involved in the disassembly of the Golgi stack [Duran et al., 2008,

Feinstein and Linstedt, 2008]. Vesiculation occurs through ARF1 and the COPI

coatmer complex [Misteli and Warren, 1994, Misteli and Warren, 1995, Tang, 2008].

Inhibition of Golgi fragmentation prevents mitosis [Sütterlin et al., 2002]. In early

prometaphase and early metaphase, these Golgi structures are dispersed into the cy-

toplasm, with some concentration at the mitotic spindle [Lucocq and Warren, 1987].

Although one study suggested that these structures are absorbed into the ER

[Zaal et al., 1999], an increasing amount of evidence suggests that the mitotic

Golgi structures remain as distinct dispersed vesicles and tubuloreticular structures

[Jesch et al., 2001, Jokitalo et al., 2001, Pecot and Malhotra, 2004]. The Golgi frag-

ments are partitioned and reassemble into Golgi ribbons in the daughter cells in

a multi-step process involving 1) accretion of the mitotic Golgi clusters, 2) fu-

sion of the Golgi clusters to form larger tubules, and 3) reassembly of the clus-

ters and tubules into the Golgi stack [Lucocq et al., 1989]. Cisternal membrane fu-

sion is mediated by the two AAA ATPase complexes, p97/valosin-containing protein

(VCP) with p47 and N-ethylmalemide sensitive fusion protein (NSF) with αSNAP
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and p115 [Meyer, 2005, Tang, 2008]. NSF-mediated fusion creates large vesicular

structures, whereas the p97 complex mediates the formation of long cisternae via

a monoubiquitination-dependent mechanism [Meyer, 2005]. PP2A dephosphorylates

GRASP65 and other Golgi proteins phosphorylated during mitosis, allowing the re-

oligomerization of GRASP65 and the reassembly of Golgi stacks [Tang, 2008].

2.2.4 Disassembly of the Golgi apparatus during apoptosis

The Golgi apparatus is actively fragmented during apoptosis in a manner reminis-

cent of mitotic Golgi disassembly, albeit irreversible. A pool of caspase 2 resides at

the Golgi apparatus [Mancini et al., 2000], and its activation has been implicated in

the early, initiating stages of apoptosis [Hicks and Machamer, 2005a]. GRASP65,

GM130, Giantin, Golgin-160, and p115 are direct targets of caspase-mediated cleav-

age [Hicks and Machamer, 2005a]. Golgin-160 is cleaved by caspase 2, followed by

caspases 3 and 7, and may be an early target in the apoptotic signaling pathway

[Mancini et al., 2000]. Mutating the caspase cleavage sites on Golgin-160 delays

the initiation of apoptosis induced by disruptions of the secretory pathway, but

does not delay apoptosis induced by DNA damage or protein synthesis inhibition

[Maag et al., 2005]. Caspase-2 cleavage of Golgin-160 releases an N-terminal frag-

ment that, when ectopically expressed, localizes to the nucleus due to a nuclear

localization signal [Hicks and Machamer, 2002]. GRASP65 is cleaved by caspase-3,

which is expected to induce the disassembly of Golgi stacks in a manner similar to

that in mitosis [Lane et al., 2002]. p115 is a target of caspase-3, and mutation of

its cleavage sites can prevent Golgi disassembly and apoptosis induced by the drug

etoposide [Chiu et al., 2002]. Ectopic expression of the C-terminal p115 fragment

promotes Golgi fragmentation and apoptosis on its own, suggesting that the appear-

ance of this p115 fragment is a pro-apoptotic signal [Chiu et al., 2002]. If the p115

C-terminal fragment is co-expressed with a full length caspase-resistant p115, cells
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undergo apoptosis but with delayed Golgi disassembly [Chiu et al., 2002]. Nuclear

import of the p115 C-terminal fragment, potentially mediated by its SUMOylation,

is required for its pro-apoptotic function [Mukherjee and Shields, 2009]. Golgi frag-

mentation is an early event in apoptosis, preceeding the breakdown of the actin and

microtubule cytoskeletons [Mukherjee et al., 2007]. Thus, the caspase-induced cleav-

age of Golgi proteins and the subsequent disassembly of the Golgi apparatus may

regulate apoptosis as well as be a part of the orderly dismantling of the cell.

2.2.5 Composition of the Golgi membrane

The Golgi apparatus is a major site of lipid biosynthesis, especially for the mod-

ification of lipids, and this is reflected in the composition of the Golgi mem-

brane. Cholesterol and sphingomyelin are more abundant in trans-Golgi membranes

than in cis-Golgi membrane, resulting in a thicker lipid bilayer in the trans-Golgi

[Young, 2004, Matteis and Luini, 2008, van Meer et al., 2008]. This may facilitate

the partitioning of various Golgi enzymes from plasma membrane destined pro-

teins, as Golgi proteins have shorter transmembrane sequences (e.g. 17 vs. 23

amino acids) [Munro, 1995]. The lipid bilayer of the Golgi is asymmetric, such

that certain lipids may reside in only the cytosolic or luminal face of the mem-

brane [van Meer et al., 2008]. Phosphatidylinositol-4-phosphate (PI4P) is the ma-

jor lipid of Golgi membranes and creates microdomains that attract particular

trafficking adaptors and effectors, such as FAPP1, FAPP2, ARF1, and EpsinR

to the Golgi [Derby and Gleeson, 2007]. The lipid composition of organelles is

unique and can maintain organellar identity by limiting the mixing of membranes

[van Meer et al., 2008].
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2.3 Protein and lipid processing in the Golgi apparatus

Newly synthesized proteins from the endoplasmic reticulum arrive at the Golgi ap-

paratus properly folded, assembled with the appropriate subunits, and prelimilarily

glycosylated. The Golgi apparatus is responsible for the final processing of these new

proteins by glycosylation and enzymatic processing, as well as for the synthesis of

lipids from endoplasmic reticulum-provided precursors.

2.3.1 Glycosylation

N-linked protein glycosylation begins in the endoplasmic reticulum as nascent

polypeptides are being translated [van Vliet et al., 2003]. First, N-linked oligosac-

charides are added to asparagine residues (consensus -N-X-S/T) as a large, pre-

formed 14 residue Glc3Man9GlcNac2 by oligosaccharyltransferase. Next, two glu-

cose residues and one mannosidase residue are removed by glucosidases I and

II and ER-alpha-mannosidase, respectively, trimming the glycan structure to

GlcMan8GlcNAc2. This recruits the chaperones calretitin and calnexin to assist

the folding of the nascent polypeptide. The final glucose is then trimmed by glucosi-

dase II, which dissociates the chaperones. If the protein is not properly folded, it

can be reglycosylated by UPD-Glc-glycoprotein glucosyl transferase, allowing for the

re-association of chaperones and another attempt at folding the protein. N-linked

oligosaccharides thus exit the endoplasmic reticulum as Man8GlcNAc2.

The three general types of final N-linked oligosaccharide structures are high

mannose, hybrid, and complex [Schachter et al., 1983, Kornfeld and Kornfeld, 1985].

These structures share the same polysaccharide core, Man3GlcNAc2, linked to an

asparagine residue. A high mannose structure results if zero to four of the man-

nose residues have been trimmed from the ER-provided oligosaccharide by α2-

mannosidase (mannosidase I). Hybrid oligosaccharides have one branch of mannose
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residues, as seen in high-mannose oligosaccharides, and one branch to which an N-

acetylglucosamine residue has been added by N-acetylglucosamine transferase I and

is further processed like a complex oligosaccharide. Complex oligosaccharides have

N-acetylglucosamine residues added to both mannose branches, typically followed

by the addition of a galactose residue and mono- or poly-sialic acid residues. Fruc-

tose and sialic acid residues can also be added directly to the glucosamine residue,

and terminal fructose residues can be added to the galactose residue. By utilizing

different linkage patterns, branching patterns, terminal sugars, and mono- versus

poly-sialylation, a tremendous diversity of glycosylation patterns can be acheived.

O-linked glycosylation is normally initiated in the cis-Golgi. A GalNAc

polysaccharide is added to a serine or threonine residue by polypeptide N-

acetylgalactosaminyl transferase [den Steen et al., 1998]. From this base, eight core

oligosaccharide structures arise that can be extended or modified by sialylation,

fucosylation, polylactosamine-extention, acetylation, sulfation, and methylation in

linear or branched patterns [den Steen et al., 1998, Varki et al., 2008]. In contrast

to N-linked glycosylation, formation of O-linked oligosaccharides involves only the

addition and not removal of sugar residues.

The Golgi apparatus contains over 200 glycosylation enzymes for the modification

of N-linked and O-linked polysaccharides, which are type II membrane-spanning pro-

teins with C-terminal lumenal catalytic domains. These enzymes segregate in the cis-

, medial - and trans-Golgi in a manner that permits sequential processing of the sugar

additions. Rather than having a strict localization, however, the enzymes typically

concentrate in one region and have graded distribution in nearby compartments. The

enzymes can exchange through several compartments [Cole et al., 1996]. Their local-

ization is used to define the different Golgi regions—mannosidase II resides in the me-

dial Golgi, N-acetylglucosamine transferase I in medial and trans-Golgi, galactosyl-

transferases in medial and trans-Golgi, and fructosyltransferases, sialyltransferases
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concentrate in the trans-Golgi [Roth and Berger, 1982, Dunphy and Rothman, 1983,

Nilsson et al., 1993, Rabouille et al., 1995].

Three processes are thought to maintain the localization of these enzymes within

the Golgi and in their sub-Golgi compartments. First, the thickness of the lipid mem-

brane increases from cis- to trans-Golgi, and the plasma membrane is even thicker

due to the increasing concentrations of cholesterol and sphingolipids [Munro, 1995].

In turn, resident Golgi enzymes have shorter transmembrane domains than proteins

destined for the plasma membrane [Munro, 1995]. Shortening the transmembrane

domain length can induce Golgi retention of a protein destined for the plasma mem-

brane [Munro, 1995]. Second, and perhaps more importantly, the homo- and hetero-

oligomerization of glycosyltransferases is hypothesized to concentrate the enzymes in

particular Golgi regions [Weisz et al., 1993, Young, 2004]. This has been termed the

“kin recognition” hypothesis [Nilsson et al., 1993], as it has been shown that medial-

concentrated Golgi enzymes, such as α-mannosidase II and N-acetylglucosamine

transferase I, associate with each other but not with trans-Golgi enzymes such as

β1,4 galactosyltransferase [Nilsson and Warren, 1994]. The role of oligomerization

in controlling enzyme localization was also demonstrated by artificially tagging Gal-

NAcT with HA and an ER retention signal, which was found to induce the ER-

localization of itself and of myc-tagged GalNAcT [Zhu et al., 1997]. The regulation

of the oligomerization can further subpartition the Golgi enzymes. For example, the

oligomerization of α-2,6-sialyltransferase is pH dependent, such that these oligomers

preferentially form in the more acidic trans-Golgi cisternae [Chen et al., 2000]. Fi-

nally, COPI- and COPII-mediated vesicular transport may recycle and relocalize en-

zymes to their preferred compartments based on the differing affinities of the Golgi

enzymes for the coat complexes [Puthenveedu and Linstedt, 2005]. This may in-

volve the eight-subunit conserved oligomeric Golgi (COG) complex, a peripheral

Golgi complex which interacts with Rab GTPases, the COPI coat complex, and
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Golgi SNAREs [Smith and Lupashin, 2008]. Disruptions in the COG complex result

in the mislocalization of glycosylation enzymes [Smith and Lupashin, 2008].

2.3.2 Enzymatic processing

Several of the proprotein convertases (PC) and the secretases are catalytically pro-

cessed and activated in the Golgi apparatus, and some localize to the trans-Golgi

network [Thomas, 2002, Seidah et al., 2008]. The proprotein covertases are trans-

membrane endoproteases and synthesized with pro-domains that must be cleaved for

the activation of the enzyme. Furin, PC7, PC5/6, and PACE4 are all activated in

the trans-Golgi network, and SKI-1 is activated in the cis-Golgi [Seidah et al., 2008].

These enzymes require acidic environments and calcium for maximal activity. The

most notable of the proprotein contertases, furin, undergoes two self-cleavage

events for activation—the first in the endoplasmic reticulum, and the second re-

quiring the mildly acidic environment in the trans-Golgi [Creemers et al., 1995,

Anderson et al., 1997, Anderson et al., 2002, Thomas, 2002]. The proprotein con-

vertases are responsible for the activation of proproteins, prohormones, and neu-

ropeptides. Furin, for example, cleaves and activates (pro)transforming growth

factor β (TGFβ) [Dubois et al., 1995] and (pro)brain-derived neurotrophic factor

(BDNF) [Seidah et al., 1996], among others. Furin, PC7, PC5/6B, and PACE4

are TGN-resident enzymes, though they also cycle to endosomes and the plasma

membrane [Thomas, 2002]. It is not yet clear whether their TGN localization is

primarily to direct the processing of proteins within the Golgi or to facilitate their

cycling through, and perhaps occasional sequestration from, the endosomal system

[Thomas, 2002]. The acidic nature of the Golgi also assists with the maturation

of other enzymes, such as beta-secretase (BACE1) and gamma-secretase, which

can also process proteins such as amyloid precursor protein in the Golgi appara-

tus [Sambamurti et al., 1992, Kuentzel et al., 1993] .
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2.3.3 Lipid synthesis and trafficking

Though the endoplasmic reticulum is the primary site for lipid biosynthesis, sev-

eral lipid structures are synthesized within the Golgi – sphingomyelin (SM), glu-

cosylceramide (GlcCer), lactosylceramide (LacCer), and complex glycosphingolipids

[Matteis and Luini, 2008]. The precursor lipid ceramide is synthesized in the en-

doplasmic reticulum and transferred to the lumenal side of the trans-Golgi mem-

brane by ceramide transfer protein (CERT) using a non-vesicular transport mech-

anism [Hanada et al., 2003]. Ceramide is then modified by SM synthase-1 to pro-

duce SM in the trans-Golgi. Ceramide can also be glycosylated on the cytosolic

face of the cis-Golgi to form GlcCer. Four-phosphate adaptor protein (FAPP2)

mediates the transfer of GlcCer to the lumenal side of trans-Golgi membranes

by non-vesicular means so that it can be further processed to form complex gly-

cosphingolipids [D’Angelo et al., 2007]. Lipid synthesis in the trans-Golgi network

provides a unique local lipid composition that may facilitate the sorting of cargo

[Matteis and Luini, 2008]. These lipids are mostly destined for the plasma mem-

brane [van Meer et al., 2008].

2.4 Membrane trafficking dynamics and Golgi structure

Flow of membrane by secretory trafficking contributes to the morphology of the Golgi

apparatus, and maintenance of Golgi structure requires proper entry and exit of

membrane. Movement of cargo to, from, and within the Golgi apparatus takes three

general forms: regulated vesicular trafficking between membrane compartments, bulk

tubular flow between compartments, and intra-Golgi diffusion of cargo through di-

rect connections between Golgi stacks. The “cisternal maturation” and the “vesicle

shuttle” models have emerged as the primary models of Golgi trafficking through

observations of Golgi morphology and the effects of inhibiting cargo flow to or from
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the Golgi apparatus [Morr and Mollenhauer, 2007, Derby and Gleeson, 2007]. These

models differ fundamentally as to whether they view the Golgi apparatus as a dy-

namic compartment that is continuously reborn through the delivery and progres-

sion of new cargo or as static compartment that uses vesicular transport to shuttle

cargo between compartments. Recently, a new model involving rapid partitioning of

cargo within a two-phase membrane system challenged the two established models

[Patterson et al., 2008]. Below, I will discuss the delivery of cargo to the Golgi ap-

paratus, the competing models of intra-Golgi transport, and the exit of cargo from

the Golgi apparatus, and finally how cargo movement contributes to the structure

of the Golgi apparatus.

2.4.1 Trafficking between the ER and Golgi

Trafficking of cargo and membrane between the ER and Golgi is mediated by COPII

coat complexes for anterograde trafficking and COPI coat complexes for retrograde

trafficking. Forward trafficking of cargo from the endoplasmic reticulum to ER-

GICs and from ERGICs to the cis-Golgi is mediated by the COPII coat complex.

The COPII complex contains Sar1 GTPase, Sec23/24 complex, and Sec13/31 com-

plex, which combine in a GTP dependent manner to form ∼10nm coats on ∼60nm

ER-derived vesicles [Barlowe et al., 1994]. Cargo is recognized for ER export by

the COPII complex [Kuehn et al., 1998] through several motifs in the C-terminus,

such as E-X-D, L-L, or F-F [Barlowe, 2002]. Accretion of these COPII vesicles are

thought to create ERGICs [Scales et al., 1997, Zeuschner et al., 2006], which provide

a sorting station for cargo [Appenzeller-Herzog and Hauri, 2006] and provide bulk

tubulo-vesicular compartments for cargo transport to the Golgi [Presley et al., 1997,

Scales et al., 1997]. Sec23p interacts directly with dynactin to shuttle the vesicles

and tubulo-vesicular carriers along microtubules [Watson et al., 2005]. The COPI

coat complex consists of a seven subunit coatomer complex, Arf1, and Arf1-GAP.
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Activation of Arf1 by a GEF brings it to the membrane, where it subsequently

recruits the coatomer complex. The membrane-bound Arf-GAP deactivates Arf1,

releasing the COPI-coated vesicle. The COPI coat complex mediates retrograde

traffic from the ERGICs, where the coatomer subunits recognize the di-lysine motifs

of resident ER proteins and shuttle them back to the ER.

2.4.2 Intra-Golgi transport of cargo and and enzymes

There are two classical models of intra-Golgi transport, cisternal maturation and vesi-

cle shuttling. The cisternal maturation model originated from purely morphological

examinations of the Golgi apparatus and views the composition of the Golgi appa-

ratus as dynamic [Morr and Mollenhauer, 2007]. The addition of cargo to the Golgi

creates new or extends existing cis-Golgi cisternae, which later acquire medial and

finally trans-Golgi enzymes and characteristics. The cargo is processed sequentially

as the cisternae ‘mature’, and then the cargo and its original membrane compart-

ment are released at the trans-Golgi network. Compartments are matured by the

retrograde recycling of Golgi enzymes between cisternae, from the mature to the

immature cisternae. In the vesicular shuttling model, the Golgi cisternae are static,

defined compartments that retain their characteristic cohort of Golgi enzymes while

vesicular transport transfers cargo in an anterograde manner to progress through the

Golgi cisternae.

The validation of each of these models has focused on the role of vesicular

intra-Golgi trafficking in the maintenance of cis to trans sorting of Golgi enzymes.

In addition to facilitating recycling of ER resident proteins back to the ER, the

COPI coat complex also forms vesicles for intra-Golgi traffic [Orci et al., 1986],

though its precise role there is still under debate. Several studies have demon-

strated the presence/enrichment of Golgi enzymes in COPI vesicles and have sug-

gested that COPI vesicles provide intra-Golgi retrograde transport for these en-
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zymes [Lanoix et al., 1999, Martinez-Menrguez et al., 2001], supporting the cister-

nal maturation model. Other studies have demonstrated a depletion of Golgi en-

zymes in the vesicles and argued that COPI coat complexes are unlikely to facilitate

the maintenance of cis to trans polarization of Golgi enzymes in the Golgi stacks

[Sönnichsen et al., 1996, Orci et al., 2000a, Cosson et al., 2002, Kweon et al., 2004,

Trucco et al., 2004]. This discrepancy may be due to the existence of mul-

tiple populations of COPI-coated vesicles [Orci et al., 1997, Lanoix et al., 2001,

Malsam et al., 2005]. For example, the p115-golgin tethered COPI vesicles are en-

riched in p24, p25, p26, and the cargo protein IgR, but depleted of mannosidase I

and II, suggesting that these vesicles function in anterograde cis to medial vesicular

transport [Malsam et al., 2005] but not of retrograde transport of Golgi enzymes. In

contrast, p24, p25, p26, and IgR were depleted in golgin-84-CASP tethered COPI

vesicles, whereas mannosidase I and II were enriched [Malsam et al., 2005]. This sug-

gests that golgin-84-CASP-tethered vesicles mediate retrograde transport. Similarily,

retrograde directed COPI vesicles containing KDEL are separable from anterograde

vesicles containing VSVG cargo and the Golgi SNARE GS28 [Orci et al., 2000b].

All together, these results suggest that separate populations of COPI vesicles act

in retrograde and anterograde intra-Golgi trafficking, though they do not fully sup-

port either classical model of intra-Golgi transport. The presence of the anterograde

vesicular transport of cargo is inconsistent with cisternal maturation, and it is still

unclear whether there is sufficient retrograde trafficking of Golgi enzymes to mature

new cisternae. Vesicular trafficking, however, cannot explain how cargo too large for

vesicles, such as procollagen, progresses through the Golgi [Bonfanti et al., 1998].

These models have been updated by observations of alternative routes of intra-

Golgi trafficking. The percolating-membrane model proposes that the individual

vesicles move forwards or backwards in the stack in a random fashion, and gol-

gin tethers limit the movement to between adjacent cisternae [Orci et al., 2000b].
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Progressive net movement of cargo would be achieved the next stack “accepting”

cargo but not resident enzymes[Orci et al., 2000b]. More recently, direct tubular

contact between cisternae has been proposed as an additional or alternative route

for intra-Golgi trafficking of Golgi cargo and enzymes. The formation of transient

intra-cisternal tubules has been observed by either precisely synchronizing cargo

progression to and within the Golgi stack [Trucco et al., 2004] or by stimulating

Golgi function secretory cells [Marsh et al., 2004]. These tubules facilitate the par-

titioning of Golgi enzymes, but not Golgi cargo, between cisternae for the main-

tenance of cis- to trans- localization of Golgi enzymes [Trucco et al., 2004]. Co-

ordinated delivery of ER-Golgi carriers can form new cis-cisternae or enlarge pre-

existing cis-cisternae [Trucco et al., 2004]. These data suggest an updated cisternal

progression model whereby the polarity of Golgi enzymes is maintained by these

tubules while cargo is processed by the classical cisternal maturation model. Mean-

while, two groups have reported direct visualization of cisternal progression in yeast

[Matsuura-Tokita et al., 2006, Losev et al., 2006]. Finally, an entirely new model of

intra-Golgi transport has been proposed that claims to incorporate the variety of

observations summarized above. The model of cisternal maturation predicts that

cargo moves through the Golgi apparatus conveyer-belt style; thus there should be

a certain amount of lag between entry and exit of cargo. Instead, cargo appears to

exit the Golgi with exponential decay rates and no lag [Patterson et al., 2008]. This

was interpreted as a two-phase cargo partitioning process in which each cisternae has

a cargo “processing domain” and a cargo “exit domain” defined by a partitioning

of sphingolipids and glycerophospholipids. In this model, cargo entering the Golgi

rapidly exchanges with existing cargo, facilitated by vesicular or tubular delivery

between relatively static Golgi cisternae. Cargo that was delivered to the Golgi first

is not necessarily marked for an earlier exit from the Golgi. This model does not

account for the movement of large insoluble cargo, for which the authors suggest that
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a separate mechanism exists for its trafficking and processing. It remains to be seen

which model, and with which modifications, will be generally accepted to explain

intra-Golgi trafficking.

2.4.3 Exit from the Golgi apparatus

Exit of mature cargo from the Golgi at the trans-Golgi network follows

the sorting of the cargo, tubulation of exit domains, and finally scission

of the domains designated for exit [Matteis and Luini, 2008]. Cargo des-

tined for different locations, such as endosomes, lysosomes, or the plasma

membrane can be sorted by protein motifs, glycosylation, association with

lipid microdomains, and ubiquitination [Rodriguez-Boulan and Muesch, 2005].

Cytoplasmic protein motifs, such as di-leucine or tyrosine motifs, di-

rect proteins towards the basolateral membrane or endosomal compart-

ments [Hunziker and Mellman, 1989, Brewer and Roth, 1991, Casanova et al., 1991,

Hunziker et al., 1991, Hunziker and Fumey, 1994, Matter et al., 1992] by facili-

tating their interaction with clathrin adaptors [Hunziker and Mellman, 1989,

Flsch et al., 1999, Ohno et al., 1999, Nishimura et al., 2002, Simmen et al., 2002].

Glycosylation and partition of GPI-anchored proteins into lipid microdomains

serve as signals for targeting to the apical membrane [Lisanti et al., 1988,

Brown et al., 1989, Lisanti et al., 1989, Scheiffele et al., 1995, Yeaman et al., 1997,

Alfalah et al., 1999]. Ubiquitination induces recognition by the GGAs and

promotes sorting of mannose-6-phosphate receptors to the lysosomal pathway

[Doray et al., 2002b]. Membrane containing sorted cargo then tubulates, which in-

volves various membrane-curvature regulating proteins such as BAR family mem-

bers, arfaptin 2, and endophilin B, and lipid-modifying processes through phos-

pholipase 2, lipid flippases, and lipid transfer proteins [Matteis and Luini, 2008].

Kinesin microtubule motors direct the forming tubules away from the TGN
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[Kreitzer et al., 2000, Polishchuk et al., 2003]. Tubular carriers are cut by the action

of CTBP1/BARS/PKD or dynamin dependent mechanisms [Kreitzer et al., 2000,

Matteis and Luini, 2008]. Cargo is transported from the Golgi in tubular

structures that mediate the bulk flow of membrane [Hirschberg et al., 1998,

Polishchuk et al., 2000, Polishchuk et al., 2003].

2.4.4 Membrane dynamics and Golgi structure

As the Golgi is continuously gaining and losing membrane as it directs the trafficking

of cargo, altering the rates of membrane dynamics at each stage of trafficking can

affect Golgi morphology. ER exit and delivery of cargo to the Golgi apparatus can be

inhibited by disease-associated mutations in Sec23 that prevent the formation of the

COPII coat complex [Lang et al., 2006, Boyadjiev et al., 2006, Fromme et al., 2007].

Loss of Sec23 function results in gross ER enlargement with numerous peripheral

ER exit sites and disruption of Golgi organization and morphology. Brefeldin A

is a drug that prevents Arf1 activation and thus inhibits transport mediated by

the COPI coat complex [Donaldson et al., 1992, Helms and Rothman, 1992]. Treat-

ment of cells with brefeldin A induces the reversible disassembly of Golgi structures

[Fujiwara et al., 1988] during which cis/medial Golgi enzymes redistribute to the

endoplasmic reticulum [Lippincott-Schwartz et al., 1989], while TGN elements redis-

tribute to endosomal compartments. This indicates that the integrity of the Golgi

apparatus is actively maintained though COPI vesicular transport. Exit of cargo

from the Golgi apparatus is halted at 20◦C [Griffiths et al., 1985], which induces an

increase in the surface area of the TGN and a decrease in the surface area of the rest

of the Golgi stack [Griffiths et al., 1989, Ladinsky et al., 2002]. Overall, manipula-

tions of trafficking to and from the Golgi have demonstrated that Golgi structure is

tightly linked to Golgi membrane dynamics.
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2.5 Osmolarity and pH regulation of the Golgi apparatus

One of the features of the secretory pathway is the progressive decrease in lumenal

pH (Figure 2.1). The pH of the endoplasmic reticulum, (∼pH 7.4), is the same

as the cytoplasmic pH, ERGICs (∼pH 7) and the cis-Golgi(∼pH 6.7) are mildly

acidified, and the lumen of the trans-Golgi (∼pH 5.9-6.3) and endosomes (∼pH 5.0-

6.5) are significantly acidified [Paroutis et al., 2004]. Organeller pH is determined by

the balance between proton pumping, counterion conductance, and intrinsic proton

leakage. The acidic nature of the Golgi, particularly of the trans-Golgi cisternae

and the TGN, is required for the proper localization and function of Golgi glycosy-

lation and proteolytic enzymes. Disruption of the pH gradient results alters Golgi

morphology, suggesting that structure of the Golgi is dependent on pH. The Golgi

apparatus was first recognized as an acidic compartment since its structure and

function could be disrupted by the ionophore monensin, which alkalinizes targeted

compartments [Tartakoff, 1983, Boss et al., 1984, Ledger and Tanzer, 1984]. Also,

the vacuolar H+-ATPase localizes to the Golgi apparatus [Glickman et al., 1983,

Zhang and Schneider, 1983]. The concentration of the pH-sensitive marker DAMP

in the trans-Golgi compartments subsequently confirmed that the Golgi is acidified

[Anderson and Pathak, 1985].

2.5.1 Determinants of Golgi pH

The pH of the Golgi apparatus is determined by the activity of the vacuolar H+-

ATPase, counterion conductance through chloride channels such as GPHR or GO-

LAC, and a mysterious proton leak current.

The V-ATPases are multisubunit complexes that use the energy from ATP hydrol-

ysis to pump protons against the electrochemical gradient [Sun-Wada et al., 2004].

The V0 domain is an multi-subunit integral membrane protein that mediates the
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transfer of protons across the membrane, and the multi-subunit peripheral mem-

brane V1 domain mediates the hydrolysis of ATP. Net activity of the V-ATPase

in an organelle may be regulated by its density/abundance in a particular com-

partment, the availability of ATP, or the inclusion of alternate subunit isoforms

[Paroutis et al., 2004].

Passive counterion conductance balances the influx of protons, reducing the mem-

brane potential created by the V-ATPases and allowing for continued proton influx.

The chloride channels AE2, GPHR, and GOLAC localize to the Golgi apparatus

and are proposed to provide anion conductance for the Golgi apparatus. The an-

ion exchanger AE2 mediates the neutral and reversible exchange of Cl− for HCO3
−

and localizes to the Golgi apparatus [Holappa et al., 2001]. However, its function

in maintaining Golgi pH has not been demonstrated directly. GOLAC1 and GO-

LAC2 were characterized through single channel recording from enriched Golgi mem-

brane preparations [Nordeen et al., 2000, Thompson et al., 2002]. The GOLACs are

preferably permeable to K+ and Cl−, though GOLAC2 is more permeable to an-

ions than cations. The channels are almost always open and only GOLAC2 is

voltage gated. Conductance through GOLAC1, but not GOLAC2, is sensitive to

decreases in lumenal pH below 7.2. The GOLACs are also permeable to ATP anions

[Thompson et al., 2006]. Recently, a new Golgi anion channel called Golgi pH reg-

ulator (GPHR) has been characterized [Maeda et al., 2008]. Loss of GPHR results

in the under-acidification of the Golgi apparatus, providing the first demonstration

that the counterion conductance is critical for the maintenance of Golgi pH. GPHR

may be identical to GOLAC2 as they have similar function properties, but GOLAC2

has not been cloned or otherwise isolated.

The theoretical maximal activity of the V-ATPases predicts that they could

achieve an organellar pH of less than 3.0 [Paroutis et al., 2004]. As this is con-

siderably lower than any measured organellar pH, there must be other factors that
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balance the activity of the V-ATPases [Demaurex et al., 1998]. Indeed, inhibition of

V-ATPase function with bafilomycin induces rapid dissapation of the organellar-

cytosolic pH gradient. Thus, the relative magnitudes of the net V-ATPase ac-

tivity and the net proton ‘leak’ current determine organellar pH. The nature of

the proton leak is still unclear, but it is known to be voltage-sensitive and inhib-

ited by Zn++ [Schapiro and Grinstein, 2000]. The organellar sodium-hydrogen ex-

changersNHE7 and NHE8 localize to the trans-Golgi [Numata and Orlowski, 2001,

Nakamura et al., 2005] and could contribute to the proton leak conductance. Overex-

pression of NHE8 and the related NHE9 induces the alkalinization of their associated

compartments [Nakamura et al., 2005]. Whether NHE7 can regulate Golgi pH in a

similar fashion has not yet been tested.

2.5.2 pH and Golgi structure

The importance of Golgi acidification on Golgi structure has been clearly demon-

strated by studying the effects of pH-disrupting drugs and altered expression

of pH-regulating protein channels. Disrupting Golgi pH has drastic effects on

the morphology of the Golgi apparatus. Monensin, which induces stoichiometric

sodium/hydrogen exchange across membranes, neutralizes the Golgi pH with re-

spect to the the cytoplasmic pH. Application of monensin to cells induces the rapid

and dramatic swelling and subsequent fragmentation of Golgi structures that can

be seen on the light level as well as by electron microscopy [Ledger et al., 1980,

Boss et al., 1984]. Similarily but with less dramatic osmotic effects, application of

bafilomycin results in the disorganization of the Golgi apparatus and swelling of

Golgi cisternae [Làzaro-Dièguez et al., 2006]. Golgi structure is disrupted by ei-

ther knocking down or overexpressing AE2; loss of AE2 causes fragmentation of

the Golgi apparatus and swelling of cisternae, whereas overexpression of AE2 in-

duces the formation of larger interconnected and tightly packed tubular membranes
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[Holappa et al., 2004]. Similarily, loss of GPHR function leads to a fragmented Golgi

structure at the light level and disorganized Golgi structures with swollen cister-

nae can be seen by electron microscopy [Maeda et al., 2008]. Overall, alkanization

of the Golgi apparatus induces the fragmentation of the overall Golgi structure,

accompanied by the swelling of individual cisternae, whereas consequences of the

over-acidification on the morphology of the Golgi apparatus has not been well char-

acterized.

2.5.3 pH and Golgi function

Activity of proteolytic processing enzymes, trafficking of proteins, and glycosy-

lation are all dependent on the Golgi pH, and disturbing Golgi pH can affect

each of these functions. Activation of furin by cleavage of its regulatory ele-

ments requires the acidic environment provided by the TGN; furin operates optimi-

mally at pH 6.0 for substrate cleavage [Anderson et al., 1997, Anderson et al., 2002].

The role of Golgi pH in protein trafficking and glycosylation was first investi-

gated using monensin. VSVG trafficking is delayed in cells treated with mon-

ensin [Alonso-Caplen and Compans, 1983, Edwardson, 1984]. Interestingly, the ef-

fects of monensin on trafficking of the influenza viral hemagglutinin (HA) is cell-

type dependent, with transport of HA delayed significantly in suspension cells

[Alonso-Caplen and Compans, 1983] or HeLa cells [Sakaguchi et al., 1996] but not

in MDCK cells [Alonso-Caplen and Compans, 1983]. The secretion of procollagen

and fibronectin is impaired by monensin [Ledger et al., 1980]. Monensin treat-

ment also disrupts N-glycosylation such that glycosylation beyond the high man-

nose stage is impaired [Niemann et al., 1982, Alonso-Caplen and Compans, 1983,

Ledger and Tanzer, 1984].

One caveat to the studies mentioned above is that monensin severely perturbs

Golgi structure due to its osmotic effects as well as its perterbations of Golgi pH, so

61



the effects of monensin on Golgi function may predominantly reflect the perturbed

Golgi structure. However, other studies have shown similar results using other meth-

ods for neutralizing Golgi pH. The calcium-dependent secretion of secretogranin II

from PC12 cells is abolished by the monensin-related ionophore nigericin and signifi-

cantly impaired by treatment with NH4Cl [Carnell and Moore, 1994]. HA trafficking

is also perturbed by the overexpression of ion channel protein M2 of the influenza

virus that raises Golgi pH [Sakaguchi et al., 1996]. N- and O-linked glycosylation

are impaired in cells lacking GPHR [Maeda et al., 2008]. An acidic environment is

necessary for the oligomerization of 2,6-α-sialyltransferase, which is throught to un-

derly its sequestration in trans-Golgi membranes [Chen et al., 2000]. Loss of GPHR

slowed the transport of VSVGtrunc-FLAG-EGFP-GPI and FLAG-VSVGfull-EGFP

to the surface of the cell and delayed the appearance of endoglycosidase H resistance

[Maeda et al., 2008].

Cystic fibrosis and cancer are two pathological conditions associated with abnor-

mal regulation of Golgi pH. Cells expressing mutant cystic fibrosis transmembrane re-

ceptor (CFTR) have hyperacidified trans-Golgi compartments [Poschet et al., 2001,

Ornatowski et al., 2007]. This is thought to underly the many reports of altered gly-

cosylation, particularly of abnormal sialylation and sulfation of secreted proteins, in

cystic fibrosis patients and from cells expressing mutant CFTR [Cheng et al., 1989,

Wang et al., 1990, Rhim et al., 2001, Poschet et al., 2002]. Furin activity is also sig-

nificantly elevated in cells expressing mutant cystic fibrosis transmembrane recep-

tor (CFTR) [Ornatowski et al., 2007]. Several cancer-derived cell lines have un-

deracidified Golgi compartments [Kellokumpu et al., 2002, Kokkonen et al., 2004,

Rivinoja et al., 2006]. Consistent with this, altered glycosylation is a hallmark of

cancer cells and is thought to contribute to cellular transformation and metastasis

[Zhao et al., 2008].
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2.6 The Golgi apparatus in neurons

Though the somatic Golgi apparatus in neurons is similar in structure and function

to that in other cell types, the neuronal Golgi has developed specialized machin-

ery for the remote processing of secretory cargo. While in most cells the Golgi

apparatus is a perinuclear, single-copy continuous organelle, neurons possess addi-

tional Golgi elements termed “Golgi outposts” [Horton and Ehlers, 2003]. These

discrete Golgi elements can be found in a subset of dendrites, are positive for

cis, medial, and trans Golgi markers [Torre and Steward, 1996, Gardiol et al., 1999,

Pierce et al., 2000, Pierce et al., 2001, Horton and Ehlers, 2003], and typically local-

ize to dendritic branchpoints [Horton et al., 2005]. Given that protein synthesis

[Feig and Lipton, 1993] and the machinery for protein synthesis, such as mRNA,

ribosomes, ER, and ER exit sites, are found in dendrites [Torre and Steward, 1996,

Horton and Ehlers, 2003, Aridor et al., 2004], these Golgi outposts are postulated to

provide the local processing, and perhaps local delivery, of nascent proteins. Secre-

tory cargo such as VSVG and BDNF from the endoplasmic reticulum can merge with

these structures, suggesting that the Golgi outposts serve as functional organelles

[Horton and Ehlers, 2003]. However, only a subset of secretory cargo uses these den-

dritic outposts, even though cargo may be released far from the somatic Golgi at

dendritic ER exit sites in the dendrites [Horton and Ehlers, 2003]. It remains to be

seen what determines whether cargo is trafficked through the dendritic or somatic

Golgi. One clue is that the polarity of the Golgi apparatus and Golgi outposts dic-

tates and is required for asymmetric dendritic outgrowth in glutamatergic pyramidal

neurons [Horton et al., 2005, Horton et al., 2006, Ye et al., 2007]. Thus far, Golgi

outposts have only been observed in dendrites, not axons, and alterations of PKD ac-

tivity preferentially affect dendritic outgrowth and polarization [Horton et al., 2005,

Bisbal et al., 2008, Yin et al., 2008, Czoendoer et al., 2009]. More studies are re-
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quired to elucidate whether these Golgi outposts are required for functions other

than polarized dendritic growth or whether they contribute to localized plasticity

responses and receptor trafficking.

2.7 Ubiquitination and the Golgi apparatus

The most prominent role for ubiquitination at the Golgi apparatus is for sort-

ing, rather than for degradation, of protein substrates. TGN-endosomal sort-

ing of cargo by the GGAs and the role of the AAA-ATPase p97 in the re-

assembly of the Golgi apparatus are the best characterized ubiquitin-mediated

processed in the Golgi apparatus. The GAT domain of the GGAs binds ubiq-

uitin [Bilodeau et al., 2004, Shiba et al., 2004, Puertollano and Bonifacino, 2004,

Scott et al., 2004]. GGAs are required for the trafficking of ubiquiti-

nated Gap1 from the TGN to the vacuole in yeast [Bilodeau et al., 2004,

Scott et al., 2004] and of LAPTM5 [Pak et al., 2006] and mannose-6-phosphate re-

ceptors [Doray et al., 2002a, Doray et al., 2002b] from the TGN to lysosomes in

mammalian cells. The binding of the GAT domain to ubiquitin is enhanced

by activated Arf1 [Shiba et al., 2004] and appears to require monoubiquitination

of GGAs [Shiba et al., 2004, Pak et al., 2006, Yogosawa et al., 2006]. Both Nedd4

[Pak et al., 2006] and hVPS18 [Yogosawa et al., 2006] have been identified as pu-

tative E3 ligases for GGAs. PI4P also enhances the binding of the GAT do-

main to ubiquitin, and is postulated to regulate the sorting of GGAs in the TGN

[Wang et al., 2007]. It is still not clear however, which substrates for GGA sorting

are also ubiquitinated.

p97 is involved in the reassembly of the Golgi apparatus after mitosis

[Rabouille et al., 1995]. The cofactor for p97, p47 [Kondo et al., 1997], has a

ubiquitin-binding UBA domain and can recruit p97 to monoubiquitinated substrates,

but p47 can only bind ubiquitin when it is associated with p97 [Meyer et al., 2002].
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Through the ubiquitinated targets have not been identified, specifically abolish-

ing p47-p97’s ability to bind ubiquitin hinders post-mitotic reassembly of the

Golgi apparatus [Meyer et al., 2002]. The activity of the deubiquitinating enzyme

VCIP135 with p47-p97 is also required for Golgi reassembly [Uchiyama et al., 2002,

Wang et al., 2004]. These results suggest that a cycle of ubiquitination and deubiq-

uitination may underly the recruitment and dissociation of the p97 complex to the

Golgi membranes for the rebuilding of the Golgi stack.

A handful of other ubiquitin pathway proteins also have Golgi-localized func-

tions. Ubiquitination of endophilin A1 by the HECT domain E3 ubiquitin lig-

ase AIP4/Itch may act as a TGN-endosomal sorting signal [Angers et al., 2004].

The Golgi-associated Nedd4 binding proteins N4WBP5 and N4WBP5A are ubiq-

uitinated by Nedd4 and are proposed to play a role, perhaps as adaptors, for

the trafficking of TGN-endosomal cargo such as the epithelial sodium channel

and the epidermal growth factor receptor [Konstas et al., 2002, Harvey et al., 2002,

Shearwin-Whyatt et al., 2004]. Cbl is an E3 ubiquitin ligase and adaptor protein that

is best characterized for monoubiquitination of activated receptor and non-receptor

tyrosine kinases, which are subsequently endocytosed [Soubeyran et al., 2002,

Schmidt and Dikic, 2005]. Phosphorylation of Cbl by Src family kinases induces

its translocation to the Golgi apparatus [Tanaka et al., 1995, Bard et al., 2002],

suggesting it may also have a function for sorting at the Golgi apparatus.

BRUCE (baculovirus inhibitor of apoptosis repeat [BIR] repeat-containing ubiquitin-

conjugating enzyme) is a large TGN-targeted E2/E3 ubiquitin ligase that acts as

an inhibitor of apoptosis (IAP) by inhibiting caspase activity [Hauser et al., 1998,

Bartke et al., 2004]. Proteasome inhibition induces reversible Golgi fragmentation,

suggesting that proteolytic functions of the ubiquitin pathway are also critical for

Golgi integrity [Harada et al., 2003], though no targets or ubiquitin enzymes have

been identified for this process.
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3

Materials and Methods

This chapter contains the materials and methods used for the experiments in subse-

quent chapters. Electron microscopy was performed with Cam Robinson in collab-

oration with Richard Weinberg (UNC-Chapel Hill). Acute Golgi pH perturbation

experiments were performed in collaboration with Cyril Hanus. Analysis of den-

dritic branching was performed in collaboration with Koji Yashiro in the lab of Ben

Philpot (UNC-Chapel Hill) and Michael Wu at Neurodigitech (San Diego, CA). All

experiments using mice or rats were performed in accordance with Duke and IUCAC

approved protocols.

3.1 Materials

Constructs, primers, and antibodies used in this research are summarized in Table

3.1, Table 3.2 and Table 3.3, respectively.

Table 3.1: Antibodies

Antibody Type Usage Source
Ube3a rb poly WB 1:1000-1:2000; ICC 1:250-1:1000 Bethyl Labs
Ube3a ms mono WB 1:1000 Sigma
KDEL ms mono ICC 1:1000 Stressgen
Continued on next page
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Table 3.1 – continued from previous page

Antibody Type Usage Source
p115 ms mono ICC 1:500 BD Labs
GM130 ms mono WB 1:2000; ICC 1:500 BD Labs
Syntaxin 6 ms mono WB 1:2000; ICC 1:500 BD Labs
TGN38 ms mono ICC 1:2000 BD Labs
EEA1 ms mono WB 1:2000; ICC 1:500 BD Labs
Rab11 ms mono ICC 1:500 BD Labs
LAMP1 ms mono ICC 1:125 Stressgen
20S Proteasome ms mono ICC 1:500 Calbiochem
BIP rb poly WB 1:1000; ICC 1:1000 Abcam
ERGIC p53/58 rb poly WB 1:1000 Sigma
PIST rb poly WB 1:1000; ICC 1:1000 Abcam
Ubiquilin rb poly WB 1:1000 Abcam
VSVG ms mono ICC 1:200 Gift from Douglas Lyles,

Wake Forest University
Giantin rb poly IHC 1:2000 Abcam
HA ms mono ICC 1:1000 Covance
NHE6 rb poly WB 1:200 Alpha Diagnostics Intl
Golgin-160 gt poly WB: 1:200; ICC 1:200 Novus Biologicals
GFP rb poly Clontech
MAP2 chk poly IHC 1:2000 Chemicon

Table 3.2: Constructs

Construct Source
Ube3a I-YFP Beaudet Lab, Baylor Univerisity
Ube3a II-YFP Beaudet Lab, Baylor University
Ube3a III-YFP Beaudet Lab, Baylor University
nPIST-GFP Heintz Lab, Rockefeller University
GFP Clontech
mCherry Clontech
pGolgi-GFP Clontech
pGolgi-YFP Subcloning from pGolgi-CFP
pGolgi-CFP Subcloning from pGolgi-GFP
pGolgi-Cerulean Addgene; J. Lippincott-Schwartz
pmCherry-Ube3a∗ III Mutagenesis and subcloning of Ube3a III-YFP
HA3-NHE6-GFP Rao Lab, Johns Hopkins
NHE7-HA Numata Lab, UBC
Ube3a II(C-A)-YFP Mutagenesis of Ube3a II-YFP
Ube3a shRNA #12984 in pLKO.1/puro Sigma
Scrambled shRNA in pLKO.1/puro Addgene; D. Sabatini
VSVG3-SP-GFP Simons Lab, Max-Plank Institute
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Cloning and mutagenesis All constructs generated in this lab were created through

standard cloning and mutagenesis methods. For cloning, inserts and vectors were

digested with the appropriate restriction enzymes (New England Biolabs) for two to

three hours at 37◦C. Vectors were dephosphorylated by incubating with CIP (New

England Biolabs) for one hour at 37◦C. Inserts and vectors were gel-purified using

the Zymed Agarose Gel Purification Kit and ligated using either T4 DNA ligase

(New England Biolabs) or Quick DNA Ligation Kit (Roche) according to manufac-

turer’s instructions. Mutagenesis was performed using Stratagene’s QuikChange II

Mutagenesis Kit using the primers listed in Table 3.3.

Mice Ube3a deficient mice (129-Ube3atm1Alb/Jon) on a 129Sv/Ev background

[Jiang et al., 1998] were obtained from Jackson Labs (Stock #004477) and housed

in a clean facility according to Duke University guidelines and protocols. Mater-

nal heterozygotes were bred with paternal wildtype mice to obtain Ube3a(m−/p+)

and wildtype littermates; the reciprocal cross was used to obtain Ube3a(m+/p−) and

wildtype littermates. Genotyping was performed on ear punch or tail tissue. Ge-

nomic DNA was purified using the Genomic DNA Purification Kit (Biorad), and

PCR was performed using PCR-ready beads (Amersham) with the primers in Table

3.3. Ube3a deficient mice on a C57/Bl6 background were also obtained from Arthur

Beaudet (Baylor University). All experiments in this dissertation use the 129Sv/Ev

mice except for the illustration of the specificity of the Ube3a antibody with staining

on cultured Ube3a knockout neurons (Figure 4.2).

3.2 Cell and tissue culture

Primary rat neuronal cultures Primary neuronal cultures are derived from E18 rat

embryos. Cortices and hippocampi are dissected out in Dissection media contain-

ing 0.3% BSA (Invitrogen), 12 mM MgSO4 (Sigma), 10 mM HEPES (Invitrogen),
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0.6% glucose (Sigma) in Hanks Balanced Salt Solution (Invitrogen). Neurons are

dissociated with trypsin incubation in digestion buffer containing 4.2 mM NaHCO3,

25mM HEPES, 137 mM NaCl, 5 mM KCl, 7 mM Na2HPO4, pH 7.4 and titruation.

Hippocampal cells are plated onto poly-D-lysine coated coverslips (0.2 mg/mL) and

cortical cells are plated onto poly-D-lysine (0.1 mg/mL) and laminin (1 ug/mL) -

coated tissue culture plates in Neurobasal (Invitrogen) supplemented with 5% fetal

bovine serum (Hyclone), 2% B27 (Invitrogen), 2 mM Glutamax (Invitrogen), and 1

ug/mL Gentamicin (Invitrogen). One week later, media is changed to maintenance

medium (2% B27, 2 mM Glutamax, 1 ug/mL Gentamicin, 10 µM FUDR (Sigma) in

Neurobasal), and half of the media in each well is replaced twice a week. Cells were

maintained at 37◦C and 5% CO2.

Primary mouse neuronal cultures Primary neuronal cultures are derived from P0-P2

mouse pups and prepared similarily to embryonic rat neuronal cultures. Cortices

are dissected out individually in dissection media and dissociated with trypsin or

papain (Worthington Biochemicals) incubation and titruation. Cells from each pup

are plated at 150k plated onto poly-D-lysine coated coverslips in supplemented Neu-

robasal.

Non-neuronal cell culture 293T (human embryonic kidney) and Clone 9 (rat liver)

cell lines were received from the Duke Tissue Culture Facility/ATCC. 293T cells

are maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum.

Clone 9 cells are maintained in Ham’s F12 Kaign’s media (Invitrogen) supplemented

with 10% fetal bovine serum and Anti-Anti antibiotic/antimycotic (Gibco). Cells

are passaged every two to three days and maintained at 37◦C and 5% CO2.
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Generation of Ube3a shRNA stable cell line Clone 9 cells are transfected with Mission

shRNA #12894 (see Table 3.3) or a scrambled shRNA sequence in a pLKO.1/puro

vector (Sigma) with Lipofectamine 2000. 48 hours later, cells are treated with

1µg/mL puromycin. Surviving clonal colonies are isolated and analyzed for Ube3a

expression levels via Western analysis. Expression of Ube3a levels are compared to

cell lines that express a scrambled shRNA control. One clone with consistent Ube3a

knockdown (Ube3a shRNA) and one clone with consistent Ube3a expression (scram-

bled) were selected for further experiments, though other knockdown clones with

various expression levels were also isolated.

Transfection Cells were transfected with Lipofectamine 2000 (Invitrogen) incubated

with DNA diluted in unsupplemented media according to manufacturer’s instruc-

tions. Media was changed to antibiotic-free media before the transfection mixture

was added. For reactions using large amounts of Lipofectamine or with several days

between the transfection and experiment, the media was changed two to sixteen

hours after the reaction mixture was added.

3.3 Histology

Electron microscopy on mouse tissue One each of Ube3a(m−/p+), Ube3a knockout, and

wildtype mice were deeply anesthetized mice and perfused with saline followed by

cold fixative, containing 4% paraformaldehyde and 0.1% gluteraldehyde in phosphate

buffer (PB, 0.1M, pH 7.4). Brains were removed and post-fixed in the same fixative

for 2 hours. The second set of Ube3a(m−/p+) and wildtype brain tissue were sectioned

live for electrophysiology and subseqently fixed in the same solutions. Coronal sec-

tions (50 µm thick) were cut with a Vibratome, and then washed in PB. Floating

sections were washed in phosphate buffered saline (PBS, 0.01 M, pH 7.4) and treated

for 30 min in 1% sodium borohydride in PBS, washed in PBS, treated with 3% H2O2

71



in PBS, and again washed in PBS. Sections were washed in sodium acetate and

PB and were post-fixed with 1% OsO4 in PB for 45 min, washed in PB, washed

in maleate buffer (0.1M), contrasted in 1% uranyl acetate in maleate buffer for 45

min, and washed in maleate buffer prior to dehydration in a graded series of ethanol

washes. Ethanol was replaced by propylene oxide (Electron Microscopy Sciences)

and the tissue was infiltrated with dilutions (50-100%) of Epon-Spurrs resin (6:4;

Electron Microscopy Sciences) in propylene oxide over three hours. Following in-

filtration, sections were sandwiched between ACLAR films (Ted Pella), flattened

between microscope slides, and polymerized at 60◦C for 48 hours. Chips from the

area of interest (visual cortex) were removed and fixed to resin blocks for thin sec-

tioning. Thin sections (∼60 nm) were cut on a Leica ultramicrotome and collected

on copper grids. Grids were stained with uranyl acetate and Satos lead and examined

in a Philips Tecnai electron microscope at 80 kV. Digital micrographs were acquired

with a 16-bit FEI Eagle 2048x2048 CCD camera.

Electron microscopy on cultured cells Cultured cells were fixed in 2.5% glutaraldehyde

in cacodylate buffer for 1 hour at room temperature, washed in the same buffer, and

osmicated in 1% osmium tetraoxide in cacodylate. Following a water wash, en bloc

staining was carried out with 1% aqueous uranyl acetate for 1 hour at room tem-

perature in the dark. Cells were subsequently washed with water, dehydrated in

a graded series of ethanol washes (50-100%), striped from the tissue culture plastic

using propylene oxide, and rinsed in propylene oxide. Cells were infiltrated with dilu-

tions (50-100%) of Epon resin in propylene oxide. Following 100% Epon infiltration,

samples were cured at 60◦C for 48 hours.

Alternatively, for samples sectioned parallel to the plane of growth, cells were

grown on chambered thermanox slides (Nunc) and fixed, osmicated, stained en bloc,

and dehydrated as above. Infiltration was carried out with Epon diluted in 100%
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ethanol on the chambered slide. Following 100% Epon infiltration, the chamber was

removed from the slide, leaving only the sealing gasket. Epon was added just to the

top of the gasket and the samples were cured at 60◦C for 48 hours.

BSA-gold labeling of endocytic compartments Cultured cells are incubated with a 1:10

dilution of 15 nm gold-conjugated particles to BSA (Electron Microscopy Sciences)

in media for one hour with or without first serum starving the cells for two hours.

Cells are rinsed well with PBS and prepared for electron microscopy. As a control for

uptake, some cells were co-incubuated with FITC-dextran (3000 MW, Invitrogen),

which can be visualized by light microscopy.

Immunohistochemistry Two wildtype and two Ube3a(m−/p+) mice, 160 days old, were

deeply anesthetised and perfused with 4% paraformaldehyde in PBS. The brains

were removed and postfixed overnight in the same solution, and then incubated in a

series of sucrose solutions (10%, 20%, 30%) until equilibrated with each. Brains were

embedded in OTC and sectioned coronally into 50 µm sections. Sections were placed

in PBS (floating), washed three times in PBS and blocked with 10% horse serum

+0.1% Triton for one hour. Sections were stained with primary antibodies against

Giantin and MAP2 in 3% horse serum and 0.1% Triton in PBS for 3 days at 4◦C.

The sections were then washed three times in PBS and re-blocked with 10% Horse

Serum/0.1% Triton in PBS for 30 minutes and stained with 1:500 anti-rabbit Alexa

488 and 1:500 Alexa 568 anti-chicken in 3% horse serum and 0.1% Triton for one

hour at 4◦C. Finally, sections were washed, stained with DAPI (Invitrogen), washed

briefly, and mounted onto slides. Sections were imaged on an Ultraview spinning

disk confocal, taking care to image the same region in each mouse (i.e. visual cortex

layer 2/3). Individual Golgi were cropped from larger stacks (150x150 pixels, 15

images per stack), and the images were subjected to a low pass filter to minimize
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background and contrast adjusted for best visualization of Golgi morphology.

Dendritic morphology in Ube3a deficient mice Four wildtype and four Ube3a(m−/p+)

mice (∼P25) were perfused and the brains were immersed in the first solution of

the FD Rapid Golgistain Kit. The brains were sent to the company Neurodigitech

(San Diego, CA; contact: Michael Wu) for subsequent processing and analysis. Five

pyramidal neurons in layer 2/3 of the primary visual cortex per brain were traced

using unbiased stereological tracing software programs (Microbrightfield, VT) for

digital dendritic reconstruction. Total apical dendritic length, total basal dendritic

length, and dendritic complexity via Sholl analysis were calculated for each neuron.

3.4 Biochemistry

Preparation of mouse tissue and cell lysates Mice were deeply anesthetized with isoflu-

rane, swiftly decapitated, and tissue was harvested (brain, liver). Tissue was either

used fresh (e.g. for co-immunoprecipitation) or frozen at -80C for later use. Clone

9 or 293T cells were removed from the plate either by trypsinizing or by scraping.

Cells were spun down and rinsed with Dubelcco’s PBS. Cells were either used fresh

or frozen at -80C for later use. Tissue is homogenized with a handheld or glass-teflon

homogenizer before lysis. Tissue and cells are lysed in a Tris-Triton buffer contain-

ing 50 mM Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton, pH 7.4

and a cocktail of protease and phosphatase inhibitors, including 0.2 mM PMSF, 1.5

U/mL aprotinin, 10 µg/mL antipain, 10 µg/mL leupeptin, 10 µg/mL chymostatin,

10 µg/mL pepstatin, 1:100 Phosphatase Inhibitor Cocktail #1 (Sigma), and 1:100

Phosphatase Inhibitor Cocktail #2 (Sigma). If the ubiquitinated-status of proteins

is important, 5 mM NEM and 3 mM iodoacetamide were also added to the lysis

buffer. The cells/tissues were incubated on ice in the lysis buffer for at least 15

minutes. Samples are sonicated for most experiments and insoluble debris is re-
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moved by a 15,000g spin. Unless otherwise noted, all samples for Western blotting

were measured for protein content using the DC Protein Assay Kit (BioRad) as per

manufacture’s directions.

SDS-PAGE and Western blotting Sample concentrations from cell or tissue lysates are

normalized, boiled in Laemmli buffer (5% SDS, 0.575M sucrose, 0.002% bromophenol

blue, 60 mM Tris, 1% β-mercaptoethanol, pH 6.8) for 5 minutes, and loaded onto

7.5% or 4-15%. precast gels (Biorad). Gels are run at 100-135V until the dye front

reaches the end of the gel and then transferred to PVDF membrane for one hour

at 100V or overnight at 20V. Membranes are blocked with 4% BSA or 5% non-

fat dry milk for one hour at room temperature, and incubated with the primary

antibody either overnight at 4◦C or for two hours at room temperature. Blots are

washed in TBS-T, incubated with a HRP-conjugated secondary for one hour at room

temperature, and washed again. Signals are developed using Amersham’s ECL plus

and imaged using the Fujifilm Black Box imaging system.

Co-immunoprecipitation 0.5 - 1.0 mg wildtype brain lysate or 293T cell lysate is

incubated with 2 µg primary antibody or 10 µg rabbit serum (negative control)

overnight in the presence of inihibitors of proteases, phosphatases, ubiquitin hydro-

lases, and the proteasome. Samples are incubated with 30 µL Ultralink Protein A/G

beads (Pierce) to precipitate the antibody complexes. The beads are washed and

the antibody-protein complexes eluted from the beads by boiling for 5 minutes in 5x

Laemmli buffer. Samples are be analyzed by SDS-PAGE and Western blotting. The

Reliablot kit (Bethyl Labs) is used to remove IgG bands if rabbit primary antibodies

are to be used for both the immunoprecipitation and Western blotting.
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Fractionation of membrane compartments Adapted from [Taylor et al., 1997]. Cortex

and liver were harvested from wildtype mice as described above. All sucrose solutions

were created in phosphate buffer with protease and phosphatase inhibitors. Tissue

was minced and suspended in 0.5 M sucrose and slowly and gently homogenized with

one pass of a motorized glass-teflon homogenizer. Cell debris and nuclei were removed

with a 1500g spin for 10 minutes; due to the gentleness of the homogenization, much

cellular matter was present in the pellet. The resulting perinuclear supernatent

(PNS) was incorporated into a sucrose gradient as follows, from top to bottom: 0.25

M sucrose, PNS (0.5M sucrose), 0.86M sucrose, and finally 1.3 M sucrose. This

gradient was spun in a rotating bucket ultracentrifuge at 100,000g for one hour.

The following fractions were collected: SI (microsomes/light membranes), between

0.25M and 0.5M, SII (enriched Golgi), between 0.5M and 0.86M, and SII (enriched

endoplasmic reticulum), between 0.86 and 1.3M. Part of the SII fraction was adjusted

to 1.15M sucrose and incorporated into a second sucrose gradient: 0.25M, 0.86M,

1.0M, and adjusted SII fraction; the gradient was spun at 76,000g for three hours.

A purified Golgi fraction (SGFI) was collected between the 0.25M and 0.86M layers.

The various fractions were frozen at -80C until characterization by Western blotting

for markers of the secretory and endocytic pathways. The SGFI fraction, however,

was typically too dilute for subsequent analysis.

Microsomal preparation Mouse cortex was homogenized with a glass-teflon homoge-

nizer in a buffer containing 0.32M sucrose, 10 mM HEPES, 2 mM EDTA, protease

and phosphatase inhibitors (pH 7.4). The homogenate was centrifuged at 1000g for

15 minutes to remove the nuclei (pellet), and the supernatent was spun at 10,000g for

20 minutes and 12,000g for 30 minutes to doubly remove the mitochondria (pellet).

Finally, the supernatent was spun at 140,000g for 2 hours to obtain the microsomal

pellet and cytosol, and the resulting fractions were analyzed by Western blotting.
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3.5 Cell labeling for microscopy

Immunocytochemistry Coverslips are rinsed in Dubelcco’s PBS, fixed in 4%

paraformaldehyde-4%sucrose for 20 minutes at room temperature and washed again.

Cells are permeabilized by a 10 minute incubation in 0.1% Triton in Dubelcco’s PBS.

Cells are blocked with either 10% goat serum or 10% BSA in and then incubated

with the primary antibody in 3% goat serum or 3% BSA overnight at 4◦C or for

two hours at room temperature. After washing, cells are incubated with Alexa-fluor

conjugated secondary antibodies (Alexa-488, Alexa-568, or Alexa-647) in 3% goat

serum or 3% BSA for one hour at room temperature in darkness. Coverslips are

rinsed again, co-stained with DAPI, and mounted onto glass slides. Images were

taken on an Ultraview Spinning-Disk confocal microscope (Perkin-Elmer) and ana-

lyzed with Metamorph and ImageJ image analysis software.

Ube3a antibody testing with blocking peptide Cultured rat hippocampal neurons plated

onto coverslips were fixed and permeablized as above. The peptide used to create

the Ube3a antibody was obtained from Bethyl Labs. 1 µg anti-Ube3a was incubated

with 10µg peptide in 100 µL PBS for 4 hours at 4◦C. One coverslip was incubated

with this peptide-antibody mixture overnight at 4◦C. In parallel, one coverslip was

stained with 1:500 anti-Ube3a and another incubated with no primary antibody.

The neurons were stained with the appropriate secondary antibody, mounted onto

coverslips, and imaged on the Leica scanning confocal microscope.

Transferrin uptake Alexa-568 conjugated transferrin was diluted to a stock solu-

tion of 5 mg/mL. Cells were incubated in a 1:100 dilution of transferrin in media

for one hour at 37◦C and subsequently subjected to co-staining by immunocyto-

chemistry. Images were taken on an Ultraview Spinning-Disk confocal microscope

(Perkin-Elmer) and analyzed with Metamorph and ImageJ image analysis software.
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SNA and PNA labeling Coverslips were fixed in 4%paraformaldehyde-4%sucrose, per-

meablized with 0.1% Triton, and stained with 1 mg/mL Alexa-488 conjucated PNA

(Invitrogen) or 1:200 Fluoroscein-SNA (Vector Labs) for 15-30 min. Coverslips were

co-stained with DAPI and then mounted onto glass slides. Some coverslips were also

co-stained with antibodies by standard immunocytochemistry. Images were taken on

an Ultraview Spinning-Disk confocal microscope (Perkin-Elmer) and analyzed with

Metamorph and ImageJ image analysis software.

Golgi size analysis Individual Golgi structures labeled with either GM130 or TGN38

were cropped from the original image. Images were thresholded to just above back-

ground, the thresholded regions were auto-traced using Metamorph analysis software

and the total thresholded Golgi area per cell, including all distinct regions, was mea-

sured.

3.6 VSVG trafficking assay

Adapted from [Horton and Ehlers, 2003, Presley et al., 1997]. To visualize traffick-

ing from the Golgi, VSVG-GFP was transfected into Ube3a knockdown and scram-

bled control stable cell lines and incubated at 39.5◦C overnight, at which VSVG-GFP

is retained in the ER. Cells are next incubated for 3hr at 20◦C, blocking all cargo

exit from the Golgi, permitting VSVG-GFP to leave the ER and sequesterering it

in the Golgi. Finally, Golgi exit is restored by transferring the cells to the permis-

sive temperature (32◦C, with 20 ng/µL cyclohexamide and 20 mM HEPES, pH 7.3),

allowing VSVG-GFP trafficking from the Golgi to be visualized as a synchronous

wave. Cells are stained live after the shift to 32◦C (e.g. 15, 30 min) and with an

antibody directed towards the luminal N-terminal domain of VSVG without per-

meablization (20 minutes 1:200 VSVG antibody in 1% BSA at 4◦C). Experiments

were also performed without the 20◦C block and stained at 30 and 60 minutes after
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the shift to 32◦C, as well as immediately after the 39.5◦C block and 20◦C block as

controls. Cells were subsequently fixed with 4%paraformaldehyde-4%sucrose and co-

stained with either Ube3a or PIST (rabbit Alexa-568) and DAPI. Mouse Alexa-647

was used to label the anti-VSVG signal. Coverslips were imaged on an Ultraview

Spinning Disk Confocal (Perkin-Elmer) using consistent imaging parameters. The

VSVG-transfected cells were traced using Metamorph and ImageJ analysis software

and average intensities minus background of the anti-VSVG (647) and VSVG-GFP

signals were measured.

3.7 Golgi pH measurements

Basal Golgi pH measurements Adapted from Llpopis et al 1998 [Llopis et al., 1998].

A Golgi pH probe was created by exploiting the pH-sensitive properties of YFP and

the pH-insensitive properties of Cerulean (or CFP). These fluorophores were tar-

geted to the lumen of the Golgi using the pGolgi tag, which contains the first 81

amino acids of β- galactosyltransferase, which lacks enzymatic activity but retains

targeting to the medial/trans Golgi. Cells were dual transfected with pGolgi-YFP

and pGolgi-Cerulean using Lipofectamine 2000. pGolgi-CFP was used instead of

pGolgi-Cerulean for the illustration of the method in Figure 5.8. 22-27 hours later,

the cells were imaged live on the Ultraview spinning disk confocal (Perkin-Elmer)

in 1 mL either E4 imaging solution or MES buffer (115 mM KCl, 5 mM NaCl, 1.2

mM MgSO4, 25 mM MES) at 37◦C. A standard curve to calibrate YFP:Cerulean to

pH values was created by incubating scrambled cells with 10µM monensin (Sigma)

and 0.5µM bafilomycin A1 (Calbiochem) in MES-calibrated buffers (pH 4.5, 5.0, 5.5,

6.0, 6.5, 7.0, 7.5) for twenty minutes before imaging. For analysis, the pGolgi-xFP

signal was traced using a color-combined image and the average intensity minus

background measured for pGolgi-YFP and pGolgi-Cerulean. Golgi with intensities

less than 1.2∗Background were considered to be not dual-transfected and were not
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included in subsequent calculations. The ratio (AvgInt-Back:pGolgi-YFP)/(AvgInt-

Back:pGolgi-Cerulean) was then calculated for each imaged Golgi apparatus. For

rescue experiments, cells were also transfected with pmCherry-Ube3a∗ III (Ube3a

knockdown cells, rescue) or mCherry (scrambled and Ube3a knockdown cells, con-

trols) and imaged ∼24 or ∼48 hours later. Analysis was confined to mCherry positive

cells.

Golgi pH measurements with acute perturbations Golgi were imaged using either

pGolgi-YFP or pGolgi-GFP one or two days after transfection. For morphology

observations, cells were treated with different concentrations of monensin (50 nM,

200 nM, 500 nM, 2 µM) and Golgi morphology was monitored live once every 2-

3 minutes for 20-30 minutes. For rapid pH observations, cells were treated with

100 nM monensin an imaged at 1/5 Hz for 5 minutes on a custom spinning disk

confocal microscope. For rescue experiments, scrambled and knockdown cells were

transfected with pGolgi-YFP and either mCherry (scrambled and knockdown) or

shRNA-resistant Ube3a∗-mCherry isoforms I or III (knockdown only) and imaged

18-24 hours later.

3.8 Statistics

All values shown represent the mean ± the standard error of the mean. N values

represent the number of separate experiments. Significance was calculated using

two-tailed unpaired Student’s t-tests.
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4

Preliminary Characterization of Ube3a

Despite the number of studies on Ube3a, very little attention has been given to

the subcellular localization of Ube3a. Generally, Ube3a is thought to broadly

distribute in soluble fractions from the nucleus and cytoplasm, though a few

studies have found Ube3a in high-speed pellet fractions [Kleijnen et al., 2000,

Balasubramanian et al., 2006]. Whether Ube3a partitions with any particular sub-

compartment has not been explored, and no studies have carefully examined the

subcellular localization of endogenous Ube3a by immunostaining or the localization

of fluorescently-tagged Ube3a. The association of Ube3a with subcellular compart-

ments could provide insight into the cellular role and function of Ube3a.

Three isoforms of Ube3a differing only in their inclusion of N-terminal sequences

(Figure 1.1) have been described [Yamamoto et al., 1997]. To date, no distinction

among the isoforms has been made, and most studies arbitrarily select one isoform

for their experiments. It is interesting to speculate that these different isoforms have

different functions, and that this could be reflected in their subcellular localization.

Recently, Ube3a was shown to interact with several membrane-associated pro-

teins, such as PIST, Golgin-160, and ubiquilin. PIST and Golgin-160 are coiled-
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coil domain proteins that localize primarily to the cytoplasmic face of the Golgi

apparatus, and both influence the trafficking of a subset of proteins from the

Golgi apparatus. Ube3a moderately ubiquitinates PIST in the absence of E6 in

vitro, and overexpression of Ube3a or Ube3a820A in 293T cells modulate PIST

levels [Jeong et al., 2007]. Golgin-160 co-immunoprecipitates with Ube3a from

HeLa cell postnuclear supernatent [Jung et al., 2005]. Ubiquilin contains ubiquitin-

like domains and associates with internal membrane structures such as the Golgi

apparatus and endosomes [Bedford et al., 2001] in addition to the proteasome

[Kleijnen et al., 2000]. Thus, given Ube3a’s association with these proteins and

Ube3a’s presence in high-speed pellet fractions, it can be predicted that Ube3a lo-

calizes at least in part to some internal membrane compartment. However, it has

not been shown whether Ube3a interacts with endogenous PIST or with Golgin-160

in the absence of E6.

In this chapter, I will present data that serves as a prerequisite for subsequent

investigations on the cellular role of Ube3a, including characterizing the subcellular

localization of Ube3a by overexpression, endogenous staining, and fractionation and

confirming the brain-specific imprinting patterns. Finally, I will also demonstrate

that Ube3a interacts with endogenous PIST, Golgin-160 and ubiquilin.

4.1 Localization of Ube3a

Previous studies had shown that Ube3a localizes to both the nucleus and cytoplasm,

though no more specific subcellular localization has been described. Here, I char-

acterized the specific subcellular localization of overexpressed Ube3a isoforms and

endogenous Ube3a. For these experiments, I used Clone 9 cells, a rat liver cell line,

primary cultured hippocampal neurons, and lysates derived from mouse tissues as

described below.
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4.1.1 Localization of Overexpressed Ube3a

I first examined the subcellular localization of Ube3a by overexpressing pEYFP C-

terminally tagged Ube3a isoform I, Ube3a isoform II, and Ube3a isoform III in both

Clone 9 cells and primary hippocampal neurons (Figure 4.1). Interestingly, the

isoforms preferentially target to different compartments in both Clone 9 cells and

hippocampal neurons. Isoforms I and III concentrate in the nucleus, though diffuse

cytoplasmic staining can be seen throughout the cell. In contrast, Isoform II is

nearly excluded from the nucleus and more brightly labels the entire cytoplasmic

space. The Ube3a expression pattern in Clone 9 cells is smooth, suggesting that it

does not localize to any particular subcompartment within the nucleus or cytoplasm.

In the neuron, Ube3a can be found in the soma, axons, dendrites, and pre- and post-

synaptic compartments. However, beyond the nuclear/cytoplasmic preference of the

isoforms, the targeting of Ube3a does not appear to be any more preferential to a

particular subcompartment than a diffuse cytoplasmic marker such as GFP.

Interestingly, in subsequent studies where a N-terminal mCherry tag was used

on Ube3a isoform III, most cells lacked nuclear pmCherry-Ube3a∗ III and very few

cells had a nuclear concentration of pmCherry-Ube3a∗ III. This may indicate that

an N-terminal interaction or modification of Ube3a isoforms I and III is required

to permit the nuclear localization of Ube3a, and that this interaction is hindered

by an N-terminal mCherry extension. A small number of pm-Cherry-Ube3a∗ III

puncta were evident, though they have not yet been characterized. Puncta were

also observed in two separate live imaging experiments with Ube3a II-YFP (VSVG

trafficking) and Ube3a III-YFP (brefeldin A treatment), perhaps suggesting that

Ube3a is recruited to subcellular structures under some conditions.
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Figure 4.1: Overexpression of Ube3a Isoforms I, II, and III. In both Clone
9 cells and rat hippocampal neurons (19DIV), exogenously expressed Iso-
forms I and III concentrate in the nucleus and also have diffuse cytoplas-
mic distribution. Isoform II, in contrast, is nearly excluded from the nu-
cleus and has brighter, but still diffuse, cytoplasmic distribution. In neu-
rons, overexpressed Ube3a can be found in the soma, dendrites (close-up for
Isoform II, III), and axons (close up for Isoform I). Scale bar: 10 µm.
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4.1.2 Localization of Endogenous Ube3a

As both overexpression and the C-terminal pEYFP tag could influence the subcellular

localization of Ube3a, I next examined the localization of endogenous Ube3a by

immunocytochemistry with anti-Ube3a and by subcellular fractionation of wildtype

mouse cortex.

Confirming specificity of the Ube3a antibody Before I could use the Ube3a antibody to

determine the subcellular localization of Ube3a, I first had to confirm the specificity

of the antibody (Bethyl Labs A300-352)(Figure 4.2). Western blotting for Ube3a

gives one ∼100kD band, consistent with the predicted molecular weight of Ube3a.

This band is absent from Ube3a(m−/p+) mouse cortex. To confirm that the antibody

was specific for immunocytochemistry, I labeled hippocampal neurons with either

anti-Ube3a, no primary antibody, or anti-Ube3a pre-incubated with the peptide used

to make the antibody. Anti-Ube3a brightly stained the nuclei and cytoplasm of the

neurons, whereas little staining was observed with either no primary antibody or

with the blocking peptide. This confirms that the staining by the Ube3a antibody

is specific for the immunogenic peptide sequence. Similarily, the Ube3a antibody

does not stain Ube3a knockout neurons, confirming that this antibody is specific for

Ube3a by immunocytochemistry. Finally, to demonstrate that the antibody does

indeed recognize Ube3a, I stained Clone 9 cells overexpressing Ube3a II-pEYFP and

Ube3a III-pEYFP; overexpressed Ube3a was clearly recognized by the Ube3a anti-

body. These experiments confirm the specificity of the Ube3a antibody for Western

blotting and immunocytochemistry.
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Figure 4.2: The Ube3a antibody is specific for Ube3a. (A) Western blot-
ting for Ube3a from Ube3a(m+/p−), wildtype, and Ube3a(m−/p+) mouse cortex
demonstrates that the Ube3a antibody does not recognize a band from the
Ube3a(m−/p+) mouse. Tubulin is included as a loading control. (B) Anti-Ube3a
brightly stains cultured primary rat hippocampal neurons, and this staining is
absent and equivalent to no antibody when the antibody is pre-incubated with
the immunogenic peptide. (C) Anti-Ube3a stains neurons cultured from wild-
type mi ce but not Ube3a knockout mice. (D) Anti-Ube3a positively recog-
nizes and labels overexpressed Ube3a II-YFP and Ube3a III-YFP in Clone 9 cells.
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Subcellular localization of Ube3a by immunocytochemistry Similar to the pattern of

overexpressed Ube3a, anti-Ube3a labels both the nuclei and cytoplasm of Clone 9

cells and hippocampal neurons (Figure 4.3). In contrast to the overexpressed Ube3a,

however, the endogenous Ube3a staining pattern appears more punctate, suggest-

ing that it might be associated with a subcellular compartment. Therefore, Clone

9 cells (Figures 4.4, 4.5) and hippocampal neurons (Figures 4.6) were costained

with antibodies against Ube3a and the following markers for subcellular compart-

ments: KDEL (endoplasmic reticulum), p115 (cis-Golgi), GM130 (cis-Golgi), Syn-

taxin 6 (trans-Golgi and endosomes), TGN38 (trans-Golgi network), EEA1 (early

endosomes), transferrin receptor (endosomes), LAMP1 (lysosomes), and 20S (pro-

teasome). Ube3a did not consistently co-localize with any of the tested markers,

however, occasional co-localization was seen with early endosomes, recycling endo-

somes, syntaxin 6, and the proteasome.
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Figure 4.3: Staining for endogenous Ube3a in Clone 9 cells and cortical neurons.
Endogenous Ube3a is distributed in the cytoplasm and the nucleus in (A) Clone 9
cells and (B) cortical neurons in a somewhat punctate manner. Scale bar: 10 µm.
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Figure 4.4: Co-staining of Ube3a and various subcellular mark-
ers in Clone 9 cells. Clone 9 cells were co-stained with antibodies
against Ube3a and KDEL (endoplasmic reticulum), p115 (cis-Golgi),
GM130 (cis-Golgi), Syntaxin 6 (trans-Golgi/endosomes), and TGN38

89



(trans-Golgi Network). Yellow arrowheads point to some spots of co-
localization of Ube3a with the subcellular markers. Scale bar: 10 µm.
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Figure 4.5: Co-staining of Ube3a and various subcellular markers in Clone
9 cells. Clone 9 cells were co-stained with antibodies against Ube3a and
EEA1 (early endosomes), Transferrin receptor (endosomes), LAMP1 (lyso-
somes), and the 20S Proteasome. Yellow arrowheads point to some spots
of co-localization of Ube3a with the subcellular markers. Scale bar: 10µm.
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Figure 4.6: Co-staining of Ube3a and various subcellular markers in hip-
pocampal neurons. Neurons were co-stained with antibodies against Ube3a and
KDEL (endoplasmic reticulum), p115 (cis-Golgi), GM130 (cis-Golgi), TGN38
(trans-Golgi network), syntaxin 6 (trans-Golgi/endosomes), EEA1 (early endo-
somes), and LAMP1 (lysosomes). Yellow arrowheads point to some spots
of co-localization of Ube3a with the subcellular markers. Scale bar: 10µm.
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Subcellular localization of Ube3a by fractionation To further test whether Ube3a asso-

ciates with membrane compartments, I performed subcellular fractionation to sepa-

rate and enrich the structures. First, I performed a fractionation by sucrose gradient,

in which the post-nuclear supernatent is fractionated into a light membrane fraction

(SI), enriched Golgi membrane fraction (SII), and enriched endoplasmic reticulum

fraction (SIII) (Figure 4.7a) [Taylor et al., 1997]. Ube3a co-fractionated with SI and

SII fractions but not with SIII, in a pattern strikingly similar to the cis-Golgi proteins

p115 and GM130. This suggests that Ube3a associates with membranes compart-

ments. To demonstrate this further, I performed a fractionation by centrifugation

(Figure 4.7b) . Ube3a partitioned equally into the microsomal and cytoplasmic frac-

tions. Therefore, Ube3a is able to associate with light to medium membrane com-

partments, such as vesicles, endosomes, and Golgi membranes but does not appear

to associate with the endoplasmic reticulum.

BiP

ERGIC p53/58

GM130

p115

Rab11

Syntaxin 6

Ube3a

Endoplasmic Reticulum
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trans-Golgi/endosomes

Recycling endosomes

PNS SI SII SIII
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Figure 4.7: Subcellular fractionation from wildtype mouse brain. (A)
A sucrose gradient was used to obtain SI, a light membrane fraction,

92



SII, enriched Golgi fraction, and SII, enriched endoplasmic reticulum frac-
tion. PNS is the post-nuclear supernatent. (B) Centrifugation was
used to obtain the 1000g pellet (nuclear), 10,000g pellet (mitochondrial),
100,000g pellet (microsomal), and 100,000g supernatent (cytosol) fractions.

4.1.3 Imprinting

Finally, it was not clear from the literature whether Ube3a was imprinted in cortex.

To test this, I probed for Ube3a in lysates prepared from hippocampus, cerebellum,

visual cortex, total cortex, and liver from Ube3a(m−/p+), Ube3a(m+/p−), and wildtype

mouse by Western blot (Figure 4.8, and Figure 4.2a for total cortex). No Ube3a

was present in the brain regions tested from Ube3a(m−/p+) mice, though liver Ube3a

content was comparable across genotypes. Thus, Ube3a is also imprinted in cortex.

m-/p+m+/p-WT

Hippocampus

Visual Cortex

Cerebellum

Liver

Figure 4.8: Ube3a is imprinted in hippocampus, visual cortex,
and cerebellum but not in liver. Lysates from hippocampus, vi-
sual cortex, cerebellum, and liver were obtained from wildtype,
Ube3a(m+/p−), and Ube3a(m−/p+) mice and probed with anti-Ube3a.

4.2 Ube3a interacts with endogenous PIST, Golgin-160, and
Ubiquilin

The above characterization of the subcellular localization of Ube3a is consistent with

the subcellular localizations of several of the proteins demonstrated to interact with
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Ube3a in the literature. Here, I confirmed that Ube3a interacts endogenously, and

in the absence of E6, with PIST, Golgin-160, and Ubiquilin.

PIST Though Ube3a can ubiquitinate PIST in vitro, the only paper describing this

interaction [Jeong et al., 2007] did little to characterize whether Ube3a and PIST

interact in the absence of E6. First, I demonstrated that Ube3a and PIST co-

immunoprecipitate from wildtype mouse brain (Figure 4.9a). As PIST was demon-

strated to be a Ube3a substrate, I also tested whether basal PIST levels were changed

in Ube3a(m−/p+) mouse cortex as compared to wildtype. However, I did not observe

any difference in PIST levels in cortical lysates derived from either young (∼ 25 days

old) or adult (∼100 days old) mice.
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Figure 4.9: Ube3a interacts endogenously with PIST. (A) anti-PIST immuno-
precipitates Ube3a from wildtype mouse cortex. As a positive control, anti-
Ube3a immunoprecipitates Ube3a, and, as a negative control, rabbit serum
does not immunprecipitate Ube3a. (B) Overexpressed nPIST-GFP and en-
dogenous PIST localize primarily to TGN38 positive structures. (C) Western
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blots from Ube3a(m−/p+) and wildtype cortex at both ∼P25 and ∼P100 demon-
strate that basal PIST levels are unchanged in the Ube3a(m−/p+) mouse cortex.

Golgin-160 Golgin-160 was demonstrated to interact with Ube3a in lysates prepared

from HeLa cells [Jung et al., 2005]. Therefore, it was necessary to determine whether

Ube3a and Golgin-160 interact in the absence of E6. As the available Golgin-160

antibody is human specific, I performed the co-immunoprecipitation for endogenous

Ube3a and endogenous Golgin-160 using 293T cell lysates. Indeed, they do interact in

the absence of E6 (Figure 4.10). The lack of antibody recognition for mouse Golgin-

160, however, prevented me from testing whether Golgin-160 levels were altered in

Ube3a(m−/p+) mouse brain.

IP
Golgin 160

IP
Ube3a

IP
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Blot
Golgin-160

A

B

DAPI Golgin-160

Figure 4.10: Ube3a interacts endogenously with Golgin-160. (A) anti-Golgin160
immunoprecipitates Ube3a from 293T cells. As a positive control, anti-Golgin-
160 immunoprecipitates Golgin-160, and, as a negative control, rabbit serum
does not immunprecipitate Ube3a. (B) Staining for Golgin-160 in 293T cells
demonstrates that the much of Golgin-160 localizes to the Golgi apparatus.
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Ubiquilin Finally, ubiquilin was also shown to interact with Ube3a

[Kleijnen et al., 2000]. To confirm this, I performed a co-immunoprecipitation

from wildtype mouse brain (Figure 4.11). Interestingly, in addition to the 100

kD Ube3a band, ubiquilin also strongly associated with a Ube3a-positive higher

molecular weight smear. This could suggest that ubiquilin preferentially binds to

poly-ubiquitinated Ube3a, which would be consistent with ubiquilin’s role as a

ubiquitin-binding protein.

Blot Ube3a

IP Ubiquilin IP Ube3a IP GFP Lysate

Ube3a

Figure 4.11: Ube3a interacts endogenously with Ubiquilin. Immunoprecipita-
tion with anti-ubiquilin brings down high molecular weight Ube3a-positive bands
as well as a weaker ∼100kD Ube3a band. As a positive control, Ube3a im-
munoprecipitates both the higher molecular weight band and the 100kD Ube3a
band. As a negative control, anti-GFP does not immunoprecipitate Ube3a.

4.3 Discussion

The data presented in this chapter provides us with some preliminary insight into

the cellular role of Ube3a. First, the differing N-termini of Ube3a isoforms I, II and
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III dictate whether the protein is to be found within (I, III), or outside (II) of the

nucleus. As Isoform I is a subset of II and III, it can be postulated that the signal for

nuclear localization is within the Isoform I sequence and, somehow, the additional

amino acids in Isoform II override that signal. However, Ube3a does not contain

a classical nuclear localization signal sequence, so it is not clear what dictates the

nuclear localization of Ube3a. The pattern of overexpressed Ube3a seen here is sim-

ilar to a recent study utilizing a Ube3a-YFP knock-in mouse [Dindot et al., 2008].

With this strategy, the tagged Ube3a is not overexpressed, is under endogenous

transcriptional regulation, and represents a combined pool of expressed Ube3a iso-

forms. Knock-in Ube3a-YFP is present diffusely throughout the neuron, including

presynaptic compartments and dendritic protrusions. It is interesting to speculate

that the isoforms have different functions as well as different compartmentalization,

though no direct comparisons in assays of Ube3a function have yet been published.

Staining for endogenous Ube3a reveals a slightly different localization pattern.

Instead of a diffuse, smooth distribution of Ube3a, the staining appears punctate

and reminiscent of endosomal staining. This could suggest that the C-terminal tag

interferes with the localization of Ube3a to subcellular structures. To better define

these Ube3a puncta, I co-stained cells with various subcellular markers. Though

Ube3a did not consistently localize to any one compartment, some co-staining was

observed in endosomal structures and with the 20S proteasome. To confirm this ob-

servation, I performed fractionation of mouse brain to enrich for various subcellular

compartments. This demonstrated that Ube3a associates with the lighter (endoso-

mal, Golgi), but not heavier (endoplasmic reticulum) membrane fractions, along with

having a significant cytosolic presence. Together, the co-staining and fractionation

data suggest that Ube3a can associate with membrane structures within the cell, but

Ube3a does not tightly associate with any one particular compartment.

All of the Ube3a subcellular localization data shown here represent basal condi-
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tions, and it not known whether the subcellular localization of Ube3a might be dy-

namically controlled. Upregulation of Ube3a has been observed after neuronal activ-

ity [Flavell et al., 2008], in massive rotator cuff muscle tears [Schmutz et al., 2009],

in overloaded myocardium [Balasubramanian et al., 2006], with overexpression of

poly-Q proteins [Mishra et al., 2008], and in breast cancer tissue [Deng et al., 2007],

demonstrating the Ube3a expression levels are acutely regulated. Recently, a study

described the redistribution of Ube3a to the microtubule organizing center upon pro-

teasomal inhibition or overexpression of poly-Q proteins[Mishra et al., 2009]. Sim-

ilarily, I observed the formation of Ube3a II-YFP and Ube3a III-YFP puncta in

stressed cells. Thus, it would be interesting to determine whether, and how, the

subcellular localization of Ube3a is dynamically regulated.

Consistent with the finding that Ube3a can associate with membrane compart-

ments, I confirmed that Ube3a interacts endogenously with both PIST and Golgin-

160. PIST and Golgin-160 both localize primarily to the cytoplasmic face of the

Golgi apparatus (see Ube3a background, Figure 4.9b, Figure 4.10b), though they

can both be found more diffusely and associated with endosomal/vesicular compart-

ments throughout the cytoplasm and nucleus. Whether Ube3a is interacting with

these proteins on the Golgi apparatus or elsewhere remains to be seen. As Ube3a

staining does not appear Golgi-like, it is interesting to speculate that associating

with Ube3a could regulate the Golgi localization of PIST and Golgin-160. PIST

and Golgin-160 can bind to each other [Hicks and Machamer, 2005a], so it is unclear

whether Ube3a binds to each individually or as a complex. Basal PIST levels in

Ube3a(m−/p+) cortex were comparable to wildtype, suggesting that either PIST is

not a significant endogenous substrate of Ube3a or that compensatory mechanisms

are able to regulate PIST levels in the absence of Ube3a, at least under steady-state

conditions. I also confirmed that Ube3a interacts endogenously with ubiquilin. Most

of the interaction was in the form of higher molecular weight species, which implies
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that ubiquilin preferentially binds poly-ubiquitinated Ube3a. Thus, the primary role

of the ubiquilin-Ube3a interaction may be in bringing poly-ubiquitinated Ube3a.

Alternatively, ubiquilin could stabilize poly-ubiquitinated Ube3a.

As a prerequisite for using cortical lysates and tissues from Ube3a(m−/p+) mice,

I had to test whether Ube3a is imprinted in cortex. At the initiation of this

project, there were conflicting results as to whether Ube3a was imprinted outside

of hippocampus, cerebellum, and olfactory bulb. This question was directly tack-

led with the knock-in Ube3a-YFP mouse, which clearly demonstrated that Ube3a

was expressed exclusively from the maternal allele in the majority of the brain

[Dindot et al., 2008]. Also, this study demonstrated that Ube3a was imprinted in

neurons and not in glia. This is in agreement with my results, which demonstrate

an absence of Ube3a in the hippocampus, cortex, visual cortex, and cerebellum, but

normal levels of Ube3a in the liver of Ube3a(m−/p+) mice.

Given that Ube3a associates with membrane compartments, PIST, and Golgin-

160, it can be hypothesized that Ube3a may regulate the secretory pathway. For

example, PIST and Golgin-160 regulate the exit of particular cargo from the Golgi

apparatus; associating with Ube3a could either facilitate or impeed this process.

As protein trafficking has a central role in plasticity paradigms, such a role would

be consistent with the findings that Ube3a(m−/p+) mice have stimulus-dependent

LTP deficits. Disrupting either PIST or Golgin-160 function impairs Golgi traf-

ficking [Cheng et al., 2002, He et al., 2004, Cuadra et al., 2004, Hicks et al., 2006,

Williams et al., 2006]. Golgin-160 disruption alters the structure of the Golgi appa-

ratus [Yadav et al., 2009], and PIST knockout mice lack the Golgi-derived acrosome

structures [Yao et al., 2002, Ito et al., 2004]. Thus, regardless of where Ube3a inter-

acts with these Golgi proteins, studying the structure and function of the the Golgi

apparatus will tell us whether Ube3a regulates secretory trafficking.
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5

Ube3a is critical for the maintenance of ion
homeostasis in the Golgi apparatus

Ube3a is a HECT domain E3 ubiquitin ligase whose loss of function underlies

the severe neurodevelopmental disorder Angelman syndrome [Sutcliffe et al., 1997,

Trent et al., 1997, Kishino et al., 1997, Matsuura et al., 1997]. Though often caused

by a maternal 15q11-13 microdeletion, point mutations disrupting the ubiquitin

ligase activity of Ube3a are sufficient to cause the disease [Nawaz et al., 1999,

Cooper et al., 2004]. Angelman syndrome occurs in ∼1/15,000 people and patients

display severe mental retardation, ataxia, severely limited speech (∼2-6 words), ab-

normal EEG patterns, epilepsy, and a unique behavioral phenotype of an apparently

happy demeanor and frequent laughter [Williams, 2005].

The ubiquitin-proteasome system performs the regulated degradation

of protein substrates and involves a multistep enzymatic reaction result-

ing in the construction of a polyubiquitin chain on a selected substrate

[Hershko et al., 1983, Yi and Ehlers, 2007]. E1 ubiquitin ligase activates

ubiquitin [Hershko et al., 1979, Ciechanover et al., 1981, Hershko et al., 1981,
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Haas and Rose, 1982, Hershko et al., 1983] and transfers it to a ubiquitin-carrier

E2 ubiquitin ligase [Hershko et al., 1983]. HECT domain E3 ubiquitin ligases

directly receive ubiquitin from the E2 ubiquitin ligase via a thioester intermediate

on a critical cysteine residue near the C-terminus of the E3 ubiquitin ligase

[Huibregtse et al., 1995, Scheffner et al., 1995]. The E3 ubiquitin ligase then

transfers the ubiquitin to a lysine residue on the protein substrate. Either E3 or

E4 ubiquitin ligases elongate the ubiquitin tag [Hoppe, 2005]; a K48-linked polyu-

biquitin chain targets the substrate for proteasomal degradation[Pickart, 1997].

Though other ubiquitin linkages and functions for ubiquitination have been de-

scribed, Ube3a forms exclusively K48-linked polyubiquitin chains on itself and its

substrate HHR23A [Kim et al., 2007] and all other described Ube3a substrates are

polyubiquitinated and slated for degradation (see Table 1.1).

The cellular role of Ube3a and how its absence causes Angelman syndrome is still

unclear, though studies using the Angelman syndrome model mouse (Ube3a(m−/p+)

have provided some insight. The phenotype of the Ube3a(m−/p+ mouse mimics Angel-

man syndrome, including learning deficits, motor learning and coordination deficits,

and stimulus-dependent impairments in the induction of long term potentiation

(LTP) [Jiang et al., 1998, Miura et al., 2002, Weeber et al., 2003]. The only molec-

ular mechanism implicated in these neurological deficits, so far, has been a misregu-

lation of CaMKII phosphorylation manifested as increased autoinhibitory phospho-

rylation at pThr305/306 [Weeber et al., 2003, van Woerden et al., 2007]. No direct

link between CaMKII and Ube3a has yet been described, however, so the molecular

mechanism underlying Angelman syndrome remains unknown.

Despite the brain-specific imprinting and the restriction of the Angel-

man syndrome phenotype to neurological deficits, Ube3a expression is ubiqui-

tous. Therefore, the primary cellular role of Ube3a is unlikely to be neural-

specific. Upon examining the published Ube3a substrates and interacting
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partners, we noticed an interesting cluster of proteins associated with secre-

tory trafficking, such as PIST [Jeong et al., 2007], Golgin-160 [Jung et al., 2005],

Src family kinases [Oda et al., 1999], ubiquilin [Cummings et al., 1999], and tu-

berin [Zheng et al., 2008]. Given that PIST [Cheng et al., 2002] and Golgin-160

[Misumi et al., 1997] are primarily Golgi-localized proteins and that Src family ki-

nases regulate intra-Golgi trafficking [Pulvirenti et al., 2008], we hypothesized that

Ube3a might regulate some aspect of Golgi function.

The Golgi apparatus, which functions as the midpoint of the secretory path-

way, is a single-copy perinuclear organelle arranged as a stack of interconnected cis-

ternae [Lippincott-Schwartz and Zaal, 2000]. It receives newly transcribed, folded,

assembled, and preliminarily glycosylated proteins from the endoplasmic reticu-

lum (ER) via the ER to Golgi intermediate compartments (ERGICs). The Golgi

apparatus further processes and sorts these proteins for export to their destina-

tion as mature proteins – to lysosomes, endosomes, or directly to the plasma

membrane. The structure of the Golgi apparatus is maintained by the flow

of membrane-carried cargo [Fujiwara et al., 1988, Lippincott-Schwartz et al., 1989,

Griffiths et al., 1989, Ladinsky et al., 2002, Cao et al., 2005], a variety of gol-

gins and associated proteins [Short et al., 2005], and the osmolarity and

pH of the cisternae [Ledger et al., 1980, Boss et al., 1984, Holappa et al., 2004,

Làzaro-Dièguez et al., 2006, Maeda et al., 2008]. The Golgi apparatus is primar-

ily responsible for the proteolytic processing, glycosylation and sorting of protein

cargo and lipids based on their ultimate destinations. The neuronal Golgi ap-

paratus functions similarily as in other cells, but the demands on this organelle

are considerably greater due to the increased quantity of neuronal membrane and

the stresses involved in activity-dependent production and delivery of protein cargo

[Horton and Ehlers, 2004, Kennedy and Ehlers, 2006, Hanus and Ehlers, 2008].

In the previous chapter, I presented preliminary observations that suggest that
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Ube3a could play a role in regulating the secretory pathway. I demonstrated that a

pool of Ube3a associates with membrane structures and extended previous observa-

tions to show that Ube3a binds endogenously to PIST and Golgin-160. In this chap-

ter, we describe a novel role for Ube3a at the Golgi apparatus. First, we found that

the overexpression of Ube3a disrupts Golgi morphology. Cells with a stable knock-

down of Ube3a possess fenestrated, swollen, and disorganized Golgi structures. We

demonstrate that the primary deficit responsible for this structure in Ube3a knock-

down cells is an elevated intra-lumenal Golgi pH. Finally, to determine whether these

findings are relevant to the pathogenesis of Angelman syndrome, we examined Golgi

structures in vivo in Ube3a (m−/p+) cortical neurons and found that these cells con-

tain even more severely distended Golgi structures. Altogether, these results imply

that Ube3a is critical for the maintenance of ion homeostasis at the Golgi apparatus,

and that this phenotype of distended Golgi structures could contribute significantly

to the pathogenesis of Angelman syndrome.

5.1 Overexpression of Ube3a perturbs Golgi morphology

As first step in determining whether Ube3a could regulate the secretory pathway

at the Golgi apparatus, I examined whether overexpression of Ube3a alters Golgi

morphology. Ube3a isoforms I, II, and III with C-terminal YFP tags were transfected

into Clone 9 cells and the morphology of the Golgi apparatus was examined by

immunostaining for the cis-Golgi marker GM130 two days later. Cells were co-

stained with DAPI, a nuclear stain, to identify dying and mitotic cells. Interestingly,

overexpression of Ube3a isoforms I and III, but not II, resulted in the disruption of

Golgi morphology, with a greater number of cells displaying smaller, compacted, or

fragmented Golgi structures (Figure 5.1). Though not all cells were equally affected,

the effect was large enough to significantly decrease the average Golgi size in cells

overexpressing Ube3a I or III compared to cells overexpressing GFP or Ube3a isoform
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II by GM130 (Golgi area as % of GFP±SEM – Ube3a I: 73.2±6.2%, N=3, p = 0.0003;

Ube3a II: 101.7±18.4%, N=5, p = 0.92; Ube3a III: 72.5±6.3%, N = 6, p = 0.001) .

A significant fraction of cells overexpressing Ube3a appeared unhealthy by DAPI

staining (∼30% of cells with Isoforms I, III; ∼25% of cells with Isoform II; ∼10%

of cells with GFP), These unhealthy cells were characterized by distortions of the

nuclear morphology from the normal oval shape; cells with condensed nuclei, i.e.

dead cells, were not included in the analysis. However, Golgi morphology was also

perturbed in apparently healthy cells as in the examples shown in Figure 5.1. This

suggests that the disruption in Golgi morphology by Ube3a overexpression preceeds

the observed decrease in cell health. Given that the integrity of the Golgi apparatus

is a key regulator of apoptosis [Machamer, 2003, Hicks and Machamer, 2005a], it is

not surprising that disrupting Golgi morphology would eventually comprimise cell

health. These results suggest that Ube3a may regulate the structure and/or function

of the Golgi apparatus.
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Figure 5.1: Overexpression of Ube3a Isoforms I and III, but not II, perturbs Golgi
morphology. Examples of Golgi structures from cells overexpressing GFP, Ube3a I-
YFP, Ube3a II-YFP, Ube3a III-YFP are shown. GM130 positive structures are
shown in green, and the DAPI-stained nuclei of the cells are blue. Scale bar: 10 µm.

5.2 Creation of a cell line with stable knockdown of Ube3a

To study the role of Ube3a in regulating Golgi structure and function in more depth,

I created a cell line with stable knockdown of Ube3a. The shRNA against Ube3a was

tested first against overexpressed Ube3a II-YFP in 293T cells and robustly knocked

down Ube3a II-YFP at 1, 2, 3, and 4 days after transfection (Figure 5.2a). This

shRNA sequence targets Ube3a isoforms I, II, and III and is compatible with the rat,

human, and mouse Ube3a sequences. Clone 9 cells were transfected with a shRNA

construct directed against Ube3a or a construct expressing a scrambled shRNA se-

quence. Stably transfected cells were selected by puromycin resistance, and single

colonies were isolated and screened for the effectiveness of Ube3a knockdown (Fig-

ure 5.2b). Surprisingly, few puromycin-resistant clones displayed consistent Ube3a

knockdown over several passages, perhaps suggesting that loss of Ube3a expression

has a negative effect on cell growth rate (e.g. compare harvests 1 and 2 for Clone

#54 , Figure 5.2b). One clone (#53) showed consistent Ube3a knockdown over

several passages and so was used for subsequent experiments (Figure 5.2c, d). A

shRNA-resistant Ube3a construct (Ube3a∗ III-YFP) was made for subsequent res-

cue experiments by introducing three silent mutations in the sequence targeted by

the shRNA (Figure 5.2e).
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Figure 5.2: Creation of a stable cell line with knockdown of Ube3a. (A) Knockdown
of overexpressed Ube3a II-YFP (top band) by the shRNA against Ube3a (KD) at 1,
2, 3, and 4 days after transfection; the scrambled shRNA (Scr) sequence did not affect
Ube3a II-YFP levels. (NT) Not transfected. Bottom Ube3a band is endogenous
Ube3a, which was less affected by the shRNA, perhaps because of the slow turnover
of Ube3a protein or incomplete transfection rates. β-actin is included as a loading
control. (B) Examples of Ube3a knockdown clones isolated by puromycin selection
collected after two different passages. Note how Clone #54 loses knockdown of
Ube3a, whereas Clone #53 maintains Ube3a knockdown. (C) Ube3a is nearly absent
in the selected Ube3a knockdown clone (#53) (KD) as compared to wildtype (NT)
cells or those stably expressing a scrambled shRNA (Scr) by Western blot. (D) Signal
intensity of Ube3a is significantly decreased in the selected Ube3a knockdown clone
as compared to scrambled control cells by immunostaining. (E) Three silent point
mutations in the shRNA-targeted region render Ube3a∗ III-YFP shRNA resistant.
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5.3 Morphology of the Golgi apparatus is altered in Ube3a knock-
down cells

Given that overexpressing Ube3a altered Golgi morphology, we used the Ube3a

knockdown cells to study Golgi morphology in the absence of Ube3a. To do this,

I first performed immunocytochemistry on the Ube3a knockdown and scrambled

control cells with GM130 and TGN38 (Figure 5.3). To our surprise, there was no

consistent alteration in Golgi morphology observable at the light level for either of

the Golgi markers. This was due in part to the large diversity of endogenous Golgi

structures, which makes it difficult to discern more subtle changes in Golgi morphol-

ogy.

At the electron microscopy level, however, Golgi morphology is more stereotyped

and alterations to morphology are more easily described. Therefore, we next exam-

ined the ultrastructure of secretory organelles in the Ube3a knockdown cells (Figure

5.4). This led to two observations, depending on the angle at which the cells were

sectioned and imaged. When the cells are sectioned perpendicular to the plane of

the cellular monolayer, large ribosome-negative distended membrane structures are

evident in the perinuclear region of Ube3a knockdown cells, whereas Golgi stacks are

readily discerned in scrambled control cells (Figure 5.4, top). When imaged parallel

to the monolayer, the Golgi structures in the Ube3a knockdown cells are recognizable

as such, though they are significantly more fenestrated and disorganized than the

Golgi structures in the scrambled control cells (Figure 5.4, bottom). Thus, lack of

Ube3a, as well as overexpression of Ube3a, perturbs Golgi morphology.
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Figure 5.3: Golgi morphology by immunocytochemistry in Ube3a knockdown cells.
Golgi structures in Ube3a knockdown cells and scrambled control cells were visu-
alized using antibodies against GM130, a cis-Golgi marker, and TGN38, a trans-
Golgi structure. Due in part to the diversity of Golgi structures in both cell lines,
no consistent alterations in Golgi morphology were observed. Scale bar: 10µm.
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Figure 5.4: Ultrastructure of Ube3a knockdown cells. Top: Cells were sectioned
perpendicular to the monolayer. Ube3a knockdown cells have large, distended per-
inuclear membrane structures that are absent in scrambled control cells. Bottom:
Cells were sectioned parallel to the monolayer. Ube3a knockdown cells have disor-
ganized and swollen Golgi structures as compared to the scrambled control Golgi.
Yellow arrowheads point to the center of the Golgi structures. Nuc = nucleus.

Morphology of other trafficking pathway structures To see Ube3a knockdown altered the

morphology of other structures, I also stained for endosomal compartments by both

immunocytochemistry for EEA1 and LAMP1 as well as staining for recycling endo-

somes by uptake of fluorescently conjugated transferrin (Figure 5.5). No consistent
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alterations in any of these structures were apparent at the light level. Importantly,

the Ube3a knockdown cells took up transferrin at levels comparable to scrambled

cont rol cells (Avg. Intensity of Alexa-Tf: Ube3a knockdown 82.0%±6.5% of scram-

bled control cells, p = 0.17, N=4), suggesting that the endocytic pathway and overall

cell heath are not obviously disturbed by the lack of Ube3a. No obvious differences

in the morphology of the endoplasmic reticulum were evident between the Ube3a

knockdown and scrambled control cells by light microscopy (anti-KDEL staining,

Figure 5.5, bottom)
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Figure 5.5: Morphology of endosomes in Ube3a knockdown cells. Ube3a
knockdown cells and scrambled control cells were stained with EEA1 and
LAMP1 to label early and late endosomes, respectively. Recycling endosomes
were labeled by uptake of Alexa-568 conjugated transferrin. The endoplas-
mic reticulum was labeled by staining with anti-KDEL. Scale bar: 10µm.
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5.4 VSVG trafficking appears normal in Ube3a knockdown cells

As discussed at length in Chapter 2, Golgi morphology regulated by the flow of

membrane into and out of the Golgi apparatus. Therefore, if Ube3a regulates traf-

ficking at the Golgi apparatus, knockdown of Ube3a could alter rates of secretory

trafficking, which would ultimately result in structural changes to the Golgi. To test

this, we exploited a temperature-sensitive mutant of VSVG-GFP that misfolds and is

retained in the endoplasmic reticulum at 39.5◦C (Figure 5.6), but properly folds and

exit the endoplasmic reticulum 32◦C or below [Presley et al., 1997]. Nascent VSVG-

GFP can also be subsequently retained in the Golgi apparatus by a incubation at

20◦C, which blocks all Golgi exit [Griffiths et al., 1985]. Sequentially incubating cells

at 39.5◦C, 20◦C, and 32◦C, permits one to synchronize the exit of VSVG-GFP from

the Golgi apparatus. The amount of VSVG-GFP inserted into the plasma membrane

can be visualized and quantified using an antibody against the extracellular epitope

of VSVG-GFP in live, non-permeablized cells.

I performed this VSVG-GFP trafficking experiment in two ways (Figure 5.7a):

1) with the 39.5◦C and 20◦C temperature blocks, and 2) with only the 39.5◦C tem-

perature block. This allowed me to measure different phases of VSVG-GFP secre-

tory trafficking. With both temperature blocks, surface VSVG-GFP appearance is

dependent on the exit of VSVG-GFP from the Golgi apparatus and insertion of

VSVG-GFP into the plasma membrane. With only the 39.5◦C temperature block,

the rate of VSVG-GFP appearance on the plasma membrane also depends on the

kinetics of exit from the endoplasmic reticulum and intra-Golgi trafficking. However,

using either paradigm, no difference in the appearance of surface VSVG-GFP was

observed between Ube3a knockdown and scrambled control cells 5.7b (% of Scr: with
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20◦C block, 15 min, 90±17%, N=3; 30 min, 104±%15, N=5. Without 20 ◦C block:

122±9%, N=8; 107±11, N=8). This suggests that rates of secretory trafficking, at

least of generic cargo, is not the primary deficit in these cells.
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Figure 5.6: Illustration of manipulating VSVG-GFP secretory trafficking with
temperature shifts. Wildtype Clone 9 cells were transfected with VSVG-GFP
and incubated at 39.5◦C overnight to allow expression of VSVG-GFP and to
retain it in the endoplasmic reticulum. Next, the cells were transferred to
20◦C for three hours to allow ER exit and accumulation of VSVG-GFP in the
Golgi apparatus. Finally, the cells were transferred to the permissive temper-
ature (32◦C), allowing for exit of VSVG-GFP from the Golgi and its insertion
into the plasma membrane. Surface accumulation of VSVG-GFP was visual-
ized using an antibody directed towards the extracellular portion of VSVG-GFP.
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Figure 5.7: VSVG-GFP secretory trafficking is not significantly altered in Ube3a
knockdown cells. VSVG-GFP trafficking experiment was performed essentially as
described in the previous figure. (A) Illustration of the trafficking pathways mea-
sured using the different temperature blocks. If only the 39.5◦C ER block is per-
formed, the surface accumulation of VSVG reflects exit of cargo from the ER and
transfer to the Golgi apparatus, intra-Golgi trafficking, exit from the Golgi ap-
paratus, and exocytosis of the secretory cargo. If both 39.5◦C and 20◦C blocks
are performed, the surface accumulation of VSVG-GFP reflects only exit from
the Golgi apparatus and exocytosis of the secretory cargo. (B) Sample images
of VSVG-GFP and surface VSVG-GFP in Ube3a knockdown and scrambled con-
trol cells 30 minutes after release from a 20◦C block. (C-D) VSVG-GFP traf-
ficking assay results. (C) VSVG-GFP surface accumulation with only the 39.5◦C
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block. (D) VSVG-GFP surface accumulation with both the 20◦C and 39.5◦C blocks.

5.5 Basal Golgi pH is significantly elevated in Ube3a knockdown cells

As also discussed at length in Chapter 2, maintenance of an acidic pH in Golgi

apparatus is critical for the structure and function of the Golgi appartus. There-

fore, I next determined whether the basal pH of the Golgi apparatus was altered

in Ube3a knockdown cells. To do this, I exploited the pH-sensitivity of YFP rel-

ative to the pH-insensitivity of either CFP or Cerulean, and directed these flu-

orescent tags to the lumen of medial/trans Golgi cisternae using “pGolgi,” a 81

amino acid sequence containing the targeting, but not enzymatic, domain of β-

galactosyltransferase (method adapted from [Llopis et al., 1998]). The pGolgi-YFP

and pGolgi-Cerulean (or pGolgi-CFP, for Figure 5.8 only) are dual-transfected into

cells and the ratio of YFP:Cerulean fluorescence in live cells can be used as an indi-

cator of intra-Golgi pH .

These ratios can be calibrated to the absolute pH by incubating the cells in a MES

pH-calibrated buffer in the presence of monensin and bafilomycin, which normalize

the pH of the Golgi apparatus with the extracellular buffer (Figure 5.8). The fluores-

cence intensity ratios were calibrated to known pH levels in scrambled cells. Using

constant imaging parameters, the ratios could be correlated to pH values between

pH 5.0 and pH 7.0 with a roughly linear relationship. Below pH 5.0 (e.g. pH 4.5),

YFP fluorescence was quenched, whereas above pH. 7.0 (e.g. pH 7.5), YFP fluores-

cence was saturated. Whereas the Golgi-morphology altering effects of bafilomycin

and monensin were minimized at pH levels below 7.0, disruption of Golgi morphol-

ogy was obvious at and above pH 7.0. Thus, this drug-induced disruption of Golgi

morphology and YFP intensity saturation limited the accuracy of pH calibration
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measurements above pH 7.0.

We thus employed this method to measure Golgi pH in Ube3a knockdown and

scrambled control cells, and found that the Golgi pH was significantly elevated in

Ube3a knockdown cells (Figure 5.9) (YFP/Cer, KD: 5.67±0.34 N=9; Scr: 2.66±0.22,

N=10, p<0.00001).

To determine whether the altered Golgi pH was indeed due to loss of Ube3a

rather than a non-specific difference between the clonal cell lines, shRNA-resistant

Ube3a was re-introduced into Ube3a knockdown cells and the Golgi pH was re-

measured. In addition to the Golgi-pH reporting constructs, scrambled control

cells were transfected with mCherry and Ube3a knockdown cells were transfected

with either mCherry or shRNA-resistant pmCherry-Ube3a∗ III. The pGolgi-YFP

and pGolgi-Cerulean intensities were measured 22-27 hours later. Reintroduction of

Ube3a isoform III to Ube3a knockdown cells led to a significant decrease in Golgi

pH relative to the Ube3a knockdown cells expressing mCherry alone (YFP/Cer, KD:

5.89±0.35, Scr±3.09±0.26, KD+Ube3a: 4.92±0.25, N=16 each, KD vs. KD+ Ube3a

p=0.03; pH values KD ∼pH 6.9, Scr ∼ pH 5.6, KD+Ube3a ∼6.4). This suggests that

Ube3a is responsible for the alteration in Golgi pH in the Ube3a knockdown cells,

though other conditions need to be tested to determine whether re-introduction of

Ube3a can fully account for the differences in Golgi pH.
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Figure 5.8: Demonstration of the method used to calculate Golgi pH. Wild-
type Clone 9 cells expressing pGolgi-YFP and pGolgi-CFP were incubated in
MES pH-calibrated buffers in the presence of monensin and bafilomycin to equi-
labrate Golgi pH with buffer pH. YFP is highly pH-sensitive. With con-
stant imaging parameters, at pH 4.5, YFP fluorescence is nearly quenched,
whereas at pH 7.0, its fluorescence is nearly saturated. In contrast, the flu-
orescence of CFP is relatively pH-stable. Therefore, the ratio of YFP:CFP
fluorescence reflects the pH of the lumenal environment. (A) Example Golgi
structures expressing pGolgi-YFP and pGolgi-CFP equilibrated at different phys-
iological pH levels. (B) Example YFP:CFP versus pH calibration curve.
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Figure 5.9: The Golgi structures in Ube3a knockdown cells are signif-
icantly underacidified compared to those of scrambled cells. (A) Cells
were dual-transfected with pGolgi-YFP and pGolgi-Cerulean; the resulting
ratios are displayed. On the right are pH calibrated ratios determined
in scrambled control cells using the method demonstrated in the previ-
ous figure. (B) Cells were also transfected with mCherry or mCherry-
Ube3a III and the pGolgi-YFP/Cerulean intensities imaged 22-27 hours later.

5.6 Ube3a knockdown cells are more sensitive to acute pH pertuba-
tions

We next explored whether the Ube3a knockdown cells were more sensitive to acute

drug-induced pH pertubations. If the pH of the Golgi apparatus is already sig-

nificantly elevated in Ube3a knockdown cells, it can be hypothesized that the

cells would have altered reactions to either monensin or bafilomycin. Monensin

induces the stoichiometric exchange for Na+ for H+ across medial/trans Golgi

membranes, and bafilomycin A1 inhibits the activity of the the vacuolar ATPase

[Dinter and Berger, 1998]. Ube3a knockdown and scrambled control cells were trans-

fected with pGolgi-GFP to image Golgi morphology and imaged live in the presence

of different concentrations of monensin or bafilomycin. No obvious differences in the

resulting Golgi morphology were discernable between the monensin or bafilomycin-

treated Ube3a knockdown or scrambled control cells. (Figure 5.10).

We next monitored the effects of a mild monensin treatment on rapid relative

Golgi pH changes in Ube3a knockdown and scrambled control cells transfected with
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pGolgi-YFP. Golgi structures with comparable baseline fluorescence intensities were

chosen for this experiment. Interestingly, the relative pH of pGolgi-YFP structures

in Ube3a knockdown cells responded significantly more rapidly to 100 nM mon-

ensin application (Figure 5.11; normalized to Scr: Scr: 1.00±0.07, KD: 0.27±0.08,

p<0.001). This effect could imply that the Golgi apparati in Ube3a knockdown cells

are less able to buffer acute pH perturbations. Transfection of Ube3a knockdown

cells with shRNA-resistant Ube3a∗ I-pmCherry or Ube3a∗ III-pmCherry increased

the time to peak fluorescence, rescuing the effect of Ube3a knockdown (Normalized

to Scr: Ube3a∗ I: 2.85±0.91, p=0.03 vs. Scr; Ube3a∗ III: 2.19±0.25, p=0.01 vs Scr).

No difference in the peak amplitude was observed between the Ube3a knockdown and

scrambled control cells, though peak amplitude was decreased by reintroduction of

Ube3a in Ube3a knockdown cells (Normalized to Scr: Scr 1.00±0.14, KD 1.17±0.18,

p=0.26; Ube3a∗ I 0.58±0.02, p=0.04 vs. Scr; Ube3a∗ III 0.54±0.08, p=0.05 vs. Scr).

Though a smaller peak amplitude in Ube3a knockdown cells might be expected due

to their increased basal Golgi pH, choosing Ube3a knockdown and scrambled control

cells with similar basal fluorescence may have masked this effect.
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Figure 5.11: Addition of monensin induces a more rapid fluores-
cence/pH change in Ube3a knockdown than scrambled control cells.

5.7 Golgi morphology is severely disrupted in vivo

To determine whether these observations were relevant to Ube3a’s function in vivo

and to Angelman syndrome, we next imaged Golgi morphology in the visual cortex

of Ube3a(m−/p+) mice by both immunohistochemistry and electron microscopy. The

visual cortex was chosen for this study firstly for the requirement to compare Golgi

structures from a consistent region. Different neuronal subpopulations have different

Golgi structures, though neurons within a subpopulation have more similar Golgi

structures (Cyril Hanus, personal communication). Second, I demonstrated that

this region displays robust imprinting such that no Ube3a signal is present in visual
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cortical lysates from Ube3a(m−/p+) mice by Western blot. Finally, the spacing of

neurons in the cortex is preferable to other highly characterized regions such as the

hippocampus, where the dense packing of neuronal cell bodies makes it difficult to

pick out individual Golgi structures by immunohistochemistry.

By electron microscopy, the Golgi structures were severly disrupted with signifi-

cant dilation of individual cisternae in the Ube3a(m−/p+) mouse visual cortex (Figure

5.12). The Golgi ‘stack’ arrangement was generally preserved, and this, combined

with the lack of normal Golgi structures, allowed us to conclude that these distended

membrane structures were indeed Golgi apparatuses. In contrast, the wildtype Golgi

structures were well-organized with narrow intralumenal spaces. This was quantified

by computing a morphological index of distension (MID), the ratio of the length

along the longest axis of individual cisternae to the area of the cisternae. Using this

index, the MID was significantly different between wildtype and Ube3a(m−/p+) Golgi

cisternae (Ube3a(m−/p+) MID = 22.1±2.7, 47 cisternae in 12 Golgi stacks cells; WT:

MID 9.2±0.5, 49 cisternae in 15 Golgi stacks; p<0.0001). To determine whether this

effect was specific to Golgi cisternae, the MID was also calculated for the endoplasmic

reticulum in wildtype and Ube3a(m−/p+) cells. The MID from the endoplasmic retic-

ulum was not significantly different between genotypes, in agreement with the lack of

obvious morphological differences by eye (Figure 5.14; Ube3a(m−/p+) MID=11.9±0.4,

40 ER tubules in 12 cells; WT MID=10.9±0.6, 36 ER tubules in 12 cells; p=0.17).

Along with the endoplasmic reticulum, no differences in other structures were ap-

parent, suggesting that this pathology is specific to the Golgi apparatus. Similarly

distended Golgi structures and normal endoplasmic reticulum morphology were also

observed in a Ube3a knockout mouse, though the degree of Golgi distension appears

more severe (Figure 5.13).

An antibody against Giantin, a cis/medial Golgi protein, was used to visualize

the Golgi apparatus by immunohistochemistry on slices obtained from wildtype and
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Ube3a(m−/p+) mouse brains. Unlike in the Ube3a knockdown cells, the alteration in

Golgi morphology in the Ube3a(m−/p+) mice was readily apparant by light microscopy

(Figure 5.15). In wildtype visual cortical neurons, the Golgi structure appeared as a

continuous ribbon that criss-crossed the cell soma. In contrast, the Golgi structures

in Ube3a(m−/p+) mice were disorganized, lacking the ribbon-like Golgi structure and

containing apparently discontinous Golgi elements within the soma.

Together, the electron microscopy and immunohistochemistry results demon-

strate that loss of Ube3a results in a significant and severe Golgi phenotype in vivo

in the brain, suggesting that this pathology could contribute to Angelman syndrome.
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Figure 5.12: The Golgi structures in Ube3a(m−/p+) mice are grossly distended
compared to Golgi structures in wildtype mice. Two mice from each genotype
were prepared for electron microscopy, and sections from visual cortex were im-
aged. (A) Examples of Golgi structures in Ube3a(m−/p+) and wildtype mice. (B)
Quantification of the ’morphological index of distension’ (MID), as the area di-
vided by the length of the longest axis of each membrane compartment (each cis-
ternae for Golgi). Scale bars: 500 nm. Red stars indicate distended Golgi cis-
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ternae; arrowheads point to the center of wildtype Golgi stacks. nuc=nucleus.
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Figure 5.13: The Golgi structures in Ube3a knockout mice are further
pertubed compared to those in Ube3a(m−/p+) and wildtype mice by elec-
tron microscopy. Red stars indicate distended Golg cisternae; nuc=nucleus.
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Figure 5.14: The structure of the endoplasmic reticulum is
comparable among wildtype, Ube3a(m−/p+), and Ube3a knock-
out mice by electron microscopy. Scale bar: 500 nm.
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Figure 5.15: Disorganized Golgi structures in Ube3a(m−/p+) mice. Coronal
brain sections from two adult mice per genotype were stained with DAPI (blue)
and the Golgi-marker giantin (green); neurons in the primary visual cortex are
shown. MAP2 staining was used to identify neurons (not shown). Wild-
type Golgi structures appear as continuous ribbons that criss-cross the neu-
ronal soma (red arrowheads). In contrast, Ube3a(m−/p+) Golgi are disorga-

126



nized and lack the apparently continuous ribbon-like Golgi structure of the
wildtype mice. Ring-like, apparently discontinous Golgi structures are also
present in the Ube3a(m−/p+) Golgi (yellow arrowheads). Scale bars: 10 µm.

5.8 Discussion

In this chapter, I presented evidence that loss of Ube3a disrupts Golgi morphology

and increases Golgi pH.

A disruption in Golgi morphology by Ube3a overexpression first suggested that

Ube3a could regulate the structure of the Golgi apparatus. To determine whether

Ube3a was necessary for the maintenance of Golgi morphology, I created a cell line

with stable knockdown of Ube3a. We found that although there were no obvious

alterations in Golgi morphology at the light level, electron microscopy revealed the

presence of large, distended perinuclear membrane structures and fenestrated and

disorganized Golgi structures. We next sought to determine whether this phenotype

was due to disruptions in cargo trafficking to, from, or within the Golgi apparatus,

but found that that the surface accumulation of VSVG-GFP was comparable between

Ube3a knockdown and scrambled control cells for the conditions tested. This lack

of effect led us to test a second hypothesis that the altered Golgi morphology may

reflect an altered Golgi lumenal pH. By exploiting the relative pH sensitivies of

pGolgi-YFP and pGolgi-Cerulean, I measured the pH of the Golgi apparatus and

found that the Golgi apparatus is significantly underacidified in Ube3a knockdown

cells. Reintroducing shRNA-resistant Ube3a into the Ube3a knockdown cells led to

a significant decrease in the YFP:Cerulean intensity ratio, though a full rescue has

not yet been achieved. The Ube3a knockdown cells were additionally more sensitive

to acute manipulations of Golgi pH by monensin, and this effect could be rescued by

reintroducing shRNA-resistant Ube3a into the Ube3a knockdown cells. Finally, we
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extended these findings to a mouse model of Angelman syndrome and demonstrated

that the Golgi structures are severely distended in the visual cortex of Ube3a(m−/p+)

mice, while other structures appeared similar to wildtype. In vivo, this effect on Golgi

morphology was significant enough that it could be seen by immunohistochemistry,

where Golgi apparati in Ube3a(m−/p+) visual cortical neurons lost their ribbon-like

structure and instead had relatively disorganized and apparently discontinuous Golgi

structures.

At this point, only a partial rescue in the basal Golgi pH has been acheived by

the reintroduction of Ube3a into the Ube3a knockdown cells. There are several po-

tential reasons for this, each of which is currently being persued. First, experiments

analyzed so far have been limited to 22-27 hours after transfection, so more time

may simply be required for a more complete rescue. Second, tagging Ube3a with

mCherry at either the C-terminus or N-terminus appears to have deleterious effects

on Ube3a function. It has been reported that C-terminal extensions of Ube3a, such

as a FLAG tag, render Ube3a unable to transfer its ubiquitin to p53 in the presence

of E6 [Salvat et al., 2004]. N-terminal mCherry tags, used for the rescue experiments

here, alter the targeting of Ube3a such that Ube3a isoform III has nuclear localization

in considerably fewer cells. Thus, it may be required to express Ube3a without any

tag, such from an IRES construct. Also, only one isoform, Isoform III, was reintro-

duced into the Ube3a knockdown cells; either a different isoform or multiple isoforms

of Ube3a may be required to acheive a complete rescue. Finally, there may be some

intrinsic differences between the Ube3a knockdown and scrambled control cell line

other than lack of Ube3a which could partially be responsible for the Golgi pH differ-

ences. In particular, it was surprising that the scrambled control cells have a Golgi

pH on the more extreme low end of the reported range; perhaps a partial rescue of the

underacidified pH in Ube3a knockdown cells is sufficient to acheive a ’normal’ Golgi

pH. Indeed, reintroduction of Ube3a led to a substantial decrease of Golgi pH by∼ 0.5
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pH units, resulting in pH value of ∼6.4. Thus, though still higher than the pH of the

scrambled control Golgi (∼5.6), this value is within the range of Golgi pH values re-

ported elsewhere (∼5.9-6.6) [Seksek et al., 1996, Kim et al., 1996, Llopis et al., 1998,

Farinas and Verkman, 1999, Schapiro and Grinstein, 2000, Maeda et al., 2008].

Underacidified Golgi structures have been reported in cancer cells

[Kellokumpu et al., 2002, Kokkonen et al., 2004, Rivinoja et al., 2006], with

the loss of GPHR expression [Maeda et al., 2008], overexpression of NHE8

[Nakamura et al., 2005], and as a result of pH-gradient disrupting drugs. Of

these, the studies describing the consequences GPHR absence and organellar NHE

overexpression are the most relevant to this the data presented here. Cells lacking

the GPHR receptor have an increase in Golgi pH by roughly 0.3-0.5 pH units, which

is accompanied by delayed secretory trafficking, fragmented Golgi structures at the

light level, and swollen and vesiculated Golgi structures by electron microscopy

[Maeda et al., 2008]. Overexpression of NHE8 increases Golgi pH by ∼0.7 units

[Nakamura et al., 2005], though the functional consequences of NHE8 overexpression

have not yet been explored.

In contrast to the cells with loss of GPHR expression [Maeda et al., 2008] and

the cancer cells with elevated Golgi pH [Kellokumpu et al., 2002], we did not see

any perturbations of Golgi morphology by light microscopy in the Ube3a knock-

down cells. This could reflect a difference in the cell types used or the mechanism

underlying the pH change. Compared to the Golgi structures in Clone 9 cells, the

Golgi appear fragmented in the stable CHO cell line used for the control for the

GPHR study. This could reflect an increased susceptability for Golgi morphology

changes in these cells. Likewise, the cancer cell lines with increased Golgi pH may

have alterations in more than one modifier of Golgi structure or function. To test

directly whether increasing Golgi pH necessarily alters light level Golgi morphology,

I compared Golgi morphology in wildtype Clone 9 cells and cells overexpressing the
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endosomally-localized NHE6 and trans-Golgi localized NHE7. Based on the pre-

dicted functional simularity of NHE6 and NHE7 to NHE9 and NHE8, this should

result in elevated lumenal pH in their respective organelles. However, there were no

consistent alterations in Golgi morphology in cells overexpressing NHE6 or NHE7

(see Figure 6.6, next chapter). This suggests that an elevated Golgi pH does not

necessarily disrupt Golgi morphology by light microscopy.

It was somewhat surprising that no differences in VSVG-GFP trafficking were

detected between the Ube3a knockdown and scrambled control cells. In the

GPHR study, a modified VSVG construct was used to monitor secretory traf-

ficking (VSVG(ex)-Flag-EGFP-GPI) whose surface accumulation requires a furin-

dependent cleavage [Maeda et al., 2008]. This construct was trafficked significantly

less efficiently than VSVG-GFP in the GPHR-deficient cells. pH elevation in-

duced by monensin treatment inhibits secretory trafficking, though the magnitude

of the effect is cell-type- and cargo- dependent [Alonso-Caplen and Compans, 1983,

Sakaguchi et al., 1996]. As monensin preferentially disrupts the medial/trans and not

cis Golgi cisternae [Dinter and Berger, 1998], its effect on cargo trafficking may re-

flect a dissociation of Golgi compartments and the severe osmolarity-induced changes

to Golgi morphology. Other Golgi pH-elevating manipulations can delay secre-

tory trafficking, though to a lesser degree than monensin [Carnell and Moore, 1994,

Sakaguchi et al., 1996]. Finally, though it is not known whether PIST or Golgin-160

are relevant for observed phenotypes with Ube3a knockdown, it is worth noting that

they regulate the trafficking of a specific subset of proteins that does not include

VSVG [Cheng et al., 2002, Williams et al., 2006]. Therefore, a trafficking assay uti-

lizing either a construct more sensitive to Golgi pH or one regulated by PIST/Golgin-

160 may be required to definitively demonstrate the lack of a trafficking defect in the

Ube3a knockdown cells.

Other functions of the Golgi apparatus are dependent on an acidi-
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fied lumenal pH, such as glycosylation and proprotein convertase activ-

ity. Elevated Golgi pH, whether by loss of GPHR function, mon-

ensin treatment, or in cancer cells, is associated with under- and mis-

glycosylation of proteins [Niemann et al., 1982, Alonso-Caplen and Compans, 1983,

Ledger and Tanzer, 1984, Kellokumpu et al., 2002, Maeda et al., 2008]. Preliminary

experiments to determine whether there is a defect in protein glycosylation in Ube3a

knockdown cells are discussed in the next chapter.

In addition to demonstrating that the basal Golgi pH is elevated with Ube3a

knockdown, we also found that the Golgi pH in Ube3a knockdown cells responds more

rapidly to monensin application. This may indicate that these Golgi have a decreased

capacity to buffer acute pH disruptions. Monensin is an ionophore that mediates

transport of ions across membranes on its own, rather than by interacting with

an endogenous ion pore or channel. Trans-Golgi cisternae are much more affected

by monensin treatment than cis-Golgi cisternae, and this is thought to be due to

the differential cholesterol content of Golgi membranes [Dinter and Berger, 1998].

Therefore, the increased response of Ube3a knockdown cells to monensin treatment

could alternatively reflect an altered lipid composition of the Golgi cisternae.

Why is the Golgi morphology phenotype more severe in neurons in vivo than

in the Ube3a knockdown cell line? First, though the knockdown of Ube3a in the

cell line is significant, it is not as complete as in the Ube3a deficient mice. Second,

neurons in vivo may have an increased need for appropriate buffering of organel-

lar pH, as synaptic activity changes cytosolic pH [Chesler, 2003]. Alternatively,

perhaps the Clone 9 cells are able to compensate better than neurons to rectify

the molecular pathway disturbed by the absence of Ube3a. For example, NHE6

[Numata et al., 1998] and NHE7 [Numata and Orlowski, 2001] are enriched in brain,

whereas NHE8 and NHE9 are distributed more evenly [Nakamura et al., 2005]. The

expression of NHE6 [Flavell et al., 2008], but not NHE9 [Morrow et al., 2008], is ac-
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tivity dependent. Similar scenarios can be imagined for other putative mechanisms

that could explain the more severe Golgi morphology phenotype in neurons, whether

or not the NHEs contribute to this phenotype.

The severely distended Golgi structures in the Ube3a(m−/p+) and knockout mice

neurons suggest that these findings are applicable to neurons and potentially to

Angelman syndrome. The Golgi apparatus is critical for the production of new

receptors and delays in providing these receptors could potentially interfere with

the proper responses to plasticity-inducing stimuli. Also, dendritic outgrowth is

heavily reliant on Golgi function, and disruptions in Golgi structure or function re-

sult in decreased dendritic arborizations [Horton and Ehlers, 2003, Ye et al., 2007,

Bisbal et al., 2008, Czoendoer et al., 2009]. The observed decreases in dendritic

branching in the Drosophila model of Angelman syndrome [Lu et al., 2009] and in

an Angelman patient [Jay et al., 1991] are consistent with compromised Golgi func-

tion. Production of secreted signaling factors, such as the furin-processed BDNF

[Seidah et al., 1996] and TGFβ [Dubois et al., 1995], may also be altered in the ab-

sence of Ube3a. A number of membrane proteins with large glycan structures, such

as NCAM [Hildebrandt et al., 2007], have been implicated in synaptic development

and maintenance. Inefficient or insufficient glycosylation and processing of secreted

signaling factors could interfere with proper synaptic development and contribute to

the pathogenesis of Angelman syndrome.

The molecular mechanism linking Ube3a to altered Golgi pH is still unknown.

Loss of GPHR function, gain of organellar NHE function, loss of AE2 function, or

acceleration of the still mysterious Golgi H+ leak current could each result in an

elevated Golgi pH. I will discuss potential molecular mechanisms in detail in the

upcoming chapters.

To summarize, the results presented in this chapter define a new cellular role for

Ube3a in the regulation of ion homeostasis in the Golgi apparatus. The consequences
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of the elevated pH in the Ube3a knockdown cells on Golgi functions such as glycosy-

lation and the precise molecular mechanism linking Ube3a to the elevated pH are still

unclear. In the next chapter, I will present preliminary findings on Golgi function in

the absence of Ube3a and some data concerning putative molecular mechanisms.
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6

Initial characterization of Golgi function in the
absence of Ube3a and potential mechanisms

In the previous chapter I demonstrated that loss of Ube3a results in an elevated Golgi

pH and altered Golgi morphology in Ube3a knockdown cells and Ube3a(m−/p+) mice.

However, the potential molecular mechanisms underlying these phenotypes and their

functional consequences are still unclear. In this chapter, I will present preliminary

results on both Golgi function in the absence of Ube3a and putative molecular mech-

anisms to link Ube3a to the Golgi phenotypes. First, I will present preliminary data

suggesting the sialylation of proteins, a known pH-dependent Golgi process, is dis-

rupted in Ube3a knockdown cells. Next, I will provide evidence that dendritic growth

and branching is perturbed in Ube3a(m−/p+) mice, which is consistent with altered

Golgi function. Finally, I will present some data on candidate proteins, PIST, NHE6,

and NHE7, whose dysregulation could offer potential mechanisms to link Ube3a with

the observed Golgi phenotypes.
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6.1 Glycosylation

Perhaps the best studied pH-dependent function of the Golgi appara-

tus is glycosylation. The function and distribution of the glycosyl-

transferases are pH-regulated [Chen et al., 2000], and alterations in gly-

cosylation have been reported in many examples of cells with under-

acidified Golgi [Niemann et al., 1982, Alonso-Caplen and Compans, 1983,

Ledger and Tanzer, 1984, Kellokumpu et al., 2002, Maeda et al., 2008]. As a

first-pass experiment, I tested whether a fluorescently-conjugated SNA lectin

differentially stained Ube3a knockdown and scrambled control cells. The SNA

lectin preferentially recognizes sialic acid attached to terminal galactose residues by

a α2,6 linkage, which are generally present on mature, fully glycosylated proteins.

SNA-fluoroscein labeled the plasma membrane, the Golgi apparatus, and endosomal

structures in permeablized scrambled control cells (Figure 6.1a). In contrast, no

staining of the plasma membrane was observed in Ube3a knockdown cells. Also, the

SNA staining pattern of internal structures was significantly altered. In contrast

to the staining of Golgi structures in scrambled control cells, SNA labeled only

dispersed, endosomal-like structures in many Ube3a knockdown cells.

I also investigated whether a fluorescently-conjugated PNA lectin differentially

stained Ube3a knockdown and scrambled control cells. The PNA lectin recognizes

a terminal galactosyl (β-1,3) N-acetylgalactosamine. This residue is usually sialy-

lated, preventing PNA recognition. The appearance this O-linked glycan, termed

the Thomsen-Friedenreich antigen, on the surface of cells is indicative of cellular

transformation and cancer [Yu, 2007]. Disruption of Golgi pH has been reported

to result in the presence of these under-glycosylated proteins on the cell surface

[Kellokumpu et al., 2002, Maeda et al., 2008]. No significant PNA surface staining

was observed on either the Ube3a knockdown or scrambled control cells. PNA la-
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beled internal pools of proteins less intensely in Ube3a knockdown cells scrambled

control cells (Figure 6.1b). The distribution of the PNA structures appears to differ

between the cell lines, with the PNA-labeled structures more tightly perinuclear in

the scrambled control cells than in the Ube3a knockdown cells. As PNA only stains

a particular intermediate glycostructure, these results could suggest that Ube3a loss

interferes with the glycosylation process prior to this step.

More in-depth analysis of glycosylated proteins is required to conclude that loss of

Ube3a results in abberant glycosylation. For example, synthetic precursors to sialic

acid can be fed to cells, incorporated into the glycan structure of mature proteins,

and subsequently isolated by conjugating the sialic acid residues to a FLAG tag.

Total staining of the isolated sialic acid structures on a gel could be used to quantify

the total pool of sialylated proteins. This technique could also be applied to specific

target proteins by Western blotting. The extent of glycosylation on a target protein

can also be determined by its sensitivity to glycosidases. For example, a sialylated

protein will be sensitive to neuraminidase treatment, which would be observed as a

shift in the apparent molecular weight of the protein on a Western blot.
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Figure 6.1: SNA and PNA staining of Ube3a knockdown and scrambled
control cells. (A) Fluoroscein-conjugated SNA labels the plasma membrane,
Golgi apparatus, and endosomal structures in scrambled control cells. In
contrast, no staining is evident on the plasma membrane of Ube3a knock-
down cells, and few Golgi structures are stained by SNA. (B) On aver-
age, the staining intensity of Alexa-488 conjugated PNA was decreased in
Ube3a knockdown cells compared to control cells. PNA-stained structures
appear less perinuclear in Ube3a knockdown cells. Scale bar: 10 µm.

6.2 Dendritic growth and branching in Ube3a(m−/p+) mice

Polarized dendritic outgrowth and dendritic branching rely the Golgi appara-

tus, and disruption of the Golgi apparatus leads to altered dendritic, but not

axonal, morphology [Horton and Ehlers, 2003, Ye et al., 2007, Bisbal et al., 2008,

137



Czoendoer et al., 2009]. Recently, a dendritic branching defect was described in a

Drosophila model of Angelman syndrome [Lu et al., 2009], and decreased dendritic

branching in the visual cortex of an Angelman syndrome patient has also been re-

ported [Jay et al., 1991]. This is in contrast to a report that concluded that there

were no dendritic abnormalities in Ube3a(m−/p+) mice [Dindot et al., 2008]. To deter-

mine whether dendritic branching was altered in Ube3a(m−/p+) mice, we performed

a detailed, blinded Golgi-Cox impregnation study of neuronal morphology in the

primary visual cortex in collaboration with Koji Yashiro in the laboratory with Ben

Philpot (UNC-Chapel Hill) and the company Neurodigitech (San Diego, CA; contact:

Michael Wu).

Total basal dendritic length was comparable in Ube3a(m−/p+) and wildtype mice,

though there was a trend towards a decrease in total apical dendritic length (Figure

6.2a; basal: Ube3a(m−/p+) 10105±1283µm, WT 9788±489µm; apical: Ube3a(m−/p+)

4321±457µm; N=4 mice each, with 5 neurons per brain analyzed). More interest-

ingly, a Sholl analysis revealed that the neurons in Ube3a(m−/p+) mice displayed

significantly fewer dendritic branches (Figure 6.2b). Analysis of a few more neurons

from each group is required to strengthen these findings. Though other mechanisms

could explain this decrease in dendritic branching, it is interesting to speculate that

it is the result of perturbed Golgi function Ube3a(m−/p+) neurons.
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Figure 6.2: Dendritic arborization in Ube3a(m−/p+) versus wildtype mice. (A)
Total apical and basal dendritic length. (B) Sholl analysis of dendritic branching.

6.3 PIST

As discussed in previous chapters, the association of Ube3a with PIST contributed

to my hypothesis that Ube3a could have a role at the Golgi apparatus. If PIST were

an endogenous substrate of Ube3a, it could be predicted that loss of Ube3a would

increase PIST levels. This would likely lead to a disruption in trafficking, and per-

haps Golgi-retention, of PIST-regulated proteins. However, endogenous PIST levels
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and subcellular distribution are similar in Ube3a knockdown and scrambled control

cells by both Western blotting (Figure 6.3a) and immunostaining (Figure 6.3b). I

also examined whether the distribution of overexpressed nPIST-GFP is altered in

the Ube3a knockdown cells (Figure 6.3c). Interestingly, nPIST-GFP localizes to the

nucleus in a significant fraction of the Ube3a knockdown cells (32.5±11.2% of cells;

N=3) in addition to the Golgi and cytoplasmic localization. Nuclear nPIST-GFP

was not observed in any of the scrambled cells (N=2), and in only a few wildtype

cells (5.17±0.2%, N=2). No role for PIST in the nucleus has been described, though

it is interesting to speculate that it could be related to the apoptosis-regulating roles

of Golgin-160 [Mancini et al., 2000, Maag et al., 2005]. It is also unclear whether

the nuclear nPIST-GFP represents the full-length protein or a C-terminal cleavage

product. It is not known whether the differences observed in anti-PIST immunos-

taining versus nPIST-GFP overexpression in the Ube3a knockdown cells are due to

the difference in PIST isoforms. Therefore, though these results do not support the

idea that the Golgi phenotypes in the Ube3a knockdown cells are due to alterations

in PIST levels, they also do not completely rule out a role for PIST. Further exper-

iments are required to conclude whether the PIST-Ube3a interaction is relevant for

the Golgi phenotypes or for Angelman syndrome. In particular, it needs to be tested

whether the half-life of PIST is altered in the absence of Ube3a and whether overex-

pression of PIST, and not just nPIST, has altered localization in Ube3a knockdown

cells.
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Figure 6.3: PIST levels in Ube3a knockdown versus scrambled control cells. (A)
Total endogenous PIST levels are comparable in Ube3a knockdown and scram-
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cellular localization are comparable in Ube3a knockdown and scrambled con-
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6.4 NHE6 and NHE7

The sodium-hydrogen exchangers NHE6, NHE7, NHE8, and NHE9 are postulated to

contribute to the “leak” H+ current required for the maintenance of organellar pH.

Though these 12-transmembrane domain transporters are structurally similar to the

larger family of NHEs, their sequences differ considerably from the plasma membrane

NHEs, particularly in the non-transmembrane domain regions. NHEs 6-9 are broadly

expressed in different tissues, consistent with a generalized role in cellular homeostasis

[Numata et al., 1998, Numata and Orlowski, 2001, Nakamura et al., 2005]. NHE6

and NHE9 appear to localize with recycling endosomes, with NHE6 prefereably lo-

calizing with recently internalized cargo [Brett et al., 2002, Nakamura et al., 2005]

(Figure 6.4b). NHE7 and NHE8 primarily localize to the trans-Golgi network and as-

sociated endosomal structures [Numata and Orlowski, 2001, Nakamura et al., 2005]

(Figure 6.4c). Overexpression of NHE8 and NHE9 leads to the considerable

alkanization of their respective compartments (NHE8 and Golgi pH, from 6.50

to 7.28; NHE9 and recycling endosomal pH, from 6.73 to 7.14 in COS7 cells)

[Nakamura et al., 2005]; overexpression of NHE6 or NHE7 is predicted to do the

same. Recently, it was demonstrated that mutations in NHE6 and NHE9 result in

neurological disorders. Loss-of-function mutations in NHE6 result in a phenotype

mimicking Angelman syndrome [Gilfillan et al., 2008], and mutations in NHE9 have

been linked to autism [Morrow et al., 2008].

Because of their role in regulating organellar pH and association with neurodevel-

opmental disorders, the NHEs 6-9 are interesting candidate proteins for the observed

Golgi pH phenotype in Ube3a knockdown cells. In particular, one could predict that

if one or more NHEs were Ube3a substrates, their levels would be increased in the

absence of Ube3a and the pH of their preferred compartments would be elevated.

Thus, I have performed preliminary experiments to determine whether the expression
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patterns of NHE6 or NHE7 are somehow altered in the absence of Ube3a.

To see if Ube3a could interact with NHE6 or NHE7, I performed co-

immunoprecipitation experiments in 293T cells with overexpressed Ube3a II(C-A)-

YFP and HA-NHE6-GFP or NHE7-HA. Ube3a II(C-A)-YFP and HA- NHE6-GFP

were found to interact in two separate repetitions of this experiment, and NHE7-

HA interacted with Ube3a II(C-A)-YFP on one repetition (Figure 6.4a). A band

likely to represent endogenous Ube3a also co-immunopreciptated with NHE6 and

NHE7. As the co-immunoprecipitation bands are strong and the negative control is

clean, it is not clear why there is a discrepancy between the two experiments. Neither

HA-NHE6-GFP nor NHE7-HA interacted with Ube3a II(C-A)-YFP on a subsequent

attempt (data not shown). Thus, Ube3a may interact with NHE6 and NHE7, though

this result needs to be confirmed.

Next, I examined whether the localization of NHE6 or NHE7 was significantly

altered by loss of Ube3a by overexpression of HA-NHE6-GFP or NHE7-HA in Ube3a

knockdown and scrambled control cells (Figure 6.5a, c). As reported in the litera-

ture, NHE6 localizes primarily to endosomal compartments and NHE7 localizes to

the trans-Golgi regions (Figure 6.4b, c). The expression pattern or subcellular local-

ization of overexpressed NHE6 and NHE7, however, were not significantly different

between the Ube3a knockdown and scrambled control cells. I also tested whether

endogenous NHE6 levels were altered in Ube3a knockdown cells by Western blot

(Figure 6.5b), though no significant difference was observed.

Given that alkanization of the Golgi apparatus has been shown to disrupt Golgi

morphology [Maeda et al., 2008, Kellokumpu et al., 2002], I tested whether overex-

pression of NHE6 or NHE7 in wildtype Clone 9 cells alters Golgi morphology. Inter-

estingly, overexpression of neither NHE6 nor NHE7 resulted in obvious alterations in

Golgi morphology as compared to control wildtype cells (Figure 6.6). These results

suggest that alkalinization of the Golgi does not necessarily induce the fragmented
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Golgi structures viewable by light microscopy as seen in other studies.

The results presented here are inconclusive as to whether dysregulation of the

organellar NHEs in the absence of Ube3a is reponsible for the observed phenotypes.

Thus far, my experiments have been limited to NHE6 and NHE7 and were hampered

by the lack of good commercial antibodies for NHE6-NHE9. Further experiments

are required to determine whether these organellar sodium-hydrogen exchangers con-

tribute to the observed Golgi phenotypes and to Angelman syndrome.
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Figure 6.4: Ube3a may interact with NHE6 and NHE7. (A) Co-
immunoprecipitation of HA-NHE6-GFP with Ube3a in two different experiments;
co-immunoprecipitation of Ube3a II(C-A)-YFP with NHE7-HA in one experiment.
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6.5 Discussion

The results presented in this chapter represent preliminary experiments to deter-

mine whether the function of the Golgi apparatus is altered in the absence of Ube3a

and some exploration into potential mechanisms underlying the observed Golgi phe-

notypes. Though preliminary, the findings above have raised several interesting

observations and questions.

The SNA staining suggested that Ube3a knockdown cells lack a significant pool

of sialylated proteins. The PNA staining results, however, are more difficult to inter-

pret. Is the altered PNA staining pattern and intensity due to abberent staining or

is it indicative of a glycosylation defect? The fluorescently-conjugated PNA stained

apparently membrane-bound structures in the Ube3a knockdown cells that do not

appear to be traditional Golgi structures. Indeed, the majority of the PNA staining
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in both Ube3a knockdown and scrambled control cells does not overlap with TGN38

(data not shown). Other complementary experiments on the localization of glyco-

sylated proteins and glycosylation enzymes are required to determine whether this

result is real or artifactual.

Though disruption of the Golgi apparatus can induce altered dendritic branching

patterns, so can many other manipulations. Dendritic arborization is also regu-

lated by neurotrophin release, neuronal activity, Notch signaling, and regulators of

the actin and microtubule cytoskeleton [Whitford et al., 2002]. Therefore, while a

dendritic branching deficit is consistent with perturbed Golgi function, some other

mechanism may be responsible for this phenotype. Other more direct structure-

function studies, perhaps in cultured Ube3a knockout neurons, might be able to sort

out the relative contributions of these different pathways. Such experiments may

require, however, knowing the mechanism responsible for the elevated Golgi pH in

Ube3a knockdown cells.

Nuclear PIST has not been reported in the literature. Immunostaining for endoge-

nous PIST (Figures 4.9, 6.3) indicates that some PIST does localize to the nucleus

and so the observed nuclear localization of nPIST-GFP is not just an artifact of over-

expression. The observed nuclear nPIST-GFP in Ube3a knockdown cells was accom-

panied by other non-Golgi cytoplasmic localization. This could suggest that nPIST-

GFP has a longer half-life in these cells, allowing for normally smaller non-Golgi

pools of nPIST-GFP to accumulate. Alteratively, the nuclear nPIST-GFP could

have another function that is upregulated in the Ube3a knockdown cells. For exam-

ple, caspase-cleaved N-terminal fragments of Golgin-160 localize to the nucleus and

are thought to regulate apoptosis [Mancini et al., 2000, Maag et al., 2005]. PIST,

which binds Golgin-160 [Hicks and Machamer, 2005b], could be following these frag-

ments into the nucleus, or could instead have its own role in regulating signaling in

the nucleus. Finally, it should be noted that the endogenous co-immunopreciptation
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experiments in Chapter 3 are from brain and likely represent nPIST rather than

PIST. Therefore, the results in this chapter suggest that Ube3a could regulate the

half-life or localization of nPIST, and it is not clear whether Ube3a regulates both

PIST and nPIST.

Conflicting results were obtained for the co-immunoprecipitation experiments us-

ing overexpressed HA-NHE6-GFP, NHE7-HA, and Ube3a II(C-A)-YFP. This could

indicate that the positive results were artifacts of overexpression, or that this inter-

action is dependent on some cellular status. It could also be Isoform II is not the

preferred Ube3a isoform for this interaction or that the tag on Ube3a interferred with

the interation. Interestingly, with each of the positive NHE6/7-Ube3a interactions,

an increase in the endogenous Ube3a levels was observed; this increase was absent

in each of the failures. This could suggest that the interaction was reliant on some

change to the endogenous pool of Ube3a. Further experimentation, perhaps relying

on endogenous or untagged Ube3a, is required to determine whether Ube3a actually

does interact with either NHE6 or NHE7.

To summarize, in this chapter I presented experiments to preliminarily character-

ize Golgi function in the absence of Ube3a and determine whether candidate proteins

are dysregulated in the absence of Ube3a. I found that the Ube3a knockdown cells ap-

pear to lack a significant pool of sialyated proteins, suggesting that the elevated Golgi

pH interferes with glycosylation in these cells. Neurons in Ube3a(m−/p+) mice have

fewer dendritic branches, which is consistent with disrupted Golgi function. Though

endogenous PIST levels and subcellular localization are unchanged in the absence

of Ube3a, overexpressed nPIST-GFP had a significant nuclear presence in Ube3a

knockdown cells in addition to its Golgi and cytoplasmic localization. NHE6 and

NHE7 may co-immunoprecipitate with Ube3a, though the patterns of overexpressed

NHE6 and NHE7 are unchanged in Ube3a knockdown cells. Finally, overexpression

of NHE6 or NHE7 does not lead to changes in Golgi morphology observable by light
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microscopy. More experiments, particularly with the putative candidate proteins,

are required to uncover the mechanism linking Ube3a to the observed Golgi pheno-

types and demonstrate that the function of the Golgi apparatus is disrupted in the

absence of Ube3a.
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7

Future directions and conclusions

Despite its omnipresence, little attention to date has been given to the endogenous

cellular role of Ube3a. Most studies have focused on Ube3a in the context of cervi-

cal cancer, where HPVE6 hijacks Ube3a and directs it to degrade non-endogenous

substrates such as p53. Other studies, motivated by understanding Angelman syn-

drome, have focused on Ube3a’s role in the brain and presume that Ube3a has a

neuron-specific role. Here, I focused on defining a new role for Ube3a applicable to

both neurons and non-neuronal cell types.

First, I characterized Ube3a’s subcellular localization. I demonstrated that Ube3a

is present in both the nucleus and cytoplasm in an isoform-dependent manner, and

that endogenous Ube3a partially co-localizes and fractionates with membrane com-

partments. I next confirmed the interaction of Ube3a with Golgin-160, PIST, and

ubiquilin, who all have demonstrated roles in regulating protein trafficking. Because

of the interaction of Ube3a with membrane-bound structures and its endogenous in-

teractions with the Golgi proteins Golgin-160 and PIST, we hypothesized that Ube3a

could regulate protein trafficking, particularily at the Golgi apparatus.

As a first-pass experiment, I demonstrated that overexpression of Ube3a disrupts
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Golgi morphology. To study the role of Ube3a at the Golgi apparatus more carefully,

I created a cell line with stable knockdown of Ube3a. These cells have altered Golgi

morphology as shown by electron microscopy, with the Golgi appearing disorganized,

overly fenestrated, and swollen. We first tested whether this altered Golgi morphol-

ogy is due to altered secretory trafficking by monitoring rates of VSVG-GFP surface

accumulation. However, no significant differences between the Ube3a knockdown

and scrambled control cells were observed, indicating that disregulated trafficking of

cargo through the Golgi apparatus is not the primary defect in the Ube3a knockdown

cells. Next, we determined that the pH of the Golgi apparatus in Ube3a knockdown

cells is significantly elevated. The Golgi pH in these cells is also more sensitive to

acute, drug-induced perterbations. These data imply that the elevated Golgi pH

is primary cause of the altered Golgi morphology in the Ube3a knockdown cells.

Finally, we wanted to determine whether these results were applicable to the brain

and Angelman syndrome. We found that the morphology of the Golgi structures

in Ube3a(m−/p+) visual cortical neurons were greatly perturbed, and could be seen

as swollen cisternae by electron microscopy and disorganized Golgi structures by

immunohistochemistry. Thus, these results suggest a new role for Ube3a in the reg-

ulation of ion homeostasis at the Golgi apparatus, and this function is relevant for

both non-neuronal and neuronal cell populations.

As Golgi pH is significantly elevated in Ube3a knockdown cells, we would expect

that some functions of the Golgi apparatus would also be disrupted. In particular,

the glycosylation of proteins is reliant on the acidic pH of the Golgi apparatus. SNA

staining suggests that Ube3a knockdown cells lack a significant pool of sialylated

proteins. The integrity of the Golgi apparatus is required for dendritic outgrowth.

Indeed, neurons in Ube3a(m−/p+) mice have fewer dendritic branches by Sholl analy-

sis, and may have a decrease in the total length of the apical, but not basal, dendritic

arbor. This result is consistent with disrupted Golgi function. However, many other
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processes contribute to dendritic architecture, so it is not clear whether this is a

direct consequence of altered Golgi function or due to some other process disrupted

in the absence of Ube3a.

Finally, I performed initial characterizations of putative Ube3a targets that could

contribute to the observed Golgi phenotypes. First, I found that basal PIST levels are

similar in Ube3a knockdown and scrambled cells, suggesting that an overabundance

of PIST is not responsible for this phenotype. However, overexpressed nPIST-GFP

had altered localization, perhaps suggesting that either the half-life of nPIST is

longer in Ube3a knockdown cells or that its function could be altered in the absence

of Ube3a. Next, I demonstrated that Ube3a can co-immunoprecipitate with the

organellar sodium-hydrogen exchangers NHE6 and NHE7. However, the expression

patterns of NHE6-GFP or NHE7-HA are similar in Ube3a knockdown and scrambled

control cells, and basal endogenous NHE6 levels are also comparable. More experi-

ments on PIST, NHE6, and NHE7 are required to conclude definitively whether they

are regulated by Ube3a.

Thus, the data presented here defines a new cellular role for Ube3a in the regula-

tion of ion homeostasis at the Golgi apparatus, though the functional consequences

in the absence of Ube3a and molecular mechanisms tying Ube3a to pH regulation

remain unclear. Here, I will discuss further experiments to test the function of the

Golgi apparatus in the absence of Ube3a and to uncover the relevant molecular mech-

anisms. Next, I will place these findings in the context of neuronal function, and

discuss how altered ion homeostasis could lead to defects in neuronal function. Fi-

nally, my exploration into the cellular role was inspired by dysregulation of Ube3a in

Angelman syndrome and autism, and both my results and recent linkages of NHE6

and NHE9 to neurodevelopmental disorders implicate organellar ion homeostasis as

critical for the proper development and function of the brain.
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7.1 Function of the Golgi apparatus in the absence of Ube3a

The Golgi apparatus is responsible for the processing and sorting of the

nascent protein cargo it receives from the endoplasmic reticulum. The

lumenal acidification is critical for glycosylation [Niemann et al., 1982,

Alonso-Caplen and Compans, 1983, Ledger and Tanzer, 1984, Chen et al., 2000,

Kellokumpu et al., 2002, Maeda et al., 2008] and proteolytic processing

[Anderson et al., 1997, Anderson et al., 2002, Seidah et al., 2008] of these pro-

teins. Given the under-acidification of the Golgi apparatus in Ube3a knockdown

cells, we can predict that there are some defects in the glycosylation and proteolytic

processing of cargo proteins. In particular, the sialylation of proteins might be

defective or slowed. This can be tested by SNA lectin staining, isolation of glycosy-

lated proteins that incorporated synthetic, tag-able sugars, or by investigating the

neuraminidase sensitivity of target proteins. Processing of furin from its immature

to mature, active form may also be retarded [Anderson et al., 1997], as may be

the processing of secreted furin-substrates such as TGFβ [Dubois et al., 1995] and

BDNF [Seidah et al., 1996]. The effect of Ube3a knockdown on furin activity can

be determined by measuring the ratio of mature to immature furin by Western blot

or by analyzing the furin kinetics directly using fluorescent reporter substrates.

However, the reliance on proper protein trafficking through the Golgi on lume-

nal pH is less clear, and so it is more difficult to predict what the consequence

of Ube3a loss might have on trafficking. This is perhaps due, in part, to the

relatively recent characterization of proteins such as GPHR and the organellar

NHEs. Most classical studies demonstrating a trafficking defect with elevated Golgi

pH employed severely Golgi-pertubing drugs [Alonso-Caplen and Compans, 1983,

Edwardson, 1984, Sakaguchi et al., 1996]. Some of the trafficking defects observed

in these studies may be secondary to the structural defect. Monensin, in particu-
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lar, selectively perturbs trans-Golgi cisternae, perhaps due to their membrane lipid

composition [Dinter and Berger, 1998]. This results in an apparent dissociation of

the cis-cisternae, which remain relatively intact, and the trans-Golgi cisternae. The

effect of monensin treatment on cargo trafficking from the Golgi also depends on

the cargo and cell type [Alonso-Caplen and Compans, 1983, Sakaguchi et al., 1996].

Loss of GPHR expression slowed, but did not prevent, the appearance of VSVG-

GFP at the cell surface [Maeda et al., 2008]. This suggests that the acidification of

the Golgi is not required for the trafficking of cargo through or out of the Golgi.

Mechanistically, it is not clear which steps in protein trafficking are intrinsically pH-

sensitive. Genetic manipulations of intralumenal Golgi pH by the overexpression

or suppression of GPHR, NHE7, or NHE8 could used to provide insight into which

steps are pH-sensitive.

In this study, I focused on the Golgi apparatus because of the initial observations

that Ube3a interacts with PIST and Golgin-160. However, given the interchange of

membrane, cargo, and traffic-directing proteins between the Golgi, endosomes, and

plasma membrane, endosomal pH may also be affected. This could best be tested by

targeting the fluorescent pH reporters to endosomes using a protein such as transfer-

rin. Altered acidification of endosomes could interfere with multiple processes, such

as the dissociation of ligands from recycled receptors, maturation of early into late

endosomes, and the activity of lysosomal proteases [Maxfield and McGraw, 2004].

7.2 Mechanism – direct or indirect?

The data presented here suggest that the misregulation of some process or protein

leads to an increase in the intralumenal Golgi pH, and that this, in turn, disrupts

the ultrastructure of the Golgi apparatus. The mechanism linking Ube3a to this

phenotype, however, is still unknown.

The most direct mechanism imaginable is that one of the proteins responsible for

154



the ‘leak’ H+ current from the Golgi apparatus is a Ube3a substrate, and that this

substrate is present at higher levels in the absence of Ube3a. The sodium-hydrogen

exchangers NHE7 and NHE8 are the obvious candidate substrates for this, though

it is not known if other proteins contribute to the H+ leak current. It would be

interesting to test whether the sensitivity of the H+ leak current to Zn+2 is conveyed

through the NHEs, or whether an alternative source is present. A less-direct mecha-

nism could involve the mis-trafficking of some other NHE such that they accumulate

in the Golgi apparatus. However, this does not appear to be the case for NHE6,

as the distribution of NHE6-GFP in Ube3a knockdown cells was similar to that in

scrambled control cells.

Alternatively, loss of Ube3a could lead to a depletion of AE2, GPHR, V-ATPases,

or similar proteins in the Golgi apparatus. This could be acheived be either decreas-

ing their half-life, decreasing their expression, misregulating or mis-trafficking of

any of the proteins. A mechanism to connect Ube3a to these proteins is less clear.

Increased HHR23A/B levels or altered regulation of ubiquilin could potentially influ-

ence the half-life of these proteins, though it would be surprising if either HHR23A/B

or ubiquilin would specifically target these proteins. Or, some other Ube3a-linked

protein, such as PIST, Golgin-160, or Src family kinases could alter the trafficking

or function of these or related proteins.

Finally, the role of Ube3a as a steroid co-activator and transcriptional reg-

ulator via transactivation and degradation of the hormone receptors could pro-

vide an indirect mechanism for the observed Golgi phenotypes. The relevance

of Ube3a’s ‘secondary role’ for Angelman syndrome or in non-reproductive tis-

sues has largely been dismissed as Ube3a can act as a coactivator with ei-

ther AS-causing mutations in Ube3a or in the absence of ubiquitin ligase activ-

ity [Nawaz et al., 1999, Cooper et al., 2004]. However, more recent studies have

demonstrated that Ube3a not only acts as a steroid-hormone coactivator but also
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polyubiquitinates hormone receptors and induces their degradation [Li et al., 2006,

Khan et al., 2006, Gopinathan et al., 2008]. Interestingly, estrogen induces the rapid

transcription of NHE-RF, a protein that regulates the trafficking of the NHEs

[Ediger et al., 1999]. Therefore, it is interesting to speculate that a protein that

regulates ion homeostasis at the Golgi apparatus could be downstream of a Ube3a-

steroid homone receptor interaction.

7.3 Organellar pH homeostasis and neuronal function

Though the regulation of neuronal intracellular pH has been well stud-

ied, little attention to date has been given to the regulation of pH

in neuronal organelles. It is known that NHE6 [Numata et al., 1998],

NHE7 [Numata and Orlowski, 2001], NHE8, NHE9 [Nakamura et al., 2005], AE2

[Wang et al., 1996], GPHR [Maeda et al., 2008], and vacuolar H+-ATPases

[Marshansky and Futai, 2008] are ubiquitously expressed, including in brain. There-

fore, it can be speculated that organellar pH regulation in neurons is similar to that

in other, more extensively studied tissues. However, the importance of maintaining

ion homeostasis in neurons is probably much greater than in most other tissues due to

the constantly changing intracellular environment and the increased demands on the

secretory pathway. This is collaborated by the fact that most profound, and the only

consistently described, phenotype in patients with NHE6 or NHE9 loss-of-function

mutations is neurological [Gilfillan et al., 2008, Morrow et al., 2008].

As in other cell types, neurons must maintain an acidified Golgi apparatus for

glycosylation and proteolytic processing and acidified endosomes for the efficient

processing and sorting of regulated cargo. However, they must do this within con-

stantly changing global and local environments. Neuronal activity generally induces

cytosolic acidification, though some stimuli can also cause transient cytosolic alkiniza-

tion [Chesler, 2003]. Alterations in neuronal Golgi pH would be predicted to have
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widespread effects on neuronal function, as the glycosylation status of proteins and

the availability of neurotrophic factors are crucial for neuronal development and

synaptic plasticity. Heavily glycosylated proteins such as poly-sialylated NCAM are

known to regulate synaptic development. NCAM is unsialylated in newborn mice

(<8 days), becomes heavily sialylated for about a week, and poly-sialylated NCAM

vanishes during the third postnatal week [Hildebrandt et al., 2007]. The glycosy-

lation status of NCAM is determined by the replacement of new proteins via the

secretory pathway rather than by the activity of glycosidases. The furin-processed

BDNF, NGF, and TGFβ all have crucial roles in synaptic plasticity and neuronal

development [Zweifel et al., 2005, Yi et al., ].

Regardless of whether Ube3a directly interacts with or regulates any of the NHEs,

it can be hypothesized that downregulating the NHEs might rescue the elevated Golgi

pH in the Ube3a knockdown cells. It is interesting to note that the expression of

NHE6 and NHE7 are considerably higher in brain than in liver, which is consistent

with the observation that the osmolarity deficit in Ube3a(m−/p+) neuronal Golgi is

much more prominent than that of the Ube3a knockdown cells. A large number

of NHE inhibitors have been described [Masereel et al., 2003], though the potency

or selectivity of these drugs against the organellar sodium-hydrogen exchangers has

not been characterized. It would be interesting to see, however, if acute or chronic

treatment of Ube3a(m−/p+) hippocampal or cortical neurons with an NHE inhibitor

could modulate or rescue deficits in long-term potentiation. This could determine

whether lack of maintenance of organellar pH is a primary cause of the synaptic

plasticity defects in the Ube3a(m−/p+) mice.

7.4 Angelman syndrome, autism, and organellar pH homeostasis

The data presented here suggest that altered homeostasis underlies neuronal dys-

function in Angelman syndrome. The speculated targets for Ube3a in this scenario
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are very different that the standard suite of plasticity proteins that are usually in-

vesitigated, such as neurotransmitter receptors, presynaptic proteins, postsynaptic

density proteins and other neuron-specific proteins. Thus, one of the questions that

comes to mind is whether dysregulated organellar ion homeostasis is sufficient to

cause a neurodevelopmental disorder such as Angelman syndrome.

Recently, loss-of-function mutations in NHE6 have been found in patients whose

phenotypes closely mimic Angelman syndrome [Gilfillan et al., 2008]. The gene for

NHE6, SLC9A6, is located on the X-chromosome, so having one faulty copy is suf-

ficient to ablate NHE6 function. These patients exhibit severe mental retardation,

epilepsy, ataxia, microcephaly, and the characteristic Angelman syndrome ‘happy’

phenotype. The only consistent non-neuronal phenotype described is that the pa-

tients are all very thin. Endosomal morphology and gross endosomal pH appeared

normal in patient-derived fibroblasts. However, the structures were not analyzed by

electron microscopy, the endosomal pH was not directly measured, and no functional

measurement of the endosomes was performed. If the endosomes are indeed appar-

ently normal in these fibroblasts, it may suggest that there is sufficient compensation

by the other NHEs to keep things grossly normal. Or, structure or function of the

endosomes could be normal under basal conditions in the absence of NHE6, but

could be disrupted by some acute perturbations. Indeed, NHE6 was recently shown

to be upregulated following synaptic activity in neurons [Flavell et al., 2008].

Intriguingly, similar loss-of-function mutations in NHE9 were recently reported

in some autistic patients [Morrow et al., 2008]. NHE7 maps to Xp11.3-11.23, a hot

spot for neurogenetic disorders [Thiselton et al., 2002], though no specific mutations

in NHE7 have yet been described. Though the precise mechanisms linking these

genotypes to phenotypes is unclear, the description of these patients provides strong

evidence that dysregulation of organellar ion homeostasis is sufficient to cause a

severe neurodevelopmental disorder.
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7.5 Conclusion

Here, I have described a new cellular role for the E3 ubiquitin ligase Ube3a in the

regulation of ion homeostasis at the Golgi apparatus. Loss of Ube3a results in the un-

deracidification of the Golgi apparatus and disruption of Golgi ultrastructure. This

is predicted to lead to deficits in Golgi function, particularily in the glycosylation

and proteolytic processing of nascent cargo. Misregulation of the organellar sodium-

hydrogen exchangers is an attractive mechanism for the underacidification of the

Golgi apparatus in the absence of Ube3a. In neurons, the effects of an underacidified

Golgi are expected to be amplified due to the increased demand on secretory traffick-

ing. Recently, patients with autism and Angelman-like syndromes have been shown

to have mutations in NHE9 and NHE6, respectively, implying that dysregulation of

organellar ion homeostasis is sufficient to cause neurodevelopmental disorders. Al-

together, these findings provide new insight into the function of Ube3a and into the

pathogenesis of Angelman syndrome.
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