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PREFACE

The modification of the neural cell adhesion molecule (NCAM) with polysialic acid (polySia) has been
found to be absolutely necessary for proper development of the mammalian nervous system, and interestingly has
been found to occur in the advanced stages of several human tumors, where it promotes the ability of these tumors
to spread to other parts of the body. Research has shown that the addition of polySia to substrates requires an
interaction between the substrate and the polysialyltransferase enzymes that add polySia, but the precise
biochemical mechanism remains unknown. Therefore, the goal of this thesis work is to determine how this
interaction takes place in order to lay the foundation for the potential development of therapeutics to alleviate this

process in human disease.
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SUMMARY

ST8Sia IV (PST) and ST8Sia IT (STX) are a2, 8-sialyltransferases that catalyze the addition of long
homopolymers of sialic acid residues (polysialic acid) on the glycans of a limited number of protein substrates. The
neural cell adhesion molecule (NCAM) is the most abundant polysialylated protein, and polysialic acid (polySia)
serves as an anti-adhesive glycan that prevents cell-cell interactions mediated by NCAM and other nearby adhesion
molecules and modulates NCAM cell signaling. Previous studies have demonstrated that polySia is absolutely
necessary for the proper development and plasticity of the mammalian nervous system, and plays important roles
in memory formation, olfaction, and post-injury neuron repair in the adult. More recent studies have demonstrated
that the polysialylation of synaptic cell adhesion molecule 1 (SynCAM 1) and neuropilin-2 (NRP-2) is critical for
modulation of synapse formation and dendritic cell function and migration, respectively. Abnormal levels of
polySia have been observed in several human diseases, including Alzheimer’s disease, schizophrenia, and
Huntington’s disease. Notably, polySia is highly expressed in several different human tumors and is believed to
promote their invasiveness and metastatic potential. Therefore, polySia is a versatile post-translational modification
of select glycoproteins that serves both necessary and beneficial functions throughout mammalian life, but can also

be detrimental if expressed aberrantly.

The demonstrated roles of polySia during development, in the adult, and in disease make the process of
polysialylation a potential target for the development of therapeutics aimed at the alleviation of human disease,
especially cancer. Despite our knowledge of the biological significance of polysialylation, the precise biochemical
mechanism by which the polysialyltransferases (polySTs) recognize and polysialylate their substrates was poorly
understood at the beginning of my thesis work. Understanding this mechanism is a prerequisite for the development
of therapeutics. Early on, we developed an overarching hypothesis concerning the mechanism of polysialylation
that has been supported by a variety of studies on NCAM polysialylation from our laboratory and others, that states
that polysialylation is a protein-specific process that requires an initial polyST-substrate protein-protein recognition
step. With this current working model in mind and an understanding of the roles that polySia plays, the overall goal
of my thesis work was to identify specific sequences within the polySTs, PST and STX, that are responsible for the

effective recognition and subsequent polysialylation of NCAM, SynCAM, and NRP-2.
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SUMMARY (continued)

Previous data suggested that residues prior to the catalytic region of PST are critical for NCAM
polysialylation. In order to identify the PST residues required for substrate recognition, | focused on amino acids 1-
140 of PST and created a series of PST proteins for competition studies in SW2 small cell lung carcinoma cells. |
expected that overexpression of catalytically inactive proteins containing PST residues required for substrate
recognition would compete with the endogenous PST in these cells and block polysialylation of endogenous
NCAM. I created a full-length catalytically active soluble PST lacking its cytosolic and transmembrane regions
(sPST), a full-length catalytically inactive PST (PST H331K), and PST molecules consisting of the first 140, 127,
71, and 62 residues (PST140, PST127, PST71, and PST62), as well as a soluble form of PST140 (sPST140). While
the overexpression of PST and sPST increased polySia expression in SW2 cells, as expected, overexpression of
PST H331K, PST140, sPST140 or PST127 led to an overall decrease in polySia expression, suggesting that these
proteins are able to compete with endogenous PST for NCAM recognition. In contrast, SW2 cells overexpressing
PST71 or PST62 exhibited no significant change in polySia expression suggesting that these proteins lack the
substrate recognition sequences. This conclusion was further supported by co-immunoprecipitation studies that
showed that PST71 and PST62 do not bind to NCAM as effectively as the other PST molecules that served as
competitive inhibitors of NCAM polysialylation. Collectively, these results suggest that amino acid sequences

within residues 71 and 127 of PST are critical for NCAM recognition and binding.

Next, | examined this PST region for specific residues that mediate NCAM recognition. | focused on Arg®2
and Arg® two residues located in a polybasic region (PBR) previously shown by our laboratory to be critical for
NCAM polysialylation but not overall enzyme activity. | found that a PST H331K protein containing an R82A,
R93A, or R82A/R93A mutation could no longer effectively reduce SW2 cell NCAM polysialylation by endogenous
PST. | was able to quantitatively determine that Arg® and Arg® were both required for the competitive effect of
PST H331K utilizing a triple expression system in COS-1 cells in which NCAM, PST, and a PST H331K competitor
were expressed in a 1:1:6 ratio. | found that the single alanine mutations reduced the ability of PST H331K to

compete with wild-type PST and decrease NCAM polysialylation, whereas the double mutation eliminated the
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SUMMARY (continued)

ability of PST H331K to compete. These results showed that PST PBR basic residues Arg®? and Arg®® are critical

for the recognition of NCAM.

To understand whether the recognition and polysialylation of other substrates also requires these PST PBR
residues, and whether similar sequences in STX are required for substrate recognition, I expanded my studies to
more thoroughly examine the PBR residues in both polySTs, and their role in the recognition and polysialylation
of NCAM, SynCAM 1, and NRP-2. Each polyST PBR basic residue was mutated individually to alanine in the
wild-type PST/STX or PST H331K/STX H346K background for polysialylation and competition studies,
respectively. These studies revealed that the polyST requirements for polysialylation and recognition were unique
for each polyST-substrate pairing. | found that PST Arg® is critical for the polysialylation of all three substrates.
Efficient NCAM polysialylation also required Arg®®, while NRP-2 polysialylation required Lys*®, and SynCAM 1
polysialylation required both Arg® and Lys®. A larger set of STX PBR residues are involved in NCAM recognition,
including Arg®” (analogous to Arg® in PST), Lys®%, Lys%, and Lys!® (analogous to Arg® in PST). In contrast, STX
Lys®, Lys'%2, Lys%® Lys'* and Lys'!® were all required for effective polysialylation of SynCAM 1 by STX, and
interestingly, the contribution of each residue varied significantly. Analysis of NRP-2 polysialylation by STX PBR
mutants was inconclusive. The competition studies demonstrated that the PBR residues identified as critical for
substrate polysialylation were the same residues that are required for substrate recognition. I concluded that the
polyST PBR is critical for the recognition of polyST substrates and that unique combinations of PBR basic residues

are used for recognition in each polyST-substrate combination.

The results presented in this thesis work demonstrate that polysialylation is a highly protein-specific
process, and identify specific residues in a polybasic region of each polyST that is responsible for mediating the
recognition of substrates. Strikingly, the sets of PBR residues required for NCAM, SynCAM 1, and NRP-2
recognition overlap, and yet contain unique members, suggesting the opportunity for devising strategies to
selectively block global polysialylation or the polysialylation of a single substrate. It is my hope that these results
will ultimately contribute to the creation of potential inhibitors to target the polyST-substrate interaction and thereby

serve as therapeutics to alleviate human disease.
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CHAPTER |

BACKGROUND AND SIGNIFICANCE

Protein glycosylation

The enzymatic addition of glycans onto the side chains of specific amino acid residues represents the most
common and diverse post-translational modification of newly synthesized proteins. It is estimated that a majority
of cellular proteins processed in the secretory pathway and destined for the cell membrane or secretion are
glycosylated, as are some nuclear and cytosolic proteins. Glycan chains are synthesized on target proteins by
approximately 250 enzymes known as glycosyltransferases, which catalyze the addition of a nucleotide-activated
sugar residue onto an existing protein-attached glycan acceptor [1, 2]. Acting sequentially, glycosyltransferases can
synthesize glycan chains on proteins that can be as simple as a single monosaccharide, or as complex as a large,
branched polymer chain consisting of hundreds of sugar residues, utilizing only ten different monosaccharides: N-
acetylglucosamine (GIcNAc), mannose (Man), glucose (Glc), galactose (Gal), N-acetylgalactosamine (GalNAc),
fucose (Fuc), sialic acid (Sia), glucuronic acid (GlcA), iduronic acid (IdoA), and xylose (Xyl) [2-4]. With
differential arrangement of these ten sugars into glycan chains by the glycosyltransferases, as well as further chain
modification with phosphate, sulfate, acetate, and/or phosphorylcholine [1], the full diversity of mammalian glycans

is created and is estimated to consist of over 7,000 total structures [2].

Addition of a glycan chain to a particular protein may alter that protein’s proteolytic resistance, solubility,
stability, local structure, and half-life [5, 6]. Protein glycosylation in mammals has also been well documented to
contribute to, promote, or modulate a plethora of critical biological functions [reviewed in 7]. In the secretory
pathway, glycans added to newly synthesized proteins in the endoplasmic reticulum influence protein folding by
serving as ligands for the lectin chaperone proteins calreticulin and calnexin, thus contributing to ER quality control
surveillance mechanisms ensuring the transit of only correctly folded glycoproteins forward to the Golgi apparatus
[8-11]. At the cell surface, protein-attached glycans can modulate interactions with the extracellular environment,

including cell-cell adhesion properties, cellular signaling, and macromolecule interactions [7, 12-16]. Furthermore,



cell surface glycans can unintentionally influence the attachment and invasion of pathogens. As examples, sialic
acid residues that terminate a glycan chain can serve as a receptor for hemagglutinin proteins on the surface of a
variety of viruses including influenza variants [17-21], and can also be utilized by a pathogen to block antigenicity
by transferring these sialic acid residues to its own surface [22-24]. Furthermore, other studies have pointed to a
variety of contributions of glycan structures in the structural integrity of tissues [25-26], immune surveillance [27],
inflammation [28], autoimmunity [29-30], tumor metastasis [31], and the regulation of cytosolic and nuclear

functions [32].

The process of glycosylation is divided into two major categories based on which amino acid the
carbohydrate chain is attached to. These two categories are (1) N-linked glycosylation, in which a glycan chain is
attached to an asparagine (Asn) residue in the Asn-X-Serine/Threonine consensus sequence (where “X” is any
amino acid except proline), and (2) O-linked glycosylation, in which a glycan chain is attached to a serine (Ser) or
threonine (Thr) residue without a consensus sequence. In addition to these forms of glycosylation, two others
mechanisms are worth nothing. First, glycosylation can also occur on plasma membrane associated lipids in which
a glycan chain is synthesized on the lipid’s membrane-anchoring ceramide moiety [33]. These glycolipids can be
modified simply by one or two sugars, or extensively by sets of Golgi glycosyltransferases [34]. Secondly, proteins
can be anchored to the extracellular side of a cell’s plasma membrane via a glycophosphatidylinositol (GP1) linkage,
in which a protein’s C-terminal is anchored to the membrane via an inositol phosphate group attached to a series of
carbohydrate residues [35-36]. The two major forms of glycosylation, namely N- and O-linked forms, will be

discussed in detail below.

N-linked glycosylation

Asparagine (N-linked) glycosylation of proteins is a highly extensive post-translational modification that
results in the covalent attachment of a glycan chain via an amide linkage onto select asparagine residues in a
polypeptide chain [37]. This process occurs within the secretory pathway and thus mainly affects proteins that are
destined for secretion, the plasma membrane, endoplasmic reticulum (ER), Golgi apparatus, or endosomes. Unlike

other protein post-translational modifications, N-linked glycosylation is unique in that it begins co-translationally



on polypeptides that are actively being synthesized in the rough ER. Furthermore, despite great diversity amongst
the final glycan products, all N-linked glycans invariably will begin with a GIcNAc residue covalently attached to
the asparagine side chain and have a common core structure of two GICNAc and three Man residues [38]. Their

diversity lies in the processing of the glycan’s outer branches.

The production of N-linked glycans is the result of sequential chain processing by glycosyltransferases and
glycosidases in the ER and the Golgi apparatus compartments [39] and is outlined in Figure 1. Synthesis begins
independently of the nascent polypeptide on the cytosolic face of the ER membrane with the creation of a 14-sugar
oligosaccharide precursor consisting of three Glc, nine Man, and two GIcNAc residues (GlcsMangGIcNAC,)
attached to a lipid, dolichol diphosphate. The GlcsMangGIcNAc, oligosaccharide is transferred by an
oligosaccharyltransferase en bloc to an asparagine residue within the proper signal sequence on a nascent
polypeptide [33, 40]. In the ER, these protein-attached glycans are trimmed of their terminal two Glc residues and
interact with chaperones that are part of the ER quality control system until the attached protein is folded properly
and the final Glc is removed. The properly folded protein exits the ER and moves to the cis-Golgi possessing
ManyGIcNAC, high mannose N-glycans. In some cases, these glycans pass through the secretory pathway
unchanged. However, they are frequently modified extensively by a series of glycosidases and glycosyltransferases
in the cis-, medial-, and trans-Golgi, leading to the creation of a diverse field of hybrid and complex N-glycans [1].

As an example, CHO cells have been shown to have complex N-glycans that can carry over 60 sugar residues [41].

Over the past forty years, the ability of cells to perform N-linked glycosylation has been well documented
to be a critical process that is absolutely necessary for proper mammalian development and survival. One of the
first studies to show the significance of N-glycans for proper embryonic development was performed by Surani,
M.A.H. [42], who utilized tunicamycin to study the significance of mouse embryonic N-glycosylation. Tunicamycin
isa GIcNAc analog and competitively inhibits the enzyme UDP-GIcNAC: dolichol phosphate N-acetylglucosamine-
1-phosphate transferase (GPT), preventing the synthesis of the dolichol lipid-linked precursor glycan
(GlesMangGIcNAC,) and thus inhibiting the formation of N-linked glycans. Upon treatment of isolated mouse

embryos with tunicamycin, it was found that upon reaching the 32-cell stage, these cells remained uncompacted
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Figure 1. Overview of the N-linked glycosylation synthesis pathway. A GlcsMangGIcNACc, precursor is
transferred to a nascent polypeptide arginine en bloc in the ER, is trimmed of two Glc residues, then aids in
protein folding. Upon protein passage to the Golgi, the N-glycan is acted upon by a series of glycosidases and
glycosyltransferases, creating high mannose, hybrid, and complex N-glycans.



and were unable to form mature blastocysts, thus preventing the formation of a mature embryo and suggesting a
lethal phenotype. This suggestion was solidified by Marek et al. [43], who constructed and characterized mice with
a GPT gene deletion. It was found that mouse embryos that were homozygous recessive for the GPT-null phenotype
demonstrated complete degeneration of all embryonic and extraembryonic cells as early as embryonic day 5.5,
rendering these embryos unviable and indicating that N-glycans are absolutely necessary for cellular viability and
organismal function during embryonic development. Further studies that allowed N-glycans to initially form, but
prevent normal modifications in the Golgi, indicate that a full complement of complex N-glycans is critical for
normal mammalian development. Knockout studies in which mice were created devoid of the Mgatl gene that
encodes GIcNAc-transferase-1 (GnT-I), which allows for conversion of high mannose glycans to hybrid and
complex N-glycans, were found to have improperly formed neural tubes and vascularization along with situs
inversus of the heart, and these embryos did not survive past embryonic day 10 (mid-gestation) [44-46].
Furthermore, mice with a deficiency of a-mannosidase 11 survive embryonic development and look similar to wild-
type littermates during adulthood, however, these mice develop a dyserythropoietic anemia accompanied by

splenomegaly, with early death resulting from kidney failure [47-49].

O-linked glycosylation

In contrast to N-linked glycosylation, glycans can also be synthesized through glycosidic linkages (O-
linked) to the side chains of serine or threonine residues within a polypeptide, as well as to hydroxylysine (collagen)
or tyrosine (glycogenin). Unlike N-linked glycosylation, the process of O-linked glycosylation is completely
posttranslational (no co-translational modifications), initiating in the ER for most glycoproteins, with further
modifications occurring in the Golgi [1]. Furthermore, whereas N-linked glycosylation always consists of a
common core structure of two GICNAc and three Man residues, where a GIcNAc is always found covalently
attached to the asparagine side chain, O-linked glycans attached to proteins can begin with the covalent attachment
of a variety of monosaccharides via either an alpha or beta linkage, which can vary by the protein (Table I) [2]. O-
linked glycans typically consist of a simple monosaccharide sugar added to a polypeptide, but some can be extended

by Golgi glycosyltransferases into linear and branched glycans [50], including mucins and glycosaminoglycans. A



majority of O-linked glycans are found in extracellular, cell surface or intracellular membrane areas, but a

significant O-linked modification is also found in the cytosolic and nuclear compartments.

TABLE I: TYPES OF O-LINKED GLYCOSYLATION AND WHERE THEY ARE FOUND

Sugar Residue | Amino Acid Alpha or Beta Glycoprotein Examples
Linkage

GalNAc Serine/Threonine Alpha Mucins [51]

GIcNACc Serine/Threonine Beta Cytosolic and nuclear proteins [32]
Man Serine/Threonine Alpha a-dystroglycan [52-53]
Glu Serine Beta Notch [54]
Fuc Serine/Threonine Alpha Thrombospondin [55]
Xyl Serine Beta Proteoglycans; heparin [56-57]
Gal Hydroxylysine Beta Collagen [58]
Glu Tyrosine Alpha Glycogenin (autoglycosylation) [59]

Although O-linked glycans mostly consist of single sugar or oligosaccharide additions to target
glycoproteins, these glycan chains also undergo extensive processing in the Golgi to form branched and lengthy
linear glycans (Figure 2). Mucins, as well as proteins containing mucin-like domains, are plasma membrane or
secreted proteins that directly contribute to the cellular glycocalyx and extracellular matrix, respectively [60-63].
Formation of mucin-type O-glycans begins with the addition of a GalNAc residue to select serine or threonine

residues within a target protein, yielding the Tn antigen [64]. Once this is formed, a variety of Golgi-resident



glycosyltransferases modify the structure further, creating a vast array of branched O-linked glycan structures [65].
Another set of extracellular matrix proteins that are heavily glycosylated are the proteoglycans, which contain long
linear O-linked glycosaminoglycan (GAG) chains. GAG chains are attached to serine residues and consist of a
common core of four sugars (XylGal.GIcA) synthesized in the cis-Golgi, then are extended by disaccharide units
by glycosyltransferases and further modified by sulfotransferases [1, 66]. These O-linked glycan modifications,
similar to N-liked glycosylation, are necessary for mammalian development and survival, as mouse knockout
studies indicate that a lack of the ability to form any of these structures leads to death of the mouse during embryonic
development due to a series of major structural development defects, including aberrant formation of the respiratory

system (mucins), as well as epithelial and mesodermal cell dysfunction (GAGS) [33, 67-73].

Another O-linked sugar modification of noteworthy mention is the reversible modification of over one-
thousand nuclear and cytosolic proteins singly with GICNAc on serine or threonine amino acids. This process is
known as O-GIcNAcylation and is mediated by two enzymes—uridine diphospho-N-acetylglucosamine: peptide-
B-N-acetylglucosaminyltransferase (OGT), which adds GICNAc to target proteins, and O-GIcNAcase, which
removes the GICNAc [74]. Similar to other mouse studies described above, O-GIcNAcylation has been shown to
once again be necessary for mammalian development and survival, as mice that are null for OGT lose embryonic
stem cell viability, leading to death [75]. The importance of O-GIcNAcylation can also be seen from numerous
studies that have identified many functions of this modification, including the modulation of cellular signaling
pathways in response to nutrients, modulation of protein trafficking and degradation, modulation of muscle
contraction and cytoskeleton formation, protection of proteins during times of chronic stress or trauma, and a variety
of roles in gene transcription and translation [reviewed in 32]. Interestingly, protein O-GlcNAcylation demonstrates
a high level of crosstalk with protein phosphorylation, as both processes can occur on serine and threonine residues
and in many cases, they occur on the exact same residues in one protein [76-78]. Reversible modification of a
protein amino acid with GICNAc and phosphate alters the activity of that particular protein depending on which of
those molecules is bound. The Tau protein, which is a known phosphorylated protein that forms neurofibrillary

tangles in Alzheimer’s disease, has been found to be highly O-GIcNAcylated and this has an effect on the protein’s
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Figure 2. Examples of O-linked glycosylation. O-glycosylation is the glycosylation of target proteins on select
serine or threonine residues. Unlike N-linked glycans which always begin with GIcNAc attached directly to an
arginine residue, O-linked glycan chains can begin with of several different monosaccharides, including
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type, glycosaminoglycans) glycan chains.



phosphorylation state [79]. A brain knockout of OGT leads to the hyper-phosphorylation of Tau utilizing sites of
GlcNAcylation and neuronal death [80], whereas inhibition of GIcNAcase in rats leads to the reduction of Tau
phosphorylation at sites determined to be critical for Alzheimer’s disease pathology [81]. Another important
function for GIcNAcylation that is coming to be realized is its role in the progression of diabetes. Although its role
is still being fully deciphered, the modification of several insulin signaling pathway proteins with GICNAc serves
to alter the overall signaling cascade. Higher glucose levels have correlated with increases in O-GIcNAcylation
levels [82-83]. As an example, it has been shown that treatment of NIH 3T3-L1 adipocytes with glucose leads to
the O-GIcNAcylation of glycogen synthase, leading to a reduction in this enzyme’s activity and the subsequent
reduced uptake of glucose and its storage as glycogen [84]. Furthermore, insulin-stimulated phosphorylation of Akt
at threonine-308 is inhibited in the presence of elevated GIcCNAc levels, leading to a reduction in glycogen synthase
kinase-3f phosphorylation and activity [85]. As a final note, GIcNAc has been demonstrated to modify a variety of
oncogenes and tumor suppressors, including c-Myc [86], retinoblastoma [87], B-catenin [88], and estrogen receptors

[89-90], and may play roles in the etiology of a variety of human cancers.

Disorders of N- and O-linked glycosylation

Congenital disorders of N-linked glycosylation

The inability to create complete N- or O-liked glycans on target glycoproteins, or the inability to
successfully degrade glycans, constitute a large group of disorders that result from congenital defects in various
enzymes along the various glycan biosynthetic or lysosomal degradation pathways [reviewed in 40,91]. In terms of
N-linked glycans, congenital disorders of glycosylation (CDGs) are broken into two distinct groups—those
resulting in the inability to fully synthesize the lipid-linked precursor oligosaccharide (CDG-I), and the inability to
create complex N-glycan chains from the core oligosaccharide (CDG-II). In CDG-I, the net result is a decrease in
the number of normal N-glycan structures, whereas the result of CDG-I1I defects is the creation of simpler, shorter
chains without affecting the total number of N-glycans. Most of these CDGs are autosomal recessive, and are the
result of the failure to synthesize adequate levels of a nucleotide sugar donor or the malfunction of a particular

glycosyltransferase, but the overall clinical picture is not very different. Patients with these disorders tend to exhibit
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multiple organ failure, including an array of neurological pathologies, immunological diseases, and liver pathology
[91]. These pathologies can become serious early on in life, as demonstrated in the case of phosphomannomutase
deficiency (CDG-la) that leads to inadequate levels of GDP-Man required for the synthesis of the
GlcsMangGIecNAC: lipid linked precursor oligosaccharide, 20% of infants die within the first year of life and those

who live, have mental retardation along with peripheral neuropathy and kyphoscoliosis [92].

Hypomannosylation of a-dystroglycan

A group of degenerative disorders with a key O-glycosylation defect are the muscular dystrophies. These
are congenital disorders that result in progressive degeneration of muscle fibers beginning at an early age, resulting
in skeletal muscle wasting and atrophy [reviewed in 93-94]. At the center of a majority of these disorders is the
dystrophin-glycoprotein complex (DGC), which consists of multiple glycosylated proteins and serves to mediate
the interaction between the muscle fibers, the extracellular matrix, cytoskeleton, and cell membrane and thus
provide mechanical stabilization for the muscle [reviewed in 95]. One of the proteins within the DGC, known as
dystroglycan, is heavily O-glycosylated on its alpha subunit with O-linked Man residues which serve to bind with
extracellular matrix proteins, including laminin, agrin and perlecan [96]. These interactions are absolutely essential
for connecting the cellular cytoskeleton with the extracellular matrix [97]. Hypomannosylation of a-dystroglycan
and failure to further modify the O-Man glycan is believed to destabilize the DGC and is the featured defect in a
number of congenital muscular dystrophies including Walker-Warburg syndrome and muscle-eye-brain disease,
both of which contain a variety of ocular abnormalities, structural brain malformations, and mental retardation [98-
99]. Furthermore, the hypomannosylation of a-dystroglycan has been noted to disrupt the functioning of heart

muscle and result in a series of cardiomyopathies [100].

Lysosomal storage diseases

When glycoproteins are no longer needed, they are sent to lysosome compartments for degradation of both
their amino acids and glycan chains. When a genetic defect in a select lysosomal enzyme is present, the protein or

glycan serving as a substrate for the defective lysosomal enzyme does not get fully degraded and builds up in the
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lysosome. This results in the secondary inhibition of other catabolic enzymes and permeases that are not deficient,
resulting in a lysosomal storage disease (LSD) with the inability to degrade multiple proteins, oligosaccharides,
lipids and glycosaminoglycans [101-103]. LSDs occur in about one out of every 100,000 live births across the world
without respect to race and ethnicity. To date, numerous LSDs that result in the inefficient breakdown of glycan
chains have been documented [reviewed in 40]. These include the inability to degrade mannose (mannosidosis),
fucose (fucosidosis), sialic acid (sialidosis), and galactose (galactosialidosis). Clinical manifestations of LSDs are
quite heterogeneous, affected multiple organs and systems, but in most cases neurological disorders will be present.
As an example, in sialidosis, where the lysosome is unable to degrade o2, 3- and 02, 6-linked terminal sialic acid
residues, patients reported to hospitals with seizures, overactive reflexes (hyperreflexia), and the inability to
voluntarily coordinate muscle movements (ataxia) [104-105]. Furthermore, in galactosialidosis, adult patients

present with ataxia, mental retardation, and the deterioration of neurons [40].

Mannose-6-phosphate and its necessity for lysosomal protein degradation

A noteworthy example of LSDs are the autosomal recessive mucolipidoses (ML) Il (I-cell disease)/lll
(pseudo Hurler polydystrophy), in which the failure of a key glycosylation event on newly synthesized lysosomal
hydrolases results in patients exhibiting dwarfism, joint stiffness, skeletal abnormalities, enlarged heart and liver,
and mental retardation [106]. In the case of ML Il, the symptoms become extremely severe in the first decade of
life, with death typically resulting between five and eight years of age due to congestive heart failure or persistent
pulmonary infections [107]. Under normal physiological conditions, newly synthesized lysosomal hydrolases are
folded and modified in the ER and Golgi, but then need to be specifically targeted to lysosomal compartments. In
eukaryotes, this is accomplished through the modification of lysosomal enzymes with mannose 6-phosphate (M6P),
which is utilized as a recognition marker for lysosomal targeting [reviewed in 108]. The modification of lysosomal
hydrolases with M6P occurs in two steps—first, following the addition of high-mannose N-glycans on target
proteins in the ER, GICNAc phosphotransferase catalyzes the transfer of GICNAc 1-phosphate to the C6 position of
select al, 2-linked mannose residues on the high-mannose oligosaccharides [109-112]; secondly, the GIcNAc

residue is removed by N-acetylglucosamine 1-phosphodiester N-acetylglucosaminidase (NAGPA), which leaves
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an exposed phosphate on the C6 position of a mannose residue [113, 114]. The resultant M6P is then recognized by
mannose 6-phosphate receptors, and lysosomal proteins containing this recognition marker are shuttled to early or
late endosomes where they can disassociate from MG6P receptors and are then transported further to the lysosomes
[reviewed in 115]. In ML Il, genetic mutations in the GNPTA gene results in the absence of GICNAc
phosphotransferase, abolishing the formation of M6P on lysosomal enzyme N-glycan chains and resulting in the
inability of these enzymes to reach the lysosome, and their secretion from cells [106]. Fibroblast cells from ML Il
patients characteristically demonstrate the presence of enlarged lysosomes that are filled with undigested proteins
[116]. Patients with ML 111 exhibit the same symptoms as ML Il patients but in a milder form, since this disease is

genetically heterogeneous and GIcNAc phosphotransferase activity is only reduced and not absent [117].

The modification of lysosomal enzymes with M6P was the first described example of glycosylation that is
considered to be protein-specific, and demonstrates that such glycosylation events are especially critical for
maintaining normal mammalian physiology. To date, several other examples of protein-specific glycosylation have

been documented and will be discussed in the following section.

Determinants and specificity of protein glycosylation

Although glycan chains consist of a common “core” set of sugars, such as the GIcNAc,Mans structure that
is common of all hybrid and complex N-glycans, a very large spectrum of N- and O-linked glycans are created.
What are the criteria that lead to the creation of a specific glycan chain on a specific protein? “Core”
oligosaccharides are typically expressed in many cell lineages. However, it is how these core sugars are terminally
modified that leads to the great diversity of mammalian glycosylation products created, and these terminal glycan
linkages are typically determined by the cell lineage and is typically tissue-specific [33]. Furthermore, a variety of
factors within the secretory pathway play a critical role in what glycans will be produced. These include the
spectrum of glycosyltransferases present in a particular cell at a certain time and in a certain amount, the synthesis
of nucleotide sugars, the presence of Golgi membrane transporters for those nucleotide sugars to enter the Golgi

lumen, as well as the structure and organization of the Golgi membranes [1]. Furthermore, the pH of the Golgi
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lumen has been shown to alter the cellular glycosylation levels, as the higher the pH, the slower glycoproteins are

trafficked through the secretory pathway, resulting in truncated glycosylation of these proteins [118, 119].

Some proteins, and specific domains within them, are selectively glycosylated with specific classes of
glycan structures, which have been shown to play critical roles in development and physiology. The first example
of protein-specific glycosylation is the modification of lysosomal enzymes with mannose 6-phosphate, which was
discussed in detail above. Another example of protein-specific glycosylation is the addition of fucose residues to
the EGF domain of Notch family proteins. EGF domains are cysteine-rich sequences of 30-40 amino acids that are
found on many cell surface and secreted glycoprotein and are involved in protein-protein interactions [120]. Serine
and threonine residues within the EGF that are between the second and third cysteine residues are modified first
with Fuc [121, 122], followed by chain extension to form a tetrasaccharide (Sia-Gal-GIcNAc-Fuc-Serine) that has
been shown to modulate Notch-ligand interactions during development that have a role in cell fate decisions [123].
In mouse studies, EGF glycosylation has also been shown to be necessary for maintaining normal hematopoiesis
[124]. A second example is the glycosylation of thrombospondin type 1 repeats (TSRs). TSR domains are found in
numerous cell surface proteins and consist of tandem repeats of 50-60 amino acids with disulfide bonds formed by
six conserved cysteine residues [2]. TSR domains can be glycosylated on serine or threonine residues with a Fuc
sugar using a different glycosyltransferase than in EGF domains, or modified with Man on a tryptophan residue via
a carbon-carbon bond [125, 126]. Recent mouse knockout studies indicated that glycosylation of TSR domains is
critical for several developmental processes, including the epithelial to mesenchymal transition and cell patterning
[127]. The third well-studied example of protein-specific glycosylation is the modification of a-dystroglycan with

mannose residues, which has been discussed above.

Another example of protein-specific glycosylation is the modification of neural cell adhesion molecule with
polysialic acid. This modification occurs on a very select group of glycoproteins and has been shown to have both
necessary and detrimental effects over the course of mammalian life. Despite a thorough understanding of the
biological effects of polysialic acid, the mechanism by which this modification occurs has not been fully deciphered.

The roles of polysialic acid in mammalian development and life will be discussed in detail below, and the work
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presented in subsequent chapters aims to elucidate the biochemical mechanism of polysialic acid addition onto

target glycoproteins.

Polysialic acid

Polysialic acid (polySia) is a linear homopolymer of a-2, 8-linked N-acetylneuraminic acid (sialic acid)
residues that is synthesized on the termini of N- or O-linked glycans found on select glycoproteins (Figure 3). The
synthesis of polySia occurs in the Golgi apparatus and is catalyzed by two human polysialyltransferase (polyST)
enzymes—ST8Sia Il (STX) and ST8Sia IV (PST). The polySTs are Golgi localized glycosyltransferases found in
the trans cisternae and the trans Golgi network [128]. In order to synthesize these linear chains of sialic acid, the
polySTs require (1) an acceptor a2, 3- or a2, 6-linked sialic acid residue terminating a glycan chain, and (2) an
activated sialic acid residue found on the donor CMP-sialic acid. The resulting polySia chains have been shown to
extend to approximately 57 sialic acid residues in the mouse brain, and over 100 units in human tumor cells [129,
130]. The process of substrate polysialylation is considered highly protein-specific, as to date there are only seven
known glycoproteins that are targeted for modification with polySia. These substrates are the neural cell adhesion
molecule (the polySTs’ major substrate) [131], neuropilin-2 [132], synaptic cell adhesion molecule 1 [133], the
alpha chain of the voltage-sensitive sodium channel [134], a CD36 receptor found in human milk [135], and the
polyST enzymes themselves, in a process known as autopolysialylation [136, 137]. The modification of
glycoproteins with polySia has been shown extensively to play necessary roles in mammalian embryonic
development as well as both critical and detrimental roles in the adult. Most of the studies that deciphered these
important functions of polysialylation came on work utilizing the polySTs’ major substrate, neural cell adhesion

molecule, and these studies will be detailed in the following sections.

Neural cell adhesion molecule — the major polysialylated substrate

The neural cell adhesion molecule, or NCAM, is a cell surface glycoprotein whose major and most well-
studied function is to mediate cell-cell adhesion through interactions with NCAM molecules on an opposing cell

surface. There are three isoforms of NCAM that are named based on their approximate molecular weight (NCAM-
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Figure 3. Overview of polysialic acid synthesis. Polysialic acid is a linear homopolymer of a2, 8-linked sialic
acid residues that is synthesized in the Golgi apparatus by ST8Sia Il and ST8Sia IV on an a2, 3- or a2, 6-linked

sialic acid residue terminating a glycan chain.
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120, NCAM-140, and NCAM-180) and are created through alternative splicing of pre-mRNA that is encoded by
one NCAM gene (Figure 4) [138]. In their extracellular portions, all three isoforms of NCAM contain five
immunoglobulin-like domains (g1 — 1g5) followed by two fibronectin type 111 repeats (FN1 and FN2). The isoforms
then differ in the way in which they are attached to the plasma membrane, containing either a transmembrane region
and cytosolic tail (NCAM-140 and NCAM-180) or a GPI-anchor (NCAM-120). NCAM has been previously shown
to form homophilic interactions with NCAM molecules on other surfaces as well as on the same plasma membrane,
and it has been postulated that when NCAM is not forming trans-homophilic interactions with NCAM on an
opposing surface, it is forming cis interactions with other NCAM molecules on the same plasma membrane [139].
The exact mechanism by which NCAM forms cis- and trans- homophilic binding interactions has always been a
subject of debate, and many studies have led to the formation of multiple theories concerning which domains
mediate these interactions [140-147]. However, crystallographic analyses seem to indicate that cis-homophilic
NCAM binding is mediated by the first two Ig domains (Igl and Ig2), whereas trans-homophilic NCAM binding
may involve interactions between residues within the Ig2 and Ig3 domains, and could include residues in Igl as

well [148].

Polysialic acid modulates neural cell adhesion molecule cell-cell adhesion properties

NCAM contains six asparagine residues within the Asn-X-Ser/Thr consensus sequences required for N-
linked glycosylation—site 1 is found in the 1g3 domain, sites 2 and 3 are in Ig4, and sites 4, 5 and 6 are located in
1g5 [149]. PST and STX modify NCAM with polySia on glycans attached to asparagine sites 5 and 6 in the NCAM
Ig5 domain [150]. Since each sialic acid residue has a net negative charge, the addition of long chains of polySia to
NCAM introduces a large amount of negative charge to the region surrounding the NCAM molecule, allowing for
the coordination of water molecules and increasing the hydrodynamic radius of NCAM (Figure 5) [151]. This
prevents two NCAM molecules from coming close enough to each other to functionally interact, leading to a
decrease in cell-cell adhesion [152, 153], an increase in intermembrane repulsion [154], and the promotion of lateral
diffusion of NCAM within the plasma membrane [155]. Therefore, polySia serves as an anti-adhesive glycan that

prohibits the normal cell-cell adhesive functions of NCAM and other adjacent adhesion molecules [152, 155].
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Figure 5. Effect of polysialic acid on NCAM cell-cell adhesion properties. Synthesis of polysialic acid on N-
linked glycan sites five and six in the 1g5 domain introduced a large amount of negative charge surrounding the
NCAM molecule. This increases the hydrodynamic radius of NCAM (pink ovals) and prevents the homophilic

interaction of NCAM molecules on opposing cell surfaces.
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Polysialic acid modulates cell signaling

Even though NCAM does not possess any known direct catalytic activity that would be capable of initiating
downstream signaling pathways, numerous studies have demonstrated that NCAM is capable of mediating neurite
outgrowth by affecting a variety of signal transduction cascades through a series of intracellular and extracellular
binding partners [reviewed in 156]. A well-studied example of NCAM-mediated signal transduction via
downstream proteins is the involvement of a Src family nonreceptor tyrosine kinase, Fyn [157]. Beggs et al. [157]
found that cortical neurons from Fyn” mice displayed stunted neurite extension when grown on NCAM-expressing
fibroblasts. This finding was unique, as knockouts of other Src family members did not affect NCAM-mediated
neurite outgrowth. Furthermore, constitutive interaction between NCAM and Fyn was discovered through co-
immunoprecipitation analysis [158, 159]. In more recent studies, Fyn phosphorylation and resultant activity were
found to be lower in NCAM-deficient mice than in wild-type mice [160], and that clustering of NCAM on the
neuron cell surface induces high levels of Fyn phosphorylation [158]. Taken together, these results demonstrate that
NCAM is capable of mediating cellular signaling by affecting the activity of downstream effectors. More recently,
it has become apparent that modification of NCAM with polySia further impacts these signal transduction events,
and that many of the effects might involve alterations in signaling as well as adhesion. Some of the main studies

demonstrating the effects of polySia on NCAM signaling properties are summarized here.

Fibroblast growth factor receptor

The fibroblast growth factor receptor (FGFR) is found on the plasma membrane and consists of three
extracellular immunoglobulin-like domains, a transmembrane region, and an intracellular domain that has tyrosine
kinase activity. FGFR is activated by forming a dimer with another FGFR molecule, leading to transphosphorylation
of its tyrosine kinase domains and transduction of an extracellular signal to the nucleus to promote neurite outgrowth

[156]. Receptor dimerization occurs upon binding to its main ligand, the fibroblast growth factor (FGF).

Utilizing surface plasmon resonance and NMR analyses, it has been demonstrated that an FG loop in the

FN2 domain of NCAM directly binds to the extracellular domain of FGFR [161]. This interaction has been shown



20

by multiple studies to promote NCAM-mediated signaling by promoting FGFR transphosphorylation and
subsequent activation [161, 162]. Furthermore, the NCAM-FGFR interaction is absolutely critical for NCAM
signaling ability, as pharmaceutical inhibition of FGFR in cerebellar granular neurons, inhibition of FGFR in cells
with FGFR antibodies, or expression of dominant negative FGFR receptors in PC12 cells leads to a significant
reduction in the ability of NCAM to promote neurite outgrowth [162-165]. From studies examining the patterns of
activated adapter proteins, it was determined that NCAM activates FGFR in a mechanism that is different from
FGF [166]. Additionally, the affinity of the NCAM-FGFR interaction is much weaker than that of FGF-FGFR, but
the activation of FGFR by NCAM is biologically significant because there is a much higher concentration of NCAM

molecules at the cell surface at any one time than there is FGF [139].

The presence of polySia on NCAM is postulated to play a significant role for NCAM-mediated FGFR
activation. When NCAM is not polysialylated, it is believed that NCAM on a cell surface will form tight interactions
with NCAM molecules on an opposing cell surface, resulting in the formation of a “zipper” that does not allow
enough room for interaction with other molecules [156]. In this scenario, FGFR is unable to be activated by NCAM.
When NCAM s polysialylated, the resultant increase in NCAM’s hydrodynamic radius negatively regulates its
ability to form these trans-homophilic interactions, leaving NCAM molecules less densely packed and in a position

to activate FGFR signaling [156].

Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family found within the central
nervous system. It is a secreted protein that has been shown to be critical for the survival, growth and differentiation
of neurons and synapses, which is accomplishes through binding to and activating its receptor [167-170]. It has also
been shown that BDNF is important for long-term memory [171]. Work from Vutskits et al. [172] indicated a
critical role for polysialylated NCAM for the proper function of BDNF. When polySia was removed from NCAM
in cultured cortical neurons using EndoN, or inactivated using an antibody against polySia, cortical neuron survival
was significantly reduced, as was intracellular signaling through BDNF-stimulated signaling pathways. The loss of

BDNF signaling could be replenished by the administration of excess, exogenous BDNF. These data suggested that
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polySia on NCAM plays a role in BDNF-mediated intracellular signaling by potentially sensitizing neurons to

BDNF.

Platelet-derived growth factor

In the mammalian nervous system, directed migration of oligodendrocyte precursor cells (OPCs) is critical
for myelin formation in the central nervous system during neuronal development as well as during neuronal injury
in the adult [173-175]. The migration of OPCs has been previous shown to migrate toward its targets following a
chemical gradient of platelet-derived growth factor (PDGF) [176]. Work from Zhang et al. [177] suggests a role for
polySia attached to NCAM in the response of OPCs to PDGF. Utilizing migration studies using gradients of PDGF,
they found that removal of polySia from NCAM altered the migratory pathways of OPCs. With polySia-NCAM
present on OPCs, these cells exhibit a biased migration toward the PDGF source, whereas random migration is
demonstrated when polySia is inactivated or removed from NCAM. Although the direct role of polySia-NCAM on
PDGF-mediated signaling and migration is still being determined, it was suggested from these results that polySia
sequesters PDGF near the cell membrane, stimulating signaling and directional migration by increasing OPC’s

sensitivity to this migratory cue [178].

Mitogen-activated protein kinase pathway

Numerous studies have suggested that in response to NCAM stimulation, the terminal mitogen-activated
protein kinases (MAPKSs) ERK1 and ERK2 are phosphorylated and activated via MEK and Ras, which in turn are
activated through pathways that initiate with FGFR [156, 179]. The net outcome is NCAM-mediated neurite
extension. Using neuroblastoma tumor cells, Hildebrandt et al. [180] suggest a negative role of polySia in
modulating neurite outgrowth in response to NCAM. Utilizing SH-SY5Y neuroblastoma cells, they found that
NCAM promotes neuritogenesis in response to retinoic acid stimulation through activation of ERK. However, in

the presence of polySia-NCAM, signaling via ERK is altered and neurite outgrowth does not occur.

NCAM is a cell surface glycoprotein that is known to interact with FGFR and Fyn to activate these latter

proteins, leading to cellular signaling cascades that promote neurite outgrowth. Furthermore, the presence of polySia
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can alter NCAM signaling properties. A common feature of NCAM signaling is an activation of the MAPK
pathway. However, the precise mechanism by which a cellular signal is transmitted from NCAM-activated FGFR
or Fyn to Ras/Raf/MEK/ERK is still emerging. Numerous studies point to a variety of intracellular ion proteins and
pathways that may have a role in NCAM signaling through to ERK, including a rise in intracellular Ca?* in response
to NCAM stimulation [181-184], increases in protein kinase A and C activity [182, 185], and activation of the

phosphatidylinositol 3-kinase/Akt and cyclic guanosine monophosphate pathways [186, 187].

PolySia and sequestration of extracellular signaling factors

Although the precise mechanism by which polySia modulates cell signaling is not fully understood, several
recent studies have indicated that polySia can directly bind to FGF and BDNF [188-190]. From these works, it has
been postulated by Kanato et al. [190] that polySia serves as a “sink” for neurotrophic factors, binding to them and
thus concentrating them near the cell surface, thus promoting the activation of a cell surface receptor by its ligand

and hence altering overall signaling, regardless of whether the resultant signaling is desirable or not.

Expression patterns of polysialic acid

PolySia is first expressed on embryonic day 8-8.5 in the mouse and remains expressed for the entirety of
pre-natal development [191]. Approximately three weeks after birth, the expression of polySia disappears from a
majority of neural regions, which coincides with the completion of major morphogenic events within the mouse,
including cell proliferation, migration, neurite extension and synapse formation [192-195]. In the adult animal,
consistent polySia expression is restricted to select regions of the brain where the formation of new neuronal tracts
is necessary [reviewed in 196]. The regulation of polySia expression during development is explained by the
expression patterns of the two polySTs. PST is moderately expressed during embryonic brain development and
remains expressed in specific portions of the adult brain, whereas STX is more highly expressed in the embryo and
neonate and then declines substantially in the adult [197]. The appearance of polySia during mouse embryonic
development and its subsequent disappearance postnatally raises the question as to the role of polySia in

development.
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Polysialylated NCAM is necessary for the development of the mammalian nervous system

To determine the role of polySia in development, Weinhold et al. [198] simultaneously deleted ST8Sia
II/STX and ST8Sia IV/PST to create a polySia-negative mouse. These double knockout mice exhibited
abnormalities in major brain fiber tracts, hydrocephalus, impaired postnatal growth, and death of these mouse
occurred 3-4 weeks after birth. However, when NCAM was subsequently deleted (STX”PST*NCAM triple
knockout mice), all of the mentioned effects were reversed, and the mice were viable. These results suggest that
without polySia, there is an abnormal gain of NCAM function causing abnormal neuronal development. Results
from Hu et al. [199] demonstrate that the phenotype observed in these mice may be a result of a failure of migration
of neurons during development. Mice treated with endoneuraminidase N (Endo N), an enzyme that specifically
cleaves a-2, 8-linked polySia, showed that interneuron progenitor cells in the subventricular zone did not reach to
the olfactory bulb, where they normally differentiate. Instead, the loss of polySia caused them to inappropriately
adhere before reaching the olfactory bulb, resulting in their differentiation into interneurons prematurely and in the
wrong place. In total, these results indicate that polySia synthesized by the polySTs during nervous system
development is absolutely necessary because it serves to “mask” NCAM so that NCAM-NCAM contacts are made
only in a highly organized, time- and site-specific manner to ensure proper migration of neurons and promote correct

nervous system development.

Expression of polySia in the normal adult brain

After being expressed at high levels throughout embryonic development, the levels of polySia diminish in
the adult, but remain constitutively expressed in areas of ongoing neuronal plasticity. Some of the key locations of

ongoing neuronal plasticity and the roles of polySia in each location are detailed here below.

Hippocampus

Numerous studies have demonstrated the presence of polySia in regions within the adult brain that are
associated with memory formation, including the hippocampus, dentate gyrus, amygdala, piriform cortex and the

neocortex [193, 200-202]. Removal of polySia from NCAM on hippocampal progenitor neurons using Endo N in
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vivo did not prevent the differentiation of these cells, but did promote the abnormal clustering of these progenitors
in the dentate gyrus portion of the hippocampus, preventing their migration from this region [203]. Furthermore,
adult rats injected with Endo N exhibited a significantly impaired ability to successfully perform in the Morris water
maze, suggesting the inability of these rats to acquire and retain spatial memory [204]. Furthermore, treatment of
hippocampal slices with Endo N in order to study the effects of polySia on long-term potentiation, which is an
underlying phenomena promoting synaptic plasticity in learning and memory [205, 206], indicated that this process
was greatly impaired in these mice [204]. Taken together, the constitutive presence of polySia in the adult
hippocampus and associated regions promotes our ability to continuously form new memories, likely through the

proper formation of new neuronal tracts and neuronal synapses [207].

Olfactory bulb

The ability of a mammal to smell a variety of odors is critical for identification of surroundings as well as
warning us of surrounding dangers. To maintain our ability to smell, olfactory interneurons continuously migrate
in chains through the rostral migratory stream from the subventricular nucleus, located in the wall of the lateral
ventricle, to the olfactory bulb [208]. Removing polySia both in vivo and in vitro prevented the ability of olfactory
interneurons from forming organized migrating chains, leaving these cells dispersed and disorganized near the
subventricular nucleus [209]. Therefore, polySia promotes proper formation and migration of olfactory interneuron

chains and hence maintains our ability to smell.

Hypothalamus

PolySia persists within the hypothalamus and associated neurohypophysis, which is associated with
neuroendocrine functions [210]. Within these regions, polySia has been shown to be important for normal
functioning of the ovarian cycle. In the pro-oestrous phase of the cycle, GnRH neurons have to extend projections
from the pre-optic area in order to establish the appropriate contacts to promote hormonal release, whereas in the
di-oestrous phase, these neuronal projections normally retract [reviewed in 196]. The expression of polySia

correlates with this cycle, as levels of polySia are high during the pro-oestrous phase, when neuronal projections
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are necessary, and levels are low during the di-oestrous phase [211]. Additionally, removal of polySia enzymatically
completely blocks the ability of these neurons to send out projections, disrupting the entire ovarian cycle [212].
Furthermore, studies indicate a role for polySia in the proper migration of neurons of the supraoptic and
paraventricular hypothalamic nuclei in order to allow for the proper secretion of oxytocin and antidiuretic hormone
in response to lactation and dehydration, respectively [213-215]. Therefore, fluctuating levels of polySia in the

hypothalamus promote the secretion of hormones at the times that they are needed.

Suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) houses the mammalian circadian clock, which is entrained through
light input from the retina. The amount of polysialylated NCAM in the SCN greatly increases in response to light
input from the retina [216], and cycles continuously through a twenty-four hour period, raising the question as to
the role of polySia in establishing our circadian rhythms. To answer this question, several studies have
enzymatically removed polySia from the SCN. When polySia is removed, generation and establishment of a
circadian rhythm is impaired due to the inability to activate the Fos transcription factor within the SCN, as well as
the inability to reset the circadian rhythm in the presence of light [216, 217]. Unlike in previous cases, there are no
changes in innervation of the SCN by retinal neurons, and the precise mechanism by which polySia affects circadian

rhythms is not fully understood [218].

Transient expression of polySia in the normal adult

PolySia is downregulated in a majority of tissues within the adult mammal except for a select few regions
as detailed above. However, in some cases, the need arises for polySia in area that no longer require this glycan
modification. The transient expression of polySia in the adult refers to the temporary re-expression of the polySTs

and polySia in regions that usually do not express them after birth.

Brain and peripheral neuron regeneration

In the central nervous system (CNS), consisting of the brain and spinal column, it has been shown that

cerebellar Purkinje cells have the ability to sprout new axons in a period of about three months following axotomy
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[219]. Dusart et al. [220] demonstrated the need for polysialylated NCAM for the regeneration of these cells
following an axotomy within the rat cerebellum. They found that in the intact cerebellum, polySia-NCAM is not
found. However, polySia expression in reactive astrocytes surrounding the injury site was found to start increasing
fifteen days after Purkinje cell axon injury, and expression peaked three months later. The location and timing of
polySia expression correlated with the general period of gliosis that occurs following the injury of these cells,

suggesting a role of polySia in axon sprouting, potentially to aid guidance of the growing axon.

Mouse studies demonstrate that polySia is homogenously expressed in the cell bodies of spinal ganglia
neurons, which sprout to form neurons of the peripheral nervous system (PNS), beginning on embryonic day 12
and are necessary for the promotion of neurite migration and growth during development [221-223]. However,
polySia is not found on the myelinating Schwann cells of the PNS, despite the presence of NCAM [224, 225].
Interestingly though, polySia on NCAM is upregulated in Schwann cells following nerve injury [226-228]. Work
from Jungnickel et al. [229], in which the sciatic nerves of mice were crushed and analyzed before and post-injury,
indicated a role of polySia in PNS nerve regeneration. Utilizing mice that had only one functional polyST allele,
they found that following sciatic nerve crush, these mice exhibited fewer myelinated fibers and a slower
regeneration rate than found in wild-type mice. Furthermore, the regeneration of sciatic nerve fibers was found to
be stunted to a much greater extent in mice missing the ST8Sia II/STX allele, suggesting that both polySTs are
required for proper nerve regeneration but that STX has a more prominent role. Taken together, the polySTs work

in tandem to synthesize polySia in the PNS during times of nerve injury.

Spinal cord injury

Lesions of the spinal column interrupt neuronal connections between the CNS and the PNS, which become
difficult to repair due to the inability of PNS dorsal root ganglia to cross over the dorsal root entry zone (DREZ) to
reconnect with CNS targets [230-232]. The inability to form these connections after spinal column injury may be
related to several factors, including the presence of reactive astrocytes at the site of injury or the lack of growth-
promoting factors on the surface of astrocytes [233-236]. These hardships can lead to permanent loss of motor

functions after the injury, which begs the questions as to potential treatments to aid in neuron regeneration. Several
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studies have pointed to polySia as a potential therapeutic after spinal cord injury [237-240]. Ghosh et al. [237]
demonstrated that implanting Schwann cells overexpressing polySia near a spinal cord lesion improved a mouse’s
recovery time as well as their overall motor function recovery as compared to mice receiving regular Schwann cells.
This result was due to an increase in the migration capability of these modified Schwann cells, as those cells not
overexpressing polySia remained confined to the site of injection. In two studies, Zhang et al. [238, 239] found that
lentiviral delivery of PST to the spinal column increased astrocyte and Schwann cell infiltration of the lesion site
and promoted more axons to cross the DREZ, thus improving recovery. Mehanna et al. [240] showed that treatment
of mice with an induced spinal column transection with a polySia mimetic peptide through subdural infusion led to
an increase in the total number of cholinergic and glutaminergic neuron terminals within the spinal cord, as well as
more effective axon myelination. These studies indicate the need of polySia in times of neuronal injury and suggest

that polySia could be a potential pharmaceutical treatment for these lesions.

Hyperthermia

Duveau et al. [241] provided evidence that an upregulation of polysialylated NCAM within the brain
contributes to a phenomena known as “brain tolerance,” which is the preconditioning of the brain with a subtoxic
challenge in order to confer resistance to a potentially lethal challenge [242]. Exposure of mice to a heat stress
induced both the production of heat shock protein 70 (HSP70) and polySia on NCAM. Exposure of mice to
quercetin, and inhibitor of HSP70, also reduced the production of polysialylated NCAM following hyperthermia,
whereas linoleic acid treatment, which upregulates HSP70, also increased levels of polySia-NCAM. Although the
precise mechanism by which the rise and fall of polySia occurs is not fully known, it is suggested that polySia and

HSP70 may work in tandem to provide an organism neuroprotection in the presence of hyperthermia.

Chronic stress

Persistence of an external stress activates a series of physiological cascades that can lead to alterations in
brain structure and function, synaptic plasticity, as well as changes in hormonal release, cognitive and behavioral

traits—all to help an organism adapt to its new environment [reviewed in 138]. Pham et al. [243] demonstrated a



28

change in polySia-NCAM levels in response to restraint stress within the mouse hippocampus. In response to
chronic restraint stress for three weeks, mice displayed a noticeable shrinkage of their hippocampus, with a loss of
cell proliferation and granule cell neurogenesis. Coinciding with these changes, there was a 40% increase in the
amount of polysialylated NCAM in the hippocampus. These changes grew after six weeks of chronic stress, as
exposed mice exhibited a 51% increase in polySia-NCAM as compared to unexposed mice. In these mice, the
structure of the hippocampus is evidently changing, with overall shrinkage and attempts at neurogenesis occurring.
With these observations, the authors suggest that polySia is temporarily upregulated in times of chronic stress to
help aid in the restructuring of the hippocampus, as with structural rearrangement comes the need for cell migration
and synapse formation. However, this issue is not fully deciphered yet and other theories for the upregulation of
polySia in times of chronic stress exist. For example, it is theorized that polySia is serving as a neuroprotective
agent, disconnecting NCAM-NCAM interactions at excitatory glutaminergic synapses that are overactive as a result

of external stress [196].

Polysialylation in human disease

Thus far, the necessity of polySia in mammalian nervous system development, as well as the many critical
and positive functions of polySia in the adult mammal have been detailed. From these details, it is shown that
polySia is a key glycoprotein modification throughout life. However, it must also be noted that this is only half of
polySia’s story, as polySia levels have also been found in inappropriate levels, both increased and decreased, in
several human disorders and cancer. In some disease states in which polySia levels are found to fluctuate, such as
in Alzheimer’s disease below, it will still be necessary to determine whether these polySia levels function in a

neuroprotective sense or whether they are detrimental to the organism.

Schizophrenia

The brain of a patient with schizophrenia contains a plethora of neuronal architecture abnormalities within
the frontal cortex, hippocampus, amygdala, fornix, anterior thalamic nuclei, and limbic cortex, including

inappropriate orientation of hippocampal neurons and misplacement of NADPH-diaphorase-positive neurons in the
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frontal and temporal cortices [244-248]. These histological features are considered to contribute directly to the
formation of the schizophrenia pathology [249]. Patients with schizophrenia typically will present to the clinic with
the inability to form normal emotions or process complex thoughts, and will have hallucinations and disorganized
speech [250]. This is a genetic disorder that begins in one’s teenage years and has a prevalence of 0.3-0.7% globally
[251]. As the hippocampus is a location of ongoing neuronal plasticity and contains constitutive levels of polySia-
NCAM through adulthood, Barbeau et al. [252] investigated polySia levels in the brains of schizophrenia patients.
Interestingly, postmortem hippocampal samples from patients with schizophrenia exhibited up to a 95% reduction
in the amount of polySia-NCAM as compared to the hippocampus samples from normal brains, suggesting that the
altered architecture of hippocampi in schizophrenia may be a result of inappropriate lowered levels of polySia. In a
further study, Isomura et al. [189] documented an E141K mutation within the STX enzyme in a patient with
schizophrenia, which results in a significant reduction in the synthesis of polySia. Furthermore, they found that
polySia has the ability to interact with dopamine. From these findings, it was postulated that in the brains of
schizophrenia patients, reduced polySia levels prevents the effective sequestration of dopamine, thus impairing
normal dopamine signaling. In schizophrenia, there are also other pathologies that have been documented, including
imbalances of other cellular proteins within the hippocampus [253, 254] and inappropriate blood flow to the frontal
cortex [255, 256], to name a few. Therefore, the precise role of polySia must still be elucidated, but it cannot be

ignored given the necessity of this glycan chain in everyday hippocampal function.

Alzheimer’s disease

Alzheimer’s disease is the most common form of age-related dementia, to which there is no cure. Patients
with this disease show varying short-term memory loss, irritation, confusion, aggression, and withdrawal from
family, with death eventually occurring after the loss of various bodily functions. Within the brain, these patients
exhibit an overall reduction in the number of neurons and synapses that are present [257-259], and the deposition
of B-amyloid plaques and neurofibrillary tangles within the brain’s grey matter, including within the hippocampus
[260]. The role of polySia in Alzheimer’s disease is still a matter of debate as to whether it is functioning in a

positive or negative role. Mikkonen et al. [261] demonstrated that levels of polySia-NCAM within the dentate gyrus
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of the hippocampus of Alzheimer’s patients are significantly increased above the amount that is typically found in
the normal brain. It has been suggested that since there are fewer neurons in the Alzheimer’s brain, the excess
polySia may contribute to the formation of new neuronal connections. On the contrary, it has been shown that as
compensation for the presence of fewer neurons, new neurons aberrantly sprout within the hippocampus [262-264].
In this case, it is postulated that excessive polySia may promote abnormal connections, possibly contributing to the

neurofibrillary tangles that are characteristic of the disease.

Epilepsy

Epilepsy is the result of the occurrence and chronic re-occurrence of seizures, characterized by episodes of
abnormal, excessive hypersynchronous neuronal activity [265, 266]. Similar to Alzheimer’s disease, epilepsy
involves the loss of neurons and axonal sprouting within the hippocampus. The role of polySia within the
hippocampus in the epileptic brain has been investigated and suggests that it may have roles in neuronal organization
following seizures. Studies examining postmortem hippocampi samples from patients with temporal lobe epilepsy,
in which seizures originate within the temporal lobes of the cerebrum, demonstrate a great increase in the amount
of polySia-NCAM as compared to hippocampal slices from normal brain [267]. Furthermore, the increase in
polySia-NCAM observed directly correlated with the duration of epilepsy, severity of hippocampal neuronal loss,
and the density of mossy fiber sprouting, suggesting a role of polySia in synaptic and structural reorganization of
hippocampal neurons [267]. Interestingly, it has also been shown that in status epilepticus (SE), where there is a
prolonged seizure lasting longer than five minutes, ST8Sia I1V-deficient mice demonstrate a reduced latency to the
onset of kainite-induced SE as well as an increase in mortality [268]. The precise role that polySia has in

“protection” following SE is still to be elucidated.

Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant genetic disorder that is the result of an expanded
number of CAG repeats within the huntingtin gene. Patients with this disease exhibit progressive motor defects, as

well as cognitive dysfunction and dementia, ultimately resulting in death [269-271]. Work by van der Borght et al.
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[272] demonstrated that in both wild-type and HD mouse models, the amount of polySia-NCAM within the
hippocampus region of the brain decreases with age, however the reduction is much more profound in the HD
model. However, the total number of hippocampal neurons between wild-type and HD mouse models were not
significantly different and any stage during the HD disease process, suggesting that there is a loss of polySia-NCAM
that is significant in HD. Since learning and cognitive training have previously shown to increase the amounts of
polySia within the hippocampus [273, 274], these findings above correlate with a reduction in synaptic plasticity
and the progressive loss of memory and cognition as the disease continues. Despite the significant reduction in
polySia-NCAM, the precise mechanism behind this decrease, whether due to a loss of NCAM or a loss of polySia

synthesis, still needs to be determined.

Cancer

Despite the necessity of polySia expression, both constitutively and transiently, within the adult mammal
for ongoing synaptic plasticity and neuroprotection, aberrant expression of polySia is observed in a variety of human
cancers [reviewed in 275]. Within neuronal tissue, polyST and polySia expression has been found to be increased
in malignant astrocytomas, malignant gliomas, the neuroblastoma and a series of neuroendocrine tumors [276-280].
PolySia expression is mainly found in the more advanced stages of these cancers, where metastasis and a lower
survival rate are common. As an example, autopsy samples of malignant astrocytomas demonstrate no staining for
polySia in stages | and Il, but exhibit a profound staining for polySia is stages Il (anaplastic astrocytoma) and IV
(Glioblastoma multiforme) [276]. The former of these states consist of slow growing, benign astrocytes. However,
the latter stages consist of highly malignant cells covered in polySia that spread quickly to other parts of the brain,
leading to the formation of multiple neurological defects. The average life expectancy of an individual diagnosed
with stage Il astrocytoma is 18 months, whereas an individual diagnosed with stage IV will typically survive 17
weeks without treatment, 30 weeks with radiation therapy, or surprisingly only 37 weeks with surgical removal of
most of the tumor plus radiation therapy [281]. Interestingly, aberrant expression of polySTs and polySia has not
only been found in tumors of neuronal tissue but also found expressed in tumors outside of the nervous system,

including the small cell lung carcinoma, childhood rhabdomyosarcoma, and acute myeloid leukemia, as well as
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colon, pancreatic and thyroid tumors [279, 282-287]. Within tumors, it is suggested that polySia interferes with
NCAM properties by disrupting cell-cell adhesion [151] and altering cell signaling through growth factor receptors,

thus promoting tumor invasiveness.
Polysialylation of synaptic cell adhesion molecule 1 and neuropilin-2

NCAM is by far the most abundantly polysialylated protein in mammalian systems. For this reason, NCAM
has been the chosen protein to study the biological roles of polySia. From these studies, we have come to recognize
polySia as a modification of NCAM that is necessary, critical, beneficial, but also detrimental, all at once. However,
recent work has demonstrated an importance of polysialylation of two other polyST substrates, namely, synaptic
cell adhesion molecule 1, and neuropilin-2 (Figure 6). These glycoproteins were investigated along with NCAM in

the work presented in the following chapters and will be discussed below.

Synaptic cell adhesion molecule 1 (SynCAM 1) is an approximately 90 kDa, Ca?*-independent cell surface
adhesion molecule consisting of three immunoglobulin-like domains (lgl-3) followed by a single-pass
transmembrane region and a short cytosolic tail. SynCAM 1 is widely expressed throughout the brain within the
synapses of both excitatory and inhibitory neurons where it forms homo- and heterophilic adhesive complexes and
aids in the formation and maintenance of synapses [288]. SynCAM 1 has been found to be polysialylated on a single
N-glycan in the Igl domain in a small subset of NG2 glial cells in the perinatal brain [289]. PolySia has been shown
to reduce SynCAM 1-SynCAM 1 adhesion interactions in vitro, and is postulated to regulate the formation of a
neuron-glial synapse [289]. Evidence also suggests that SynCAM 1 has roles in protein scaffolding and targeting

through interaction with adaptor proteins via its intracellular PDZ domain interaction motif [290].

Neuropilin-2 (NRP-2) is a widely expressed transmembrane protein that plays roles in neuronal patterning,
tumorigenesis and vascular development [reviewed in 291]. It is a 120-130 kDa protein consisting of a large
extracellular region, followed by a single-pass transmembrane region and short cytoplasmic tail. Within its
extracellular region, NRP-2 contains five distinct domains, including two complement C1r/C1s, Uegf, Bmpl (CUB)

domains, two coagulation factor 5/8 type domains, and one meprin/A5 protein/PTPmu (MAM) domain [292].
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Figure 6. Depiction of NCAM, synaptic cell adhesion molecule 1 (SynCAM 1) and neuropilin-2 (NRP-2).
NCAM, SynCAM 1, and NRP-2 are all cell surface polysialylated glycoproteins. NCAM is polysialylated on
two asparagine residues in the Ig5 domain, whereas SynCAM 1 is polysialylated on a single N-glycan in the Igl

domain, and NRP-2 is polysialylated on O-linked glycans.
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Unlike the N-linked polysialylation of NCAM, NRP-2 has been shown to be polysialylated on O-linked glycans in
mature dendritic cells [293]. Currently, the precise function of polySia on NRP-2 is still being debated, as it has
been suggested to inhibit dendritic cell-induced T cell activation and proliferation [293], and conversely promote
this process by enhancing dendritic cell migration to the lymph nodes through the stimulation of CCR7 receptor
signaling [294]. A role for NRP-2 in tumor metastasis has been suggested by Gray et al. [295], who showed that
inhibition of NRP-2 by shRNA in colorectal carcinoma cells reduces cell motility and invasiveness. This study is
in line with evidence that neuropilin proteins have been shown to be present in a variety of human tumors, including

those of the colon, prostate, kidney, bladder, stomach and pancreas [reviewed in 291, 296].

From the above studies, the biological significance of polySia modifying NCAM is well understood, and
the significance of the polysialylation of SynCAM 1 and NRP-2 are beginning to take shape. However, what is truly
lacking is an understanding of the precise biochemical mechanism by which the polySTs recognize and polysialylate

NCAM, SynCAM 1 and NRP-2.

The human polysialyltransferases, ST8Sia I1/STX and ST8Sia IV/IPST

As previously mentioned, the two polySTs, ST8Sia IV/PST and ST8Sia II/STX, are responsible for
catalyzing the synthesis of polySia on the termini of N-linked or O-linked glycans found on five known
glycoproteins, as well as on their own N-glycans. PST and STX can act independently to polymerize polySia chains

on glycans that are capable of extending near 57 residues within the brain and over 100 residues in human tumors.

Similar to all Golgi-associated glycosyltransferases, PST and STX are Golgi-localized type Il membrane
proteins with short N-terminal cytoplasmic tails, single pass transmembrane regions and large lumenal C-terminal
regions [131, 297]. The cytoplasmic, transmembrane, and early portion of the C-terminal region (known as a stem
region) are thought to confer proper localization and stability to the glycosyltranferases within the Golgi apparatus,
while sequences in the later portion of the C-terminal region are responsible for catalytic activity [298]. To date,
several regions within the sialyltransferases have been identified as having important roles in these enzymes’

catalytic mechanism (Figure 7). For catalytic activity, four motifs have been identified. The Large Sialyl Motif
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(SML) includes amino acid residues 141-185 in PST and 156-200 in STX. Current evidence suggests that residues
within this motif are necessary for binding to the donor substrate, CMP-sialic acid [299]. The Small Sialyl Motif
(SMS) includes amino acid residues 278-302 in PST and 293-317 in STX. This motif is important for binding to
both the donor CMP-sialic acid and the acceptor glycan substrate [300]. The role of the Very Small Sialyl Motif
(VSMS) is still unclear, however this region contains a histidine residue (His®*! in PST, His34¢ in STX) that has been
found to be conserved amongst all sialyltransferases, including the bacterial a2, 3/a2, 8-sialyltransferase Cstll
(His'®) [301]. Mutation of this residue to lysine abolishes the catalytic activity of PST [302]. Motif 1l (M3) is a
sequence of 4 amino acid residues located between SMS and VSMS that is conserved in the sialyltransferases [303].

This region has been suggested to be important for recognition of the acceptor glycan substrate [304].

In addition to these catalytic motifs, two other regions outside the motifs have been proposed to be necessary
for PST to effectively be able to add polysialic acid to target glycoproteins. The Polybasic Region (PBR) covers
amino acids 71-105 in PST and 86-120 in STX. These sequences are found in polyST lumenal sequences prior to
the start of the SML. Data suggest that sequences in this region are important for NCAM recognition [305]. The
Polysialyltransferase Domain (PSTD) covers amino acids 246-277 in PST and 261-292 in STX. Similar to the PBR,
the PSTD is basic in nature (pl is approximately 12). This region is thought to form electrostatic interactions with
the negatively-charged growing polySia chain, thereby tethering the nascent chain to the enzyme and facilitating
enzyme processivity [306]. In accordance with this, the polyanionic heparin molecule was able to inhibit polySia

synthesis by PST.

Two other important features of the polySTs is the presence of disulfide bridges and protein
autopolysialylation. Both polySTs contain two disulfide bridges that are formed between four cysteine residues that
are conserved amongst the a2, 8-sialyltransferases. These disulfide bridges have been shown to be necessary for
polyST activity, and are thought to allow for the proper positioning of the sialyl motifs relative to each other to
allow for activity to occur [307]. Secondly, the polySTs are capable of adding polySia to their own N-glycans
(autopolysialylation). STX contains six N-glycan residues, to which three are modified with polySia (Asn®, Asn?®,

Asn?*4) [308]. PST has also been shown to contain five N-glycan asparagine residues, to which two are
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Figure 7. Schematic of the human polysialyltransferases: ST8Sia Il (STX) and ST8Sia IV (PST). PST and
STX contain the same catalytic sialylmotifs (red), transmembrane region, polybasic region, and
polysialyltransferase domain. The 16 residue difference between these polySTs is due to a longer “stem” region
in STX found between then TM and PBR regions. The sites of autopolysialylation were previously determined
by Close et al. [308, 310].
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modified with polySia [309, 310]. In the case of PST, Asn’ receives the majority of polySia, and Asn'® is also
polysialylated [310]. In both cases however, mutating the sites of autopolysialylation did not prevent the resultant
polyST mutant proteins from polysialylating NCAM, indicating that polyST autopolysialylation is not required for

substrate polysialylation [308, 310].

Substrate polysialylation is a highly protein-specific process

The limited number of polyST substrates, the absence of any unique features on the modified core glycan
structures, as well as data from polyST autopolysialylation and NCAM polysialylation studies detailed below,
suggest that polysialylation is highly protein-specific and requires an initial protein-protein interaction between the

polySTs and their substrates.

NCAM domain deletion and replacement studies

Although no structural information concerning the NCAM-polyST interaction has been obtained to date,
traditional biochemical methods have given us important insight into regions within these proteins that may be
required for their interaction. The extracellular portion of NCAM consists of five immunoglobulin-like domains
(lg1 - 1g5) and two fibronectin type 111 repeats (FN1 and FN2). Since N-linked polySia is added only to asparagine
residues in the Ig5 domain, Close et al. [311] sought to determine the minimal NCAM structure necessary for
polysialylation. Through deletion analysis, it was determined that an NCAM molecule consisting of only the Ig5
and FN1 domains was sufficient for polysialylation. Interestingly, deletion of the FN1 domain, replacement of FN1
with NCAM FN2, or the NCAM Ig5 domain alone, eliminated polysialylation of glycans on the Ig5 domain [311,
312], suggesting the NCAM FN1 domain is necessary for polySia addition to N-glycans on the 1g5 domain, and
that it cannot be replaced with structurally similar fibronectin type 1l repeats. These studies confirmed earlier work
by Nelson et al. [313], which suggested the necessity of the FN1 domain for polySia addition on Ig5, as replacement
of NCAM FN1 with a fibronectin type Il repeat of a related human L1 adhesion molecule ablated NCAM
polysialylation. The necessity of FN1 is further suggested in an NCAM mutant consisting of only the FN1 and FN2

domains, without the 1g5 domain [311]. When expressed with PST, this protein was polysialylated on O-linked



38

glycans in the FN1 domain. Furthermore, co-immunoprecipitation analysis of NCAM domain deletion mutants
found that any NCAM mutant that does not contain the NCAM FN1 domain did not bind to PST [314]. These data,
collectively support a model whereby the FN1 domain serves as a recognition site for the polySTs, such that binding
of the enzymes to NCAM at this location allows for the proper positioning of the enzyme to effectively add polySia

to the designated N-glycans in the adjacent 1g5 domain [311].

NCAM structural studies

More recent studies have focused on testing the hypothesis that FN1 contains sequences that are required
for polyST recognition. Mendiratta et al. [315] obtained the crystal structure of the FN1 domain of NCAM.
Analysis of the structure demonstrated that there were two unique features present in NCAM FNI1: (1) an a-helix
consisting of 8 residues connecting the 4" and 5" B strands of the B sandwich that is not found in any other
fibronectin type Il repeats, and (2) a surface acidic patch formed by Asp*®’, Asp®t, GIu®'2, and Glu®*4, which is not
found in the NCAM FN2 domain. Replacement of the a-helix did not decrease NCAM polysialylation, but rather
changed the location of polySia addition (O-linked glycans in the FN1 domain), suggesting that this a-helix was
necessary for proper positioning of the polySTs, rather than in initial substrate recognition [315]. However,
mutagenesis of acidic patch residues greatly reduced NCAM polysialylation [312]. To further investigate the role
of the acidic patch in NCAM recognition by the polySTs, recent work in our lab has demonstrated that mutagenesis
of acidic patch residues decreases but does not completely eliminate polyST binding, suggesting that the acidic
patch is part of a larger recognition domain that may contain residues within the NCAM 1g5 domain [316]. In
conjunction with this result, our laboratory also identified a second NCAM FN1 sequence (Pro®®Ser591Ser502prg503)
that when mutated to alanines, reduces NCAM polysialylation and binding by PST [314]. This finding will be
discussed later. A summary of the above mentioned NCAM polysialylation and binding studies can be found

summarized in Tables Il and 111 below.



TABLE I1: POLYSIALYLATION ANALYSIS OF NCAM DELETION AND MUTAGENESIS MUTANTS

NCAM Mutant Created Polysialylation by PST?
lgl - 192 - 1g3 - 1g4 — 1g5 — FN1 - FN2 YES
(full-length wild-type NCAM)
Ig5 - FN1 YES
1g5 NO
lgl - 192 - 1g3 - 1g4 — 1g5 — FN2 NO
lgl - 192 - 1g3 - 1g4 — 1g5 — FN2 — FN2 NO
Igl - 192 - 1g3 - 1g4 — 1g5 - (LCAM)FN1 - FN2 NO
FN1-FN2 YES
(O-linked glycans in FN1)
NCAM D497A D511A E512A E514A DECREASED
(FN1 surface acidic patch mutant)
NCAM P500A S501A S502A P503A DECREASED

TABLE I1I: CO-IMMUNOPRECIPITATION ANALYSIS OF SELECT NCAM MUTANT PROTEINS

NCAM Mutant Created Binds to PST?

Igl - 192 - 1g3 - 1g4 — 1g5 — FN1 — FN2 YES

(wild-type full-length NCAM)

Ig5 - FN1 - FN2 YES

Ig5 - FN1 YES

Soluble FN1 - FN2 YES

Igl - 1g2 - 1g3 - 1g4 — 1g5 - FN2 NO
NCAM D497A D511A E512A E514A DECREASED

(FN1 surface acidic patch mutant)

NCAM P500A S501A S502A P503A DECREASED
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Since the 1g5 and FN1 domains are both required for effective NCAM polysialylation, Foley et al. [317]
obtained the crystal structure of the NCAM Ig5-FN1 unit in an attempt to understand the structural relationship
between these two domains. Upon completion of the structure, a series of N-glycosylation sites were engineered
individually in the Ig5 domain of an NCAM molecule in which the 5" (ASN5) and 6 (ASN6) N-glycosylation
sites were mutated in order to examine the flexibility of placement of sites for polysialylation in 1g5. These new N-
glycosylation sites were engineered opposite the FN1 domain near the Ig4 domain, as well as near the 4™, 5™ and
6™ N-glycosylation sites. Interestingly, it was found that a majority of these NCAM mutants were still capable of
being polysialylated by PST, suggesting that there is flexibility in the placement of site for polysialylation in NCAM
1g5. However, whether the resultant polySia in these NCAM ASNS5/ASN6 mutants was found on N- or O-glycans
depended on the particular engineered N-glycosylation site created. When N-glycosylation sites that produced O-
linked polysialylation in the NCAM mutant were introduced into wild-type NCAM, polysialylation returned to the
5% and 6™ N-glycosylation sites. These results suggested that engineered N-glycosylation sites that led to O-linked
polysialylation in an NCAM ASN5 and ASN6 mutant do not block access of the polyST to 1g5, but rather causes
changes in surface structure that interferes with the ability of a polyST from properly engaging the Ig5 domain.
Furthermore, these result suggest a potential role of NCAM 1g5 sequences in polyST recognition in addition to
those from the NCAM FN1 domain. Further evidence of criteria within NCAM Ig5 that may mediate polyST
recognition will be discussed a little later. These studies however do not detract from the fact that the NCAM FN1
domain and sequences within may serve as the primary recognition site for the polySTs. Even though O-linked
polysialylation was found above in the placement of select glycosylation sites in 1g5, the fact that these sites were
still glycosylated suggests that the polyST was still capable of engaging the NCAM molecule. Furthermore,
previous results discussed earlier demonstrated that in the presence of only the FN1 and FN2 domains of NCAM,

this protein is still polysialylated and can bind to PST [311, 314].

Analysis of NCAM and olfactory cell adhesion molecule FN1 domain sequences

Analysis of an acidic patch on the surface of the NCAM FN1 domain indicated that these residues were

critical for NCAM binding and polysialylation, but that it may be part of a larger recognition complex [312]. To
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examine the NCAM FN1 domain further for sequences that were critical for polyST recognition, our laboratory
used homology modeling to compare the FN1 domain from NCAM to that of the olfactory cell adhesion molecule
(OCAM) [318]. NCAM and OCAM contain the same extracellular domain structure of five Ig-like domains and
two FN domains, are expressed at some of the same times and in some of the same places as NCAM, and their FN1
domains share approximately 37% sequence homology, but OCAM is not polysialylated [319, 320]. Comparison
of the domain structure of NCAM and OCAM FNL1 revealed two NCAM sequences that are significantly different:
Pro®10-Tyr511-Ser512 (PYS) and GIn®6-Vals’-GIn%8 (QVQ). To examine the roles of these sequences in NCAM
recognition, each was mutated individually to alanines in wild-type NCAM as well as an NCAM molecule
consisting of only the cytosolic tail, transmembrane region, and FN1 and FN2 domains (NCAM7Y) (summarized in
Table V). Replacement of PYS slightly reduced NCAM polysialylation and practically eliminated NCAM7
polysialylation, suggesting a role for PYS in NCAM recognition similar to that of the NCAM FN1 acidic patch. In
contrast, replacement of QVQ in NCAM shifted polysialylation to O-glycans, similar to replacement of the FN1 a-
helix, suggesting that it has a role in polyST positioning. Additionally, in NCAM7, QVQ replacement did not
eliminate O-linked glycan polylsialylation, but shifted to a lower molecular mass, suggesting that QVQ might have

some impact on the efficiency of NCAM recognition.

Are the PYS and QVQ sequences sufficient for NCAM recognition and polysialylation? To better
understand this question, an NCAM chimera was created in which the NCAM FN1 domain was replaced with
OCAM FNL1 [318] (summarized in Table V). Surprisingly, the resultant chimera was still polysialylated, albeit to a
lesser extent, suggesting that the NCAM FN1 is more effective in promoting recognition than OCAM FNL1.
Furthermore, insertion of a three amino acid linker (Ala-Leu-Asp or Ala-Ala-Ala) between the OCAM FN1 and
NCAM Ig5 domains significantly reduced 1g5 polysialylation, indicating that a precise relationship between 1g5
and FN1 must be maintained in order for effective polysialylation to occur. But more importantly, replacing
different combinations of QVQ, PYS, FN1 acidic patch or a-helix into the NCAM-OCAM FNL1 chimera indicated

that PYS is likely to maintain the FN1 domain in a conformation that promotes the generation of sialylated O-
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glycans, whereas the acidic patch is primarily responsible for the polysialylation of the NCAM-OCAM FN1

chimera.

TABLE IV: COMPARISON OF THE EFFECTS OF NCAM FN1 PYS AND QVQ MUTATIONS ON THE

POLYSIALYLATION OF NCAM AND NCAMT7 BY ST8SIA IV/PST

Mutation NCAM Polysialylation? NCAMY Polysialylation?
(O-linked polySia)
No NCAM/NCAM7 mutation YES YES
QVQ > AAA YES YES
(Switched to O-linked) (Lower molecular weight polySia)
PYS 2> AAA SLIGHT DECREASE NO

TABLE V: COMPARISON OF THE POLYSIALYLATION OF NCAM, OCAM, AND AN NCAM-OCAM FN1

CHIMERA BY ST8SIA IV/IPST

Substrate 105 N-glycan Polysialylation by PST?
NCAM YES
OCAM NO
NCAM-OCAM FN1 50% as much polySia as NCAM

NCAM-OCAM FNL1 + ALD linker

NO

NCAM-OCAM FNL1 + AAA linker

NO
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In contrast to the above studies from Foley et al., Thompson et al. [314] examined sequences that were
found to be similar between the FN1 domains of NCAM and OCAM and identified three sequences near the NCAM
Ig5/FN1  interface:  Pro°%Ser501Ser®0?Prg>3  (PSSP),  Gly526Gly5?"Val®®pro®?le’®  (GGVPI), and
Asn®GIy58Lys582Gly58 (NGKG). Upon examination of these three sequences, it was found that when PSSP was
mutated to alanines, NCAM and NCAM?7 polysialylation were significantly reduced, as was polyST-NCAM
binding [314]. These results are once again in line with studies on the acidic patch, suggesting a role of PSSP in
recognition. In contrast, GGVPI and NGKG reduced NCAM polysialylation similarly to PSSP, but did not
substantially affect NCAMY polysialylation, suggesting that these sequences at the interface of 1g5 and FN1 are
critical for stabilizing the 1g5-FN21 linker region and thus promoting the proper positioning of the two domains to

allow for proper polysialylation of full-length NCAM.

In sum thus far, NCAM studies have indicated that the NCAM FN1 domain is necessary for effective
polysialylation at the neighboring 1g5 domain as it may contain a recognition surface for the polySTs. This fact is
demonstrated by the fact that any NCAM construct containing the FN1 domain, whether it contains the 1g5 domain
or not, as in the case of NCAMY, will bind to a polyST and will be polysialylated. Furthermore, sequences within
the FN1 domain have been shown to be important for effective NCAM recognition, including a surface acidic patch

and PSSP, which may be part of a larger recognition interface on NCAM FNL1.

NCAM lg5 domain studies

In an attempt to understand why OCAM is not polysialylated even though the OCAM FN1 can partially
replace NCAM FN1 and promote polysialylation of an NCAM-OCAM FN1 chimera, Thompson et al. [316]
compared the NCAM and OCAM Ig5 domains for features that might explain why OCAM is not polysialylated.
To determine the significance of the Ig5 domain as a whole, three OCAM chimeras were created in which either
the 1g5 or FN1 domain, or both, were replaced with the corresponding domains from NCAM (see Table VI). As
expected, wild-type OCAM and OCAM with the NCAM FN1 domain only were not polysialylated. However,
OCAM with the NCAM Ig5 domain or with the NCAM Ig5/FN1 tandem demonstrated an increase in

polysialylation of 19% and 55%, respectively, cumulatively indicating that the OCAM FN1 domain is weakly
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recognized by the polySTs and that the OCAM Ig5 domain may be prohibiting OCAM polysialylation. A search
for residues that were significantly different between OCAM and NCAM Ig5 found two residues near OCAM’s 61
(ASNG6) and 7™ (ASN7) N-glycosylation sites (equivalent to the 5" and 6™ N-glycosylation sites in NCAM).
Namely, these residues were OCAM Lys** (adjacent to Asn**®, which is ASN6 for OCAM) and OCAM Arg*?
(two residues away from Asn*’#4, which is ASN7 for OCAM), whose equivalent positions in NCAM are filled by
Ser*8 and Asn*’®, respectively. Replacement of Ser**® with Lys and Asn*’® with Arg, significantly reduced or
eliminated NCAM polysialylation as well as polyST binding, suggesting that these large basic residues in OCAM
1g5 prevent its polysialylation (Table V1I). Furthermore, replacement of these residues in NCAM with alanines or
glutamic acid significantly reduced polysialylation and partially reduced binding, suggesting that Ser4® and Asn*7

are part of a larger recognition surface in the NCAM Ig5 domain (Table V1I).

TABLE VI: COMPARISON OF THE POLYSIALYLATION OF OCAM-NCAM CHIMERAS BY ST8SIA

IV/IPST
Substrate Polysialylation by PST?
OCAM NO
OCAM-NCAM FN1 NO
OCAM-NCAM Ig5 19% increase in polySia over OCAM
OCAM-NCAM Ig5-FN1 55% increase in polySia over OCAM
OCAM-NCAM Ig5 + NCAM FN1 acidic patch 66% increase in polySia over OCAM
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TABLE VII: EFFECTS OF LARGE OCAM IG5 BASIC RESIDUES ON NCAM POLYSIALYLATION AND

BINDING BY ST8SIA IV/PST

Substrate Polysialylation by PST? Binding by PST?
(Percent compared to NCAM) (Percent compared to NCAM)

NCAM 100% 100%

NCAM S448K 15% 52%
NCAM N476R 3% 55%
NCAM S448K / N476R 3% 26%
NCAM S448A / N476A 34% 79%
NCAM S448E / N476E 37% 84%

Since it has been previously shown that the NCAM FN1 domain is critical for polyST recognition and
subsequent polysialylation of NCAM, the finding that sequences in NCAM Ig5 may also be important for
recognition raised the question as to which domain and residues are most critical for NCAM recognition. Two
findings suggest that the NCAM FN1 domain is the primary recognition site [316]. First, mutation of the 5 and 6™
N-glycosylation sites in NCAM Ig5 did not alter polyST binding, suggesting that the NCAM ig5 N-glycans do not
play a substantial role in NCAM-polyST interaction. Secondly, and more importantly, creation of the NCAM FN1
surface acidic patch within the OCAM FN1 domain by simply adding two acidic residues significantly increased
the polysialylation of an OCAM-NCAM Ig5 chimera, suggesting that the NCAM FN1 and the acidic patch within

play a key role in the recognition of NCAM by the polySTs (Table V1I).
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Polysialyltransferase studies

The identification of sequences in NCAM FN1 that serve for enzyme recognition suggests that there are
complimentary sequences in the polySTs that are responsible for NCAM recognition. To try to pinpoint regions
within the polySTs that were necessary for NCAM polysialylation by the polySTs, Angata et al. [321] evaluated
the requirements for PST activity and NCAM polysialylation using chimeric enzymes in which portions of a soluble
PST enzyme (residues 40-359) were removed and replaced with the corresponding region from a related o-2,8-
sialyltransferase, ST8Sia Ill. ST8Sia Il is capable of enzyme autopolysialylation (similar to PST and STX), but is
unable to polysialylate NCAM [322]. Additionally, ST8Sia Ill shares 34.8% sequence identity with PST, most of
which is found within the catalytic sialylmotifs. Analysis of these chimeras indicated that distinct regions within
the polySTs were responsible for NCAM recognition and NCAM polysialylation, and it was proposed that two
regions outside the sialylmotifs were necessary for NCAM polysialylation by the PST: (1) amino acids 40-127
(prior to SML), and (2) 194-267 (between SML and SMS). Further data has suggested that the former region may
serve an NCAM recognition function [305], whereas the latter region may be involved in protecting the fidelity and
enhancing the processivity of polysialylation by forming interactions with a nascent growing chain [306]. In terms
of the first region, we found that replacement of specific residues in the PBR of PST (amino acids 71-105)
significantly reduced NCAM polysialylation, while autopolysialylation was not affected, indicating that residues
within the PBR, which is outside of the catalytic sialylmotifs, are important for proper NCAM polysialylation and
hinting at a loss of NCAM recognition by PST since catalytic activity was not lost [305]. Despite the above studies,
these regions in PST, and potentially the corresponding regions in STX, remain very broad, and more specific

criteria within these regions that are required for NCAM polysialylation have not yet been identified.

Current working hypothesis of substrate polysialylation

The above data indicate that the NCAM FNL1 region, which itself is not polysialylated, is absolutely
necessary for the polysialylation of NCAM at the Ig5 domain. Furthermore, the PST PBR, which is not within the
catalytic portion of the enzyme, is also necessary for proper NCAM poyilsialylation. The necessity of the NCAM

FN1 domain and the polyST PBR region for NCAM polysialylation is consistent with the view that the interaction
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Figure 8. Current working model of substrate polysialylation by the polySTs. The working model of substrate
polysialylation is based on data obtained from NCAM and PST studies. From these studies, it is currently theorized
that the polySTs and NCAM form a critical protein-protein interaction utilizing sequences within the NCAM FN1
domain (1°, yellow star). This interaction serves to stabilize the polyST next to NCAM. Recent data from our
laboratory further suggest that secondary contacts between the polyST and NCAM occur utilizing residues within
the NCAM Ig5 domain (2°, yellow star), and this interaction may serve to properly position the polyST with
NCAM Ig5 N-glycans. Following these interactions, polysialylation occurs on the 51" and 6™ N-glycosylation sites
on the NCAM Ig5 domain.
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between the polySTs and NCAM is highly protein-specific and requires a necessary initial recognition interaction
involving FN1 and residues within the polyST PBR, conferring protein specificity (Figure 8). More recent results
suggest that a secondary interaction between the polySTs and the NCAM Ig5 domain is important for proper
positioning of the polyST and 1g5 N-glycans for polysialylation [316]. However, this interaction is not sufficient to

mediate the protein specificity and NCAM polysialylation.

Polysialic acid as a potential pharmaceutical target in cancer

PolySia has been found in the late stages of numerous aggressive human cancers where it has been shown
to promote the metastatic potential and invasiveness of tumors [reviewed in 323]. Furthermore, using Endo N to
remove polySia from glioblastoma multiforme cancer cells reduces the migration and invasion of multiple tumors
[323, 324]. With this in mind, the questions becomes can we target polySia as a potential therapeutic in cancer
treatments? While there is not enough evidence at the current time to decide if polySia can be targeted, some studies
indicate that it could definitely be a possibility. The reason that it is difficult to establish a vaccine against polySia
is that our immune systems have developed tolerance to this glycan modification. This tolerance is a result of the
extremely high levels of polySia found in the developing embryo. Despite this, Krug et al. [325] found that by
genetically engineering N-propionylated-PolySia (NP-PolySia) on the surfaces of mouse leukemia cells, the cells’
growth and metastasis could be slightly attenuated following immunotherapy with an antibody against NP-PolySia.
Of even more clinical relevance was a clinical trial by Krug et al. [325] in which small cell lung carcinoma patients
were treated with a vaccine made from wild-type polySia or from NP-PolySia. All but one patient who was
vaccinated with NP-PolySia developed IgM antibodies that were able to cross-react with endogenous polySia on
small cell lung carcinoma cells. On the contrary, only one patient vaccinated with the wild-type polySia vaccine
developed an IgM response, suggesting that NP-PolySia could be used as a therapeutic agent against cancer cell
polySia. Issues such as cross-reactivity in regions where there is beneficial ongoing polySia production, as well as
penetration of the blood-brain barrier, must still be investigated. It should be noted as well that NP-PolySia has thus
far only slightly attenuated the metastatic spread of cancer cells, thus more investigations into other potential

therapeutics are warranted.
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Significance

The modification of NCAM with polySia has been shown to be both necessary (brain development, neural
regeneration) and detrimental (cancer cell metastasis) to humans, making substrate polysialylation an important
process that needs to be fully understood. Currently, the mechanism by which the polySTs are able to effectively
interact with and polysialylate substrates is not yet fully understood. A greater understanding of the specific regions
and residues within the polySTs and NCAM that regulate their interaction is necessary before we can potentially
develop therapeutic agents that could target the interaction to block substrate polysialylation. The overall goal of
the work presented here is to elucidate the mechanism by which the polySTs polysialylate their substrates.
Specifically, this work aims to identify and analyze more specific regions and residues outside the catalytic
sialylmotifs of PST and STX that are necessary for recognition and resultant polysialylation of NCAM, SynCAM
1 and NRP-2. | began my thesis work with a focus on identifying a region within PST that is critical for the
recognition of NCAM. Using these results, | then expanded my findings to include a more thorough analysis of

residues within both PST and STX that are critical for interaction with NCAM, SynCAM 1 and NRP-2.



CHAPTER Il
MATERIALS AND METHODS
Acquisition of materials and reagents

The cDNA for full-length human NCAM140 and the SW2 small cell lung carcinoma cell line were gifts
from Dr. Nancy Kedersha (Brigham and Women’s Hospital, Boston, MA). The cDNAs for full-length human
neuropilin-2 and synaptic cell adhesion molecule 1 were obtained from Dr. Nicholas Stamatos (University of
Maryland School of Medicine, Baltimore, MD) and Dr. Thomas Biederer (Department of Molecular Biophysics
and Biochemistry, Yale University, New Haven, CT), respectively. The cDNAs for full-length human ST8Sia
IV/PST and ST8Sia I1/STX were obtained from Dr. Minoru Fukuda (Sanford Burnham Medical Research Institute,

La Jolla, CA) and Dr. John Lowe (Genentech, South San Francisco, CA), respectively.

Tissue culture media and reagents, including Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), OPTI-MEM |, Lipofectin, Lipofectamine, and Lipofectamine 2000, as well as all oligonucleotides,
mouse monoclonal anti-Myc epitope tag antibody for immunocytochemistry, anti-V5 epitope tag antibody, and 4,
6-diamidino-2-phenyl-inidole, dihydrochloride (DAPI) were purchased from Invitrogen (Carlsbad, CA). The
QuikChange™ site-directed mutagenesis kit and Pfu DNA polymerase were purchased from Stratagene (La Jolla,
CA). Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs (Ipswich, MA). All
plasmid DNA purification kits were obtained from Qiagen (Valencia, CA). Protease inhibitors were purchased from
Roche Applied Science (Indianapolis, IN). Poly-L-lysine microscope coverslips and rat anti-mouse CD56 (12F8)
antibody were purchased from BD Biosciences (San Jose, CA). Protein A-Sepharose beads were purchased from
GE Healthcare (Piscataway, NJ). Mouse monoclonal anti-Myc epitope tag antibody for immunoblotting was
obtained from Cell Signaling Technologies (Danvers, MA). Rabbit polyclonal anti-Myc epitope tag antibody for
immunoprecipitation was purchased from Abcam (Cambridge, MA). Horseradish peroxidase (HRP)-, Fluorescein
isothiocyanate (FITC)-, and Rhodamine (TRITC)-conjugated goat anti-mouse and goat anti-rat secondary

antibodies, were obtained from Jackson ImmunoResearch (West Grove, PA). Precision Plus™ Protein standards,

50
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as well as 4-15% Mini-PROTEAN TGX precast gels, were purchased from Bio-Rad (Richmond, CA).
Nitrocellulose membranes were purchased from Schleicher & Schuell (Keene, NH). SuperSignal West Pico
chemiluminescence reagent was obtained from Pierce (Rockford, IL). Blue Ultra Autorad film was purchased from
BioExpress (Kaysville, UT). All other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO)

and Fisher Scientific (Hanover Park, IL).

Creation of membrane-associated truncated PST mutants

The ST8Sia IV/PST cDNA was cloned into the EcoRV and Xbal sites of a previously digested
pcDNA3.1/Myc-HisB mammalian expression vector containing a carboxyl terminal Myc epitope tag, a stop codon
prior to the Hisg tag, and an ampicillin resistance gene outside of the cloning site. The resulting plasmid containing

the DNA sequence for PST-Myc served as the template for the creation of all truncated PST mutants.

Step 1: Insertion of Xbal restriction site into PST cDNA

The first step in creating PST mutants that are truncated from the carboxyl terminus is the insertion of an
Xbal restriction site (5’-TCTAGA-3’) into the PST cDNA immediately downstream of the codon corresponding to
the amino acid that will serve as the truncated carboxyl terminal residue of PST. The Xbal sites were inserted into
the PST cDNA using the QuikChange™ site-directed mutagenesis kit and Pfu DNA polymerase according to
manufacturer’s instructions, utilizing the oligonucleotide primers listed in Table VIII. All mutagenesis reactions
were prepared as follows: 5 ul 10X reaction buffer, 50 ng of DNA template, 125 ng of each appropriate
oligonucleotide primer, 1 pl of 10 mM dNTP mix (2.5 mM of each dNTP), 1 ul Pfu DNA polymerase (2.5 units),
and dH-0 up to a final volume of 50 pl. The reaction cycling conditions were as follows: denaturation at 95°C for
30 seconds / 18 cycles of 95°C for 30 seconds, 55°C for one minute, 68°C for 13 minutes / 68°C for 5 minutes.
Following reaction cycling, 1 ul (20 units) of Dpnl restriction enzyme was added to each mutagenesis reaction and
the mixtures were incubated for one hour at 37°C in order to digest the parental DNA (i.e., methylated and hemi-

methylated, non-mutated dsDNA).
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Step 2: Plasmid DNA purification and sequencing

Fifty microliter aliquots of E. coli XL1-Blue competent cells were transformed with 1 pl of each Dpnl-
digested mutagenesis reaction by heat-shocking the bacteria for 45 seconds at 42°C, followed by recovery for three
minutes at 4°C. After recovery, 500 pl of LB media was added to each aliquot of transformed bacteria and the
bacteria was grown at 37°C for three hours, then streaked on an LB agar plate containing 100 pg/mL ampicillin
(LB-amp) and incubated at 37°C for 18 hours. Bacteria colonies that formed were then picked from the plate with
a sterile wooden stick, placed into conical tubes containing 3 mL of LB-amp media and grown for 18 hours at 37°C
with shaking at 240 rpm. The following day, the plasmid DNA was purified from the bacteria using the Qiagen
QIAprep Spin Miniprep Kit utilizing the manufacturer’s instructions. Additionally, 10 pl of the grown bacteria was
spotted on an LB-amp agar plate prior to purification for the next step in the protocol. The purified plasmid DNA
was then checked for accuracy and the desired mutation by DNA sequencing performed by the DNA Sequencing

Facility at the Research Resources Center at the University of Illinois at Chicago.

TABLE VIII: PRIMERS USED TO CREATE MYC-TAGGED TRUNCATED ST8SIA IV/PST PROTEINS

Truncated Template Oligonucleotide Primers
ST8Sia IV/PST

PST140 PST-Myc 5’-CGCAGGTTTAAGACTCTAGACTGTGCAGTTG-3’
5’-CAACTGCACAGTCTAGAGTCTTAAACCTGCG-3’

PST127 PST-Myc 5’-CATGATCTACATAGCCTCCTTCTAGAAGTTTCACCAATG-3’
5’-CATTGGTGAAACTTCTAGAAGGAGGCTATGTAGATCATG-3’

PST71 PST-Myc 5’-GTAGAAGGTTGGAATCTAGATTCCTCTTTG-3’
5’-CAAAGAGGAATCTAGATTCCAACCTTCTAC-3’

PST62 PST-Myc 5’-GCTGGCTCTTCAATTCTAGAGCACAATGTAGAA-3’
S’-TTCTACATTGTGCTCTAGAATTGAAGAGCCAGC-3’
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Step 3: Digestion of PST cDNA with Xbal restriction enzyme

The PST cDNA was previously cloned into the pcDNA3.1/Myc-HisB vector such that an Xbal restriction
site exists immediately downstream of the full-length PST cDNA but prior to the start of the Myc epitope tag.
Engineering a second Xbal site immediately downstream of the codon that corresponds to the amino acid that will
serve as the new carboxyl terminal of PST, as performed in Step 1 above, allows us to use the Xbal restriction
enzyme to remove the undesired PST cDNA sequence while keeping the desired truncated PST sequence in the

vector with the Myc epitope tag remaining at the carboxyl terminal.

The mutated PST cDNA from Step 2 was purified from E. coli XL1-Blue competent cells with the DNA
plasmid purification method described above, utilizing the bacteria previously spotted on an LB-amp plate.
Following purification, the DNA was incubated with Xbal restriction enzyme for 18 hours at 37°C. The restriction
enzyme digestions were prepared as follows: 3 ul 10X reaction buffer, 2 pg of template plasmid DNA, 3 pul Xbal

restriction enzyme (60 units), and dH,O up to a final reaction volume of 20 pl.

Step 4: Purification of digested plasmid DNA and ligation

Following Xbal digestion, reaction mixtures were run on a 1.6% agarose gel and the cleaved vector was
recovered and purified directly from the gel using the Qiagen QIAquick Gel Extraction Kit according to the
manufacturer’s instructions. The purified DNA consists of linear double-stranded DNA containing an Xbal site on
both ends separating the desired truncated PST cDNA sequence and the Myc epitope tag. To unite these two entities,
the DNA was incubated with T4 DNA ligase for three hours at 16°C. The ligation reactions were prepared as
follows: 2 ul 10X T4 DNA ligase buffer, 4 ul linearized DNA, 1 pl T4 DNA ligase (400 units), and dH>O up to a
final volume of 20 ul. To confirm that the correct DNA sequences are present, XL1-Blue cells were transformed

with the entire ligation mixture, and the DNA was purified and sent for sequencing as described above.

Step 5: Large-scale purification of truncated PST-Myc cDNA

For each plasmid DNA, a 400 ul colony of LB-amp was inoculated with the appropriate bacterial colony

from the plate spotted prior to DNA purification from above. This colony was grown for 18 hours at 37°C with
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shaking at 240 rpm. The bacteria were harvested by centrifugation at 6,000 rpm, and purified DNA was obtained
using the Qiagen Plasmid Maxi Kit according to the manufacturer’s instructions. The resultant DNA pellet was

resuspended in 600 pl of dH20 and the concentration determined by measuring absorbance at 260 nm.

Construction of soluble PST-Myc and soluble PST140-Myc mutants

Soluble PST (sPST-Myc), consisting of a full-length PST protein lacking the cytosolic tail and
transmembrane region, was generated in two steps as described previously [314]. Briefly, canine pre-pro-insulin
signal peptide was amplified from a previously generated soluble NCAM-V5 cDNA construct using primers 1 and
2 in Table IX. The resultant DNA was digested with Hind Il and EcoRV restriction enzymes and ligated into the
pcDNA3.1/Myc-HisB vector using the method described above, creating a vector with a secretory pathway signal
peptide followed by a Myc epitope tag. The cDNA coding sequences for the ST8Sia IV/PST cytosolic tail and
transmembrane region were then excised from the wild type PST using primers 3 and 4 in Table IX. The resulting
PST cDNA was digested with EcoRV and Xbal, and then ligated into the modified signal peptide/Myc tag vector.
The final cDNA for sPST-Myc contains an N-terminal secretory pathway signal peptide followed by the Golgi-
lumenal sequence of PST and a Myc epitope tag. Soluble PST140 (sPST140-Myc), consisting of the Golgi-lumenal
residues of PST up to residue 140, was generated from this vector using mutagenesis with primers listed in Table

IX, followed by Xbal digestion and ligation as described above.

Creation of PST-Myc H331K, STX-Myc H346K, and all PST/STX PBR point mutants

The ST8Sia II/STX cDNA was cloned into the EcoRV and Xbal sites of a previously digested
pcDNA3.1/Myc-HisB mammalian expression vector containing a carboxyl terminal Myc epitope tag, a stop codon
prior to the Hiss tag, and an ampicillin resistance gene outside of the cloning site. All PST-Myc PBR point mutations
were previously created by Foley et al. [305] in the laboratory. STX-Myc PBR point mutations were created
utilizing the oligonucleotide primers listed in Table X. Catalytically-inactive full-length PST-Myc H331K, STX-

Myc H346K, and associated PBR point mutants, were created using the oligonucleotide primers listed in Table XI.
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Each of these mutant proteins were created using site-directed mutagenesis, purified, and sequenced as described

above.

TABLE IX: PRIMERS USED TO CREATE SOLUBLE MYC-TAGGED ST8SIA IV/PST PROTEINS

Soluble Template Oligonucleotide Primers
ST8Sia IV/PST

SPST (#1,2) SNCAM-V5 | 5’-AAAAAAAAGCTTGCTAGCTTGCTTGTTCTTTTTGCAG-3’
5’-AAAAAAGATATCAGAGTCAACGAAGGCTGCGGTG-3’

sPST (#3,4) PST-Myc 5’-AAAAAAGATATCTCAATCTTCCAGCACAATGTAGAAGG-3’
5’-AAAAAATCTAGACCTTGCTTTACACACTTTCCTGTTGTC-3’

sPST140 sPST-Myc 5’-CGCAGGTTTAAGACTCTAGACTGTGCAGTTG -3’
5’-CAACTGCACAGTCTAGAGTCTTAAACCTGCG -3’




TABLE X: PRIMERS USED TO CREATE MYC-TAGGED ST8SIA 1I/STX PBR MUTANT PROTEINS
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ST8Sia II/STX Template Oligonucleotide Primers
PBR Mutant
STX R87A STX-Myc 5’-GCCTCGTCCAAATGCGCACATAACCAGACGCTC-3’
5'-GAGCGTCTGGTTATGTGCGCATTTGGACGAGGC-3’
STX R95A STX-Myc 5’-CAGACGCTCTCTCTGGCGATCAGGAAGCAGATT-3’
5’-AATCTGCTTCCTGATCGCCAGAGAGAGCGTCTG-3’
STX R97A STX-Myc 5’-CTCTCTCTGAGGATCGCGAAGCAGATTTTAAAG-3’
5-CTTTAAAATCTGCTTCGCGATCCTCAGAGAGAG-3’
STX K98A STX-Myc 5’-CTGAGGATCAGGGCGCAGATTTTAAAGTTC-3’
5'-GAACTTTAAAATCTGCGCCCTGATCCTCAG-3’
STX K102A STX-Myc 5’-AGGAAGCAGATTTTAGCGTTCTTGGATGCTGAA-3’
5-TTCAGCATCCAAGAACGCTAAAATCTGCTTCCT-3’
STX K108A STX-Myc 5'-CTTGGATGCTGAAGCGGACATTTCTGTC-3’
5’-GACAGAAATGTCCGCTTCAGCATCCAAG-3’
STX K114A STX-Myc 5’-GACATTTCTGTCCTAGCGGGAACCCTGAAGCCT-3’
5’-AGGCTTCAGGGTTCCCGCTAGGACAGAAATGTC-3’
STX K118A STX-Myc 5’-CTAAAGGGAACCCTGGCGCCTGGAGATATTATT-3’
5'-AATAATATCTCCAGGCGCCAGGGTTCCCTTTAG-3’
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TABLE XI: PRIMERS USED TO CREATE PST H331K, STX H346K AND ASSOCIATED PBR MUTANTS

ST8Sia IV/IPST

Template

Oligonucleotide Primers

Mutant (Myc-tagged)
PST H331K PST

PST H331K R72A PST R72A

PST H331K R82A PST R82A

PST H331K K83A PST K83A 5’-CCAATGCAAGCCCTAAGAGAATGCCATTAG-3’

5’-CTAATGGCATTCTCTTAGGGCTTGCATTGG-3’

PST H331K R87A PST R87A

PST H331K R93A PST R93A

PST H331K K99A PST K99A

PST H331K K103A PST K103A

ST8Sia II/STX Template Oligonucleotide Primers
Mutant (Myc-tagged)
STX H346K STX

STX H346K R87A STX R87A

STX H346K R95A STX R95A

STX H346K R97A STX R97A

STX H346K K98A STX K98A 5’-CAGGCCAGCCCGAAGACCATGCCCTTG-3’

5’-CAAGGGCATGGTCTTCGGGCTGGCCTG-3’

STX H346K K102A STX K102A
STX H346K K108A STX K108A
STX H346K K114A STX K114A
STX H346K K118A STX K118A
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Immunofluorescence analysis of wild-type and mutant PST and STX enzyme localization and activity

Transfection of COS-1 cells on coverslips

COS-1 cells maintained in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS)
were plated onto 12-mm glass coverslips and grown in a 37°C, 5% CO; cell incubator until 50-70% confluent. Cells
on each coverslip were then transfected with 0.5 pg of Myc-tagged PST, sPST, mutant PST, STX or mutant STX
cDNA in 300 pl of OPTI-MEM 1 supplemented with 3 pl of Lipofectin transfection reagent. Cells were then
incubated with the transfection mixture for six hours at 37°C, followed by the addition of one milliliter of DMEM,

10% FBS, and allowed to grow in the incubator for 18 hours.

Immunofluorescence staining of COS-1 cells

Post-transfection, cells were washed with phosphate-buffered saline (PBS) then permeabilized with -20°C
methanol to view internal structures as well as the cell membrane. Following two more washes with PBS, the cells
were blocked in immunofluorescence blocking buffer (5% normal goat serum in PBS) for one hour, then incubated
at room temperature for two hours with the following primary antibodies diluted in immunofluorescence blocking
buffer: anti-Myc epitope tag antibody (1:250 dilution) to detect expression and localization of the polyST proteins,
and OL.28 anti-polySia antibody (1:100 dilution) to determine polyST catalytic activity by detecting protein
autopolysialylation. After incubation, the cells were washed twice with PBS, then incubated for one hour with the
following secondary antibodies diluted in blocking buffer: FITC-conjugated goat anti-mouse 1gG (1:100 dilution)
to visualize protein localization, and TRITC-conjugated goat anti-mouse IgM (1:100 dilution) to visualize
autopolysialylation. After washing four times with PBS, the cells were treated for five minutes with 300 nM DAPI
diluted in PBS. Following a final wash with PBS, the coverslips were then mounted on glass microscope slides
using 20 pl mounting medium (15% Vinol 205 polyvinyl alcohol (w:v), 33% glycerol (v:v), 0.1% azide, pH 8.5).
Cells were visualized with a Zeiss Axiovert 200 M inverted confocal microscope using a 63X oil immersion

objective.
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Analysis of sSPST and sPST140 secretion from COS-1 cells

Transfection of COS-1 cells on tissue culture plates

COS-1 cells maintained in DMEM media, supplemented with 10% FBS, were plated onto 100-mm tissue
culture plates and grown in a 37°C, 5% CO; incubator until 50-70% confluent. Cells were transfected with 20 pg
of Myc-tagged sPST or sPST140 cDNA in 3 mL OPTI-MEM | containing 30 pl Lipofectin transfection reagent.
Cells were incubated with the transfection mixture for six hours at 37°C. Following incubation, the transfection
media was removed, cells were washed with PBS, and 3 ml of DMEM media supplemented with 10% FBS was

added and the cells were allowed to grow overnight in a 37°C, 5% CO; incubator.

Sample preparation

After eighteen hours, the media was collected and the cells were washed with 10 ml PBS and lysed in one
milliliter of immunoprecipitation buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-
40, 0.1% SDS). A 50 ul sample of lysate and a 150 pl sample of media were removed and resuspended in 50 pl
Laemmli sample buffer containing 5% B-mercaptoethanol, heated for ten minutes at 100°C, and separated on a 5%

stacking, 10% resolving SDS-polyacrylamide gel.

Immunoblot analysis of sPST and sPST140 proteins

Following SDS-PAGE, proteins were transferred to nitrocellulose membranes at 450 mA overnight.
Membranes were then blocked for one hour at 4°C in blocking buffer (5% nonfat dry milk in Tris-buffered saline,
pH 8.0, 0.1% Tween 20). To detect Myc-tagged sPST or sPST140, nitrocellulose membranes were incubated with
anti-Myc epitope tag antibody diluted 1:5000 in blocking buffer for two hours at 4°C, and for one hour at 4°C with
HRP-conjugated goat anti-mouse 1gG secondary antibody diluted 1:4000 in blocking buffer. Membranes were
washed twice before and four times after secondary antibody incubation with Tris-buffered saline, pH 8.0, 0.1%
Tween 20 for fifteen minutes per wash. Immunoblots were developed using the SuperSignal West Pico

chemiluminescence kit and BioExpress Blue Ultra Autorad film.
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Competition studies in SW2 cells to evaluate the ability of endogenous PST to polysialylate endogenous

NCAM in the presence of a catalytically inactive PST protein competitor

Transfection of SW2 cells on coverslips

SW2 small cell lung carcinoma cells maintained in DMEM, 10% FBS were plated on poly-L-lysine-coated
coverslips and grown in a 37°C, 5% CO; incubator until 50-70% confluent. Cells on each coverslip were then
transfected with one microgram of Myc-tagged PST, sPST or a catalytically inactive full-length (PST H331K) or
truncated PST-Myc mutant cDNA in 300 pul OPTI-MEM 1 containing 3 ul Lipofectamine 2000. Cells were

incubated with the transfection mixture for six hours at 37°C followed by the addition of 1 ml DMEM, 10% FBS.

Immunofluorescence staining of SW2 cells

Eighteen hours post-transfection, cells were washed with PBS and permeabilized using -20°C methanol as
before. After permeabilization, cells were blocked with immunofluorescence blocking buffer at room temperature
for one hour, followed by incubation at room temperature for two hours with anti-Myc epitope tag antibody (1:250
dilution in blocking buffer), to detect expression and localization of PST or a mutant PST, and OL.28 anti-polySia
antibody (1:100 dilution) to detect polysialylation. After washing the cells twice with PBS, the cells were then
incubated with FITC-conjugated goat anti-mouse IgG and TRITC-conjugated goat anti-mouse IgM secondary
antibodies in the same manner as detailed above. DAPI staining was not utilized. After washing the cells four times
with PBS, the coverslips were mounted on glass microscope slides using 20 ul mounting medium. The amount of
polySia on the SW2 cell surface, representative of the level of endogenous NCAM polysialylation, was analyzed

using a Zeiss Axiovert 200 M inverted confocal microscope using a 63X oil immersion objective.

Determining the ability of PST and full-length or truncated PST mutants to bind to NCAM

Co-transfection of COS-1 and Lec2 CHO cells on plates

COS-1 and Lec2 CHO cells maintained in DMEM and F-12 media, respectively, supplemented with 10%

FBS, were plated onto 100-mm tissue culture plates and grown in a 37°C, 5% CO- incubator until 50-70% confluent.
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Cells were co-transfected with 10 pug V5-tagged NCAM cDNA and either 10 ug of empty pcDNA3.1/Myc-HisB
vector (control), Myc-tagged PST or Myc-tagged PST mutant cDNA in 3 mL OPTI-MEM 1 containing 30 pl of
either Lipofectin (COS-1) or Lipofectamine (Lec2 CHO) transfection reagent. Cells were incubated with the
transfection mixture for six hours at 37°C. Following incubation, 7 ml of DMEM (COS-1) or F-12 (Lec2 CHO)
media supplemented with 10% FBS was added and the cells were allowed to grow overnight in a 37°C, 5% CO;

incubator.

Co-immunoprecipitation of NCAM with PST or PST mutants

The following day, cell media was removed and the cells were washed with 10 ml PBS. One milliliter of
co-immunoprecipitation buffer (50 mM Hepes, 100 mM NaCl, 1% Triton X-100, pH 7.2) was then added and the
cells were scraped off the plates using a sterile cell scraper. The cells were incubated on ice for 20 minutes to allow
for lysis, and then pelleted by centrifugation. To immunoprecipitate PST-Myc or a Myc-tagged PST mutant, the
resulting supernatant was incubated with 2.5 pl of rabbit polyclonal anti-Myc tag antibody at 4°C for two hours
with rotation. Following incubation, 50 pul protein A-Sepharose beads (50% suspension in PBS) was added to each
sample and the samples were rotated for one hour at 4°C. The immune complexes bound to protein A-Sepharose
beads were pelleted by centrifugation and washed four times with one milliliter of cold co-immunoprecipitation
buffer. After washing, the samples were resuspended in 100 pl Laemmli sample buffer containing 5% [-
mercaptoethanol and heated to 100°C for ten minutes. Precipitated proteins were separated on a 5% stacking, 10%

resolving SDS-polyacrylamide gel and then subjected to immunoblotting as described below.

To determine the relative expression of NCAM and PST or PST mutant proteins in the initial samples, a
150 pl sample of lysate was taken from the supernatant of each centrifuged lysate prior to co-immunoprecipitation.
Fifty microliters of Laemmli sample buffer containing 5% [-mercaptoethanol was added to each sample and the
samples were heated at 100°C for ten minutes. Prior to immunoblotting, the samples for determining NCAM
expression levels were separated on a 5% stacking, 10% resolving SDS-polyacrylamide gel, while those for
determining the PST or PST mutant expression levels were separated on a 5% stacking, 15% resolving SDS-

polyacrylamide gel.
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Immunoblot analysis of NCAM co-immunoprecipitated with PST or PST mutants

Following SDS-PAGE, proteins were transferred to nitrocellulose membranes at 450 mA overnight.
Membranes were then blocked for one hour at 4°C in blocking buffer (5% nonfat dry milk in Tris-buffered saline,
pH 8.0, 0.1% Tween 20). To detect NCAM co-immunoprecipitated with a Myc-tagged PST or PST mutant and
determine relative NCAM expression levels, nitrocellulose membranes were incubated with anti-V5 epitope tag
antibody diluted 1:5000 in blocking buffer for two hours at 4°C, and for one hour at 4°C with HRP-conjugated goat
anti-mouse IgG secondary antibody diluted 1:4000 in blocking buffer. To detect relative PST and PST mutant
expression levels, membranes were incubated with anti-Myc epitope tag antibody diluted 1:5000 in blocking buffer
for two hours at 4°C, and for one hour at 4°C with HRP-conjugated goat anti-mouse IgG secondary antibody diluted
1:4000 in blocking buffer. Membranes were washed twice before and four times after secondary antibody
incubation with Tris-buffered saline, pH 8.0, 0.1% Tween 20 for 15 minutes per wash. Immunoblots were developed

using the SuperSignal West Pico chemiluminescence kit and BioExpress Blue Ultra Autorad film.

Analysis of NCAM, neuropilin-2 and SynCAM 1 polysialylation by wild-type and PBR mutant polyST

proteins

Co-transfection of COS-1 cells on plates

COS-1 cells were maintained and transfected on 100-mm tissue culture plates as described earlier. Briefly,
COS-1 cells were co-transfected with 10 pg of substrate cONA (NCAM, neuropilin-2 or SynCAM 1), and 10 g
of either Myc-tagged PST, STX, or a PST or STX PBR mutant. As a control, cells were also transfected with 10 ug

of V5-tagged NCAM, neuropilin-2 or SynCAM 1 cDNA, and 10 pg of empty pcDNA3.1/Myc-HisB vector.

Immunoprecipitation of NCAM, neuropilin-2 and SynCAM 1

Eighteen hours post-transfection, cells were washed with 10 ml PBS and lysed in one milliliter of
immunoprecipitation buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.1%
SDS). The lysates were then pre-cleared with 50 pl protein A-Sepharose beads for one hour at 4°C with rotation.

Following pre-clear, the lysates were briefly centrifuged to remove the beads and then rotated at 4°C for two hours
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with 3 pl anti-V5 epitope tag antibody, followed by incubation with 50 ul protein A-Sepharose beads for one hour
at 4°C. After incubation, the beads were washed four times with immunoprecipitation buffer and once with
immunoprecipitation buffer containing 1% SDS. Samples were then resuspended in 50 pl Laemmli sample buffer
containing 5% B-mercaptoethanol, heated for ten minutes at 65°C, and separated on a 3% stacking, 5% resolving
SDS-polyacrylamide gel. The relative expression levels of NCAM, neuropilin-2, SynCAM 1, and PST/STX

proteins were evaluated as described above.

Immunoblot analysis of NCAM, neuropilin-2, and SynCAM 1 polysialylation

The polysialylation of NCAM, neuropilin-2 and SynCAM 1 by wild-type and mutant PST and STX proteins
was evaluated with OL.28 immunoblotting. Briefly, proteins were transferred to a nitrocellulose membrane at 450
mA overnight. Membranes were blocked for one hour at 4°C in blocking buffer (5% nonfat dry milk in Tris-buffered
saline, pH 8.0, 0.1% Tween 20). Membranes were then incubated overnight at 4°C with OL.28 anti-polySia antibody
diluted 1:150 in 2% nonfat dry milk in Tris-buffered saline, pH 8.0, followed by a one hour incubation at 4°C with
HRP-conjugated goat anti-mouse IgM antibody diluted 1:4000 in blocking buffer. Membranes were then washed

and developed as described above.

Triple transfection of COS-1 cells with a polySia substrate, wild-type polyST, and mutant polyST

COS-1 cells were prepared and transfected as described above. Briefly, COS-1 cells on 100-mm tissue
culture plates were transfected with 2.5 pg of V5-tagged polySia substrate cDNA (NCAM, neuropilin-2 or
SynCAM 1), 2.5 ug PST- or STX-Myc cDNA, and 15 pug of a Myc-tagged PST or STX mutant cDNA. As a control,
cells were also transfected with two micrograms each of VV5-tagged polySia substrate and PST- or STX-Myc cDNA,

and 15 pg of empty pcDNA3.1/Myc-HisB vector.

Evaluation of a catalytically inactive polyST PBR mutant’s ability to compete with wild-type polyST and

reduce substrate polysialylation

In this in vitro competition assay, V5-tagged NCAM, neuropilin-2 or SynCAM 1 is expressed in COS-1

cells along with PST- or STX-Myc, and a catalytically inactive full-length PST or STX protein in a 1:1:6 ratio as
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described immediately above for a triple transfection. The template cDNA for all of the created catalytically inactive
polyST PBR mutants are PST H331K and STX H346K, which contain a single point mutation in the very small

sialyl motif that renders the protein unable to synthesize polySia.

Immunoprecipitation of NCAM, neuropilin-2 and SynCAM 1

Eighteen hours post-transfection, cells were washed with 10 ml PBS and lysed in one milliliter of
immunoprecipitation buffer. The lysates were pre-cleared with 50 pl protein A-Sepharose beads for one hour at 4°C
with rotation, then incubated with 3 pl anti-V5 tag antibody followed by 50 pl protein A-Sepharose beads as
described above. Beads were washed four times with immunoprecipitation buffer and once with
immunoprecipitation buffer containing 1% SDS. Samples were then resuspended in 50 pl Laemmli sample buffer
containing 5% B-mercaptoethanol, heated for ten minutes at 65°C, and separated on a 4-15% Mini-PROTEAN TGX
precast gel. The relative expression levels of NCAM, neuropilin-2, SynCAM 1, and PST/STX wild-type and mutant
proteins were evaluated as described above, utilizing the 4-15% Mini-PROTEAN TGX precast gel for separating

the proteins.

Evaluation of polyST competition through analysis of substrate polysialylation

Proteins were transferred to a nitrocellulose membrane at 400 mA overnight. Membranes were blocked for
one hour at 4°C in blocking buffer (5% nonfat dry milk in Tris-buffered saline, pH 8.0, 0.1% Tween 20). Membranes
were then incubated overnight at 4°C with 12F8 anti-polySia antibody diluted 1:100 in 2% nonfat dry milk in Tris-
buffered saline, pH 8.0, followed by a one hour incubation at 4°C with HRP-conjugated goat anti-rat IgM antibody

diluted 1:2500 in blocking buffer. Membranes were then washed and developed as described above.

Evaluation of the ability of PST H331K, STX H346K, and ST8Sia Il to compete with wild-type PST and

reduce NCAM polysialylation

V5-tagged NCAM was expressed in COS-1 cells along with PST-Myc, and a catalytically inactive full-
length PST or STX protein, or ST8Sia Il in a 1:1:6 ratio as described previously. Eighteen hours post-transfection,

cells were washed with 10 ml PBS and lysed in one milliliter of immunoprecipitation buffer. The lysates were pre-
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cleared with 50 ul protein A-Sepharose beads for one hour at 4°C with rotation, then incubated with 3 pl anti-V5
tag antibody followed by 50 pl protein A-Sepharose beads as described above. Beads were washed, samples were
resuspended in 50 pl Laemmli sample buffer, heated for ten minutes at 65°C, and separated on a 4-15% Mini-
PROTEAN TGX precast gel as before. The relative expression levels of NCAM and PST wild-type and mutant
proteins or ST8Sia Il were evaluated as described above. Proteins were then transferred to a nitrocellulose
membrane and immunoblotting with V5- and Myc-epitope tag antibody, as well as OL.28 anti-polySia antibody,

was performed as described previously.

Determining the ability of STX and STX H346K to bind to NCAM

COS-1 and cells maintained in DMEM, supplemented with 10% FBS, were plated onto 100-mm tissue
culture plates and grown in a 37°C, 5% CO, incubator until 50-70% confluent. Cells were co-transfected with 10
Hg V5-tagged NCAM cDNA and either 10 ug of empty pcDNA3.1/Myc-HisB vector (control), or Myc-tagged PST,
PST H331K, STX, or STX H346K cDNA in 3 mL OPTI-MEM I containing 30 ul Lipofectin transfection reagent.
Cells were incubated with the transfection mixture for six hours at 37°C. Following incubation, 7 ml of DMEM
media supplemented with 10% FBS was added and the cells were allowed to grow overnight in a 37°C, 5% CO;
incubator. Co-immunoprecipitation and immunoblotting to detect NCAM bound to PST or STX proteins was
performed identically as above under “Determining the ability of PST and full-length or truncated PST mutants to

bind to NCAM”.



CHAPTER I11

IDENTIFICATION OF A SPECIFIC REGION IN ST8SIA IV/PST THAT IS REQUIRED FOR THE
RECOGNITION OF NEURAL CELL ADHESION MOLECULE

Parts of this chapter were originally published in The Journal of Biological Chemistry. Zapater, J.L., and Colley,

K.J. Sequences Prior to Conserved Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate
Recognition. J. Biol. Chem. 2012; 287:6441-53. © the American Society for Biochemistry and Molecular Biology.

Introduction

Current evidence suggests that the interaction of NCAM with the polySTs involves an initial recognition
step that is mediated by protein-protein interactions. Using a soluble form of PST that consisted of residues 40-359,
Angata et al. [321] constructed a series of chimeras in which regions of the soluble PST molecule were substituted
with the corresponding regions of ST8Sia IIl. ST8Sia III is a related a2, 8-sialyltransferase that is capable of
autopolysialylation but does not effectively polysialylate NCAM [322]. When PST residues 40-82, which are prior
to the catalytic sialylmotifs, were replaced with the corresponding region of ST8Sia I1I, NCAM polysialylation was
significantly decreased by approximately sixty percent, despite the fact that enzyme autopolysialylation remained
comparable to wild-type PST. This result suggested that there was a defect in the chimera’s ability to recognize the
NCAM substrate, rather than a defect in overall enzyme catalytic function.

In a further study, Angata et al. [321] created a chimera in which residues 128-359 (to the C-terminus) of
PST were exchanged for the corresponding region in ST8Sia Ill and incubated it in vitro with wild-type soluble
PST, soluble NCAM, and CMP-sialic acid. In the presence of increasing concentrations of the chimera, NCAM
polysialylation significantly decreased, suggesting that the chimera, containing amino acids 40-128 of PST, was
competing with wild-type PST for recognition of NCAM, hence preventing the polysialylation of NCAM by full
length, catalytically active PST. Since wild-type ST8Sia Il did not reduce NCAM polysialylation by PST, it is

possible that PST sequences 40-128 are responsible for the competition.

Recent work from our laboratory supports the above finding [305]. We found that replacement of specific
residues in the PBR of PST (amino acids 71-105) with alanines, namely Arg® and Arg®, significantly reduced or

eliminated NCAM polysialylation when mutated singly or doubly, respectively. Meanwhile, examination of PST

66
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autopolysialylation indicated that this process was not affected, indicating a loss of the ability of PST to specifically

polysialylate NCAM rather than a loss of overall catalytic activity of the enzyme.

Cumulatively, these studies above indicated to us that there is a region prior to the large sialylmotif in PST
that is necessary for the effective polysialylation of NCAM. This is an interesting finding because these residues do
not fall within the PST catalytic region, which begins with the start of the large sialylmotif at residue 141 and which
is responsible for polySia synthesis. As mentioned previously, our hypothesis is that substrate polysialylation is a
highly protein-specific process, requiring an initial polyST-substrate interaction that is mediated by protein-protein
interactions. Combined with the above work, | further hypothesized that the membrane proximal region prior to the
large sialylmotif in PST, which consists of the first 140 residues, contains amino acid sequences that may mediate
this initial protein-protein interaction. | therefore focused on PST residues 1-140 and examined this portion of PST

for a region that specifically functions for NCAM recognition.

Experimental Approach

To determine if residues 1-140 of PST contain sequences required for NCAM recognition, | decided to use
an in vivo cellular competition approach that is summarized in Figure 9. The premise of this competition approach
is that a catalytically-inactive full-length or truncated PST protein, which still contains sequences that are required
for NCAM recognition, will compete with wild-type catalytically-active PST by binding to the NCAM recognition
sequences and thus reduce or block NCAM polysialylation by the wild type enzyme. Should a PST mutant not
contain sequences that are required for NCAM recognition, then | would not expect a reduction in NCAM
polysialylation. For my competition studies, I utilized SW2 small cell lung carcinoma cells. These cells provide the
appropriate cellular environment for studying NCAM recognition and subsequent polysialylation because they
contain endogenous NCAM, endogenous wild-type PST, and the machinery necessary for polySia synthesis (CMP-
sialic acid and the CMP-sialic acid transporter). Furthermore, SW2 cells exhibit cell surface polySia staining with

OL..28 anti-polySia antibody, indicating polysialylation of the NCAM in the basal state (Figure 10).
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Figure 9. Schematic overview of polyST competition assay. We hypothesize that initial polyST-substrate
protein-protein interactions are required to stabilize the polyST next its substrate and promote effective
polysialylation (top). In our competition assay, we predict that introduction in excess of a catalytically-inactive
PST mutant protein that still contains sequences required for NCAM recognition will interfere with NCAM
polysialylation by preventing the interaction between NCAM and wild-type PST (bottom).
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Figure 10. Presence of cell surface polysialylation and NCAM in small cell lung carcinoma cells. To examine
the presence of polysialylation in SW2 cells (left panel), these cells first were plated on coverslips and incubated
ina 5% CO,, 37°C incubator for 18 hours. After incubation, cells were washed with PBS, fixed with cold methanol,
then incubated for two hours with OL.28 anti-polySia antibody, followed by incubation for one hour with TRITC-
conjugated goat anti-mouse IgM secondary antibody. Coverslips were mounted on microscope slides, then viewed
using a Zeiss 200M inverted confocal microscope, 40X objective. OL.28 anti-polySia staining, indicative of
polysialylation, is seen on the SW2 cell surface (red) indicating the presence of polysialylated NCAM. To assay
for the presence of NCAM (right panel), SW2 cells were grown on 100-mm tissue culture plates in a 5% COy,
37°C incubator for 18 hours. After incubation, cells were lysed, and a sample of lysate was removed,
electrophoresed on an SDS-PAGE gel, followed by immunoblotting with anti-CD56 primary antibody for 2 hours,
followed by goat anti-mouse IgG secondary antibody for one hour. The two lanes shown above show the
experiment performed in duplicate.
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A series of PST mutants were created for competition studies (Figure 11), as well as co-
immunoprecipitation studies. One catalytically-active PST protein that did not contain the cytosolic tail or
transmembrane region (sPST) was created to determine the effect of these regions on NCAM recognition and
polysialylation. A full-length catalytically-inactive PST protein (PST H331K) was created by mutating His®*! to
lysine as was done previously [302]. PST H331K serves as the baseline for competition studies since it is
catalytically inactive and contains all PST residues, thus competition from this PST mutant would indicate that PST
does contain sequences critical for NCAM recognition. Later | will use the PST H331K mutant as a template to
identify specific residues involved in substrate recognition (Chapters 1V and V). To closely investigate the region
prior to the large sialylmotif, | created a PST protein consisting of only the first 140 residues of PST (PST140) as
well as its soluble counterpart (SPST140). These two PST mutants do not contain any catalytic regions and hence
have no polysialylation activity. I then created PST mutants that were truncated backward from residue 140 based
on evidence from Angata et al. [321] or Foley et al. [305], and include PST mutants consisting of the first 127, 105,
71, and 62 residues of PST (PST127, PST105, PST71, and PST62). PST127 and PST62 are based on previous
chimera analyses [321], whereas PST105 and PST71 represent the C-terminal and N-terminal ends of the PBR

[305], respectively.

For competition studies, each PST mutant was transiently expressed in SW2 cells individually, and the
resultant change in endogenous NCAM cell surface polysialylation was evaluated to determine the ability of each
PST protein to recognize NCAM and compete with endogenous catalytically active PST. Furthermore, co-
immunoprecipitation analyses were also utilized to specifically determine enzyme-substrate binding. Here, PST or
a PST mutant was expressed individually in COS-1 cells with NCAM. Following lysate preparation, each enzyme

was immunoprecipitated and NCAM binding was examined with immunoblotting.
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Figure 11. Schematic of soluble PST and catalytically-inactive full-length and truncated PST mutants.
The creation of these PST constructs is detailed in Chapter Il. A soluble PST protein consisting of the entire
Golgi lumenal region of PST was initially created to determine the effects of the cytosolic tail and
transmembrane region on NCAM recognition and polysialylation. A full-length catalytically-inactive PST
protein was created by mutating His®*! to lysine as done previously [302], and serves as a template protein for
competition. All catalytically-inactive, truncated PST proteins were created based on previous data [305, 321]
to narrow down a region prior to the large sialylmotif that is critical for NCAM recognition.
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Results

All catalytically-inactive PST mutants express and localize to the Golgi apparatus except for PST105

The polySTs are glycosyltransferases that localize to the Golgi apparatus, which is the site of polySia
addition onto target glycoproteins. Therefore, it is critical that all created PST mutants also similarly localize to the
Golgi apparatus, as this would indicate proper folding and trafficking through the secretory pathway. This is
especially important here as | made very drastic protein truncations. Myc-tagged wild-type PST, soluble PST
(sPST), and each PST mutant were expressed individually in COS-1 cells, which were then stained with anti-Myc
antibody to examine the cellular localization of these proteins (Figure 12, Localization). To examine enzyme
autopolysialylation, which should only occur in catalytically active enzymes, the COS-1 cells were also stained

with OL.28 anti-polySia antibody (Figure 12, Autopolysialylation).

I found that similar to wild-type PST, the membrane-associated PST mutants were found to be localized
primarily to the Golgi apparatus with the exception of PST105, which did not demonstrate any expression. It is
possible that this truncated PST may become unstable and is thus quickly degraded. Therefore, PST105 was not
utilized further in any competition or co-immunoprecipitation studies. Similar to the membrane-bound PST mutants
other than PST105, sPST and sPST140 are found in the Golgi apparatus as they transit through the secretory
pathway. Furthermore, when expressed in COS-1 cells, PST and sPST were autopolysialylated as is expected for
active polySTs, whereas PST H331K and all truncated PST mutant proteins, which lack critical catalytic sequences,

are not.

Soluble PST (sPST) and PST140 (sPST140) are secreted from COS-1 cells

As shown above, sPST and sPST140 are localized primarily to the Golgi apparatus, but since they are
soluble proteins, their appearance in the Golgi should be a result of their temporary presence here, as these two PST
mutants should transit through the entire secretory pathway. | therefore sought to determine if these two PST
mutants are also successfully secreted from COS-1 cells. For this, | expressed sPST and sPST140 in COS-1 cells

and collected a sample of lysate (protein expression) and media (protein secretion) for expression analysis using
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Figure 12. All PST mutants are
predominantly localized to the
Golgi apparatus except
PST105. Myc-tagged PST, sPST,
or a PST mutant were expressed
in COS-1 cells as described
before. Cells were then washed,
fixed with methanol, and stained
with anti-Myc antibody
(Localization, green) to
determine protein localization,
and OL.28 anti-polySia antibody
(Autopolysialylation, red) to
detect autopolysialylation
(enzyme activity). DAPI staining
indicates the location of the
nucleus (Localization and Merge,
blue). Scale bar = 10 pm.

These data were previously
published in: Zapater, J.L., and
Colley K.J. (2012) Sequences
Prior to Conserved Catalytic
Motifs of Polysialyltransferase
ST8Sia IV Are Required for
Substrate Recognition. J. Biol.
Chem. 287:6441-53.
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Figure 13. Soluble PST (sPST) and PST140 (sPST140) are secreted from COS-1 cells. Myc-tagged sPST or
SPST140 were expressed in COS-1 cells as described in Chapter 1. Eighteen hours post-transfection, the cell
media was collected and the cells were lysed. A 50 pl sample of lysate and a 150 ul sample of media were then
subjected to SDS-PAGE and immunoblotting with anti-Myc epitope antibody to examine protein expression
(top panel) and secretion (bottom panel). Note that the sample size from the media is three times greater than
that from lysate. This is because cell lysates were created in one milliliter of buffer, whereas a total of three
milliliters of cell media was collected.
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anti-Myc epitope tag antibody (Figure 13). We found that in addition to their expression in COS-1 cells (Figure 13,
top panel), sPST and sPST140 are indeed secreted from these cells (Figure 13, bottom panel). Since these soluble
proteins express similarly to wild-type PST (Figure 12) and are secreted from cells (Figure 13), sPST and sSPT140

were utilized in competition studies.

Expression of PST H331K, PST140 and sPST140 blocks NCAM polysialylation by endogenous PST in SW2 cells

To determine whether PST H331K, PST140, and sPST140 could compete with endogenous PST and
decrease NCAM polysialylation, each protein was individually expressed in SW2 cells (Figure 14). The cells were
then stained with anti-Myc antibody to identify cells expressing the Myc-tagged PST proteins (Figure 14,
Localization), and OL.28 anti-polySia antibody to examine the polysialylation of endogenous NCAM (Figure 14,
Polysialylation). We found that SW2 cells expressing exogenous PST or sPST displayed an increase in cell surface
NCAM polysialylation and Golgi enzyme autopolysialylation relative to surrounding cells that did not express these
exogenous proteins (Figure 14, PST and sPST, arrowheads). We were only able to detect enzyme
autopolysialylation when exogenous PST or sPST are overexpressed, which likely suggests that SW2 cells express

low levels of endogenous PST.

In contrast, SW2 cells expressing PST H331K demonstrate substantially reduced NCAM polysialylation
compared with nonexpressing cells (Figure 14, PST H331K, arrowheads). Likewise, SW2 cells expressing PST140
(Figure 14, PST140, arrowheads), although fewer in number, exhibited a similar decrease in surface NCAM
polysialylation. Lastly, the expression of sPST140 in SW2 cells also reduced surface NCAM polysialylation,
although residual OL.28 staining was observed in some expressing cells (Figure 14, sPST140, arrowheads). This
may be due to the transient residence of sSPST140 in the Golgi apparatus, as this is a soluble protein. These results
support the notion that PST residues 21-140 between the end of the transmembrane region and the beginning of the

large sialylmotif are likely to function in NCAM recognition.
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Figure 14. Expression of PST H331K, PST140, and sPST140 inhibits NCAM polysialylation by endogenous
PST in SW2 cells. Myc-tagged PST, sPST, PST H331K, PST140, and sPST140 were transiently expressed in
SW2 cells containing endogenous PST and polysialylated NCAM. Eighteen hours post-transfection, cells were
fixed and indirect immunofluorescence was performed using anti-Myc antibody to analyze exogenous enzyme
localization (Localization), and OL.28 anti-polySia antibody to analyze total polysialylation (Polysialylation).
Overlaying the fluorescent signals for PST protein localization and polysialylation demonstrated the impact that
expressing exogenous PST proteins had on the polysialylation of endogenous SW2 cell NCAM (Merge). Cells
expressing exogenous PST mutant proteins are marked with yellow arrowheads. Cells were examined using a
Zeiss 200 M inverted confocal microscope, 63X oil immersion objective. Scale bar = 10 pum.

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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Expression of PST127, but not PST71 or PST62, blocks NCAM polysialylation by endogenous PST in SW2 cells,

suggesting that residues 71-127 in PST are critical for NCAM recognition

To narrow down the region involved in NCAM recognition, | utilized our PST mutants that were truncated
backward from residue 140 of PST, namely, PST127, PST71 and PST62. As mentioned earlier, PST105 was not
utilized due to a lack of protein expression. Of the remaining three truncated proteins, PST127 contains the PBR,
which extends from residues 71 to 105, whereas PST71 and PST62 do not. Each of these PST mutants was expressed
individually in SW2 cells and their impact on endogenous NCAM polysialylation was analyzed as described above

(Figure 15).

It should be noted that similar to PST140, PST127, PST71 and PST62 were detected in fewer SW2 cells
than full-length PST or PST H331K, suggesting some instability or increased turnover of these drastically truncated
proteins. Nevertheless, | found that cells expressing PST127 exhibited a decrease in NCAM polysialylation that
was similar to that seen for PST140 (Figure 15, PST140 and PST127, arrowheads). In contrast, cells expressing
PST71 or PST62 did not show a decrease in cell surface NCAM polysialylation (Figure 15, PST71 and PST62,
arrowheads). Instead, the polysialylation of NCAM seemed to be unchanged from baseline levels, suggesting that
PST71 and PST62 do not have sequences required for NCAM recognition and are thus unable to compete with
endogenous PST to block NCAM polysialylation. Collectively, my SW2 cell competition studies suggest that

residues 71-127 of PST are important for NCAM recognition.

The ability of catalytically-inactive PST mutants to bind to NCAM correlates with their ability to competitively

inhibit NCAM polysialylation

Previous work from the laboratory demonstrated that PST binds to NCAM [314]. | therefore wanted to
determine whether the ability of PST H331K, PST140, sPST140, and PST127 to significantly reduce or eliminate
NCAM polysialylation in SW2 cells is the result of their ability to bind to NCAM and block access of endogenous,
catalytically active PST. To evaluate this possibility, | took a co-immunoprecipitation approach. I first co-expressed

V5-tagged NCAM with Myc-tagged wild-type PST, sPST, PST H331K, PST140 or sPST140 in COS-1 cells. The
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Figure 15. SW2 cell NCAM polysialylation by endogenous PST is inhibited by the expression of PST127
but not PST71 or PST62. Myc-tagged PST140, PST127, PST71 and PST62 were transiently expressed in
SW2 cells. Eighteen hours post-transfection, cells were fixed and indirect immunofluorescence was performed
to analyze exogenous enzyme protein localization (Localization) or total polysialylation (Polysialylation).
Overlaying the fluorescent signals for PST protein localization and polysialylation demonstrated the impact
that expressing exogenous PST proteins had on the polysialylation of endogenous SW2 cell NCAM (Merge).
Cells expressing exogenous PST proteins are marked with yellow arrowheads. Cells were examined using a
Zeiss 200 M inverted confocal microscope, 63X oil immersion objective. Scale bar = 10 pum.

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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enzymes were then immunoprecipitated from the cell lysates with an anti-Myc antibody, and co-
immunoprecipitated NCAM-V5 was then detected by immunoblotting with anti-V5 antibody (Figure 16, top panel).
Relative expression levels of NCAM and PST proteins were determined by immunoblotting an aliquot of cell lysate

with anti-V5 and anti-Myc antibodies, respectively (Figure 16, middle and bottom panels).

I found a small amount of nonspecific binding of NCAM to the protein A-Sepharose beads (see Chapter 1)
in the absence of co-expressed enzyme (Figure 16, top panel, lane 1). As expected however, NCAM-V5 was co-
immunoprecipiated with PST (Figure 16, top panel, lane 2). Additionally, NCAM-V5 was co-immunoprecipitated
with sPST, suggesting that the cytosolic tail and transmembrane region of PST are not critical for NCAM binding
(Figure 16, top panel, lane 5). I also observed that NCAM-V5 also bound to Myc-tagged, membrane associated
PST H331K, PST140, as well as sPST140 (Figure 16, top panels, lanes 3, 4, and 6). These results correlate with
our competition studies, and indicate that the ability of PST mutant proteins to compete with endogenous PST in
SW2 cells is due to their ability to bind to NCAM. Furthermore, these results suggest that residues 21-140 of PST

contains a binding site for NCAM interaction.

I next performed a similar co-immunoprecipitation analysis in Lec2 CHO cells that compared the binding
of NCAM to PST and all of the truncated PST mutant proteins (Figure 17). Lec2 CHO cells do not have a functional
CMP-sialic acid transporter, and hence cannot add sialic acid or polySia to glycoconjugates [326]. | used these Lec2
CHO celis to eliminate the potential effects of polySia on binding of wild-type PST and NCAM. | found that similar
to full-length PST, PST140 and PST127 bound to NCAM (Figure 17, top panels, lanes 2-4), which is consistent
with their ability to block NCAM polysialylation in SW2 cells. In contrast, PST71 and PST62 exhibited a
significantly reduced ability to bind to NCAM (Figure 17, top panels, lanes 5 and 6), even when their somewhat
lower level of expression is taken into consideration (Figure 17, bottom panels, lanes 5 and 6). This result correlates

with the inability of PST71 and PST62 to block NCAM polysialylation in SW2 cells.
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Figure 16. Residues 21-140 of PST contain sequences that are critical for NCAM binding. V5-tagged
NCAM was co-expressed with Myc-tagged PST, PST H331K, PST140, sPST, or sPST140 in COS-1 cells. After
18 h, cells were lysed and lysates were incubated with anti-Myc epitope tag antibody to immunoprecipitate the
PST proteins, followed by incubation with protein A-Sepharose beads for one hour. Immunoprecipitates were
subjected to SDS-PAGE and immunoblotting with anti-V5 antibody to detect co-immunoprecipitated NCAM
(top panel). To determine the relative expression levels of NCAM and PST proteins, an aliquot of lysate was
removed prior to co-immunoprecipitation and subjected to SDS-PAGE and immunoblotting with anti-V5
antibody to detect NCAM (middle panel) and anti-Myc antibody to detect the PST proteins (bottom panel).

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.

287:6441-53.
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Figure 17. Similarly to wild-type PST, PST140 and PST127 effectively bind to NCAM, whereas PST71
and PST62 do not. VV5-tagged NCAM was co-expressed with Myc-tagged PST, PST140, PST127, PST71, or
PST62 in Lec2 CHO cells. After 18 h, cells were lysed and lysates were incubated with anti-Myc epitope tag
antibody to immunoprecipitate the PST proteins, followed by incubation with protein A-Sepharose beads for
one hour. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with anti-V5 antibody to
detect co-immunoprecipitated NCAM (top panel). To determine the relative expression levels of NCAM and
PST proteins, an aliquot of lysate was removed prior to co-immunoprecipitation and subjected to SDS-PAGE
and immunoblotting with anti-V5 antibody to detect NCAM (middle panel) and anti-Myc antibody to detect
the PST proteins (bottom panel).

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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Discussion

Earlier polysialylation and binding studies focused on the NCAM FN1 domain. Deletion or replacement of
this domain, or the mutation of specific residues in an acidic surface patch, indicated that this domain was required
for effective polysialylation of N-glycans on the adjacent Ig5 domain [311-314]. From these NCAM studies, it was
first postulated that specific sequences within NCAM FN1 served as a specific substrate recognition site for the
polySTs. Since there is no polySia addition at the NCAM FN1 domain, this interaction at NCAM FNL1 is likely to
be a result of a protein-protein interaction and not a protein-glycan interaction. Furthermore, and more importantly,
if substrate polysialylation is indeed substrate-specific and utilizes specific sequences within the NCAM FN1
domain, then there should be complementary sequences within the polySTs that would also be involved in this
interaction. Through analysis of PST/ST8Sia Il chimeric proteins, Angata et al. [321] was one of the first groups
to provide evidence supporting this theory. They found that the proximal Golgi lumenal region prior to the large
sialylmotif, which is not part of the catalytic region of PST, was important for NCAM polysialylation. Previous
work from our laboratory seconded this work, as we identified a polybasic region in the PST within this proximal
Golgi lumenal region that contained residues that were critical for NCAM polysialylation [305]. Through
competition and co-immunoprecipitation studies, the work presented here provides direct evidence that the proximal

Golgi lumenal region of PST prior to the large sialylmotif is critical for recognition of the NCAM substrate.

The reduction in polysialylation of SW2 cell surface NCAM seen in the presence of PST H331K, a
catalytically-inactive full-length PST protein, suggests that PST contains amino acid sequences that are important
for NCAM recognition (Figure 14). Furthermore, the ability of PST140 and sPST140 to similarly reduce SW2 cell
NCAM polysialylation suggests that the region between the end of the transmembrane region and the start of the
large sialylmotif of PST, encompassing residues 21-140, contains a sequence that is important for NCAM
recognition (Figure 14). This finding alone correlates with NCAM polysialylation work from previous studies
detailed earlier. Furthermore, | was able to use competition studies to narrow down this region to residues 71-127,
as PST127 reduced SW2 cell surface NCAM polysialylation whereas PST71 and PST62 did not (Figure 15).

Previous work demonstrated that wild-type PST is capable of binding to NCAM [314]. To determine if the ability
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of a PST mutant protein to compete with endogenous SW2 cell PST and reduce cell surface NCAM polysialylation
was specifically due to the ability of a PST mutant to bind to NCAM, | utilized a co-immunoprecipitation approach
(Figures 16 and 17). | found that the ability of a PST mutant protein to compete with endogenous PST correlated
directly with that protein’s ability to bind to NCAM. In total, my data indicate the residues 71-127 of PST contain
amino acid sequences and residues that are critical for the recognition of NCAM. Furthermore, the ability of these

sequences to compete is due to their ability to mediate NCAM binding.

Previous work in the laboratory suggested that autopolysialylated polySTs might more efficiently
polysialylate NCAM [310]. However, in support of the laboratory hypothesis that the initial enzyme-substrate
interaction is mediated by protein-protein contacts, our co-immunoprecipitation studies suggest that the interaction
between the identified region in PST and NCAM is mediated directly through amino acid contacts, and does not
involve polySia chains on PST N-glycans (autopolysialylation). This can be seen in two different instances within
my co-immunoprecipitation data. First, PST H331K, PST140 and sPST140 demonstrate a similar level of NCAM
binding as fully autopolysialylated wild-type PST (Figure 16), even though these three PST mutants are not
autopolysialylated due to their lack of catalytic activity (see Figure 12). Secondly, my co-immunoprecipitation
studies utilizing PST140, PST127, PST71 and PST62 were performed in Lec2 CHO cells, which lack the CMP-
sialic acid transporter and hence cannot synthesize polySia (Figure 17). In these studies, wild-type PST was still
capable of binding to NCAM, and PST140 and PST127 also were able to bind similarly. Since these results indicate
a protein-protein interaction, | can conclude that the loss of NCAM recognition and binding when residues 71-127

in PST are lost is due to the loss of a particular sequence within this PST region that mediates these functions.

In some cases, a lower level of expression of truncated PST proteins was noticed in the course of the
experiments. First, | could not detect any PST105 expression. For this reason, | could not say at this point in my
studies if the sequences involved in NCAM recognition were specifically confined to the PBR. Secondary structure
prediction programs such as PSIPRE [327] predict the region around PST residue 105 to be in a random coil
formation, suggesting that no crucial secondary structure was interrupted. However, it is possible that this particular

PST mutant was not folding properly early on in the ER, hence it was degraded early and not detected in our studies.
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Secondly, a common theme was seen in our competition studies when utilizing the truncated PST proteins was that
a fewer number of SW2 cells expressed a particular truncation mutant, compared to full-length PST proteins. Since
our truncations were quite drastic, eliminating over sixty percent of the wild-type PST enzyme, it is possible that
these truncated PST mutants are subject to degradation at a higher rate than PST. However, SW2 cells that did
express our PST140, sPST140 and PST127 truncated proteins exhibited the ability to compete with endogenous
PST similarly to our full-length mutant (PST H331K), suggesting that our PST truncated mutants, where expressed,
are capable of blocking the function of endogenous PST. On a similar note, the expression levels of PST127, PST71
and PST62 were lower than those of the wild type enzyme in our co-immunoprecipitation studies. Nonetheless, the
ability of PST127 to bind to NCAM was still comparable to that of PST and PST140 (Figure 17), even though these
latter two demonstrated a higher level of expression. Furthermore, the expression level of PST71 is similar to that
of PST127, but the former does not bind to NCAM, suggesting that the lack of binding to NCAM seen in our co-
immunoprecipitation work is not due to a reduction in PST mutant expression. It should be noted that as seen earlier,
all of our mutant PST proteins that express are capable of trafficking to the Golgi just like wild-type PST, suggesting

that there is no drastic alterations in protein folding or trafficking.

In summary, | have identified the region within PST encompassing residues 71-127 as a region critical for
the recognition of NCAM. This result is consistent with previous NCAM polysialylation studies from our laboratory
and others, described earlier. However, this region is still quite broad, and the main question now becomes the
following: what are the specific amino acid residues within this region that are involved in NCAM recognition?
Focusing on the polyST PBR region, | next sought to identify specific amino acid residues within our identified

region that mediate the PST-NCAM protein-protein interaction.



CHAPTER IV
MUTATIONAL ANALYSIS OF ST8SIA IV RESIDUES ARG® AND ARG® INDICATE THAT THEY
ARE NECESSARY FOR NCAM RECOGNITION AND SUGGESTS A ROLE FOR THE PST
POLYBASIC REGION IN THE POLYSIALYLATION OF MULTIPLE SUBSTRATES
Parts of this chapter were originally published in The Journal of Biological Chemistry. Zapater, J.L., and Colley,

K.J. Sequences Prior to Conserved Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate
Recognition. J. Biol. Chem. 2012; 287:6441-53. © the American Society for Biochemistry and Molecular Biology.

Introduction

Previous work in our laboratory suggested an important role for the PST polybasic region (PBR) in NCAM
polysialylation [305]. The PST PBR was given its name because it consisted of a stretch of 35 amino acids
encompassing residues 71-105 that contained a series of seven basic residues, including three arginines (Arg®,
Arg?®, and Arg®) and four lysines (Lys™, Lys®®, Lys*® and Lys'®) (Figure 18). Replacement of Arg® and Arg®
singly or doubly with alanines reduced or eliminated the polysialylation of NCAM, respectively. Furthermore, each
of these mutants reduced NCAM polysialylation without an equal decrease in PST autopolysialylation, suggesting
that these residues specifically function for the recognition of the NCAM substrate. Since my goal was to identify
specific amino acid residues involved in NCAM recognition, and Arg®? and Arg® fall within our identified region
that is critical for recognition (residues 71-127), | decided to begin my pursuit by investigating if the ability of these
two PBR residues to affect NCAM polysialylation is specifically due to their ability to mediate NCAM recognition.

Experimental Approach

To determine the significance of PST residues Arg®? and Arg® specifically for NCAM recognition, | created
a series of PST point mutants for utilization in competition studies as described previously. Since our initial focus
is on Arg® and Arg®® in PST, we first mutated these residues singly or doubly to alanine (R82A and R93A) in a
PST mutant, PST H331K, that was previously shown to successfully compete with endogenous PST and reduce
SW2 cell NCAM polysialylation. The premise of this approach is that if the resultant PST R82A and/or R93A
mutant is no longer able to successfully compete with wild-type enzyme and reduce NCAM polysialylation, as will
be determined with OL.28-anti polySia antibody staining of NCAM, then Arg® and/or Arg® would be deemed

critical for the original PST mutant’s ability to compete, and hence critical for NCAM recognition.
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Figure 18. Sequence of the PST PBR and the location of Arg® and Arg®. The Polybasic Region (PBR) of
PST consists of thirty-five amino acid residues located between the transmembrane region and the large
sialylmotif of PST. It consists of seven basic residues, including three arginine and four lysine residues. The two
arginine residues that are the center of our focus here are highlighted in red.
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| first attempted to make the R82A and R93A mutations singly and double in PST140 and PST127, since
these two truncated PST mutants have already shown to be able to competitively inhibit NCAM polysialylation in
SW2 cells. However, | found that replacing these residues in both PST140 and PST127 compromised their folding,
leading to some retention in the endoplasmic reticulum. Therefore, | decided to focus on the impact of replacing
these residues on the ability of PST H331K to block SW2 cell NCAM polysialylation. I created the R82A and R93A
mutations both singly and doubly in PST H331K, as shown in Figure 19 (PST H331K R82A, PST H331K R93A
and PST H331K R82A/R93A). As a control, | also evaluated the impact of expressing a catalytically active PST
R82A/R93A double mutant on SW2 cell NCAM polysialylation. Since expressing exogenous wild-type PST
increased SW2 cell surface polysialylation above basal levels, it was expected that this effect would be lost in the

presence of PST R82A/R93A.

Results

All PST and PST H331K PBR point mutant proteins created localize to the Golgi apparatus

As done previously, all created PST and PST H331K PBR point mutant proteins were examined for their
ability to localize to the Golgi apparatus. Here, Myc-tagged PST R82A/R93A, PST H331K R82A, PST H331K
R93A, and PST H331K R82A/R93A were individually expressed in COS-1 cells and protein localization was
determined by staining the cells with anti-Myc epitope tag antibody (Figure 20). Similar to PST and PST H331K
(Figure 12), all created PST mutants were predominately localized to the Golgi apparatus and were thus used for

competition studies.

Arg® and Arg® in the PST PBR are required for the ability of PST H331K to block NCAM polysialylation

PST, PST H331K, and their respective PBR mutant proteins were expressed individually in SW2 cells as
described previously and the cells were stained with anti-Myc epitope and OL.28 anti-polySia antibodies to identify
cells expressing our exogenous PST mutants and cell surface NCAM polysialylation, respectively (Figure 21). As
shown previously, expressing wild-type PST enhanced the polysialylation of NCAM and allowed detection of the

autopolysialylated enzyme in the Golgi. However, SW2 cells expressing the PST R82A/R93A mutant exhibited no
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Figure 19. Schematic of PST and PST H331K PBR mutants created. Arg® and Arg®® were mutated to
alanine either singly or doubly within the PST H331K protein to determine if this protein is still capable of
competing with endogenous PST and reducing NCAM polysialylation. Both Arg® and Arg® were also mutated
together to alanines in wild-type PST to determine if the raise in SW2 cell surface polysialylation seen with
expression of exogenous PST is compromised by mutation of these two residues. All PST proteins created
contain a Myc epitope tag attached to their C-terminus.
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Figure 20. All PST and PST H331K PBR mutant proteins localize to the Golgi apparatus. Myc-tagged
PST R82A/R93A, PST H331K R82A, PST H331K R93A, or PST H331K R82A/R93A were expressed in
COS-1 cells as described in Chapter 11. Cells were then washed, fixed with methanol, and subjected to staining
with anti-Myc antibody (green) to determine protein localization. DAPI staining was utilized to indicate the
location of the nucleus (blue). Scale bar = 10 pm.

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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enhanced cell surface polysialylation above basal levels, even though | was able to detect this enzyme’s
autopolysialylation in the Golgi (Figure 21, PST R82A/R93A). This result is consistent with the inability of the PST
R82A/R93A mutant to recognize endogenous SW2 cell NCAM. What was even more striking though, whereas PST
H331K significantly decreased NCAM polysialylation in SW2 cells, the introduction of the R82A/R93A mutation
appeared to abolish the ability of PST H331K to compete with the endogenous wild-type PST enzyme, suggesting
that both Arg® and Arg® are necessary for the competitive effect seen with PST H331K (Figure 21, PST H331K
R82A/R93A). Introduction of single point mutants, PST H331K R82A and PST H331K R93A, into SW2 cells also
demonstrated that these proteins are unable to effectively compete with endogenous enzyme (Figure 21, PST H331K
R82A and PST H331K R93A). However, whether there is a difference in the extent to which the competitive effect
is lost between these single mutants and PST H331K R82A/R93A double mutant is difficult to discern in this
particular competition assay since the level of cell surface NCAM polysialylation is measured qualitatively. It is
also difficult to discern if one of the residues is more critical for competition than the other. From these results, |
concluded that Arg® and Arg® within the PST PBR are important for PST H331K to compete with endogenous
enzyme and reduce NCAM polysialylation, hence making these residues important for NCAM recognition.
However, to quantify the extent to which Arg® and Arg®® are individually responsible for recognition, | performed

a modified competition assay in COS-1 cells.

Effective NCAM recognition requires the combined efforts of Arg® and Arg®

To more precisely quantify the contribution of Arg® and Arg®® for NCAM recognition, | wanted to create
an assay that was more sensitive at measuring changes in NCAM polysialylation and that was quantitative. I first
attempted to stay with an SW2 cell model by trying to generate SW2 cells that would stably express the various
PST constructs. Unfortunately, | found that these SW2 cell lines were difficult to establish and that the selection
procedure for stable clones (utilizing Geneticin), unnaturally increased the levels of SW2 cell polysialylation.
Therefore, in lieu of this, | established a triple expression system in COS-1 cells in which NCAM and PST would
be co-expressed with an excess of a PST competitor protein, such as PST H331K. For this assay, | expressed V5-

tagged NCAM, Myc-tagged PST, and either a Myc-tagged PST H331K or a PST H331K PBR mutant in COS-1
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Figure 21. Replacing Arg® and Arg®® blocks the ability of PST to enhance the polysialylation of SW2
cell NCAM and the ability of PST H331K to inhibit the polysialylation of SW2 ce:: NCAM by
endogenous PST. Myc-tagged PST, PST R82A/R93A, PST H331K, PST H331K R82A, PST H331K R93A,
and PST H331K R82A/R93A were transiently expressed in SW2 cells. Eighteen hours post-transfection,
cells were fixed and indirect immunofluorescence was performed to analyze enzyme localization (Green,
localization) or total polysialylation (Red, polysialylation). Cells expressing exogenous PST and PST mutant
proteins are marked with yellow arrowheads. Cells were examined using a Zeiss 200 M inverted confocal
microscope, 63X oil immersion objective. Scale bar = 10 um.

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.

91



92

cells at a ratio of 1:1:6 (NCAM:PST:PST competitor). NCAM was precipitated from cell lysates with anti-V5
antibody, and the level of NCAM polysialylation was assessed by immunoblotting with the OL.28 anti-polySia
antibody (Figure 22, upper panel). Relative levels of NCAM expression (Figure 22, middle panel) as well as overall
enzyme expression (Figure 22, lower panel), were evaluated by immunoblotting a small sample of lysate with anti-
V5 and anti-Myc epitope tag antibodies, respectively. Furthermore, using NIH ImageJ, | quantified the relative
NCAM polysialylation observed in the presence of PST H331K and its mutants in the representative immunoblot

shown.

We found that in the presence of PST and no competitor, NCAM was polysialylated (Figure 22, lane 1).
However, NCAM polysialylation was undetectable when excess PST H331K was co-expressed with wild-type PST
(Figure 22, lane 2). Expression of PST H331K with either the R82A or R93A mutation decreased but did not
eliminate the ability of PST H331K to block NCAM polysialylation, as 42% and 31% of NCAM polysialylation by
wild-type PST was retained, respectively (Figure 22, lanes 3 and 4). The partial competition seen here correlates
with the reduction but not elimination in NCAM polysialylation seen when these residues are mutated singly in
PST [291]. However, when both Arg® and Arg® were mutated to alanines in PST H331K, the ability of this protein
to block NCAM polysialylation was eliminated (Figure 22, lane 5), correlating with an elimination in NCAM
polysialylation seen when these residues are doubly mutated in PST [291]. These results indicate that the PST
H331K double mutant is unable to compete with wild-type PST, and strongly suggests that PST residues Arg® and

Arg® are together important for NCAM polysialylation because they are mediating PST-NCAM recognition.

The polysialylation of NCAM, SynCAM 1, and NRP-2 by PST exhibits different requirements for PBR residues

Arg® and Arg®

Since the process of substrate polysialylation is considered to be highly protein-specific, our finding that
Arg® and Arg® in the PST PBR are required for the recognition and polysialylation of NCAM made us curious as
to the significance of these residues for the polysialylation of other substrates. Are these residues specifically used
to recognize NCAM and NCAM only? Or does substrate specificity in the polysialylation process result from the

ability of these two residues to recognize the small subset of polysialylated glycoproteins? To answer these
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Figure 22. The ability of PST H331K to inhibit the polysialylation of NCAM by endogenous SW2 cell
PST is eliminated when both Arg®? and Arg® are replaced with alanine residues. V5-tagged NCAM and
Myec-tagged PST were expressed in COS-1 cells without (lane 1) or with Myc-tagged PST H331K, PST H331K
R82A, PST H331K R93A, or PST H331K R82A/R93A in a 1:1:6 ratio (lanes 2-5). Eighteen hours post-
transfection, cells were lysed and NCAM was immunoprecipitated using anti-V5 antibody.
Immunoprecipitated NCAM was subjected to SDS-PAGE and immunoblotting to analyze NCAM
polysialylation (top panel). Relative NCAM, PST and PST mutant protein expression levels were assessed by
removing an aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-PAGE and
immunoblotting with anti-V5 antibody (NCAM Expression, middle panel) or anti-Myc antibody (Enzyme
Expression, bottom panel). Note that “Enzyme Expression” reflects the expression levels of both wild type and
mutant PST proteins.

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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questions, we decided to expand our studies to examine the significance of PST residues Arg® and Arg®® for the
polysialylation of synaptic cell adhesion molecule 1 (SynCAM 1) and neuropilin-2 (NRP-2). These two substrates
were chosen due to their significance in human physiology and a growing body of recent evidence suggesting
alterations in their function upon polySia modification. The roles of SynCAM 1 and NRP-2 in mammalian
physiology have been previously discussed. PolySia addition to SynCAM 1 has been shown to reduce SynCAM 1
homophilic interactions, thus regulating the formation of a neuron-glial synapse [289]. PolySia addition to NRP-2
occurs on O-linked glycans, and its role is still a matter of debate. It has been suggested that polySia on NRP-2
inhibits dendritic cell-induced T cell activation and proliferation [293] and enhances dendritic cell migration

through stimulation of CCR7 receptor signaling [294].

To determine the significance of Arg® and Arg®® for the overall polysialylation of SynCAM 1 and NRP-2,
we created the R82A or R93A mutations singly or doubly in PST. Following co-expression of VV5-tagged NCAM,
SynCAM 1 or NRP-2 with Myc-tagged PST, PST R82A, PST R93A, or PST R82A/R93A in COS-1 cells, the
substrate proteins were precipitated with anti-V5 epitope antibody and their polysialylation was analyzed as
described earlier (Figures 23-25, upper panels). Relative substrate expression (Figures 23-25, middle panels) and
enzyme expression levels (Figures 23-25, lower panels) were also assayed as previously described. As seen
previously, replacing Arg® and Arg®® with alanine residues decreased the polysialylation of NCAM (Ref. 291 and
Figure 23, lanes 1-3). Furthermore, a significant decrease in NCAM polysialylation required that both Arg® and
Arg® be replaced (Figure 23, lane 4), confirming previous results [305]. In contrast, mutation of Arg® to alanine
alone or in combination with Arg®, eliminates SynCAM 1 and NRP-2 polysialylation by PST (Figure 24 and 25,
lanes 1, 2, and 4). However, mutation of Arg® alone to alanine did not reduce SynCAM 1 or NRP-2 polysialylation
(Figure 24 and 25, lane 3). Taken together, these results suggested that there are different requirements for specific
PST PBR residues for the polysialylation of different substrates. Combined with data presented above, these results
suggest that the PST PBR functions specifically in the recognition of substrates for polysialylation, and that Arg®
in the PST PBR may be required for general substrate recognition, whereas Arg®® specifically aids the recognition

of NCAM.
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Figure 23. The ability of PST to effectively polysialylate NCAM requires the combined efforts of Arg®?
and Arg®. NCAM-V5 was co-expressed with Myc-tagged PST, PST R82A, PST R93A, or PST R82A/R93A
in COS-1 cells. Eighteen hours post-transfection, cells were lysed and substrates immunoprecipitated using
anti-V5 antibody. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with OL.28 anti-
polySia antibody to analyze the level of NCAM polysialylation (top panel). Relative protein expression levels
were determined by removing an aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-
PAGE followed by immunoblotting with anti-V5 antibody (middle panel) or anti-Myc antibody (bottom panel).

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.

287:6441-53.
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Figure 24. The ability of PST to effectively polysialylate SynCAM 1 requires Arg®, but not Arg®.
SynCAM 1-V5 was co-expressed with Myc-tagged PST, PST R82A, PST R93A, or PST R82A/R93A in COS-
1 cells. Eighteen hours post-transfection, cells were lysed and substrates immunoprecipitated using anti-V5
antibody. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with OL.28 anti-polySia
antibody to analyze the level of SynCAM 1 polysialylation (top panel). Relative protein expression levels were
determined by removing an aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-PAGE
followed by immunoblotting with anti-V5 antibody (middle panel) or anti-Myc antibody (bottom panel).

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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Figure 25. Similar to SynCAM 1, the ability of PST to effectively polysialylate NRP-2 requires Arg®
only. NRP-2-V5 was co-expressed with Myc-tagged PST, PST R82A, PST R93A, or PST R82A/R93A in
COS-1 cells. Eighteen hours post-transfection, cells were lysed and substrates immunoprecipitated using anti-
V5 antibody. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with OL.28 anti-polySia
antibody to analyze the level of NRP-2 polysialylation (top panel). Relative protein expression levels were
determined by removing an aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-PAGE
followed by immunoblotting with anti-V5 antibody (middle panel) or anti-Myc antibody (bottom panel).

These data were previously published in: Zapater, J.L., and Colley K.J. (2012) Sequences Prior to Conserved
Catalytic Motifs of Polysialyltransferase ST8Sia IV Are Required for Substrate Recognition. J. Biol. Chem.
287:6441-53.
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Discussion

Previous work from our laboratory suggested that the PST PBR, as well as Arg®? and Arg®® within this
region, are important for the effective polysialylation of NCAM [305]. My competition and binding studies
presented earlier demonstrated that PST sequences between residues 71 and 127 are required for NCAM recognition
(Figures 14-17). Since PST residues Arg® and Arg® fall within our identified region and are required for NCAM
polysialylation, | sought to determine if these are important because they specifically mediate NCAM recognition.
Here, | found that replacing these two arginine residues in the catalytically-inactive PST H331K protein eliminated
its ability to compete with endogenous PST in SW2 cells (Figure 21). Furthermore, the triple expression competition
experiment performed in COS-1 cells indicated that both residues individually make substantial contributions to
NCAM recognition and polysialylation, with Arg® possibly playing a slightly larger role (Figure 22). The
replacement of both arginine residues together completely eliminated the ability of PST H331K to compete with

wild-type PST, suggesting that these are the two critical residues in PST that mediate the recognition of NCAM.

| continued the analysis of PST residues Arg® and Arg®® by determining if they are also critical for the
polysialylation of SynCAM 1 and NRP-2. To date, the function of the polyST PBR for polysialylation of substrates
other than NCAM has not been pursued. I found that PST residue Arg® plays a predominant role in SynCAM 1 and
NRP-2 polysialylation (Figures 24 and 25). However, replacing Arg® does not have an impact on the proper
polysialylation of SynCAM 1 and NRP-2, despite it have a critical role for NCAM polysialylation (Figures 23-25).
Altogether, these results emphasized the role of Arg® and Arg® in substrate recognition and polysialylation rather
than general enzyme activity, and raised the intriguing possibility that different substrates may be recognized by

slightly different binding surfaces of the polySTs.

In terms of NCAM recognition, Arg® and Arg® inthe PST PBR seem to be the two residues that completely
mediate the PST-NCAM interaction. How is it possible that just two arginine residues could have such a large
impact on NCAM recognition? Researchers studying the propensity of certain amino acids at protein interfaces
suggest that these interfaces favor residues that can engage in hydrophobic and electrostatic interactions, such as

tryptophan, arginine and tyrosine [reviewed in 328]. Arginine has been found to be preferred in “hot spots” of
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binding energy because it is capable of multiple types of favorable interactions, including forming up to five
hydrogen bonds as well as a salt bridge utilizing the positive charge on its guanidinium moiety [329]. In fact, an
arginine-aspartate salt bridge is found at the interface of the a- and -subunits of the GABAA receptor, and removal
of this bridge through alanine mutagenesis compromises GABA binding and subunit association [330]. Applying
these observations to the PST-NCAM interaction, Arg® and Arg® may promote recognition through the formation
of hydrogen bonds and salt bridges with residues in NCAM. In fact, previous results from our laboratory suggest
that it is plausible that salt bridges could be formed between PST and NCAM. These earlier studies identified an
acidic patch on the surface of NCAM FNL1 that is composed of aspartic acid and glutamic acid residues [312]. When
these surface residues were mutated together to alanines, there was a significant reduction in NCAM polysialylation
by PST [312]. Furthermore, there was a reduction in the physical binding of PST to NCAM [314]. These data
indicate that the NCAM FN1 surface acidic patch may form part of a docking site for PST, with Arg® and Arg® in

PST serving at the complementary sequences that recognize the docking site.

Since replacement of Arg® and Arg®® with alanines prevented PST H331K from successfully competing
with endogenous PST in SW2 cells or with wild-type PST in COS-1 cells, we sought to demonstrate a role for these
arginine residues in a direct PST-NCAM protein-protein interaction using co-immunoprecipitation experiments.
However, these experiments proved to be unsuccessful. We were unable to detect a reduction in PST-NCAM
binding when Arg® and Arg® were replaced with alanines, despite the profound effect this alteration has on NCAM
polysialylation. One possibility stemming from recent results from our laboratory is that there may be a secondary
PST-NCAM interaction potentially utilizing residues in the NCAM 1g5 domain [316]. Since the 1g5 domain is the
location of polySia addition, it is possible that PST residues mediating such an interaction may be located in regions
outside of our area of focus (residues 71-127), such as within the catalytic sialylmotifs or possibly the
polysialyltransferase domain (PSTD), which similar to the PBR contains many arginine and lysine residues. In this
respect, when we tested the binding of truncated PST mutants to NCAM, it is possible that these PST proteins did
not contain the amino acids that are involved in a secondary interaction at NCAM Ig5. Therefore, utilizing truncated

PST mutants, we were able to demonstrate with co-immunoprecipitation the significance of one PST region (the
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PBR) on NCAM binding. However, when we mutate specific amino acids within residues 71-127 in PST H331K,
the entire PST sequence is still present in this protein, and other interactions with NCAM may still be able to occur.
A search for more PST residues within the catalytic region of PST would be warranted. A second possibility is that
the polySTs can interact with substrates in more than one way, but only when they are aligned properly with the
NCAM N-glycans to be modified can substrate polysialylation take place. In support of this idea, our laboratory
demonstrated that deleting NCAM FN1 eliminates polyST binding [314], however, replacing NCAM FN1 with
other FN1 domains allows binding, but not polysialylation [318]. This suggests that residues in NCAM FNL1 allow

the precise positioning of enzyme and substrate and that this is critical for substrate polysialylation.

In light of the above discussion concerning the positioning of enzyme and substrate, another notable point
is that replacing Arg®? and Arg®® had different effects on polysialylation of the three substrates tested. These results
suggest that the polySTs use different but overlapping sequences to recognize their substrates and position them
appropriately for polysialylation. Removal of specific PST basic residues may redirect substrates to other polyST
surfaces that do not allow optimal alignment of enzyme and substrate, and consequently prevent polysialylation
without greatly altering enzyme-substrate binding. Related to this possibility, previous work in our laboratory
demonstrated that changes in the linker region between NCAM Ig5 and FN1 or in the FN1 sequences at the 1g5-
FNL1 interface are capable of eliminating NCAM polysialylation, thus highlighting the importance of a defined 1g5-
FNZ1 relationship for the ability of a polyST interacting with the NCAM FN1 domain to access and polysialylate the

Ig5 N-glycans [318].

A particularly interesting and repeatable observation was the consistent increase in SynCAM 1 and NRP-2
polysialylation observed when PST Arg® is replaced by alanine (Figures 24 and 25). One possibility is that the
presence of Arg® forms a less optimal binding site for these substrates. If such is the case, then eliminating Arg®
could enhance polysialylation of SynCAM 1 and NRP-2 by optimizing their interaction with other basic residues
in the polyST PBR. However, the increase in SynCAM 1 and NRP-2 polysialylation noted is not drastically
increased above polysialylation by wild-type PST and this observation does not detract from the fact that the

polysialylation of these substrates was eliminated when PST Arg® was mutated to alanine.
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In this chapter, | analyzed the importance of two PST PBR residues for the recognition of NCAM and for
the overall polysialylation of SynCAM 1 and NRP-2. My findings here—that Arg® and Arg®® are differentially
required for the polysialylation of different substrates—was quite intriguing because it raised new questions
concerning the polyST PBR region. In addition to Arg®? and Arg®®, the PST PBR contains five other basic residues—
are any of these other basic residues critical for SynCAM 1 and NRP-2 polysialylation? Furthermore, the
complimentary PBR in STX contains eight basic residues. Compared with the PST PBR, are the analogous STX
PBR basic residues also important for NCAM, SynCAM 1 and NRP-2 polysialylation? Or, are non-analogous,
unique combinations of basic residues required for each polyST-substrate combination? Furthermore, | have seen
that PST PBR residues that are important for NCAM polysialylation are critical because they mediate NCAM
recognition. Does this scenario hold true for STX PBR basic residues that may be important for NCAM
polysialylation? What about for PST-SynCAM 1, PST-NRP-2, STX-SynCAM 1 and STX-NRP-2 recognition? To
get a more comprehensive understanding of the polyST PBR in recognition of multiple substrates, 1 will now
introduce STX into my studies, and examine all basic residues in both the PST and STX PBRs individually to

determine their significance in the polysialylation and recognition of NCAM, SynCAM 1 and NRP-2.



CHAPTER V
DIFFERENT COMBINATIONS OF OVERLAPPING ST8SIA IV/PST POLYBASIC REGION BASIC

RESIDUES ARE REQUIRED FOR EFFECTIVE RECOGNITION AND POLYSIALYLATION OF
NCAM, SYNCAM 1, AND NRP-2

Portions of this chapter will be submitted to The Journal of Biological Chemistry

Introduction

The differential requirements of PST PBR residues Arg® and Arg®® for the polysialylation of different
substrates raises the question as to whether there are more amino acids that are required to work in tandem with the
above arginine residues that have not yet been identified. Furthermore, the differential requirement of Arg®® for
substrate polysialylation as seen in Chapter IV raises to possibility that the pattern of PBR basic residues critical
for recognition and polysialylation of NCAM, SynCAM 1 and NRP-2 may be specific to each substrate. To shed
more light on these points, and to continue my pursuit of identifying specific amino acids that are required for the
biochemical mechanism of substrate polysialylation, | expanded my studies in this chapter by analyzing the
significance of each PST PBR basic residue individually for the polysialylation and recognition of NCAM,

SynCAM 1, and NRP-2.
Experimental approach

| first sought to determine the significance of each PST PBR basic residue for substrate polysialylation. For
this, | mutated each basic residue in each PBR to alanine singly (Figure 26), expressed each polyST mutant with
NCAM, SynCAM 1, or NRP-2, and measured resultant substrate polysialylation. To determine the role of each
polyST PBR basic residue for substrate recognition, | made the same mutations in the PST H331K background, and

utilized these polyST mutants in competition studies utilizing the COS-1 triple expression system as in Chapter V.
Results

All PST PBR mutants localize to the Golgi and are autopolysialylated

Myc-tagged wild-type PST and each PST PBR mutant were expressed individually in COS-1 cells, which

were then stained with anti-Myc antibody to examine the cellular localization of these proteins (Figure 27,
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Figure 26. Creation of PST PBR alanine mutants. Each arginine and lysine residue in the PST PBR was
individually mutated to alanine, leading to the creation of each of the above constructs. The location of each
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103



104

Localization Autopolysialylation Merge

P5T

PSTK7IA

P5T R8IA

PST K83A

P5ST R8TA

P5T R93A

PST K9%A

P5T K103A

L

Mye OL.28 Myc /OL.28 /DAPI

Figure 27. All PST PBR mutants localize to the Golgi and are autopolysialylated comparably to wild-type
enzyme. Myc-tagged PST and PST PBR mutants were expressed in COS-1 cells, then fixed with methanol and
stained with anti-Myc (Localization, green) and OL.28 anti-polySia antibodies (Autopolysialylation, red). DAPI
staining indicates the location of the nucleus (Localization and Merge, blue). Scale bar = 10 um.
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Localization). To examine enzyme autopolysialylation, the expressing COS-1 cells were also stained with OL.28
anti-polySia antibody (Figure 27, Autopolysialylation). | found that like wild-type PST, all of the PST PBR mutants
were expressed and localized primarily to the Golgi apparatus. Also, all of these mutant proteins were

autopolysialylated, suggesting that these proteins still retain their catalytic function.

The polysialylation of NCAM, SynCAM 1 and NRP-2 by PST requires different sets of PBR basic residues

To determine the significance of specific PST PBR basic residues for NCAM, SynCAM 1, and NRP-2
polysialylation, Myc-tagged PST or a PST PBR mutant was co-expressed with VV5-tagged NCAM, SynCAM 1, or
NRP-2 in COS-1 cells. The VV5-tagged substrates were precipitated from cell lysates with anti-V5 antibody, and the
level of substrate polysialylation was assessed by immunoblotting with OL.28 anti-polySia antibody (Figures 28-
30, top panels). Relative levels of substrate expression (Figures 28-30, middle panels) as well as overall enzyme
expression (Figures 28-30, bottom panels), were evaluated by immunoblotting a small sample of lysate with anti-
V5 and anti-Myc epitope tag antibodies, respectively. Using NIH ImageJ, | quantified the relative amount of

substrate polysialylation observed in the presence of each PST PBR mutant.

As a confirmation of previous results from Foley et al. [305] and results from Chapter IV, NCAM
polysialylation was drastically reduced in the presence of PST proteins containing the R82A and R93A mutations
(Figure 28, top panel, lanes 4 and 7), as compared to wild-type PST (Figure 28, top panel, lane 2). Although smaller
alterations in NCAM polysialylation are seen with other PST PBR mutants, Arg®? and Arg®® are the main PBR basic
residues that are critical for polySia addition to NCAM by PST. In contrast, SynCAM 1 polysialylation by PST was
disrupted by the R82A, R82A, R87A and K99A mutations (Figure 29, top panel, lanes 4, 6, and 8), but not the
R93A mutation (Figure 29, top panel, lane 7). Furthermore, NRP-2 polysialylation was reduced in the presence of
only the PST R82A or K99A mutations (Figure 30, top panel, lanes 4 and 8). In the case of NRP-2, Arg® was found
to reduce NRP-2 polysialylation slightly more than Lys® (82% compared to 65% for the latter residue). From these
results, | saw that PST residue Arg® is important for the polysialylation of all three substrates, whereas Arg®” and

Arg® specifically aid SynCAM 1 and NCAM polysialylation, respectively, and Lys® is required for effective
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Figure 28. Individual mutations of each PST PBR basic residue to alanine suggests that the combined
efforts of Arg® and Arg® are most relevant for effective NCAM polysialylation. NCAM-V5 was co-
expressed without (lane 1) or with Myc-tagged PST, or a PST PBR mutant (lanes 2-9) in COS-1 cells.
Eighteen hours post-transfection, cells were lysed and substrates immunoprecipitated using anti-V5 antibody.
Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with OL.28 anti-polySia antibody to
analyze the level of NCAM polysialylation (top panel). Relative protein expression levels were determined
by removing an aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-PAGE followed
by immunoblotting with anti-V5 antibody (middle panel) or anti-Myc antibody (bottom panel).
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Figure 29. The ability of PST to effectively polysialylate SynCAM 1 requires Arg®, Arg®, and Lys®
within the PBR region. SynCAM 1-V5 was co-expressed without (lane 1) or with Myc-tagged PST, or a PST
PBR mutant (lanes 2-9) in COS-1 cells. Eighteen hours post-transfection, cells were lysed and substrates
immunoprecipitated using anti-V5 antibody. Immunoprecipitates were subjected to SDS-PAGE and
immunoblotting with OL.28 anti-polySia antibody to analyze the level of SynCAM 1 polysialylation (top
panel). Relative protein expression levels were determined by removing an aliquot of cell lysate prior to
immunoprecipitation and subjecting it to SDS-PAGE followed by immunoblotting with anti-V5 antibody
(middle panel) or anti-Myc antibody (bottom panel).
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Figure 30. The ability of PST to effectively polysialylate NRP-2 requires Arg® and Lys® within the
PBR region. NRP-2-V5 was co-expressed without (lane 1) or with Myc-tagged PST, or a PST PBR mutant
(lanes 2-9) in COS-1 cells. Eighteen hours post-transfection, cells were lysed and substrates
immunoprecipitated using anti-V5 antibody. Immunoprecipitates were subjected to SDS-PAGE and
immunoblotting with OL.28 anti-polySia antibody to analyze the level of NRP-2 polysialylation (top panel).
Relative protein expression levels were determined by removing an aliquot of cell lysate prior to
immunoprecipitation and subjecting it to SDS-PAGE followed by immunaoblotting with anti-V5 antibody
(middle panel) or anti-Myc antibody (bottom panel).
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polysialylation of both SynCAM 1 and NRP-2. | now sought to determine the significance of these residues for

substrate recognition.

Localization of PST H331K and PST H331K PBR alanine mutants

To examine the effect of each PST PBR basic residue on the recognition of NCAM, SynCAM 1 and NRP-
2, | first created each PBR alanine mutation displayed in Figure 26 within the PST H331K protein. Each of these
Myec-tagged proteins was first expressed in COS-1 cells and examined for proper cellular localization by fixing the
cells with methanol, followed by staining with anti-Myc epitope tag antibody (Figure 31). | found that like wild-
type PST and PST H331K (Figure 31, top row, left and middle images), PST H331K proteins with the K72A, R82A,
R87A, RI3A, K99A, or K103A mutations all were localized predominantly to the Golgi. However, PST H331K
K83A (Figure 31, middle row, middle image) was localized to reticular structures reminiscent of the endoplasmic

reticulum. This suggested that PST H331K K83A is not trafficking properly, possibly due to protein misfolding.

PST PBR basic residues that are critical for NCAM, SynCAM 1, and NRP-2 polysialylation are involved in polyST-

substrate recognition

Utilizing a triple expression system in COS-1 cells for my competition studies, | expressed V5-tagged
NCAM, SynCAM 1 or NRP-2 with either Myc-tagged PST alone or with a Myc-tagged PST H331K or PST H331K
PBR mutant in COS-1 cells at a ratio of 1:1:6 (NCAM:PST:PST H331K competitor) (Figures 32-34). The V5-
tagged substrates were precipitated from cell lysates with anti-V5 antibody, and their polysialylation was assessed
by immunoblotting with the commercially available 12F8 anti-polySia antibody (Figures 32-34, top panels).
Relative levels of substrate expression (Figures 32-34, middle panels), as well as overall enzyme expression
(Figures 32-34, bottom panels), were evaluated by immunoblotting a small sample of lysate with anti-V5 and anti-
Myc epitope tag antibodies, respectively. As before, NIH ImageJ was used to quantify the relative substrate

polysialylation observed in the presence of PST H331K and its corresponding PBR mutants.

As shown earlier, in the presence of an excess of PST H331K, NCAM polysialylation by wild-type PST is

eliminated (Figure 32, top panel, lane 2). Also, the presence of excess PST H331K eliminated the ability of PST to
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Figure 31. All PST H331K PBR mutant proteins localize to the Golgi apparatus with the exception of
PST H331K K83A. Myc-tagged PST, PST H331K, or a PST H331K PBR mutant were expressed in COS-1
cells. Cells were then washed, fixed with methanol, and subjected to staining with anti-Myc antibody (green)
to determine protein localization. DAPI staining was utilized to indicate the location of the nucleus (blue). Scale

bar =10 pm.
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Figure 32. The ability of PST H331K to inhibit the polysialylation of NCAM by wild-type PST is
compromised when Arg® and Arg® are replaced with alanine residues. V5-tagged NCAM and Myc-tagged
PST were expressed in COS-1 cells without (lane 1) or with Myc-tagged PST H331K, or a PST H331K PBR
alanine mutant in a 1:1:6 ratio (lanes 2-9). Eighteen hours post-transfection, cells were lysed and NCAM was
immunoprecipitated using anti-V5 antibody. Immunoprecipitated NCAM was subjected to SDS-PAGE and
immunoblotting with 12F8 anti-polySia antibody to analyze NCAM polysialylation (top panel). Relative
NCAM, PST and PST mutant protein expression levels were assessed by removing an aliquot of cell lysate
prior to immunoprecipitation and subjecting it to SDS-PAGE and immunoblotting with anti-V5 antibody
(NCAM Expression, middle panel) or anti-Myc antibody (Enzyme Expression, bottom panel). Note that
“Enzyme Expression” reflects the expression levels of both wild type and mutant PST proteins.
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polysialylate both SynCAM 1 and NRP-2 (Figures 33 and 34, top panels, lane 2). Among the PST H331K PBR
alanine mutants, | found that the ability of PST H331K to compete with wild-type PST to reduce NCAM
polysialylation was significantly decreased in the presence of the R82A, K83A or R93A mutations (Figure 32, top
panel, lanes 4, 5 and 7), as a significant increase in NCAM polysialylation was observed in the presence of these
competitors. As mentioned before, PST H331K K83A is predominantly localized to the endoplasmic reticulum,
possibly because it is misfolded. Consequently, it is not surprising that this mutant is unable to compete with the
wild type Golgi localized PST. However, at the same time | cannot definitively determine the significance of this
PST PBR residue for substrate recognition. Compared to the ability of PST H331K to compete with wild-type
enzyme (Figure 32, top panel, lane 2), competition was found to be less in the RO93A mutant (43%, compared to
PST H331K) than in the R82A mutant (65%, compared to PST H331K), which might suggest differences in these
residues’ overall binding affinity. This hypothesis would still need to be further tested. However, this result is still
consistent with our finding in Figure 22 in the previous chapter, in which the R82A PST H331K mutant was a

slightly better competitor than the R93A mutant.

The ability of PST H331K to competitively inhibit the polysialylation of SynCAM 1 appeared to be reduced
in the presence of the R82A, R87A, or K99A mutations (Figure 33, top panel, lanes 4, 6, and 8). Notably, these are
the same residues that are important for SynCAM 1 polysialylation by PST as shown in Figure 29. The PST H331K
K83A mutant was unable to serve as a competitive inhibitor, but again this is likely to due to its mislocalization
(Figure 33, top panel, lane 5). Although 12F8 anti-polySia staining appeared to be weak, it appeared that PST Arg®,

Arg®, and Lys*® contribute nearly equally to SynCAM 1 recognition.

Analysis of the PST PBR residues involved in NRP-2 recognition demonstrated that the presence of the
R82A or K99A mutations in PST H331K significantly reduced this protein’s ability to compete with wild-type PST
to block NRP-2 polysialylation (Figure 34, top panel, lanes 4 and 8). As with the NCAM studies, where the RO3A
mutation of the PST H331K competitor led to a lower recovery of NCAM polysialylation relative to the R82A

mutation, the K99A mutation in PST H331K also lead to a lower recovery of NRP-2 polysialylation relative to the
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Figure 33. The ability of PST H331K to inhibit the polysialylation of SynCAM 1 by wild-type PST is
compromised when Arg®, Arg?, and Lys* are replaced with alanine residues. VV5-tagged SynCAM 1 and
Myc-tagged PST were expressed in COS-1 cells without (lane 1) or with Myc-tagged PST H331K, or a PST
H331K PBR alanine mutant in a 1:1:6 ratio (lanes 2-9). Eighteen hours post-transfection, cells were lysed and
SynCAM 1 was immunoprecipitated using anti-V5 antibody. Immunoprecipitated SynCAM 1 was subjected to
SDS-PAGE and immunoblotting with the 12F8 anti-polySia antibody to analyze SynCAM 1 polysialylation (top
panel). Relative SynCAM 1, PST and PST mutant protein expression levels were assessed by removing an
aliquot of cell lysate prior to immunoprecipitation and subjecting it to SDS-PAGE and immunoblotting with
anti-V5 antibody (SynCAM 1 Expression, middle panel) or anti-Myc antibody (Enzyme Expression, bottom
panel). Note that “Enzyme Expression” reflects the expression levels of both wild type and mutant PST proteins.



NRP-2 + PST +

No PST mutant
PST H33IK

250 kDa

100 13

Relative NRP-2
Polysialylation (%)

150 kDa ——
100 kDa

50 kiDa

Lane 1 2

PST H33IK K72A

10

3

100 138

PST H331 K R82A
PST H33IK K83A

4 5

PST H331K R87TA

4

6

PST H331K R93A
PST H331K KY9A
PST H331K K103A

=

2 45 0
-

7 8 9

NRP-2 Polysialylation
IP: Anti-V5 antibody
1B: 12F8 Anti-polySia antibody

NRP-2 Expression
(Anti-V35 antibody)
Enzyme Expression
(Anti-Myc antibody)

114

Figure 34. The ability of PST H331K to inhibit the polysialylation of NRP-2 by wild-type PST is

compromised when Arg?®? and Lys® are replaced with alanine residues. V5-tagged NRP-2 and Myc-
tagged PST were expressed in COS-1 cells without (lane 1) or with Myc-tagged PST H331K, or a PST H331K
PBR alanine mutant in a 1:1:6 ratio (lanes 2-9). Eighteen hours post-transfection, cells were lysed and NRP-

2 was immunoprecipitated using anti-V5 antibody. Immunoprecipitated NRP-2 was subjected to SDS-PAGE
and immunoblotting with 12F8 anti-polySia antibody to analyze NRP-2 polysialylation (top panel). Relative
NRP-2, PST and PST mutant protein expression levels were assessed by removing an aliquot of cell lysate
prior to immunoprecipitation and subjecting it to SDS-PAGE and immunoblotting with anti-V5 antibody
(NRP-2 Expression, middle panel) or anti-Myc antibody (Enzyme Expression, bottom panel). Note that
“Enzyme Expression” reflects the expression levels of both wild type and mutant PST proteins.
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R82A mutation. From these data, it appears that Arg® plays a predominant role in NCAM and NRP-2 recognition,

with Arg®® and Lys%, playing secondary roles for NCAM and NRP-2 recognition, respectively.

In sum, these results suggest that the PST PBR residues that are critical for substrate polysialylation are the
same ones that are critical for substrate recognition. These results further support the role of the PST PBR in
substrate recognition, and indicate that overlapping sets of basic residues within the PBR of PST are responsible
for NCAM, SynCAM 1, and NRP-2 recognition. A summary of the key PST PBR residues that are involved in
substrate recognition and polysialylation are listed below in Table XII, with the residues aligned for comparison

purposes.

TABLE XII: SUMMARY OF PST PBR RESIDUES REQUIRED FOR EFFECTIVE SUBSTRATE

RECOGNITION AND POLYSIALYLATION

Substrate Enzyme PBR Basic Residues Critical for Polysialylation
NCAM PST Arg® Arg®
SynCAM 1 PST Arg?? Arg®’ Lys®
NRP-2 PST Arg?? Lys®
Discussion

In this chapter, | expanded my investigations by evaluating the polysialylation of SynCAM 1 and NRP-2
alongside NCAM, and examined the role of every PST and STX PBR basic residue in the recognition and
polysialylation of these substrates. We found that the polysialylation of NCAM, SynCAM 1, and NRP-2 by PST

all required PBR residue Arg®, which suggests that this arginine residue plays a general role in substrate
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polysialylation (Figures 28-30). Furthermore, PST Arg® and Arg® were only required for polysialylation of
SynCAM 1 and NCAM, respectively, suggesting that these residues specifically aid the polysialylation of these two
substrates (Figures 28 and 29). Finally, Lys® was required for effective polysialylation of SynCAM 1 and NRP-2
(Figures 29 and 30). Our competition analyses demonstrated that the residues identified as important for the
polysialylation of a specific substrate were the same residues that were important for the recognition of that
substrate, as their mutation in PST H331K to alanine significantly reduced the ability of this catalytically-inactive
PST mutant to compete with wild-type PST and reduce that substrate polysialylation, suggesting that PST H331K
was no longer able to effectively recognize NCAM, SynCAM 1, or NRP-2 (Figures 32-34). These data suggest that
the identified PST PBR basic residues above are critical for polysialylation because they are required for the
recognition of NCAM, SynCAM 1, and NRP-2. Additionally, the combinations of critical PST PBR basic residues
differed by the substrate. In all, these data indicate that the PST PBR is indeed involved in substrate recognition,

and that different sets of overlapping basic residues within are utilized to recognize each substrate.

Although we identified the same PST PBR residues as being critical for both recognition and overall polysialylation
in each PST-substrate combination, it is interesting to note that in some cases the ability of a specific PST PBR

basic residue to compete does not necessarily match its ability to affect overall polysialylation (Table XIII).

TABLE XIll: COMPARISON OF REDUCED POLYSIALYLATION AND COMPETITION LEVELS

OBSERVED FOR TWO SPECIFIC PST PBR ALANINE MUTANTS

Substrate Competition
Polysialylation
Substrate PST H331K Percent Percent Percent Percent
PBR Mutant Polysialylation | Polysialylation | Polysialylation Competition
Lost w/ PST H331K | w/ PST H331K Lost
PBR Mutant
NCAM R93A 98 7 50 43
NRP-2 K99A 65 13 45 32
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As seen in Table XII1, the R93A mutation in PST reduces the polysialylation of NCAM by 98% compared to NCAM
polysialylation by wild-type PST (Figure 28, top panel, lanes 2 and 7), but the same mutation in PST H331K only
reduces competition by 43% as compared to the amount of competition lost in the presence of PST H331K (Figure
32, top panel, lanes 2 and 7; Table XIII, “Percent Polysialylation Lost” = “Percent Polysialylation w/ PST H331K
PBR mutant” minus “Percent Polysialylation w/ PST H331K”). In Table XIII, the percentages calculated are based
on densitometry measurements using NIH ImageJ software and are listed below the top panels in all polysialylation
and competition figures in this chapter. Also in Table XIII, for competition studies, the percent of competition lost
is being read as the increase in substrate polysialylation by PST observed in the presence of a particular PST H331K
PBR mutant as compared substrate polysialylation observed in the presence of PST H331K, which serves as a
template and baseline measurement for competition. Secondly, the K99A mutation in PST reduces the
polysialylation of NRP-2 by 65% (Figure 34, top panel, lane 8), but the same mutation in PST H331K only reduces

competition by 32% as compared to PST H331K (Figure 38, top panel, lanes 2 and 8).

Why does the decrease in polysialylation of a particular PBR residue mutant not match its ability to reverse
competition by the inactive enzyme? A possibility that would need to be tested is that the overall binding affinity
of a polyST depends on the sum of the interaction of several residues, but some residues may contribute more to
overall binding than others. For example, mutating Lys® to alanine in PST H331K may not alter the binding affinity
of PST H331K for NRP-2 as much as mutating Arg®2. This would correlate with a lower level of competition seen
in the presence of the K99A mutation, as it would be more difficult to fully competitively inhibit the binding of the
wild-type enzyme to NRP-2. Along these lines, mutating K99A in wild-type PST also may not affect binding
affinity as much as the R82A mutation. However, it is possible that effective substrate polysialylation requires a
completely stable interaction between PST and NRP-2. As this would no longer exist in the presence of either the
R82A or K99A mutations regardless of affinity changes, the PST-substrate interaction may not be capable of lasting
for a sufficient amount of time required to synthesize long polySia chains. Why is there no difference in the level
of competition seen between PST H331K R82A and PST H331K K99A when it comes to SynCAM (Figure 33)?

As mentioned before, the PBR residues that are critical for substrate recognition are unique to the polyST-substrate
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pairing, and thus the situation may be different in each case. Further binding studies would be necessary to better

guantify the role of each mutation that we created in overall affinity of the polySTs for each substrate.

Two other puzzling results were observed in this study. First, while | was able to easily analyze the changes
in SynCAM 1 polysialylation with PST PBR mutants using the OL.28 anti-polySia antibody (Figure 29), evaluating
alterations in PST H331K competition in the presence of these mutations was more difficult because of a general
reduction in staining intensity with 12F8 anti-polySia antibody (Figure 33). One possibility is that the OL.28 anti-
polySia antibody used in the first study is simply more effective than the 12F8 anti-polySia antibody used in the
second study. This technical issue in combination with reports that suggest that STX may be more effective at
polysialylating SynCAM 1 compared to PST [331] may have led to the detection problems. Secondly, we were
unable to analyze was the K83A point mutation in PST H331K, as this mutant was found expressed but
predominately localized to the endoplasmic reticulum (Figure 31). What is interesting here is that creating this
mutation alone in wild type PST results in a correctly folded, autopolysialylated protein (Figure 27). One possibility
is that a long-range interaction may be present that critically involves Lys® and His®**, which may cause a disruption
in protein stability great enough to cause misfolding when both residues are mutated in tandem. The importance of
potential long-range interactions within proteins will be discussed in more detail in the next chapter. The unusual
disruption of protein stability seen with only one of the PST H331K point mutations that I created suggests that

more concrete structural information will be necessary to determine the basis for the misfolding.

In sum, the results presented in this chapter indicate that the PST PBR is critical for the polysialylation of
NCAM, SynCAM 1, and NRP-2 because residues within this region function specifically for the recognition of
each substrate. This conclusion is based on the observation that specific residues that were found to be necessary
for the polysialylation of a specific substrate were the same residues required for PST H331K to effectively compete
with wild-type PST and reduce that substrate’s polysialylation. Furthermore, the ability of PST to effectively
recognize and polysialylate each of the three substrates required different sets of overlapping basic residues within
the PST PBR, which correlates with the hypothesis that the mechanism of protein polysialylation is highly protein

specific. Thus far in this work, | have identified a region in PST that is necessary for the polysialylation and
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recognition of NCAM, SynCAM 1, and NRP-2, as well as pinpointed specific residues within this region that
potentially mediate substrate recognition. However, the varying criteria within PST required for the effective
polysialylation of each substrate raises the question as to whether these criteria are comparable in the other human
polysialyltransferase, STX. Therefore, in the next chapter, | will detail studies that | performed to identify, analyze,

and compare with PST, the role of STX PBR basic residues in substrate polysialylation and recognition.



CHAPTER VI

IDENTIFICATION OF ST8SIA 1I/STX POLYBASIC REGION RESIDUES THAT ARE REQUIRED
FOR EFFECTIVE POLYSIALYLATION AND RECOGNITION OF NCAM AND SYNCAM 1

Portions of this chapter will be submitted to The Journal of Biological Chemistry

Introduction

Although I have thus far focused on PST, and to date there are not as many biochemical studies relating to
the mechanism by which STX recognizes and polysialylates substrates, several studies suggest that this mechanism
will be just as critical to understand. As mentioned previously, STX is expressed at its peak during embryonic
development, indicating that it plays critical roles during mammalian development, especially in the brain [197].
Previous mouse ST8Sia Il knockout studies from Angata et al. [332] demonstrated the presence of ST8Sia IlI-
specific defects. These included misguidance of infrapyramidal mossy fibers and the formation of ectopic neuronal
synapses during development, as well as a higher exploratory drive and reduced behavioral responses to Pavlovian
fear conditioning in the adult mouse. Additionally, polySia is abnormally re-expressed in a variety of human tumor
cells, and the polyST that is responsible for this polySia expression varies by the tumor. It is true that some tumors
preferentially re-express PST, including small cell lung carcinoma, rhabdomyosarcoma, and acute myeloid
leukemia [281]. However, in non-small cell lung carcinoma, polySia expression is highly dependent on stage, and
relies mainly on the presence and activity level of STX [333]. Furthermore, expression of polySia in neuroblastoma
tumor cells is the result of a preferential expression of STX [281]. Therefore, a complete understanding of the

biochemical mechanism by which both PST and STX add polySia onto substrates is warranted.

Comparison of PST and STX features

To what extent could the role of the STX PBR in substrate recognition and polysialylation be similar or
identical to the PST PBR? I first decided to perform a few comparative analyses of the two polySTs. PST and STX
are type 1l transmembrane Golgi localized glycosyltransferases that each possess a large, small and very small
sialylmotif, a motif 111, as well as polybasic and polysialyltransferase domains. Aligning their sequences using

ClustalW [334] demonstrates exactly how much similarity these two polySTs exhibit (Figure 35, green shaded
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Figure 35. Sequence alignment of ST8Sia I1/STX and ST8Sia IV/PST. The amino acid sequences for PST and
STX were aligned using ClustalW sequence alignment program [334]. Based on the sequence alignment, amino
acids that are identical in the polySTs are bolded and shaded in green. The locations of the catalytic sialylmotifs
are marked with a red bar over the residues. The PBR and PSTD are marked with a green bar over the residues
corresponding to these regions. The four cysteine residues in each polyST that contribute to disulfide bridges are
labeled with a yellow star overhead.
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residues). These polySTs share approximately 58% overall sequence identity with a majority of it occurring in the
catalytic sialylmotifs and the PBR and PSTD domains (Table X1V). Furthermore, PST and STX share four cysteine
residues that participate in two disulfide bridges (Figure 35, yellow stars). These disulfide bridges are critical for
polyST catalytic activity [307]. One noticeable difference is the fact that STX is sixteen residues longer than PST.
The majority of these residues are between the C-terminus of the transmembrane region and the N-terminus of the

PBR (Figure 35). Only a small amount of sequence homology occurs prior to the PBR.

TABLE XIV: PERCENTAGE SEQUENCE IDENTITY IN SELECT PST AND STX REGIONS

Region Total Number of Number of Identical Percent Identity
Residues Residues

Large Sialylmotif 45 33 73%
Small Sialylmotif 25 21 84%
Motif 111 5 5 100%

Very Small Sialylmotif 7 6 86%
Polybasic Region (PBR) 35 21 60%
PolyST Domain (PSTD) 32 26 81%

The PST and STX PBR region consists of a thirty-five amino acid stretch that spans residues 71-105 in PST
and 86-120 in STX (Figure 36). There are seven basic residues within the PST PBR consisting of three arginines
(Arg®?, Arg®, and Arg®®) and four lysines (Lys’?, Lys®, Lys®, and Lys!%). There are eight basic residues within the

STX PBR consisting of three arginines (Arg®’, Arg®®, and Arg®’) and five lysines (Lys®, Lys'%, Lys!%, Lys!4 and
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Figure 36. Sequence comparison of the PST and STX PBRs. The PST and STX PBR regions were aligned
using Clustal W. The locations of all basic residues within these polyST PBRs are highlighted in red and
underlined.
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Lys8). I could align each PST PBR basic residue with a complimentary basic residue in the STX PBR, with only
STX Arg® remaining unpaired. It should be noted that my initial hypothesis of the biochemical mechanism
underlying substrate recognition and polysialylation by the polySTs was based on experiments with PST and

NCAM.

At the time | did these studies, it was still unclear if STX performs polysialylation using the same
mechanism as PST. However, our understanding of the significance of select residues within the PST PBR for
NCAM recognition and binding, as well as the presence of analogous basic residues in the STX PBR, suggests that
the biochemical mechanism of STX-mediated substrate polysialylation may be similar or identical to that of PST.
To determine if the mechanism of these two enzymes is the same, | first analyzed the ability of a catalytically-

inactive STX protein to recognize and bind to NCAM.
A catalytically-inactive STX protein can compete with wild-type PST to block NCAM polysialylation

To determine if STX contains sequences that are required for recognition of NCAM, one of the initial
experiments | did was to determine if a catalytically-inactive STX protein can compete with wild-type PST and
inhibit NCAM polysialylation. We created an STX protein in which His**® was mutated to lysine, creating a full-
length catalytically-inactive STX protein (STX H346K). The H346K mutation is analogous to the H331K mutation
made in PST, which rendered this polyST inactive. This protein localizes to the Golgi apparatus similarly to wild-
type STX (see Figure 40). | set up a triple expression competition assay in COS-1 cells as performed in Chapter IV.
V5-tagged NCAM, Myc-tagged PST, and either a Myc-tagged PST H331K, STX H346K, or ST8Sia Ill was
expressed in COS-1 cells at a ratio of 1:1:6 (NCAM:PST:competitor) (Figure 37). ST8Sia Ill is a related
sialyltransferase that autopolysialylates its own N-glycans similarly to PST and STX, but is incapable of
polysialylating NCAM, and hence | hypothesized that this protein would not recognize NCAM and would not serve
as a competitor [322]. NCAM was precipitated from cell lysates with anti-V5 antibody, and levels of NCAM
polysialylation were assessed by immunoblotting with the OL.28 anti-polySia antibody (Figure 37, top panel).
Relative levels of NCAM expression (Figure 37, middle panel) as well as overall enzyme expression (Figure 37,

bottom panel), were evaluated by immunoblotting a small sample of lysate with anti-V5 and anti-Myc epitope tag
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antibodies, respectively. Furthermore, using NIH ImageJ, | quantified the relative NCAM polysialylation observed

in the presence of PST H331K, STX H346K, or ST8Sia Il in the representative immunoblot shown.

Once again, in the presence of no competitor, NCAM is polysialylated by PST, whereas in the presence of
PST H331K, NCAM polysialylation by PST is significantly reduced (Figure 37, top panel, lanes 1-2). Interestingly,
in the presence of STX H346K, NCAM polysialylation by PST is eliminated (Figure 37, top panel, lane 3),
suggesting that STX is capable of recognizing NCAM, and that PST and STX may interact with NCAM at either
the same or overlapping sites within NCAM. Overall expression levels of STX H346K were much greater than that
of other enzymes, which is typical of the expression levels of all STX proteins in our cellular expression assays
(Figure 37, bottom panel, lane 3). Itis unclear if a higher level of STX H346K is required for successful competition,
but this does not negate the ability of this protein to compete with wild-type PST for NCAM recognition. ST8Sia
11 did not prevent NCAM polysialylation by PST (Figure 37, top panel, lane 4), suggesting that this
sialyltransferase’s inability to polysialylate NCAM is a result of its inability to recognize NCAM. From this result,
we conclude that similar to PST, STX contains sequences that are critical for NCAM recognition and that the

NCAM sequences recognized by STX may be identical or overlapping those recognized by PST.

Like PST, STX can bind to NCAM

The results above suggested that like PST, STX should be able to bind to NCAM. | compared the ability
of STX and PST and their inactive mutants to bind to NCAM utilizing a co-immunoprecipitation approach as
performed in Chapter Ill. V5-tagged NCAM was co-expressed with Myc-tagged wild-type PST or STX, PST
H331K, or STX H346K in COS-1 cells (Figure 38). The enzymes were then immunoprecipitated from the cell
lysates with an anti-Myc antibody, and co-immunoprecipitated NCAM-V5 was then detected by immunoblotting
with anti-V5 antibody (Figure 38, top panel). Relative expression levels of NCAM and enzymes were determined
by immunoblotting an aliquot of cell lysate with anti-V5 and anti-Myc antibodies, respectively (Figure 38, middle

and bottom panels).
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Figure 37. STX H346K cross competes with wild-type PST and reduces NCAM polysialylation. V5-tagged
NCAM and Myc-tagged PST were expressed in COS-1 cells without (lane 1) or with Myc-tagged PST H331K,
STX H346K, or ST8Sia Il in a 1:1:6 ratio (lanes 2-4). Eighteen hours post-transfection, cells were lysed and
NCAM was immunoprecipitated using anti-V5 antibody. Immunoprecipitated NCAM was subjected to SDS-
PAGE and immunoblotting to analyze NCAM polysialylation (top panel). Relative NCAM, PST and competitor
protein expression levels were assessed by removing an aliquot of cell lysate prior to immunoprecipitation and
subjecting it to SDS-PAGE and immunoblotting with anti-V5 antibody (NCAM Expression, middle panel) or
anti-Myc antibody (Enzyme Expression, bottom panel). Note that “Enzyme Expression” reflects the expression
levels of both wild type enzyme and mutant competitor proteins.
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Figure 38. Similar to PST, STX contains sequences that are critical for binding to NCAM. V5-tagged
NCAM was co-expressed with Myc-tagged PST, PST H331K, STX, or STX H346K in COS-1 cells. Eighteen
hours post-transfection, cells were lysed and lysates were incubated with anti-Myc epitope tag antibody to
immunoprecipitate the PST or STX proteins, followed by incubation with protein A-Sepharose beads for one
hour. Immunoprecipitates were subjected to SDS-PAGE and immunoblotting with anti-V5 antibody to detect
co-immunoprecipitated NCAM (top panel). To determine the relative expression levels of NCAM and PST
proteins, an aliquot of lysate was removed prior to co-immunoprecipitation and subjected to SDS-PAGE and
immunoblotting with anti-V5 antibody to detect NCAM (middle panel) and anti-Myc antibody to detect the
PST or STX proteins (bottom panel).
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I found that wild type STX and STX H346K bound to NCAM similarly (Figure 38, top panel, lanes 4 and
5). Furthermore, the ability of STX and STX H346K to bind to NCAM was similar to that of wild type PST and
PST H331K (Figure 38, top panel, lanes 2-5). Taken altogether, like PST, STX contains sequences that are critical
for the recognition and binding of the NCAM. Although | did not create truncated STX proteins as | did for PST,
based on the above results, | feel confident that the PBR of STX is likely to participate in substrate recognition, and

have included a more detailed evaluation of the STX PBR residues in the recognition of various substrates below.

Experimental approach

I first sought to determine the significance of each STX PBR basic residue for substrate polysialylation.
For this, | mutated each basic residue in each PBR to alanine singly (Figure 39), expressed each STX mutant protein
with NCAM, SynCAM 1, or NRP-2, and measured the resultant polysialylation of each substrate. To determine the
role of each STX PBR basic residue for substrate recognition, | made the same mutations in the STX H346K
background, and utilized these STX mutants in competition studies utilizing the COS-1 triple expression system as

in Chapters IV and V.

Results

STX PBR mutants localize to the Golgi and are autopolysialylated

To first determine if each mutant was localized appropriately and autopolysialylated, Myc-tagged wild-
type STX and STX PBR mutants were expressed in COS-1 cells. The cells were then washed, fixed with methanol,
and stained with anti-Myc epitope tag antibody (Figure 40, Localization) and OL.28 anti-polySia antibody (Figure
40, Autopolysialylation). | found that like wild-type STX, all STX PBR alanine mutants were predominately

localized to the Golgi and autopolysialylated.

The polysialylation of NCAM and SynCAM 1 by STX requires larger sets of PBR basic residues than PST

To determine the significance of specific STX PBR basic residues for substrate poylsialylation, Myc-tagged

STX or a STX PBR mutant was co-expressed with VV5-tagged NCAM, SynCAM 1, or NRP-2 in COS-1 cells. The
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Figure 39. Creation of STX PBR alanine mutants. Each arginine and lysine residue in the STX PBR was
individually mutated to alanine, leading to the creation of each of the above constructs. The location of each
mutation in each STX construct is marked with an underlined red “A”.
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Figure 40. Similar to wild-type STX, all STX PBR mutants are predominately localized to the Golgi
apparatus and are autopolysialylated. Myc-tagged STX or an STX PBR mutant were expressed in COS-1
cells. Cells were then washed, fixed with methanol, and subjected to staining with anti-Myc antibody (green)
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V5-tagged substrates were precipitated from cell lysates with anti-V5 antibody, and the level of substrate
polysialylation was assessed by immunoblotting with OL.28 anti-polySia antibody (Figures 41-42, top panels).
Relative levels of substrate expression (Figures 41-42, middle panels) as well as overall enzyme expression (Figures
41-42, bottom panels), were evaluated by immunoblotting a small sample of cell lysate with anti-V5 and anti-Myc

epitope tag antibodies, respectively, followed by quantification with NIH ImageJ.

Prior to examining the results, it is important to note that polysialylation of NRP-2 by STX and STX PBR
mutants consistently produced inconclusive results. This was not the case for NCAM or SynCAM 1 polysialylation
by STX. A possible rationale for why NRP-2 polysialylation by STX produced inconclusive results will be
discussed later in this chapter. For now, only the results for NCAM and SynCAM 1 polysialylation will be

discussed.

| found that mutation of Arg®, Lys®, Lys'®, and Lys'® individually to alanine in STX eliminates the
polysialylation of NCAM (Figure 41, top panel, lanes 5-8). Of these residues, Arg® is complementary to PST
residue Arg® and Lys!% is analogous to PST residue Arg®. Therefore, the complementary STX PBR basic residues
are also critical for NCAM polysialylation, but STX also demonstrates a requirement for two more basic residues
for effective NCAM polysialylation. The situation is more complicated in the case of SynCAM 1 polysialylation
by STX. SynCAM 1 polysialylation is reduced to different extents by a series of five STX PBR basic residues,
including Lys® through Lys'® (Figure 42, top panel, lanes 6-10), as compared to polysialylation by wild-type STX
(Figure 42, top panel, lane 1). The effect on SynCAM 1 polysialylation is greatest when Lys!® in STX (analogous
to PST Arg®) is mutated to alanine (Figure 42, top panel, lane 8). Mutation of either of the two lysine residues
nearest to Lys'% in either direction, i.e. Lys'%2 and Lys!!*, also contribute significantly to SynCAM 1 polysialylation
as polySia addition was reduced by 80% and 74% in the presence of these mutations, respectively (Figure 42, top
panel, lanes 7 and 9). Mutation of Lys® in STX to alanine reduced SynCAM 1 polysialylation by about 63%, which
is still quite significant, whereas Lys'® makes a more modest contribution (Figure 42, top panel, lanes 6 and 10).
Taken altogether, these results indicate that effective substrate polysialylation by STX requires larger sets of PBR

basic residues than PST (Table XIV). Similar to PST substrate polysialylation, the sets of STX PBR basic residues
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Figure 41. STX PBR residues Arg®, Lys®, Lys2 and Lys'® are required for effective polysialylation
of NCAM. NCAM-V5 was co-expressed without (lane 1) or with Myc-tagged STX, or an STX PBR mutant
(lanes 2-10) in COS-1 cells. Eighteen hours post-transfection, cells were lysed and substrates
immunoprecipitated using anti-V5 antibody. Immunoprecipitates were subjected to SDS-PAGE and
immunoblotting with OL.28 anti-polySia antibody to analyze the level of NCAM polysialylation (top panel).
Relative protein expression levels were determined by removing an aliquot of cell lysate prior to
immunoprecipitation and subjecting it to SDS-PAGE followed by immunoblotting with anti-V5 antibody
(middle panel) or anti-Myc antibody (bottom panel).
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Figure 42. Effective polysialylation of SynCAM 1 by STX requires differential contributions from Lys®,
Lys'?, Lys'% Lys'4 and Lys'® within the STX PBR. SynCAM 1-V5 was co-expressed without (lane 1) or with
Myc-tagged STX, or an STX PBR mutant (lanes 2-10) in COS-1 cells. Eighteen hours post-transfection, cells were
lysed and substrates immunoprecipitated using anti-V5 antibody. Immunoprecipitates were subjected to SDS-
PAGE and immunoblotting with OL.28 anti-polySia antibody to analyze the level of SynCAM 1 polysialylation
(top panel). Relative protein expression levels were determined by removing an aliquot of cell lysate prior to
immunoprecipitation and subjecting it to SDS-PAGE followed by immunoblotting with anti-V5 antibody (middle
panel) or anti-Myc antibody (bottom panel).
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that were found to be critical differ by the substrate. As was the case with PST, | next determined if the identified

STX residues specifically function in the recognition of NCAM and SynCAM 1.

Localization of STX H346K and STX H346K PBR alanine mutants

For competition studies, each STX PBR basic residue was mutated individually to alanine within STX
H346K. Each mutant protein was then expressed in COS-1 cells and its localization evaluated by staining the cells
with anti-Myc epitope antibody (Figure 43). Similar to STX and STX H346K, we find that all STX H346K PBR
alanine mutants predominately localize to the Golgi apparatus with the exception of STX H346K K108A, which is
not detected. This residue is analogous to Arg® in PST and was found to be critical for the polysialylation of both
NCAM and SynCAM 1. However, it appears that mutating this residue in STX H346K compromises protein folding
and expression (Figure 43, bottom row, second from left). Possible rationale for a lack of expression of this protein
will be discussed later, but due to the lack of expression seen, changes in the ability of STX H346K to compete

with wild-type enzyme when Lys'® is mutated to alanine cannot be definitively interpreted.

STX PBR basic residues that are critical for NCAM and SynCAM 1 polysialylation are involved in STX-substrate

recognition

As before, | expressed V5-tagged NCAM or SynCAM 1 with either Myc-tagged STX alone or with a Myc-
tagged STX H346K or STX H346K PBR mutant in COS-1 cells at a ratio of 1:1:6 (NCAM:STX:STX H346K
competitor) (Figures 44 and 45). The V5-tagged substrates were precipitated with anti-V5 antibody, and their
polysialylation was assessed by immunoblotting with 12F8 anti-polySia antibody (Figures 44 and 45, top panels).
Relative levels of substrate expression (Figures 44 and 45, middle panels), as well as overall enzyme expression
(Figures 44 and 45, bottom panels), were evaluated and quantified as described earlier. It is important to note that

overall enzyme expression refers to the combined expression of wild-type STX and an STX H346K PBR mutant.

As was seen with my competition studies utilizing PST H331K PBR mutants (Figures 32-34), PBR residues
in STX that were found to be critical for substrate polysialylation also reduced the ability of STX H346K to compete

with wild-type STX suggesting their role in substrate recognition. Introduction of the R97A, K98A, or K102A
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Figure 43. Similar to STX, all STX H346K PBR alanine mutants are predominately localized to the Golgi
apparatus except for STX H346K K108A, which does not express. Myc-tagged STX, STX H346K, or an STX
H346K PBR mutant were expressed in COS-1 cells. Cells were then washed, fixed with methanol, and subjected
to staining with anti-Myc antibody (green) to determine protein localization. DAPI staining was utilized to
indicate the location of the nucleus (blue). Scale bar = 10 um.
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Figure 44. The ability of STX H346K to inhibit the polysialylation of NCAM by wild-type STX is
compromised when Arg®, Lys®, and Lys!® are replaced with alanine residues. V5-tagged NCAM and Myc-
tagged STX were expressed in COS-1 cells without (lane 1) or with Myc-tagged STX H346K, or an STX H346K
PBR alanine mutant in a 1:1:6 ratio (lanes 2-10). Eighteen hours post-transfection, cells were lysed and NCAM was
immunoprecipitated using anti-V5 antibody. Immunoprecipitated NCAM was subjected to SDS-PAGE and
immunoblotting to analyze NCAM polysialylation (top panel). Relative NCAM, STX and STX mutant protein
expression levels were assessed by removing an aliquot of cell lysate prior to immunoprecipitation and subjecting
it to SDS-PAGE and immunoblotting with anti-V5 antibody (NCAM Expression, middle panel) or anti-Myc
antibody (Enzyme Expression, bottom panel). Note that “Enzyme Expression” reflects the expression levels of both
wild type and mutant STX proteins.
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mutations into STX H346K reduced this protein’s ability to compete, as indicated by a significant increase in
NCAM polysialylation (Figure 44, top panel, lanes 5-7). A significant increase in the amount of NCAM
polysialylation in the presence of STX H346K K108A is also seen, which would correlate with polysialylation data
above, but has to be deemed inconclusive due to the lack of this protein’s expression (Figure 44, bottom panel, lane

8).

Furthermore, introduction of the K98A, K102A, K114A, or K118A mutations into STX H346K negatively
affected this protein’s ability to compete with STX and reduce SynCAM 1 polysialylation (Figure 45, top panel,
lanes 6, 7, 9, and 10). Although significant in all cases, mutation of Lys® and Lys'%? affected competition to a
greater extent than Lys** and Lys®, which may suggest differences in resultant binding affinities in the presence
of different PBR mutations. As was the case with NCAM, the loss of competition seen in the presence of the K108A
mutation in STX H346K was deemed inconclusive (Figure 45, top and bottom panels, lane 8). Cumulatively, these
data suggest that STX PBR residues that were found to be critical for NCAM and SynCAM 1 polysialylation are

functioning specifically for the recognition of these substrates.
Discussion

In this chapter, | expanded my investigations by evaluating the criteria within STX that is critical for the
recognition and polysialylation of NCAM, SynCAM 1, and NRP-2. | performed initial competition and binding
studies to determine if the role of STX in substrate recognition could be similar to that of PST. From these
experiments, | found that inactive STX H346K cross-competed with wild-type PST, and prevented the
polysialylation of NCAM (Figure 37). As a side note, this particular result was also interesting for the fact that it
also suggests that PST and STX utilize either the same or overlapping NCAM surfaces for interaction. | also found
that like PST and PST H331K, STX and STX H346K were capable of binding to NCAM (Figure 38). Together,
these results suggested that STX contains sequences and amino acid residues that are important for NCAM
recognition and binding like PST. | subsequently proceeded with an analysis of the STX PBR basic residues and
their role in the recognition and polysialylation of NCAM, SynCAM 1 and NRP-2. With the latter substrate

providing inconclusive data, we decided to focus our attention on NCAM and SynCAM 1. Similar to PST, we found
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Figure 45. The ability of STX H346K to inhibit the polysialylation of SynCAM 1 by wild-type STX is
compromised highly by Lys®, and Lys*?, as well as modestly by Lys**and Lys'!® alanine mutants. VV5-tagged
SynCAM 1 and Myc-tagged STX were expressed in COS-1 cells without (lane 1) or with Myc-tagged STX H346K,
or an STX H346K PBR alanine mutant in a 1:1:6 ratio (lanes 2-10). Eighteen hours post-transfection, cells were
lysed and SynCAM 1 was immunoprecipitated using anti-V5 antibody. Immunoprecipitated SynCAM 1 was
subjected to SDS-PAGE and immunoblotting to analyze SynCAM 1 polysialylation (top panel). Relative SynCAM
1, STX and STX mutant protein expression levels were assessed by removing an aliquot of cell lysate prior to
immunoprecipitation and subjecting it to SDS-PAGE and immunoblotting with anti-V5 antibody (SynCAM 1
Expression, middle panel) or anti-Myc antibody (Enzyme Expression, bottom panel). Note that “Enzyme
Expression” reflects the expression levels of both wild type and mutant STX proteins.
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that select STX PBR residues were important for NCAM polysialylation (Figure 41), including Arg®” and Lys'%,
which are analogous to Arg® and Arg® in PST. Unlike PST though, two other PBR lysine residues, Lys® and
Lys'%2, were critical for NCAM polysialylation by STX. The analogous PST residues for these two lysines, namely
Lys® and Arg®’, were not as significantly required for polySia addition to NCAM by PST, although there was only
a slight drop in NCAM polysialylation in the presence of the K83A and R87A mutations in PST (Figure 28). The
polysialylation of SynCAM 1 by STX mutants provided the most complicated data set, as five lysine residues (Lys®,
Lys'%, Lys'% Lys!4 and Lys''®) were critical for effective polysialylation but to different extents (Figure 42). As
such, the K108A mutation eliminated SynCAM 1 polysialylation, whereas Lys®, Lys'%, and Lys''* significantly
reduced polysialylation, and Lys'® moderately affected it. Furthermore, the STX PBR residues shown to be
important for NCAM or SynCAM 1 polysialylation above, also were required for STX H346K to effectively
compete with wild-type STX and reduce substrate polysialylation, suggesting that the STX PBR is also required for

substrate recognition (Figures 44 and 45).

When taken together with the results from PST, we conclude that the polyST PBR is important for the
polysialylation of NCAM, SynCAM 1 and NRP-2 (in the case of PST) because specific basic residues within this
region function specifically for the recognition of each substrate. Also, the fact that STX requires a larger set of
PBR residues than PST for recognition and polysialylation of each substrate may suggest that despite the similarities
between the two polySTs, slight differences in overall biochemical mechanism may exist. Furthermore, the
combination of PBR basic residues that are critical differs by the polyST-substrate combination, which correlates
with the hypothesis that protein polysialylation is a highly protein-specific process. A summary of the PST and STX

PBR residues that are critical for the recognition and polysialylation are listed below in Tables XV and XVI.

As was the case with a few PST PBR mutants discussed in Chapter V, there are two examples here in which
the ability of a specific residue to compete does not necessarily match its ability to affect overall polysialylation
(Table XVII). Here, the K102A mutation in STX nearly ablates NCAM polysialylation (97%, Figure 41, top panel,
lane 7) but competition from STX H346K K102A is only diminished by 49% compared to STX H346K (Figure 44,

top panel, lanes 2 and 7). Secondly, mutation of K114A in STX reduces SynCAM 1 polysialylation by 74% (Figure
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TABLE XV: SUMMARY OF POLYST PBR RESIDUES REQUIRED FOR EFFECTIVE SUBSTRATE

RECOGNITION AND POLYSIALYLATION ARRANGED BY SUBSTRATE

Substrate Enzyme PBR Basic Residues Critical for Polysialylation
NCAM PST Arg®? Arg®
NCAM STX Arg97 |_y598 |_y5102 LySlOS

SynCAM 1 PST Arg?? Arg? Lys®

SynCAM 1 STX Lys®  Lys'™  Lys'® Lys'  Lysts
NRP-2 PST Arg®? Lys®

TABLE XVI: SUMMARY OF POLYST PBR RESIDUES REQUIRED FOR EFFECTIVE SUBSTRATE

RECOGNITION AND POLYSIALYLATION ARRANGED BY ENZYME

Substrate Enzyme PBR Basic Residues Critical for Polysialylation
NCAM PST Arg® Arg®

SynCAM 1 PST Arg® Arg®’ Lys®*
NRP-2 PST Arg? Lys®
NCAM STX Arg®  Lys® Lys!0? Lys!o8

SynCAM 1 STX Lys®  Lys'®  Lys'® Lys'"* Lys'®
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TABLE XVII: COMPARISON OF REDUCED POLYSIALYLATION AND COMPETITION LEVELS

OBSERVED FOR TWO SPECIFIC STX PBR ALANINE MUTANTS

Substrate Competition
Polysialylation
Substrate STX H346K Percent Percent Percent Percent
PBR Mutant Polysialylation | Polysialylation | Polysialylation Competition
Lost w/ STX H346K | w/ STX H346K Lost
PBR Mutant
NCAM K102A 97 3 52 49
SynCAM 1 K114A 74 12 46 34

42, top panel, lane 9), but STX H346K K114A only reduces competition by 34% compared to STX H346K (Figure
45, top panel, lanes 2 and 9). A possible rationale for this observation was discussed in detail in Chapter V. Briefly,
effective polysialylation may require a completely stable substrate interaction, and therefore any change in binding
affinity that may occur would not allow the STX-substrate interaction to persist long enough to allow for
polysialylation. However, if binding affinities are affected only to smaller effects in the presence of a select PBR
mutation, then a loss of competition may not be as significant as the corresponding loss of polysialylation observed

with that mutation.

Here, | found that STX H346K K108A did not demonstrate any protein expression (Figure 43). This was
quite unfortunate, as the corresponding residue in PST (Arg®) was critical for the recognition of NCAM, and the
inability to detect the double mutant did not allow me to analyze the role of Lys!%® in substrate recognition. It is
likely that the STX H346K KO18A protein is expressed but quickly degraded possibly due to gross misfolding.
What is more interesting is that the same mutation in wild-type STX did not significantly affect protein folding, as
STX K108A was localized to the Golgi and autopolysialylated (Figure 40). A possibly explanation could be that

STX residues Lys'® and His**® may be involved in a long-range interaction that is highly critical for the overall
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stability of STX. Whether this possible interaction is via a series of hydrogen bonds or salt bridges cannot be
determined without a crystal structure of STX, but a long-range interaction could be envisioned. Angata et al. [307]
found that two disulfide bridges within the polySTs, which are also diagrammed in Figure 7, are necessary for
autopolysialylation and substrate polysialylation. Mutating the cysteine residues to alanines, or truncating the C-
terminus of PST closer than Cys®®, abolished all activity of PST. These disulfide bridges can be theorized to
effectively “loop” the polyST’s C-terminal regions back over the middle of the protein, such that the catalytic
sialylmotifs are in proper alignment in order to synthesize polySia. With this in mind, it is possible that His**¢ and
Lys*® could come close enough to form a portion of a critical interacting set of residues. Long-range interactions
between sets of residues have previously been shown to be critical for overall protein stability. For example, this
was shown for hen’s-egg white lysozyme in which point mutations in residues mediating a long-range interaction
significantly destabilizes the entire enzyme [335]. In this case, it is plausible that mutation of His®** or Lys'®® alone
may still allow for the protein to remain in a stable configuration, but mutation of both in tandem disrupts a critical
long-range interaction. This may also be the case seen in Chapter V with PST H331K K83A, which expressed but

was predominately expressed in the endoplasmic reticulum.

As mentioned above, | had difficulty evaluating NRP-2 polysialylation by STX. The most straightforward
explanation stems from studies that indicate that NRP-2 polysialylation is found in dendritic cells with concurrent
upregulation of the gene that codes for the ST8Sia IV/PST protein [132] and not that of ST8Sia I1/STX, suggesting
that under physiological conditions, NRP-2 is exclusively polysialylated by PST. This would further suggest that
the inconsistent polysialylation that we observed may be an artifact of high levels of STX and NRP-2 expression.
A second possibility comes from recent unpublished results from our laboratory. The laboratory found that an acidic
surface patch in the NCAM FN1 domain is critical for polyST polysialylation and binding [297, 299]. In a search
for residues within NRP-2 that may potentially mediate polyST recognition, we have found several patches of acidic
residues located on the surface of the MAM domain. These patches have not been fully characterized yet but one
possibility is that when STX and STX PBR mutants are highly over-expressed with NRP-2 in our COS-1 expression

system, the STX proteins may be capable of interacting in different ways with multiple acidic residues where only
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certain interactions will lead to NRP-2 polysialylation. Consequently, differences in level of enzyme and substrate

expression may alter efficiency of polysialylation and the impact of single point mutations in the STX PBR.

In conclusion, the findings presented here represent a thorough analysis of the role and relevance of all of
the polyST PBR basic residues for the polysialylation of multiple substrates including NCAM, SynCAM 1 and
NRP-2. These results undoubtedly indicate that the polyST PBR, which is not part of the catalytic sialylmotifs, is
necessary for substrate recognition, and for this reason, the PBR is necessary for overall substrate polysialylation.
It is important to note that the analyses presented in this thesis, although critical to understanding the biochemical
mechanism of substrate polysialylation, represent the identification of only one region of the polySTs that is
necessary for recognition. With our laboratory’s recent finding that residues in the NCAM Ig5 domain may also
function as a secondary recognition site, more work is required to examine other regions between the catalytic
sialylmotifs to determine if they contain residues that complement those in the PBR and function in mediating a

potential secondary substrate recognition site.



CHAPTER VII

CONCLUSIONS AND FINAL REMARKS

The human polySTs, PST and STX, catalyze the synthesis of polySia on the termini of N- or O-linked
glycans found on only seven glycoproteins, including NCAM, their major substrate, SynCAM 1, NRP-2, and the
polySTs themselves, to name a few. The role of polySia on NCAM has been extensively studied, and it has been
found that polySia plays roles in modulating NCAM’s cell-cell adhesive abilities and cell signaling properties. Over
the past several decades, the absolute necessity of polysialylated NCAM in all stages of life has been well
documented. PolyST knockout mice examined by Weinhold et al. [198] demonstrated that polysialylated NCAM
is necessary for the proper pre-natal development of the mammalian nervous system and survival after birth.
Furthermore, in multiple studies that | detailed in Chapter I, polySia has been shown to be critical for memory
formation, smell, and neuronal repair in the adult mammal. More recent studies have also described potential roles
for polySia in SynCAM 1’s ability to mediate adhesion at the neuronal-glial synapse [289], while its modification
of NRP-2 is suggested to promote inhibition of dendritic cell-induced T cell activation and proliferation or enhance

dendritic cell migration to lymph nodes [293,294].

Of all the findings mentioned above in which polySia has played necessary and beneficial roles throughout
mammalian life, studies demonstrating potentially detrimental roles of polySia in human disease and cancer were
even more intriguing. Levels of polySia have been found to be unnaturally altered in several disease states, including
schizophrenia [252-256], Alzheimer’s disease [261-264], epilepsy [267, 268], and Huntington’s disease [272-274]
(see Chapter I). Furthermore, polySia has been found to be re-expressed in the late stages of a variety of human
tumors both within and outside the nervous system, where invasion and metastasis is common [reviewed in 275].
These findings confirm that polysialylation is a very critical biological process that needs to be fully understood,
and raises the question as to whether we could manipulate this process to promote proper development, function,
or inhibit the process as a therapeutic in various human diseases such as cancer. However, at the beginning of this

thesis work, the precise biochemical mechanism by which substrate polysialylation occurs was quite unclear.

144
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When this thesis work began, it was known from previous NCAM deletion, structural, and mutational
analyses from our laboratory and others (see Chapter I) that the NCAM FN1 domain and residues within it are
necessary for the effective polysialylation of N-glycans in the neighboring 1g5 domain [311-313, 317, 318].
Furthermore, it was found that PST binds to NCAM and this interaction is eliminated or significantly reduced when
the NCAM FN1 domain is either not present or has specific surface acidic residues mutated to alanines, respectively
[314], signifying that the FN1 domain mediates an important contact with PST. The observations encouraged our
laboratory to examine PST for the presence of residues that would potentially form the complimentary second half
of the proposed interaction. It was found that two basic residues in the PST PBR, Arg®? and Arg®, were critical for
the effective polysialylation of NCAM despite not being within the catalytic sialylmotifs [305]. From these NCAM
and PST studies originated the proposal that has served as the overarching theme of this thesis work—that substrate
polysialylation is highly substrate specific and requires an initial recognition step that positions the polyST and

substrate accordingly for effective polysialylation to occur.

At the start of this thesis work in 2008, there was not much information outside of our laboratory’s data
concerning understanding the sequences within the polySTs that are necessary for mediating this recognition step.
It is for this reason that in my thesis work | sought to specifically identify and analyze polyST sequences that are
critical for substrate recognition and may be complimentary to the acidic sequences originally found in the NCAM
FN1 domain. Since this work began, a secondary interaction involving residues in the NCAM Ig5 domain has been
identified [316]. However, this interaction is clearly secondary and not well-characterized. My work has focused
on the interaction of the polySTs with the NCAM FN1 domain acidic patch residues that is absolutely necessary

for polysialylation to occur.

Focusing on the region prior to the large sialylmotif in the polySTs, | created a set of catalytically-inactive
full-length and truncated PST proteins and utilized SW2 cell competition studies and co-immunoprecipitation
assays to specifically identify a region within PST that is critical for NCAM recognition and binding. Once a region
was identified, | created specific point mutations in PST PBR basic residues and utilized the resultant mutants in an

in cell competition assay and in polysialylation studies to more thoroughly examine this PST region for specific
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amino acids that mediate the recognition of NCAM. In keeping with very recent studies in the field, | expanded
these analyses to include two other polysialylated substrates—SynCAM 1 and NRP-2. PST only represents half the
story, as several human diseases and cancers show a preferential expression of STX. Therefore, | also analyzed the
other polyST, STX, for residues critical for NCAM and SynCAM 1 recognition and polysialylation. Below, | will

outline and discuss the major findings that have come from this work.
Identification of a region in PST that is critical for NCAM recognition

This thesis work began with the goal of identifying a specific region within PST that was critical for NCAM
recognition (Chapter I11). To accomplish this task, | created a series of catalytically-inactive PST mutant proteins
consisting of one full-length PST protein containing one point mutation in His®!' (PST H331K) and a series of
truncated PST mutants consisting of the first 140, 127, 105, 71, and 62 residues of PST, all of which do not contain
any of the catalytic sialylmotifs (PST140, PST127, PST105, PST71, and PST62), and a catalytically active PST
and truncated catalytically inactive soluble PST (sPST and sPST140). Since PST105 did not express, this protein
was not utilized in any further experiments. To specifically determine if these PST proteins contained sequences
that were critical for NCAM recognition, we expressed wild-type PST and each PST mutant protein individually in
SW2 small cell lung carcinoma cells which contain endogenous PST and polysialylated NCAM. My rationale for
this assay was that if a particular catalytically-inactive PST protein still contained sequences critical for NCAM
recognition, then when expressed in SW2 cells, this PST protein would interact with NCAM, effectively preventing
the interaction of endogenous PST with NCAM and resulting in a reduction in surface NCAM polysialylation. A

reduction in SW2 surface polysialylation was the readout used to identify the presence of competition.

| found that PST and sPST increased SW2 cell surface polysialylation, as would be expected for expression
of excess catalytically-active proteins. Expression of PST H331K significantly reduced SW2 cell surface
polysialylation, as did PST140 and sPST140, suggesting that these three proteins are competing with endogenous
PST. Since PST140 and sPST140 reduced SW2 NCAM polysialylation similar to the reduction seen with PST
H331K, I predicted that the PST region between the end of the transmembrane region (residue 21) and the start of

the large sialylmotif (residue 141) is critical for NCAM recognition. Furthermore, SW2 cell NCAM polysialylation
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was also significantly reduced in the presence of PST127 expression, but not in the presence of PST71 or PST62
expression, suggesting that the latter two proteins no longer contain sequences critical for NCAM recognition.
Overall, these results suggest that residues 71-127 of PST compose a region that contains criteria necessary for the

recognition of NCAM.

The premise of these competition studies is that catalytically-inactive PST mutant proteins compete via
interaction with SW2 cell NCAM, thus preventing interaction between NCAM and wild-type endogenous PST.
Could there be another explanation for the observed competition and reduction in cell surface NCAM
polysialylation? One alternative possibility is based on the fact that some glycosyltransferases, including the
mammalian medial Golgi enzymes N-acetylglucosaminyltransferase I and II (GnTI and GnTII), B-1, 4-
galactosyltransferase, select fucosyltransferases, and sialyltransferases ST3Gal | and ST6Gal I, as well as the rat
liver 02, 6-sialyltransferases, have been shown to form dimers [336-340]. Although there is no evidence that the
human polySTs form dimers, the fact that the polySTs are autopolysialylated suggests that the formation of a dimer
is possible. In terms of our competition studies, polyST dimerization is important to consider because in the event
that formation of a polyST homodimer is required for catalytic activity or NCAM recognition, then dimerization of
an overexpressed catalytically-inactive PST mutant protein with endogenous PST could mimic competition by
preventing endogenous PST from reaching NCAM or leading to its inactivation. This could easily sequester all of

the SW2 cell’s PST since the catalytically-inactive PST mutants are expressed in high excess.

Although more work is required to determine if the polySTs are capable of forming dimers under
physiological conditions, from several previous studies as well as observations from the SW2 cell competition
studies presented in this thesis work, | believe that the results obtained from these competition experiments is a
result of an interaction between NCAM and a catalytically-inactive PST mutant. In a few previous studies, it has
been shown that sialyltransferases form a dimer through their transmembrane region, but catalytically active soluble
forms of these enzymes retain catalytic activity [336, 339], which would imply that dimerization is not required for
catalytic function of the polySTs assuming that if a dimer forms in the polySTs that it involves transmembrane

region sequences. In my competition studies, sPST was still capable of raising SW2 surface NCAM polysialylation
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similar to excess wild-type PST, correlating with this previous result. Furthermore, sPST140 is able to compete
with endogenous PST and significantly reduce SW2 cell NCAM polysialylation similarly to PST H331K and
PST140, suggesting that a potential enzyme dimerization event is not critical for NCAM recognition. Finally, an
argument against enzyme dimerization occurring to allow for autopolysialylation is that that our catalytically-
inactive PST mutant proteins containing N-glycans utilized for autopolysialylation (PST H331K, PST140,
sPST140, and PST127) are not polysialylated by SW2 cell PST. We also attempted in the laboratory to find an
interaction between Myc-tagged and V5-tagged PST proteins with co-immunoprecipitation experiments, which did
not demonstrate binding (data not shown). For these reasons, it is likely that the competitive effect observed by
catalytically-inactive PST mutant proteins in SW2 cells is more likely due to a direct interaction of each PST mutant

with NCAM and not endogenous PST.

To determine if the ability of specific PST sequences to successfully compete with endogenous PST and
reduce NCAM polysialylation was due to the ability of a particular sequence to bind to NCAM, | utilized my PST
mutants in co-immunoprecipitation studies. | found that comparable to wild-type enzyme, PST H331K, PST140,
and PST127 were able to bind to NCAM. Soluble PST and sPST140 were also able to bind to NCAM, suggesting
that the transmembrane region and cytosolic tail were not significant for PST-NCAM interaction. Furthermore,
PST71 and PST62 did not effectively bind to NCAM. Cumulatively, these data suggest that the PST region between
residues 71 and 127 contains specific residues that are critical for PST binding to NCAM. These data correlate
directly with our SW2 studies above, where the ability to compete with endogenous PST remains in all PST mutant
proteins containing residues 71-127, but is lost in mutants containing only the first 71 or 62 residues of PST (PST71

and PST62).

The ability of a particular PST sequence to recognize and bind to NCAM is most likely due to a direct
interaction between PST and NCAM, and does not involve an intervening molecule. Two current pieces of data
support this idea. First, utilizing purified soluble STX (sSTX), and a GFP-tagged soluble PST (GFP-PST) obtained
from Dr. Kelley Moremen (University of Georgia-Athens), | was able to demonstrate in an in vitro assay containing

V5-tagged soluble NCAM (sNCAM) purified from COS-1 cells, a purified enzyme, and CMP-sialic acid, that both
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enzymes we able to effectively polysialylate SNCAM, and that the polysialylation occurred on N-linked glycans as
determined by Endo N treatment (data not shown). Secondly, recent isothermal titration calorimetry experiments
from the laboratory indicated that a peptide consisting of the PST PBR region (residues 71-105) was capable of
binding to the NCAM Ig5-FN1 unit, and that this binding was most likely a result of electrostatic interactions (data
not shown). This recent data could suggest the interaction of basic residues within the PST PBR with acidic residues

on the 1g5-FN1 substrate.

In sum, my earliest studies indicated that residues 71-127 of PST, a region outside the catalytic sialylmotifs,
contains specific sequences that are critical for the effective recognition of and interaction with the NCAM substrate.

Next, | identified specific residues within this region that specifically mediate substrate recognition.
Analysis of the role of two PST polybasic region residues, Arg® and Arg®, in NCAM recognition

Since the PST PBR was previously shown to be critical for NCAM polysialylation in general [305], and
since the PBR falls completely within the PST region above, I decided to focus my attention on the PST PBR in my
search for residues that are critical for NCAM recognition. With the knowledge that the NCAM FN1 domain
contains surface acidic residues that are critical for NCAM polysialylation and binding by PST [312, 314], | initiated
my search in Chapter IV by focusing on the basic residues within the PST PBR. The two initial residues evaluated

were Arg® and Arg®, which were shown to be required for effective NCAM polysialylation [305].

To determine if Arg® and Arg®® functioned specifically for NCAM recognition, | mutated each residue to
alanine either singly or doubly within PST H331K and utilized the SW2 cell competition assay as previously
described (PST H331K R82A, PST H331K R93A, PST H331K R82A/R93A). Since PST H331K competes with
endogenous SW2 cell NCAM and reduces NCAM polysialylation, to determine if a particular residue is specifically
important for recognition, | looked for a reduction in the ability of PST H331K to compete in the presence of these

mutations, as determined by the level of cell surface polysialylation.

| found that the presence of either mutation singly or doubly reduced the ability of PST H331K to compete

with SW2 cell PST and reduce NCAM polysialylation. However, the difference in competition loss between a single
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mutant (PST H331K R82A or PST H331K R93A) and the double mutant (PST H331K R82A/R93A) was difficult
to discern qualitatively using a confocal microscope. Since flow cytometry methods were unsuccessful using
polySia antibodies, | utilized a triple expression system in COS-1 cells as a modified competition assay. In this
assay, where a PST H331K competitor is expressed in excess of NCAM and wild-type PST, NCAM polysialylation
could be quantified followed immunoprecipitation and immunoblotting with an antibody against polySia. Here, |
found that mutation of Arg® or Arg® to alanine in PST H331K, significantly reduced the ability of PST H331K to
compete with wild-type PST, as marked by a modest increase in NCAM polysialylation. However, when both
arginine residues were mutated to alanine in tandem, the competitive effect of PST H331K was eliminated,
indicating that the reason why Arg®? and Arg®® in the PST PBR are required for NCAM polysialylation is that they

are both required for effective recognition of NCAM.

The finding that PST PBR residues Arg®? and Arg® were critical for NCAM recognition was a key finding
and a good start. Therefore, | decided to next expand my studies by including (1) an analysis of all of the PST PBR
residues for NCAM recognition, and (2) an analysis of the significance of each PST PBR basic residue for the
effective recognition and polysialylation of SynCAM 1 and NRP-2. | included SynCAM 1 and NRP-2 in these
studies because polySia was recently found to modulate key functions of these proteins [289, 293, 294], and the

mechanism by which they are polysialylated was unknown and not studied previously.

Determination of the role of PST polybasic region basic residues in recognition and polysialylation of NCAM,

SynCAM 1, and NRP-2

In the second portion of Chapter IV, | found that PST residue Arg® was universally important for the
polysialylation of NCAM, SynCAM 1, and NRP-2, whereas Arg® was only required for NCAM polysialylation,
raising the question as to whether different combinations of residues are critical for polysialylation of distinct
substrates. To definitively answer this question, in Chapter V | sought to determine the significance of each PST
PBR basic residue for the recognition and polysialylation of NCAM, SynCAM 1, and NRP-2. For this purpose, |
created a series of alanine mutants in which each PST PBR basic residue was mutated singly to alanine in PST for

polysialylation studies and in PST H331K for competition studies. | found that as in the past, Arg®? and Arg®® were
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the two PST residues that were most critical for NCAM polysialylation. However, | also found that SynCAM 1
polysialylation required PST residues Arg®, Arg®’, and Lys*®, whereas NRP-2 polysialylation required Arg® and
Lys®. These results suggest that PST Arg®? plays a more general role in substrate polysialylation, whereas Arg®’
and Arg®® have more specific roles for SynCAM 1 and NCAM polysialylation, respectively, and Lys® is required

for polysialylation of both SynCAM 1 and NRP-2.

Utilizing competition analyses as in Chapter V, | next sought to determine if these residues that are required
for polysialylation of each substrate are functioning specifically in their recognition. | found that the residues
identified above for the polysialylation of each substrate were the same residues involved in recognition. For
example, mutation of Arg® or Arg® to alanine in PST H331K were the only residues to definitively reduce the
ability of this PST mutant to compete with wild-type PST, leading to an increase in NCAM polysialylation as
compared to PST H331K without any PBR mutations. For SynCAM 1, mutation of PST residues Arg®?, Arg®, or
Lys® reduced PST H331K’s ability to compete, whereas only Arg®? and Lys® reduced PST H331K’s ability to
compete in the presence of NRP-2. As discussed previously in detail, PST H331K K83A was predominately
localized to the endoplasmic reticulum, indicating a potential gross misfolding and hence competition results

obtained with this protein could not be interpreted.

In sum, these studies indicate two major interpretations concerning the PST PBR. First, the PST PBR is
important for polysialylation of NCAM, SynCAM 1, and NRP-2 because residues within it function specifically for
substrate recognition. Secondly, the precise criteria within PST that are required for effective polysialylation and
recognition of NCAM, SynCAM 1, and NRP-2 is unique to each substrate, as they utilized different combinations
of PST PBR basic residues. The take home message from these studies is that overlapping sets of basic residues,
and hence surfaces, within the PST PBR are utilized for the recognition of NCAM, SynCAM 1, and NRP-2,

correlating with the notion that protein polysialylation is a highly protein-specific biochemical process.
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Identification of specific amino acids in the STX polybasic region that are critical for NCAM and SynCAM

1 recognition and polysialylation and how these residues compare to those identified in PST

In Chapter VI, | sought to determine if the results found in PST could be recapitulated in the other human
polysialylatransferase, STX. | determined that STX contains sequences that are required for NCAM recognition, as
I showed that STX H346K (analogous to PST H331K) was able to compete with wild-type PST and effectively
ablate NCAM polysialylation. Furthermore, STX and STX H346K were both able to effectively bind to NCAM.
These two results indicated that similar to the case of PST, STX contains sequences that mediate the recognition of
and interaction with the NCAM substrate. From these results, | determined that the mechanism of substrate

polysialylation by STX may be similar to that of PST.

To test this possibility, | created a series of STX and STX H346K point mutants in which each PBR basic
residue was mutated individually to alanine. | found that effective polysialylation of NCAM by STX required PBR
residues Arg¥, Lys®, Lys'%?, and Lys!%, The case was more complicated with SynCAM 1, as Lys®, Lys!?, Lys!%®
Lys'*4, and Lys'*® were all required for effective polysialylation, albeit they were each required to different extents.
As discussed in detail in Chapter VI, the polysialylation of NRP-2 by STX PBR mutants produced inconclusive
results, which were not further analyzed. In addition, competition analyses indicated that similar to PST, the residues
identified as being critical for either NCAM or SynCAM 1 polysialylation by STX, were also required for the
recognition of each respective substrate. As discussed in depth in Chapter VI, STX H346K K108A did not

demonstrate any expression, suggesting that it has grossly misfolded and was most likely degraded.

In sum, | have determined that the STX PBR is important for the polysialylation of NCAM and SynCAM
1 because it functions specifically in substrate recognition. Furthermore, different sets of basic residues within the
STX PBR are required for the recognition of different substrates. These two findings correlate with those found for
the PST PBR in Chapters IV and V, suggesting that the biochemical mechanism of protein polysialylation is similar
between the two polySTs. However, there were also a noticeable differences in requirements for PST and STX PBR
residues in substrate polyisialylation. For STX, larger sets of basic residues in the STX PBR were required for

substrate recognition and polysialylation, than were required for PST. As an example, effective NCAM recognition
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and polysialylation by PST required two residues, Arg® and Arg®. The same process requires four STX PBR
residues, two of which are analogous to the arginine residues found in PST (Arg® analogous to Arg® in PST; Lys'%

analogous to Arg®® in PST) and two that are specific to STX.
Summary of major findings

In this thesis work, | sought to elucidate the biochemical mechanism of substrate polysialylation by the
human polySTs by identifying sequences and residues in the enzymes that are critical for substrate polysialylation.

The major conclusions of my studies are summarized here.

First, the N-terminal Golgi lumenal region prior to the large sialylmotif of the polySTs contains sequences
that are critical for substrate recognition. This specifically includes residues 71-127 of PST, and potentially the

entire complimentary region in STX (residues 86-142).

Secondly, the polyST PBR, which is located completely within residues 71-127 of PST and 86-142 of STX,

contains specific basic residues that are critical for NCAM, SynCAM 1, and NRP-2 recognition and polysialylation.

Finally, different sets of overlapping polyST PBR basic residues are utilized as unique recognition surfaces
that are specific for each polyST-substrate recognition complex. This conclusion is based on the fact that in no
polyST-substrate combination tested did the same pattern of polyST PBR basic residues affect substrate recognition
and polysialylation. This result also further exemplifies the high level of protein specificity that is believed to be a

key component to the overall mechanism of substrate recognition and polysialylation by the polySTs.

In all, I have identified the polyST PBR, and specific criteria within, as being critical for substrate
recognition. Although these findings are critical and represent a step forward toward fully understanding the
biochemical mechanism of substrate polysialylation, the PBR is only a small section of the polyST and future
studies will need to examine the remainder of the polyST sequences for other areas that are critical for substrate
recognition. As for the precise mechanism by which the polyST PBR interacts with NCAM, SynCAM 1, and NRP-
2, | now present a plausible hypothesis based on structure studies and structural modeling concerning where the

polyST PBR may interact with each substrate.
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Defining the specific role of polyST PBR basic residues in the process of substrate recognition

What specific sites on the substrates are the PST and STX PBR basic residues recognizing? At the current
time, this question cannot definitively be answered since there is no concrete structural information regarding the
three-dimensional structure of the polySTs, nor the potential binding interfaces with their substrates. However,
based on previous studies and some current ongoing work in the laboratory, | can predict the mechanism by which

the polyST-substrate interaction is occurring.

Interaction of the polySTs with NCAM

Previous studies from our laboratory and others demonstrated the significance of the NCAM FN1 domain
in polysialylation and recognition by the polySTs, as deletion of the NCAM FN1 domain eliminates NCAM Ig5
domain polysialylation and polyST binding [311, 314]. From the crystal structure of the NCAM FN1 domain solved
previously by our laboratory in collaboration with Arnon Lavie and Nikolina Sekulic [312], we identified a surface
acidic patch on this domain. Mutational analysis demonstrated that these specific negatively-charged residues
within FN1 are critical for NCAM polysialylation at 1g5 and for polyST binding [314]. In total these results suggest
that acidic residues in the NCAM FNL1 are critical for NCAM recognition by the polySTs. From the results obtained
in this thesis work, it is plausible that the polyST PBR contains the complimentary sequences that will interact with
the previously identified NCAM FN1 acidic patch residues. The residues identified in the PST and STX PBR
regions are positively charged, which can form electrostatic interactions with the NCAM FN1 domain. Recent ITC
results from our laboratory seem to suggest that this is a possibility, as a PST PBR peptide (residues 71-105) was

found to bind to NCAM Ig5-FN1 with an enthalpy indicative of an electrostatic interaction (data not shown).

More recent studies from our laboratory suggest that the polySTs also must interact with select residues in
the NCAM Ig5 domain [316]. In an effort to determine why the olfactory cell adhesion molecule is not
polysialylated, despite possessing a FN1 domain that is able to partially substitute for NCAM FN1 to allow polyST
recognition, our laboratory first showed that the OCAM Ig5 domain was not permissive for polysialylation despite

having appropriately placed N-glycans [316]. Next, we discovered that two basic residues nearby the two
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asparagines that are analogous to the residues carrying NCAM polysialylation glycans are prohibitive for OCAM
polysialylation. Specifically, replacement of Ser**® and Asn*’® in NCAM Ig5 with the lysine and arginine residues
found in OCAM eliminated NCAM polysialylation and reduced PST binding, suggesting a role for these residues
as parts of a larger polyST recognition surface. However, we believe that this polyST-Ig5 interaction is secondary
to a polyST-NCAM FNL1 interaction, as NCAM Ig5 is only polysialylated in the presence of the FN1 domain, and

not when it stands alone [311].

The study described above also highlighted the importance of the FN1 acidic patch in NCAM recognition
and polysialylation by showing that the creation of the full acidic patch in OCAM FNL1, by the insertion of just two
acidic residues, substantially increased the polysialylation of an OCAM chimera containing the NCAM Ig5 domain
[316]. | believe that the polyST PBR is recognizing this major interaction site at the NCAM FN1 domain. The
polyST PBR is located in the N-terminal Golgi lumenal region of the polyST, prior to any of the catalytic
sialylmotifs. The “catalytic region” of the polySTs encompassing the region between the start of the large
sialylmotif and the C-terminus of PST or STX, is quite large, spanning 218 residues in PST and 219 residues in
STX. Two disulfide bridges between cysteine residues are critical for overall polyST protein stability and activity
[307]. Although we don’t have a crystal structure of a polyST, one can envision that these disulfide bridges likely
cause the C-terminal sequences of the polyST to effectively “loop” back over the sequences near the beginning of
the catalytic region, such that the sialylmotifs are positioned properly relative to each other to form an active site
and to allow for effective substrate polysialylation. Envisioning this, it is plausible that as the polyST PBR interacts
with the NCAM FN1 domain, the three-dimensional structure formed by these disulfide bridges and containing the
constellation of sialylmotifs would be located in the proximity of the NCAM Ig5 domain where polysialylation
occurs. From this, | predict that the polyST PBR interacts with sequences in the NCAM FN1 domain, whereas later
polyST sequences between the sialylmotifs are responsible for making secondary contacts with sequences in NCAM

1g5.

In sum, it is likely that the polyST PBR and specific basic residues within first interact with acidic surface

residues in the NCAM FN1 domain (Figure 46, “Predicted NCAM-polyST interaction’). This interaction then
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stabilizes the polyST next to NCAM, which then allows for the polyST to interact with sequences in the NCAM

1g5 so as to properly align its active site with 1g5 N-glycans, allowing for effective NCAM polysialylation to occur.

Interaction of the polySTs with SynCAM 1

SynCAM 1 is polysialylated on a single N-glycan within the Igl domain [289, 341]. Rollenhagen et al.
[342] utilized a series of SynCAM 1 constructs to determine the minimal structural domains that are required for
the effective polysialylation found at Ig1. Following purification of three SynCAM 1 constructs consisting of (1)
all three Ig domains, (2) g1 and Ig2, or (3) Ig1 alone, each was subjected to polyST polysialylation in vitro. It was
found that a SynCAM 1 protein consisting of all three Ig domains or just Igl and Ig2, were effectively
polysialylated. However, Igl alone was not. From these studies, it was concluded that the SynCAM 1 Igl-ig2

tandem is the minimal structural unit required for SynCAM 1 polysialylation.

This result was compelling because it suggests that the neighboring 1g2 domain in SynCAM 1, which is not
the location of polysialylation, is somehow required for polysialylation. This situation is analogous to the NCAM
Ig5-FN1 tandem, where the neighboring FN1 is required for polysialylation at NCAM Ig5. Could the SynCAM 1
Ig2 domain be analogous to NCAM Fnl and function as a docking site for the polySTs? To shed more light on this
possibility, our laboratory modeled the SynCAM 1 extracellular domain (1g1-1g2-1g3) based on the NCAM Ig1-
1g2-1g3 structure (PDB ID: 1QZ1) in an effort to determine if there were potential acidic surfaces on Ig2 capable of
interacting with the polySTs (data not shown). We found that the SynCAM 1 Ig2 domain contained two sets of
acidic surfaces that could potentially be part of a polyST interaction. First, Glu'®3, Glu'®*, and GIu*®® in the SynCAM
1 1g2 model were identified as a potential acidic recognition surface for the polySTs. Secondly, a small helix in
SynCAM 1 Ig2 consisting of three acidic residues, Glu'*, GIu*®, and Glu'®’, may play a role analogous to the
unique a-helix in NCAM FNL1 that is believed to help to properly position the polyST. More recent mutational
analysis in our laboratory indicate that several of these acidic residues when mutated to alanines reduces SynCAM
1 polysialylation by PST (unpublished results), suggesting that an acidic surface in SynCAM 1 Ig2 may function

for polyST recognition and docking.
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From these studies detailed above, | hypothesize that the polyST PBR may recognize and interact with
specific acidic residues within the SynCAM 1 Ig2 domain, thus stabilizing the polyST next to SynCAM 1 in a way
similar to NCAM FN1 and allowing for polysialylation to occur at the neighboring Igl domain (Figure 46,
“Predicted SynCAM 1-polyST interaction’”). Any secondary interaction between the polyST and the SynCAM 1

Ig1 domain has yet to be demonstrated.

Interaction of PST with NRP-2

Unlike NCAM and SynCAM 1, NRP-2 is polysialylated on O-linked glycans [293]. To determine the
precise location of O-glycan polysialylation in NRP-2, other ongoing work from our laboratory has focused on a
threonine-rich linker region located between the MAM and the second coagulation factor 5/8 type domains (see
Chapter I, Figure 6). Using the OGPET V1.6 O-glycosylation electronic prediction tool and mutational analyses,
several potential O-glycans within the Thr-rich linker were identified as potential sites of polysialylation and

mutation of these residues did indeed decrease NRP-2 polysialylation (unpublished results).

The laboratory then decided to look for a region that may serve as a docking site for the polySTs, and
decided to focus on the NRP-2 MAM domain. This decision was made taking into consideration the relative distance
of this domain from the cell membrane and the location of the putative sites of polysialylation in the linker between
the second coagulation factor 5/8 type domain and the MAM domain. The laboratory therefore modeled the NRP-
2 MAM domain based on the structure of the receptor protein tyrosine phosphatase-u MAM domain (PDB ID:
2C9A) [343]. We found two sets of acidic surfaces that form the halves of a B-sandwich within the MAM domain
(Asp®®, Glu®2, Glu®®3, Glu™’, Asp’™, and Asp’®; GIu™®, Glu™®, Asp’®, and Glu’®’). As with SynCAM 1, recent
mutational analyses suggest that several of these acidic residues are critical for effective NRP-2 polysialylation

(unpublished data).

Based on these initial studies from the laboratory, | hypothesize that the NRP-2 MAM domain may function
similarly as the NCAM FN1 and SynCAM 1 Ig2 domain, serving as a recognition and docking site for PST, allowing

for the effective polysialylation of O-glycans in the linker region between the MAM and the second coagulation
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factor 5/8 type domains (Figure 46, “Predicted NRP-2-polyST interaction’). Rationale for why STX may not
polysialylate NRP-2 were discussed earlier in Chapter VI, but the patterns of the acidic residues found in the MAM
domain may specifically prevent proper polysialylation by STX. Much more work is still needed to elucidate the

NRP-2-polyST interaction.

Inherent differences in the mechanism of polysialylation of a particular substrate between PST and STX

Although both the PST and STX PBRs are critical for substrate polysialylation, it should be mentioned that
these data presented here exemplify inherent differences within the polySTs themselves. For example, the
recognition of NCAM is mediated by two PBR basic residues in PST, but is mediated by four in STX. Furthermore,
recognition of SynCAM 1 by PST required definitive contributions by three PBR basic residues, whereas five STX
PBR basic residues mediate this process with different levels of contribution. As pointed out previously, the PST
PBR is critical for NRP-2 recognition, but the role of the PBR in the polysialylation of NRP-2 by STX provided
inconsistent results. These findings suggest inherent differences in the precise biochemical mechanisms by which

PST and STX polysialylate their substrates and suggest that the polySTs may prefer certain substrates over others.

This should not come as a surprise, as these data correlate with the hypothesis that protein polysialylation
is a highly specific process. Furthermore, sequence alignment and secondary structure analyses shed some light on
what these inherent difference could be. Upon lining up the amino acid sequences of PST and STX (see Chapter
VI, Figure 35), | noticed that the region between the end of the transmembrane region and the start of the PBR in
STX contained fifteen extra residues than PST, which constitutes almost all of the sixteen-residue difference
between the two enzymes (PST is 359 residues, whereas STX in 375). Since these “extra” residues are prior to the
PBR, it may be possible that there is slightly more space between the cell membrane and the PBR, which could
position the STX PBR next to a particular substrate in a slightly different position than the PST PBR. Secondary
structure prediction of the polyST PBRs using PSIPRED [327] indicated that there may be structural differences in
the PBRs (data not shown). The PST PBR was predicted to be mainly helical in structure, whereas the STX PBR
was a mix of helix, B-sheet, and coil. Structural studies are still needed to better understand the folds of the polyST

PBRs.
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Figure 46. Predicted substrate interactions for polyST PBR basic residues. Based on structural analysis
(NCAM) and homology modeling (SynCAM 1 and NRP-2), the polyST PBR region may form electrostatic
interactions with acidic residues in the NCAM FN1, SynCAM 1 1g2, and NRP-2 MAM domains. The approximate
locations of substrate polysialylation are marked with a red dot. A secondary interaction involving NCAM I1g5
residues and unknown residues in the polyST is also predicted from previous studies [316].



160

Potential secondary polyST-substrate interaction near the location of polysialylation

Data from Thompson et al. [316] suggested that residues within the NCAM Ig5 domain may mediate a
secondary interaction with the polySTs. What features of the polySTs could possibly mediate this interaction? At
the current time, more work is needed to identify the entire secondary binding pocket, but we saw that replacing
serine and asparagine residues in the 1g5 domain with large basic amino acids has a negative impact on the PST-
NCAM interaction and NCAM polysialylation [316], and this might suggest that hydrogen bonds are important for
this secondary interaction. One region to consider when looking for other potential residues within the polySTs that
may mediate a second recognition site is the polysialyltransferase domain (PSTD) (Figure 47). This domain was
initially identified by Nakata et al. [306], is 32 amino acids in length and consists of nine basic residues in PST
(five lysines and four arginines) and seven basic residues in STX (three lysines and four arginines). Unlike the PBR,
mutational analysis of select basic residues in the PSTD was shown to be critical for both substrate polysialylation
and autopolysialylation, hence they are critical for overall polyST catalytic activity [305, 306]. However, only three
PST PSTD basic residues were found to be critical for catalytic function (Arg??, Lys?’, and Arg?’’), thus this result
does not exclude the possibility of additional electrostatic interactions or hydrogen bonds between other PSTD

residues and residues in NCAM or other substrates.

Is it possible that an interaction between a polyST and a growing polySia chain also occur utilizing basic
residues in the PSTD? PolySia is highly negatively charged, so a potential interaction between PSTD basic residues
and polySia is plausible. In fact, this was the premise of Nakata et al. [306] as they searched for and then analyzed
the PSTD of the polySTs. They reasoned that the PSTD interacts with a growing polySia chain, thus stabilizing and
tethering the chain to the polyST and facilitating enzyme processivity. In accordance with this theory, the
polyanionic heparin molecule was able to inhibit polySia synthesis by PST [306]. A potential polyST-polySia chain
interaction would constitute a secondary (or tertiary) interaction and does not diminish the importance of the
demonstrated polyST PBR-mediated protein-protein interaction between polyST and substrate that is required for

recognition and polysialylation, or additional interactions between residues in the catalytic domain (including the
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Figure 47. Sequence comparison of the PST and STX PSTDs. The PST and STX PSTD regions were aligned
using Clustal W. The locations of all basic residues within these polyST PSTDs are highlighted in red and underlined.
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PSTD) and the NCAM Ig5 domain that are required for proper polyST positioning and substrate polysialylation.

Instead, it reflects the complexity of the polysialylation process.

Importance of structural analysis in understanding the biochemical mechanism of substrate polysialylation

In this work, | utilized a variety of biochemical techniques to decipher the mechanism of polyST-substrate
interaction. What is currently lacking in the field is concrete structural analyses that could definitively show us
where the potential polyST-substrate interactions are occurring and characterize the binding interface. In terms of
NCAM, our laboratory has crystallized the 1g5-FN1 tandem, which represents one half of the interaction. However,
at the current time, the crystal structures of the polySTs are unknown. Furthermore, homology modeling of the
polySTs is not currently possible, as the only sialyltransferases crystallized to date, including bovine ST3Gal |
[344], the Cstll enzyme from Campylobacter jejuni [345], or a multifunctional sialyltransferase from Pasturella
multocida [346], show very limited overall homology to the polySTs and no homology prior to the polyST large
sialylmotif. Secondary structure predictions using PSIPRED [327] also do not give information as to the relative
orientation of polyST PBR basic residue side chains, or their relative orientation to one another. Despite these
current issues, structural studies are a key future direction to better understanding the interaction between polySTs
and their substrates because these studies will aid tremendously in the overall long-term goal of this work—to find

ways to alter the polyST-substrate interaction for therapeutic purposes.

Alongside the studies presented in this thesis work, | along with other members of the laboratory and others,
have made attempts at preparing soluble PST or a PST PBR peptide together with our collaborator Dr. Kelley
Moremen (Complex Carbohydrate Research Center, University of Georgia at Athens) in preparation for
crystallization trials. At the current time, these studies are ongoing. We are also in ongoing collaboration with the
University of Illinois at Chicago Center for Structural Biology at the current time to utilize ITC and NMR studies

to quantify the polyST PBR interaction with NCAM Ig5-FN1 and also characterize the binding interface.
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Final comments

The modification of substrates with polySia has many implications for human physiology, and without it,
we cannot survive. PolySia has critical roles in the development of the nervous system, as well as in memory
formation, olfaction, neuron repair, synapse formation, and immune cell chemotaxis. At the same time, too much
polySia in the wrong places can also lead to death. This is true of several human tumors, in which polySia is
abnormally upregulated in the later stages of cancers both within and outside of the nervous system. With polySia
being both a beneficial and detrimental glycan, targeting the polyST-substrate interaction represents a possible
therapeutic approach, especially in human disease. However, we cannot begin to know if this is even possible unless
we understand the biochemical mechanism behind protein-specific polysialylation. It is for this reason that I
undertook the studies presented in this thesis. Although there is still much more to be done, it is my hope that the
work | presented here will contribute to a foundation of knowledge that can be built upon to one day create and
utilize therapeutic inhibitors targeting the polyST-substrate interaction with the intent of contributing to the

alleviation of human disease.
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