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Preface

Understanding of cell-cell and cell-matrix interactions is critically important in
embryonic development, tissue morphogenesis, growth, and differentiation
and maintenance of cellular homeostasis. Dysregulation of these interactions
contributes to the development and progression of several pathological conditions.
Cell surface molecules particularly glycoconjugates have been identified as one of
the key players involved in these cellular processes. Biochemical, immunochemi-
cal, cell biology, and molecular biology techniques and computational tools have
been employed to establish structure—function relationship of these glycoconju-
gates. Recently, the focus has been on the Siglecs, G-protein-coupled receptors,
and analysis of glycome, the entire complement of the saccharides of an organism.
The complexity of sugars in terms of their structures, association with other mole-
cules, such as proteins and lipids, their complex biosynthetic pathways along with
distribution pattern and their dynamic nature, makes the study of glycome a
challenging task.

The international symposium on the “Biochemical Role of Eukaryotic Cell surface
Macromolecules” held in Kolkata, India in Jan 2014 was an opportunity to update
comprehensively the major advances in these areas. Contributions from this meeting
are presented in the book entitled “Biochemical Role of Cell surface Macromolecules™
comprising 24 chapters that provide in-depth analysis of data on cell surface
macromolecules in cellular function and their alteration associated with pathological
conditions. All contributions are either comprehensive critical reviews or original
research papers and cover the most relevant and recent topics related to functional role
of cell surface molecules. These include contributions on glycome, biophysical,
biochemical, and cell biological approaches to study cell membrane molecules,
metabolism of glycoconjugates particularly of proteoglycans and glycoproteins and
their implications to cell function.
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It would not have been possible to complete this book but for the timely response
of the contributors. We would like to acknowledge the efforts of all the contributors,
and referees who critically reviewed the manuscripts. We are also grateful to
Springer and Diana Ventimiglia for publishing this as a special volume of the
Advances in Experimental Medicine and Biology series.

Kolkata, India Abhijit Chakrabarti
Bengaluru, India Avadhesha Surolia
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Chapter 1
Human-Specific Evolutionary Changes
in the Biology of Siglecs

Flavio Schwarz *, Jerry J. Fong *, and Ajit Varki

Introduction

Sialic acid-recognizing immunoglobulin-like lectins (Siglecs) are cell surface
receptors that bind sialic acids, a class of monosaccharides found on the outermost
end of glycans on a variety of glycoconjugates (Varki and Angata 2006; Crocker
et al. 2007; Pillai et al. 2012). Sequence similarities and evolutionary conservation
place Siglecs in two categories (Fig. 1.1). Sialoadhesin (Siglec-1), CD22 (Siglec-2),
myelin-associated glycoprotein (Siglec-4), and Siglec-15 have orthologs in all
mammalian species and relatively low (20-25 %) sequence similarity. In contrast,
the CD33-related Siglecs (CD33rSiglecs, including Siglecs-3, -5 to -14, -16, and
-17 in primates) form a large, rapidly evolving subfamily of genes that expanded in
mammals by duplications involving a primordial cluster of SIGLEC genes (Fig. 1.2).
Several mechanisms were involved in the rapid evolution of the CD33rSiglec sub-
family: exon shuffling, gene duplication, gene conversion, deletion leading to pseu-
dogenization, altered expression, and adaptive amino-acid substitutions in sialic
acid recognition domains (Angata et al. 2004; Altheide et al. 2006).

CD33-related Siglecs are primarily expressed on immune cells (Lock et al. 2004),
but specific members of the family are also found on other cell types in humans. For
instance, Siglec-XII is present on epithelial cells (Mitra et al. 2011); Siglec-6 is
expressed in the placental trophoblast (Brinkman-Van der Linden et al. 2007); and,
Siglec-5 and -14 are found on amniotic epithelium (Ali et al. 2014). Siglec-3 and -11
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Fig. 1.1 The family of human Siglec receptors. Conserved (left) and CD33-related (right) Siglecs
are cell surface receptors with a variable number of extracellular immunoglobulin-like domains.
The outermost domain (V-set, in red) binds to sialylated molecules through a critical arginine resi-
due. The V-set domains of Siglec-XII cannot bind sialic acid due to a mutation in a critical arginine
residue, and are indicated with dotted lines. The transmembrane segment of Siglec-14, -15, and -16
contain a basic amino acid (lysine or arginine) that can interact with negatively charged amino
acids of protein adapters. Siglecs may contain intracellular signaling motifs such as ITIM or ITIM-
like. Structural elements for each protein were derived from the Uniprot database
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Fig. 1.2 Genomic localization of human SIGLEC genes. While genes encoding conserved Siglecs are
found on different chromosomes, the CD33-related SIGLEC genes are clustered on the chromosome
19, along with multiple SIGLEC pseudogenes (only 17P is shown). Information on the localization,
length and orientation of the genes was derived from the hg38 dataset of the UCSC Genome Browser
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are also expressed in microglia, resident immune cells of the central nervous system,
and influence their activity (Linnartz-Gerlach et al. 2014; Hayakawa et al. 2005;
Malik et al. 2013; Griciuc et al. 2013).

Structurally, Siglecs are type-I membrane proteins with an extracellular
N-terminus, a single transmembrane span, and an intracellular C-terminus (Varki
and Angata 2006). The extracellular portion is composed of a V-set immunoglobulin-
like domain, which binds to sialic acid-containing ligands, and one or more underly-
ing C2-set immunoglobulin-like domains. The intracellular segment of many
Siglecs contains immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which
can be phosphorylated by Src family kinases upon external ligand binding and
recruit SHP-1 or SHP-2 tyrosine phosphatases (Pillai et al. 2012). These events lead
to blockade of MAP kinase phosphorylation and eventually attenuate the cellular
inflammatory response. Inhibitory Siglecs may also contain ITIM-like motifs
(Crocker et al. 2007; Crocker and Varki 2001). Phosphorylation of the tyrosine resi-
dues of ITIM-like and ITIM motifs may occur sequentially and be required for
efficient recruitment of SHP-1 or SHP-2 (Tourdot et al. 2013). Some of the
CD33rSiglec ITIM-like motifs also contain a consensus sequence similar to those
found in the signaling lymphocytic activation molecule (SLAM) receptors (Cannons
et al. 2011). However, the contribution of these SLAM-like motifs of Siglec to the
modulation of signaling has not been characterized, and it is not clear whether
Siglecs can interact with SAP or EAT?2 proteins.

More recently, a subset of Siglecs were found to lack ITIM motifs and instead
engage DNAX-activation protein of 12 kDa (DAP12) through a positively charged
residue in their transmembrane domains (Angata et al. 2006; Cao et al. 2008;
Kameda et al. 2013; Takamiya et al. 2013; Ishida-Kitagawa et al. 2012). Upon
engaging their ligands, these immuno-activating Siglecs augment inflammation by
phosphorylation of the immunoreceptor tyrosine-based activating motifs (ITAMs)
of DAP12 and enhancement of the MAP kinase signaling cascade (Lanier 2009).
Thus, primate Siglecs may alternatively be categorized into three groups based on
the features of the transmembrane and cytoplasmic tails: Siglecs (-1 and -4) that
lack standard signaling motifs and are likely involved in adhesion and/or phagocy-
tosis; Siglecs (-2, -3, -5, -6, -7, -8, -9, 10, -11, -XII) with the general ITIM consen-
sus I/V/L/SxYxxL/V (Ravetch and Lanier 2000); and, Siglecs (-13, -14, -15, -16)
that contain a positively charged amino acid (lysine or arginine) in the transmem-
brane span, which supports recruitment of a homodimer of DAP12.

Interestingly, some inhibitory and activating CD33rSiglec exist as pairs in pri-
mates. The sialic acid-binding properties of Siglecs -11/-16 and of -5/-14 are kept
virtually identical by gene conversion (Angata et al. 2006; Wang et al. 2012a), but
each member of these pairs mediates opposing signaling events (Ali et al. 2014).
Moreover, some CD33rSiglecs have inactive alleles that segregate at intermediate
frequency in some human populations, but the functional significance of these
alleles is not yet known (Angata 2014; Cao et al. 2008; Mitra et al. 2011; Wang et al.
2012a). The general hypothesis is that CD33rSiglec variants adjust the inflammatory
responsiveness of human immune cells, which need to limit reactions against “self,”
but also face pathogens expressing sialic acid-containing surface polysaccharides
that can subvert the inhibitory Siglecs by mimicking self signals (Cao and Crocker
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2011; Varki 2010; Barclay and Hatherley 2008; Barreiro and Quintana-Murci 2010).
For instance, group B Streptococcus serotype III (GBS-III) produces a capsular
polysaccharide containing NeuSAca2-3Galp1-4GlcNAc, a structure that precisely
mimics the terminal sequences of many human glycoproteins. Binding of GBS-III
to Siglec-9 leads to a reduction of reactive oxygen species and inflammatory cyto-
kines (Carlin et al. 2009b). Other GBS serotypes have even evolved sialic acid-
independent binding to Siglecs (Carlin et al. 2009a). Activating Siglecs may have
evolved to prevent pathogen hijacking of inhibitory Siglecs: they are similar targets
with opposite cellular effects. However, in the absence of a pathogen, the binding of
self-molecules to activating Siglecs could generate unwanted inflammation. The
benefit of activating Siglecs may therefore be context dependent: advantageous in
the presence of a pathogen, but costly in its absence. This could explain the poly-
morphic loss of function alleles observed in human activating Siglecs-14 and -16.
SIGLEC genes are rapidly evolving in all taxa where they exist (Angata et al.
2004; Padler-Karavani et al. 2014). However, the abundance of Siglec changes in
humans seems unusually high compared with other species (Table 1.1). For exam-
ple, mouse and rat Siglecs appear nearly identical, and differences among nonhu-
man hominids (NHH) and other old world primates seem limited so far. Some
changes may be a consequence of uniquely human sialic acid biology, the most

Table 1.1 Human-specific changes in SIGLEC genes and their encoded Siglec proteins

GENE Type of change | Fixed | Phenotypic effects Disease relevance
SIGLECI Expression Yes? Altered expression Altered response to
change in spleen lymphoid sialylated pathogens?
follicles
SIGLEC3 Alternative No Change in relative Alters development of late
splicing expression of two onset Alzheimer’s disease
isoforms
SIGLECS Expression Yes? T-cell over-reactivity Susceptibility to T-cell
change due to low expression mediated disease?
Gene Uniquely human Fetal susceptibility
conversion expression in amniotic | to sialylated bacteria
epithelium
SIGLEC6 New Yes Uniquely human Up-regulation in
expression expression in placental | preeclampsia
trophoblast
SIGLEC9 Expression Yes Simultaneous balance Altered response to
and ligand between recognizing sialylated pathogens
preference “self” sialic acids and
escape from sialylated
pathogens
SIGLECII | Gene Yes Uniquely human Modulation of
conversion expression in microglia | neurotoxicity in
Change Yes Reduced binding to neurodegenerative disease.
in ligand sialylated glycans. Impact on ovarian
preference Novel ligands in brain physiology?

and ovary

(continued)
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Table 1.1 (continued)

GENE Type of change | Fixed | Phenotypic effects Disease relevance
SIGLECI2 | Mutation in Yes Loss of sialic acid Increased expression
arginine binding properties in carcinomas
1-bp insertion No Expression loss in
in ORF some individuals
SIGLECI3 | Alu-mediated Yes Escape from sialylated | Not applicable—all
deletion bacteria? humans null
SIGLECI4 | Gene deletion No Change in baseline Alters response to lung
by fusion state of innate immune | inflammation
response
SIGLECI6 | 4-bp deletion No Change in baseline Modulation of
in ORF state of innate immune | neurotoxicity in
response? neurodegenerative disease?
SIGLECI7 | 1-bp deletion Yes Escape from sialylated | Not applicable—all
in ORF bacteria? humans null

prominent being the loss of the sialic acid Neu5Gc. Humans have a non-functional
CMAH gene, and thus cannot synthesize the common mammalian sialic acid
Neu5Ge via hydroxylation of the precursor sialic acid N-acetylneuraminic acid
(Neu5Ac) (Chou et al. 2002). If the primary function of CD33rSiglecs is to recognize
host sialic acid as “Self-Associated Molecular Pattern” (SAMPs) and send inhibi-
tory signals to the immune cells via cytosolic ITIMs, loss of the ability to synthesize
Neu5Gc in human ancestors may have resulted in loss of the ability to dampen the
immune response and thus excessive immune activation (Varki 2010, 2011).
Therefore, it is reasonable to suppose that loss of Neu5Gce in humans was followed
by compensatory changes in Siglecs to adapt their binding preference to NeuSAc,
and to reduce or alter the scope for immune activation in response to self-molecules.
Human pathogens that interact with Siglecs would also be expected to compensate
following the loss of Neu5Gc. In the sections that follow, we consider human-spe-
cific changes in several of the Siglecs.

Human-Specific Changes in Siglecs

Siglec-1/Sialoadhesin

Siglec-1, also called sialoadhesin, is a macrophage receptor with 17 extracellular
domains, a single transmembrane span, and no cytosolic signaling motif. The V-set
domain seems to recognize only NeuSAc and not Neu5Ge, and prefers a2-3 and
a2-8 linkages (Collins et al. 1997; Hartnell et al. 2001). This overall pattern fits
what is often found on bacteria. Considering all these features, it was suggested that
one likely conserved function is to eliminate sialylated pathogens (Crocker et al.
1997). In keeping with this, Siglec-1 is found in mice and in primates at sites that
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would first encounter bacteria invading extracellular fluids, such as the sinuses of
lymph nodes, spleen, and bone marrow (Crocker et al. 1991; Hartnell et al. 2001).
However, Siglec-1 appears to be upregulated in the human spleen compared with
the chimpanzee (Brinkman-Van der Linden et al. 2000). In fact, in chimpanzees, as in
rodents, only a subset of splenic macrophages is Siglec-1 positive, whereas in
humans the distribution is more widespread. One possible explanation is that humans
are under increased selection pressure from bacteria that express sialic acids.

It has been shown that Siglec-1 on circulating monocytes binds to sialylated
gp120 of HIV and facilitates entry of the virus into cells (Rempel et al. 2008; Zou
etal. 2011). In this regard, it is interesting that HIV infection more often progresses
to AIDS in humans.

Siglec-3/CD33

CD33 was first detected on human myeloid cells by a panel of monoclonal antibod-
ies that recognize a 67 kDa glycoprotein uniquely expressed on cells of the hemato-
poietic system (Andrews et al. 1983). Later, human CD33 was found to bind to
sialylated glycans, with a preference for Neu5SAca2-3Gal (Freeman et al. 1995), and
catalogued as Siglec-3. This receptor is found on circulating monocytes, on subsets
of B and activated T and NK cells, and on microglia (Hernandez-Caselles et al.
2006; Perez-Oliva et al. 2011). Notably, two forms of Siglec-3 are expressed
(Hernandez-Caselles et al. 2006; Perez-Oliva et al. 2011). The full length human
Siglec-3 (also named CD33M) is the 67 kDa protein that includes a V-set domain, a
C2-set domain, and a transmembrane span followed by an ITIM domain. Alternative
splicing of exon 2 generates an isoform CD33m that lacks the V-set domain, and is
therefore unable to bind sialylated ligands.

Independent studies have shown that Siglec-3 levels are altered in patients with
late-onset Alzheimer’s disease (LOAD) (Bradshaw et al. 2013; Raj et al. 2014;
Malik et al. 2013; Griciuc et al. 2013). A single nucleotide polymorphism (SNP)
1s3865444 in the promoter region of human SIGLEC3 associated with LOAD was
shown to alter the ratio between the two Siglec-3 isoforms produced (Malik et al.
2013; Raj et al. 2014). Whereas the protective allele rs365444A results in a ratio
CD33M:CD33m of 70:30, a higher expression of the full length protein CD33M
was detected in LOAD brains (ratio 90:10). Interestingly, the rs365444 SNP was
reported to be in high linkage disequilibrium with the rs12459419 SNP, which is
physically found in the exon 2 and alters splicing efficiency of exon 2. Increased
levels of CD33M (the form capable of binding sialic acid) in microglia are thought
to suppress phagocytosis of AB42 peptide, possibly by blocking TREM2/DAP12-
mediated activation, resulting in amyloid accumulation (Bradshaw et al. 2013;
Griciuc et al. 2013; Malik et al. 2013). It was suggested that altered CD33 function
could be involved in the presymptomatic phase of AD, in the middle or younger age
(Bradshaw et al. 2013).
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It is interesting to note that the complete pathology of LOAD is very rare in
primates other than humans (Gearing et al. 1994; Perez et al. 2013; Varki et al.
2011). Chimpanzee Siglec-3 shares similar specificities for sialylated glycoconju-
gates as the human counterpart, but is detected on monocytes at lower levels than
humans (Padler-Karavani et al. 2014). Currently, it is unknown whether Siglec-3 is
expressed in microglia in chimpanzee, or whether the Siglec-3 mRNA transcript
undergoes the same type of regulation.

So far, mice deficient in CD33 have not shown major morphological or histologi-
cal abnormalities and very minor differences in biochemical and erythrocyte param-
eters (Brinkman-Van der Linden et al. 2003). However, mouse Siglec-3 has striking
differences from the human counterpart. First, it is primarily expressed on granulo-
cytes. Secondly, it does not bind to a2-3 sialylated ligands, but shows distinctive
sialic acid-dependent binding only to the short O-linked glycans of certain mucins
and weak binding to the sialyl-Tn epitope. Furthermore, mouse CD33 includes a
positively charged amino acid in the transmembrane domain similar to activating
Siglecs. Lastly, alternative splicing may generate two forms with different cytosolic
tails, of which only one contains a canonical ITIM motif. The signaling properties
of these two potential isoforms have not been elucidated. Overall, it seems likely
that murine and human Siglec-3 receptors are functionally different.

Siglec-5 and -14

Because of ongoing gene conversion, Siglec-5 and -14 are 100 % identical in their
V-set sialic acid binding domain, and differ in only one amino acid in the first under-
lying C2 domain. However, they transmit opposite intracellular signals upon ligand
engagement: while Siglec-5 suppresses the immune response, Siglec-14 augments
it (Angata et al. 2006; Ali et al. 2014).

Expression studies are complicated by the fact that nearly all known high affinity
monoclonal antibodies against Siglec-5 cross-react with Siglec-14 (Angata et al.
2006). On the other hand, a monoclonal antibody that specifically recognizes only
Siglec-14 with no cross reactivity to Siglec-5 has been reported (Yamanaka et al.
2009). Primates express Siglec-5 and -14 on myelomonocytic cells: neutrophils dis-
play both Siglec-5 and -14, but monocytes display only Siglec-14 under normal
conditions (Yamanaka et al. 2009). However, humans, but not other primates,
acquired the ability to express Siglec-5 and -14 on amnion (Ali et al. 2014): one of
the few known examples of Siglecs with uniquely human expression on non-
hematopoietic stem cell derived lineages. Also, chimpanzee lymphocytes such as
CD19" B-cells and CD4* T-cells display relatively high levels of Siglec-5, but
human T-cells display low or undetectable levels of any CD33rSiglec (Nguyen et al.
2006). Although the antibody used in this study cross-reacts with both Siglec-5 and
-14, the subsequent studies demonstrating the immunosuppressive nature of the
Siglec receptor on T-cell receptor activation highly suggested Siglec-5 rather than
Siglec-14 (Nguyen et al. 2006). This cell-intrinsic Siglec expression difference
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between humans and other primates may be a contributing factor that explains why
chimpanzee T-cells survive better than human T-cells after HIV-1 infection despite
being equally susceptible to the virus (Soto et al. 2012). Differences in expression
of Siglec-3, -7 and -9 on T-cells (high in chimpanzee, low in humans) might also
affect the outcome of HIV-1 infection (Nguyen et al. 2006).

Group B Streptococcus (GBS), a leading cause of neonatal sepsis and death
worldwide, is particularly noteworthy for its ability to engage Siglec-5 through its
cell wall anchored p-protein to dampen the pro-inflammatory response (Carlin et al.
2007, 2009a, b). Such Siglec-pathogen interactions are believed to be a major driv-
ing force in the evolution of the SIGLEC gene cluster. SIGLEC14 possibly emerged
from a SIGLECS gene duplication event, and was converted into a DAP12-binding
immunoactivating receptor as an evolutionary response to combat the pathogens
that subvert Siglec-5 (Angata et al. 2006; Ali et al. 2014).

Humans also have a unique SIGLEC14 deletion polymorphism that has not so far
been observed in other primates. The polymorphism occurs at varying frequencies
based on the geographic origins of the population (Yamanaka et al. 2009). The deletion
apparently resulted from an in-frame gene fusion that occurred between the SIGLECS
and SIGLECI4 ORFs. The new gene product encodes a Siglec-5-like immunosup-
pressive receptor (designated as Siglec-14/5) regulated under the fully functional
SIGLEC14 gene promoter. Individuals homozygous for the wild-type ancestral allele
encoding for both Siglec-5 and -14 are represented as SIGLECI4 +/+, and those
homozygous for the deletion polymorphism are represented as SIGLECI4 —/—.
Although SIGLEC4 +/+ neutrophils display both Siglec-5 and -14, SIGLEC14 —/—
neutrophils display only the Siglec-14/5. In comparison, while SIGLECI4 +/+
monocytes express only Siglec-14 but not -5, SIGLECI4 —/— monocytes lose
Siglec-14 but gain Siglec-14/5. Ex vivo experiments confirmed that SIGLECI4 —/—
myelomonocytic cells have a dampened inflammatory response in comparison to
SIGLEC14 +/+ cells when challenged with bacteria or endotoxin (Ali et al. 2014).

The selective forces responsible for establishing the SIGLECI4 deletion poly-
morphism in the human genome are as yet unknown. However, SIGLECI4 +/+
individuals are more susceptible to developing acute exacerbation of chronic
obstructive pulmonary disease (COPD) compared to SIGLECI4 —/- individuals
(Angata et al. 2013). Although this complication of pulmonary inflammation has
been largely linked to cigarette smoking in modern times, acute exacerbation of
lung inflammation may develop for anyone with long term exposure to air pollution
such as indoor smoke. The SIGLECI4 polymorphism allele exists in all human
populations worldwide, although at different frequencies. We speculate that the
invention of indoor cooking, and consequently indoor smoke, could have been a
selective force favoring the fusion allele. However, the ancestral SIGLEC14 allele is
not entirely evolutionary disadvantageous for modern humans. SIGLECI4 —/—
fetuses are more susceptible to preterm labor after GBS infection when compared to
SIGLECI4 +/+ infants, independent of the mother’s SIGLEC14 genotype (Ali et al.
2014). The SIGLEC14 polymorphism might even have been maintained by hetero-
zygote advantage since SIGLEC14 +/— individuals would have an intermediate pro-
pensity for inflammation.
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Siglec-6

Siglec-6 is a CD33rSiglec found on primate B-cells but also uniquely on human
placental trophoblast (Brinkman-Van der Linden et al. 2007). Several differences
found between human and primate sequences of SIGLEC6 promoter regions may
explain the changed expression pattern. There are conflicting reports regarding the
changes in expression pattern in relation to the onset of labor (Brinkman-Van der
Linden et al. 2007; Rumer et al. 2013).

Although Siglec-6 normally binds sialyl-Tn (Neu5Aca2-6GalNAcal-), it can
also interact with the non-glycosylated adipose-derived hormone leptin (Patel et al.
1999). In this regard, immunohistochemical analysis revealed that both wild type
and arginine-mutated Siglec-6 recognize ligands in and adjacent to the placenta,
including uterine endometrium, suggesting the presence of both sialic acid depen-
dent and independent ligands (Brinkman-Van der Linden et al. 2007). Since leptin
is also secreted from the placenta, it is likely to be sialic acid independent ligand
recognized by the arginine-mutated Siglec-6. A further increase in Siglec-6 tropho-
blast expression is also associated with the uniquely human condition preeclampsia
(Winn et al. 2009; Rumer et al. 2013). Both mRNA and protein expression of
Siglec-6 are increased in placentas obtained from women who had preeclampsia as
compared to the control group of pre-term labor. Mechanistically, Siglec-6 ligation
with Glycodelin-A suppresses ERK signaling and subsequently trophoblast inva-
siveness. Taken together, these data suggest that Siglec-6 contributes to the human-
specific aspects of reproductive biology. It may also be worthwhile to investigate
whether Siglec-6 expression and function directly correlates with other immuno-
regulatory complications in pregnancy such as spontaneous abortion and recurrent
miscarriage (Chatterjee et al. 2014).

Siglec-9

Siglec-9 is an ITIM-containing CD33rSiglec found primarily on human neutrophils
and monocytes (Zhang et al. 2000). It is also expressed weakly on CD4* and CD8*
T-cells, and but found at more modest levels on B-cells. Recent literature also
revealed that Siglec-9 expression defines a subset of cytotoxic NK cell population
(Jandus et al. 2014). Differences in Siglec-9 expression level were also found on
circulating monocytes between gorilla, humans, and chimpanzees in descending
order, although still abundant in all three primates (Padler-Karavani et al. 2014).
Furthermore, immunohistochemical analysis showed that only human splenic mac-
rophages display Siglec-9, but not those from chimpanzee or gorilla.

Siglec-9 ligand binding preferences also changed somewhat during evolution.
As previously discussed, since the CMAH gene was functionally inactivated during
human evolution, humans are the only known primates incapable of naturally syn-
thesizing Neu5Gc. Interestingly, while gorilla and chimpanzee Siglec-9 somewhat
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preferred NeuSGe sialylated ligands over NeuSAc, human Siglec-9 slightly
preferred NeuSAc over NeuSGce (Sonnenburg et al. 2004; Padler-Karavani et al.
2014). Thus, it is possible that Siglec-9 evolved to engage NeuSAc with higher
affinity after the human specific loss of synthesizing Neu5Gc.

In addition to Siglec-5, Group B Streptococcus (GBS) also hijacks Siglec-9’s
inhibitory properties through molecular mimicry of sialic acids (Carlin et al. 2007,
2009b). All three tested serotypes of GBS (Type Ia, Ib, and III) bound to human
Siglec-9 at a stronger affinity over chimpanzee Siglec-9, but GBS was incapable of
binding to baboon Siglec-9. Taken together, these properties may be a contributing
factor for why GBS is a human-specific pathogen, as it can take advantage of human
inhibitory Siglecs much easier than other primate Siglecs.

Siglec-9 may be a prime example of co-evolution between mammalian sialic
acids, Siglecs, and the pathogens that exploit this receptor. Pathogens evolve to
synthesize or acquire sialic acids identical or similar to ones displayed by the host
to hide from the immune system by engaging inhibitory Siglecs. Meanwhile, the
host evolves and alters their sialic acid repertoire to keep away from the pathogens.
In order to recognize the “newly evolved” sialic acid SAMPs, Siglecs are also
constantly adapting to keep up with this ongoing evolutionary arms race as well.

Siglec-11 and -16

SIGLECI1 and SIGLECI6 genes are found head-to-head about 1 MB away from
the CD33rSIGLEC gene cluster on human chromosome 19 (Angata et al. 2002;
Hayakawa et al. 2005; Wang et al. 2012a; Cao et al. 2008). It has been suggested
that SIGLEC16 arose by an inverse duplication of inhibitory SIGLEC I and under-
went subsequent pseudogenization. Then, two tandem and likely simultaneous gene
conversions occurred from SIGLECI6P to the adjacent gene SIGLECII with an
intervening short segment being excluded, and ultimately resulting in the creation
of an open reading frame. Both of the gene conversions have been dated to about
1-1.2 million years, after the emergence of the genus Homo, but prior to the emer-
gence of the common ancestor of Denisovans and modern humans about
600,000 years ago (Wang et al. 2012a).

These extensive changes in the sequence of human Siglec-11 may explain the
different affinity for sialylated glycans compared to the chimpanzee counterpart
(Hayakawa et al. 2005), and the emergence of novel binding properties. For instance,
Siglec-11 is detected on fibroblasts in ovaries of both human and chimpanzee (Wang
et al. 2011). However, probing for Siglec-11 ligands revealed distinct and strong
mast cell expression in human ovaries, and diffuse stromal ligands in chimpanzee
ovaries. This dramatic difference in ligand specificity may have an impact on ovar-
ian physiology.

One of the conversion events also changed the 5’ untranslated sequence, altering
predicted transcription factor binding sites of SIGLEC1I and, perhaps consequently,
its expression pattern. Indeed, while Siglec-11 is found in both human and chimpanzee
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tissue macrophages, it is expressed in brain microglia only in humans (Hayakawa
et al. 2005). In vitro studies have indicated that Siglec-11 suppresses the levels of
proinflammatory cytokines, reduces phagocytosis of apoptotic neurons and allevi-
ates microglia neurotoxicity (Wang and Neumann 2010). Interestingly, the neuro-
protective effects were dependent on polysialic acid, a polymer important for
maintenance of brain plasticity (Rutishauser 2008).

Like Siglec-5 and -14, Siglec-11 and -16 are also paired receptors (Cao et al.
2008). Their V-set and the first C2-set domains are 99 % identical in the amino acid
sequence, and the other two C2-set domains share about 80 % sequence identity.
However, the intracellular carboxyl-terminal region of Siglec-11 contains one ITIM,
whereas Siglec-16 has a transmembrane domain and a short cytosolic tail that may
associate with DAP12 (Cao et al. 2008). Therefore, whereas the two proteins are
likely to recognize similar ligands, this binding will allegedly lead to opposite intra-
cellular signaling cascades. To date, Siglec-11 and -16 mediated immunomodula-
tion has not been well characterized.

It is interesting to note that whereas SIGLEC] 1 is fixed in the human population,
SIGLECI6 is often pseudogenized due to a deletion of four nucleotides in the sec-
ond exon that results in frameshift and premature termination of translation (Cao
et al. 2008; Wang et al. 2012a). The frequency of the functional SIGLECI6 allele
varies among populations, adding another potential layer of complexity to the
modulation of the immune responses.

Siglec-X11

Human SIGLEC12 encodes for a Siglec receptor with two V-set domains (Yu et al.
2001). However, the arginine residues critical for glycan binding are substituted in
both domains (Angata et al. 2001). Therefore, this receptor is unable to bind sialic
acid, and it is referred by convention as Siglec-XII. The single nucleotide substitu-
tion (C to T) at the first position of the arginine codon in the outer most V-set
domain is universal in humans but not found in other primates (Angata et al. 2001).
It occurred prior to the common ancestor of all modern humans and sometime after
the split of the hominin lineage from that of the common ancestor of chimpanzee
and bonobos. In chimpanzee, Siglec-12 is strongly expressed in macrophages, and
epithelial cells of prostate, pancreas, kidney, and stomach. Human Siglec-XII is
generally less expressed in the same tissues (Mitra et al. 2011).

A SNP in human SIGLECI2 produces a single nucleotide insertion in the exon
that encodes the first V-set, which changes the open reading frame and results in a
polypeptide of 115 amino acids (Mitra et al. 2011). The global frequency of this
mutation was found to be 0.58, with allele frequencies ranging from 0.38 in Sub-
Saharan Africa to 0.86 in Native American populations. About 40 % of human indi-
viduals are homozygous for the SIGLEC12P; heterozygosity reaches about 30 %.
Siglec-XII was also observed to be overexpressed in prostate cancer (Mitra et al.
2011). However, no association was found with the inactivating SNP and incidence
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of prostate cancer. Interestingly, a study on polymorphic nonsense SNPs in the
human genome found SIGLECI2 to be one of the outliers, among 167 cases
(Yngvadottir et al. 2009). In particular, it was noted that the inactivating SNP was
not itself deleterious, suggesting a balancing selection or a selective sweep.

Siglec-13

Analysis of genomic BAC clones indicated that the primate SIGLECI3 gene was
missing from the human genome, but was present in chimpanzee and baboon
(Angata et al. 2004). Comparative analysis of the genomic regions of human, chim-
panzee, baboon and rhesus genomes identified five repetitive Alu elements in a
10 kb genomic region containing the SIGLEC13 locus in the chimpanzee, baboon
and rhesus genome. By contrast, the human genome includes a single composite
Alu element occupying the region of 7 kb in the same genomic region. The compos-
ite element likely derives from recombination of Alu elements that resulted in the
excision of SIGLECI3 in humans. Indeed, analysis of monocytes from peripheral
blood confirmed expression of Siglec-13 in chimpanzee, and absence in human
monocytes (Wang et al. 2012b). Universal absence of Siglec-13 in humans was also
confirmed in 28 HapMap human samples and in the common ancestral population
of Neanderthals and Denisovan. It is interesting that despite recruiting DAP12,
Siglec-13 reduces inflammation in response to pathogenic bacteria that can specifi-
cally interact with Siglec-13 (Wang et al. 2012b). This indicates that the ability of a
Siglec receptor to alter inflammatory responses cannot be deduced only based on
the primary sequence, and that the outcome of Siglec engagement might be more
complex (Barrow and Trowsdale 2006; Hamerman and Lanier 2006).

Siglec-17

The primate SIGLEC17 pseudogene (SIGLEC7P) exhibits high sequence similar-
ity with SIGLEC3 and was originally annotated as SIGLEC3P (Angata et al. 2004).
This locus has a human-specific 1 bp deletion that alters the predicted open reading
frame (ORF) and results in a truncated protein (Wang et al. 2012b). The rest of the
OREF remains intact in all humans tested and the corresponding mRNA is strongly
expressed in NK cells. Moreover, the human SIGLEC17P contains a human-unique
missense mutation of the codon encoding an arginine residue that is required for
sialic acid binding. The human SIGLECI7P allele was already present in the com-
mon ancestral populations of Neanderthals and Denisovans. Some other primate
SIGLEC!7 genes underwent independent events of inactivation. SIGLECI7 seems
to be completely deleted in the rhesus and baboon genomes (Wang et al. 2012b).
In contrast, New World monkeys carry a functional SIGLEC17 ORF.
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Conclusions and Perspectives

Comparative studies in mammals have revealed an expansion in the number of
SIGLEC genes in primates, and an accumulation of multiple variations, particularly
in the human lineage. Work of the last decade has revealed that pathogens exploit
Siglec function by expressing sialylated and non-sialylated ligands, and thus consti-
tute a major selective force for the evolution of SIGLEC genes. Therefore, patho-
gens likely shaped the SIGLEC gene family: expansion, deletion and polymorphic
inactivation of activating receptors are signatures of past and ongoing selection. At
the same time, current data suggest that some variations in Siglecs might have
resulted in advantageous functions that were retained and contributed to human
evolution. The human-specific SIGLEC11 and SIGLECI6 conversion events and
subsequent recruitment of novel Siglec-11 dependent functions to the brain are
paradigmatic and deserve further studies. The same is true of the recruitment of
SIGLEC6 expression to the placental trophoblast. Novel regulation of Siglec-3/
CD33 at the V-set domain and its impact in the development of late onset alzheim-
er’s disease calls for studies to define whether this phenomenon occurs in other
primates, or if it is specific to humans. Future research should also address whether
observed reduction of affinity for sialylated molecules in human Siglecs are accom-
panied by the emergence of alternative binding properties. Also, as the innate
immune system impacts many human conditions such as cancer and obesity, it will
be interesting to study the influence of Siglec polymorphic variations in the inci-
dence and progression of various diseases. It is even possible that SIGLEC gene
changes played key roles in population bottlenecks involved in human origins.
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Chapter 2

Structural Changes of GPI Anchor After
Its Attachment to Proteins: Functional
Significance

Taroh Kinoshita

Introduction

One hundred and fifty or more of human proteins are post-translationally modified
by a glycolipid, termed glycosylphosphatidylinositol (GPI) that anchors proteins to
the outer leaflet of plasma membrane (Orlean and Menon 2007; Kinoshita et al.
2008). While GPI-anchored proteins (GPI-APs) have wide range of functions, such
as hydrolytic enzymes, adhesion molecules, receptors and protease inhibitors, they
share common membrane-anchors. GPI is synthesized in the endoplasmic reticulum
(ER) from phosphatidylinositol (PI) via at least 11 steps (Fig. 2.1). Preassembled
GPI is transferred en bloc by GPI transamidase to the C-terminus of proteins having
a C-terminal GPI-attachment signal peptide. A unique feature of GPI-anchor is that
GPI structure is dynamically modified during transport of GPI-APs to the cell sur-
face. Structural remodeling of lipid and glycan moieties in the ER is critical for
efficient recruitment of GPI-APs into ER-exit site and association with their cargo
receptors for transportation to the Golgi apparatus (Kinoshita et al. 2013). Fatty acid
remodeling of GPI in the Golgi is important for homodimerization and raft associa-
tion. In this chapter, these structure-biology relationships are described.
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Fig. 2.1 Schematic representation of biosynthesis of GPI-APs in mammalian cells. GPI is synthe-
sized from phosphatidylinositol (PI) in the ER (steps 1-11). Preassembled GPl is transferred to the
protein’s carboxyl-terminus (step 12). After two remodeling reactions in the ER (steps 13 and 14),
GPI-AP is transported to the Golgi apparatus where GPI’s sn2-linked fatty acid is remodeled (steps
15 and 16) before transport to the plasma membrane (PM)

Biosynthesis of GPI and Its Attachment to Proteins

GPI biosynthesis is initiated using cellular PI in the ER (Fig. 2.1). The first reaction
is transfer of N-acetylglucosamine (GIcNAc) to PI from UDP-GIcNAc to generate
first intermediate GIcNAc-PI (step 1). Step 1 is mediated by GPI-GIcNAc transfer-
ase (GPI-GnT) complex consisting of PIG-A, PIG-C, PIG-H, PIG-P, PIG-Q, PIG-Y
and DPM2 proteins (Watanabe et al. 2000; Murakami et al. 2005). GIcNAc-PI is
de-N-acetylated by deacetylase PIG-L to generate second intermediate glucosamine
(GIcN)-PI (step 2) (Nakamura et al. 1997; Watanabe et al. 1999). These two reac-
tions occur on the cytoplasmic side of the ER. GlcN-PI then flips into the luminal
side with currently unknown mechanism (step 3). The inositol in GIcN-PI is acyl-
ated (mainly palmitoylated or myristoylated) to generate third intermediate GIcN-
(acyDPI (step 4). PIG-W, acyl-CoA-dependent acyltransferase, mediates step 4
(Murakami et al. 2003). The lipid moiety in GlcN-(acyl)PI is remodeled by cur-
rently unknown mechanism (step 5). See part 3 in the next section for lipid remodel-
ingofGleN-(acyl)PL. Twomannosesaretransferredfromdolichol-phosphate-mannose
to generate Mana1-6Manal-4GlcNal-6(acyl)PI by PIG-M/PIG-X complex (Maeda
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et al. 2001; Ashida et al. 2005) and PIG-V (Kang et al. 2005), respectively (steps 6
and 7). Ethanolamine phosphate (EtNP) side branch is transferred by PIG-N from
phosphatidylethanolamine to the first mannose generating Manal-6(EtNP2)
Manal-4GlcNal-6(acyl)PI (step 8) (Hong et al. 1999). Third mannose is then
transferred by PIG-B from dolichol-phosphate-mannose to generate Manal-
2Mana1-6(EtNP2)Mana1-4GlcNal-6(acyl)PI (step 9) (Takahashi et al. 1996). Two
EtNP are sequentially transferred from phosphatidylethanolamine to the third and
second mannoses by PIGO/PIGF complex (Inoue et al. 1993; Hong et al. 2000) and
PIGG/PIGF complex (Shishioh et al. 2005), respectively, to generate EtNP6Mana1-
2(EtNP6)Mana1-6(EtNP2)Mana1-4GlcNal-6(acyl)PI (steps 10 and 11). The EtNP
linked to the third mannose acts to bridge GPI to proteins.

The preassembled GPI is then transferred to the carboxyl terminus of proteins by
GPI transamidase consisting of PIG-K, GPAAT1, PIG-S, PIG-T and PIG-U (step 12)
(Ohishi et al. 2000, 2001; Hong et al. 2003). Proteins that are to be GPI anchored
have a GPI attachment signal peptide at their carboxyl terminus. The signal peptide
is cleaved and replaced with the preassembled GPI. The amino group of the “bridg-
ing EtNP” makes an amide bond with the newly generated carboxyl terminus by
transamidation (Orlean and Menon 2007).

GPI Remodeling Reactions That Occur After
Attachment to Proteins

Inositol-Deacylation by PGAPI in the ER

Shortly after attachment to proteins, the inositol-linked acyl chain is removed by
PGAPI, inositol-deacylase, in the ER (step 13) (Tanaka et al. 2004). This lipid
remodeling is necessary for efficient ER-to-Golgi transport of GPI-APs. Specifically,
recognition of GPI-APs by the cargo receptor for recruitment into COPII-coated
transport vesicles requires elimination of the acyl chain (Fujita et al. 2011). In
PGAPI defective Chinese hamster ovary (CHO) cells, ER-to-Golgi transport of
DAF/CDS55, a GPI-AP, is threefold slower than in wild-type cells due to inefficient
binding to the cargo receptor (Tanaka et al. 2004).

Removal of an EtNP Side Branch from the Second
Mannose by PGAPS in the ER

In addition to inositol-deacylation, elimination of the EtNP from the second man-
nose is required for binding to the cargo receptor (step 14) (Fujita et al. 2011). In
PGAPS defective CHO cells, ER-to-plasma membrane transport of GPI-APs is
fourfold slower (Fujita et al. 2009).
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Fatty Acid Remodeling of GPI-AP in the Golgi

Cellular Plisexclusively diacyl form andits predominantspeciesis 1-stearoyl(C18:0)-
2-arachidonoyl(C20:4) PI. The structures of the PI moiety in GPI intermediates that
were accumulated in mutant cells defective in each of the early biosynthetic steps,
were determined by mass-spectrometry and were found that GIcNAc-PI and
GlcN-PI have PI structures similar to cellular PI in both CHO cells and human lym-
phoma cells. In contrast, GIcN-(acyl)PI was a mixture of 1-alkyl-2-acyl and diacyl
forms with the former being the major form. The major species of the former were
1-stearyl-2-oleoyl, -2-arachidonoyl, and -2-docosatetraenoyl PI. It was, therefore,
suggested that the lipid moiety changes in GlcN-(acyl)PI (Houjou et al. 2007). It
was also found that the acyl chain compositions of GlcN-PI and the diacyl form of
GlcN-(acyl)PI are different, suggesting that diacyl GlcN-(acyl)PI is generated from
diacylGIcN-PI and then converted to a mixture of 1-alkyl-2-acyl and diacyl GIcN-
(acyD)PI (step 5 in Fig. 2.1) (Kanzawa et al. 2009). A possible mechanism of the
conversion may be that the diacyl glycerol part is exchanged with 1-alkyl-2-acyl or
diacyl glycerol derived from a putative donor phospholipid. Alternatively, phospha-
tidic acid part is exchanged. The putative donor phospholipid may contain 1-alkyl-
2-acyl and diacyl forms. It was pointed out that phosphatidylethanolamine has chain
compositions similar to that of the remodeled GlcN-(acyl)PI and is a candidate of
the donor lipid (Kanzawa et al. 2009). The gene(s) required for this lipid remodeling
in the ER have not yet been clarified.

It was then found that generation of the 1-alkyl-2-acyl form of GIcN-(acyl)PI is
dependent upon a pathway in the peroxisome that generates 1-alkyl-glycerone-
phosphate from dihydroxyacetone phosphate. Mutant CHO cells defective in syn-
thesis of 1-alkyl-glycerone-phosphate generated only the diacyl form of GlcN-(acyl)
PI (Kanzawa et al. 2009). It is likely that 1-alkyl-glycerone-phosphate is converted
to the putative donor lipid in the ER, which is then used in lipid remodeling reaction
(step 5 in Fig. 2.1). Consistent with these findings, fibroblasts from patients with
peroxisomal disorders, Zellweger syndrome and rhizomelic chondrodysplasia
punctata, were defective in generation of 1-alkyl-2-acyl form of GPI anchors,
suggesting that a lack of or a decrease in the 1-alkyl-2-acyl form of GPI anchors
might be related to some of the symptoms of these patients (Kanzawa et al. 2012).

1-Alkyl-2-acyl PI is the major form of protein-bound GPI-anchors in mamma-
lian cells and diacyl PI is a minor form. Therefore, the profile of lipid moiety of
GlcN-(acyl)PT after lipid remodeling is similar to that of the GPI-anchors of cell-
surface GPI-APs. However, there is a major difference in the sn2-linked fatty acids.
Mammalian GPI-APs usually have two saturated fatty chains, with a small fraction
containing one unsaturated bond in an sn1-linked chain. The sn2-linked fatty acid is
usually stearic acid (C18:0), while GlcN-(acyl)PI contains various unsaturated
chains, such as oleic, arachidonic, and docosatetraenoic acids.

We established a CHO mutant cell line, termed clone C84 that synthesized GPI
normally but showed greatly reduced surface expression of GPI-APs. We clarified
the mechanisms of the abnormality by demonstrating that GPI-APs in C84 mutant
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cells were converted to the lyso-GPI form by losing a fatty acid before exiting the
trans-Golgi network and that, after transport to the cell surface, the lyso-GPI-APs
were cleaved by a phospholipase D, resulting in secretion of soluble GPI-APs lack-
ing a phosphatidic acid moiety and reduced cell surface levels of GPI-APs. Based
on the study of C84 CHO cells, we proposed that GPI fatty acid remodeling occurs,
in which the sn2-linked fatty acid is exchanged from an unsaturated chain to a satu-
rated chain (stearic acid) and that the lyso-GPI-AP found in C84 cells is an interme-
diate in the fatty acid remodeling (steps 15 and 16) (Tashima et al. 2006).

Tashima et al. cloned the gene responsible for C84 defect, termed PGAP2, by
sorting C84 cells that restored the normal levels of GPI-APs after transfection of a
cDNA library. PGAP2 is a 254-amino-acid membrane protein mainly expressed in
the Golgi. PGAP2 is involved in the second step of GPI-AP fatty acid remodeling,
in that the lyso-GPI-AP intermediate is reacylated by stearic acid (step 16) (Tashima
et al. 2006). There is no significant sequence homology between PGAP2 and known
acyltransferases, and the issue of whether PGAP?2 is the acyltransferase itself or a
regulatory protein remains to be determined.

Maeda et al. then hypothesized that there must be a gene, termed PGAP3,
involved in the elimination of the unsaturated fatty acid (step 15) and that, if PGAP3
is mutated in the PGAP2-defective cells, the decreased GPI-AP expression might be
restored because two fatty chains are maintained. Indeed, Maeda et al. established a
double-mutant CHO cell line expressing almost normal levels of GPI-APs from the
PGAP2-defective C84 cells and determined that a mammalian homolog of yeast
PERI, which was reported to be involved in similar fatty acid remodeling in yeast,
is PGAP3. PGAP3 is a 320-amino-acid Golgi-resident protein with seven trans-
membrane domains. PGAP3 belongs to a hydrolase superfamily and is most likely
to be GPI-AP-specific phospholipase A2, although the enzyme activity has yet to be
demonstrated in vitro. These findings together demonstrated that fatty acid remod-
eling of GPI-APs occurs in the Golgi of mammalian cells (Maeda et al. 2007).

Biological Significance of Fatty Acid Remodeling

Raft association and homodimerization of GPI-APs: Raft association is the promi-
nent characteristic of GPI-APs (Schroeder et al. 1994). GPI-APs expressed on the
surface of PGAP3- and PGAP2-double defective CHO cells were not efficiently
recovered in the detergent resistant membrane fraction (Maeda et al. 2007). Similarly
inefficient recovery of GPI-APs into the detergent resistant membrane fraction was
seen in peritoneal macrophages, spleen T-lymphocytes and embryonic fibroblasts
from Pgap3-knockout mice (Murakami et al. 2012a; Wang et al. 2013). This profile
of GPI-APs lacking fatty acid remodeling is compatible with the idea that two satu-
rated fatty chains are required for raft association of GPI-APs and hence the pres-
ence of unsaturated chain is inhibitory (Schroeder et al. 1994).

It was reported that GPI-APs form transient homodimers on the cell surface with a
life-time of 200 ms and that the homodimers are the major state on unstimulated cells.
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For homodimerization, both protein and GPI parts are important. Upon ligand binding,
these minimal rafts of GPI-APs make clusters with signaling capability (Suzuki et al.
2012). We confirmed homodimerization of GPI-APs and demonstrated that the fatty
acid remodeling is necessary for the dimerization (Seong et al. 2013).

PGAP2 and PGAP3 deficiencies: Hypomorphic mutations were found in PGAP2
gene in nine individuals with hyperphosphatasia with mental retardation syndrome
(HPMRS, also termed Mabry syndrome) and non-syndromic intellectual disability,
mainly by whole-exome sequencing (Hansen et al. 2013; Krawitz et al. 2013).
HPMRS is an autosomal recessive disorder characterized by intellectual disability
and elevated levels of serum alkaline phosphatase (alkaline phosphatases are GPI-
APs), often accompanied by seizures, facial dysmorphism, and various anomalies
such as brachytelephalangy. In 2010, Krawitz and colleagues identified hypo-
morphic mutations in PIGV by whole-exome sequencing of DNA samples from
three patients with HPMRS (Krawitz et al. 2010). Blood granulocytes from some of
the patients with PIGV mutations had partially reduced surface expression of CD16,
a GPI-AP. Using an assay in which mutant PIGV cDNAs were transfected into
PIGV-defective CHO cells to determine the ability to restore the surface expression
of GPI-APs by flow cytometry, the functional effects of the mutations on PIG-V
function were found to cause a partial loss of functional activity. Murakami et al.
proposed a mechanism for the hyperphosphatasia based on an in vitro study with
PIGV-defective CHO cells (Murakami et al. 2012b). In the ER of the PIGV-defective
cells, the C-terminal GPI attachment signal peptide of a nascent protein, such as
alkaline phosphatase, is cleaved by GPI transamidase and the major part of the pro-
tein is either secreted without GPI-anchoring or degraded by ER-associated degra-
dation. The secretion accounts for the high serum levels of alkaline phosphatase.
Subsequently, hypomorphic mutations in PIGO (Krawitz et al. 2012) and PIGW
(Chiyonobu et al. 2014) were found in individuals with HPMRS.

It is not known due to unavailability of cell samples from affected individuals
whether the surface levels of GPI-APs on cells from individuals with PGAP2 muta-
tions are decreased. The hyperphosphatasia is an indication that GPI-APs are
released from the cells. The mechanism of the hyperphosphatasia in PGAP2-
deficiency must be different from that in PIGV-deficiency. Alkalinephosphatase
released from PIGV-defective cells has never been modified by GPI whereas one
released from PGAP2-defective cells is once GPI-anchored and after cell surface
expression is released. As Tashima et al. showed for PGAP2-defective CHO cells,
when only the removal of the sn2-linked fatty acid by PGAP3 occurred because of
inefficient PGAP2-dependent reacylation during fatty acid remodeling in the Golgi,
GPI-APs became lyso-GPI-APs, and were transported to the cell surface and
secreted (Tashima et al. 2006).

Four mutations in PGAP3 were identified in five individuals with HPMRS
(Howard et al. 2014). All four mutations caused severe reduction in cellular PGAP3
function either by mislocalization of the mutant PGAP3 proteins to the ER, a loss of
activity, or non-sense mediated mRNA decay. In one of the individuals, reduction in
the surface level of CD16 was confirmed. The exact mechanisms of reduction in the
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cell surface levels of GPI-APs and release of GPI-APs (hyperphosphatasia) in PGAP3
deficiency are unclear at the moment. But GPI-APs bearing unremodeled fatty acids
are not well associated with lipid rafts and may be released under some unknown
conditions. Therefore, the mechanisms of secretion or hyperphosphatasia in PIGV-
defective cells, PGAP3-defective cells and PGAP2-defective cells are different.

These results from studies on PGAP2- and PGAP3-deficiencies indicate that
proper fatty acid remodeling in the Golgi is critical for stable cell surface expression
of GPI-APs. Impairment in the fatty acid remodeling causes abnormalities in neu-
ronal functions, such as intellectual disability and seizures.
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The Dynamic Membrane

Biological membranes are complex two-dimensional, non-covalent assemblies
of a diverse variety of lipids and proteins. They impart an identity to the cell and
its organelles and represent an ideal milieu for the proper function of a diverse set
of membrane proteins. A unique feature of biological membranes is their charac-
teristic dynamics that gets manifested as lateral and rotational dynamics of the
constituent lipids and proteins (Marguet et al. 2006; Baker et al. 2007a). It is
becoming increasingly clear that membrane dynamics holds the key to membrane
function. For example, the conformational dynamics of membrane receptors
(such as G protein-coupled receptors (GPCRs)) is beginning to be appreciated in
relation to their function (Nygaard et al. 2013; Schmidt et al. 2014). Understanding
cellular signaling by membrane receptors in terms of their lateral dynamics rep-
resents a challenging area in contemporary biology (Calvert et al. 2001; Ganguly
et al. 2008).

Fluorescence Recovery After Photobleaching

Fluorescence recovery after photobleaching (FRAP) represents a convenient
approach to measure lateral (translational) diffusion and is widely used for measur-
ing lateral diffusion of lipids and proteins in membranes (Edidin 1994; Lippincott-
Schwartz et al. 2001; Klonis et al. 2002; Hagen et al. 2005). FRAP involves
generation of a concentration gradient of fluorescent molecules by irreversibly pho-
tobleaching a fraction of fluorophores in the observation region (region of interest).
The dissipation of this gradient with time owing to diffusion of fluorophores into the
bleached region from the unbleached regions of the membrane is an indicator of the
mobility of the fluorophores in the membrane. The recovery of fluorescence into the
bleached area in FRAP experiments is described by two parameters, an apparent
diffusion coefficient (D) and mobile fraction (M;). The rate of fluorescence recovery
provides an estimate of the lateral diffusion coefficient of diffusing molecules,
whereas the extent of fluorescence recovery provides an estimate of the mobile frac-
tion (in FRAP time scale). Figure 3.1 illustrates the basic principles of FRAP mea-
surements. In this review, we will provide an overview of the range of research
problems that could be addressed in membrane and receptor biology using FRAP,
taking representative examples mostly from work carried out in our laboratory. This
review is by no means an exhaustive review of FRAP methodology and its applica-
tion in membrane biology.
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Fig. 3.1 Basic design of FRAP measurements. F; represents the initial total fluorescence intensity
in the region of interest (ROI) prior to photobleaching. A concentration gradient of fluorescent
molecules is generated by photobleaching a population of fluorophores in the ROI (shown as a
dashed circle) using a strong laser beam. F, represents the total fluorescence intensity in the ROI
immediately after photobleaching. The concentration gradient of fluorophores created this way
gets dissipated with progress of time due to lateral diffusion of unbleached fluorophores (outside
ROI) into the bleached region. F, represents the total fluorescence intensity in the region at a given
time (t) after photobleaching. Careful analysis of the rate of recovery of fluorescence (from F, to
F) yields lateral diffusion coefficient (D). Note that the diffusion coefficient obtained in case of
membranes represents two-dimensional diffusion (since the membrane is considered to be two-
dimensional). The extent of fluorescence recovery provides information on the fraction of mole-
cules that are mobile in this time scale (termed mobile fraction, My)

Lipid Dynamics by FRAP

Fluorescently labeled lipid probes are widely used for measuring lipid dynamics in
model and natural membranes. The Dil series of lipid analogues are commonly used
probes for such measurements. The Dil analogues are composed of a polar indocar-
bocyanine headgroup and two hydrophobic alkyl chains (see Fig. 3.2) which impart
an overall amphiphilic character. They have earlier been shown to preferentially
partition into gel (ordered) or fluid (disordered) phases depending on the degree of
matching between their acyl chain length and those of lipids that comprise the host
membrane (Klausner and Wolf 1980; Spink et al. 1990; Kalipatnapu and
Chattopadhyay 2004). DilC 4(3) and FAST Dil (Fig. 3.2) represent two such probes
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Fig. 3.2 Chemical structures of common fluorescent probes used for measuring lipid dynamics in
membranes using FRAP: (a) DilCy5(3), (b) FAST Dil, (c) NBD-PE and (d) 25-NBD-cholesterol

that are similar in their intrinsic fluorescence properties but differ in their phase
partitioning preference. Lateral diffusion characteristics of these probes in native
hippocampal membranes have been analyzed in detail using FRAP (Pucadyil and
Chattopadhyay 2006). The results show that mobility of these probes in hippocam-
pal membranes varies with membrane cholesterol content. Lateral mobility was
found to be higher in cholesterol-depleted membranes. These results could provide
insight in the function of neuronal receptors present in these membranes. In another
study, FAST Dil was used to monitor lateral diffusion in membranes of the wild type
and erg mutants of the pathogenic yeast, Candida albicans (Mukhopadhyay et al.
2004). Interestingly, lipid diffusion in membranes of the wild type and erg mutants
of C. albicans (mutants for ergosterol; erg2 and ergl6) correlate well with their drug
resistance characteristics. These results represent the first report of analysis of lipid
dynamics in C. albicans using FRAP. Another interesting application of FRAP to
study lipid dynamics is the demonstration of the presence of cholesterol monomers
and transbilayer dimers in membranes at low concentration (Pucadyil et al. 2007).
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The fluorescent probes used in this case were NBD-PE and 25-NBD-cholesterol
(see Fig. 3.2). The NBD group is a commonly used fluorescent lipid probe for stud-
ies with model and natural membranes (for a recent review, see Haldar and
Chattopadhyay 2013).

GPCR Activation: Manifestations in Receptor Dynamics

The G protein-coupled receptor (GPCR) superfamily is the largest and most diverse
protein family in mammals, involved in signal transduction across membranes
(Pierce et al. 2002; Rosenbaum et al. 2009). GPCRs are seven transmembrane
domain proteins and include >800 members which are encoded by ~5 % of human
genes (Zhang et al. 2006). Since GPCRs regulate multiple cellular processes, they
have emerged as major targets for the development of novel drug candidates in all
clinical areas (Heilker et al. 2009). It is estimated that ~50 % of clinically prescribed
drugs act as ligands of GPCRs (Schlyer and Horuk 2006). The serotonin,, (5-HT}4)
receptor is a representative member of the GPCR family and is implicated in the
generation and modulation of various cognitive, behavioral and developmental
functions (Pucadyil et al. 2005; Kalipatnapu and Chattopadhyay 2007; Miiller et al.
2007). Ligands that bind to the serotonin, , receptor are reported to possess potential
therapeutic effects in anxiety or stress-related disorders (Pucadyil et al. 2005). As a
consequence, the serotonin;, receptor serves as an important target in the develop-
ment of therapeutic agents for neuropsychiatric disorders such as anxiety and
depression (Celada et al. 2013).

Signaling by GPCRs provides an efficient way for cells to communicate with
each other and with their environment. This is achieved through the activation of
GPCRs upon binding of ligands present in the extracellular environment that leads
to transduction of signals to the interior of the cell through concerted changes in
the transmembrane helices (Nygaard et al. 2013). Ligand stimulation of GPCRs
generally leads to the recruitment and activation of the heterotrimeric G-proteins.
The activation process stimulates the GDP-GTP exchange leading to the dissocia-
tion of the GTP-bound a-subunit and the Py-dimer of the G-protein from the
GPCR. This activation could lead to dissociation of G-proteins from the receptors,
increasing receptor diffusion. This was validated by FRAP measurements of the
serotonin;, receptor tagged to enhanced yellow fluorescent protein (5-HT;,R-
EYFP) upon activation of the receptor (Pucadyil et al. 2004; Pucadyil and
Chattopadhyay 2007a). Figure 3.3 shows a representative FRAP experiment with
5-HTAR-EYFP in CHO cells. The results show that activation with the natural
agonist serotonin resulted in a significant increase in the diffusion coefficient of the
serotonin;, receptor, while treatment with the antagonist p-MPPI did not exhibit
any significant difference (see Fig. 3.4). Interestingly, the increase in the diffusion
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Fig. 3.3 Lateral dynamics of the serotonin;, receptor tagged to enhanced yellow fluorescent
protein (5-HT;AR-EYFP) stably expressed in CHO cells. The cellular periphery with distinct
plasma membrane localization of 5-HT;,R-EYFP was chosen for FRAP measurements. Typical
images corresponding to (a) pre-bleach, (b) bleach and (c) post-bleach are shown. Regions 1, 2 and
3 represent bleach area, control area and background, respectively. The scale bar represents 10 pm.
The plot in (d) shows a representative set of normalized fluorescence intensity of 5-HT,;,R-EYFP
corresponding to regions 1 and 2, and normalized background intensity in region 3. The normal-
ized fluorescence intensity in control area (2) was monitored for same duration of time, and shows
no significant photobleaching

coefficient with serotonin could be reversed upon addition of p-MPPI. The observed
increase in receptor diffusion coefficient upon stimulation with the agonist (but not
with the antagonist) clearly suggested that activation of G-proteins resulted in an
increase in mobility of the receptor. This was further supported by an increase in
diffusion coefficient of the receptor in presence of mastoparan and AlF,” (see
Fig. 3.4), both of which activate G-proteins in a receptor-independent manner. In
addition, treatment of cells with pertussis toxin (PTX), that abolishes receptor and
G-protein interaction, resulted in an increase in diffusion coefficient of the recep-
tor. Taken together, these results show that receptor diffusion is dependent on its
interaction with G-proteins.
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Fig. 3.4 Lateral diffusion coefficients of 5-HT;,R-EYFP under various conditions. Serotonin
(5-HT) and p-MPPI act as agonist and antagonist of the serotonin, , receptor. Both mastoparan and
AlF,™ activate G-proteins in a receptor-independent manner, whereas pertussis toxin (PTX) inacti-
vates G-proteins of Gy, subtype, thereby abrogating interaction of G-proteins with the receptor.
Note that the diffusion coefficient of the receptor exhibits an increase upon activation of G-proteins,
irrespective of whether G-proteins are activated in receptor-dependent or independent manner.
Adapted and modified from Pucadyil et al. (2004)

Dynamic Confinement of GPCRs Upon Cholesterol Depletion:
Insight from Bleach Area-Dependent FRAP

An interesting source of cell membrane heterogeneity (domain) is the relative con-
finement of membrane components. From this perspective, cellular signaling could
be viewed as a consequence of differential mobility of the various interacting part-
ners (Peters 1988). The fluorescence recovery kinetics in FRAP measurements con-
tains information on the area being monitored. This provides a handle to explore
spatial organization of molecules in the cell membrane by systematically varying
the area monitored in FRAP measurements (Edidin 1992). Differences in diffusion
properties obtained from FRAP measurements performed with bleach areas of dif-
ferent sizes can be correlated to the presence of domains on the cell membrane, with
dimensions that fall in the same range as the area monitored in these measurements
(Yechiel and Edidin 1987; Edidin and Stroynowski 1991; Salomé et al. 1998;
Cézanne et al. 2004; Baker et al. 2007b; Sauliere-Nzeh Ndong et al. 2010). This
interpretation is based on the following model (see below), and was earlier validated
by simulations and FRAP experiments performed on physically domainized model
membrane systems (Salomé et al. 1998).

The rate of fluorescence recovery provides an estimate of the apparent diffusion
coefficient of molecules, while the extent to which fluorescence recovers provides
an estimate of mobile fraction of molecules. In general, for molecules diffusing in
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Fig. 3.5 Fluorescence recovery plots with a small or large bleach area performed on homoge-
neous or domainized membranes. The region of interest for FRAP is represented by a circle. The
homogeneous membrane is characterized by random diffusion throughout the total area of the
membrane in the experimental time scale. In contrast, diffusion on the domainized membrane is
confined to closed areas (of comparable dimension as that of the bleached area) termed as
‘domains’. The diffusion coefficient and mobile fraction in homogeneous membranes (panels (a)
and (b)) would be independent of the size of the bleach area (see panel (c¢)). In contrast, these
parameters would depend on the bleach area size in case of a domainized membrane (panel (d) and
(e)). FRAP measurements on such a domainized membrane therefore would show an increase in
diffusion coefficient and reduction in mobile fraction with increasing bleach area size (panel (f)).
See text for details. Adapted and modified from Pucadyil and Chattopadhyay (2007b)

a homogeneous membrane, the diffusion coefficient is independent of the dimen-
sions of the bleach area in FRAP measurements. A small bleach area (see Fig. 3.5a)
would result in faster recovery of fluorescence while a large bleach area (Fig. 3.5b)
would produce a slower fluorescence recovery. Yet, the rate of fluorescence recov-
ery would be same in both cases, irrespective of the size of the bleach area. This
means that the diffusion coefficient would remain same in both cases. In addition,
if the bleached area is significantly smaller than the total area of the membrane, the
extent of fluorescence recovery is the same in both cases resulting in a constant
mobile fraction (Fig. 3.5¢).

On the other hand, if diffusion was confined to closed domains of dimensions of
the same scale as that of the bleach area, and static in FRAP time scale, diffusion
coefficient would no longer be constant. A small bleach area (Fig. 3.5d) would tend
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Fig. 3.6 Diffusion parameters from FRAP measurements with varying bleach area size. The (a)
diffusion coefficient and (b) mobile fraction of 5-HT,,R-EYFP obtained are shown for normal
(blue line) and cholesterol-depleted (red line) cells. Adapted and modified from Pucadyil and
Chattopadhyay (2007b)

to monitor diffusion properties of molecules within domains. Fluorescence recovery
kinetics with a small bleach area on a domainized (heterogeneous) membrane
therefore would be similar to that observed in a homogeneous membrane. On the
other hand, a large bleach area (overlapping different domains to varying extents,
shown in Fig. 3.5¢) would result in non-uniform bleaching of domains since the
bleached area would be partial for a few and complete for others. As a consequence,
fluorescence recovery kinetics in the entire region of observation would not be pro-
portional to the actual size of the bleach area. While kinetics of fluorescence recov-
ery within domains would be proportional to the area bleached in these domains, the
apparent diffusion coefficient would show an increase (since diffusion coefficient is
calculated taking into account the actual size of the bleach area). Importantly, a
large bleach area would reduce mobile fraction since it could bleach an entire
domain resulting in total loss of fluorescence in such a domain (Fig. 3.5e, f).

Analysis of fluorescence recovery kinetics of 5-HT;,R-EYFP in CHO cells with
bleach areas of different sizes exhibited relatively constant diffusion coefficient and
mobile fraction (Pucadyil and Chattopadhyay 2007b; see Fig. 3.6). This suggests
that serotonin;, receptors experience a homogeneous membrane environment.
Interestingly, FRAP experiments performed on cholesterol-depleted cells with an
identical range of bleach area size showed a marked dependence of diffusion coef-
ficient and mobile fraction of the receptor on the dimension of the bleach area (see
Fig. 3.6). This characteristic dependence of diffusion coefficient and mobile frac-
tion in cholesterol-depleted membranes is consistent with a model describing con-
fined diffusion in a domainized membrane (see Fig. 3.5c, d) (Yechiel and Edidin
1987; Edidin and Stroynowski 1991; Salomé et al. 1998; Cézanne et al. 2004; Baker
et al. 2007b; Sauliere-Nzeh Ndong et al. 2010). The dependence of the lateral diffu-
sion parameters on the bleach area size in cholesterol-depleted cells indicates that
cholesterol depletion induces dynamic confinement of the receptor resulting in con-
fined diffusion into domains.
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Are Signaling and Dynamics Correlated?

Cellular signaling has been hypothesized to be a consequence of differential mobil-
ity of various interacting components. This forms the basis of the ‘mobile receptor’
hypothesis, which proposes that receptor-effector interactions at the plasma mem-
brane are controlled by lateral mobility of the interacting components (Kahn 1976;
Peters 1988). Although conceptually elegant, this hypothesis has been difficult to
validate experimentally. This was addressed by monitoring lateral mobility of
5-HT,R-EYFP utilizing FRAP and measuring downstream signaling by the reduc-
tion in cellular cAMP level upon activation of the receptor under the same condition
(Ganguly et al. 2008). Lateral diffusion of membrane lipids and proteins is known
to be influenced by cytoskeletal proteins. Upon destabilization of the actin cytoskel-
eton by increasing concentrations of cytochalasin D, the mobile fraction of the
receptor showed a significant increase, whereas diffusion coefficient remained con-
stant (see Fig. 3.7a, b). This was accompanied by an increase in signaling by the
receptor, as measured by reduction in cAMP (Fig. 3.7¢c). The fact that the change in
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Fig. 3.7 A tight correlation between receptor dynamics and signaling. Effect of increasing cyto-
skeletal destabilization on (a) diffusion coefficient, (b) mobile fraction and (c¢) agonist-mediated
signaling of the serotonin;, receptor. Cytoskeletal destabilization was achieved by treatment with
cytochalasin D. Panel (d) shows that signaling of the receptor is strongly correlated with its dynam-
ics (mobile fraction), with a correlation coefficient (r) ~0.95. Adapted and modified from Ganguly
et al. (2008)
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signaling was correlated with the change in receptor dynamics was supported by a
positive correlation of ~0.95 obtained from a plot of these two parameters (see
Fig. 3.7d). Such a tight correlation between the mobile fraction of the receptor and
its signaling is supportive of the mobile receptor hypothesis.

Lateral Dynamics as Readout of Infection

The above example shows that lateral dynamics could be correlated with cellular
signaling (Ganguly et al. 2008). Interestingly, a few studies have highlighted the
correlation of lateral dynamics of host cell membrane proteins to infection by obli-
gate intracellular parasites. For example, lateral dynamics has been related to the
stage of infection of intracellular obligate parasites such as Plasmodium falciparum.
In an elegant study, Parker et al. (2004) showed that the lateral diffusion coefficient
and mobile fraction of host erythrocyte proteins (such as band 3 and glycophorin)
depend on the stage of the infection. The diffusion coefficient and mobile fraction
of these proteins were reported to be lower for mature stage-infected cells compared
to ring stage-infected cells. The corresponding values of diffusion parameters were
found to be the highest in case of uninfected cells. This observation points out the
potential of lateral dynamics as an indicator of progress of infection. In another
study, HIV-1 fusion and entry into target cells have been shown to be dependent on
the lateral mobility of CD4 receptors (which serve as one of the receptors for viral
entry) in host cell membranes (Rawat et al. 2008).

Conclusion and Future Perspectives

Although we have discussed only representative examples of the application of
FRAP in membrane and receptor biology, it is clear that this approach is capable
of providing a variety of information depending on experimental design and
question asked. With the advent of confocal microscopy and our ability to opti-
cally section the cellular interior, FRAP is being increasingly used to explore
dynamics of intracellular organelles (Lippincott-Schwartz et al. 2001; Aguila
et al. 2011; Staras et al. 2013) using reporters such as GFP (Haldar and
Chattopadhyay 2009). This is an exciting area of research and was not possible a
few years back. A particularly exciting application is dynamics of nuclear pro-
teins using FRAP (Dundr and Misteli 2003; Mariappan and Parnaik 2005). We
envision that future applications of FRAP will involve generating a dynamic map
of intracellular components and their modulation with differentiation and devel-
opment, thereby enabling a novel dynamic view of cellular signaling and function
in healthy and diseased states.
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Chapter 4
Defects in Erythrocyte Membrane Skeletal
Architecture

Avik Basu and Abhijit Chakrabarti

Introduction

From thermodynamic point of view biological cell is an open system, where
exchange of both energy and matter can occur through a permeable boundary, called
cell membrane. Cell membrane consists of mainly lipids and proteins. According to
fluid mosaic model it is a fluid lipid bilayer decorated with mobile protein mole-
cules (Singer and Nicolson 1972). Perhaps this bilayer membrane description is an
oversimplified view of the actual cellular boundary. In the truest sense it is not only
a bilayer of lipids, but a tripartite complex of extra cellular matrix, plasma mem-
brane and underlying membrane skeleton (MS). In this review we will restrict our-
selves in description of MS part and our main focus will be the erythrocyte, as most
of the literature available till date is on erythrocyte due to its relative simplicity. But
MS and its components are present in almost every kind of cell and they are even
present in sub cellular organelle like Golgi complex (Beck and Nelson 1998).
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Membrane Skeleton

Underlying the plasma membranes of cells there is a self-assembled network of
proteins termed the membrane skeleton. This network plays a major role in confer-
ring a definite shape to the cells and organelles and maintaining mechanical proper-
ties of the membrane. Spectrin, ankyrin, actin, tropomyosin and few other proteins
are the principal components of the MS. Lateral interactions among these proteins
constitute the spectrin-based composite structure that is anchored to the bilayer
through vertical interactions.

The MS of cells is likely to interact with a variety of integral membrane proteins
and participate both in stable linkages as well as dynamic structures capable of rapid
assembly and disassembly. The basis for diversity of roles for MS includes multiple,
functionally distinct isoforms of spectrin, ankyrin and other associated proteins,
regulation of protein interactions through phosphorylation and calcium/calmodulin,
as well as differential expression of accessory proteins that determine the organiza-
tion and localization of MS in cells. MS proteins are highly conserved from
Drosophila to man and is likely to be involved in fundamental aspects of membrane
structure requiring long range order and organization.

Membrane lipid bilayer—-membrane skeleton interactions are thought to be
responsible for the membrane integrity and its mechanical properties (e.g. very high
linear elasticity while maintaining negligible extensibility). One of the most studied
biological membranes is that of the erythrocyte. During its 120 day life time in the
circulation this 8 pm diameter cell has to pass repeatedly through 2 um capillaries
and hence withstand and respond to very strong mechanical stresses. This makes the
red cell an appealing model to study. Another reason is the simplicity of the cell and
their membranes, i.e., mature mammalian erythrocytes are devoid of a nucleus and
any organelles. The remarkable mechanical properties of the red cell membrane
stem from the presence on the cytoplasmic surface of a dense, well organized pro-
tein network of MS.

The structure of the MS, the mutual interactions of its components and its inter-
actions with membrane proteins in nonerythroid cells are known to a much lesser
extent, largely because of their much higher structural complexity. However, since
many animal cell membranes contain spectrin and spectrin-binding protein ana-
logues (of erythrocyte membrane proteins), together with novel spectrin-binding
proteins, the existence of a similar protein network, tightly associated with mem-
brane proteins, is anticipated (Bennett 1985).

Erythroid Membrane Skeleton

Amongst all, the MS of mammalian erythrocytes was first visualized in electron
micrographs of detergent extracted erythrocytes (Yu et al. 1973). Spectrin, actin,
protein 4.1, protein 4.2, adducin, dematin, ankyrin, 55 Kd palmitoylated protein
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(p55), non-muscle tropomyosin and tropomodulin and few other proteins are the
principal components of the MS (Mohandas and Gallagher 2008). Lateral interac-
tions among these proteins constitute the spectrin-based composite structure that is
anchored to the bilayer through vertical interactions.

The erythrocyte MS is organized as a polygonal network formed by five to seven
extended spectrin molecules linked to short actin filaments (Liu et al. 1987; Shen
et al. 1986). The spectrin-actin network of erythrocytes is coupled to the membrane
bilayer primarily by association of spectrin with ankyrin, which in turn is bound to the
cytoplasmic domain of the band 3 (anion exchanger-1) (Bennett and Stenbuck 1979a;
Tyler et al. 1980). Band-3 dimers also are associated on their cytoplasmic surface
with band 4.2 (Fig. 4.1 Ankyrin complex ) (Yu and Steck 1975). Additional mem-
brane connections are provided at the spectrin-actin junction by a complex between
proteins 4.1 R, p55 and glycophorin C (Marfatia et al. 1994) (Fig. 4.1 4.1 complex).
Several proteins responsible for capping actin and defining the length of actin
filaments as well as stabilizing spectrin-actin complexes have been localized to
spectrin actin junctions by electron microscopy (Derick et al. 1992). Protein 4.1
stabilizes spectrin-actin complexes (Tyler et al. 1980; Ungewickell et al. 1979).
Dematin was initially identified as an endogenous kinase having actin bundling
property (Husainchishti et al. 1989),anchors MS to membrane via Glucose trans-
porter-1 with the help of adducin (Khan et al. 2008) and now shown to have roles in
modulating spectrin actin interactions (Koshino et al. 2012). A nonmuscle isoform
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Fig. 4.1 Schematic illustration of our current understanding of erythrocyte membrane and
membrane skeleton
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of tropomyosin is associated with the sides of actin filaments (Fowler and Bennett
1984). Tropomyosin is of the same length as actin filaments visualized in electron
micrographs and is a candidate to function as a morphometric ruler defining the
length of actin filaments in erythrocyte membranes. Adducin associates with the
fast-growing end of actin filaments in a complex that caps the filament and promotes
assembly of spectrin (Gardner and Bennett 1987; Kuhlman etal. 1996). Tropomodulin
caps the slow-growing end of actin filaments in a ternary complex involving tropo-
myosin (Fowler 1990; Weber et al. 1994). Figure 4.1 represents our current under-
standing of erythrocyte membrane and membrane skeleton organisation.

Idea of the organization of the spectrin-based MS of the human erythrocyte
membrane has provided the biochemical equivalent of a high-resolution genetic
pathway of interacting membrane structural proteins. The discovery that other tis-
sues express isoforms of spectrin (Bennett et al. 1982) and ankyrin (Bennett 1979)
suggested that the erythrocyte MS had a broad relevance for other cell types.
However, although the basic structural principles established in erythrocytes are
likely to apply in other tissues, the organization, protein interactions, and functions
of spectrin based structures are considerably more diverse in other cells.

Lipid Bilayer: Membrane Skeleton Interactions

Though high affinity protein—protein interactions are mostly responsible for MS
attachment to the membrane, however, there are many indications coming from
various studies on cells, isolated membranes, and model systems that direct pro-
tein—lipid interactions contribute to the attachment of the MS to the membrane
hydrophobic domain. Gratzer and coworkers showed, by intrinsic fluorescence
quenching experiments, that spectrin, 4.1 and ankyrin reveal an affinity for hydro-
phobic compounds (Kahana et al. 1992). This supported the view that spectrin
contains a number of hydrophobic sites. Numerous studies on the interaction of
erythrocyte spectrin with membrane bilayer phospholipids from natural (erythro-
cyte) membranes, liposomes, or monolayer lipid films have been carried out e.g.
the addition of liposome suspensions to spectrin solutions causes quenching of its
intrinsic tryptophan fluorescence (Michalak et al. 1993; Sikorski et al. 1987),
indicative of the lipid binding property of spectrin. The nature of lipid-binding by
spectrin seems to be controlled by phosphorylation, since phosphorylation reduces
the binding to lipid monolayer. Protein 4.1 was also found to contain hydrophobic
region, indicating that it could bind phospholipids. Preferential binding of protein
4.1 to vesicles prepared from PS containing lipid mixtures was demonstrated and
the interaction of protein 4.1 with PS-containing membranes was inhibited by
Ca?* (Sato and Ohnishi 1983). As outlined above, some of the facts concerning
direct interactions of membrane skeletal proteins with membrane lipids have been
known for many years. There is, however, increasing amount of data indicating
the importance of these interactions as possible mechanisms of regulatory events
within the cell.
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Assembly of the Membrane-Skeleton of Erythroid Cells

One major principle to emerge from the analysis of the biochemical properties of
the individual constituents of the MS is that of simple self assembly whereby all
components carry sufficient information in their primary structure to allow them to
reassemble spontaneously with each other under defined biochemical conditions
in vitro. For example, purified spectrin subunits isolated by denaturation with chao-
tropic agents will spontaneously reassemble upon renaturation into heterodimers of
the correct stoichiometry and antiparallel conformation (Ungewickell and Gratzer
1978; Yoshino and Marchesi 1984). Purified spectrin heterodimers bind with high
affinity to ankyrin in vitro through the p-spectrin subunit and in turn this complex
can bind to the cytoplasmic domain of the anion transporter band 3, in inverted
ankyrin-depleted plasma membrane vesicles or onto purified molecules reconsti-
tuted in lipid vesicles (Bennett and Stenbuck 1979b, 1980; Ohanian et al. 1984;
Ungewickell et al. 1979). Protein 4.1 will enhance the affinity of spectrin tetramers
for actin in vitro in the form of a ternary complex, and it will bind to the cytoplasmic
domain of glycophorin C in the presence of phosphoinositides (Marchesi 1985;
Ohanian et al. 1984; Tyler et al. 1980).

One characteristic feature of the MS is that in the mature cell it is assembled
exclusively on the cytoplasmic side of the plasma membrane. Thus despite the fact
that all peripheral MS components can spontaneously self-assemble in vitro, in vivo
nucleation of assembly must be spatially controlled during erythroid differentiation
to occur only proximal to the plasma membrane without anomalous nucleation in
the cytoplasm. This issue becomes more complicated if one considers that the
erythroid-specific structure arises from a pre-existing structure inherent to undif-
ferentiated progenitor cells. Therefore, temporal control must also play an impor-
tant role in the emergence of the ultimate erythroid structural phenotype. Therefore
substantially more information than that inherent for simple self-assembly is neces-
sary to allow for formation of an erythroid cell’s membrane structure.

The principle theme of this assembly is remodeling of preexisting membrane
skeletal structure in early erythroid progenitor cells during differentiation. This is
possibly achieved by posttranslational control of spectrin assembly mainly by
changing its rate of degradation. The apparently wasteful overproduction of spectrin
may be necessary to ensure that adequate amounts of heterodimers assemble onto
the MS. Expression of the band 3 also plays a role in temporal control of peripheral
membrane-skeleton assembly. Ankyrin and Protein 4.1 express at the later Stages of
membrane-skeleton biosynthesis. Finally the expression of Actin and its assembly
starts the process of nucleation of the MS.

Despite difficulties, certain important principles that govern this aspect of mem-
brane biogenesis in differentiation have emerged. It is evident that the erythroid cell
utilizes substantially more information than simple self-assembly in directing the
assembly of its MS during differentiation. Not only does it remodel its preexisting
structure present in its progenitors, but it uses both temporal and spatial information
in directing assembly. Gradual stabilization of unstably assembled components
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appears to be one of the overriding mechanisms governing assembly. Inefficient
though it may be, this mechanism of assembly may have evolved to maximize
assembly of a multicomponent system that has to occur over a period of several
days (Lazarides and Woods 1989).

Defects in Membrane Skeleton

Advancement in the characterization of the structure and function of erythrocyte
MS proteins and their genes has led to substantial progress in the understanding of
the molecular pathology of erythrocyte membrane skeletal disorders and also made
possible the definition and characterization of mutations of MS proteins as a well-
defined cause of hereditary hemolytic disease. Likewise, understanding of the
molecular mechanisms underlying changes in erythrocyte deformability, structural
integrity, and shape has advanced and often provide a clue to the pathobiology and
diagnosis of the underlying disorder.

Palek and coworkers first suggested dividing all membrane interactions into two
categories, vertical and horizontal interactions. Vertical interactions, which are per-
pendicular to the plane of the membrane, stabilize the lipid bilayer membrane.
These interactions include spectrin-ankyrin-band 3 interactions, the protein
4.1-glycophorin C linkage, adducin,-dematin- glucose transporter-1 association and
the weak interactions between the skeletal proteins and the lipids of the inner leaflet
of the membrane lipid bilayer. On the other hand, horizontal interactions, which are
parallel to the plane of the membrane, maintain the structural integrity of erythro-
cytes during exposure to shear stress. Horizontal interactions involve the site, where
spectrin heterodimers assemble into tetramers and the association of spectrin het-
erodimers with actin and protein 4.1 within the junctional complex. Although the
interactions are more complex than this simple horizontal and vertical interactions
model, it serves as a useful starting place for understanding erythrocyte membrane
protein interactions, particularly in reference to membrane-related disorders.

According to the vertical/horizontal model, Hereditary Spherocytosis (HS) is
considered a disorder of vertical interactions. As one common feature of HS eryth-
rocytes is a weakening of the vertical contacts between the skeleton and the overly-
ing lipid bilayer membrane together with its integral proteins. On the other hand in
most cases of Hereditary Elliptocytosis (HE), the principal lesion involves horizon-
tal membrane protein associations, primarily spectrin dimer—dimer interactions. In
this review we would revisit these two prevalent diseases along with perturbation of
MS by malaria parasite.

Hereditary Spherocytosis

Hereditary spherocytosis (HS) is by far the most common congenital hemolytic
anemia in northern European descendants, the hallmarks being anemia, intermittent
jaundice, and splenomegaly. Although the eminent role of the spleen in the
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premature hemolysis of red cells in HS is unquestioned, the molecular events that
cause splenic conditioning of spherocytes are unclear. Electron micrographs show
that small membrane vesicles are shed during the formation of spherocytes.

Molecular Defects in HS

Meticulous work of several research groups has shown that HS is caused mainly by
defects in the red cell membrane proteins ankyrin, spectrin, band 3, and protein 4.2.
In dominant HS, nonsense and frame shift mutations of ankyrin, band 3, and 3 spec-
trin predominate whereas recessive HS is most often due to compound heterozygos-
ity of defects in ankyrin, p spectrin, or protein 4.2. Common combinations include
a defect in the promoter or 5’untranslated region of ankyrin paired with a missense
mutation, a low expression allele of f spectrin plus a missense mutation, and various
mutations in the gene for protein 4.2 (Eber and Lux 2004).

Defect in ankyrin is one of the most prevalent causes of HS, resulting in both
dominant and recessive HS with prominent spherocytosis, hemolysis and anemia
varying from mild to moderately severity (delGiudice et al. 1996; Randon et al.
1997). Due to its double linkage to B-spectrin and band 3, ankyrin plays a key role in
the stabilization of the MS. Ankyrin has high affinity binding site for spectrin het-
erodimers, which are stable only when bound to the membrane (Woods and Lazarides
1986). Since it is present in limiting amounts, deficit of ankyrin leads to loss of both
proteins and the deficiency of one protein is strictly correlated with that of the other
and is proportional to clinical severity. Ankyrin mutations are located throughout the
molecule, and nearly every family has its own mutation. Frame shift, splicing and
nonsense mutations are frequent in dominant HS resulting in either unstable ankyrin
transcripts or truncated peptides. In most cases the mutant mRNA is destroyed by
nonsense-mediated mRNA decay and no abnormal protein is detectable. Promoter
defects that disrupt transcription factor binding sites or insulator function and com-
pound heterozygosity for ankyrin defects are common in recessive HS.

a-spectrin chains are produced in three- to fourfold excess compared with
B-spectrin, that makes HS caused by a-spectrin mutations a recessive trait whereas
that due to p-spectrin is dominant (Hanspal et al. 1991). A moderate reduction of
a-spectrin production, as would be seen in a heterozygote, would not decrease for-
mation of the spectrin a-f dimer. Patients with a-spectrin defects are often com-
pound heterozygous for missense and low expression mutations with a marked
reduction of spectrin dimer content. Clinically, only homozygous a-spectrin defi-
ciency causes hemolytic anemia and patients with recessive HS and a-spectrin
deficiency are rare (Agre et al. 1982, 1985, del Giudice et al. 2001; Wichterle et al.
1996). Monoallelic expression of p-spectrin occurs frequently in HS patients with
spectrin deficiency (del Giudice et al. 1998, 2001; Hassoun et al. 1995), suggesting
that null mutations including initiation codon disruption, frameshift and nonsense
mutations, gene deletions and splicing defects of B-spectrin are common.

Many band 3 gene mutations, including missense and frame shift mutations, have
been described in HS. Conserved arginine residues are frequent sites of mutations;
examples include arginines R490C, R518C, R760Q, R808C, R808H, and R§70W
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(Dhermy et al. 1997). These extremely conserved sites are positioned at the internal
boundaries of transmembrane segments, and substitution possibly interferes with
co-translational insertion of band 3 into the membranes of the endoplasmic reticu-
lum during synthesis of the protein. Mutations in the cytoplasmic domain of band 3
can interfere with its binding to other MS proteins, resulting in a functional defect.
An amino acid substitution (G130A) in the cytoplasmic domain in band 3 Fukuoka
possibly affects protein 4.2 binding (Kanzaki et al. 1997). HS due to band 3 is inher-
ited dominantly and is generally milder than HS caused by ankyrin or spectrin muta-
tions. Most band 3 deficient patients have a small number of mushroom-shaped cells
in blood smears, sometimes called “pincered” cells, as if they had been pinched by a
tweezers. These peculiar cells seem to occur only in band 3 mutants and character-
istic of this type of defect.

HS related to 4.2 mutation is common in Japan but is rare in other populations.
Due to various missence, nonsence, deletion or splicing mutations in band 3 binding
N-terminus, 4.2 is either completely or almost completely absent in such cases of
HS (Palek and Jarolim 1993).

Pathophysiology

The primary membrane lesions involve the “vertical interactions” loss between the
skeleton and the bilayer, followed by vesiculation of the unsupported surface com-
ponents. These processes, in turn, lead to progressive reduction in membrane sur-
face area and to a “spherocyte,” (Fig. 4.2). The observation that spectrin or
spectrin-ankyrin deficiencies are frequent in HS has led to the hypothesis that inter-
actions of spectrin with bilayer lipids or proteins are needed to stabilize the mem-
brane. Budding off of spectrin-deficient areas would lead to HS. The alternate
hypothesis proposes that the bilayer is stabilized by interactions between lipids and
the band 3 molecules. In erythrocytes lacking band 3 the area between band 3 mol-
ecules would increase diminishing the stabilizing effect. Transient variations in the
local density of band 3 could magnify this instability and allow unsupported lipids
to be lost, resulting in HS. Spectrin- and ankyrin-deficient erythrocytes could
become spherocytic by a analogous mechanism, as spectrin filaments hold band 3
molecules and limit their lateral movement (Corbett et al. 1994), a decrease in spec-
trin would let band 3s to diffuse and transiently cluster, promoting vesiculation.
Both the mechanisms might operate to variable degrees in different diseases like
first hypothesis dominating in spectrin and ankyrin defects and hypothesis 2
controlling in band 3 and protein 4.2 linked disorders.

In summary, the primary membrane defects involve deficiencies or defects of
spectrin, ankyrin, protein 4.2, or band 3, but the etiologic relationship of these
defects to surface loss is less obvious. Present assumption is that the MS (including
band 3) may not adequately support all regions of the lipid bilayer in HS, leading
to loss of small areas of untethered lipids and integral membrane proteins.
Uncertain is whether the effect is directly due to deficiency of spectrin and ankyrin,
or spectrin-ankyrin deficiency indirectly increases the lateral mobility of band 3
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Fig. 4.2 Membrane loss by vesiculation in hereditary spherocytosis

molecules and decreases their stabilization of the lipid bilayer, or both. In addition,
the loss of band 3 due to band 3 or protein 4.2 defects may directly diminish lipid
anchoring in case of HS.

Laboratory Features and Treatment

For patients with typical HS, the diagnosis is mainly established by increased eryth-
rocyte osmotic fragility and spherocytosis on the blood smear. Recently, high
through put techniques like proteomics is also used to understand the disease
(Demiralp et al. 2012; Peker et al. 2012; Polprasert et al. 2012; Saha et al. 2011).
These studies not only reveals the involvement of major MS proteins in the disease
but also tells about increased association of globin chains with the membrane and
up regulation of redox regulators in the erythrocyte cytosol (Saha et al. 2011).
Although splenectomy cures almost all patients with HS, the indication for sple-
nectomy must be carefully weighed, the spleen is important in controlling parasites
and patients who are splenectomized have an increased risk of infections. Finally,
the incidence of coronary heart disease and cerebral stroke is increased in older
splenectomized HS patients. Recent detection and patient management of HS is
elaborated in recent review (Da Costa et al. 2013) could be of potential interest.

Hereditary Elliptocytosis

Hereditary elliptocytosis (HE) is a collection of disorders characterized by the occur-
rence of elliptical-shaped erythrocytes on peripheral blood smear. HE and related
disorders are associated with clinical, biochemical, and genetic heterogeneity where
symptoms range from the asymptomatic carrier state to severe, transfusion-dependent
hemolytic anemia. It is a prevalent in individuals of African and Mediterranean
descent, presumably because elliptocytes give some protection to malaria.



50 A. Basu and A. Chakrabarti

The primary lesion in HE is mechanical weakness or fragility of the erythrocyte MS
due to faults in a-spectrin, -spectrin, or protein 4.1. Several mutations have been
illustrated in the genes encoding these proteins, including point mutations, gene
deletions and insertions, and mRNA processing defects (Da Costa et al. 2013). HE
is inherited in an autosomal dominant fashion, with only odd occasions of de novo
mutation (Palek and Lambert 1990). Usually, individuals heterozygous for an ellip-
tocytocytic variant have asymptomatic elliptocytosis. Individuals homozygous or
compound heterozygous for HE variants experience mild to severe hemolysis with
moderate to marked anemia. Difference in severity amid families and in individuals
of the same family has been attributed to different molecular lesions and/or modifier
alleles or to other defects that alter disease manifestation (Coetzer et al. 1987, 1990,
1991; Discher et al. 1993).

Molecular Defects in HE

The major defect in HE is mechanical weakness or fragility of the erythrocyte MS,
due to qualitative and quantitative defects in several MS proteins like a-spectrin,
[B-spectrin, protein 4.1, and even glycophorin C, identified in HE patients (Tse and
Lux 1999). Spectrin tetramers and higher order oligomers are vital for erythrocyte
membrane stability, as well as for erythrocyte shape and function. Local dissociation
and reassociation of tetramers and dimers, respectively, may give the membrane the
capability to pass through the microvessels. Defects that abate or interrupt the inter-
actions in the self-association of spectrin or structural and functional defects of pro-
tein 4.1 that disrupt spectrin—actin interactions in the spectrin/protein 4.1//p55
junctional complex, perturb the integrity of the MS (Conboy et al. 1993; Delaunay
and Dhermy 1993). Ultrastructural assessment of the elliptocyte MS reveals altera-
tion of the normally uniform hexagonal lattice making erythrocytes mechanically
unstable, leading to fragmentation and hemolysis. HE membranes, which are less
tolerant to shear stress, are likely to suffer permanent deformation (Liu et al. 1993;
Mohandas and Chasis 1993). Defective membrane skeleton facilitate shear stress-
induced rearrangement of skeletal proteins after extended or recurring cellular defor-
mation that prevents recovery of the normal biconcave shape. This is consistent with
the fact that HE erythrocyte precursors are round, progressively becoming more
elliptical with aging after release into the circulation (Rebuck and Van Slyck 1968).

The af-spectrin heterodimer self-association contact site between the opposed
a- and B-spectrin chains is a combined “atypical” triple helical repeat in which two
helices (helices A and B in the crystallographic structure of the repeat) are contrib-
uted by the C-terminus of f-spectrin, while the third helix is a portion of the
N-terminus of a-spectrin (helix C) (Ipsaro et al. 2010). Missense mutations in the
N-terminal region of a-spectrin are among the most common defects in HE
(Delaunay and Dhermy 1993) and are commonly related with spectrin deficiency
and the presence of elliptocytes on peripheral blood smear. Patients homozygous
for these mutations have severe hemolytic anemia (Coetzer et al. 1987, 1990).
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Mutations in the C-terminal region of p-spectrin associated with HE of variable
clinical severity are truncations or point mutations that disrupt the spectrin self-
association. Truncation mutations, which delete one or more of the f-spectrin phos-
phorylation sites, have included insertions, deletions, nonsense mutations, and exon
skipping. In the homozygous state, they have been fatal or near fatal (Gallagher
et al. 1997).

Influence of spectrin mutations outside the af-spectrin self-association contact
site on membrane structure and function is rising. Current evidence suggests that
spectrin self-association, spectrin-ankyrin binding, and ankyrin-band 3 binding are
coupled in a positively cooperative manner (Giorgi et al. 2001). Mutations of linker
sequences joining helices C and A, mutations in a-spectrin repeats 4—6 and truncat-
ing mutations that cause repeats 4—6 to fall out of register with the ankyrin binding
region of P-spectrin have been proposed to perturb this cooperative coupling.
A significant number of HE mutations associated with impaired spectrin self-
association are located outside the self-association contact site in repeats 2, 3, 4, and
5, and a few are in repeats 8 and 9. The bulk of these mutations are situated in linker
sequences joining helices C and A.

Although abnormalities of protein 4.1R are less common than spectrin mutations
partial deficiency of protein 4.1R is associated with mild, dominant HE, while com-
plete deficiency leads to severe hemolytic disease. Both quantitative and qualitative
defects of protein 4.1R have been associated with HE. Partial protein 4.1R defi-
ciency, known as protein 4.1R(-) trait occurs in heterozygotes that have mild HE
with little or no hemolysis, prominent elliptocytosis, and minimal erythrocyte frag-
mentation, is a common cause of HE in some Arab and European populations
(Mcguire et al. 1988). Complete protein 4.1R deficiency causes osmotically fragile
erythrocytes with normal thermal stability and associated with significant hemolytic
anemia, which may require transfusions or even splenectomy. Their membranes
fragment much more quickly than normal at moderate sheer stresses but it can be
completely restored by reconstituting the deficient erythrocytes with normal protein
4.1 or the protein 4.1/spectrin/actin binding site (Takakuwa et al. 1986). Protein
4.1-deficient membranes also lack protein p55 and are deficient in glycophorin C
and D (Lambert et al. 1988). Protein 4.1R variants with abnormal molecular weights,
primarily due to deletions or duplications of the exons encoding the spectrin-binding
domain have also been described in case of HE. A truncated protein 4.1R was dis-
covered in erythrocytes from a family with dominant, typical HE and mechanically
unstable erythrocytes also an elongated protein 4.1R, protein 4. 1Hurdle-Mills 'wag found
in the erythrocytes of a Scottish-Irish family with dominant, typical HE (Mcguire
et al. 1988). Mutations in the C-terminus of protein 4.1R associated with HE has
also been identified, characterized by heterogeneity in clinical phenotype and degree
of protein 4.1 deficiency (Dalla Venezia et al. 1998; Moriniere et al. 2000). In few
cases, the mutant protein 4.1R mRNA was unstable. A large deletion in the protein
4.1R gene was identified in a family where a stable, truncated protein 4.1R mRNA
was produced and unaltered tissue-specific alternative splicing was observed (Dalla
Venezia et al. 1998).
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Laboratory Features and Treatment

Cigar-shaped elliptocytes on peripheral blood smear are the diagnostic characteristic
of HE. Some HE patients have thermally sensitive erythrocytes, fragmenting
between 44 and 48 °C compared to normal erythrocytes fragment that spontaneously
at 49 °C due to spectrin denaturation. Although therapy is rarely needed in HE, in
severe cases transfusions or splenectomy may be required. Patients with significant
hemolysis are recommended daily folic acid supplementation (Gallagher 2004).

Malaria and the Erythrocyte Membrane Skeleton Alterations

Alterations in MS is not always hereditary, environmental factors could also influ-
ence the structure and assembly of MS. Perhaps the most common example is the
remodeling of the erythrocyte MS by malaria parasite Plasmodium falciparum.
Malaria is the most severe and prevalent parasitic disease of humans, exerting a
huge economic and social burden on society, particularly in the developing world.
Malaria has exerted a powerful effect on human evolution and selection for resis-
tance has led to the appearance and persistence of a number of inherited diseases
like sickle cell disease, HE etc. Each year, up to 500 million people are infected with
malaria parasites and half a million succumb as a consequence of the infection
(Greenwood et al. 2008).

Intracellular growth of the parasite is accompanied by remarkable structural and
functional changes in erythrocytes, some of which are strongly correlated with
parasite-induced alterations to the erythrocyte MS (Cooke et al. 2004; Sherman
1985). Modification of MS protein organization and the adhesive, mechanical attri-
butes of erythrocytes are of special relevance since these traits are directly linked to
enhanced destruction of erythrocytes and to sequestration of parasitized erythro-
cytes (Macpherson et al. 1985) and the development of often fatal severe anemia
and cerebral malaria (Miller et al. 2002).

Maturation of the malaria parasite causes striking structural and morphological
changes in the infected red cell, including loss of the normal discoid shape, pertur-
bations in the mechanical and adhesive properties of the cell, and alterations in the
state of phosphorylation of red cell membrane skeletal proteins. The red cell
becomes more spherical and its surface punctuated by up to 10,000 distinct electron-
dense elevations called knobs that are associated with altered cellular adhesive
properties of infected red cells. Maturing parasites produce proteins for export to
the erythrocyte MS. Generally, exported parasite proteins are of large molecular
mass, highly charged, and contain defined blocks of low complexity sequence, often
in the form of tandemly repeated oligonucleotides (Cooke et al. 2001). The repeats
are characteristically present in distinct regions, each composed of repeats of a par-
ticular sequence. The repeats often contain charged residues, either positive or neg-
ative. A common motif is a dipeptide of glutamic acid, and the repeat regions are
typically modeled to be either alpha-helical, random coil, or coiled coil.
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Likely the parasite proteins within the erythrocyte will be arranged in some form
of multi-protein complexes. Most of the membrane-associated proteins, including
PfEMP-3, RESA, MESA, FEST, and FIRA, appear to be distributed evenly around
the skeleton, while others, such KAHRP and PfEMPI1, tend to cluster at higher
density beneath membrane knobs. In early maturing parasites, a number of these
proteins and others such as PfSBP1 and MAHRP associate with discrete membrane-
bound structures, known as Maurers’ clefts, scattered throughout the erythrocyte
cytoplasm (Cooke et al. 2006). Some, if not all, are recruited into these structures
where they are either assembled into the cytoadherence complex and/or participate
in assembly before insertion of the complex into the erythrocyte membrane or skel-
eton (Wickham et al. 2001).

Now it is known that MESA binds to protein 4.1 (Waller et al. 2003) via a
19-residue sequence that forms an amphipathic helix, and RESA binds to spectrin
via a 48-residue domain in the RESA protein (Pei et al. 2007a). KAHRP binds to
spectrin, and the binding domain of the parasite protein appears to be in the
N-terminal region (Pei et al. 2005). The binding of malaria proteins like PFEMP3
can disrupt interactions between erythrocyte proteins (Pei et al. 2007b). MESA
binds to the same domain of protein 4.1 as glycophorin C and p535, interfering with
the binding of p55. Likely some of the effects of malaria on red cell morphology
and membrane mechanical properties are mediated by this type of interruption of
host protein interactions (Waller et al. 2003). Identification of binding domains
between parasite proteins and the erythrocyte skeleton that appears essential for
parasite growth and virulence may lead to the development of novel therapeutics to
interfere with these interactions, a previously unexplored means of controlling
malarial disease.

Protein phosphorylation also plays a critical role in regulating the mechanical
stability of normal erythrocytes and the maintenance of their deformability (Manno
et al. 1995). Levels of phosphorylation of erythrocyte membrane skeletal proteins
also are affected by malaria infection (Murray and Perkins 1989). In P. falciparum-
infected erythrocytes, there is a marked increase in phosphorylation of protein 4.1
(Lustigman et al. 1990). As phosphorylation of protein 4.1 inhibits protein
4.1-mediated spectrin-actin interaction (Ling et al. 1988), the parasite-induced
phosphorylation could reduce membrane mechanical stability and contribute sig-
nificantly to disease pathogenesis; phosphorylation of band 3 is also measurably
increased (Chishti et al. 1994). The enzymes responsible for the phosphorylation of
malaria proteins have not been identified. Among the proteins exported to the eryth-
rocyte skeleton is falciparum-exported serine/threonine kinase (FEST) (Kun et al.
1997); its association with the MS in parasitized erythrocytes provides tantalizing
evidence for an important role in phosphorylation of a cytoskeletal proteins in
infected erythrocytes. In summary, Plasmodium alters the erythrocyte MS architec-
ture in order to sustain within the host. Details of the invasion and its consequence
is described by Mohandas and coworker in their recent review (Mohandas and An
2012) could be of further interest.
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Conclusion

Extensive studies on erythroid MS from both normal and diseased individuals by
several biochemical, biophysical, molecular biological and proteomics approaches
have facilitated the development of structure and function of MS and also detailed
molecular insights into some of its disorders like HS and HE. Parasite induced alter-
ation of MS is also a newly emerging field of potential interest. Molecular analysis
of the spectrin-based MS of the mammalian erythrocyte has provided us with a set
of proteins with miscellaneous roles in organization and survival of cells.
Characterization of genes and alternatively spliced variants combined with comple-
tion of the genome sequencings now are providing the first glimpses of the full
extent of physiological roles of proteins in MS. At the same time, while the MS
defines red cell shape, deformability and integrity, the mechanisms used to achieve
these properties are still not well understood. Furthermore, although many protein
components of the membrane and membrane skeleton have been defined, there are
critical gaps and inaccuracies in this knowledge. Possibly, the protein composition
is not yet complete, the reported stoichiometries (Mankelow et al. 2012) are prob-
ably not correct and many critical protein—protein interactions are missing. Even
reconstitution of major components of the membrane skeleton, such as the actin-
based junctional complex is still not possible. These deliberations imply that prob-
ably we have just arrived at the end of the beginning in terms of understanding the
fundamental roles of MS and in applying this knowledge to practice.
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Introduction

Eukaryotic cell membranes are organized into functional lipid and protein domains,
the most widely studied being membrane rafts. They are enriched in sphingolipids
and cholesterol and contain several types of membrane proteins such as stomatin
and flotillins, which are their “permanent” residents, along with several others, such
as receptors, including growth factor receptors. Membrane rafts organize receptors
and their downstream molecules to regulate a number of intracellular signaling
pathways (for review see (Grzybek et al. 2005; Pike 2006; Hancock 2006; Simons
and Sampaio 2011)). Important post-translational modifications, such as palmi-
toylation, addition of GPI anchors or sterol molecules, regulate raft-affinity of the
majority of raft proteins.

Lateral interactions of cholesterol with membrane raft lipids seem to be crucial
for maintaining these microdomains in the ‘lo’ (liquid-ordered) state, which is char-
acterized by decreased conformational (trans-gauche) freedom and, consequently,
reduced “fluidity”, compared to the bulk cholesterol-poor membrane which exists in
the ‘1d” (liquid disordered) state. However, unlike the gel phase in artificial lipid
systems they are characterized by similar rotational and lateral (translational) mobil-
ity to the bulk membrane (Ipsen et al. 1987; Simons and Vaz 2004). Rafts are
enriched not only in cholesterol and sphingolipids, but also glycolipids and specific
inner-layer phospholipid PE and PS species. Data on the lipidomics of the DRM
reveal that, in addition to an abundance of sphingomyelin and cholesterol, they con-
tain other phospholipids that mostly contain fully saturated or monounsaturated
acyl chains. Predominant among these are the phosphatidylethanolamine glycero-
phospholipids and plasmalogens (Macdonald and Pike 2005; Pike et al. 2005;
Koumanov et al. 2005; Brugger et al. 2006). Phosphatidylserine, which is a rela-
tively minor membrane component, is three times more prevalent in the DRM than
in the bulk volume of the plasma membrane, while phosphatidylinositols are rather
diminished within the DRM, as are phosphatidylcholine species. PEs occur in the
membrane predominantly as sn-1 saturated, sn-2 unsaturated glycerophospholipids,
and recent data show that some DRM preparations are enriched in 1-stearoyl-2-
linoleoyl-sn-glycero-3-phosphoethanolamine (SLPE), regardless of the method of
isolation (Pike et al. 2005). Our own data indicate that this PE interacts with choles-
terol comparably to SM, while dipalmitoyl-PE does not bind cholesterol (Grzybek
et al. 2009). This suggests the importance of the structure of acyl chains of particu-
lar phospholipids (which, incidentally not all are saturated) and also explains the
background of the mechanism by which inner-layer phospholipids participate in
membrane rafts.

Membrane rafts contain several specific sets of membrane proteins (Brown and
London 2000), which include membrane proteins belonging to the SPFH family
(stomatin/prohibitin/flotillin/HfIK), such as raft scaffold proteins flotillin-1 and -2,
and stomatin or stomatin-like protein. These proteins share a common feature in
that they associate with the raft domains, possibly through cholesterol-binding
(Epand et al. 2005; Epand 2006; Browman et al. 2007) or oligomerization (Browman
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et al. 2007). Apart from these proteins, and other palmitoylated and transmembrane
proteins, membrane rafts also include GPI-anchored proteins and proteins involved
in signal transduction, such as, by way of example, tyrosine kinases of the src fam-
ily, Ga subunits of heterotrimeric G proteins, endothelial nitric oxide synthase and
hedgehog protein. Many of the raft proteins are modified with saturated acyl (pal-
mitoyl) chains, or with cholesterol, which is thought to facilitate interactions with
lo-domains (Wang et al. 2000). The mechanism(s) by which the proteins partition
into membrane rafts may involve preferred solubility in the ordered domains and/or
chemical affinity for raft lipids, as exemplified by the cholesterol-binding properties
of some of the proteins (Fantini and Barrantes 2013). Another example includes a
structural protein motif recognizing sphingolipids or specific glycolipids such as
gangliosides (Hakomori 2002; Mahfoud et al. 2002).

It has long been known that rafts are engaged in cellular signal transduction
pathways by hosting a number of receptors and their associate adapter proteins, and
that they also facilitate signaling switches during the activation of the respective
pathways. These proteins include receptor tyrosine kinases (EGF-R, IGF-1, c-kit),
non-receptor kinases (e.g. src kinases: Src, Lck, Hek, Fyn, Bk, Lyn, Fgr, Yes, and
Yrk (Boggon and Eck 2004)), serpentine (G-protein-linked seven transmembrane
domain) receptors (Pike 2003), sigma receptors (Aydar et al. 2004) as well as
heterotrimeric and monomeric G-proteins and other adaptor proteins. Also pro- or
anti-apoptotic signaling elements have been found in raft domains, as recently
reviewed (Hryniewicz-Jankowska et al. 2014). Of particular interest are the poten-
tial roles of membrane rafts as signaling platforms in neoplasia (Staubach and
Hanisch 2011) and their possible usage as targets for anticancer drugs (Hryniewicz-
Jankowska et al. 2014)

Erythrocyte Membrane Rafts

The existence of lateral heterogeneity within the erythrocyte membrane (Karnovsky
etal. 1982; Schroeder et al. 1995; Rodgers and Glaser 1991) was known even before
the formulation of the raft hypothesis by Simons and Ikonen (1997). As in the case
with other cell types, the first attempts to characterize the lateral heterogeneity of
erythrocyte membranes involved the extraction of membranes with the nonionic
detergent, Triton X-100 (Salzer and Prohaska 2001). Subsequent freeze-fracture
electron microscopy studies showed that the DRM fraction derived from human and
ruminant erythrocytes were devoid of intramembrane particles from the inner frac-
ture plane (Quinn et al. 2005), which is in agreement with the notion that transmem-
brane proteins are excluded from highly-ordered regions of the bilayer (McIntosh
etal. 2003). Synchrotron X-ray diffraction studies indicated that d-spacings obtained
for multilamellar stacks and vesicular suspensions of raft membranes (DRM) were,
on average, more than 0.5 nm greater than corresponding arrangements of the origi-
nal erythrocyte membranes from which they were obtained (Quinn et al. 2005).
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Salzer and Prohaska provided the first systematic analysis of the protein
composition of the DRM fraction of the erythrocyte membrane (Salzer and Prohaska
2001). Prominent components of this fraction were flotillins-1 and -2, typical com-
ponents of raft-fractions in other cell types (Bickel et al. 1997; Lang et al. 1998).
They also found variable amounts of membrane-skeleton and membrane-skeleton
adapter proteins, such as spectrin, actin and proteins 4.1 and 4.2. The major integral
protein, erythrocyte anion-exchanger, was absent from this fraction, as was gly-
cophorin C.

Kamata et al. provided functional evidence for the presence of membrane rafts in
erythrocyte membranes by showing inactivation of the Gsa-mediated signal trans-
duction pathway by reversible disruption of rafts by lidocaine treatment (2008).

Stomatin, Flotillins and MPP1 Are the Stable Components
of Erythrocyte Rafts

Among the constant protein components of erythrocyte membrane rafts, stomatin,
flotillin-1 and flotillin-2 seem to be the major components playing an important
structural role in their organization. They are considered fundamental marker-
proteins of these structures. Although MPP1 is not commonly recognized as a mem-
brane raft marker protein, our observations indicate that, at least in erythrocyte and
erythroid cells, MPP1 is consistently found in DRM preparations of these cells, as
described below.

Stomatin

Stomatin was first described as an integral protein of the erythrocyte membrane and
was subsequently found to be widely expressed in various tissues and cells (Hiebl-
Dirschmied et al. 1991a, b). Stomatin is absent in the erythrocyte membrane of
patients suffering from a specific form of hemolytic anemia called stomatocytosis
(for a review see e.g. (Boguslawska et al. 2010)). The protein consists of 287 amino
acid residues, characterized by the presence of a highly charged 24-residue long
N-terminus. This is followed by a 29-residue hydrophobic hairpin-domain, which is
highly conserved amongst the close stomatin homologue proteins SLP-3, SLP-1,
podocin and MEC-2 (Kadurin et al. 2009) and a large C-terminal region containing
234 residues. Stomatin typically has an unusual topology, with the afore-mentioned
“hairpin domain” located within the lipid bilayer and the N- and C-termini facing
the cytosol. There is data suggesting that a small portion of stomatin is expressed as
a transmembrane protein, with the C-terminal domain being N-glycosylated and
exposed to the cell surface (Kadurin et al. 2009). Palmitoylation of cysteine residues
Cys-29 and Cys-86 further increases the affinity of stomatin for the membrane
(Snyers et al. 1999).
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Stomatin domain (SPFH, in mouse stomatin residues 86-213) has a mixed alpha/
beta-fold structure. The N-terminal part forms an antiparallel curved beta-sheet (beta
strands 1a, 1b, 2 and 3). Helices alpha-2 and alpha-4 extend in parallel and occupy the
groove of the sheet, while the short alpha-1 and alpha-3 helices are oriented perpendicu-
larly at both ends of the beta-sheet. The N- and C-termini are located at opposing sides
of the molecule (Brand et al. 2012). Mouse stomatin forms a banana-shaped dimer via
the four residues located at the C-terminal position of beta-3, in contrast to its archeal
homologue from Pyrococcus horikoshii, which is trimeric (Yokoyama et al. 2008).

There is substantial evidence that stomatin forms higher-order oligomers; one of
the crystal forms was found to form a ring-like oligomer 8 nm in diameter (Brand
et al. 2012). Others had earlier found that erythrocyte stomatin forms oligomers of
9-12 mers, or even structures that were twice as large, reporting the presence of a
short hydrophobic sequence (residues 264STIVFPLPI272) within the C-terminal
region of stomatin that was responsible for oligomer formation (Umlauf et al. 2006).

Flotillins

Flotillins are also members of the SPFH-protein family, containing a common struc-
tural motif known as the SPFH domain (see above). Flotillin-1 is alternatively
known as reggie-2, whilst flotillin-2 is known as reggie-1. Flotillin-1 has a hydro-
phobic sequence located within the C-terminal part of the SPFH domain (residues
134-151) in addition to the N-terminal hydrophobic stretch (residues 10-36). The
N-terminal domain is considered as being important in the interaction of flotillin-1
with the membrane raft-domain and the C-terminal hydrophobic sequence is thought
to be responsible for localization of flotillin-1 in the plasma membrane (Liu et al.
2005). SPFH domains in both flotillins (flotillin-1: residues 36—179, and flotillin-2:
residues 41-183) are followed by another flotillin domain comprised of three coiled-
coil stretches rich in EA residues (Solis et al. 2007). The C-terminal part of both
molecules contains a PDZ3 domain (Chi et al. 2012). These proteins share 48 %
structural identity and 71 % sequence homology. Flotillin-1 contains a palmi-
toylation site which is thought to be important for its membrane localization in
kidney cells (Morrow et al. 2002). However, separate data indicates that palmi-
toylation at this site is less important in defining membrane localization than is the
presence of the hydrophobic stretches located in this protein (Liu et al. 2005).

Flotillin-2 is myristoylated on the G2 residue, which is unique within the SPFH
protein family members, and is palmitoylated on C4, 19 and 20. These post-
translational modifications seem indispensable for membrane binding of flotillin-2
(Neumann-Giesen et al. 2004).

Cross-linking studies have shown that flotillins form rather stable homo- and
hetero-tetramers of flotillin-1 and -2 in membranes and that oligomerization is
dependent upon the C-terminal part of the molecules. Deletion studies have indi-
cated that the presence of coiled-coil-2 and partially-coiled-coil-1 domains are
responsible for tetramerization of flotillin-2. Moreover, the stability of flotillin-1 in
the cell depends on the co-presence of flotillin-2 (Solis et al. 2007).
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MPPI

MPP1 (p55) was first cloned by Ruff et al. (1991) and identified as a major palmi-
toylation substrate in the erythrocyte membrane. It is a member of the MAGUK
(membrane associated guanylate kinase) family of proteins (te Velthuis et al. 2007,
de Mendoza et al. 2010). It partially fulfills the criteria for scaffolding proteins (Pan
et al. 2012), in that it contains several functional domains which are potentially
responsible for simultaneous binding of regulatory and skeletal proteins and is,
therefore, an important protein of the membrane skeleton ternary complex (Marfatia
etal. 1995). All MAGUK family proteins share an enzymatically inactive guanylate
kinase domain that mediates protein—protein interactions and intramolecular inter-
actions with the SH3 domain and 0-1 unit of SH3 domain; 0—6 units of the PDZ
domain, and 0-2 units of L27 (found in Lin-2 and Lin-7 receptor targeting proteins)
domains. Different members of this family have ww, card, ZUS or protein kinase
domains. MPP1 also shares single GUK, SH3 and PDZ domains, as well as a D5/
Hook/I3 domain which is responsible for protein 4.1R binding (Marfatia et al. 1997,
Seo et al. 2009a). The best known role of MPP1 is its participation in the junctional
complex formation of the erythrocyte membrane skeleton (for a current review see
(Machnicka et al. 2012)). In this role, the PDZ-domain of MPP1 interacts with the
cytoplasmic domain of glycophorin C, while the central region (D5-domain) is
responsible for the interaction with protein 4.1R (Seo et al. 2009a, b). This interac-
tion markedly strengthens protein 4.1-glycophorin C binding (Hemming et al.
1995). The functional role of MPP1 palmitoylation is currently not well understood,
but one of the apparent functional aspects of this post-translational modification is
discussed below.

The role of MPP1 in non-erythroid cells is understood rather poorly. Mburu et al.
(2006) have shown that MPP1 forms a complex with whirlin, the protein which binds to
the Usher protein network in the cochlea and the Crumbs network in the retina, by direct
association with USH2A (usherin) and VLGR1 (a member of the 7-transmembrane
receptor G-protein, which binds calcium and is expressed in the central nervous system).
Mutations in this gene are associated with Usher syndrome 2 and familial febrile sei-
zures. MPP1 binds also to MPP5, another member of the MPP subfamily of proteins
(Gosens et al. 2007).

One of the established physiological roles of MPP1 is its engagement in the regu-
lation of neutrophil polarity. Using a MPP1 knockout (p557) mouse model, Quinn
et al. (2009) showed that, upon agonist-stimulation of neutrophils, MPP1 is rapidly
recruited to the leading edge. Neutrophils of knockout mouse do not migrate effi-
ciently in vitro and form multiple pseudopods upon chemotactic stimulation, in con-
trast to normal mouse neutrophils, which form a single pseudopod at the cell front
required for efficient chemotaxis. Phosphorylation of Akt is decreased in these cells
upon stimulation with chemoattractant, and this appears to be mediated by a PI3Ky
kinase-independent mechanism.
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Visualization of Erythrocyte Membrane Rafts

Several techniques have been used to visualize membrane rafts in sifu within living
cells, including such methodologies as homo- and hetero-transfer, fluorescence
polarization anisotropy, FCS, total internal reflection (TIRF), single-molecule
microscopy and the super-resolution microscopical techniques of stimulated emis-
sion depletion (STED), photo-activated localization microscopy (PALM), and sto-
chastic optical reconstruction (STORM). All of these techniques (and combinations
of them) support the hypothesis of lateral membrane heterogeneity and the exis-
tence of nano-domains [for reviews, see: (Jacobson et al. 2007; He and Marguet
2011)]. Among others erythrocyte membranes were also a subject of several experi-
mental efforts.

Mikhalyov and Samsonov (2011) used the fluorescent probe N-(BODIPY ®-FL-
propionyl)-neuraminosyl-GM1 (BODIPY-GM1) to detect rafts in erythrocyte mem-
branes via fluorescence video-microscopy. Their observations indicated that the
probe was uniformly distributed over the plasma membrane at 23 °C. However, a
partial phase-separation of the probe was observed at 4 °C, detectable as discrete
bright spots whose dimensions were comparable to the limit of resolution of the
technique. They also observed red-shifted fluorescence of the probe, characteristic
of high local concentrations of the BODIPY fluorophore. The shift was greatest at
4 °C, and the smallest at 37 °C and was eliminated by treatment of the erythrocytes
with methyl-p-cyclodextrin. They also observed that distinct GM1 patches distrib-
uted over the entire membrane at both 23 °C and at 37 °C in erythrocytes stained
with Alexa FL 647 cholera toxin subunit B conjugate (CTB-A647). The authors
conclude that rafts could be detected in erythrocytes based on fluorometry and fluo-
rescence microscopy methods.

The combined FCS (scanning fluorescence correlation spectroscopy) and
Laurdan GP (generalized polarization) can be used to measure the fluctuations of
the membrane packing microheterogeneity. Such studies have facilitated the mea-
surement of generalized polarization fluctuations in the plasma membrane of intact
rabbit erythrocytes and Chinese hamster ovary cells, indicative of the existence of
tightly packed micro-domains moving within a more fluid background phase. These
structures, which are characterized by different lipid packing, have different proper-
ties: 1: fast fluctuations with a small amplitude, corresponding to the domains of
~50 nm in diameter, 2: slow fluctuations, with a large amplitude, corresponding to
domains of ~150 nm in diameter and 3: slow fluctuations with a small amplitude,
corresponding to the large domains of diameter within a range of 150-600 nm
(Sanchez et al. 2012). According to these authors, the small size and characteristic
high-lipid packing indicate that these micro-domains have properties that have been
proposed for lipid rafts.

The data presented above, however, do not reach the resolution achieved in the
observation of other living cells through using STED far-field fluorescence nanos-
copy, where raft components were found trapped transiently (~10-20 ms) in
cholesterol-mediated complexes of areas <20 nm in diameter (Eggeling et al. 2009).
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Role of Erythrocyte Membrane Rafts in Signaling

As was previously mentioned, one of the most recognized physiological functions
of membrane rafts in living cells is the functional organization of signal-transduction
platforms. Although the erythrocyte is a specialized cell in which not many signal
transduction events can be observed, there are several indications that those signal-
ing pathways do exist and are also raft-dependent in these cells.

Murphy et al. (2006) demonstrated that, by using a peptide that inhibits
Gs-receptor interaction, erythrocyte Gs is functional and that propranolol, an antag-
onist of G protein—coupled pB-adrenergic receptors, blocked Gs activity in erythro-
cytes. This drug was proposed for use in malarial infection treatment (Murphy et al.
2004, 2006, 2007).

One of the best examples of a role of membrane rafts in cell signaling in eryth-
rocytes is the above-mentioned work demonstrating that disruption of rafts in
erythrocyte membranes via lidocaine treatment, which occurs without altering
membrane cholesterol content, suppressed Gsa-mediated signal transduction. This
signaling pathway can be triggered via the activation of the adenosine receptor by
the agonist, 5’'-N-ethylcarboxamidoadenosine. Furthermore, they showed that raft-
mediated signal transduction resulted in elevated cAMP levels, leading subse-
quently to the phosphorylation of adducin, a membrane skeletal protein. Signal
transduction was restored upon removal of lidocaine from the erythrocyte mem-
brane (Kamata et al. 2008). These authors (Koshino and Takakuwa 2009) showed
that disruption of erythrocyte membrane-rafts with lidocaine also prevented
Plasmodium invasion of erythrocytes in culture.

Another signaling pathway that has been discovered in erythrocytes is an apop-
totic signal transduction mechanism. Mature red cells contain Fas, FasL, FADD
(Fas-associated death domain), caspase 8, and caspase 3. Circulating, aged and
oxidatively-stressed erythrocytes showed co-localization of Fas with the raft marker
proteins Gso and CD59. Aged red cells had significantly lower aminophospholipid
translocase activity. These events were independent of calpain, but dependent on
reactive oxygen species (ROS). Upon inhibition of ROS generation by treatment of
cells with #-butyl hydroperoxide, Fas did not translocate into rafts and neither for-
mation of a Fas-associated signaling complex nor caspase activation was observed.
This indicates that translocation of Fas into rafts was the trigger for the signal lead-
ing to caspase 3 activation (Mandal et al. 2005). It was shown that administration of
N-acetyl cysteine in combination with atorvastatin, an inhibitor of cholesterol syn-
thesis, proved to be more effective than either of the drugs alone towards the recti-
fication of arsenic-mediated early erythrocyte death. Cholesterol depletion via
atorvastatin treatment, along with reduced glutathione (GSH) repletion via N-acetyl
cysteine treatment blocked Fas activation, leading to premature death of erythro-
cytes (Biswas et al. 2011). Similarly, mouse erythrocytes exposed to lead ions (Pb**)
undergo FAS-activated apoptotic death, with FAS observed to translocate to the
DRM fraction in such cells (Mandal et al. 2012).
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Erythrocyte Rafts and Pathology

Although numerous reports exist on the importance of rafts in many pathologies,
such as neuropathological disorders and neoplasia, there is sparse data on red cell
pathologies in which membrane rafts are reported to play an important role.

As one of the main protein components of erythrocyte membrane rafts is stoma-
tin, the behavior of this protein in stomatocytosis, particularly in overhydrated sto-
matocytosis, was studied (Wilkinson et al. 2008). In this rare, dominantly-inherited,
hemolytic anemia, erythrocytes show stomatocytic morphology, deficiency of
stomatin in the membrane and a major leak of the monovalent cations Na* and K*
across the membrane (Lande et al. 1982). However, the STOM gene encoding
stomatin is almost certainly not mutated in this pathology. Rather, it appears that
there is probably a trafficking defect in the developing erythroid cells, so that stoma-
tin is obstructed within the secretory pathway and is not able to be incorporated into
the plasma membrane of the mature erythrocytes (Fricke et al. 2005). When the
DRM fraction was obtained from the erythrocytes of such patients, it was found to
contain a reduced amount of stomatin, with the total membrane stomatin content
reduced by more than 50 %. At the same time, the other raft proteins, such as flotil-
lin-1 and -2, and Glut-1, were present in the DRM fraction in normal quantities.
According to the authors, the DRM of patient erythrocytes contained decreased
amounts of DRM-associated actin and tropomodulin (Wilkinson et al. 2008). The
authors suggest that the raft tropomodulin, seen in normal erythrocytes, may act
as a reservoir of available tropomodulin accessible for control of actin turnover.
A fuller answer to this question still awaits further studies. As our own experience
is concerned (see below), DRM isolated from human erythrocytes under alkaline
conditions, or in the presence of latrunculin, contained normal quantities of flotillins
and stomatin, but they contained only traces of actin or spectrin (Lach et al. 2012).
This might be an indication of really weak raft-membrane skeleton interactions.

In some of the cases of hereditary hereditart spherocytosis, erythrocyte mem-
branes were found to have membrane raft proteins flotillin-1 and -2 (Margetis et al.
2007) mildly reduced (75-90 %) and were observed to contain sorcin. Sorcin is a
22 kDa (band 8) protein, which is found in nanovesicles released from normal
erythrocytes in the presence of high concentrations of Ca** (Allan et al. 1980; Salzer
et al. 2002).

During our studies on hereditary spherocytoses, we found a family whose two
male siblings (brothers) displayed symptoms of hemolytic anemia that did not fit to
the traditional characteristics of the known disease. The parents of the brothers and
their sister, along with the family members on both sides of the siblings’ parents,
were without symptoms of hemolytic anemia. As the patients showed the presence
of stomatocytes, their Na*/K* equilibrium was tested, along with their red blood cell
membrane protein profile via SDS-PAGE. However, no changes were noticed in
either of these parameters, compared to the unaffected individuals tested. Further,
no protein acyl transferase (PAT) activity was detectable in their erythrocytes, which
was caused by an absence of membrane DHHC17 protein, while near-normal tran-
script levels of DHHC17 gene were present in the reticulocytes of the two patients.
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DHHCI17 is a member of the protein acyltransferase (PAT) family of genes, of
which 23 are present in the human genome (Korycka et al. 2012), but only one form
is expressed in reticulocytes (Lach et al. 2012).

MPP1 and Its Palmitoylation Play a Crucial Role in Lateral
Membrane Organization in Erythroid Cells

Lack of palmitoylation activity was found to lead to marked changes in lateral mem-
brane organization, as revealed by a marked decrease in the DRM fraction of the
erythrocyte membrane (see above). It was found that the mechanism underlying
these changes involves MPP1, which is the major palmitoylation substrate of the
erythrocyte membrane. It was confirmed that this protein was absent from the DRM
fraction of erythrocytes of both of the patients (in the case of above-described
hemolytic anemia) or from DRM erythrocyte fractions derived from healthy control
individuals in which palmitoylation was inhibited by treatment with the potent PAT
inhibitor, 2-BrP (2-bromo palmitate), first by MS/MS analysis (Grzybek and
Sikorski —unpublished data) and then, by immunoblotting (Lach et al. 2012).

Separately, DHHC17-directed siRNA treatment was performed on reticulocytes
isolated from human umbilical cord blood. Here, Western Blot analysis of sucrose
density gradient fractions using anti-MPP1 antibodies indicated that the DHHC17
siRNA-transfected reticulocyte DRM fraction contained much less MPP1 than the
same fraction obtained from reticulocytes transfected with control RNA of a scram-
bled sequence. A decreased amount of DRM was also observed when erythrocyte
ghosts were resealed with a specific anti-MPP1 antibody.

The possibility of a mutation in the MPPI gene seemed very likely, as this gene
locus is located in the X chromosome, which would fit the pattern of inheritance of
the studied family, where only male individuals were affected. However, only a
silent mutation (ACG_ACT; T85T) was identified in these patients. No mutations
were found in the nucleotide sequences coding for the cytoplasmic-domain of gly-
cophorin C (GYPC), or in the coding sequence of the EPB4./R gene (coding for
protein 4.1). Moreover, sequencing of the stomatin transcript, which was present at
the normal level, did not reveal mutations or polymorphisms.

The change in membrane solubility in 1 % Triton X-100 solution cannot be an
effect of differences in lipid composition, as both the TLC and quantitative analysis
of lipids in lipid extracts from erythrocyte ghosts showed no significant variations
among the major lipid classes (including cholesterol content) between control
healthy individuals and patients. Therefore, we concluded that (palmitoylated)
MPP1 might play a crucial role in lateral membrane organization in the human
erythrocyte, which is connected to the unique pathology of this cell.

Moreover, further studies performed on HEL cells (derived from erythroid pre-
cursors) showed a similar effect of palmitoylation inhibition on the DRM fraction.
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When a stable HEL cell-line with a silenced MPPI gene was used for experiments,
the same effect was observed. Moreover, the FLIM experiments using di-4 probe
performed on normal and 2-BrP-treated erythrocytes, normal and 2-BrP-treated
HEL cells and HEL cells with stably-silenced MPP1 expression, demonstrated sig-
nificant decrease in membrane-order upon inhibition of palmitoylation, or decrease
in cellular MPP1 level (Biernatowska et al. 2013; Lach et al. 2012). Similar conclu-
sions were drawn from studies on giant plasma membrane vesicles derived from
HEL cells, performed by using several advanced biophysical techniques in parallel
(Podkalicka, Grzybek et al. — to be published).

Furthermore, MPPI-knockdown significantly affects the activation of MAP-
kinase signaling via raft-dependent tyrosine kinase receptors, indicating the impor-
tance of MPP1 for lateral membrane organization (Biernatowska et al. 2013).

In conclusion, palmitoylation of MPP1 appears to be at least one of the mecha-
nisms controlling lateral organization of the cell membrane. Thus, these studies
point to a new role for MPP1, and present a novel linkage between membrane-raft
organization and protein palmitoylation.

An important question that remains is how MPP1 affects the organization of the
membrane domains. Our hypothesis is that, upon palmitoylation, the affinity of
MPP1 for membrane-skeleton binding decreases and MPP1 becomes freely avail-
able for binding to the pre-existing nanoclusters or ‘unstable rafts elements’ within
the membrane, namely, protein-cholesterol/lipid complexes corresponding to
cholesterol-depletion sensitive, short-lived (<0.1 ms) nanoclusters (<10 nm in
diameter), observed previously by others (Fujita and Kinoshita 2010; Mayor and
Rao 2004; Sharma et al. 2004). This suggestion is based on the observations that,
in normal erythrocytes and in HEL cells, the unpalmitoylated MPP1 remains in the
high-density “skeletal” fraction within the density-gradient profile of the
DRM. Binding of palmitoylated MPP1 to the pre-existing nanoclusters induces
their fusion into nanodomains and stabilizes them as membrane “rafts” (resting-
state rafts), which are larger (~20 nm) in diameter (Eggeling et al. 2009), more
stable, and detergent-resistant domains, which become functional. This is consis-
tent with the model proposed by Hancock (2006). Since palmitoylation has been
reported previously to be involved in the regulation of membrane-protein cluster-
ing, such as tetraspanin (Berditchevski et al. 2002; Hemler 2005) or GABA 4 recep-
tors (Rathenberg et al. 2004), and has also been shown to promote oligomerization
of certain proteins (Charollais and Van Der Goot 2009; Feig et al. 2007), we pos-
tulate that palmitoylated MPP1 in erythroid cells plays a role in raft protein(s)
oligomerization.

It should be stressed, however, that the MPP1-based mechanism of raft organi-
zation is not the only possible mechanism driving lateral membrane organization.
For example, a similar function was recently suggested for the palmitoylation of
Racl in COS-7 and MEF cells (Navarro-Lerida et al. 2012), and these authors
implicate a role for the actin cytoskeleton in the mechanism of raft clustering in
these cells.
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The Involvement of Actin in Erythrocyte Membrane
Rafts Organization?

Substantial indications are available in the literature on the relationship of domain
formation and stabilization with cortical actin (Goswami et al. 2008; Hummel et al.
2011). In addition, MPP1 is a membrane-skeleton protein that participates in the
formation of “vertical” linkages between the membrane-skeleton and the membrane
bilayer containing integral proteins (for recent reviews, see (Machnicka et al. 2012,
2014)). It is known that the DRM fraction from erythrocyte membranes contains
both spectrin and actin, in addition to MPP1 and raft marker proteins such as flotil-
lins, stomatin and other GPI-anchored proteins. It could be speculated that the pres-
ence of MPP1 in raft domains could arise as a result of spectrin-actin complex
formation. Also, direct interactions of membrane skeletal proteins with membrane-
lipids have been implied by numerous works (for reviews, see e.g. (Hanus-Lorenz
et al. 2001; Boguslawska et al. 2014). Such data might contribute to establishing the
link between detergent-resistant membranes and MPP1. However, the above-
mentioned simple experiments on the isolation of a DRM fraction under alkaline
conditions, i.e. in the presence of Na,COs, or from latrunculin-treated erythrocyte
ghosts, rather exclude this possibility (Lach et al. 2012).

Conclusions

From the above discussion, several conclusions can be drawn. The most important
and, probably, the most obvious is that membrane rafts in the mature erythrocyte are
not the remnants from erythroid precursor cell(s), but are real and dynamic domains
functioning within the membrane, helping to fulfil physiological roles, of which
only a few of them are just now being recognized.

The next conclusion is the presence and role of the MPP1 protein in these
domains. It has been known for some time that palmitoylation drives proteins into
the raft-domain in non-erythroid cells (Levental et al. 2009; Yang et al. 2010;
Barnes et al. 2006; Babina et al. 2014), but the role of MPP1 in this remained
unknown until recently, although it was well known that this was a major palmi-
toylation target in erythrocytes (Maretzki et al. 1990; Ruff et al. 1991). This fact
was noticed in early studies, explaining the property of tighter binding of MPP1 to
the membrane, even after extraction at pH 11 (Ruff et al. 1991). However, the most
important conclusion stems from the fact that (palmitoylated) MPP1 functions as
an organizer of membrane rafts in erythroid cells. We postulate that the binding of
palmitoylated MPP1 to the pre-existing nano-assemblies induces their fusion into
nano-domains and stabilizes them as larger (~20 nm diameter) “resting state rafts”
that are more stable and detergent-resistant domains which assume a level of func-
tional organization.
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The above conclusion is strengthened by the fact that a lack of MPPI
palmitoylation, resulting from an absence of DHHC17, the only erythroid palmito-
yltransferase, leads to the observed pathology. However, the molecular mechanism
by which this occurs is still to be identified.

Therefore, erythrocyte membrane understanding will increasingly focus on what
components and conditions are necessary to fulfill the functional roles of membrane
domains, such as raft assemblies, and the mechanisms by which these are effected.
In this regard, MPP1, particularly its altered behavior in the free and in the palmi-
toylated states, now becomes an increasingly important component and target in the
regulation, maintenance and function of the normal erythrocyte membrane.
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Chapter 6

Immuno-Modulatory Role of Porins: Host
Immune Responses, Signaling Mechanisms
and Vaccine Potential

Sanica C. Sakharwade, G.V.R. Krishna Prasad,
and Arunika Mukhopadhaya

Introduction

Our immune system is a complex network of defense mechanisms which provides
protection against a vast array of pathogens. The immune system responds to infec-
tious microbes by triggering two branches: the innate immune system and the adap-
tive immune system. The innate immune system plays a crucial role during early
stages of infection. Innate immune cells, like macrophages and granulocytes respond
to invading pathogens by producing pro-inflammatory cytokines and chemokines
leading to inflammation and killing of pathogens either directly or indirectly by
activation of adaptive immune cells. The adaptive immune system combats infec-
tions effectively starting from 4 to 5 days of the infection with the help of B cell and
T cell mediated responses. Sometimes, the adaptive immune system might fail to
protect against the invading microbes. Some bacteria evade this defense by manipu-
lating the immune system to establish themselves inside the human host and cause
disease. At certain times, unregulated production of cytokines results in septic shock
leading to multiple organ failure and ultimately death. Therefore, it is important to
understand the role of pathogens in the context of host-immunomodulation.
Gram-negative pathogens pose a significant health risk to humans worldwide. The
outer membrane of gram-negative bacteria contains two major components; lipopoly-
saccharide (LPS) and outer membrane proteins (OMPs). Among these, the bacterial
endotoxin LPS is one of the well-studied immuno-stimulatory components of the
bacteria and is known to cause inflammation and sepsis when present in excess.

S.C. Sakharwade * G.V.R.K. Prasad * A. Mukhopadhaya, Ph.D. (P<)

Department of Biological Sciences, Indian Institute of Science Education and Research
(IISER) Mohali, Sector 81, SAS Nagar, Manauli 140306, Punjab, India

e-mail: arunika@iisermohali.ac.in

© Springer International Publishing Switzerland 2015 79
A. Chakrabarti, A. Surolia (eds.), Biochemical Roles of Eukaryotic Cell Surface

Macromolecules, Advances in Experimental Medicine and Biology 842,

DOI 10.1007/978-3-319-11280-0_6


mailto: arunika@iisermohali.ac.in

80 S.C. Sakharwade et al.

About one-third of the genome of gram-negative bacteria encode for OMPs
(Koebnik et al. 2000). Porins are a type of OMPs that form transport channels across
the membrane. They form beta barrel structures and have several roles. They act as
receptors for phages and complement proteins, they can mediate antibiotic resis-
tance (Achouak et al. 2001), anti-microbial peptide resistance (Galdiero et al. 2012),
bile resistance (Wibbenmeyer et al. 2002; Hung and Mekalanos 2005) and also can
act as adhesins (Duperthuy et al. 2010, 2011). All these properties suggest that they
also have the ability to act as virulence factors. In fact, in Vibrio splendidus, one of
the porins, OmpU helps in invasion of the host cells (Duperthuy et al. 2011). In
Serratia marscecens, the opportunistic pathogen, antibiotic resistance is mainly
imparted by porins (Ruiz et al. 2003). In Pseudomonas aeruginosa and Neisseria
gonorrhoeae, porins trigger apoptosis of the host cells (Buommino et al. 1999;
Muller et al. 2000).

Over the past two decades, accumulating evidence suggests that porins have
immuno-modulatory properties. They can act as PAMPs (pathogen associated
molecular patterns) and can be recognized by PRRs (pattern recognition receptors)
present on host cells of mainly immune origin (Achouak et al. 2001; Galdiero et al.
2012). This review gives an overview of how porins modulate the host innate and
adaptive responses, activate various signaling pathways and how they can be used
as vaccines or adjuvants against various gram-negative bacterial infections.

Role of Porins in Modulation of Immune Responses

Innate Immune Responses

The innate immune system is the first line of defense against pathogen intrusion.
It consists of various barriers like mechanical, chemical and physiological barriers,
humoral factors and finally the inflammatory responses. The innate immune cells
consist of mainly, monocytes, macrophages, dendritic cells (DCs), natural killer
cells, mast cells and granulocytes such as neutrophils, basophils and eosinophils.
These various cell types have specific functions that together mount an immune
response towards detection and clearance of the pathogen from the host system. The
innate immune responses however, do not induce memory generation and hence do
not provide any additional protection upon re-challenge by the same pathogen.
Numerous gram-negative bacterial porins stimulate the production of pro-
inflammatory cytokines. TNFa and IL-1f act on endothelial cells causing dilata-
tion of vessels and hence, initiate the inflammatory process. Both these cytokines
can signal the hypothalamus to induce fever. TNFa can also act on hepatocytes,
along with IL-6 to induce the acute phase response. IL-12, a cytokine secreted by
macrophages and dendritic cells, is involved in the differentiation of T cells. Nitric
oxide is a reactive intermediate formed during phagocytosis and is toxic in nature.
Porins from many gram-negative bacteria such as Fusobacterium nucleatum,
Haemophilus influenzae, Helicobater pylori, Neisseria, Salmonella and Shigella



6 Immuno-Modulatory Role of Porins 81

spp. induce pro-inflammatory cytokines like TNFa, IL-6 and IL-1f secretion in a
variety of cell lines and primary cells, such as monocytes and macrophages of
human and mouse origin (Table 6.1) (Tufano et al. 1994, 1995; Toussi et al. 2012;
Galdiero et al. 2001a, b, 2004; Vitiello et al. 2004, 2011; Liu et al. 2010; Singleton
et al. 2005; Massari et al. 2006; Al-Bader et al. 2004; Moreno-Eutimio et al. 2013,
Galdiero et al. 2005, 2006a; Ray et al. 2003; Biswas et al. 2007; Elena et al. 2009;
Pore et al. 2012). Vibrio cholerae OmpU stimulates monocytes and macrophages
to produce TNFa and IL-6 (Sakharwade et al. 2013). Omp16 of Brucella abortus,
an outer membrane protein lipid anchor induces TNFa and IL-12 in mouse derived
macrophages (Pasquevich et al. 2010). Pasteurella multocida porin and Shigella
porins induce IL-12 secretion in mouse peritoneal macrophages and HEK cells
(Iovane et al. 1998; Ray et al. 2003). PorA of Neisseria meningitidis induces IL-12
secretion in human PBMCs (peripheral blood mononuclear cells) derived DCs
(Al-Bader et al. 2004). Salmonella porins, OmpA of Shigella flexineri and OmpU
of V. cholerae are able to stimulate nitric oxide production in macrophages of
mouse origin (Sakharwade et al. 2013; Pore et al. 2012; Gupta et al. 1999). In con-
trast to the reports demonstrating porin-induced pro-inflammatory responses,
Salmonella porins which are pro-inflammatory in nature can also induce the pro-
duction of IL-10, a potent immune-suppressive cytokine in human cell line and
mouse primary cells (Galdiero et al. 2005).

Porins can also induce secretion of chemokines such as MIP-1a, MIP-1§,
RANTES and IL-8. IL-8 is a potent neutrophil chemo-attractant factor. It promotes
angiogenesis and phagocytosis. Chemokines like MIP-1o and MIP1p act on granu-
locytes and lead to acute inflammation and increase infiltration of neutrophils at the
site of infection. They also aid in release of pro-inflammatory cytokines from mac-
rophages. RANTES recruits T cells, eosinophils, basophils and leukocytes to
inflammatory sites. OmpU deleted strain of V. cholerae showed decreased produc-
tion of pro-inflammatory cytokines along with chemokines (Bandyopadhaya et al.
2007b, 2009; Sarkar et al. 2012). PorA of N. meningitidis and Shigella porins
induce strong chemokine response in human PBMCs derived DCs and mouse peri-
toneal macrophages respectively (Al-Bader et al. 2004; Ray et al. 2003; Biswas
et al. 2007).

Further, several studies on how porins affect neutrophil functions have been car-
ried out. Nesserial porins are able to inhibit chemokine induced actin polymeriza-
tion as well as degranulation in human PBMCs derived neutrophils (Bjerknes et al.
1995). Further, meningococcal porins down-regulate complement receptors CD35
and CD11b on neutrophils, but increase their oxidative burst capacity (Bjerknes
et al. 1995). However, PorB of N. gonorrhoeae down-regulates oxidative burst and
inhibits granule fusion with plasma and phagosomal membranes (Lorenzen et al.
2000). Salmonella Typhimurium porins induce the production of platelet-activat-
ing factor by human neutrophils (Tufano et al. 1992) as well as cause leukocyte
transmigration in vitro (Galdiero et al. 1999). Pasteurella haemolytica porins
decrease phagocytic index and intracellular killing capacity of bovine polymorpho-
nuclear leukocytes (Galdiero et al. 1998b). Klebsiella pneumoniae OmpK35 and
OmpK36 may affect neutrophil phagocytosis as deletion mutants caused an
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increase in phagocytosis capacity (Tsai et al. 2011). H. pylori porins decrease
chemotaxis ability of human neutrophils and can interfere with intracellular killing
(Tufano et al. 1994).

The complement system falls under the humoral branch of the innate immune
system. This system consists of plasma proteins that interact with each other and
ultimately lead to opsonization of pathogens or induction of several inflammatory
responses. There are three pathways (classical, mannan binding lectin and alterna-
tive pathways) by which the complement system is activated which subsequently
converge at C3 convertase enzyme and formation of membrane attack complex
(MAC) that leads to killing of target microbes. C3b can opsonize microbes by
binding to complement receptors on phagocytes. C3a, C4a and C5a can recruit
phagocytes to inflammatory sites. Most porins activate the classical pathway by
binding to Clq.

Porins from Salmonella minnesota bind to Clq (Latsch et al. 1990). N. gonor-
rhoeae Por1B binds to C3b and C4 (Lewis et al. 2008) and Por1A and Por1B bind
to C4 binding protein as well (Ram et al. 2001). Similarly, N. meningitidis OMPs
activate the complement system (Bjerre et al. 2002). S. Typhimurium porins acti-
vate the classical complement pathway as measured by consumption of Cls, C3
and C4 in human or guinea pig serum (Galdiero et al. 1984). K. pneumoniae
OmpK36 also activates the classical complement pathway in vivo by binding to
Clq and leads to deposition of C3, C5-9 (MAC) components on the porin (Alberti
et al. 1993, 1996). Similarly, Aeromonas hydrophila 39 kDa porin and Aeromonas
salmonicida 40 kDa porin activate the classical pathway in an antibody indepen-
dent manner by binding to Clq (Merino et al. 1998, 2005). The MOMP (major
outer membrane protein) of Legionella pneumophila binds to C3 and cause phago-
cytosis of MOMP incorporated vesicles by human monocytes (Bellinger-Kawahara
and Horwitz 1990).

All these facts have led to the understanding that porins are able to induce pro-
inflammatory cytokine and chemokine responses as studied in vitro and in vivo in
both mouse and human cells. Some porins also have the ability to induce production
of cytokines involved in activation of cells important for innate immune responses
or adaptive immune responses. Further, porins are able to interfere with neutrophil
function as well as activate the complement system. Interestingly, observation from
our laboratory revealed that V. cholerae OmpU is able to down-regulate LPS medi-
ated effects, although it is pro-inflammatory in nature.

Adaptive Immune Response

The adaptive response starts later as the infection progresses; it is specific, more
potent than the innate immune responses and is associated with memory induction.
The adaptive immune response is initiated with the help of signals generated by the
innate immune cells which can activate lymphocytes; the T and B cells. Antigen
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presenting cells such as, macrophages and dendritic cells, present endocytosed
antigens to CD4* and CD8" T cells and activate them. Activated T helper cells (Th)
further help in B cell mediated antibody responses. T cells require certain signals
from antigen presenting cells (APCs) in order to be activated optimally. The interac-
tion of antigen presented by MHC molecules on APCs and certain co-stimulatory
molecules like B7 (CD80 and CD86), CD40 etc. with their respective receptors
present on T cells, trigger their activation. Cytokines also play an important part in
differentiation of T cells. In presence of cytokines such as IL-12 and IFNy, CD4* T
cells differentiate towards Thl type and in the presence of IL-4, CD4* T cells dif-
ferentiate towards Th2 type. Th1 cells activate macrophages and differentiation of B
cells, followed by antibody production, shaping the immune responses towards cell-
mediated immunity (Fig. 6.1). On the other hand, Th2 polarization is required for
humoral immunity and hyper-sensitivity.

Some porins can modulate adaptive-responses of the host. Porins of Shigella,
Salmonella and Neisseria species affect antigen presenting cells such as macro-
phages and dendritic cells in numerous ways. Shigella porins induce expression of
CD40 and CD80 co-stimulatory molecules as well as MHC-II molecules on macro-
phages of mouse origin (Elena et al. 2009; Pore et al. 2012). Salmonella porins
induce expression of CD40 and CD86 on dendritic cells of mouse origin (Moreno-
Eutimio et al. 2013; Cervantes-Barragan et al. 2009). N. meningitidis PorA and
PorB increase expression of co-stimulatory molecules along with MHC-II mole-
cules in human PBMCs derived DCs and mouse splenic DCs respectively (Al-Bader
et al. 2004; Singleton et al. 2005). OmpA porin of Acinetobacter baumannii can
stimulate mouse bone marrow derived dendritic cells to secrete IL-12 along with

Responses induced by porins
in various immune cells
|
[ I ]
Monocytes & "
0 Dendritic Cells T cells B cells
Macrophages
. ?I'\';';C °f|i_de' « TNFa, IL-1, « IFNy, GM-CSF, . IL6
o u'u_-e' IL-12 IL-1 IL-2, IL-3,
1o, IL-1B IL-4, TNFo. « Co-stimulatory
s MIP-10, expression
* IFNy, IL-12 MIP-1, « MIP-10, MIP-1B,
RANTES, RANTES, CCR5 ¢ Proliferation
: :\hl'gv f‘ANTES’ CCL19, CCR?,
MIP_ o CXCR4 * Proliferation ¢ IgA, IgG, IgM
-1B production
¢ MHC and
* IL-10 co-stimulatory
molecule
° MHCland expression
co-stimulatory
molecule
expression

Fig. 6.1 Different immune responses elicited by gram negative porins in different types of
immune cells
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increased surface expression of co-stimulatory moleculesas well as maturation of
dendritic cells and can polarizes T cells towards Th1 type response (Lee et al. 2007).
S. Typhimurium porins induce Th1 and Th2 differentiation of T cells (Galdiero et al.
1998a). Many S. Typhimurium porins have been studied for the effect on B cell
responses. Collectively, these porins can induce co-stimulatory molecule expression
of B cells of mouse and human origin (Cervantes-Barragan et al. 2009; Galdiero
et al. 2003b). Also, they generate IgM and IgG antibody responses (Secundino et al.
2006; Gil-Cruz et al. 2009). Similarly, porins of N. meningitidis and N. gonorrheae
cause generation of IgM responses and induce CD86 expression in mouse splenic B
cells (Snapper et al. 1997; Wetzler et al. 1996). S. dysenteriae MOMP can induce
co-stimulatory molecule expression in mouse peritoneal B1 and B2 cells and also
generate IgM, IgA and IgG responses (Ray et al. 2004; Ray and Biswas 2005). The
Helicobacter pylori 30 kDa porin induces IFNy, GM-CSF, IL-3 and IL-4 secretion
in lymphocytes derived from human (Tufano et al. 1994) which increase prolifera-
tion of mast cells, decrease IFNy secretion by macrophages, induce class switching
in B cell and differentiation of Th2 cells.

So far, the literature indicates that various gram-negative porins have the capacity to
induce adaptive immune responses. Porins can provide signal for Th1 or Th2 differentia-
tion as well as B cell activation, class switching phenomenon and affinity maturation.

Signaling Cascades Initiated by Porins

Identification of pathogenic and non-pathogenic organisms by innate immune cells
occurs upon recognition of various PAMPs by PRRs (Medzhitov and Janeway 1997,
Kumar et al. 2012; Kawai and Akira 2009). PRRs, then initiate intracellular signal-
ing pathways that lead to recruitment of phagocytic cells, monocytes to the site of
infection and activation of innate and adaptive immunity (Medzhitov 2007).

TLRs are one of the major type of PRRs present on immune cells (Akira and
Takeda 2004; Kaisho and Akira 2001; Armant and Fenton 2002). Upon binding to
specific microbial components, TLRs trigger intracellular signaling cascades that
result in production of inflammatory cytokines and chemokines from several
immune cells (Akira and Takeda 2004; West et al. 2006; Mogensen 2009) (Fig. 6.2).
These inflammatory cytokines can induce dendritic cell maturation which is charac-
terized by up-regulation of co-stimulatory molecules and altered expression of che-
mokine receptors on the surface of DCs. Thus, TLR mediated DC maturation acts a
link between innate and adaptive immunity (Akira et al. 2001).

TLR signaling further activates transcription factors such as, NFkB and AP-1
(Bell et al. 2003; Kawai and Akira 2005; Karin and Greten 2005). Briefly, TLRs
upon binding to specific ligands interact with intracellular TIR domain containing
adaptor molecule MyD88. MyD88 then recruits IRAK1 (IL-1 receptor associated
kinase 1) which then forms a complex with IRAK4 or IRAK2. Phosphorylated
IRAKI1 recruits TNF receptor associated factor 6 (TRAF6) and E2 ubiquitin
conjugating enzyme 13 (UBC13). TRAF6 and UBC13 poly-ubiquitinylate IRAK1
and TRAF6, leading to activation of MAPK and NFxB pathways.
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Fig. 6.2 Gram negative porins can stimulate TLR pathway and result into cell surface expression
of molecules of immune importance and release of pro-inflammatory cytokines, chemokines and
antibody secretion by B cells

Several studies suggest that porins act as PAMPs as they interact with TLRs and
initiate down-stream signaling. Porins of various gram-negative bacteria mediate
signaling via TLR pathway (Table 6.1). Data from the studies on Shigella, Neisseria
and Heamophilus spp. indicate that these porins are recognized by TLR2 predomi-
nantly heterodimerized with either TLR1 or TLR6. Upon binding to porins, TLR2/
TLR1 or TLR2/TLR6 activate NFxB or AP-1 via MyD88 dependent pathway lead-
ing to translocation of the nuclear factors into the nucleus and transcription of pro-
inflammatory cytokine genes and chemokine genes mediated by various cytosolic
signaling cascades (Massari et al. 2002, 2006; Banerjee et al. 2008; Ray and Biswas
2005; Biswas et al. 2007; Singleton et al. 2005). S. Typhimurium porins induce
phosphorylation of protein tyrosine kinases (PTK), protein kinase A (PKA) and
protein kinase C (PKC) in U937 monocytic cell line and also activate transcription
factors AP-1 and NFxB by Raf-1-MEK1/2-MAPK pathway (Galdiero et al. 2002,
2003a). Inhibitor studies suggest that p38 MAPK is mainly involved in transcription
factor activation. Studies on Neisseria spp. porins are implicated in TLR mediated
NF«B activation which occurs via Raf-1-MEK1/2-MAPK pathway; (Massari et al.
2003; MacLeod et al. 2008). H. influenzae porin P2 and porins of Salmonella and
Neisseria also activate the MAPK pathway (Galdiero et al. 2002, 2003c; Vitiello
et al. 2004; MacLeod et al. 2008). The three-dimensional structure model of porin
P2 constructed on the basis of crystal structure of K. pneumoniae OmpK36 and
Escherichia coli PhoE and OmpF predict that the domains of surface exposed loops
are involved in activation of signal transduction pathway (Table 6.1). In particular,
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synthetic peptide corresponding to surface exposed loops L5, L6 and L7 activate
JNK and p38 MAPK similarly as the intact protein with L7 being the most active
peptide (Galdiero et al. 2003c). Further studies on L7 showed that only six amino
acids contribute to the overall activity and induction of TNFa and IL-6 production
(Galdiero et al. 2006b).

Porins as Vaccine Candidates

For an agent to be used as a good vaccine, it must be highly immunogenic and a
major protective antigen. It is desirable for a vaccine candidate to drive the CD4* T
cell responses towards Thl to ensure both humoral and cell mediated immunity
against pathogens. Activated Th1 cells aid in reduction and clearance of pathogens
(intra-cellular and extra-cellular) by secreting IFN-y, TNFa, IL-2 and IL-3 and help
in activation and differentiation of B cells, CD8" T cells and macrophages. In cer-
tain cases, like anti-parasite responses, Th2 differentiation is important. Th2 cells
produce IL-4, IL-5, IL-13, IL-6 and IL-10 and mainly support B cell activation and
differentiation. CD8* T cells clear intra-cellular pathogens by killing infected cells
or by releasing cytokines that would help in the process. Antibodies produced by B
cells can bind to the enzymatic active sites of toxins or prevent their diffusion, neu-
tralize viral replication, promote phagocytosis of extracellular bacteria by opsoniza-
tion and can activate the complement cascade. IgM followed by IgG antibodies
appear a few days after immunization. B cell maturation is associated with two
major events: Ig class-switch recombination from IgM towards IgG, IgA or IgE, and
maturation of the affinity of B cells for their specific antigen.

Porins have been widely studied for their capacity to act as adjuvants or as poten-
tial vaccines in various animal models (Table 6.3). A. hydrophila is a gram-negative
organism that is pathogenic in fish, amphibian and humans as well. Administration
of OmpF of A. hydrophila leads to increased IgG expression in mouse model along
with increased lymphocyte proliferation and T cell activation in vitro (Yadav et al.
2014). OmpTS of A. hydrophila was highly immunogenic in fish model Labeo
rohita and Omp48 immunized fish showed survival against A. hydrophila and
Edwardsiella tarda infections (Khushiramani et al. 2007, 2014). Borrelia burgdor-
feri is a spirochete that causes Lyme’s disease. One of its porins, Oms66 showed
protection against infection in immunized mice (Exner et al. 2000). Mice immu-
nized with Omp16 from B. abortus, that causes brucellosis, showed protection from
infection. Further, Ompl6 was able to activate dendritic cells and induce IFNy
secretion from mouse splenic T cells and induce foot pad swelling (Pasquevich
et al. 2010). Burkholderia pseudomallei infects both animals and humans causing
melioidosis, which has a mortality rate of 20-50 % in humans even with treatment.
Mice immunized with OmpA of B. pseudomallei showed protection against infec-
tion (Hara et al. 2009). Chlamydia trachomatis is an obligate intracellular pathogen
that causes urethritis, proctitis, trachoma, infertility and is the single most infectious
agent associated with blindness. Administration of C. trachomatis MOMP in mice
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induced IgG, IgM responses; T cells responses, co-stimulatory molecule expression
in dendritic cells along with IL-12 secretion (Dong-Ji et al. 2000; Pal et al. 2001;
Shaw et al. 2002). MOMP immunized mice showed protection against genital chal-
lenge by the bacteria (Lu et al. 2010). MOMP subunit vaccine administered in rhe-
sus macaques also showed similar T and B cell responses (Cheng et al. 2011). Other
porins of C. trachomatis, Porin B and Porin D, when administered to mice in the
form of V. cholerae ghosts, induced cross-reactive chlamydial specific genital
mucosal T and B cell responses (Eko et al. 2011). FomA of F. nulceatum, bacteria
involved in periodontal disease, leads to IgG and IgM antibody production along
with IL-6 and IL-10 secretion upon treatment in mice (Toussi et al. 2012). Neiserria
lactamica is a commensal found in infants that can cause pneumonia in children.
PorB induces high levels of IgA and IgM antibody responses along with IL-4,
IL-12, IL-10 and IFNy production in mice (Liu et al. 2008). Similarly, PorB of N.
gonorrhoeae, the bacteria that causes gonorrhea, induces Thl and Th2 type
responses in mice (Zhu et al. 2004). Mice immunized with Class I porins of N. gon-
orrhoeae, showed reduction in vaginal infection (Plante et al. 2000). PorB of N.
meningitidis, the causal bacteria of meningococcal disease, showed a protective
response against Francisella tularensis infection (Chiavolini et al. 2008). Further,
antisera of N. meningitidis PorB immunized mice showed bactericidal activity
(Wright et al. 2002). Similarly, antisera of N. meningitidis PorA incorporated lipo-
some immunized mice showed bactericidal activity (Christodoulides et al. 1998;
Humphries et al. 2004). P. aeruginosa is an opportunistic pathogen that colonizes in
the lungs, kidneys and urinary tract. P. aeruginosa OmpF epitopes induced IgG2a
response in mice whereas OprF induced IgG1 response in mice (Brennan et al.
1999). Mice immunized with OprF and Ompl fusion proteins or OprF only were
able to resist infection (von Specht et al. 1995; Price et al. 2001). Salmonella causes
food poisoning that is characterized by enteritis and diarrhea, leading to typhoid.
Administration of various Salmonella Typhi porins offer protection against infec-
tion in mice. OmpA, OmpC, OmpF, OmpS1 and OmpS2 have been studied in this
regard (Toobak et al. 2013; Moreno-Eutimio et al. 2013; Isibasi et al. 1988, 1992;
Singh et al. 1999). OmpS1 and OmpS2 also show adjuvant properties (Moreno-
Eutimio et al. 2013). Various S. Typhimurium porins immunized mice have also
shown protection to infection (Tabaraie et al. 1994; Matsui and Arai 1990). Outer
membrane vesicles (OMVs) of Treponema pallidum, the causative agent of syphilis,
when administered to mice showed an antibody response against outer membrane
proteins. Anti-OMYV serum showed complement dependent treponemicidal activity
(Blanco et al. 1999). OMVs of A. baumanii immunized mice showed protection
against two strains of A. baumanii (McConnell et al. 2011). Similarly, administra-
tion of V. cholerae OMVs showed protection against cholera in mice (Schild et al.
2008; Leitner et al. 2013). Anti-sera against 22, 30, 42 and 43 kDa V. cholerae
OMPs reduced V. cholerae induced fluid secretion in ileal loop model in rabbits
(Das et al. 1998). Many Vibrio spp. like V. anguillarum, V. harveyi, V. alginolyticus
and V. parahaemolyticus affect fish and other marine animals. Sea food contami-
nated with V. parahaemolyticus can cause gastroenteritis in humans. V. anguillarum
Omp38 immunized Asian seabass showed moderate protection against infection
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(Rajesh Kumar et al. 2008). Similarly, immunization with OmpW and OmpU of
V. alginolyticus showed protection upon challenge with the bacteria in large yellow
croaker and crimson snapper respectively (Qian et al. 2007; Cai et al. 2013).
Immunization of fish with certain V. harveyi outer membrane proteins was able to
protect fish from infection. Vhhp2 administration in olive flounder and OmpK
immunization of large yellow croaker and orange spotted grouper had a protective
effect against V. harveyi infection in the fishes (Sun et al. 2009; Ningqiu et al. 2008;
Zhang et al. 2007). Large yellow croaker fish immunized with V. parahaemolyticus
OmpW, OmpV, OmpU and OmpK showed protection against infection (Mao et al.
2007). Further, immunization of crucian carp and mice with V. parahaemolyticus
VP1061 and VP2850 proteins induced a cross protective effect against V. alginolyti-
cus, A. hydrophila and Pseudomonas fluorescens (Li et al. 2010a). OmpK, a homol-
ogous protein of the Vibrio species was administered to orange spotted grouper.
Fish immunized by OmpK were able to survive infection from various strains of
V. harveyi, V. alginolyticus and V. parahaemolyticus (Li et al. 2010b).

In sum, the above studies highlight the role of various gram-negative bacterial
porins and few outer membrane proteins as vaccine candidates. Porins are able to
stimulate T cell and B cell responses as well as offer protection against various
gram-negative bacterial infections.

Conclusion

Outer membrane proteins are crucial for maintaining bacterial structure and homeo-
stasis. These proteins are also important for gram-negative bacterial pathogenesis as
they modulate host immune responses. Porins, a class of outer membrane proteins
induce inflammatory responses in a range of host cells. They can also activate den-
dritic cells, T cells and B cells as well as shape adaptive immune responses. The
signaling cascades activated by various porins have been delineated and their char-
acterization has added to our knowledge on how they modulate host cell responses.
Further, multiple porins have been reported for their vaccine potential and are
undergoing further studies for their use as vaccines or adjuvants.

A number of patents have been filed since 2005 for the use of porins and outer
membrane proteins of various gram-negative bacteria as vaccines or adjuvants. The
use of Salmonella spp. OmpC and OmpF as adjuvant for influenza vaccine show
improved immune response as compared to administration of influenza vaccine
alone (Leclerc and Lopez 2010). Class 1 porins of N. meningitidis show significant
immune stimulating capability and has the potential to be used as a vaccine for
meningitidis (Seid et al. 2006; Paradiso et al. 2007; Van et al. 2007; Granoff et al.
2013). OmpK36 and its homologues from K. pneumoniae, S. Typhi, or E. coli open
up a prospective in the diagnosis, treatment and prevention of enterobacteriaceae
infection (Siu et al. 2013). The MOMP of H. influenzae and C. trachomatis show
protective response against influenza/otitis media and Chlamydiophilia infections
respectively (Berthet et al. 2011; Stephens and Kawa 2011). Besides porins, surface
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protein of Moraxella catarrhalis and outer membrane vesicles of V. cholerae were
successfully tested as vaccines (Chen et al. 2005; Camilli et al. 2014). All these
studies highlight the necessity to examine porins and other outer membrane bacte-
rial components for their adjuvant capacity and vaccine potential.

In conclusion, porins have emerged to have many more functions than previously
believed and have the potential to be used for diagnosis and treatment of various
gram-negative bacterial infections.
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Chapter 7

Vibrio cholerae Cytolysin: Structure-Function
Mechanism of an Atypical g-Barrel
Pore-Forming Toxin

Anand Kumar Rai and Kausik Chattopadhyay

Introduction

Every living cell is surrounded by a plasma membrane composed of phospholipid
bilayer. Plasma membranes allow selective passage of solvents, ions, small mole-
cules, and macromolecules into and out of the cells, while at the same time prevent-
ing unwanted exchange of substances between the cells and the outside environment.
Thus, plasma membranes serve an extremely crucial function in terms of acting as
the selective permeability barrier for the living cells. Virulence mechanisms of
many pathogenic bacteria involve breaching of this permeability barrier function of
the target host cell membranes by employing a specialized class of toxins, known as
pore-forming toxins (PFTs) (Alouf and Popoft 2006).

PFTs represent a unique class of membrane-damaging proteins that act to kill
their target cells by forming pores in the cell membranes. PFTs are found in a wide
array of organisms starting from bacteria to humans (Dunstone and Tweten 2012;
Voskoboinik and Trapani 2006; Voskoboinik et al. 2006; McCormack et al. 2013),
and are implicated in diverse biological functions that include bacterial pathogene-
sis processes (Alouf and Popoff 2006) as well as vertebrate immune responses
(Voskoboinik et al. 2006; McCormack et al. 2013; Kondos et al. 2010; Voskoboinik
and Trapani 2006). Some of the classic examples of the PFTs include the membrane
attack complexes generated by the complement cascade of the vertebrate innate
immune system (Borsos et al. 1964; Humphrey and Dourmashkin 1969; Bhakdi and
Tranum-Jensen 1978; Mayer 1972), and the perforin protein produced by the cyto-
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toxic T lymphocytes of the adaptive immune system (Dennert and Podack 1983;
Podack and Dennert 1983; Blumenthal et al. 1984; Law et al. 2010). PFTs are
known to be important components of the venoms of insects (Smith et al. 1994),
snakes (Wu et al. 2012) and sea anemones (Kristan et al. 2009; Tejuca et al. 2009).

As mentioned above, PFTs are implicated in the virulence mechanisms of a wide
array of bacterial pathogens (Los et al. 2013). In fact, one third of the bacterial tox-
ins belong to the PFT family (Alouf 2001). In their generalized mode of action,
bacterial PFTs are commonly generated as water-soluble molecules, which upon
interacting with the target cell membranes convert into membrane-inserted water-
filled pore(s) (van der Goot 2003; Parker and Feil 2005; Gonzalez et al. 2008;
Tacovache et al. 2008, 2010). Depending on the specific PFT under consideration,
membrane-inserted pore diameters can vary in the range from less than 1 nm up to
50 nm (Rosado et al. 2008; Parker and Feil 2005). PFT-mediated pore formation
acts to punch holes in the target cell membrane, which in turn allow free diffusion
of solvents, ions and other substances. In some cases, membrane pores formed by
the PFT molecules are used by the pathogenic bacteria to inject toxic substances
into the target host cells (Young and Collier 2007). Many bacterial pathogens, which
survive within the subcellular organelles, are known to employ PFTs to rupture the
organelle membranes for transmission into the cytoplasm toward exerting their
pathogenesis process (Hamon et al. 2012; Schnupf and Portnoy 2007).

Mode of actions of the PFT family of proteins highlights a remarkable dimorphic
nature of their structural property. With a unique primary amino acid sequence,
PFTs are capable of adopting two distinct structural forms that can be accommo-
dated into two discrete physicochemical environments: the hydrophilic environment
of the aqueous phase and the hydrophobic environment of the membrane lipid
bilayer. Such a property of the PFT family of molecules makes them unique models
to address questions concerning the dynamics of protein structure and folding
(Heuck et al. 2001; Chattopadhyay and Banerjee 2003).

Based on the structural and functional considerations, PFTs can be grouped into
a number of distinct subclasses (Alouf and Popoff 2006). The most common way of
classifying the PFT family members is on the basis of the structural mechanism
used for the membrane pore formation process. Accordingly, PFTs are broadly clas-
sified into two structural subfamilies: a-PFTs and p-PFTs (Iacovache et al. 2010)
(Fig. 7.1). a-PFTs employ a-helices to generate the transmembrane pore structures.
Pore-forming Colicins (Wiener et al. 1997) and Cytolysin A (Mueller et al. 2009)
produced by Escherichia coli and closely related bacteria are the archetypical exam-
ples in the o-PFT category. Members in the f-PFT subfamily are known to form
transmembrane pores composed of f-strand-rich motifs, commonly termed as
B-barrel structure (Heuck et al. 2001; Prevost et al. 2001; Menestrina et al. 2001).
Staphylococcus aureus a-hemolysin is one of the most well-studied f-PFT family
members (Song et al. 1996).

In the present review, we will discuss the structure—function relationship of
Vibrio cholerae cytolysin, one of the prominent members in the f-PFT family of
bacterial protein toxins.
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Fig. 7.1 Structural classification of a-PFTs and B-PFTs. (a, b) Oligomeric pore structure of
Cytolysin A from E. coli (PDB: 2WCD) is shown as an example of a-PFT. (¢, d) Oligomeric pore
structure of the S. aureus a-hemolysin (PDB: 7AHL) represents the classic example of B-PFT. (a)
and (c) show the side views of the pore structures, while fop views of the pores are shown in (b) and
(d). Structural models are visualized using the program PyMOL [DeLano WL, The PyMOL
Molecular Graphics System (2002) found online (http://pymol.org)]

Vibrio cholerae Cytolysin

Vibrio cholerae cytolysin (VCC) is a membrane-damaging cytolytic/cytotoxic pro-
tein produced by many pathogenic strains of the Gram negative bacteria V. cholerae,
the causative agent of severe diarrheal disease cholera (Kaper et al. 1995). VCC
shows potent lytic activity against variety of erythrocytes and mammalian cells
(Honda and Finkelstein 1979; Goldberg and Murphy 1984; Richardson et al. 1986;
McCardell et al. 1985; Saka et al. 2008; Mitra et al. 2000; Coelho et al. 2000;
Mukherjee et al. 2008; Figueroa-Arredondo et al. 2001; Zitzer et al. 1997a;
Chakraborty et al. 2011). It is also shown to possess enterotoxic activity in terms of
triggering bloody fluid accumulation in the rabbit ligated ileal loops (Ichinose et al.
1987). Based on such observations, VCC has been considered as a potential viru-
lence factor of V. cholerae. VCC is particularly implicated in the pathogenesis pro-
cess of those strains that lack ‘cholera toxin’, the major virulence factor responsible
for causing the massive dehydrating diarrhea during V. cholerae infection (Saka
et al. 2008; Kaper et al. 1995).
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VCC is encoded by the hlyA gene in V. cholerae (Goldberg and Murphy 1984;
Yamamoto et al. 1990; Rader and Murphy 1988). VCC is synthesized as an ~82 kDa
molecule, Pre-Pro-VCC (Yamamoto et al. 1990). In the process of secretion, the
N-terminal 25-residue signal peptide is cleaved to generate an inactive precursor of
the toxin (~79.5 kDa), termed as Pro-VCC. Subsequently, ~15 kDa N-terminal
region from Pro-VCC is proteolytically removed resulting in the generation of the
cytolytically active mature form of VCC (Nagamune et al. 1996). Proteolytic matu-
ration of VCC is believed to be mediated by the HA/protease, which represents the
major extracellular proteolytic activity of V. cholerae (Nagamune et al. 1996).
Conversion of Pro-VCC into the mature form of the toxin can also be achieved
in vitro by other proteases like trypsin, chymotrypsin, and subtilisin (Nagamune
et al. 1996). It has also been shown that the proteolytic activation of Pro-VCC can
be triggered by the action of the proteases present on the surface of the target
eukaryotic cells as well (Valeva et al. 2004).

Active form of VCC, in its purified form, has been shown to trigger lysis of
erythrocytes, and other eukaryotic cells by forming transmembrane oligomeric
pores of 1-2 nm diameters (Ikigai et al. 1996). Membrane pore-forming activity of
VCC could also be mimicked in the lipid bilayer of model membranes (Ikigai et al.
1997). Apart from of its pore-forming cytolytic activity, VCC shows a potent lectin-
like activity in interacting with complex glycoproteins and glycolipids containing
terminal pl-galactosyl moiety (Saha and Banerjee 1997). Structural studies have
characterized VCC as a f-PFT molecule, and suggest that it would follow the over-
all scheme of the generalized -PFT mechanism (De and Olson 2011; Olson and
Gouaux 2005; Valeva et al. 2005). However, VCC differs from the archetypical
members of the B-PFT family in several aspects, particularly in the intricate details
of the structure-function mechanism(s) associated with its membrane pore forma-
tion process. In the subsequent sections, we will discuss our current understanding
regarding the structure-function relationship of VCC, in the context of its role as a
B-PFT family of bacterial protein toxins.

Structural Features of VCC

As stated earlier, VCC is secreted as water-soluble monomeric precursor Pro-VCC,
which upon removal of the Pro-domain gets converted into the mature active form
of the toxin (Nagamune et al. 1996). Mature form of VCC causes lysis of its target
cells by forming transmembrane oligomeric pores (Ikigai et al. 1996; Zitzer et al.
1995). High resolution three-dimensional structure has been determined for the
water-soluble, monomeric precursor form Pro-VCC (Olson and Gouaux 2005)
(Fig. 7.2). Structure of the oligomeric pore state of VCC has also been elucidated
recently (De and Olson 2011) (Fig. 7.2). Structural studies have confirmed that
VCC is indeed a f-PFT family of toxin, and it acts by forming transmembrane hep-
tameric f-barrel pores in the membrane lipid bilayer. Consistent with the structural
organization of the archetypical B-PFT pores, transmembrane heptameric pore
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Fig. 7.2 Structures of the monomeric and oligomeric pore form of VCC. (a) Structure of the
monomeric precursor form Pro-VCC (PDB: 1XEZ). (b) Heptameric p-barrel pore structure of
VCC (PDB: 3044). (¢) VCC protomer in the oligomeric pore structure. Individual domains are
marked. Structural rearrangements of the stem loop and the f-Prism domain are indicated in (c).
Structural models are visualized using the program PyMOL [DeLano WL, The PyMOL Molecular
Graphics System (2002) found online (http://pymol.org)]

complex of VCC depicts a mushroom-shaped architecture, which is grossly divided
into two parts: (a) transmembrane f-barrel segment, and (b) membrane-proximal
rim domain (Fig. 7.2). Analysis of the structures, however, highlights several unique
features that are not commonly documented in the archetypical B-PFT family of
bacterial protein toxins. Consistent with the conventional B-PFT molecular struc-
tures, VCC contains a central scaffold of cytolysin domain that constitutes the core
structure of the mushroom-shaped oligomeric pore complex (Fig. 7.2). The cytoly-
sin domain also encompasses the pore-forming motif of the toxin. In addition to the
cytolysin domain, however, VCC documents presence of three additional domains
that are not commonly found in the classical B-PFT molecules: an N-terminal Pro-
domain present in the Pro-VCC precursor form of the toxin, and two lectin-like
domains located at the C-terminal side of cytolysin domain (Fig. 7.2).

Cytolysin domain: VCC harbors a central ~325 residue cytolysin domain (Olson
and Gouaux 2005; De and Olson 2011) that resembles overall architecture of the
cytolysin domains present in the prototype B-PFTs like S. aureus a-hemolysin
(Song et al. 1996). Consistent with the structural features of the transmembrane
oligomeric pores of the conventional B-PFT molecules, cytolysin domain of VCC
provides the central scaffold of the pore complex. VCC forms mushroom-shaped
heptameric transmembrane pore structures that can be divided grossly into two
parts: (a) transmembrane segment that creates the -barrel pore, and, (b) membrane-
proximal rim-domain that remains sited onto the membrane surface. The transmem-
brane p-barrel segment of the VCC pore complex is constituted solely from the
contribution of the cytolsyin domain. Moreover, majority of the rim-domain is also
constructed by the structural components of the cytolysin domain.

This cytolysin domain encompasses the 42-residue long, pore-forming segment
of VCC that contributes to the generation of the transmembrane f-barrel pore
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structure (Fig. 7.2). In the water-soluble monomeric state of the protein, this region
assumes two-strand P-sheet structure, and remains compactly packed against the
cytolysin domain, in the form of a so called ‘pre-stem’ configuration. The interac-
tions that keep the pre-stem loop packed within the cytolysin domain include a
range of polar and non-polar/hydrophobic residues. In the process of oligomeric
pore formation, the ‘pre-stem’ loop from each of the toxin protomers undergoes
distinct conformational change to attain a so called ‘stem’ configuration, and gets
inserted into the membrane lipid bilayer in a synchronous manner. In this way, stem
region from each toxin subunit contributes two p-strands toward generation of the
stem region of the transmembrane p-barrel pore. In the transmembrane oligomeric
pore structure, stem regions from the neighboring protomers make extensive inter-
actions between each other, and thus presumably contribute toward remarkable sta-
bility of the oligomeric pore states (SDS-stability, resistance toward proteolysis
etc.) (Ray et al. 2003).

While part of the VCC cytolysin domain contributes toward generation of the
transmembrane segments, rest of it constitutes the membrane-proximal rim-domain
of the oligomeric pore complex. Analysis of the structural models of the p-PFT pore
structures (Song et al. 1996), including that of VCC (De and Olson 2011), suggests
that the membrane-proximal rim-domain act as the structural scaffold for the f-PFT
oligomeric pores. Rim-domain provides an interface that mediates interaction of the
toxin with the lipid head-groups of the membrane lipid bilayer. It, therefore, appears
that the cytolysin domain may also contribute toward interaction of the toxin with
the membrane lipid head-groups. Indeed, a lipid-binding pocket in the cytolysin
domain has been experimentally established within the membrane-proximal rim-
domain of S. aureus a-hemolysin (Olson et al. 1999; Galdiero and Gouaux 2004).
In case of VCC, however, no such lipid-binding pocket has been documented.
Nevertheless, in one of our study, we have shown that a mutation within the
membrane-proximal rim-domain of VCC confers compromised membrane-binding,
and membrane pore-forming activity for the toxin (Paul and Chattopadhyay 2012).
This observation, therefore, indicates the possibility of a potential lipid-binding
motif in the cytolysin domain of VCC as well.

Pro-domain: As mentioned above, VCC is secreted by the bacteria in the form of
an inactive precursor, Pro-VCC (Nagamune et al. 1996; Yamamoto et al. 1990).
Structure of the Pro-VCC (Olson and Gouaux 2005) shows presence of ~15 kDa
Pro-domain, which is attached to the N-terminus of the cytolysin domain via
29-residue long connecting flexible linker. This linker contains ~15 residue long
sequence motif that acts as the cleavage site(s) for a battery of proteases (Nagamune
et al. 1996). Consistent with such observation, proteolytic cleavage at this linker
sequence results into the removal of the Pro-domain, and thus leads to the matura-
tion of the VCC toxin.

Presence of the Pro-domain in the precursor form of VCC has been shown to be
essential for efficient secretion and proper folding of the toxin molecule. One previ-
ous study has shown that the recombinant V. cholerae cells, harboring truncated
variant of hlyA gene lacking the sequence for the Pro-region, fails to secrete the
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toxin outside the bacterial cells (Nagamune et al. 1997). In vitro denaturation/rena-
turation experiments have demonstrated that in absence of the Pro-domain VCC
fails to refold back to its active form, while Pro-VCC can achieve proper refolding
(Nagamune et al. 1997). In one of our recent study, we have shown that the presence
of the Pro-domain increases the unfolding propensity of the precursor molecule in
response to various denaturing conditions, while mature form of the toxin shows
considerable resistance toward unfolding (Paul and Chattopadhyay 2011).
Altogether, these studies suggest an intramolecular chaperone-like activity of the
Pro-domain in terms of providing sufficient extent of structural plasticity in the
VCC molecular structure, which might be required for efficient secretion of the
toxin in its precursor form across the bacterial membrane. It is, however, still not
properly elucidated how exactly the presence of the Pro-domain keeps the VCC
toxin in its inactive precursor state.

p-Trefoil lectin-like domain: VCC contains a p-Trefoil lectin-like domain
(~15 kDa) at the C-terminal boundary of the cytolysin domain (Olson and Gouaux
2005). This p-Trefoil lectin-like domain is also present in the closely related cytoly-
sins from the Vibrionaceae bacteria, but it is absent in the archetypical f-PFT mol-
ecules like S. aureus a-hemolysin (Olson and Gouaux 2005). The p-Trefoil domain
is connected to the cytolysin domain via a short linker sequence composed of Gly-
Gly-Arg-Pro. VCC B-Trefoil domain shows sequence and structural similarity to the
carbohydrate-binding domain of plant toxin ricin, and highlights presence of the
QXW conserved carbohydrate-binding motif(s) observed in the archetypical
p-trefoil lectin domains (Rutenber et al. 1987; Montfort et al. 1987; Loris 2002;
Sharon and Lis 2004). However, carbohydrate-binding activity of the p-trefoil
domain of VCC has not been explored yet experimentally. Also, the implication of
the p-trefoil domain in the structure-function mechanism of VCC remains to be
investigated.

p-Prism lectin-like domain: VCC contains another ~15 kDa domain that is con-
nected to the C-terminus of the f-Trefoil domain via relatively long linker sequence
(Olson and Gouaux 2005). This domain is not commonly documented in other
B-PFTs, including closely related cytolysins from V. vulnificus and Aeromonas
hydrophila (Olson and Gouaux 2005). This C-terminal domain of VCC shows struc-
tural similarity to several prototype p-Prism lectins, like jacalin (Sankaranarayanan
et al. 1996) and Maclura pomifera agglutinin (MPA) (Lee et al. 1998). VCC
B-Prism-like domain highlights presence of a binding pocket similar to the carbohy-
drate-binding site of the jacalin and MPA lectins. In one of our recent studies, we
have established the role of the f-Prism domain in the lectin-like activity of VCC
(Rai et al. 2013). In this study, we have shown that the truncation of the B-Prism
domain completely abolishes the lectin activity of VCC toward p1-galactosyl-
terminated glycoconjugates. Using structure-guided mutagenesis approach we have
also mapped the critical residues within the 3-Prism domain that are essential for the
lectin activity. The study shows that an amino acid triad (composed of Asp617,
Tyr654, and Tyr679) positioned within the putative carbohydrate-binding pocket
constitute the essential element for the VCC lectin activity. Altogether, it has been
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conclusively established now that the p-Prism domain acts as the structural scaffold
responsible for the lectin-like activity of VCC (Rai et al. 2013; Levan et al. 2013).

It is important to note that the f-Prism domain of VCC adopts two distinct posi-
tions with respect to the cytolysin domain, in the monomeric precursor form and in
the oligomeric pore state (De and Olson 2011; Olson and Gouaux 2005) (Fig. 7.2).
In the water-soluble precursor Pro-VCC, f-Prism domain is located on the opposite
side of the Pro-domain on top of the pre-stem loop, while in the oligomeric pore
structure it is repositioned in place of the Pro-domain (Fig. 7.2). Such rearrange-
ment of the f-Prism domain is absolutely essential for the membrane insertion, and
oligomeric pore formation process. In absence of the reorganization of the p-Prism
domain, it would be positioned in such a way that would in turn block oligomeriza-
tion of the toxin protomers, simply because of steric clash. Also, in absence of
B-Prism domain’s rearrangement, pre-stem loop would not be able to open up
toward membrane insertion. Based on our recent study (Rai et al. 2013) it appears
that the lectin-like activity of the f-Prism domain might act as a triggering mecha-
nism so as to prompt its structural rearrangement against the cytolysin domain.

Presence of the B-Prism domain has been shown to be critical for efficient mem-
brane pore-formation of VCC (Rai et al. 2013; Mazumdar et al. 2011; Olson and
Gouaux 2005). Truncated variant of VCC lacking the C-terminal f-Prism domain
shows abortive membrane pore formation. It has been observed that in absence of
the B-Prism domain, the truncated toxin can form membrane-bound oligomers, but
does not display functional pore-forming activity (Rai et al. 2013). Cryo electron
microscopy-based analysis of the oligomers formed by the truncated variant sug-
gests that in absence of the f-Prism domain VCC might form an abortive oligomeric
pore having obstructed hole in the cis-side of pore lumen (Dutta et al. 2010; He and
Olson 2010). It has been proposed that such pore occlusion happens, presumably
due to collapse of the f-Trefoil domain in absence of the B-Prism domain.

Structural reorganizations during oligomeric pore formation: Comparison of
the structures of the monomeric and oligomeric form of VCC suggests massive
structural reorganization within the toxin monomers during the oligomeric mem-
brane pore formation process (De and Olson 2011; Olson and Gouaux 2005)
(Fig. 7.2). As mentioned above, the most critical structural rearrangement is the
opening up of the ‘pre-stem’ loop from the cytolysin domain, and its subsequent
membrane insertion in the form of ‘stem’ configuration. In the water-soluble mono-
meric Pro-VCC state, ‘pre-stem’ loop remains sandwiched between the B-Prism
domain and the cytolysin domain. Thus, for ‘pre-stem’ to ‘stem’ conversion to
occur, it requires movement of the -Prism domain. Indeed, during the whole pro-
cess PB-Prism domain reorients with respect to the central cytolysin domain by
almost 180° angle, and occupies the position where originally Pro-domain is located
in the Pro-VCC structure. Rearrangement of the $-Prism domain represents the sec-
ond most prominent structural change associated with the membrane pore forma-
tion process of VCC. Movement of the $-Prism domain makes way for the ‘pre-stem’
loop to undergo the conformational change required for the subsequent membrane
insertion and oligomeric pore formation process.



7 Vibrio cholerae Cytolysin... 117
Structural Features of the VCC p-Barrel Pore

Transmission electron microscopy (TEM)-based studies have initially characterized
the transmembrane oligomeric pore complexes of VCC as membrane lesions of typi-
cal ring-like structures having inner diameter of approximately 1-2 nm (Ikigai et al.
1996). Studies showing inhibition of lytic activity by the osmoprotectants of defined
molecular sizes have also suggested similar range of pore diameters for VCC (Ikigai
et al. 1996). Single channel conductance measurement(s) using VCC pores generated
in the supported lipid bilayer system have suggested that VCC forms anion-selective
diffusion channels (Menzl et al. 1996; Ikigai et al. 1997). Single channel measure-
ment studies have also suggested asymmetric lumen geometry for the VCC pores:
larger opening in the cis-side than in the trans-side, with narrow constriction at the
central part of the lumen (Yuldasheva et al. 2001). Crystal structure of the VCC oligo-
meric pore state confirms such ‘cup-shaped’ lumen geometry (De and Olson 2011).
Crystal structure also elucidates that the lining of the VCC pore lumen is constituted
by a combination of charged, as well as hydrophobic/aromatic amino acid residues.
Analysis of the structural model also explains that the narrow constriction near the
central region of the pore lumen is caused by the aromatic ring of a tryptophan residue
contributed by each of the VCC protomer. Similar architecture has been documented
in another B-PFT member, anthrax protective antigen (Krantz et al. 2005; Katayama
et al. 2010; Sun et al. 2008). Implication of the lumen geometry of the VCC mem-
brane pore has not been explored yet in the context of VCC mode of action.

Mechanism of Membrane Pore Formation

Membrane pore formation mechanism of f-PFT family of bacterial protein toxins,
in general, has been proposed to involve three distinct steps: (i) binding of the water-
soluble toxin monomers to the target cell membrane; (ii) assembly of the membrane-
bound toxin monomers to generate a transient ‘pre-pore’ oligomeric intermediate
on the membrane surface; (iii) conversion of the pre-pore intermediate into the func-
tional transmembrane pore (Menestrina et al. 2001; Parker and Feil 2005). In the
sequence of events, as mentioned above, stem-loops from each of the toxin pro-
tomers insert into the membrane lipid bilayer in a concerted manner, and generate
the transmembrane fB-barrel. Structural studies on a number of B-PFTs have vali-
dated overall generalization of such scheme (Song et al. 1996; Gilbert 2010;
Dunstone and Tweten 2012; Hotze and Tweten 1818; Rossjohn et al. 2007).
However, individual B-PFTs quite often deviate from such generalized scheme in
terms of displaying significant variations in the details of the mechanism. For exam-
ple, process of membrane interaction shows wide range of diversity in terms of
receptor specificity, role of membrane lipid components, and so on. In many cases,
discrete intermediate events are described only to a limited extent. More impor-
tantly, the mechanism(s) that regulate the discrete steps leading toward functional
membrane pore-formation are not properly understood for most of the p-PFTs.
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Membrane pore-formation process of VCC has been explored in large number of
studies. Membrane pore-formation by VCC can be mimicked in the membrane lipid
bilayer of synthetic lipid vesicles or liposomes suggesting that the membrane inter-
action process does not critically require any non-lipid components (Ikigai et al.
1997). However, membrane pore formation is found to be more efficient in biomem-
branes as compared to that in liposomes, suggesting accessory role of additional
molecules present in the cellular membranes (Zitzer et al. 1999). For example,
erythrocytes are significantly more susceptible compared to liposome. More inter-
estingly, erythrocytes of different species show different extent of susceptibility
against the lytic activity of VCC. Rabbit erythrocytes are found to be more sensitive
as compared to human erythrocytes (Zitzer et al. 1997b). Previous studies have indi-
cated role of different cell surface proteins (e.g., glycophorin B on human erythro-
cytes) as the potential receptor(s) for VCC (Zhang et al. 1999). Since, VCC contains
specific lectin-like activity, it has also been speculated that cell surface glycoprotein/
glycolipid molecules can act as probable receptor(s) for the toxin (Rai et al. 2013).
However, exact identity of the specific cell surface receptor for VCC has not been
elucidated yet.

Much of the mechanism(s) associated with the membrane pore formation process
of VCC have been studied using synthetic liposome vesicles. As stated above, oligo-
meric B-barrel pore formation can be efficiently triggered in the membrane lipid
bilayer of liposomes (Ikigai et al. 1996). In some earlier studies, association of VCC
with the membrane lipid bilayer of liposomes has been suggested to be a non-
specific process, driven mostly by global amphiphilicity of the water-soluble mono-
meric form of the toxin molecules (Chattopadhyay et al. 2002). However,
oligomerization and membrane pore formation has been shown to be more specific
events requiring assistance of distinct membrane components. Notably, presence of
cholesterol has been shown to be absolutely essential for functionality of VCC
(Ikigai et al. 1996). Cholesterol appears to regulate the mode of action of VCC in a
stereospecific manner; enantiomeric form of cholesterol does not support the effi-
cient activity of VCC in the liposome membrane (Zitzer et al. 2003). It therefore
appears that cholesterol regulates VCC activity, not by regulating the physicochemi-
cal properties of the membrane environment, rather by physically interacting with
the toxin molecule. In fact, requirement of specific structural elements present in
cholesterol has been implicated for membrane-binding and oligomerization prop-
erty of VCC (Ikigai et al. 2006). Nevertheless, specific cholesterol-binding structural
motif present within the VCC structure has not been established yet. In one recent
study, we have shown that a single point mutation within the potential membrane-
binding rim domain of VCC critically abrogates cholesterol-dependent membrane
pore-formation mechanism of VCC (Paul and Chattopadhyay 2012). More detail
studies would be required, however, to conclusively elucidate the structural
mechanism(s) of cholesterol-dependency in the context of VCC mode of action.

In addition to the requirement of cholesterol, efficiency of membrane pore forma-
tion by VCC varies depending on the lipid composition of the membrane. For exam-
ple, membrane permeabilization activity of VCC is found to be more pronounced in
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presence of sphingolipids (Zitzer et al. 1999). In particular, ceramide moiety has
been shown to be critically implicated for efficient membrane-damaging activity
(Zitzer et al. 1999). It has also been demonstrated that the presence of specific cone-
shaped lipids in conjugation with cholesterol favors efficient membrane pore-form-
ing activity (Zitzer et al. 2001). It has been suggested that these specific lipids
regulate VCC activity, not by directly interacting with the toxin molecule, rather by
promoting favorable interaction of the membrane-bound toxins with cholesterol
(Zitzer et al. 2001). Altogether, it appears that VCC employs complex lipid-
dependent mechanism to exert its membrane pore-forming activity, the exact nature
of which is still not fully understood. Once again, no information is available at
present whether VCC utilizes any specific structural motif within its molecular
structure to mediate interaction with the lipid components of the target membrane.

While the role(s) of membrane lipid components in regulating the VCC function-
ality have been studied extensively in the past, the dynamics of its membrane pore-
formation events has been explored only in recent years. Existence of the pre-pore
oligomeric intermediate in the process of pore formation for VCC has been docu-
mented only recently. It has been shown that the trapping of the membrane-spanning
stem loop in its pre-stem configuration via engineered disulfide linkage could arrest
the pre-oligomeric intermediate of VCC (Lohner et al. 2009). Also, a truncated vari-
ant of VCC lacking the pre-stem structure is found to remain trapped as the pre-pore
oligomer on the membrane surface (Paul and Chattopadhyay 2014). These studies
conclusively show that VCC follows the archetypical f-PFT mechanisms in terms
of displaying involvement of the pre-pore oligomeric intermediates.

It has been suggested previously that the membrane-binding step precedes oligo-
merization of VCC (Zitzer et al. 2000). It has also been shown that the membrane
oligomerization and functional pore formation for VCC require more stringent cri-
teria as compared to the membrane binding step. For example, membrane binding
can occur even at low temperature of 4 °C, whereas oligomerization and pore for-
mation get critically arrested at temperature range less than 10 °C (Zitzer et al.
1997b, 2000). Such observation clearly suggests that the binding step is definitely
distinct from the subsequent oligomerization and functional pore-formation events.
However, membrane insertion event could not be delineated earlier from the bind-
ing and/or oligomerization steps of VCC. In a very recent study, we have now shown
that the membrane insertion step depends critically on the prior oligomerization of
the membrane-bound VCC monomers (Rai and Chattopadhyay 2014). Arresting of
the VCC molecule in its membrane-bound monomeric state abrogates oligomeriza-
tion, membrane insertion, as well as functional pore formation (Rai and
Chattopadhyay 2014). These results provide valuable insights regarding the dynam-
ics of the membrane pore-formation process employed by VCC as a prototype in the
B-PFT family. Such issues are relevant not only in the context of the VCC mode of
action, but are also crucial to understand and elaborate the generalized mechanisms
of the B-PFT family of proteins. It is also important to note that such aspects are also
relevant to understand the dynamics of the protein-membrane interactions in a
broader canvas of membrane protein functionalities.
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Conclusion

Existing information regarding the membrane pore formation process of VCC
highlights an intriguing mechanism of enormous complexity. The mechanism of
functional pore formation appears to be the outcome of a complex cross-talk
between the structural elements of the protein’s molecular structure and the compo-
nents of the target membrane. It is really fascinating how exactly such mechanism
is regulated in presence of the membrane lipid bilayer of the target cell systems.

Valuable insights have been obtained regarding the mechanism of actions of a
large number of B-PFTs, including VCC. In particular, for VCC structures have
been described for the monomeric and oligomeric pore form of the toxin. Information
is also available regarding some of the intermediate steps involved in the process of
membrane pore formation. However, the regulatory mechanisms that control the
dynamics of the process have been elucidated only to a limited extent. Also, struc-
tural basis of the regulatory mechanisms imposed by the membrane lipid compo-
nents needs to be elaborated in detail in future studies. Such information would be
critical to enrich our insights regarding the membrane pore-formation mechanism
of VCC in the context of its implications for the V. cholerae pathogenesis process.
Also, such insights would enrich our knowledge regarding the generalized mecha-
nism of -PFT family of bacterial pore-forming toxins.
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Chapter 8
New Vis-Tas in Lactosylceramide Research

Subroto Chatterjee, Sumita Mishra, and Sara Kimiko Suzuki

Introduction

Lactosylceramide (LacCer) is a member of a large family of compounds collectively
called the glycosphingolipids (GSL). These molecules are present in all mammalian
cells, some bacteria and fungus. GSLs are composed of an amino acid serine, fatty
acids and sugars and are usually localized on the cell surface wherein they serve as
receptors for diverse physiologically relevant molecules, bacteria and viruses.
However, LacCer is predominantly stored within cytoplasmic vesicles located in the
perinuclear area though some LacCer is present on the cell surface. The dynamics of
these two pools of LacCer is not known. Nevertheless, recent efforts by several
groups of investigators have opened up new vis-tas in LacCer research. The present
article is to bring to forth these findings for further experimental validation and for
use in translational research to develop better diagnostics and therapeutics for use
humans and certain veterinary purposes. In particular, this article will focus on two
areas: 1. Inflammation and the LacCer—phospholipase-A-2 (PLA2) connection and
2. Implications of LacCer modulation on cardiac hypertrophy.

Briefly, the biosynthesis of GSL begins upon the condensation of L-serine with
palmitoyl-CoA to form sphingosine (Fig. 8.1). In mammalian cells, sphingosine is
then metabolized in a sequential manner to synthesize several intermediates leading
up to the synthesis of ceramide. Ceramide forms the non-polar tail of all GSL (pre-
sumed to be buried within the cell membrane) to which glucose and galactose (from
respective nucleotide sugars) is added consecutively to yield glucosylceramide and
LacCer, respectively.
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Fig. 8.1 Metabolic pathways involved in lactosylceramide biosynthesis and its role as a precursor
to complex glycosphingolipids

In nature, at least two LacCer synthases (LCS) have been reported. According to the
recent nomenclature, they are termed GalT-V and GalT-VI. Before the human genome
was unraveled, only one LCS was known and was termed GalT-2, now referred to as
GalT-VI. While GalT-V is a constitutively expressed in most tissues, GalT-VI is
expressed in a tissue specific manner-in the brain (Lo et al. 1998). In this context, the
readers are referred to another chapter in this series where a detailed description of the
biosynthesis of complex GSL and nomenclature of these enzymes are described by
Basu and co-workers (Ref). The important feature about GalT-V is that it is the major
LCS in human endothelium (Chatterjee et al. 2008). Therefore, it plays a critical role in
the biosynthesis of LacCer and LacCer-regulated phenotypes and diseases (Chatterjee
and Alsaeedi 2012). For example, LacCer plays a critical role in vascular endothelial
growth factor (VEGF)/fibroblast growth factor (FGF)-induced angiogenesis (Rajesh
2005; Kolmakova et al. 2009), a phenotype central to tumor metastasis, and tumor
growth. Thus, the use of siRNA to ablate GalT-V gene in vitro and in vivo was found
to mitigate angiogenesis and tumorigenic potential in B16-F10 mouse melanoma cells,
respectively (Rajesh 2005; Wei et al. 2010; Furukawa et al. 2014). Also, the use of
inhibitor’s of LCS such as D-PDMP can reverse VEGF and FGF-induced angiogene-
sis. Further, the observation that the tumor necrosis factor (TNF) induced expression of
intercellular cell adhesion molecule-1 (ICAM-1) requires the activation of the endothe-
lial cell derived GalT-V which may be central to both inflammation and atherosclerosis.
Also ICAM-1 serves as a receptor for Mac-1/CD1 1b present on the surface of monocytes
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and neutrophils. Thus, the adhesion of these blood cells to the endothelium and their
subsequent intravasation is a first critical step in the initiation of inflammation and ath-
erosclerosis seen below (Bhunia et al. 1997).

Another major source of LacCer production is due to the action of a sialidase
termed Neu3 on a ganglioside GM3 (Miyagi and Yamaguchi 2012). This enzyme is
highly enriched with the plasma membrane in cancer cells. This reaction seems to
be utilized largely in human cancer cells and cancer tissue noted for its highly
malignant properties as its contribution to an induction of phenotypes, e.g. cell
migration and invasion. Studies using colon cancer cells have revealed that Neu3
activates Wnt receptor by phosphorylation of Ras/MAPK upon stimulation by EGF
(Miyagi et al. 2012). Thus, Neu-3 induced LacCer production may well partake in
signaling pathways leading to tumor metastasis. Neu3 activation was also shown to
occur upon exposure of human dermal fibroblast to elastin that can activate this
enzyme to generate LacCer (Rusciani et al. 2011). Furthermore, LacCer is shown to
generate reactive oxygen species (ROS): a superoxide to activate the phosphoryla-
tion of mitogen activated protein kinase. In a cancer cell line, this helps increase in
cell proliferation (Miyagi and Yamaguchi 2012), and in elastic tissue, the phos-
phorylation of MAPK facilitates its elasticity (Rusciani et al. 2011). These findings
are summarized diagrammatically (Fig. 8.2).
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Fig. 8.2 Signaling pathways by which epidermal growth factor recruits LacCer to induce cell
proliferation in cancer cells and elasticity
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Inflammation and the LacCer: Phospholipase-A-2
(PLA2) Connection

Inflammation is probably the earliest process leading to the two major killers of
mankind: heart disease and cancer, perhaps other inflammatory diseases as well.
This involves the participation of cells in the circulation notably platelets, macro-
phages, neutrophils, leukocyte/monocytes, and the vascular cells such as arterial
smooth muscle cells and the endothelium. Infections and other stressor’s allow the
release of various growth factors and pro-inflammatory cytokines from the various
blood cells and smooth muscle cells. Since endothelial cell surface forms a barrier
between blood cells and its components and the vascular wall, pro-inflammatory
cytokines such as tumor necrosis factor (TNF-a, inflammatory cytokines, growth
factors etc.) bind to their receptors on the surface of the these cells, thus activating
them and producing signaling molecules such as LacCer (via activation of LacCer
synthase) (Chatterjee and Alsaeedi 2012). In turn, LacCer specifically induces the
expression of a cell adhesion molecule-intercellular cell adhesion molecule ICAM-
1) through an “oxygen-sensitive” signaling pathway. Studies in vitro and in vivo
demonstrate that ICAM-1 serves as a receptor for another protein Mac-1/CD11b
expressed on the surface of neutrophils and monocytes. This allows the capture of
circulating neutrophils and monocytes and their intravasation into the sub-
endothelial space. Herein, the monocytes undergo proliferation and differentiation
into macrophages due to the action of several growth factors. Since macrophages
express scavenger receptors e.g. SRB-1, CD-36 etc., it allows them to take up oxi-
dized LDL. Studies show that oxidized LDL not only contribute to the deposition of
cholesterol esters but also can inhibit their hydrolysis contributing to fatty streaks in
the arterial wall, plaque development, and its subsequent pathological pathway.
Additional studies show that LacCer can directly interact with neutrophils and
monocytes to activate phospholipase-A-2 to increase the expression of Mac-1/
CD-11b to facilitate adhesion to the endothelium (Fig. 8.3) (Arai et al. 1998).

The emerging view is that LacCer taken up by cells from lipoproteins, other cell
membranes due to cell—cell interaction or simply by an exogenous supply which
may form a LacCer membrane microdomain (Fig. 8.4). And such microdomains are
involved in generating superoxides and/or activating phospholipase to bring about
profound phenotypic changes in vitro. First, using human arterial smooth muscle
cells it was shown that LacCer dose and time dependently raised the cellular levels
of superoxides by activating NAD(P)H oxidase activity (Bhunia et al. 1997). Next,
LacCer was shown to facilitate the migration of several components of the NAD(P)
H complex such as c47phox and c67phox from the cytosol to the plasma membrane
to bind with the other components of NAD(P)H oxidase, generating superoxides
(Martin et al. 2006). Additional studies revealed that the LacCer microdomain
together with a Src kinase; Lyn, expressed on the neutrophil plasma membrane, may
well be implicated in innate immune response (Yoshizaki et al. 2008).

Another instance of direct LacCer protein interaction is the case with phospholi-
pase-A-2. The roles of phospholipase-A-2 are many including initiation and propa-
gation of inflammation, cellular damage, modulation of chemotaxis, phagocytosis
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Fig. 8.3 Signaling pathways by which exogenous LacCer is involved in the activation of phospho-
lipase-A-2, leading to inflammation

and superoxide generation. It also modulates vascular tone, enhances vascular per-
meability and may also impact T cell function. The substrate for PLA-2 is a phos-
pholipid phosphatidylcholine wherein it cleaves the sn-2 fatty acid, arachidonic acid
(Fig. 8.3). While LacCer can directly activate PLA-2, studies show that FcER1
cross linking may well activate PLA-2 via a receptor independent tyrosine kinase
(sre, lyn, yes, syk etc.). The IP3 generated interacts with the Ca2+ channel on the
endoplasmic reticulum to increase the concentration of cytosolic Ca2+. In turn, this
allows the translocation of cPLA2 from the cytosol to cell membrane compartment
thus cleaving arachidonic acid. The phosphorylation of Ser 505 in PLA-2 increases
intrinsic enzyme activity.

The proof of concept that indeed LacCer directly activated PLA2 arrived from
several experimental observations. First, treatment of cells with PPMP an inhibitor
of glucosylceramide synthase and LacCer synthase, reduced the level of LacCer and
the release of arachidonic acid. This was bypassed by treating cells with just LacCer
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Fig. 8.4 Lactosylceramide induces hypertrophy in cardiomyocytes via ROS generation and acti-
vation of P44 MAP kinase (Mishra and Chatterjee 2014)

and no other glycosphingolipids (Nakamura et al. 2013). Second, silencing the
enzyme cPLA?2 or the use of an inhibitor of cPLA-2 also mitigated LacCer induced
cPLA2 activation. These studies conducted using Chinese hamster ovary cells
(CHO-W11A) showed that LacCer translocated D43N mutant of cPLA-2.
Additional studies in a human monocytic cell line (U-937) have revealed that
LacCer recruited PKC-a/e to activate PLA-2 and the intrinsic expression of platelet
endothelial cell adhesion molecule (PECAM-1). Since COX-2 inhibitors mitigated
arachidonic acid-induced PECAM-1 expression, prostaglandins may mediate
PECAM-1 expression in monocytes (Gong, NL 2004 PNAS). Previous studies
show that PECAM-1 plays a critical role in the trans-endothelial migration of mono-
cytes into the sub-endothelial space thus initiating atherogenensis and involving
LacCer in the pathology in this disease (Chatterjee and Pandey 2007).

Implications of LacCer Modulation on Cardiac Hypertrophy

Lipids are required by all organs, including heart, for its function. They consist of
fatty acids (FA) that supply calories required for numerous cellular activities and are
also the important structural component of cells. The majority of plasma fatty acid
constitutes triglycerides and phospholipids that exist in esterified form. Oxidation



8 New Vis-Tas in Lactosylceramide Research 133

of various substrates like FA, glucose, lactate and ketone bodies generate ATP in
normal adult hearts. Among these substrates, glucose and fatty acids are the most
important for ATP production in the heart. Approximately 70 % of the ATP essen-
tial for regular cardiac function is provided by the FA. There are multiple pathways
that modulate the attainment of FA by the cardiomyocytes, and any shift in these
pathways affects cardiac metabolism and function (Taegtmeyer 1994). High blood
cholesterol is a major risk factor for heart diseases, and hyperlipidemia for athero-
sclerosis and cardiovascular disease, respectively, including coronary heart disease.
Epidemiologic studies have shown that hypercholesterolemia is associated with
increased left ventricular mass and cardiac hypertrophy (Jung et al. 2010; Luo et al.
2010; Miguel-Carrasco et al. 2010; Planavila et al. 2011; Singh and Krishan 2010;
Takayama et al. 2011; Wang et al. 2010; Wojciechowski et al. 2010). Hypertrophic
cardiomyopathy is a pathological hypertrophy of the heart due to an increase in the
size of myocytes in various heart diseases including long-term hypertension, myo-
cardial infarction, chronic pressure overload, valvular defects and endocrine disor-
ders (Frey et al. 2004; Grossman et al. 1975; Hood et al. 1968; Sandler and Dodge
1963). Myocardial hypertrophy is an adaptive response of the heart to increased
workload. Cardiac hypertrophy is one of the main responses of cardiomyocytes to
mechanical and neuro-hormonal stimuli. Although cardiac hypertrophy may ini-
tially represent an adaptive response of the myocardium, it often progresses to ven-
tricular dilatation leading to heart failure, one of the leading causes of mortality in
the world. Increased left ventricular mass (LVM) and decreased fractional shorten-
ing (FS) are risk factors in cardiac morbidity and mortality in the general population
(Baumgartner et al. 2007; Lorell and Carabello 2000; Movahed and Saito 2009).
Cardiac hypertrophy and fibrosis, which are the most common responses of the
heart to all forms of injury, are the major determinants of morbidity and mortality
from cardiovascular disease in both developing and developed countries.

The role of diet is crucial in the development and prevention of cardiovascular
disease. It also impacts all other cardiovascular risk factors. Previous studies have
demonstrated that dyslipidemia, hypercholesterolemia and cardiac lipotoxicity are
associated with cardiac hypertrophy (Balakumar et al. 2011; Berger et al. 2005;
Borradaile and Schaffer 2005; Lopaschuk et al. 2007; Poornima et al. 2006;
Semeniuk et al. 2002; Smith and Yellon 2011; Unger and Orci 2001; Yang and
Barouch 2007).

Hypertrophy induced by fat diet intake is steadily becoming one of the primary
causes of myocardial infarction, morbidity, and stroke and is a major clinical con-
cern in cardiovascular medicine. Increased levels of FAs from fatty diets can impact
the heart harmfully due to the formation of toxic derivatives of glucose and lipid
metabolism (Bayeva et al. 2013). Epidemiological studies showed that hypercholes-
terolemia is associated with higher left ventricular mass and that dyslipidemia is an
independent determinant of increased left ventricular mass (Lee et al. 2005). In
patients with Fabry’s disease, glycosphingolipid deposition in heart causes progres-
sive left ventricular hypertrophy that mimics the morphological and clinical picture
of hypertrophic cardiomyopathy, with dyspnea on effort, palpitation and angina as
the typical symptoms (Nakao et al. 1995). A close association between GSLs level
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and cardiac hypertrophy in vivo in apoE -/- mice fed a western diet was suggested
by us recently (Chatterjee et al. 2013). We have observed that feeding a high fat and
cholesterol diet to apoE-/- mice results in marked increase in the level of GSL e.g.
glucosylceramide (GlcCer) and LacCer in heart tissue accompanied by an increase
in the activity of glycosphingolipid glycosyltransferases (GTs) (Chatterjee et al.
2013). However, these in vivo studies did not elaborate whether one or more GSLs
were implicated in cardiac hypertrophy. To address this issue, we used cultured
neonatal rat cardiomyocytes and H9C2 cells and sought to determine whether GSL’s
affect cardiac hypertrophy. The cardiomyocytes were treated with different glyco-
sphingolipids and their effect on hypertrophy was measured using multiple bio-
chemical molecular and morphological parameters (Mishra and Chatterjee 2014).
Among several glycosphingolipids examined, Lactosylceramide specifically stimu-
lated hypertrophic parameters to a similar extent as PE (Phenylephrine) in these
cells. Cardiac hypertrophy in vivo involves the enlargement of the heart caused by
an overload of blood volume and increased blood pressure. Cardiac hypertrophy in
vitro is induced by the use of agonists such as PE that binds to its cognate receptors
and transduces downstream components of a ROS-mediated signal transduction
pathway to eventually induce hypertrophy.

In this study, PE was used as a positive control. We demonstrated that at a similar
concentration (100 pM), LacCer could serve as a bonafide agent to induce cardiac
hypertrophy in H9c2 cells and freshly cultured primary rat cardiomyocytes. In con-
trast, the other classes of GSL, such as sulfatides, complex gangliosides and other
neutral GSLs, failed to induce hypertrophy in cardiomyocytes. This shows that an
intact molecule of LacCer is required to induce cardiac hypertrophy. Importantly, the
catabolic or anabolic products of LacCer failed to induce this phenotype. At the cel-
lular level, hypertrophy is characterized by an increase in the size of cells, protein
synthesis, reactivation of fetal genes e.g. ANP (Atrial natriuretic peptide) and BNP
(Brain natriuretic peptide), changes in the signal transduction pathways and reorgani-
zation of sarcomere structure. The increase in cell size is mainly accompanied by an
increase in protein synthesis. Our studies employed multiple criteria to assess hyper-
trophy in these cardiomyocytes e.g. increased cell volume, increased protein synthesis
using [*H]-Leucine as a precursor, determination of cell size and the measurement of
mRNA levels of ANP and BNP-established biomarkers of cardiac hypertrophy. These
studies suggest that LacCer specifically induced hypertrophy in cardiomyocytes.

We observed that in cardiomyocytes LacCer induces the generation of superox-
ides in a time and concentration-dependent manner. This was mitigated by the use of
antioxidants such as N-acetyl cysteine, a scavenger of free oxygen radicals and diphe-
nylamine iodonium (DPI), an inhibitor of NAD(P)H oxidase (Hsieh et al. 2013; Yang
et al. 2013a, b). Use of these inhibitors also mitigated LacCer induced cardiac hyper-
trophy biomarkers mRNA levels e.g. ANP and BNP. This observation suggests that,
by activating NAD(P)H oxidase, LacCer generates superoxide radicals which in turn
activates a downstream signaling cascade leading to cardiac hypertrophy (Fig. 8.4).

The immediate early genes activated during hypertrophic stimulus include c-jun,
c-fos, c-myc etc. In our study we found that, LacCer induced hypertrophy also
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involved the upregulation of both c-fos and c-jun genes. We also demonstrated that
the activation of these immediate early genes involves oxidative stress.

Subsequent studies have shown the effects of LacCer on Protein Kinase C (PKC)
activation and cardiac hypertrophy. The involvement of PKC in cardiac hypertrophy
has been reported previously (Bowman et al. 1997; Braz et al. 2002; Vijayan et al.
2004). We observed marked inhibition of LacCer-induced ANP and BNP mRNA
levels in cardiomyocytes in the presence of PKC inhibitor, suggesting that PKC
plays a central role in LacCer induced hypertrophy.

Previous studies have placed p44 MAPK activation as a central component in
agonist induced cardiac hypertrophy (Araujo et al. 2010; Dai et al. 2011; Fahmi
et al. 2013; Ferguson et al. 2013; Lopez-Contreras et al. 2013; Ruppert et al. 2013;
Sbroggio et al. 2011). Also transforming growth factor-f 1 induces hypertrophy and
fibrosis via activation of p44 MAPK (Bujak and Frangogiannis 2007). Therefore,
we examined the effects of LacCer on p44 MAPK and cardiac hypertrophy. LacCer
induced the rapid phosphorylation of p44 MAPK and this activation process was
required to induce cardiac hypertrophy (Fig. 8.4). Our study suggests that LacCer
alone can induce hypertrophy in cardiomyocytes and therefore exposes both LacCer
and LacCer synthase as novel drug targets to mitigate this phenotype. This empha-
sizes the need for a better understanding of GSLs and GTs in cardiac hypertrophy
and other cardiovascular diseases.

Perspectives

As of to date, it is still unclear whether or not PLA 2 is a bonafide inflammatory
marker for cardiovascular risk due to the lipoprotein-PLA?2 possibly playing a dual
role as a pro-atherogenic and anti-atherogenic molecule. On one hand, Lp-PLA2
generates arachidonic acid, a precursor for prostaglandins and relevant to the inflam-
matory pathway contributing to atherosclerosis. On the other hand, LP-PLA 2 is
implicated in the degradation of platelet activating factor (PAF), a potent mediator
of inflammation. These characteristic of Lp-PLA 2 raises a burning question ,under
what conditions does the PLA2 become atherogenic vs. anti atherogenic. Another
aspect of PLA2 action is the generation of oxidized phospholipids and lysoPC.
While the oxidized phospholipids could render LDL prone to oxidation and conse-
quently contribute to atherosclerosis, the lysoPC is a potent fusogenic compound
and may also serve in accelerating atherosclerosis.

Literature on the role of LacCer in vascular stiffness and in cardiac hypertrophy is
just beginning to unravel. These studies must be validated using large mammals.
Since GalT-V gene ablation is embryo - lethal alternative experimental models
designed to deplete LacCer and or the use of highly specific inhibitors of LacCer
synthesis are needed to explore this area of research. Since one in three people world-
wide suffers from high blood pressure which can contribute to cardiac hypertrophy,
research in this area could be lucrative for the industry and to the NIH effort to bol-
ster their program of excellence in Glycosciences.
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Chapter 9

Plasma Membrane-Associated Sialidase
Confers Cancer Initiation, Promotion
and Progression

Taeko Miyagi, Kohta Takahashi, Kazuhiro Shiozaki,
Kazunori Yamaguchi, and Masahiro Hosono

Introduction

An increase in sialylation is often found in cell surface glycoproteins of malignant
cells (Lau and Dennis 2008), and altered sialylation of glycolipids is also observed
as a ubiquitous phenotype (Hakomori 2010). Despite the number of reports describ-
ing involvement of sialic acids in cancer, the molecular mechanism and significance
are not fully understood. To understand further ganglioside neoplastic alterations,
we have focused on a human ganglioside-specific sialidase NEU3, which cleaves
sialic acids preferentially from gangliosides. Ganglioside sialidase activity levels
fluctuate consistently with cell differentiation, cell growth, and malignant transfor-
mation. Alterations of the activity levels associated with malignant transformation
were described in 3T3-transformed cells (Yogeeswaran and Hakomori 1975), in
BHK-transformed cells (Schengrund et al. 1973) and in mouse epidermal JB6 cells
exposed to phorbol esters (Miyagi et al. 1990). However, little was known about the
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molecular mechanisms underlying such sialidase alterations until development of
gene cloning studies. Mammalian sialidases so far identified (NEU1-NEU4) are
encoded by different genes and differ in their major subcellular localization and
enzymatic properties. Each sialidase has been found to play a unique role depending
on its particular properties (Miyagi and Yamaguchi 2012) and behave in different
manner in cancers (Miyagi et al. 2012). We have found that NEU3 is a key enzyme
for ganglioside degradation because of its strict substrate preference to ganglio-
sides, which co-localize with this sialidase in the surface membranes (Miyagi et al.
1999), and plays as a signal modulator (Miyagi et al. 2008). In various human can-
cers, NEU3 shows a remarkable upregulation. Although NEU4 can hydrolyze gan-
gliosides as well as glycoproteins and oligosaccharides, our recent studies have
exhibited its opposite behavior to NEU3 in carcinogenesis with a tendency of down-
regulation especially in colon cancer (Yamanami et al. 2007). We have now pre-
sented evidence of NEU3 for crucial involvement in cancer initiation and promotion
in addition to progression in colon cancer through ganglioside modulation.

Upregulation of NEU3 Promotes Cancer Progression

Our previous studies demonstrated a significant upregulation of NEU3 in human
various cancers including colon (Kakugawa et al. 2002), renal (Ueno et al. 2006),
and prostate (Kawamura et al. 2012) cancers. The expression was increased in the
surgical specimens of tumor tissues as compared to adjacent non-tumor tissues in
the levels of mRNA and sialidase activity. Our attempt has been made to elucidate
the significance and molecular mechanisms underlying increased NEU3 expression.
In colon cancer cells, the increase caused suppression of cell differentiation and
apoptosis, accompanied with increased Bcl-2 and decreased caspase3 expression.
The endogenous sialidase level was downregulated in the process of differentiation
and apoptosis of the cells induced by sodium butyrate. Compared to non-tumor
mucosa, colon cancer tissues exhibited a marked accumulation of lactosylceramide
(Lac-cer), a possible NEU3 product, and addition of Lac-cer to the culture con-
firmed to reduction of apoptotic cells during sodium butyrate treatment, indicating
that high expression of NEU3 leads to protection against programmed cell death,
probably through modulation of gangliosides (Kakugawa et al. 2002).

Further investigation of the mechanisms of NEU3-mediated cell survival revealed
that its silencing caused apoptosis without specific stimuli, accompanied by
decreased Bcl-xL and increased mda7 (melanoma differentiation associated gene-7,
differentiation and apoptosis-inducing protein) and GM3 synthase mRNA levels in
HeLa cells, whereas overexpression resulted in the opposite effects (Wada et al.
2007). Human colon and breast carcinoma cell lines, HT-29 and MCF-7 cells,
appeared to be similarly affected by treatment with the NEU3 siRNA, but interest-
ingly non-cancerous human WI-38 and NHDF fibroblasts and NHEK keratinocytes
showed no significant changes. NEU3 silencing inhibited Ras activation and its
overexpression to stimulate it with consequent influence on ERK and Akt. NEU3
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promoted EGFR phosphorylation in response to EGF and co-immunoprecipitated
with EGFR in the cells, suggesting that NEU3 suppresses apoptosis of cancer cells
by promoting EGFR phosphorylation, probably through its association with EGF
receptors and consequent activation of Ras cascades, especially via the Ras/ERK
pathway.

NEU3-transfected colon cancer cells exhibited increased adhesion to laminins
and consequent cell proliferation, but a decrease in cell adhesion to fibronectin, col-
lagen I and IV, compared to control cells (Kato et al. 2006). On laminin-5, NEU3
clearly stimulated phosphorylation of FAK and ERK, and markedly enhanced tyro-
sine phosphorylation of integrin 4, with recruitment of Shc and Grb-2. These
results indicate that NEU3 differentially regulate cell proliferation through integrin-
mediated signaling depending on the extracellular matrix. This selective NEU3
effect may be favorable for cancer cell growth, because laminin-5 has been reported
to increase and in contrast fibronectin to reduce progression of carcinoma.

NEU3 expression was found to be increased in renal cell carcinomas (RCCs)
compared to adjacent non-tumor tissues, significantly correlating with elevation of
interleukin (IL)-6, a pleiotropic cytokine, which has been implicated in immune
responses and pathogenesis of several cancers (Ueno et al. 2006). Up-regulation of
NEU3 in the tumor tissues was strongly linked to the IL-6 expression level and
NEUS3 in renal cancer ACHN cells was activated by IL-6 in a positive feed back
manner on the cytokine function, mainly through the PI3K/Akt pathway, resulting
in suppression of apoptosis and promotion of migration. Either NEU3 transfection
or IL-6 treatment resulted in suppression of apoptosis and promotion of cell motil-
ity, and the combination resulted in synergistic effects. NEU3 hardly affected
MAPK or IL-6-induced STAT3 activation but promoted the PI3K/Akt cascade in
both IL-6 dependent and independent ways. Furthermore, IL-6 promoted Rho acti-
vation and the effect was potentiated by NEU3, leading to increased cell motility
whereas NEU3 silencing resulted in decreased Akt phosphorylation and inhibition
of Rho activation. Glycolipid analysis showed a decrease in ganglioside GM3 and
an increase in Lac-cer after NEU3 transfection, and addition of these lipids to the
culture apparently affected cell apoptosis and motility, consistent with to the obser-
vations in colon cancer cells. The results indicate that NEU3 activated by IL-6
exerts IL-6-mediated signaling largely via the PI3K/Akt cascade in a positive feed-
back manner and contributes to expression of a malignant phenotype in RCCs.

Up-regulation of NEU3 was also detected in prostate cancer, showing a signifi-
cant correlation with malignancy as assessed by the Gleason score (Kawamura
et al. 2012). In androgen-sensitive LNCaP cells, forced overexpression of NEU3
significantly induced progression-related transcription factor EGR-1, androgen
receptors and prostate specific antigen, PSA, both with and without androgen, the
cells becoming sensitive to low concentration of hormone. This NEU3-mediated
induction was abrogated by inhibitors of PI3K and MAPK, in line with increased
phosphorylation of Akt and ERK1/2 in NEU3-overexpressing cells. NEU3 silencing
moreover caused a reduction in the cell growth of androgen-independent PC-3 cells
in culture and of transplanted tumors in nude mice. These data strongly suggest that
NEU3 regulates the progression of prostate cancer through androgen receptor
signaling.
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Up-regulation of NEU3 in cancer

colon, renal, ovary, prostate and
head and neck cancers, etc.

Disturbance of cellular signaling

Suppression of apoptosis and cell differentiation
(colon cancer, prostate cancer)
Enhanced adhesion to laminin-5 and subsequent cell growth
(colon cancer)
Promotion of cell motility and invasion
(colon cancer, prostate cancer)
Acceleration of IL-6 effects
(renal cancer)
Progression of androgen-independent cell growth
(prostate cancer)

[ NEUS3 promotes malig.h.ént properties of cancer cells \

Fig. 9.1 Upregulation of NEU3 observed in various human carcinomas causes disturbance of cel-
lular signaling, leading to augmentation of malignant properties of cancer cells

As illustrated in Fig. 9.1, all the results together display that NEU3 augments
cancer progression through promoting cell survival, adhesion, growth and motility
by potentiating signaling including MAPK/ERK, PI3K/AKT and FAK/ERK path-
ways, probably via Ras activation. To gain insights into regulation mechanisms of
NEU3 gene, we have recently determined the gene structure and assessed transcrip-
tion factor involvement (Yamaguchi et al. 2010). NEU3 expression was found to be
diversely regulated by Sp1/Sp3 transcription factors binding to alternative promot-
ers. Such transcriptional control might also account for the upregulation of NEU3 in
cancer, because Spl and Sp3 are now known to play critical roles in regulating the
transcription of genes involved in cell growth control and tumorigenesis (Wierstra
2008). The expression of NEU3, in fact, exhibited good correlations with those of
Spl or Sp3 in cancer, implying a promoting role in NEU3 gene transcription.

NEU3 Is Involved in Cancer Initiation and Promotion

To investigate whether NEU3 participates in cancer initiation and promotion as
well as progression, a possible role of NEU3 in promoting tumorigenesis in vivo
has been demonstrated in human NEU3 transgenic mice treated with a carcinogen,
azoxymethane (AOM), for induction of precancerous colonic aberrant crypt foci
(ACF) (Shiozaki et al. 2009). ACF were induced in the mice significantly more
frequently than in their control wild-type counterparts. Enhanced phosphorylation
of EGF receptor, Akt and ERK and up-regulation of Bcl-xL protein were observed
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Fig. 9.2 Promotion of aberrant cript foci (ACF) formation in NEU3 transgenic mice. The suscep-
tibility of NEU3 transgenic mice to induction of ACF was examined by treatment with azoxymeth-
ane (AOM) (Shiozaki et al. 2009). (a) Mice were injected with AOM (i.p., 15 mg/kg/week) for 6
weeks, and 4 weeks later ACF had formed in the NEU3 transgenic mice significantly more than in
the control wild-type mice. (b) Numbers of apoptotic cells were stained in immuno-histochemical
sections with anti-cleaved caspase 3 antibody. (¢) Enhanced phosphorylation of EGFR, Akt and
ERK and up-regulation of Bcl-xL protein were observed in the transgenic colon mucosa

in the transgenic colon mucosa, but no changes were found in cell proliferation,
suggesting that the increased ACF formation was due to suppression of apoptosis,
as shown in Fig. 9.2. Thus, NEU3 up-regulation may be important to the promotion
stage of colorectal carcinogenesis in vivo. When Neu3-deficient mice were exposed
to dimethylhydrazine, there were no differences in the incidence or growth of
tumors from wild-type mice. On the other hand, the Neu3-deficient mice were less
susceptible to colitis-associated colon carcinogenesis induced by AOM and dextran
sodium sulfate, indicating an involvement of NEU3 in inflammation-dependent
tumor development (Yamaguchi et al. 2012). In addition to the observations in
genetically engineered mouse models, we have provided evidence of a close link
between NEU3 expression and Wnt/p-catenin signaling in colon cancer cells by
analyzing cancer stem-like characteristics and tumor initiating capability (Takahashi
et al. in submission). NEU3-silencing in colon cancer cells resulted in a significant
decrease in clonogenicity on soft agar and in vivo tumor growth, along with down-
regulation of stemness genes. Under sphere-forming conditions, endogenous
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NEU3 expression was significantly increased. Null-activity mutants of NEU3
failed to activate relevant signaling, indicating that the activation is dependent on
ganglioside changes.

The available data strongly suggest participation of NEU3 in tumor initiation and
promotion, since constitutive activation of Wnt/B-catenin signaling is implicated in
the maintenance of cancer stem cells and initiation of the process of colon carcino-
genesis (Clevers 2006). However, it is thought to be insufficient for progression
without additional Ras activation (Phelps et al. 2009). In this context, NEU3 may be
a pivotal molecule involved in both cancer initiation and progression, by regulating
Whnt/p-catenin and Ras/MAPK signaling pathways.

Conclusion

In this review, we describe possible roles of the plasma membrane-associated siali-
dase NEU3 in cancer. We have so far demonstrated that NEU3 is markedly upregu-
lated in various human cancers and the aberrant increase causes augmentation of
malignant properties of cancer cells, including increased cell survival, adhesion,
migration and invasion. Here, we present evidence of an involvement of NEU3 in
cancer initiation and promotion as well as progression using genetically engineered
mouse models and NEU3- silenced cancer cells. Treatment with NEU3 siRNA brings
about reversal of some malignant properties of cancer cells in culture and tumor
regression in vivo. Thus, NEU3 may be a prominent determinant in cancer initiation,
promotion and progression, and represent an attractive target for treatment.
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Chapter 10

A Signal with a Difference: The Role

of GPI Anchor Signal Sequence in Dictating
Conformation and Function of the Als5
Adhesin in Candida albicans
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Introduction

GPI Anchors in C. albicans

GPI anchors are unique flexible glycolipid anchors that are used by eukaryotes to
anchor proteins in the extracellular leaflet of the plasma membrane or to the cell
wall. Elsewhere in this volume, Prof. Taroh Kinosita provides a succinct review of
the GPI anchor biosynthetic pathway and its importance for mammalian cells.
Although there are some species-specific differences, the core structure of the GPI
anchor precursor is conserved in eukarya. As with higher eukaryotes, in lower
eukaryotes too GPI anchored proteins perform a variety of extremely important
functions (McConville and Ferguson 1993; Paulick and Bertozzi 2008). In lower
eukaryotes, the pathway appears to be essential for growth and viability (McConville
and Ferguson 1993). In S. cerevisiae and its closely related pathogenic fungal
cousin, C. albicans, inhibiting GPI anchor biosynthesis is lethal (Leidich et al.
1994; Grimme et al. 2004; Pittet and Conzelmann 2007; Yadav et al. 2014). In
C. albicans, a number of GPI anchored proteins are specifically required for adhe-
sion and virulence and several of these are regulated with the morphogenetic
switch that converts the yeast form of the organism into the invasive hyphal form
(Martinez-Lopez et al. 2004). Prominent among these are the Als family of eight
adhesins, the hyphal wall protein 1 (Hwpl) and Elf4E-associated protein 1 (Eap1)
(Staab et al. 1999; Cormack et al. 1999; Hoyer and Hecht 2001; Sundstrom 2002).
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Not surprisingly, defects in GPI biosynthesis, therefore, also hamper the ability of
the organism to successfully establish colonies on host tissues and inhibit its infec-
tion and virulence (Martinez-Lopez et al. 2004).

The Role of C-Terminal Signal Sequences in the Attachment
of the Anchor

As interesting as the GPI anchors themselves are the GPI anchor attachment signal
sequences (SSs) at the C-terminal ends of the proteins. These SSs dictate the attach-
ment of pre-formed GPI anchors to the proteins within the lumen of the endoplas-
mic reticulum (ER).

Starting with their discovery in the late 1980s, a great deal of debate has centered
upon the nature and role of the SSs in determining which proteins will receive the
anchor and how they will function. We now know that the amino acid sequence of a
SS varies with the protein. We also know that identities of the residues per se are not
as important as conservation of the ‘nature’ of the residues in a sequence identified
as a GPI-attachment SS. A general rule appears to be that the site of cleavage of SS,
and its replacement with the GPI anchor precursor, is always an amino acid residue
(w-site) close to the C-terminal end of the protein with a very small side chain. This
must be flanked on either side by residues with small side chains as well (w—1 to
®+2). A polar linker segment of 8—12 residues beyond the o + 2 site and a C-terminal
hydrophobic stretch of 10-20 residues then completes the SS (Eisenhaber et al.
1998). Although present generally at the C-terminal end of proteins, the introduc-
tion of SS in the middle of a protein sequence can also apparently signal for cleav-
age and addition of the preformed glycolipid anchor at that position (Caras 1991).
Subsequent to the transfer of the GPI anchor ‘precursor’, the anchor as well as the
protein undergoes several remodeling steps/modifications within the ER as well as
in the Golgi before it is finally targeted to the cell surface (as discussed in detail by
Prof. Kinoshita in this book).

Do the SSs have any additional roles to play other than the obvious one of serving
as flags for transfer of the GPI anchors? SSs also appears to work as markers for
localization, dictating whether specific proteins should go to the cell wall or the
plasma membrane in S. cerevisiae and other organisms that have a cell wall (Hamada
et al. 1999; Frieman and Cormack 2004; Ouyang et al. 2013). There are also studies
that indicate that the SS dictates sorting to the apical versus basolateral surfaces in
mammalian cells (Ali et al. 1996; Paladino et al. 2008). Likewise, there are sugges-
tions that the type of GPI anchor attached may itself be dependent on the SS
(Nicholson and Stanners 2007). Since the GPI anchor undergoes several steps of
remodeling within the endoplasmic reticulum (ER) as well as in the Golgi after it is
attached to the protein, and before it is finally targeted to the cell surface, it is unclear
whether the ER exit sites for the proteins are dictated by the SS or by the protein.
Several studies suggest that the SS also dictates the fate of the protein under GPI
deficiency conditions or when it enters the degradation pathway (Garg et al. 1997;
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Ashok and Hegde 2008). Residues at and around the w-site, appear to not only be
important for GPI attachment, they also seem to influence the glycosylation pattern
on the GPI-anchored proteins in the Golgi and thereby alter both oligomerization
status as well as localization in mammalian cells (Miyagawa-Yamaguchi et al.
2014). There are also studies that suggest that the SS after its detachment from the
protein could continue to dictate its fate (Guizzunti and Zurzolo 2014). However, it
is not very clear how these functions are mediated by a peptide stretch that is
removed from the protein at the time of the GPI anchor attachment.

Mutations in SS

What happens in the case of mutations in the SS? For proteins like the mammalian
prion protein (PrP), for example, such a question also assumes clinical significance
since mutations in the SS have been associated with neurodegenerative disorders
(Poggiolini et al. 2013). One obvious outcome, for mutations that occur at or around
the w-site, would be that GPI anchors do not get attached to the proteins and these
must then be routed either towards secretion as anchorless variants or towards the
protein degradation pathways (Bohme and Cross 2002; Kiachopoulos et al. 2005;
Hizume et al. 2010). The absence of the anchor could certainly affect the functional-
ity of the protein in such cases, both because it alters its localization and because the
anchor itself could have a say in the final conformation of some proteins (Frieman
and Cormack 2003; Kiachopoulos et al. 2005; Nisbet et al. 2010). Other mutations
in the SS that do not necessarily have any effect on anchor attachment can also nev-
ertheless affect the functioning of mature proteins on the cell surface (Hoque et al.
1996; Windl et al. 1999). How and why this happens is not very clear. One hypoth-
esis, based on the idea that the SS continues to have an independent existence even
after its detachment from the protein, has been that these mutations alter the degra-
dation patterns of the detached SS and thereby modulate the functionality of the
mature GPI-anchored protein (Guizzunti and Zurzolo 2014). The mechanism for
this however remains unclear. Another hypothesis, based on the hypothesis that the
SS carries a functional specificity signal within itself, suggests that mutations could
alter the kind of anchor attached to a protein and therefore alter its functionality/fate
(Nicholson and Stanners 2007). Although differences are known to occur in pro-
cessing of the GPI anchored proteins during their transport through the secretory
pathway, including differences due to mutations in the SS (Miyagawa-Yamaguchi
et al. 2014), no studies have so far indicated that the GPI precursor attached by the
transamidase to nascently translocated proteins is different for different proteins.
Using the Als5 adhesin from C. albicans we propose a third possible hypothesis
where SS has a role in controlling the conformation of the protein and thereby influ-
encing GPI anchor attachment and functionality. The Als family of adhesins have
three distinct features that mark them out for the unique tasks that they are required
to perform on the surface of C. albicans (Sundstrom 2002). Besides binding to a
wide variety of specific peptide ligands, they also possess the ability to adhere to
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several basal lamina proteins and to undergo oligomerization via amyloid
formation/p-aggregation that assist in the establishment of fungal colonies. We had
shown previously that the GPI anchor attachment SS could significantly alter the
conformation of Als5 (Ahmad et al. 2012). The presence of SS could not only keep
the protein in a relatively well folded and predominantly a-helical conformation, it
could also prevent it from adhering to collagen type IV or aggregating, both impor-
tant functions of the adhesin. Deletion of SS from the protein resulted in a protein
with predominantly pre-molten globule characteristics and complete functionality.
We had hypothesized that this difference between the two proteins could be because
the SS at the C-terminal end of Als5-SS folds back and interacts with the amyloid
patch within the adhesin, forcing the protein into adopting an a-helical conforma-
tion and suppressing its functionality (Fig. 10.1). Als5 lacking the SS would of

Amyloid patch

Tandem Repeats ~50% of protein length

Stalk region/ Spacer [

Peptide binding Als5
domain
Cell wall

b Amyloid patch

Ig-like
domain [vval3E}

Amyloid patch

Als5-SS

Fig. 10.1 Domain organization of Als5 andAls5-SS. Mature Als proteins on the cell surface are
organized into several domains as shown in (a). Based on our previous studies on Als5, we had
proposed that before the cleavage of the C-terminal SS and attachment of a preformed GPI anchor,
SS folds back and interact with the N-terminal half of Als5 (Ahmad et al. 2012), as shown in (b).
This folding back of SS influences the secondary structure of the protein leading to a more struc-
tured secondary conformation than predicted. We also proposed that the interaction takes place via
the amyloidogenic regions within Als5-SS, one adjacent to the Ig-like peptide binding domain
(shown in orange) and the other within its SS (shown in yellow), and thus inhibits the aggregation
of Als5. Thus, presence of SS can influence the structure and function of Als5 protein. A mutation
within the amyloidogenic regions could possibly disrupt or weaken this interaction, and thus affect
the structure and function of the mutant protein
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course be free from such a constraint and capable of adopting a more extended
conformation as is expected for the functional protein on the cell surface. Likewise,
mutations in Als5-SS that abrogate interaction between the two domains, as per our
hypothesis, should result in a protein whose amyloid patch is exposed. In this manu-
script we put this hypothesis to test. We show that mutant variants Als5-SS V309N
(mutation in the amyloid patch) or Alss5-SS L1326R and Als5-SS F1327R (both
mutations in the SS) are proteins which show better adhesion as well as aggregation,
more like Als5 rather than Als5-SS.

Effect of Mutations on the Conformation and Function
of Als5-SS

Identifying Mutations in Als5-SS That Would Abrogate
P-Aggregation Potential of Putative Interacting Domains

In a previous manuscript, we showed by TANGO analysis that Als5-SS has two
patches which have a significant amount of B-aggregation potential as predicted
(Ahmad et al. 2012). One of these lies within the mature functional protein sequence,
at the C-terminus of the Ig-like N-terminal domain of the protein that has been pre-
viously shown to bind specific peptide ligands (Klotz et al. 2004; Rauceo et al.
2006), while the other lies within the SS (Fig. 10.1). The internal site with the motif
IVIVA was also shown by Peter Lipke and co-workers to be highly conserved in a
variety of closely related adhesins, including the Als-family, and protein fragments
of Als5 containing this motif were all capable of exhibiting aggregation (Ramsook
et al. 2010). Using TANGO (http://tango.crg.es/), we also predicted what mutations
within these sites would turn the amyloid patch into one with insignificant
[B-aggregation potential. We discovered that a V309N mutation within the protein
reduced the P-aggregation potential of the first patch drastically (Fig. 10.2a).
Likewise, L1326R or F1327R mutations reduced the pf-aggregation potential of the
SS to nearly zero (Fig. 10.2b, c). Thus, we hypothesized that if we introduced any
of these mutations in Als5-SS, it should reduce the interactions between these two
amyloidogenic regions of Als5-SS and result in better adhesion and aggregation.

In silico Predictions of GPI Anchor Attachment
Jfor Als5-SS and Its Mutant Variants

While introduction of the V309N mutation was not expected to affect GPI anchor
attachment, it was pertinent to also ask whether mutations in the SS would affect
GPI anchor addition. We used the GPI-SOM (http://gpi.unibe.ch/; Fankhauser and
Maiser 2005) and Big-PI (http://mendel.imp.univie.ac.at/set/gpi/gpi_server.html;
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Fig. 10.2 TANGO prediction for $-aggregation potential. Introduction of V309N (a), or L1326R
(b), or F1327R (c) mutations leads to reduced f-aggregation potential for Als5-SS. The sequences
within which the mutations have been made are also shown. In each figure the sequence below
represents the wild type and the one above shows the mutated sequence. The inset in (a) corre-
sponds to the region containing the IVIVA domain

Table 10.1 Prediction of GPI anchor attachment by BIG-PI predictor and GPI-SOM

Proteins BIG PI-predictor GPI-SOM
Als5-SS GPI anchored GPI anchored
Als5-SS L1326R Non GPI anchored GPI anchored
Als5-SS F1327R GPI anchored GPI anchored
Als5-SS L1326R F1327R Non GPI anchored Non GPI anchored

Eisenhaber et al. 1999) software to predict whether the mutations affected GPI
anchor attachment. We discovered that the L1326R mutation was drastic enough to
convert the SS into a stretch that was no longer likely to be recognized as a putative
SS (Table 10.1). On the other hand, mutating F1327R appeared to have no signifi-
cant effect on its potential to act as a signal for GPI anchor attachment (Table 10.1).
Needless to say, the double mutation L1326R F1327R resulted in a sequence with
no potential to serve as a successful SS (Table 10.1).
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Table 10.2 Prediction of Predicted AG,y, (kcal/mol)
AG,,, for TM helix insertion Ss +2.955

of SS from Als5 by AG .

predictor software (http:// SS L1326R +3.675

dgpred.cbr.su.se) SS F1327R +3.585

SS L1326R F1327R | +4.313

An accompanying question we needed to address was about the nature of SS
itself. For long it was believed that during translocation into the ER, a newly trans-
lated proprotein destined to be GPI anchored would have the hydrophobic segment
of its SS inserted into the ER membrane where it would then be recognized by the
GPI-transamidase (Berger et al. 1988; Caras and Weddell 1989). However, there is
now growing experimental evidence to suggest that membrane-inserted SS domains
are not absolutely essential (Wang et al. 1999; Dalley and Bulleid 2003). Several
proproteins that get GPI anchored are perhaps soluble proteins. A thermodynamic
assessment of the free energies (AG,,,) for membrane insertion of a variety of SS
suggested that SS in general have sequences with marginal hydrophobicities and
AG,,,~0.0 (Galian et al. 2012). Using AG predictor software (http://dgpred.cbr.
su.se) developed by von Heijne’s group (Hessa et al. 2007) the SS fragment of
Als5-SS was predicted to have a helix insertion AG,, of +2.6 kcal/mol (Table 10.2).
In other words, Als5-SS could perhaps be a soluble ER luminal protein. This also
implies that the SS is likely to be free to interact with the rest of the protein, as
hypothesized in our model, and may not be constrained to be inserted in the mem-
brane. Mutation of V309N, as expected, does not in any way alter the value of AG,,
for SS (+2.955 kcal/mol). Mutations within SS, both L1326R and F1327R, make
the AG,,, value more positive (Table 10.2), suggesting that these mutations too by
themselves are unlikely to promote membrane insertion of the SS.

Generating ALS5-SS Variants Carrying the Different Mutations

Next we set about introducing these mutations, both L1326R and F1327R, within
Als5-SS for wet lab experiments. Although the mutation L1326R was predicted to
convert SS into a sequence that may not be recognized by the transamidase, as dis-
cussed above, we persisted in generating the mutant variant of Als5-SS possessing
this mutation for two major reasons: 1) Theoretical predictions only give a general
picture. They are neither fool-proof nor 100 % accurate and are based on the experi-
mental data set available at this point in time. It is possible that predictions would
change when more data or information become available. 2) The mutation, as per
our hypothesis, should still be able to successfully disrupt the interaction between
the internal amyloid patch and the SS. Thus, as a proof of concept, this is still a vari-
ant worth generating. The mutant, as a candidate for the transamidase, is currently
being evaluated in wet lab experiments in the lab.
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Table 10.3 List of primers used

Primer sequence

Als5-SS FP 5'GCGGGATCCATGATTCAACAATTTACATTGTTATTC3’
Als5-SS RP 5'GCGCTCGAGTCATAGAAAGAAGAATAATGCAACG3’
Als5-SS V309N FP 5'GATGCCGGATCTAACGGTATTAATATTGT 3’

Als5-SS V309N RP 5S'TGTTCTAGTTGTAGCAACAATATTAATACC3’

Als5-SS SS L1326R FP 5S'CTTAAATTTATTAGCGTTGCACGGTTCTTC3’

Als5-SS SS L1326R RP 5'CTCGAGTCATAGAAAGAAGAACCGTGCAAC3’
Als5-SS F1327R FP 5’AAATTTATTAGCGTTGCATTACGGTTCTTT 3’

Als5-SS F1327R RP 5'CCGCTCGAGTCATAGAAAGAACCGTAATGC3’

Since we required Als5-SS as a proprotein with its SS intact for these studies, we
expressed the protein in bacterial cells that lack the GPI biosynthetic machinery. We
previously generated the construct Als5-SS-pGEX-6p-2 for expression of the protein
in bacterial cells (Ahmad et al. 2012). We used the same plasmid to amplify these
mutations in GST-Als5-SS using mutagenic primers (sequences of the primers are
given in Table 10.3). The template plasmid, without any mutation, used for PCR
was digested using Dpnl enzyme and then transformed in DH5a strain of E. coli.
The colonies obtained after transformation were screened by colony PCR using
gene specific primers, FP and RP of ALS5-SS, and the colonies confirmed positive
were further confirmed by complete sequencing of the gene of interest. We success-
fully generated three mutants (GST-ALS5-SS V309N, GST-ALS5-SS LI326R and
GST-ALS5-SS F1327R) in the GST-ALS5-SS gene (data not shown).

The proteins were expressed and purified as already described previously
(Ahmad et al. 2012). Briefly, plasmids without (for GST-Als5-SS) or with muta-
tions (for GST-Als5-SS V309N, GST-Als5-SS L1326R and GST-Als5-SS F1327R)
were transformed into BL21 strain of E. coli. Primary cultures were obtained by
incubation of these transformed strains at 37 °C at 220 rpm overnight. Secondary
cultures were generated using 1 % inoculum of the primary culture in each case
after incubation at 37 °C at 220 rpm for 3 h. Protein expression was induced for 4 h
using 0.1 mM IPTG at 16 °C when ODgr, 0f the cultures reached ~0.6. The cells
were pelleted down at 8,500 rpm at 4 °C for 10 min and the pellet resuspended in
lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 150 mM NaCl, 10 pM PMSF,
0.1 mg/mL lysozyme, and 5 % glycerol). After incubation at 4 °C on a rocker for
1 h, the cells were lysed using digital probe sonicator (30 s ON and 30 s OFF for
7 min). The cell lysate was centrifuged at 8,500 rpm for 45 min at 4 °C, the super-
natant mixed with glutathione-agarose beads and incubated for 4 h on a rocker at
4 °C. The beads were washed using wash buffer (50 mM sodium phosphate buffer,
pH 8.0, 3 M NaCl), and proteins eluted using 10 mM glutathione in elution buffer
(50 mM sodium phosphate buffer, pH 8.0, 150 mM NaCl, 20 % glycerol). The
homogeneity of the protein samples were >90 % as assessed from runs on 6 % SDS
polyacrylamide gels stained with Coomassie brilliant blue R250 (data not shown).

The proteins were dialyzed to remove glutathione before they were character-
ized. As explained in our previous paper as well, the GST-tag is attached to the
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protein via a PreScission™ protease site, however, this site did not appear to be
accessible to the protease and the tag could not be removed (Ahmad et al. 2012).
Thus, all the wet lab experiments included purified GST as a control. The tag did not
appear to significantly affect our results.

The Als5-SS Mutant Variants Had a Conformation
That Was Different from That of Als5-SS

The mutant proteins were assessed for secondary structure formation by CD spec-
troscopy by a Chirascan CD spectrometer (Applied Photophysics). Dialyzed pro-
teins at ~0.09 mg/mL were used for obtaining the spectra between 200 and 260 nm
in a 1 mm path length cuvette with 1 nm step length. In all cases the buffer back-
ground was subtracted. The final spectra were averages of five repeat scans. The
spectrum of GST was then subtracted from that of each of the fusion proteins to get
the spectrum of Als5-SS V309N, Als5-SS L1326R and Als5-SS F1327R using Pro-
Data software that came with the instrument.

We had previously shown that Als5 and Als5-SS had very different secondary
structures as assessed by CD spectroscopy (Ahmad et al. 2012). While Als5-SS was
arelatively well folded protein, Als5 itself was predominantly a pre-molten globular
protein. This was one of the reasons why we had hypothesized that the SS at the
C-terminal end probably folded back and interacted with the amyloid patch on the
Als5 and thereby induced a significant amount of structure into a protein that would
otherwise be largely a natively unfolded protein.

We found that each of the single mutations that we introduced during the course
of this study perturbed the secondary structure of Als5-SS, although none of them
had CD spectra that completely resembled that of Als5 (Fig. 10.3). In other words,
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as per our model, the mutations appeared to alter the interactions between the
domains without completely abrogating it.

We were now ready to examine adhesion by and aggregation of the mutant
proteins.

The Als5-SS Mutant Variants Adhere Better to Collagen
Type IV than Als5-SS Itself

We first examined the ability of the mutant proteins to adhere to collagen type
IV. We had previously shown that GST-Als5 had approximately twofold better
adherence to the basal lamina protein in comparison to GST-Als5-SS while GST by
itself showed little or no adhesion to collagen type IV under similar conditions.

Using a similar protocol as before, we coated a 96 well plate with 0.5 mg/mL of
collagen type-IV and incubated it at 4 °C overnight. Next day the wells were washed
thrice with PBS and twice with elution buffer before adding 200 pL of ~0.07 mg/
mL of each protein (GST, GST-Als5-SS, GST-Als5-SS V309N, GST-Als5-SS
L1327R and GST-Als5-SS F1327R) to the respective wells. The plate was incu-
bated at 37 °C for 1 h. Two controls, one using GST and the other without primary
antibody were taken. 200 pL of 5 % skimmed milk in PBS were added to block the
wells and incubated at 37 °C for another hour and washed 5 times with antibody
buffer (1 % skimmed milk in PBS+0.025 % Tween-20). Anti-GST primary anti-
body (1:1,000 diluted) was added to each well and incubated at 37 °C for 1 h. After
incubation all the wells were washed 5 times with antibody buffer and 200 pL of
HRP-conjugated secondary antibody (1:20,000 diluted) was added and incubated at
37 °C for 1 h. The wells were washed 5 times with antibody buffer and 100 pL of
Tetramethylbenzidine (TMB) solution (1 mg/mL TMB in DMSO+9 mL of 0.05 M
phosphate citrate buffer, pH 5 and 2 pL. H,0,) was added to each well and incubated
at 37 °C for 1 h. ODgsonn Was recorded using a plate reader (Thermo Scientific
Multiscan GO).

We observed that the GST-Als5-SS mutants showed significantly better adhesion
in comparison to GST-Als5-SS (Fig. 10.4).

The Als5-SS Mutant Variants Show Much Better Aggregation
That Wild Type Als5-SS

We next explored the aggregation ability of the mutant variants of Als5 using trans-
mission electron microscopy (TEM) with the help of a JEOL 2100F system. The
proteins (0.09 mg/mL) were incubated at 37 °C for different time points (12, 24 h,
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Fig. 10.4 GST-Als5-SS 3.5
mutants show better
adherence to collagen type
IV than GST-Als5-SS. GST-
Als5-SS V309N, GST-
Als5-SS L1326R and
GST-Als5-SS F1327R
showed significantly higher
adherence to collagen type
IV (basal lamina protein) as
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1 week and 2 weeks) before analysis. Carbon coated copper grids were used for
spotting the proteins, which were then stained with 2 % uranyl acetate and dried,
before TEM images were recorded at 200 kV accelerating voltage.

We had previously shown that GST-Als5-SS could not form significant aggre-
gates even if incubated for 2 weeks at 37 °C. On the other hand, GST-Als5 could
form extensive aggregates within 24 h of incubation under similar conditions
(Ahmad et al. 2012). As before, we observed that neither GST nor GST-Als5-SS
formed aggregates even after 2 weeks of aggregation, while GST-Als5 formed
significant aggregates within 12 h of incubation under similar conditions
(Fig. 10.5). In contrast to GST-Als5-SS, GST-Als5-SS V309N, GST-Als5-SS
L1326R and GST-Als5-SS F1327R could all show a significant amount of
aggregation when incubated at 37 °C for 12 h (Fig. 10.5). The aggregation, as
expected, was better when the mutant variants were incubated for longer periods
of time.

Mutations in a Synthetic SS Peptide Prevent It from Inhibiting
Self-Aggregation of Als5

In order to confirm the above results, we used a synthetic SS peptide (synthesized
by Custom Peptide Synthesis) composed of just the last 20 residues at the C-terminus
of Als5-SS as a competitor in our TEM studies. We previously showed that the
synthetic SS peptide at 1:1 M concentrations could significantly inhibit the self-
aggregation of GST-Als5 (Ahmad et al. 2012). If our hypothesis was correct, we
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Fig. 10.5 Effects of mutations in amyloidogenic region and SS on the aggregation of GST-
Als5-SS. GST-Als5-SS V309N, GST-Als5-SS L1326R and GST-Als5-SS F1327R showed much
better aggregation than GST-Als5-SS. Thus, these mutations probably alter the interactions
between SS and amyloidogenic domain near the Ig-like domain in GST-Als5-SS, thereby enhanc-
ing the aggregation of the mutant proteins. The aggregation of GST alone is also shown as control
to demonstrate that the aggregation is not due to the N-terminal GST tag on the protein variants

expected to see reduced effect of the peptide on the self-aggregation of GST-AlsS5 if
we introduced the LL1326R or the F1327R mutation in it. Hence, we tested whether
a synthetic peptide that included either the L.1326R or the F1327R mutation would
be able to inhibit GST-Als5 aggregation. Indeed, while SS continued to inhibit the
aggregation of GST-Als5, neither SS L1326R nor SS F1327R could inhibit the self-
aggregation of GST-Als5 to any significant degree (Fig. 10.6). As expected, the
peptide with the double mutation also did not inhibit the aggregation of GST-Als5
(Fig. 10.6).

Thus, all in all, the data presented here confirms the hypothesis that we began
with at the start of this work.
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Fig. 10.6 Inhibition of aggregation of GST-Als5 by synthetic SS peptide variants. Incubation of
GST-Als5 with equimolar concentration of synthetic SS peptide inhibits the aggregation property
of GST-AISs5, as also shown previously (Ahmad et al. 2012). However, SS peptide with L1326R
and F1327R, or double mutations of L1326R F1327R failed to inhibit the aggregation of GST-
Als5, suggesting the inability of these mutagenic SS peptides to interact with the amyloidogenic
region of GST-Als5

Concluding Remarks

There is growing evidence to suggest that the SS plays multiple roles in GPI anchor
attachment to proteins and these could vary depending both on the nature of the
proteins and the SS themselves. But given the fact that the SS gets removed from the
proprotein before GPI anchor attachment and the fact that the mature protein does
not carry it, direct experimental proof on the exact mechanisms by which these
additional roles may be performed by SS has remained sketchy.

The results described in this manuscript support a model wherein the SS domain
of Als5-SS interacts with the rest of the protein and alters both its conformation and
function. What could be the implications of these results? As we show from in silico
analysis, Als5-SS is likely to be completely translocated into the lumen of the ER
before the GPI-transamidase works on it to cleave off the SS and attach the pre-
formed GPI anchor at its w-site. As long as the protein remains in the ER and retains
its SS, it is likely to be a reasonably well-folded protein with its amyloid domain
protected from extraneous interactions by the SS. Thus, this proprotein has no
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Table 10.4 Prediction of SS of the following | Predicted AG,,
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Als5 +2.955
Als6 +2.955
Als7 +2.045
Als9 +1.838
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Fig. 10.7 Analysis of sequence similarity and p-aggregation potential for SS from all Als family
adhesins: (a) multiple sequence alignment using Clustal Omega shows poor sequence conservation
amongst the SS of the different Als adhesins from C. albicans. (b) TANGO analysis shows the
presence of a f-aggregation patch with significant aggregation potential in all Als adhesins with
the exception of Als2

tendency to self-aggregate, a property so critical for the functioning of the mature
protein at the cell surface. Upon removal of the SS, however, the amyloid patch
becomes available for interactions and makes the protein functional. The presence
or absence of the SS not only alters the folding of the protein and its functionality,
but it could possibly also determine its interactions with other proteins of the GPI
biosynthetic machinery, the ER exit sites and those of the secretory pathway.
Mutations in the SS, which do not affect attachment of the GPI anchor, could
nevertheless alter the conformation of the proprotein sufficiently to modulate
these interactions and thereby alter the final fates of the mutant variants.

Is there a bigger picture too? In silico analyses suggest that all other members of
the Als family are also likely to be have signal sequences that are unlikely to be
membrane-inserted by themselves (Table 10.4). In addition, despite poor conserva-
tion (Fig. 10.7a), the SSs of all the Als adhesins, with the exception of Als2, have
C-terminal ends with >90 % p-aggregation potential (Fig. 10.7b) and a highly


http://dgpred.cbr.su.se/

10 A Signal with a Difference: The Role of GPI... 161

conserved amyloid domain (Ramsook et al. 2010). Thus, it is possible these proteins
too could possibly fit our model. In other words, for the Als family of adhesins from
C. albicans, the SS may not only provide the appropriate signal for the transamidase
to recognize the site for transfer of the GPI anchor it could also probably provide a
mechanism for keeping the proprotein variants from prematurely aggregating in the
ER. The absence of conservation in the sequences, therefore, may not only serve to
provide differential kinetics of GPI transfer to the Als proteins by the GPI-
transamidase it may also be necessitated by the conformational requirements of the
proproteins.

Whether this model could be extended beyond the Als family of proteins, remains
to be tested. While a general set of rules appear to govern the overall arrangement
of residues within the anchors, the significant variations between the sequences and
their thermodynamic characteristics would argue against a one-model-fits-all
hypothesis. Nevertheless, neither the evidence presented by Nicholson and Stanners
(2007) nor that by Guizzunti and Zurzolo (2014) (which provide alternative models
to explain how mutations in SS affect localization or functionality of the mature
protein), would preclude such an interpretation. The issue in both cases may just as
well be one of altered conformation of the proprotein itself resulting in alterations
in its downstream interacting partners and therefore alterations in transportation and
functionality of the mature protein.
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Novel Chondroitin Sulfate Oligosaccharide
Motifs as Biomarkers: Insights into Their
Involvement in Brain Development
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Introduction

Evidence is accumulating to suggest the various biological functions of the
glycosaminoglycan (GAG) side chains of proteoglycans (PGs), which have largely
been classified into chondroitin sulfate (CS), dermatan sulfate (DS) and heparan
sulfate. These are known to be involved in cell division, cell growth, proliferation,
differentiation, migration, neoplastic transformation, invasion, cell-cell adhesion,
tissue formation, morphogenesis, development, neural network formation, and
viral infection. These events mainly occur through interactions between the GAG
side chains and a wide variety of functional proteins such as growth factors, cyto-
kines, and neurotrophic factors. These effector proteins have been shown to specifi-
cally interact with the functional domain oligosaccharide sequences embedded in
long linear GAG chains (Kjellén and Lindahl 1991; Perrimon and Bernfield 2001;
Casu and Lindahl 2001; Sugahara et al. 2003; Sugahara and Mikami 2007; Bishop
et al. 2007; Lindahl 2014), which regulates their functions. This concept of domain
structures is well established for heparin and heparan sulfate chains including pro-
totypical antithrombin-binding and basic fibroblast factor-binding pentasaccha-
rides (Thunberg et al. 1982; Atha et al. 1987; Petitou and van Boeckel 2004).
Although a large number of ligand proteins have been identified for heparin and
heparan sulfate, studies on the functional domain sequences of CS or DS chains
and their protein ligands are limited. However, similar situations are expected for
CS, DS and CS-DS hybrid chains based on recent findings. CS-DS hybrid chains
are composed of more than ten building units (Fig. 11.1a (Purushothaman et al.
2011)), and these can generate numerous polymer sequences by various arrange-
ments. The sequences constructed by these units can be as diverse as peptide
sequences generated by a combination of 20 amino acid residues. The developmen-
tally regulated and cell type-specific expression of distinct sulfated GAG structures
on cell surface PGs may provide a large amount of information relevant to cell-cell
interactions and differentiation in developing organisms and various tissues includ-
ing the brain. However, unlike nucleic acids and proteins, an automated, and widely
applicable, sequencing method has not yet been established for GAGs due to the
complexity of sugar sequences. Nonetheless, some functional fragments have been
isolated and sequenced using elaborate techniques. In this chapter, the relationship
between the structure and function of brain CS-DS has mainly been discussed
based on our recent findings.

Developmental Changes in the Structures of CS Chains
in the Brain

Disaccharide composition analysis of a fraction containing CS and DS prepared
from chick whole brains revealed that composition of disaccharides changed during
embryonic development (Fig. 11.2) (Kitagawa et al. 1997). The findings revealed
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Fig. 11.1 Structures of CS and DS disaccharide units and their biosynthetic pathways. (a) The
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the CS chains that form CS-DS hybrid chains. CS units are traditionally named, and the corre-
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epimerase glucuronyl C5-epimerase, GalNAc4S-6ST GalNAc 4-sulfate 6-O-sulfotransferase, UST
uronyl 2-O-sulfotransferase, epimerase glucuronyl C5-epimerase, UST uronyl 2-O-sulfotransferase
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Fig. 11.2 Developmental changes in the proportion of disaccharide units in the CS-DS chains of
embryonic chick brains. The PG fractions prepared from chick embryo brains at various develop-
mental stages (stages 29-43) were digested with chondroitinase ABC. The digests were deriva-
tized with the fluorophore 2AB to increase the sensitivity for detection, and then analyzed by
HPLC to determine the amount of disaccharide units. ADi-6S (filled circle), ADi-4S (open circle),
ADi-0S (filled square), ADi-diSp (filled triangle), and ADi-diSg (open square). The sum of the
disaccharide units in each sample was taken as 100 %. This figure was taken from Kitagawa et al.
(1997)

that although the main disaccharides detected were 4-O-sulfated and 6-O-sulfated
units, appreciable proportions of the non-sulfated and disulfated disaccharide units
D and E were also present, and also that the proportions of different units changed
during embryonic development. Immunohistochemical studies using sagittal sec-
tions from postnatal mouse brains also indicated spatiotemporal changes in the
structures of CS chains when sections were stained with various CS monoclonal
antibodies (mAbs) (Fig. 11.3) (Maeda et al. 2003).
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CS-56 2H6 MO-225

Fig. 11.3 Immunohistochemical localization of CS/DS epitopes in the postnatal mouse brain.
Sagittal brain sections from postnatal day (P) 7 (a—c), P12 (d-f), and P20 (g—i) mice were immu-
nostained with mAbs CS-56 (a, d, and g), 2H6 (b, e, and h), and MO-225 (c, f, and i) (Maeda et al.
2003). The respective staining patterns in the cerebral cortex (Cx) and cerebellum (Ce) changed
during development. This figure was taken from Maeda et al. (2003)

Epitope Oligosaccharide Sequences of mAbs That Recognize
Brain CS Chains

The mAbs used in the study described above included CS56, 2H6, and MO-225, the
epitopes of which have been characterized as a set of multiple octasaccharide
sequences (Table 11.1) (Sugahara and Mikami 2007). The epitopes of CS56 and
MO-225 have the A-D tetrasaccharide sequence in common, whereas 2H6 does not
always require the D unit and recognizes less sulfated octasaccharides composed of
only four C units, as well as three C units plus one A or D unit at different positions
in the sequences (Sugahara and Mikami 2007). Staining of the cerebellum in par-
ticular was strong and revealed dynamic changes during postnatal development.
CS-DS hybrid chains, which were derived from embryonic pig brains, exhibited
neuritogenic and growth factor-binding activities, which was in contrast to those
from adult pig brains and depended on their IdoUA content defining the DS-like
structure, as described below (Fig. 11.4) (Bao et al. 2004). In biosynthesis, CS/DS
chains are initiated by the transfer of a xylose (Xyl) residue from UDP-Xyl to a
specific Ser residue in the GAG-attachment site of core proteins. It serves as accep-
tor of two Gal residues and a GIcUA residue to result in the so-called GAG-protein
linkage region tetrasaccharide (GlcUA-Gal-Gal-Xyl-O-). Chain polymerization of
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Table 11.1 The oligosaccharide sequences recognized by various mAbs that are used to stain
mouse brain sections

Monoclonal antibodies

473HD CS56 MO-225 2H1
Hexasaccharides D-A-D* D-A-D
D-A-A
C-A-D
(D-C-A)
Octasaccharides cAC-A-D-C AC-A-D-C AC-A-D-C C-C-A-C
AC-A-D-A AC-A-D-A AC-A-D-A C-C-C-C
AA-A-D-C AA-A-D-C AA-A-D-C C-C-C-A
AA-A-D-A AA-A-D-A AA-A-D-A D-C-C-C
C-A-D-C C-A-D-C C-C-C-D
C-C-A-D (C-E-C-C)®
A-D-C-C (D-C-C-A)°
Decasaccharides E-E-E-E-C

Oligosaccharides with or without D were prepared after digestion with chondroitin lyases or tes-
ticular hyaluronidase, which is a hydrolase. The former contained a 4,5-unsaturated hexuronic acid
residue (AHexUA) at their non-reducing termini, whereas the latter did not

“The underlined A-D or D-A tetrasaccharide sequences were common to the sequences recognized
by mAbs 473HD, CS-56, and MO-225

PReactivity toward the hexa- and octasaccharides in parentheses remains to be confirmed

°A represents the 4,5-unsaturated bond of unsaturated hexuronic acid (AHexUA) formed by the
action of bacterial chondroitin lyases

the repeating disaccharide region in CS and DS chains is initiated by the transfer of
the first GalNAc from UDP-GalNAc to the GIcUA residue in the linkage region
tetrasaccharide by p1,4-GalNAc transferase-I (Sugahara et al. 2003), whereas the
transfer of a GIcNAc residue from UDP-GIcNAc to the linkage region tetrasaccha-
ride by al,4-GlcNAc transferase-I is known to result in the initiation of the repeat-
ing disaccharide region of heparan sulfate and heparin chains (Sugahara et al. 2003).
Six chondroitin synthase family members have been identified including chondroi-
tin synthase, chondroitin-polymerizing factor, and CS GalNAc transferases.
Chondroitin synthase is a bifunctional glycosyltransferase that exhibits CS GIcUA
transferase-II and CS GalNAc transferase-II activities, which are required for the
biosynthesis of the repeating disaccharide region, —4GIlcUAB1-3GalNAcp1.
However, chondroitin synthase itself is unable to construct the backbone of CS by
the activity of polymerase, whereas the enzyme complex of chondroitin synthase
with chondroitin-polymerizing factor can form the repeating disaccharide region,
exhibiting chondroitin polymerizing activity. A precursor of CS, the chondroitin
backbone, is then maturated by sulfation modified by various sulfotransferases such
as uronosyl 2-O-sulfotransferase, chondroitin 4-O-sulfotransferases, chondroitin
6-O-sulfotransferase, and GalNAc 4-sulfate 6-O-sulfotransferase (Fig. 11.1b)
(Sugahara et al. 2003). Epimerization of the C-5 position of GIcUA residues in a
chondroitin polymer occurs as a precursor backbone is constructed, which results in
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Fig. 11.4 Differential neurite outgrowth-promoting activities of the CS/DS chains from embry-
onic and adult pig brains toward hippocampal neurons. E16 mouse hippocampal neurons were
cultured for 24 h on plastic coverslips coated with poly-p,L-ornithin and then with CS-DS derived
from embryonic pig brains (a), or with CS/DS derived from adult pig brains (b). These cells were
fixed and stained for microtubule-associated protein 2 and neurofilament. In the control experi-
ments, neurons were cultured on coverslips coated with poly-p,L-ornithin alone (¢). An increase
was observed in the number of neurites for the neurons cultured on the substrate prepared with CS/
DS from embryonic pig brains, but was not for the substrate prepared with CS/DS from adult pig
brains. Scale bar, 20 pm. This figure was taken from Bao et al. (2004)

the formation of the repeating disaccharide region, —4IldoUAa1-3GalNAcp1-, of
DS chains. Depending on the degree of epimerization CS-DS hybrid chains with
various proportions of GlcUA and IdoUA are formed. The dermatan chains fully
develop through sulfation catalyzed by dermatan 4-O-sulfotransferases and urono-
syl 2-O-sulfotransferase.

The expression of the sulfotransferases responsible for the synthesis of different
disaccharide units was also examined to elucidate the distribution of the synthetic
machinery of such functional sugar chains during brain development (Mitsunaga
et al. 2006). In situ hybridization was performed to examine the expression of three
CS and DS GalNAc 4-O-sulfotransferases; dermatan 4-O-sulfotransferase (D4ST-
1),chondroitin4-O-sulfotransferase 1 (C4ST-1),and chondroitin4-O-sulfotransferase
2 (C4ST-2), as well as the uronyl 2-O-sulfotransferase (UST), which was involved
in the biosynthesis of DS in addition to CS intermediates (Fig. 11.1b). C4ST-1 and
C4ST-2 were ubiquitously expressed in the postnatal mouse brain, whereas the
expression of D4ST-1 and UST was restricted in the developing cerebellum and
peaked on postnatal day 14, as shown by reverse transcriptase-PCR analysis (data
not shown). In situ analysis of the disaccharides of CS-DS in brain sections revealed
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that the concentration of CS-DS increased twofold during development (postnatal
day 7-7 weeks). The proportions of DS-specific, principal disaccharides, IdoUA-
GalNAc(4-O-sulfate) (iA), and IdoUA(2-O-sulfate)-GalNAc(4-O-sulfate) (iB),
which were produced by the sequential actions of D4ST-1 and UST, were higher in
CS-DS chains from the cerebellum than in those from whole brain sections. The
marked dramatic increase (tenfold) observed in the proportion of iB during develop-
ment was important. In contrast, GIcUA/IdoUA (2-O-sulfate)-GalNAc(6-O-sulfate)
(D/iD) and GlcUA/IdoUA-GalNAc(4,6-O-disulfate) (E/AE) decreased to 50 and
30 %, respectively, in the developing cerebellum. These findings suggested that the
IdoUA-containing iA and iB units along with D/iD and E/iE units in the CS-DS
hybrid may play important roles in the formation of the cerebellar neural network
during postnatal brain development.

The critical importance of the disulfate disaccharide units E and/or iE has also
been suggested based on the findings of immunohistochemical and in situ hybrid-
ization studies (Purushothaman et al. 2007). An evaluation of the specificity of
GD3G7 toward various GAG preparations revealed that this antibody specifically
reacted with squid cartilage-derived CS-E rich in E-disaccharide units [GIcUAB1-
3GalNAc (4,6-O-sulfate)], hagfish notochord-derived CS-H (or alternatively
designated DS-E) rich in iE units [I[doUAx1-3GalNAc(4,6-O-sulfate)], and shark
skin DS rich in both E and iE units. The immunohistochemical localization of the
GD3G7 epitope in the mouse brain demonstrated that the epitope was relatively
abundant in the cerebellum, hippocampus, and olfactory bulb (data not shown).
GD3G7 suppressed the growth of neurites in embryonic hippocampal neurons
mediated by CS-E when added to embryonic mouse hippocampal cell cultures (see
below), which suggested that the epitope may be embedded in the neurite outgrowth-
promoting motif of CS-E.

In situ hybridization for the expression of GalNAc-4-sulfate 6-O-sulfotransferase
(GalNACc4S-6ST) in the postnatal mouse brain, which is responsible for the biosyn-
thesis of CS/DS-E by transferring sulfate to the C6 position of GalNAc-4-O-sulfate
of A and iA units (Fig. 11.1b), showed the widespread expression of the transcript
in the developing brain, except on postnatal day 7 when the transcript was strongly
expressed in the external granule cell layer of the cerebellum (Fig. 11.5)
(Purushothaman et al. 2007). The expression of GalNAc4S-6ST switched from the
external to internal granule cell layer with development. In addition, a CS-E deca-
saccharide fraction was found to be the critical minimal structure required for rec-
ognition by GD3G7. Four to five discrete decasaccharide epitopic sequences were
identified, whereas none of the octasaccharides containing E-units were recognized
by GD3G7 (Table 11.2) (Purushothaman et al. 2007; Deepa et al. 2007). Taken
together, these findings demonstrated the dynamic changes and structure—function
relationship of CS-DS during brain development.
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Fig. 11.5 In situ hybridization for GaINAc4S-6ST in the mouse brain during postnatal develop-
ment. Consecutive sagittal sections of the brain from P7 (a), P14 (b), P21 (¢), and 7-week-old (d)
mice were hybridized with *S-labeled antisense (a—d) cRNA probes for GalNAc4S-6ST. The
expression of the GalNAc4S-6ST transcript was widespread in the developing brain, except at P7
when its expression was strong in the external granule cell layer (arrowhead) of the cerebellum. Its
expression in the granule cell layer switched to the internal region and appeared to decrease
slightly with development. The strong expression of GalNAc4S-6ST was also observed in the
olfactory bulb, hippocampus, cerebral cortex, and striatum of the developing brain. OB olfactory
bulb, Cx cerebral cortex, Hi hippocampus, Cb cerebellum, St striatum. Scale bar, 5 mm. This figure
was taken from Purushothaman et al. (2007)

Table 11.2 Oligosaccharide sequences that were or were not recognized
by the single chain phage display antibody, GD3G?7, that is used to stain
mouse brain sections

Decasaccharides that were Octasaccharides that were
recognized by GD3G7 not recognized by GD3G7
E-E-E-E-E E-E-E-E
E-E-E-E-A E-E-E-A
E-E-E-E-C E-C-E-E
E-E-E-A-A and/or C-E-E-E-A A-E-E-E

These oligosaccharide fractions were isolated from CS chains derived
from squid cartilage, sequenced (Purushothaman et al. 2007), and were
then utilized to determine the binding specificity of the antibody GD3G7
(Mitsunaga et al. 2006)
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Neurite Outgrowth-Promoting Activity
of Oversulfated CS Chains

In 1994, Faissner et al. purified CS-PG from postnatal days 7-14 mouse brain
extracts, which was designated DSD-1-PG, carry CS-DS hybrid chains, and are
expressed in the central nervous system (Faissner et al. 1994). A mAb against DSD-
1-PG, which was specific to the CS-DS side chains, was also developed and desig-
nated 473HD. DSD-1-PG exhibited neurite outgrowth-promoting properties
towards embryonic day 14 mesencephalic and embryonic day 18 hippocampal neu-
rons from the rat. These properties were attributed to the CS-DS side chains of
DSD-1-PG, because they were lost when the CS-DS chains were removed follow-
ing a treatment with chondroitinases, which remove CS and/or DS chains, and could
be blocked by 473HD. These findings demonstrated that the hybrid GAG structure
DSD-1-PG supported the morphological differentiation of neurons in the central
nervous system. The epitopes of 473HD was subsequently characterized as a series
of octasaccharides containing the A-D tetrasaccharide sequence (Table 11.1)
(Sugahara and Mikami 2007; Ito et al. 2005).

Oversulfated CS-D and CS-E were subsequently reported to promote the neurite
outgrowth of embryonic hippocampal neurons (Nadanaka et al. 1988; Clement et al.
1998; 1999). CS-D and CS-E stimulated the outgrowth of multiple dendritic neu-
rites and a single axon-like neurite, respectively, which suggested distinct molecular
mechanisms underlying these phenomena. However, since CS-D and CS-E are
derived from the cartilages of shark and squid, respectively, CS and DS chains in
mammalian brains were also characterized as described below.

Isolation of Functional Domain Oligosaccharides
from Embryonic Pig Brains

The CS-DS hybrid chains were purified from embryonic pig brains, and exhibited
prominent neuritogenic (Fig. 11.4a) and growth factor-binding activities toward
various growth factors including fibroblast growth factor 2, pleiotrophin (PTN), and
midkine, all of which have neuroregulatory activities in the brain. In contrast, the
CS-DS preparation derived from adult pig brains exhibited markedly less binding
activity to these growth factors and neuritogenic activity was absent (Fig. 11.4b)
(Bao et al. 2004). Structural analysis indicated that the average sizes of the CS-DS
chains were similar (40 kDa) in these two preparations. However, the compositions
of the disaccharides were markedly different, with a significant proportion of
IdoUA-containing disaccharides (8-9 %) being observed in the CS/DS chains from
embryos but not in those from adults (<1 %). Both the neurite outgrowth-promoting
and growth factor-binding activities of the CS-DS chains from embryos were abol-
ished by digestion not only with chondroitinase ABC, but also chondroitinase B,
which is specific to the DS structure, suggesting that the IdoUA-containing motifs
may be essential for these activities (Bao et al. 2004). These findings implied that
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the temporal expression of CS-DS hybrid structures containing both GlcUA and
IdoUA and binding activities toward various growth factors play important roles in
neurogenesis in the early stages of brain development.

Mechanism Underlying the Neurite Outgrowth-Promoting
Activities of CS Chains

The molecular mechanism underlying the neuritogenic activities of CS chains have
not yet been investigated in detail. An affinity column was prepared by immobiliz-
ing purified CS-DS hybrid chains purified from embryonic pig brains to identify the
main growth factor involved in this neurite outgrowth-promoting activity. PTN, a
heparin-binding growth factor that is mainly produced by glia cells, was identified
as the predominant binding partner in the membrane fraction of the neonatal rat
brain for the CS-DS chains derived from embryonic pig brains (Bao et al. 2005a).
CS-DS chains from embryonic pig brains were then separated on a PTN-immobilized
affinity column into unbound, low affinity, and high affinity fractions by stepwise
elution using salts. The latter two fractions promoted the outgrowth of dendrite- and
axon-like neurites, respectively, whereas the unbound fraction did not. The activity
of the low affinity fraction was abolished by an anti-PTN antibody or when glia
cells were removed from the culture. In contrast, the high affinity fraction displayed
activity under both these conditions. Hence, PTN mainly from glia cells mediated
activity in the low affinity, but not high affinity fraction. The anti-CS-DS antibody
473HD neutralized the neuritogenic activities of both fractions. Interaction analysis
indicated that the 473HD epitope and PTN-binding domains in the CS-DS chains
from embryonic pig brains largely overlapped (Bao et al. 2005a). The composition
of disaccharides and distribution of IdoUA-containing disaccharides along the
chains differed among the three affinity subfractions. Oversulfated disaccharides
and nonconsecutive IdoUA-containing units were required for the CS-DS hybrid
chains to bind PTN and exhibit neuritogenic activities. Thus, CS subpopulations
with distinct structures in the mammalian brain play different roles in neuritogene-
sis through distinct molecular mechanisms, at least in part, by regulating the func-
tions of growth factors.

Isolation of Functional Domain Oligosaccharides
from the CS-DS Hybrid Chains Purified
from Embryonic Pig Brains

The CS-DS hybrid chain fractions purified from embryonic pig brains were digested
with chondroitinase ABC, AC-I, or B, which degrade both CS and DS, CS alone, or
DS alone, respectively. The PTN-binding activity of each digest was then evaluated.
The results obtained showed that the former two enzymes almost completely lost
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the PTN-binding activity of the CS-DS chains, whereas chondroitinase B, which
cleaved IdoUA-GalNAc, but not GIcUA-GalNAc linkages, only partially (by
approximately 35 %) reduced the PTN-binding activity of the CS-DS chains. Hence,
the CS-DS fraction was exhaustively digested with chondroitinase B to isolate the
PTN-binding domain, and the digest was then fractionated by gel filtration. The
minimum size fraction that showed inhibitory activity against the binding of PTN to
the parent CS-DS chain fraction was the octasaccharide fraction, which suggested
that PTN bound to octasaccharides that were resistant to chondroitinase B. This
fraction was labeled with 2-aminobenzamide (2AB) to increase the sensitivity for
detection. It was then fractionated by affinity chromatography using a PTN-
immobilized column, which bound a small portion of the CS-DS fraction, and was
eluted with 0.2 M NaCl to separate PTN-bound from PTN-unbound oligosaccha-
rides. The PTN-bound and -unbound fractions were further purified individually by
strong anion-exchange chromatography, which yielded a series of 2AB-labeled oli-
gosaccharide peaks.

Each peak was structurally characterized first by MALDITOF-MS analysis,
which was performed using a basic peptide (Arg-Gly),s to prepare a noncovalent
complex with octasaccharides (2—4 pmol of individual octasaccharides, or
10-20 pmol of mixed octasaccharide fractions) (Bao et al. 2005b). The molecular
mass of each octasaccharide component was calculated by subtracting the measured
m/z value of the protonated peptide from that of the protonated peptide/octasaccha-
ride complex, which unequivocally revealed the amino sugar and uronic acid compo-
sition as well as the number of sulfate groups of each octasaccharide component.
Secondly, enzymatic digestions in conjunction with HPLC, which revealed the disac-
charide composition (molar ratio of different disaccharide units) of the unsaturated
octasaccharides in the main component of each octasaccharide fraction.

Each 2AB-labeled octasaccharide fraction was then digested with either chon-
droitinase ABC or AC-II to yield 2AB-labeled tetra- or disaccharides, respectively.
The fragments produced were directly analyzed by strong anion-exchange chroma-
tography to identify the structure of each fragment according to authentic standards.
Each enzyme digest was re-labeled with 2AB and subjected to anion-exchange
HPLC in order to identify the released di- or tetrasaccharide fragments. The
sequences thus determined are summarized in Table 11.3 (Bao et al. 2005b). All the
PTN-bound octasaccharides contained at least one D-unit, whereas none of the PTN-
unbound octasaccharides contained a D-unit. These findings suggested the critical
importance of the D-disaccharide unit for the binding of PTN to CS-DS hybrid
chains. Since chondroitinase B was used in the digestion to prepared the octasac-
charides, the unsaturated uronic acid (AHexUA) at the non-reducing end of each
octasaccharide had to be derived from IdoUA, and the degraded disaccharide unit,
which was located immediately next to the reducing end of each octasaccharide,
had to be bound to an IdoUA-containing disaccharide in the CS-DS hybrid chains.
Another important structural feature was that although the content of D-units in
embryonic pig brains was less than 2 %, as reported previously (Bao et al. 2005b),
they were concentrated in the PTN-binding region. A previous study proposed that
the PTN-binding sequences and epitope sequences of mAb 473HD most likely
overlapped in the CS-DS hybrid chains in the embryonic brain (Bao et al. 2005a).
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Table 11.3 PTN-bound and PTN-bound octasaccharides | PTN-unbound octasaccharides
PTN-unbound octasaccharide

. AC-C-D-C AC-O-C-C

sequences isolated from
embryonic pig brains AA-C-D-C or AC-A-D-C AA-O-A-C
AD-C-D-C AA-O-A-A

AC-D-D-C or AC-D-iD-C AC-C-C-C
AE-D-A-D or AE-D-iA-D AA-C-C-C
AC-C-A-C
AA-C-A-C
AA-C-C-A
AC-A-A-A

The CS-DS fraction was prepared from embryonic pig brains
after extraction with a EDTD-containing buffer, followed by
digestion with protease (actinase E) and the removal of heparan
sulfate and hyaluronan by enzymatic digestions. The CS-DS
preparation was fractionated into PTN-bound and -unbound frac-
tions using a PTN-immobilized affinity column. The PTN-bound
fraction was exhaustively digested with chondroitinase B, which
specifically cleaved galactosaminidic linkages bound to IdoUA
residues, but not those bound to GIcUA residues, and the digest
was then fractionated by gel-filtration into various oligosaccha-
rides based on size (Bao et al. 2005b). The octa- and larger oligo-
saccharide fractions exhibited PTN-binding activities. The
octasaccharide fraction was further fractionated by the PTN-
column into PTN-bound and unbound fractions by strong anion-
exchange chromatography. Each separated fraction was labeled
with the fluorophore 2AB and then, subjected to sequencing by
MALDI-TOF-MS and enzymatic fragmentation in conjunction
with anion-exchange chromatography, as reported previously
(Bao et al. 2005b). These octasaccharides were assumed to have
been flanked by two IdoUA in the parent CS-DS hybrid chains
because they were prepared after digestion with chondroitinase B

Novel Highly Sulfated Hexasaccharide Sequences Isolated
from CS Derived from Shark Fin Cartilage

The findings of the above-described and other studies (Tanaka et al. 2003) strongly
suggested the importance of the roles of D-disaccharide units in brain development,
and also that CS chains containing D-units were involved in the development of
cerebellar Purkinje cells and neurite outgrowth-promoting activity by interacting
with the neurotrophic factor, PTN, which regulates signaling. Hence, to obtain fur-
ther structural information on the CS chains containing D-disaccharide units, oligo-
saccharides containing D-units were isolated from shark fin cartilage, which is
known to be rich in D-units. Seven novel hexasaccharide sequences: AO-D-D,
AA-D-D, AC-D-D, AE-A-D, AD-D-C, AE-D-D and AA-B-D, in addition to three
previously reported sequences: AC-A-D, AC-D-C and AA-D-A, were isolated from
a CS preparation of shark fin cartilage following exhaustive digestion with
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a, ADHP

b, AA-D-A

c, AA-D-D

d, AC-D-D

e, AA-B-D

f, AE-A-D, AD-D-C

Fig. 11.6 Reactivities of isolated hexasaccharide fractions with mAb MO-225. The isolated hexa-
saccharide fractions a—f were individually labeled with the fluorescent lipid, ADHP. ADHP-
labeled hexasaccharide fractions (2.5 pmol/spot) were applied onto a nitrocellulose membrane
using a sample applicator and were then photographed under ultraviolet light (254 nm) to confirm
the immobilization of similar amounts of neoglycolipids. (a) The nitrocellulose membrane carry-
ing the ADHP-derivatized hexasaccharides was then probed with the mAb MO-225, followed by
detection with mouse anti-IgM conjugated with horseradish peroxidase and 3,3’-diaminobenzi-
dine. (b) Free ADHP (2.5 pmol) was used as a negative control. This figure was taken from
Mizumoto et al. (2012)

chondroitinase AC-I, which cannot act on galactosaminidic linkages adjacent to the
D-units (Table 11.5) (Mizumoto et al. 2012).

Of these, relatively abundant hexasaccharides could be evaluated for their bind-
ing activity to mAb MO-225, which had been used to stain mouse brain sections.
The results obtained revealed significant binding capacities of AA-D-D, AA-D-D,
and AA-B-D, as well as the weak activity of a mixture fraction containing AE-A-D
and AD-D-C, whereas AC-D-D showed no binding activity even though it contained
two D-units (Fig. 11.6) (Mizumoto et al. 2012). These results confirmed the impor-
tance of the underlined trisaccharide moiety of the A-D tetrasaccharide sequence

GlcUA-GalNAc(4-O-sulfate)-GlcUA(2-O-sulfate)-GalNAc(6-O-sulfate) for recog-
nition by mAb MO-225, as described above (Mizumoto et al. 2012).

Importance of the Three-Dimensional Structure
and Electrostatic Potential Distribution at the Molecular
Surfaces of Functional Oligosaccharides

mAbs, which are assumed to be specific to a single epitope structure, recognized
multiple similar, yet distinct oligosaccharide sequences, it was hypothesized that
these oligosaccharides may have similar conformations. Therefore, conformational
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Table. 11.4 Major hexasaccharde sequences resistant to chondroitinase AC-I

Major hexasaccharde sequences in chondroitinase | AC-I-resistant fractions

AC-A-D* AO-D-D
AC-D-C? AA-D-A*
AA-D-D AC-D-D
AE-A-D AD-D-C
AA-B-D AE-D-D

These unsaturated hexasaccharides were isolated and sequenced after the exhaus-
tive digestion of a CS preparation derived from shark fin cartilage with chondroi-
tinase AC-I, which cannot cleave galactosaminidic linkages adjacent to D-units,
and were then sequenced, as reported previously (Mizumoto et al. 2012). Of these
sequences, seven have not yet been reported (Mizumoto et al. 2012)

“Three were previously reported (see Mizumoto et al. (2012))

Table 11.5 CS octasaccharide sequences that were or were not recognized by the mAb WF6

Octasaccharides recognized by WF6 Octasaccharides not recognized by WF6
AD-C-C-C AC-A-D-C
AC-C-A-D AC-C-C-C

These octasaccharides were isolated from CS chains from shark cartilage after partial digestion
with chondroitinase ABC, followed by gel filtration and anion-exchange chromatography. The
sequential arrangement of the disaccharide units in the octasaccharides were determined in con-
junction of chondroitinase digestion with anion-exchange HPLC after derivatization of the oligo-
saccharides with the fluorophore 2AB (Pothacharoen et al. 2007). Binding studies were performed
on nitrocellulose membranes using immobilizing neoglycolipids, as described in the legend to
Fig. 11.7 in Mizumoto et al. (2012)

studies were performed using NMR spectroscopy and the molecular modeling for
four octasaccharide sequences, including AC-A-D-C, AC-AD-A, AA-A-D-C, and
AA-A-D-A (Table 11.1), which were recognized by the mAbs 473HD, CS56, and
MO-225 that had been used to stain embryonic brain sections. As a negative control,
AC-C-C-C, which was not recognized by these mAbs, was also studied. The most
and second most stable conformations of the CS octasaccharides recognized by
CS-56, MO-225, and 473HD were very similar with subtle energy differences and
were consistent with the structures determined by NMR spectroscopy. This combi-
nation of experimental and theoretical approaches revealed that the sulfate group at
the C2 position of GlcUA in disaccharide D and the presence of an exocyclic nega-
tive tail in disaccharides C, [GIcUA(P1-3)GalNAc-6-O-sulfate], and AC,
[AHexUA(al-3)GalNAc-6-O-sulfate], were important for antibody recognition
(Blanchard et al. 2007).

The mAb designated WF6, which recognized the CS epitopes expressed in the
sera of patients with ovarian cancer, osteoarthritis, and rheumatoid arthritis, was
previously raised against embryonic shark cartilage (Pothacharoen et al. 2006).
Although it remains unknown whether this Ab can stain brain sections, two distinct
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AC-C-A-D AC-C-C-C

Fig. 11.7 Calculated ESP distribution of the isolated CS octasaccharides. ESP distribution was
calculated for each isolated octasaccharide, and the electronegative zone (yellow) and electroposi-
tive zone (blue) are shown. (a) AD-C-C-C (preferred); (b) AC-C-A-D (preferred); (¢) AC-A-D-C
(non-preferred); (d) AC-C-C-C (non-preferred). The predicted binding sites of the two octasac-
charide sequences, AD-C-C-C and AC-C-A-D, which were recognized by the mAb WF6, were
indicated by red circles in (a) and (b). This figure was taken from Pothacharoen et al. (2007)

octasaccharide sequences, AD-C-C-C and AC-C-A-D, that were recognized by
mAb WF6 were isolated from shark cartilage following partial digestion with chon-
droitinase ABC, whereas two other related octasaccharides, AC-A-D-C and AC-C-
C-C, were not (Table 11.4) (Pothacharoen et al. 2007). The structures and sequences
of both the binding and nonbinding octasaccharides were compared by computer
modeling performed at a quantum mechanics level, which gave a more accurate
information than geometry optimization at a classical mechanics level, and the
results obtained revealed common and marked structural similarities between the
shape and distribution of the electrostatic potential in the two different octasaccha-
ride sequences that bound to WF6, and also differences from the nonbinding octa-
saccharides (Fig. 11.7). The strong similarities in the structures predicted for the
two binding CS octasaccharides (AD-C-C-C and AC-C-A-D) provided a possible
explanation for their similar affinities for WF6, even though their sequences dif-
fered and, thus, formed two specific epitopes for the antibody. A previous study
proposed that such flexible functional oligosaccharide motifs should be termed
“wobble oligosaccharide motifs” (Purushothaman et al. 2011).

Perspectives

The potential ‘neuronal plasticity’ of the brain declines during postnatal develop-
ment, and this is accompanied by the emergence of perineuronal nets, which are
specialized, reticular extracellular matrices rich in CS-PGs that encapsulate
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neuronal cell bodies and proximal dendrites and also inhibit axonal growth in the
adult brain as well as spinal cord injury. Cortical plasticity is most evident during a
critical period in early life. A recent study unequivocally demonstrated that a devel-
opmental increase in the 4-O-sulfation/6-O-sulfation ratio of CS-PGs in the brain
extracellular matrix terminated the critical period for ocular dominance plasticity
in the mouse visual cortex (Miyata et al. 2012). These findings indicated that the
critical period for cortical plasticity may be regulated by the 4-O-sulfation/6-O-
sulfation ratio of CS-PGs, which determines the maturation of interneurons. In
another study, CS GalNAc transferase 1 knockout mice, in which CS chains were
systemically lacking, were found to recover more completely from spinal cord inju-
ries than wild-type mice (Takeuchi et al. 2013). This enzyme transfers the very first
GalNAc residue to the core protein-GAG linkage region tetrasaccharide (GIcA-
Gal-Gal-Xylose) (Kjellén and Lindahl 1991), which is covalently attached to the
Ser residues in the GAG attachment sites of the CS chains of PGs. Thus, the regula-
tion of a single gene of this particular enzyme mediates excellent recovery from
spinal cord injuries by optimizing the counteracting effector molecules of axon
regeneration. However, it remains to be investigated whether defined sugar
sequences and some effector binding proteins are also involved in the mechanism
underlying the cortical plasticity and the recovery of spinal cord injuries. However,
arecent study reported that CS chains in perineuronal nets specifically interact with
CS containing E-disaccharide units, and that the combination of CS chains in the
perineuronal nets and semaphrin3A was shown to be a potent inhibitor of axonal
growth (Dick et al. 2013).

A set of overlapping oligosaccharides, which are recognized by a single func-
tional protein, may be the entity of the “wobble CS-DS oligosaccharide motifs”
described above (Purushothaman et al. 2011). In contrast, a hypothesis has recently
been proposed based on sequencing data obtained using mass spectroscopy of the
structurally simple CS chain of bikunin CS-PG, the complex roles of GAGs, includ-
ing CS, DS, and even heparan sulfate may reflect combinations of single-defined
sequence-dependent or sequence-specific mechanisms (Ly et al. 2011). Emerging
glycomic technologies including mass spectrometry (Ly et al. 2011), GAG microar-
rays (Shipp and Hsieh-Wilson 2007), and microsequencing (Deepa et al. 2007; Bao
et al. 2005b) will accelerate the identification of protein ligands and functional GAG
domain sequences. Thus, the development of a high-throughput universal sequenc-
ing method is essential for GAG-directed drug discovery. Once functional primary
sequences become available, computer simulations can construct models of molec-
ular shapes with an electrostatic potential surface in order to identify crucial struc-
tural elements for chemical synthesis.
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Chapter 12
Role of Hyaluronidases in the Catabolism
of Chondroitin Sulfate

Shuhei Yamada

Abbreviations

2AB 2-Aminobenzamide

Chn Chondroitin

CS Chondroitin sulfate

GalNAc N-Acetyl-p-galactosamine

GlcUA  p-Glucuronic acid

GPI Glycosylphosphatidylinositol

HA Hyaluronan

HPLC High performance liquid chromatography

Introduction

Chondroitin sulfate (CS) proteoglycans are ubiquitous components in the extracel-
lular matrix as well as at the surface of various cell types (Rodén 1980; lozzo 1998).
They are known to be involved in various biological processes including cell prolif-
eration, cell differentiation, cell migration, cell-cell recognition, extracellular
matrix deposition, and tissue morphogenesis (Fig. 12.1) (Esko and Selleck 2002;
Sugahara et al. 2003; Rauch and Kappler 2006; Uyama et al. 2007). CS chains are
composed of repeating disaccharide units alternatively consisting of D-glucuronic
acid (GIcUA) and N-acetyl-p-galactosamine (GalNAc), which are sulfated at
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Fig. 12.1 Biological functions of CS on the cell surface or in the extracellular matrix. CS chains
play indispensable roles on the cell surface or in the extracellular matrix, including cell adhesion
by interacting with adhesion factors, the regulation of growth factor signaling, and involvement in
infections by microorganisms. CS chains are represented as alternating open and closed circles

Core
protein

Fig. 12.2 Structure of CS. CS is a linear polymer composed of alternating disaccharide units of
GIcUA (white circles) and GalNAc (gray circles). CS chains are extensively modified by sulfation
at the C-2 of GlcA, and C-4 and/or C-6 of GalNAc residues

different hydroxyl groups in various combinations to give rise to structural varia-
tions (Fig. 12.2) (Rodén 1980; Sugahara and Yamada 2000; Sugahara et al. 2003).
Such structural variety is the basis for the multiple functions of CS.
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Chn/CS-Specific Hydrolase

CS chains are predominantly degraded in lysosomes (Fig. 12.3) (Prabhakar and
Sasisekharan 2006). In the first step of degradation, CS polysaccharides are frag-
mented by an endo-type hydrolase into oligosaccharides. The products are then
cleaved sequentially from the nonreducing end by exo-type glycosidases as well as
sulfatases to liberate monosaccharide moieties. The hyaluronan (HA)-degrading
enzymes, hyaluronidases, have been considered to play the role of the endo-type
enzymes responsible for the fragmentation of CS at the initial stage of degradation.
The structure of HA is similar to that of the nonsulfated CS, chondroitin (Chn). The
stereoconfiguration of sugars, substitution pattern of the backbone of hydroxy
groups, and glycosidic linkages are identical between Chn and HA, and only the
configuration at the C-4 position of the hexosamine residues differs. Most human
hyaluronidases can degrade both HA and CS, whereas their preferred substrate was
previously reported to be HA, not CS (Csoka et al. 2001; Jedrzejas and Stern 2005).

Since endoglycosidases specific to CS had not been identified, we used
Caenorhabditis elegans as a model to investigate the initial stage of the degrada-
tion process of CS because it contains Chn, but not HA (Yamada et al. 1999,
2011). Thus, it was an ideal system for studying the hyaluronidase-independent
catabolic mechanism of CS. A homolog of human hyaluronidase has been detected
in the C. elegans genome even though C. elegans does not synthesize HA.

Endo-type hydrolase

N-Acetylgalactosamine sulfatases

.. .

Fig. 12.3 Cellular degradation of CS. The in vivo degradation of CS polymers proceeds sequen-
tially via the actions of a combination of endoglycosidases, sulfatases, and exoglycosidases.
Degradation is initiated by the endolytic cleavage of the long polysaccharide chain into smaller
fragments. The actions of sulfatases and exoglycosidases (p-glucuronidase and B-N-
acetylhexosaminidase) then mediate further degradation from the nonreducing ends of oligosac-
charides. White hexagon GIcUA, gray hexagon GalNAc, open circle sulfate group
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Fig. 12.4 Hyaluronidase or 3p21.3

hyaluronidase-like genes. Six

genes encode a hyaluronidase Telomere ’_{ HYALS H HYAL1 H Hyatz }_' Centromere
or a hyaluronidase-like 7931.3

enzyme in the human genome

Telomereo—{ SPAM1 HHYAL4H HYALP1 }—» Centromere

Table 12.1 Hyaluronidase Gene Protein | Localization
genes and their products HYALI |HYALI | Almost ubiquitous
HYAL2 |HYAL2 | Almost ubiquitous

HYAL3 | HYAL3 |Including the bone marrow,
brain, and testis

HYAL4 HYAL4 | Placenta, skeletal muscle, testis
SPAMI | PH-20 | Testis
HYALPI | None* -

*HYALPI] is a pseudogene that is translated as a
truncated and inactive form

The recombinant protein of the gene product was prepared and its substrate
specificity was characterized. We demonstrated that the enzyme specifically acted
on Chn/CS (Kaneiwa et al. 2008; Yamada et al. 2009a). Based on this finding, we
hypothesized that uncharacterized members of the human hyaluronidase family
may have the activity of a CS-specific hydrolase.

Six genes are encoded as hyaluronidases or hyaluronidase-like enzymes in the
human genome; HYAL1, HYAL2, HYAL3, HYAL4, SPAM1, and HYALP1 (Csoka
et al. 2001) (Fig. 12.4, Table 12.1). Of these, the enzymatic properties, including
catalytic activities, of HYAL3 and HYAL4 had not yet been characterized. Therefore,
they were investigated as candidates for CS-specific hydrolases. The enzymatic
activity of HYAL3 has not yet been elucidated. However, we demonstrated the
unique activity of HYAL4 toward CS (Kaneiwa et al. 2010). HYALA4 preferentially
acts on the galactosaminidic bond in the GIcUA(2-0O-sulfate)-GalNAc(6-O-sulfate)-
GlcUA-GalNAc(4-O-sulfate or 6-O-sulfate) sequence in CS, and was shown to be a
CS-specific endo-beta-N-acetylgalactosaminidase. We also identified the amino
acid residues essential for this enzymatic activity as well as the substrate specificity
of HYALA in site-directed mutagenesis studies (Kaneiwa et al. 2012).

Cellular Localization of Hyal4

Although we demonstrated that HYAL4 exhibited hydrolytic activity toward CS
chains and degraded them into oligosaccharides, but hardly depolymerizes HA, it
does not appear to be the hydrolase that is responsible for the systemic catabolism of
CS because it is not ubiquitously expressed. In contrast, CS is widely distributed in
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GPIl-anchor

11 Cell surface

Fig. 12.5 Schematic drawing of the HYAL4 protein on the cell surface. HYAL4 possesses a puta-
tive GPI-anchored domain in the C-terminal region and appears to be a GPI-anchored protein.
HYALA4 may function on specific cell surfaces. EtN ethanolamine, P phosphate group, gray hexa-
gon D-mannose, black hexagon p-glucosamine, white hexagon inositol

various tissues and organs. The results obtained by RT-PCR analysis confirmed that
the expression of human HYAL4 (hHYAL4) mRNA was restricted to the placenta,
skeletal muscle, and testis (Kaneiwa et al. 2012). We also characterized the mouse
counterpart, mHyal4, and showed that it was a CS-specific hydrolase (Kaneiwa et al.
2012). mHyal4 mRNA was also not expressed ubiquitously, and we found that it was
restricted to the testis and 17-day-old embryos (Kaneiwa et al. 2012).

Both hHYAL4 and mHyal4 possess a putative glycosylphosphatidylinositol
(GPI)-anchored domain in the C-terminal region and appear to be GPI-anchored
proteins (Fig. 12.5). They may function on the cell surface even though their opti-
mum pH is 4.5-5.0 (Kaneiwa et al. 2010, 2012). The cellular localization of mHyal4
was examined after the transfection of COS-7 cells with a vector containing mHyal4.
The periphery of the cells was stained by anti-mHyal4 polyclonal antibodies under
non-permeabilized conditions, which implied the cell surface expression of mHyal4
(Kaneiwa et al. 2012). The natural localization of the mHyal4 protein in sperm was
also investigated in an immunofluorescent study. We demonstrated that the surface
of sperm heads, presumably the acrosomal membrane, was stained (Kaneiwa et al.
2012). mHyal4 appears to secure itself to the acrosomal membranes of mouse sperm
using its GPI anchor, similar to testicular hyaluronidase PH-20.
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o} o
o > Oyro_oH Y Oyno < OH o o
I HO HO HO
OH * NHAc OH * NHAc OH * NHAc
Hyaluronidases
Chn/CS
COOH CHZOH COOH CHon COOH . CH,OH
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Fig. 12.6 Action of hyaluronidases toward HA and Chn/CS. Although both HA and Chn/CS are
the substrates of the hyaluronidases, HYAL1 and testicular hyaluronidase PH-20, their preferred
substrate had been considered to be HA, not CS because they were previously reported to degrade
CS chains to a limited extent. The structural difference between them is the configuration at the
C-4 position of the hexosamine residues, as indicated by asterisks. Arrows indicate the hexosamin-
idic bonds cleaved by hyaluronidases

Systemic Catabolism of CS

Since we confirmed that HYAL4 was not involved in the systemic catabolism of CS,
we next attempted to identify a candidate enzyme. HYAL1 and HYAL?2 are the only
members among the hyaluronidase family that are ubiquitously expressed. Although
HYALI was previously shown to digest CS more slowly than HA, with its preferred
substrate being HA, not CS (Csoka et al. 2001; Jedrzejas and Stern 2005) (Fig. 12.6),
the activities of HYAL1 and HYAL2 toward CS remained unclear and their activi-
ties toward HA and CS had yet to be kinetically compared. Furthermore, CS has
structural heterogeneity due to its sulfation (Fig. 12.7); therefore, it is intrinsically
more difficult to determine hydrolytic activity toward CS variants. CS chains con-
tain multiple disaccharide units; A, C, D, and E (Table 12.2), in various proportions,
and have been designated as CS-A, CS-B, CS-C, CS-D, and CS-E depending on the
ratio of the building blocks (Sugahara and Yamada 2000; Yamada and Sugahara
2008). Although the degradation velocity of CS-A by a hyaluronidase may be dis-
tinct from that of CS-C, hydrolytic activity toward these CS variants has not been
quantitatively compared.
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O unit C unit
COOH CH,OH COOH CH,0S0;,
HO HO
o) o) o
OH fo) (o] OH ° o o
OH NHCOCH, OH NHCOCH,
A unit D unit
COOH CH,OH COOH CH,0S0;
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Fig. 12.7 Typical disaccharide unit in each CS variant. The repeating disaccharide unit of CS is
sulfated to various extents at different positions. CS polysaccharide chains are formed by the com-
bination of these various disaccharide units. CS variants differ in their disaccharide compositions,
as shown in Table 12.2

Table 12.2 Disaccharide compositions of the CS/Chn preparations used in the present study

% composition

CS variant O unit A unit C unit D unit
Chn? 100 N.D.b N.D. N.D.
CS-A N.D. 76 24 N.D.
CS-C N.D. 13 79 8

3Chn, a chemically desulfated derivative of CS-A, CS-A from whale cartilage, CS-C from shark
cartilage. Regarding the nomenclature of the disaccharide units, see Fig. 12.7

°N.D. not detected

Measurement of HYAL1 Activity Toward CS Variants

HYALI was expressed in COS-7 cells as a recombinant protein fused with the
FLAG tag, and its hydrolytic activity toward HA, Chn, CS-A, and CS-C was deter-
mined. CS-A contains the A unit (Fig. 12.7) as its major disaccharide unit, approxi-
mately 76 %, but is also composed of the C unit (Fig. 12.7) (24 %). CS-C also
contains not only the C unit (79 %), but also other disaccharide units (Table 12.2).
The strategy for the quantitative method to detect the hydrolytic activity of
HYALL is shown in Fig. 12.8. Recombinant HYAL1 was incubated with Chn, CS-A,
CS-C, or HA in 50 mM formate buffer containing 150 mM NaCl under various pH
conditions. Each digestion product was derivatized with the fluorophore, 2-amino-
benzamide (2AB) to label the newly formed reducing ends, and was then analyzed
using anion-exchange HPLC after being digested with bacterial chondroitinases
(Honda et al. 2012). The amount of 2AB-labeled oligosaccharides corresponded to
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Fig. 12.8 Strategy for quantifying the hydrolytic activity of HYAL1. Non-labeled HA or CS vari-
ant chains were digested with HYALI, and the newly formed reducing ends of the digestion prod-
ucts were derivatized with 2AB. The amount of 2AB-derivatives was determined by anion-exchange
HPLC after the digestion of 2AB-oligosaccharides by CS lyases into 2AB-disaccharides. White
hexagon GIcUA, gray hexagon N-acetylhexosamine, open circle sulfate group, star 2AB

that of the newly formed reducing ends. The fluorescent intensity of 2AB was used
to quantify the number of cleaved sites. The more HYAL1 that acted on a substrate,
the more 2AB-derivatives that formed. The initial velocities of HYALI toward vari-
ous glycosaminoglycan substrates were determined and assessed. The hydrolytic
activity of HYAL1 toward CS-A was higher than that toward HA at pH 4.0-4.5. The
relative rate of degradation of HA: CS-A: CS-C: Chn by HYALI at pH 4.0 was
calculated to be 1.0: 1.3: 0.6: 0.3, respectively (Honda et al. 2012).

The kinetic analysis of HYAL1 towards different substrates was performed using
the initial reaction rates and substrate concentrations (Fig. 12.9). The apparent
Michaelis-Menten constants as well as V,,,, values for Chn, CS-A, CS-C, and HA
were determined and are shown in Table 12.3 to compare the ratio V,,,,/K,,. The
value towards CS-A was higher than that towards HA, which indicated that CS-A
was more effectively hydrolyzed by HYAL1 than HA at pH 4.0. Therefore, HYAL1
preferentially depolymerized CS-A over HA even though the genuine substrate of
hyaluronidases had been considered to be HA. Since HYALI is ubiquitously
expressed and hydrolyzes CS-A more rapidly than HA, it is a candidate for the sys-
temic catabolism of CS, as suggested by earlier investigators.

Based on the X-ray crystallography studies of HYAL1 (Chao et al. 2007) as
well as a bee venome hyaluronidase bound to a HA tetrasaccharide substrate
(Markovié-Housley et al. 2000), the architecture of the HA-binding site of HYAL1
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Fig. 12.9 Lineweaver—Burk plots of the initial velocities obtained by enzymatic hydrolysis at
various concentrations of CS isoforms and HA with HYAL1. HYAL1 was incubated in 50 mM
formate buffer, pH 4.0, containing 150 mM NaCl with different concentrations of CS-A (a), CS-C
(b), Chn (c), or HA (d). The plots show linearity and the reaction velocity was used in the kinetic
analysis to determine apparent K, V,.., and V,,../K,, values for HYAL1

Table 12.3 Kinetic parameters of recombinant HYAL1
Apparent K, (mM)

Substrate as disaccharides Apparent V,,,, (pmol/min) Apparent V,,,/K,,
HA 0.24 19.0 79.2

CS-A 0.28 33.9 121

CS-C 0.85 12.3 14.5

Chn 1.34 9.6 7.2

has been inspected. A long substrate-binding groove was observed to extend per-
pendicularly to the barrel structure of HYALI1. Several point mutants of HYAL1
have been generated and some amino acid residues have been identified to be impor-
tant for HA-binding (Zhang et al. 2009). However, it remains to be investigated
whether they can also contribute to the binding of HYALI to CS. Since 4-O-sulfate
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group of GalNAc residue in CS-A play an indispensable role for interaction with
HYALI (Table 12.3) (Honda et al. 2012), the amino acid residues in HYALI1
responsible for the CS-A recognition seem to be different from those for
HA. Analysis of the three-dimensional structure of HYAL1 cocrystallized with a
CS-A oligosaccharide may be required.

Distribution of Glycosaminoglycans in the Animal Kingdom

We previously characterized the structures of glycosaminoglycans in various model
organisms including a nematode (Yamada et al. 1999), hydra (Yamada et al. 2007),
fruit fly (Yamada et al. 2002), planarian (Yamada et al. 2011), and African clawed
frog (Yamada et al. 2009b). Based on our results as well as the findings reported in
other studies, the distribution of glycosaminoglycans in the animal kingdom has
been summarized in Fig. 12.10. Although CS and heparan sulfate were previously
detected in the nematode, hydrozoan, and planarian, HA was not. HA appears to be
common among vertebrates. CS most likely occurred in evolution prior to HA, which
emerged at a relatively late stage of evolution. As described in “Chn/CS-specific
hydrolase”, a homolog of the human hyaluronidase gene exists in C. elegans genome
even though C. elegans itself does not contain HA. Since the hydrolytic activity of
HYALT1 toward CS-A is known to be higher than that toward HA, CS chains may be
the genuine substrate for HYALI. Therefore, hyaluronidases appear to have origi-
nally been CS hydrolases that later acquired hydrolytic activity toward HA.

Insecta: CS, HS Vertebrata: CS, DS HS, HA, KS
(fruit fly, mosquito) (human, mouse, zebrafish,

Crustacea: CS, HS African clawed frog)

(shrimp, crab)
Chelicerata: CS, HS
(horseshoe crab, spider) Tunicata: CS, DS, HS

(acidian)

Annelida: CS, HS
(earthworm)

Mollusca: CS, DS, HS, HA
(squid, shellfish, snail)

Echinodermata: CS, DS, HS
(sea urchin, sea cucumber)

Nematoda: CS, HS
(nematode)
Platyhelminthes: CS, HS
(planarian)

Coelenterata: CS, HS
(hydra, sea anemone)

Porifera: -
(sponge)

Fig. 12.10 Distribution of glycosaminoglycans in the animal kingdom. Representative animals in
which glycosaminoglycan structure has been characterized are shown in parentheses. DS dermatan
sulfate, HS heparan sulfate, KS keratan sulfate
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Evidence for the Involvement of HYAL1 in the Systemic
Degradation of CS

The in vivo functions of HYAL1 in the systemic degradation of CS have recently
been reported. Gushulak et al. (2012) described the accumulation of CS in mice
deficient in Hyall. Mikami et al. (2012) showed that the level of CS chains was
markedly diminished at the stage of extensive syncytial myotube formation and that
HYALI appeared to be involved in this reduction. These findings were consistent
with our observation that HYAL1 exhibits strong hydrolytic activity toward
CS-A. Furthermore, HYAL1 does not appear to play a major role in the catabolism
of HA. Yoshida et al. (2013) identified a new HA-degrading enzyme, KIAA1199,
and demonstrated that KIAA1199, not hyaluronidases plays a central role in the
depolymerization of HA, at least in the skin. Based on these findings as well as our
results, we concluded that the primary substrate of HYAL1 was CS, not HA.

Perspectives

Hyaluronidases appear to play a role in various biological processes by degrading
CS as well as HA chains. Their functions may be exhibited by not only eliminating
polysaccharides, but also by generating bioactive oligosaccharides. A previous
study reported that HA oligosaccharides were involved in inflammation and tumor
migration (Stern 2008) and that CS-E oligosaccharides enhanced the cleavage of
CD44 and tumor cell motility (Sugahara et al. 2008). Therefore, elucidating the
function and influence of the degradation of CS by hyaluronidases in vivo under
physiological as well as pathological conditions is important.

HYALA4 does not appear to be present in lysosomes, but exists on cell surfaces
through a GPI anchor. HYAL4 may not be involved in the systemic catabolism of
CS, but appears to have specific temporal functions in particular organs or tissues.
The physiological functions of HYAL4 have yet to be clarified. Although the expres-
sion of hHYALA4 is known to be restricted to the placenta, skeletal muscle, and testis
under normal conditions, it may be augmented under pathological conditions such
as inflammation and cancer, similar to HYAL1 (Stern 2008). The enhanced expres-
sion of HYAL4 mRNA has been detected in some cultured tumor cell lines
(Kaneiwa, Mizumoto, Sugahara, and Yamada, unpublished results). An analysis of
the expression of HYAL4 in some disease conditions may provide a deeper insight
into the biological functions of HYAL4.
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Chapter 13

Pattern Recognition in Legume Lectins
to Extrapolate Amino Acid Variability
to Sugar Specificity

Nisha Jayaprakash Grandhi, Ashalatha Sreshty Mamidi,
and Avadhesha Surolia

Introduction

Lectins are proteins of non immunologic origin that bind to carbohydrates with high
fidelity. Lectins form a large class of multivalent recognition molecules that specifi-
cally interact with their cognate sugar moieties for decoding the information under-
lying the structural heterogeneity (Sharon and Lis 2004). Although, their occurrence
in nature was known only during the early nineteenth century, by 1960s, tremen-
dous research in this field was carried out to explore their functional importance in
a range of biologic processes, both across plant and animal kingdom. However, the
plant lectins were the most extensively studied (da Silva and Correia 2014), among
which those from legume in particular were foremost to be investigated and were
found to be a rich source of lectins and are most widely studied.

Legume lectins have been pivotal to the study of the molecular basis of protein
carbohydrate interactions (Sharon and Lis 1995). They are a large family of homo-
logues proteins possessing great overall similarities in terms of their physical,
chemical and biological properties, despite their origin from different taxonomi-
cally distant species. They display remarkable divergence in their carbohydrate
specificities ranging from monosaccharides to oligosaccharides. Some legume lec-
tins are synthesized as prolectins in the endoplasmic reticulum and undergo post
translational modifications in the Golgi apparatus to function as secretory proteins
(Moreira et al. 2013).

Since the advent of recombinant techniques in 1970s, intensified studies were
performed for determining the physico-chemical and physiological properties of
lectins, amino acid sequences and elucidating their 3D structures. The 3D structure
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(A)

Fig. 13.1 (a) Structure of Canavalia A as a model for legume lectin fold represented as cartoon.
(b) Binding site loops A, B, C and D of Canavalia with mannose in its carbohydrate recognition
domain

of concanavalin A amongst legume lectins was the first lectin for which a high
resolution X-ray crystallographic structure became available (Edelman et al. 1972).
Soon thereafter 3D structures for a diverse group of lectins were elucidated.

The basic architecture of the protomer is the “lectin fold”, which is related to the
“jelly-roll fold” comprising three anti-parallel sandwiched f sheets which are con-
nected by o turns,  turns and bends along with short loops. The three anti-parallel
sheets constitute a flat six stranded “back’ sheet, a concave seven stranded ““front”
sheet and a short “top” sheet which holds the two sheets together (Fig. 13.1). They are
usually devoid of o helices with the exception of occasional 3, helices. Each protomer
is dome shaped with dimensions of 42x40x39 A and molecular weight of 25-30 kDa.
The carbohydrate recognition domain (CRD) is a shallow depression on the surface
located at the apex of the dome like structure, accessible to both monosaccharides and
oligosaccharides for binding (Sharon and Lis 2002). The basic architecture of CRD in
legume lectins constitute four binding site loops A, B, C, D, which are adjacent to each
other in the pocket in the 3D structure but are not close together in the sequence. The
residues in the binding pocket are known to show the greatest variability and are
inferred to be involved in specificity determination (Young and Oomen 1992; Benevides
et al. 2012). The floor of the binding site consists of few conserved key amino acids
residues in the loops including Asp in Loop A, Gly or Arg (in Concanavalia and
Dioclea lectins) in Loop B, Asn and an aromatic residue in Loop C, which contribute
to hydrogen bonds and vander Waals interactions with the sugar. The variation in loop
C and D is possibly a primary determinant of the monosaccharide specificity (Sharma
and Surolia 1997; Rao et al. 1998). The CRD in these lectins lies in close proximity
with the metal binding sites and require Ca?" and transition metal ion Mn?* for their
binding activity (Etzler et al. 2009).
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Despite emulating a common f-sandwich fold, variability among the legume
lectins occurs both at the level of the quaternary fold, with a variety of dimeric and
tetrameric arrangement (Srinivas et al. 2001; Manoj and Suguna 2001) and at the
level of the binding site. Other modes of interaction that contribute to the variability
in specificity are interaction with water, post translational modification, carbohydrate-
aromatic interactions, etc. Thus, classification of lectins into distinct groups based
on their monosaccharide specificity that is the best hapten inhibitor of the lectin and
its extrapolation it to amino acid sequence variations will shed light on the features
of the design of their combining sites.

So far, the relationship between the variation of the amino acid composition of
legume lectins in the context of their diverse specificities has been examined only to
a limited extent in the past (Swamy et al. 1985). In this piece of work, we identify
broad features that allow generation of a spectrum of specificities in them without a
fundamental alteration of their 3D structural fold. For this, we employ a new
approach to simultaneously visualize and analyse the amino acid variations in 46
legume lectins categorized under five different sugar specific groups through pattern
recognition method using heatmaps.

Methodology

1. Generation of dataset of 3D structures

Nearly 1,094 plant lectins belonging to leguminosae family were deposited
(with 159 unique source entries) in the comprehensive database of UNIPROT
(http://www.uniprot.org/) with amino acid sequence and functional information.
Of which, 235 PDB structures have been deposited in the Protein Data Bank
(http://www.rcsb.org/pdb/home/home.do), where each lectin has been com-
plexed with one or more ligands (Berman et al. 2000). For this study, a set of 46
legume lectins were short-listed from the large dataset based on “unique source”
as the criteria and whose 3D structures were elucidated.

These legume lectins were categorize into five groups according to their
monosaccharide specificity, i.e. (1) Mannose/Glucose (MG), (2) Galactose
(GA), (3) N-acetyl-Glucosamine (GLN), (4) N-Acetyl-Galactosamine (GAN)
and (5) Fucose (FU), based on the literature. Table 13.1 provides the complete
details of 46 lectins along with their source and monosaccharide specificity and
PDB IDs. The final dataset constitutes 24 MG, 1 GLN, 8 GA, 10 GAN and 3 FU
lectins.

2. Obtaining amino acid sequences

Complete canonical sequences were only selected for these entries and
retrieved in “FASTA format” from RCSB-PDB. Chain A was only chosen to
maintain consistency in the data, except for the lectins with PDB IDs: 1LEN,
1LOB, 2B7Y and 2LTN, we have considered both chains A and B as they were
fragments of the same protomer which had been truncated. As the lectins belong-
ing to the genus Canavalia, Dioclea, Cratylia and Cymbosema of MG group
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Table 13.1 Dataset of 46 legume lectins considered in this study
PDB ID | Source

S1 No.

olulalwlvw|~

[celIEN]

10
11
12
13
14
15
16
17

18
19
20
21
22
23

24
25
26

27
28
29

30

31

32
33
34

3JU9
3QLQ
113H

20VU
20W4
2A7A

4130
2JEC
27BJ

2GDF
3RS6
3SH3
2JE7
3A0K
2D3P
IMVQ
3U4X

2FMD
3ZYR
1UKG
1ILEN
2LTN
2B7Y

1LOB
1QNW
1AXZ

IDBN
1GZC
1HQL

1Veél

3IPV

3UJO
3USU
1AVB

Canavalia brasiliensis
Canavalia cathartica
Canavalia ensiformis
Canavalia gladiata
Canavalia maritima
Canavalia virosa

Canavalia lineata
Dioclea grandiflora
Dioclea rostrata

Dioclea violacea
Dioclea virgata
Dioclea wilsonii
Dioclea guianensis
Cymbosema roseum
Cratylia argentea
Cratylia mollis

Camptosema
pedicellatum

Bowringia mildbraedii
Platypodium elegans
Pterocarpus angolensis
Lens culinaris

Pisum sativum

Vicia faba

Lathyrus ochrus 1
Ulex europaeus 11
Erythrina
corallodendron
Maackia amurensis
Erythrina crista-galli
Griffonia simplicifolia
1-B4

Arachis hypogaea

Spatholobus parviflorus

Dolichos lablab
Butea monosperma

Phaseolus vulgaris—
Arcelin 1
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Specificity | Uniprot ID | Reference

MG
MG
MG
MG
MG
MG

MG
MG
MG

MG
MG
MG
MG
MG
MG
MG
MG

MG
MG
MG
MG
MG
MG

MG
GLN
GA

GA
GA
GA

GA

GA

GA
GA
GAN

P55915
P81461
P02866
P14894
P81364
P81461

P81460
P08902
P58908

P08902
P58907
P86624
P81637
D5MNX4
P81517
P83721
JOPBR3

P42088
GIEUI6
Q8GSD2
P02870
P02867
P02871

P04122
P22973
P16404

P93248
P83410
Q8WIR6

P02872

P86352

B3EWQ9
H2L2M6
P19329

Bezerra et al.(2011)
Sundberg et al. (2012)
Sanders et al. (2001)
Moreno et al. (2007)
Moreno et al. (2008)

Mueller-Dieckmann
et al. (2005)

Nagano et al. (2008)

de Oliveira et al.
(2008)

Nobrega et al. (2012)
Rangel et al. (2012)
Nagano et al. (2008)
Rocha et al. (2011)
Del Sol et al. (2007)
de Souza et al. (2003)
Rocha et al. (2012)

Buts et al. (2006)
Benevides et al. (2012)
Loris et al. (2004)
Loris et al. (1994)
Suddath et al. (1989)
Reeke and Becker
(1986)

Bourne et al. (1990)
Loris et al. (2000)

Shaanan and Elgavish
(1998)

Imberty et al. (2000)
Svensson et al. (2002)
Tempel et al. (2002)

Kundhavai Natchiar
et al. (2004)

Geethanandan et al.
(2011)

Shetty et al. (2013)

Mourey et al. (1998)

(continued)
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http://www.rcsb.org/pdb/explore.do?structureId=1HQL#_blank#1HQL
http://www.rcsb.org/pdb/explore.do?structureId=1V6I#_blank#1V6I
http://www.rcsb.org/pdb/explore.do?structureId=3IPV#_blank#3IPV
http://www.rcsb.org/pdb/explore.do?structureId=3UJO#_blank#3UJO
http://www.rcsb.org/pdb/explore.do?structureId=3USU#_blank#3USU
http://www.rcsb.org/pdb/explore.do?structureId=1AVB#_blank#1AVB
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Table 13.1 (continued)

SINo. |PDB ID | Source Specificity | Uniprot ID | Reference

35 1F9K Psophocarpus GAN QI9SMS56 | Manoj et al. (2000)
tetragonolobus (Acidic)

36 1FAT Phaseolus vulgaris-L GAN P05087 Hamelryck et al.

(1996a)

37 IFNY | Robinia pseudoacacia | GAN Q41159 Rabijns et al. (2001)

38 1I0A Phaseolus vulgaris— GAN Q42460 Hamelryck et al.
Arcelin 5A (1996b)

39 1G7Y Vigna unguiculata GAN P19588 Buts et al. (2001)
subsp. (DB58)

40 1 LUL Vigna unguiculata GAN P05045 Hamelryck et al.
subsp. (DBL) (1999)

41 1 N47 Vicia villosa GAN P56625 Babino et al. (2003)

42 1SBF Glycine max GAN P05046 Olsen et al. (1997)

43 IWBF | Psophocarpus GAN 024313 Manoj et al. (1999)
tetragonolobus (Basic)

44 1GSL Griffonia simplicifolia | FU P24146 Delbaere et al. (1993)
v

45 2EIG Lotus tetragonolobus FU DOVWWI1 | Moreno et al. (2008)

46 1FX5 Ulex europaeus | FU P22972 Audette et al. (2000)

exhibit circular homology, their sequences were manually re-transposed to align
them with other sequences of legume lectins.

. Protein secondary structure prediction using PSSPRED

For the secondary structure prediction, PSSPRED (Protein Secondary
Structure PREDiction server), a webserver (http://zhanglab.ccmb.med.umich.
edu/PSSpred/) was employed based on the Rumelhart error back-propagation
method (Xu and Zhang 2013) us