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2 Olivier Dussurget

Abstract

Listeria monocytogenes is the causative agent of human listeriosis, a poten-
tially fatal foodborne infection. Clinical manifestations range from febrile gas-
troenteritis to more severe invasive forms including meningitis, encephalitis,
abortions, and perinatal infections. This Gram-positive facultative intracellular
pathogen has evolved multiple strategies to face extracellular innate defense
mechanisms of the host and to invade and multiply intracellularly within macro-
phages and nonphagocytic cells. This chapter provides an updated panorama
of recent advances in the characterization of L. monocytogenes virulence
determinants in the postgenomic era.

Key Words: Listeriosis, Listeria monocytogenes, Virulence, Genome, Cell
invasion, Immunity, Pathophysiology. © 2008 Elsevier Inc.

1. INTRODUCTION

The Listeria genus is composed of six species: L. monocytogenes, L. ivanovii,
L. innocua, L. seeligeri, L. welshimeri, and L. grayi (Vazquez-Boland et al.,
2001b). The pathogenic species L.monocytogenes causes disease in humans
and animals. The second pathogenic species, L. ivanovii, causes disease in
animals. L. innocua, L. seeligeri, L. welshimeri, and L. grayi are four nonpatho-
genic species. Listeria spp. are flagellated and motile Gram-positive, nonspore-
forming, facultative anaerobic bacilli of low GC content (Seeliger and Jones,
1986). These ubiquitous bacteria are commonly isolated from multiple sources
such as plants, soil, and water. L. monocytogenes can contaminate the agricultural
environment, animal feed, and food at various stages of the production process
leading to recalls (Ormdorft ef al., 2006; Roberts and Wiedmann, 2003). It
is thus a major problem in the food industry. Ingestion of food contaminated
with L. monocytogenes is the primary route of transmission to humans.
L. monocytogenes is the causative agent of listeriosis. Although the incidence
of the disease is low (0.1 to 11.3/1,000,000), it is a public health concern
because of a high mortality rate (20-30%) and high occurrence of Listeria
in food (Swaminathan and Gerner-Smidt, 2007).

L. monocytogenes causes two forms of listeriosis depending on the immu-
nological status of the host, the pathogenic potential of the bacterial strain,
and the infectious dose: noninvasive gastrointestinal listeriosis and invasive
listeriosis (Vazquez-Boland et al., 2001b). In immunocompetent indivi-
duals, noninvasive listeriosis develops as a typical febrile gastroenteritis. In
immunocompromised adults such as the elderly, patients with genetic or
acquired defects in immunity and patients receiving immunosuppressive
agents, listeriosis can manifest as septicemia and/or meningoencephalitis.
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Invasive listeriosis can also be acquired by the fetus from the infected mother
by transplacental transmission. Perinatal listeriosis can lead to abortion, birth
of a stillborn fetus or a baby with generalized infection (granulomatosis
infanseptica), and meningitis in neonates. Clinical features of invasive liste-
riosis derive from the unique capacity of L. monocytogenes to cross three
barriers: the intestinal, blood—brain, and placental barriers (Lecuit, 2005).
The clinical outcome of listeriosis is influenced by the pathogenic potential
of the infecting strain. Among L. monocytogenes strains, those of the serovars
1/2a, 1/2b, and 4b are responsible for 95% of human infections and most
outbreaks are caused by strains of serovar 4b (Swaminathan and Gerner-
Smidt, 2007). The remarkable capacity of L. monocytogenes to invade and
multiply in epithelial cells and professional phagocytic cells is central to
listeriosis pathophysiology (Fig. 1.1). L. monocytogenes uses various receptors
to enter these cells. After internalization, the bacterium lyzes the vacuole,
escapes in the cytosol, and replicates. L. monocytogenes then exploits the actin
machinery to move within the cell and to neighboring cells where it is
internalized in a double-membrane vacuole that is lyzed, allowing the
bacterium to access the cytosol and start a new intracellular infection cycle
(Tilney and Portnoy, 1989).

For more than 40 years, L. monocytogenes and experimental listeriosis
have been used to study the immune response and the biology of the cell
leading to major discoveries (Cossart, 2007; Garifulin and Boyartchuk,
2005; Hamon et al., 2006; Mackaness, 1962; Pamer, 2004). More recently,
the extensive characterization of the mechanisms used by L. monocytogenes to

Figure 1.1 Schematic representation of the infectious cycle of Listeria monocytogenes.
Bacteria first adhere to cells, induce entry, and are internalized in avacuole (1). The vacu-
oleislyzed by L. monocytogenes virulence factors (2). Once free in the cell cytoplasm, bac-
teria start to replicate (3). L. monocytogenes then exploits the actin polymerization
machinery of the cell to propel itself (4). When bacteria reach a neighboring cell,
they induce the formation of a protrusion characterized by a double membrane (5). This
secondary vacuole is finally lyzed (6), allowing a new infection cycle.
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manipulate the host cell contributed to the creation of the field of cellular
microbiology (Cossart ef al., 1996). The advanced knowledge of the speci-
ficity of L. monocytogenes interactions with the host culminated in 2001, with
the creation of the first transgenic mouse to model human listeriosis in
animals (Lecuit, 2007; Lecuit and Cossart, 2002; Lecuit et al., 2001). The
same year, the first comparison of the genome sequences of a pathogenic
bacterium and a related nonpathogenic species, L. monocytogenes and L.
innocua, respectively, allowed to envision the identification of the complete
arsenal used by Listeria to cause disease (Dussurget ef al., 2004; Glaser et al.,
2001). Here, we review L. monocytogenes major virulence determinants that
have been currently characterized.

2. ACQUISITION OF VIRULENCE GENES AND
THEIR EXPRESSION

2.1. Acquisition of virulence genes

Acquisition and loss of genetic elements lead to bacterial speciation and
provide the properties necessary for a particular lifestyle. Cumulative acqui-
sition of virulence genes provides pathogenic bacteria the functions
required for survival, growth and damage in the infected host.

The genome organization is remarkably conserved between different
Listeria species (Hain ef al., 2007; Schmid ef al., 2005). However, compara-
tive genomic analysis of pathogenic and nonpathogenic Listeria species
reveals scattered genes specific to virulent strains that are isolated or form
pathogenicity islands (Glaser et al., 2001; Vazquez-Boland ef al., 2001a).
The unusual base composition of some of these sequences could be the
consequence of horizontal transfer (Begley ef al., 2005; Dussurget ef al.,
2002). Interestingly, Listeria genomes contain open reading frames homol-
ogous to Bacillus subtilis competence genes (Buchrieser, 2007; Glaser et al.,
2001). Although the function of this putative DNA uptake system has not
been demonstrated yet, it could be hypothesized that competence may play
a role in acquisition of virulence genes by L. monocytogenes. Lysogenic
bacteriophages, plasmids, and transposons, which could play critical roles
in the evolution of pathogenicity, have been characterized in Listeria species
but they have not been associated to virulence (Hain et al., 2007). Non-
pathogenic species, including L. innocua appear to have evolved from a
L. monocytogenes ancestor after multiple deletions of virulence genes
(Buchrieser, 2007; Hain et al., 2006). Recently, analysis of the complete
genome sequence of the nonpathogenic L. welshimeri revealed deletions
of all the genes required for virulence and of some genes encoding
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transcription factors, surface proteins, and proteins involved in carbohydrate
transport and metabolism (Hain ef al., 2006). Comparison of L. welshimeri
and L. innocua suggests similar evolutionary paths from an ancestor.

2.2. Regulation of virulence gene expression

Adaptability of L. monocytogenes that is central to the infectious process is
determined by the genetic elements allowing bacteria to survive and multi-
ply within multiple tissues and by the mechanisms required for the tight and
coordinate regulation of their expression.

2.2.1. PrfA

PrfA is the master regulator of virulence gene expression in L. monocytogenes.
PrfA is a protein of 233 amino acids that binds to a 14-bp palindromic
sequence in the —41 region of the genes from the PrfA regulon and activates
their transcription. The activity of PrfA itself is tightly controlled by multi-
ple mechanisms (Vazquez-Boland et al., 2001b). Translation of PrfA is
regulated by temperature (Johansson and Cossart, 2003; Johansson et al.,
2002). At a temperature lower than 30 °C, the untranslated region of prfA
mRNA adopts a stable secondary structure that prevents binding of the
ribosome and blocks translation. In the host, the temperature of 37 °C
induces melting of the secondary structure. Consequently, PrfA is translated
and activates virulence gene expression. Determination of L. monocytogenes
genome sequence allowed analysis of the transcriptome and identification of
the PrfA regulon (Milohanic ef al., 2003). The transcriptomic analysis
identified a total of 73 genes regulated directly or indirectly by PrfA. This
study confirmed that the expression of important virulence genes such as
hly, actA, plcA, plcB, mpl, inlA, inlB, inlC, hpt, and prfA itself is activated by
PrfA. Interestingly, the expression of all these genes is increased intracellu-

larly after infection of macrophages and epithelial cells (Chatterjee et al.,
2006; Joseph et al., 2006).

2.2.2. Sigma B

Other regulatory elements have been demonstrated to be necessary for full
virulence of L. monocytogenes. The stress-responsive alternative sigma factor
encoded by sigB contributes to invasion (Kim et al., 2004) and virulence
(Garner et al., 2006; Nadon et al., 2002). The sigma B regulon contains stress
response and virulence genes such as gadB, opuCA, bsh, inlA, and inlB
(Kazmierczak ef al., 2003; McGann et al., 2007; Sue et al., 2003) and stress
and virulence gene regulators Hfq (Christiansen ef al., 2004; Nadon ef al.,
2002) and PrfA (Nadon et al., 2002).



6 Olivier Dussurget

2.2.3. MogR

Temperature-dependent expression of the flagellin gene fluA is controlled
by the transcriptional regulator DegU and by the antagonist activity of the
repressor MogR (Grundling et al., 2004). At 37 °C, flagellin synthesis is
repressed by the regulator MogR. At 30 °C and below, DegU activates
expression of GmaR that forms a complex with MogR and prevents
binding of the repressor to its target DNA sequences (Shen et al., 2006).
GmaR is a bifunctional protein that functions as an antirepressor and an
O-linked N-acetylglucosamine transferase that glycosylates flagellin (Schirm
et al., 2005; Shen et al., 2006). The role of flagellin glycosylation remains to
be determined. MogR contributes to L. monocytogenes virulence (Grundling
et al., 2004; Shen and Higgins, 2006) and its expression is induced in
macrophages (Chatterjee et al., 2006). Overproduction of FlaA in mogR
mutants leads to defects in bacterial division, intracellular spread, and
virulence in mice.

2.2.4. CtsR

The class III stress gene repressor CtsR regulates the expression of class 111
heat-shock genes encoding the Clp ATPases ClpB, ClpC, CIpE, and ClpP,
which are required for virulence (Chastanet ef al., 2004; Gaillot et al., 2000;
Nair et al., 1999, 2000; Rouquette et al., 1998). Interestingly, the expression
of CtsR and the four ATPases is induced in infected macrophages
(Chatterjee ef al., 2006).

2.2.5. PerR and Fur

The Fur family of regulators includes sensors of iron (Fur), zinc (Zur),
manganese (Mur), nickel (Nur), as well as metal-dependent reactive oxygen
species sensors such as the peroxide sensor PerR (Lee and Helmann, 2007).
The iron-responsive transcriptional regulator Fur is responsible for coordi-
nating the expression of genes involved in iron uptake and storage (Lee and
Helmann, 2007). The regulator PerR senses peroxides by metal-catalyzed
oxidation and regulates the expression of inducible genes involved in defense
against reactive oxygen species (Lee and Helmann, 2006). L. monocytogenes
perR and fur mutants are more sensitive to hydrogen peroxide and have a
significantly reduced virulence of in mice (Rea et al., 2004, 2005). Interest-
ingly, the PerR regulon includes the ferritin gene fri that contributes to
survival of L. monocytogenes in vivo (Dussurget ef al., 2005; Mohamed ef al.,
2006; Olsen et al., 2005). Thus, regulation of iron uptake and oxidative stress
response is an important determinant for the infectious process.

2.2.6. LisRK, AgrA, VirR, and DegU

Several two-component regulatory systems contribute to L. monocytogenes
survival in the infected host. LisRK is important for bacterial response to
acid and hydrogen peroxide stresses and for osmotolerance mediated by the
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HtrA-like serine protease (Cotter et al., 1999; Stack et al., 2005). The
response regulators AgrA (Autret ef al., 2003) and VirR (Mandin ef al.,
2005) play a role in virulence, which was identified by signature-tagged
mutagenesis. A transcriptomic approach led to the identification of 12 genes
regulated by VirR, including the dif operon, which is required for
L. monocytogenes tull virulence. However, a dltA mutant is not as impaired
in virulence as a virR mutant, suggesting that the response regulator may
control the expression of other virulence determinants (Mandin et al.,
2005). Indeed, another member of the VirR regulon, the mprF gene, has
recently been shown to contribute to L. monocytogenes virulence (Thedieck
et al., 2006). The response regulator DegU is a transcriptional activator of
the expression of the flagellin gene flaAd at low temperature and regulates
virulence-associated genes (Knudsen ef al., 2004; Williams et al., 2005).

2.2.7. Stp

Analysis of L. monocytogenes genome sequence revealed 9 signal transduction
systems based on reversible phosphorylation in addition to the 16 two-
component systems: 4 putative tyrosine phosphatases, 3 putative serine-
threonine kinases, and 2 putative serine-threonine phosphatases
(Archambaud et al., 2005; Glaser et al., 2001). One of the latter enzyme is
an Mn?"-dependent serine-threonine phosphatase that has an important
role in regulating the elongation factor EF-Tu and controlling bacterial
survival in the infected host (Archambaud ef al., 2005). Stp was recently
shown to control L. monocytogenes manganese dependent-superoxide
dismutase (MnSOD) an enzyme that is required for full virulence
(Archambaud et al., 2006).

2.2.8. Hfq

The RNA-binding protein Hfq regulates multiple important processes such
as stress tolerance and virulence. Hfq contributes to virulence in mice
possibly by interacting with mRINA and/or small regulatory RINA, playing

a role in the survival and multiplication of L. monocytogenes in vivo
(Christiansen et al., 2004; Mandin et al., 2007).

3. ADAPTATION TO HOST EXTRACELLULAR
COMPARTMENTS

Following ingestion, the capacity of L. monocytogenes to survive and
multiply successfully under the multiple and dynamic environments found
in the host is an essential factor in the infectious process.
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3.1. GAD

The glutamate decarboxylase system GAD is essential for survival in the
stomach after ingestion (Cotter et al., 2001). Depending on the strain, it is
composed of two or three glutamate decarboxylases and one or two gluta-
mate/y-aminobutyrate antiporters (Cotter ef al., 2005). The GAD system
transports and converts glutamate to y-aminobutyrate consuming a proton,
allowing L. monocytogenes to survive in acidic environments.

3.2. BSH

Bile is essential to emulsify lipids and has important antimicrobial properties.
L. monocytogenes is well equipped to tolerate high concentration of bile (Begley
et al., 2002, 2003, 2005; Dussurget et al., 2002; Sleator et al., 2005). Analysis of
L. monocytogenes genome sequence revealed the presence of a gene encoding a
bile salt hydrolase (BSH) that was absent from the genome of the nonpatho-
genic species L. innocua (Dussurget et al., 2002). BSH is produced by com-
mensal enteric bacteria and lactic bacteria. Deconjugation of conjugated bile
salts by BSH could be a protective mechanism against bile toxicity. L.
monocytogenes BSH is controlled by sigma B (Kazmierczak et al., 2003; Sue
et al., 2003) and activated by PrfA (Dussurget et al., 2002). Its activity is
induced at low oxygen tension that could be a signal sensed by bacteria after
ingestion to express the bsh as well as other virulence genes (Dussurget et al.,
2002). L. monocytogenes BSH confers resistance to bile (Begley et al., 2005;
Dussurget ef al., 2002). Deletion of the bsh gene results in dramatically reduced
fecal carriage in guinea pigs after intragastric inoculation and decreased sur-
vival in the liver of mice after intravenous injection (Dussurget ef al., 2002).
BSH is therefore a new type of virulence determinant that is important for
both intestinal persistence and hepatic colonization.

3.3. BilE

Analysis of L. monocytogenes genome revealed a two-gene operon, bilEA—
bilEB, which is critical for bile tolerance (Sleator ef al., 2005). The expres-
sion of the operon is controlled by sigma B and PrfA. The operon encodes a
bile exclusion system providing a protection against bile and contributing to
L. monocytogenes virulence in mice infected orally.

3.4. BtlB

A third locus, btIB, has been shown to contribute to bile tolerance and
L. monocytogenes virulence in mice (Begley et al., 2005). BtlA and Pva that
encode a putative transporter and a penicillin V amidase, respectively, are
other important determinants conferring tolerance to bile but do not
contribute significantly to virulence in mice (Begley et al., 2003, 2005).
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3.5. OpuC

Once in the intestinal lumen, L. monocytogenes has to cope not only with the
presence of bile salts but also with an increased osmolarity. L. monocytogenes
produces several osmolyte uptake systems increasing osmotolerance, such as
the glycine betaine transporters BetL and Gbu and the carnitine transporter
OpuC (Ko and Smith, 1999; Sleator et al., 1999, 2001; Wemekamp-
Kamphuis et al., 2002). While deletion of befL and gbu does not affect
virulence, OpuC is required for full virulence in mice infected orally
(Sleator et al., 2001; Wemekamp-Kamphuis ef al., 2002).

3.6. OppA

Uptake of oligopeptides by the OppA transporter could also contribute to
osmotolerance and is required for intracellular survival in macrophages and
bacterial growth in mice (Borezee ef al., 2000).

4. ADHESION, CELL INVASION, AND INTRACELLULAR
MULTIPLICATION

Following gastrointestinal passage of L. monocytogenes, some of the
bacteria that survived nonspecific defense mechanisms of the host in
the stomach and intestinal lumen invade the intestinal tissue. Crossing of
the intestinal barrier prevents their mechanical elimination by peristalsis and
competition with the commensal flora. L. monocytogenes has the capacity to
invade both intestinal epithelial cells and M cells of Peyer’s patches. After
intestinal translocation, bacteria reach the liver, spleen, and mesenteric
lymph nodes by the blood and lymph. In the liver, the major site of
L. monocytogenes multiplication is the hepatocyte. If the multiplication is
not controlled by the host immune response, bacteria access the blood-
stream and infect secondary target organs. Although L. monocytogenes has a
strong neurotropism, it can infect a wide range of tissues (Vazquez-Boland
et al., 2001b). L. monocytogenes has an exceptional repertoire of virulence
determinants involved in cellular adhesion, entry, and survival (Bierne and
Cossart, 2007; Hamon et al., 2006; Seveau et al., 2007).

4.1. Adhesion

4.1.1. Ami

Ami is a 102-kDa autolytic amidase of 917 amino acids that is involved in
adhesion to cells and virulence (Milohanic et al., 2000, 2001). It was
identified by transposon mutagenesis in an inlAB deletion mutant
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(Milohanic et al., 2000, 2001). One of the mutants severely defective in
adhesion to eukaryotic cells had five insertions, one of which was upstream
from the ami gene. Construction of an ami null mutant demonstrated that
Ami significantly contributed to L. monocytogenes adhesion capacity
(Milohanic et al., 2000, 2001). Ami has an N-terminal region containing
the amidase domain and C-terminal cell wall-anchoring domain composed
of eight modules containing the dipeptide GW (Milohanic ef al., 2004).
Adhesion to cells is promoted by the cell wall-anchoring domain
(Milohanic et al., 2000, 2001). L. monocytogenes attachment mediated by
Ami may contribute to colonization of host tissues.

4.1.2. DItA

Lipoteichoic acids are highly anionic cell wall-associated polymers. The
dItABCD operon is responsible for D-alanine esterification of lipoteichoic
acids. Inactivation of the Dp-alanine-polyphosphoribitol ligase gene ditA,
leading to synthesis of D-alanine-deficient lipoteichoic acids, attenuates
L. monocytogenes virulence in mice (Abachin et al., 2002; Mandin et al.,
2005). DItA deficiency decreases adherence of bacteria to macrophages,
hepatocytes, and epithelial cells, possibly by modulation of the charge of the
bacterial surface and/or by alteration of adhesin-binding activity (Abachin
et al., 2002).

4.1.3. FbpA

FbpA is an adhesin that is important for L. monocytogenes pathogenesis. FbpA
has been identified using signature-tagged mutagenesis (Dramsi et al., 2004).
It was shown to be required for liver colonization of mice inoculated
intravenously as well as intestinal and liver colonization of mice expressing
human E-cadherin after intragastric inoculation. FbpA is a protein of 570
amino acids homologous to atypical fibronectin-binding proteins. It binds
to human fibronectin and increases L. monocytogenes adhesion to eukaryotic
cells in the presence of exogenous fibronectin. FbpA is secreted by the
SecA2 pathway and exposed on the bacterial surface. In addition to its
fibronectin-binding capacity, FbpA coprecipitates with the virulence factors
listeriolysin O (LLO) and InlB. Expression of FbpA modulates the protein
levels of LLO and InlB, suggesting that it could function as a chaperone to
prevent the degradation of virulence factors (Dramsi ef al., 2004).

4.1.4. Flagella

L. monocytogenes produces up to six peritrichous flagella (Leifson and Palen,
1955). Flagella are composed of a basal body, hook/junction proteins,
a flagellar motor/switch, a flagella export apparatus, and a flagellar filament
containing mostly the flagellin protein FlaA. Flagellin is a potent proin-
flammatory protein that activates Toll-like receptor (TLR) 5 (Hayashi ef al.,
2001). Moreover, flagellin has been reported to have peptidoglycan
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hydrolyzing activity (Popowska and Markiewicz, 2004). While many fla-
gella are produced at 20 °C, the expression of flagellar motility genes is
repressed at 37 °C (Griffin and Robbins, 1944; Grundling et al., 2004; Peel
etal., 1988; Way et al., 2004). However, the temperature control of flagellar
motility is less stringent in some L. monocytogenes strains (Grundling ef al.,
2004; Way et al., 2004). Flagellin expression at 37 °C is maintained in 20%
of clinical isolates (Bigot ef al., 2005; Way et al., 2004). Flagella contribute to
L. monocytogenes adhesion and invasion of epithelial cells. Indeed, the
nonmotile flaA mutant, fliF and flil mutants, lacking the basal body and
the ATPase of the flagellar export apparatus, and the cheYA chemotaxis
mutant are strongly impaired in adhesion and invasion (Bigot et al., 2005;
Dons et al., 2004). It has recently been demonstrated that flagella do not
function as adhesins but that flagella-dependent motility promotes L. mono-
cytogenes invasion of epithelial cells (O’Neil and Marquis, 2006). The
specific role of flagellar motility and flagellin in the infectious process is
not completely understood. Liver and spleen colonization of a flaA deletion
mutant has been shown to be similar to that of a parental strain expressing
flagellin constitutively, after intravenous infection of mice (Way et al.,
2004). However, survival of the parental strain producing flagellin seemed
to be decreased compared with that of the flaA mutant, 7 days after
intragastric inoculation of mice. The LD50 of fliF and flil mutants was
very modestly affected compared with that of the EGDe wild-type strain
after intravenous infection of Swiss mice (Bigot et al., 2005). Interestingly,
the survival of the wild-type strain was lower than that of the fliF mutant in
the spleen of BALB/c mice, 3 days after intragastric infection. A similar
observation was reported with a flaA mutant that was recovered in higher
numbers than the wild-type strain from the spleen of BALB/c mice, 3 days
after intragastric inoculation (Dons ef al., 2004). However, the fact that this
difference was not detected at 1 or 7 days postinfection is puzzling.
Recently, flagellin was shown to be required for intestinal and liver coloni-
zation in the early phase of murine listeriosis, between 4 and 18 h after
intragastric inoculation (O’Neil and Marquis, 2006). It could be hypothe-
sized that L. monocytogenes regulates flagella synthesis in time and space,
producing flagella to colonize the gastrointestinal tract after ingestion and
repressing their synthesis as a means of innate immune evasion at later stages
of the infectious process.

4.2. Internalization

4.2.1. Internalin

The internalin is a protein of 800 amino acids encoded by the inlA gene. Itis
composed of a typical N-terminal signal sequence followed by 15 leucine-
rich repeats (LRRs) of 22 amino acids, a conserved interrepeat region and a
second repeat region, the B repeat region. The C-terminus displays the
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sequence LPTTG, which is recognized by the sortase A, a transamidase that
covalently links LPXTG-containing proteins to the peptidoglycan. This
surface protein is an invasin that mediates internalization of L. monocytogenes
in epithelial cells. It was identified by screening a bank of transposon mutants
for reduced entry in Caco-2 cells (Gaillard et al., 1991). The intercellular
adhesion glycoprotein E-cadherin was subsequently identified as the
internalin ligand using affinity chromatography (Mengaud et al., 1996).
If E-cadherin ectodomain is sufficient for adherence of L. monocytogenes to
cells, the intracytoplasmic fi-catenin-binding domain is required for entry
(Lecuit et al., 2000). Bacterial interaction with E-cadherin triggers actin
polymerization mediated by f-catenin and a-catenin interaction, leading
to membrane extension and internalization. Recently, ARHGAP10, a
Rho-GAP domain protein that interacts with the small GTP-binding pro-
tein Arf6 and is a new ligand of a-catenin identified by a two-hybrid screen,
has been shown to be critical for recruitment of o-catenin and bacterial entry
(Sousa et al., 2005). The internalin-dependent entry pathway requires several
other proteins including myosin VIIA, Src, cortactin, and Arp2/3. The
myosin VIIA, a molecular motor recruited at adherens junctions by the
transmembrane protein vezatin, could contribute to the contractile force
necessary for internalization of L. monocytogenes (Sousa et al., 2004). The
tyrosine kinase Src and the small GTPase Racl promote the recruitment of
cortactin leading to activation of the actin nucleator Arp2/3 necessary for
E-cadherin-mediated bacterial entry (Sousa et al., 2007).

Although internalin plays a major role in bacterial internalization into
specific cell lines, the protein had a minor contribution to virulence in the
murine models that were first used, irrespective of the route of infection,
that is intravenous or intragastric inoculations (Gaillard et al., 1996). It was
later shown that the mouse E-cadherin does not interact efficiently with
InlA (Lecuit ef al., 1999). Indeed, the interaction requires recognition of the
proline 16 of the first extracellular domain of E-cadherin as found in human
or guinea pig E-cadherins. However, the murine E-cadherin has a glutamic
acid at position 16. A transgenic mouse expressing the human E-cadherin in
the intestine was created and used to demonstrate the major role of inter-
nalin in the specific crossing of the intestinal barrier by L. monocytogenes
(Lecuit ef al., 2001). Recently, a strain of L. monocyfogenes expressing an
internalin with two amino acid substitutions allowing efficient binding
to murine E-cadherine was created (Wollert et al., 2007). This new
strain could be a powerful tool to study listeriosis in nontransgenic mice,
circumventing limitations, and problems inherent to humanized mice.

In addition to its established role in crossing of the intestinal barrier, InlA
is involved in the crossing of the maternofetal barrier (Lecuit et al., 2004).
Internalin is required for L. monocytogenes entry into E-cadherin-expressing
syncytiotrophoblasts and crossing of the trophoblastic barrier in human
placental explants (Lecuit et al., 2004). Interestingly, the InlA protein is
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truncated in some L. monocytogenes isolates. Truncation of InlA has been
involved in defective invasion capacity of L. monocytogenes isolates from
healthy carriers (Olier et al., 2003). An epidemiological survey demon-
strated that a full-length InlA was produced by 96% of L. monocytogenes
clinical isolates and only 65% of the strains isolated from food products
(Jacquet et al., 2004). Another study confirmed that inlA mutations leading
to premature stop codons were common in food isolates but rare in clinical
isolates (Nightingale et al., 2005). These results strongly suggest that a
functional internalin is a key determinant in the pathogenesis of human
listeriosis.

4.2.2. InlB

InlB is a 630-amino acid protein encoded by the gene inlB, which is located
directly downstream of inlA in a two-gene operon (Gaillard et al., 1991).
The operon is regulated by PrfA and absent from L. innocua (Dramsi et al.,
1993; Glaser ef al., 2001; Lingnau et al., 1995; Milohanic ef al., 2003). In
contrast to internalin, InIB is required for L. monocytogenes internalization
into a wide range of cells including epithelial cells, endothelial cells, hepa-
tocytes, and fibroblasts (Braun ef al., 1998; Dramsi et al., 1995; Greiffenberg
et al., 1998; Parida et al., 1998). The InlB protein displays a signal sequence
followed by seven LRRs, a B repeat, and three C-terminal GW modules.
The GW modules interact noncovalently with lipoteichoic acids mediating
loose attachment of InlB to the bacterial cell wall (Jonquieres ef al., 1999).
The LRR region of the protein is sufficient to allow entry of noninvasive
L. innocua or latex beads into cells (Braun et al., 1999). However, the GW
modules enhance internalization triggered by the LRR region. Binding of
InlB to cellular glycosaminoglycans by its GW modules is required for
efficient invasion (Banerjee ef al., 2004; Jonquieres et al., 2001; Marino
et al., 2000, 2002, 2004). The GW modules of InIB also interact with the
receptor for the globular head domain of the complement component Clq,
gC1qR (Braun et al., 2000). This interaction is not sufficient to allow entry
but cooperates with the hepatocyte growth factor, also known as the
tyrosine kinase receptor Met, for invasion (Khelef ef al., 2006). Met has
been identified as the main receptor of InlB (Shen et al., 2000). Interaction
of InlB and Met results in transient phosphorylation of Met (Shen ef al.,
2000), and recruitment and phosphorylation of the adaptor proteins Cbl,
Gab1, and Shc leading to activation of the PI3-kinase (Ireton ef al., 1996,
1999). The PI3-kinase converts P1(4,5)P2 into P1(3,4,5)P3, which results in
successive activation of Rac and LIM kinase. The LIM kinase regulates the
actin depolymerizing factor cofilin and thus internalization of L. monocyto-
genes (Bierne et al., 2001). The WAVE complex, N-WASP, Ena/VASP,
and the Arp2/3 complex are other key effectors of the Met signaling
pathway that are important for cytoskeletal rearrangements necessary for
InlB-mediated entry (Bierne et al., 2005). It has been demonstrated that
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InIB induces monoubiquitination of Met by the ubiquitin ligase Cbl result-
ing in endocytosis of Met (Veiga and Cossart, 2005). L. monocytogenes
exploits the endocytic machinery to invade the cell (Bonazzi and Cossart,
2006; Veiga and Cossart, 2006). Indeed, bacterial internalization was shown
to be dependent on major components of the endocytic machinery such as
clathrin, dynamin, epsl15, Grb2, CIN85, cortactin, and Hrs (Veiga and
Cossart, 2005, 2006; Veiga et al., 2007).

Activation of Met by InlB is species-specific (Khelef et al., 2006). InlB
activates human and murine Met but not guinea pig and rabbit Met. In
mice, InlB contributes slightly to colonization of the liver and spleen. In
contrast, a role for InlB in L. monocytogenes virulence could not be detected
in guinea pigs and rabbits (Khelef ef al., 2006).

4.2.3. SrtA and SrtB

Surface proteins displaying a C-terminal LPXTG motif are covalently
linked to the bacterial cell wall peptidoglycan by sortases. Analysis of
L. monocytogenes genome sequence revealed the presence of two genes
encoding sortases, srtA and sitB (Bierne ef al., 2002). SrtA anchors InlA
and several other LPXTG proteins to the peptidoglycane (Bierne et al.,
2002; Garandeau et al., 2002; Pucciarelli ef al., 2005). Consequently, the
sortase A is necessary for efficient entry into epithelial cells (Bierne et al.,
2002; Garandeau et al., 2002). Interestingly, it has been shown that in
contrast to deletion of inlA, inactivation of srtA leads to impaired coloniza-
tion of the liver and spleen of mice after intragastric inoculation (Bierne
et al., 2002). Thus, the sortase A could be required for the anchoring of
additional LPXTG proteins involved in virulence.

In L. monocytogenes, SrtB anchors a small group of proteins and may
recognize two different sorting motifs, NXZTN and NPKXZ (Pucciarelli
et al., 2005). Inactivation of L. monocytogenes SrtB does not affect virulence
in mice after intravenous inoculation (Bierne et al., 2004). One of SrtB
substrate is SvpA (Bierne ef al., 2004), a surface protein first reported to be
involved in bacterial escape from the phagosome of macrophages and in
virulence (Borezee ef al., 2001). It was later shown that the svpA-srtB locus
does not contribute to virulence in mice after intravenous inoculation, but
is required for efficient colonization of the liver, spleen, and intestine of
mice infected by the oral route (Newton ef al., 2005).

4.2.4. Auto

The gene aut was identified by a comparative genomic approach (Cabanes
et al., 2002, 2004; Glaser et al., 2001). It is absent from the genome of the
nonpathogenic species L. innocua. It encodes Auto, a surface protein of 572
amino acids. The N-terminus of the protein contains a signal sequence and
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an autolysin domain. The C-terminus displays a cell wall attachment
domain composed of four GW modules. Inactivation of Auto decreases
bacterial entry into cells. However, expression of the autolysin in L. innocua
does not confer invasivity. Thus, Auto is necessary but not sufficient for
entry. The decreased invasive potential of the aut deletion mutant correlates
with its attenuation in vivo. Indeed, Auto is required for L. monocytogenes
virulence in mice infected intravenously and in guinea pigs after intragastric
inoculation (Cabanes et al., 2004). The precise function of Auto remains to
be determined. The autolytic activity of the protein could possibly play a
role in pathogenicity, for example, by controlling the composition and
structure of the bacterial surface during the infectious process.

4.2.5. Vip

The gene encoding the surface protein Vip was also identified by compara-
tive genomics of Listeria species (Cabanes et al., 2002, 2005; Glaser et al.,
2001). PrfA regulates the expression of the gene vip, which is absent from
the genome of L. innocua (Cabanes ef al., 2005). The Vip protein contains a
C-terminal LPXTG motif and is anchored to the peptidoglycane by the
sortase A (Cabanes et al., 2005). Vip is required for invasion of several cell
lines and contributes to virulence in mice infected intravenously. In contrast
to InlA, it is required for virulence in mice after intragastric inoculation
independently of the expression of human E-cadherin at the intestinal level.
It is also an important determinant of virulence in the guinea pig. The
endoplasmic reticulum resident chaperone Gp96 has been identified as a
ligand of Vip (Cabanes et al., 2005). Recently, the creation of a
macrophage-specific gp96-deficient mouse allowed to establish that Gp96
is an important chaperone for all TLRs that have been tested (Yang ef al.,
2007). Interestingly, these gp96-deficient mice were highly susceptible to
listeriosis. In wild-type mice, interaction of Vip with Gp96 could possibly
interfere with TLRs trafficking resulting in the control of the innate
immune response by L. monocytogenes.

4.2.6. LpeA

The IlpeA gene encoding a 35-kDa lipoprotein was identified by analysis of
L. monocytogenes genome sequence (Glaser ef al., 2001; Reglier-Poupet
et al., 2003b). The LpeA (for lipoprotein promoting entry) protein is
homologous to PsaA, a lipoprotein involved in Streptococcus pneumoniae
adherence to cells. LpeA is not involved in adherence but is required for
entry of L. monocytogenes into nonprofessional phagocytic cells. However,
the impaired invasion of an IpeA mutant is not correlated with a decrease in
virulence in mice (Reglier-Poupet ef al., 2003b).
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4.3. Vacuolar escape, intracellular survival and multiplication
4.3.1. Listeriolysin O

Listeriolysin O (LLO) is one of the major virulence determinants of
L. monocytogenes (Kayal and Charbit, 2006; Schnupt and Portnoy, 2007;
Vazquez-Boland et al., 2001b). The hly gene encoding LLO was the first
virulence gene identified in Listeria. Identification was based on transposon
mutagenesis. Characterization of the hly genomic locus led to identification
of the L. monocytogenes main virulence gene cluster composed of pifA, plcA,
hly, mpl, actA, pleB, and orfX. LLO is a secreted protein that belongs to the
cholesterol-dependent cytolysin (CDC) toxin family. It is responsible for
bacterial escape from primary and secondary vacuoles (Gedde et al., 2000;
Portnoy et al., 1988). L. monocytogenes mutants lacking LLO fail to reach the
cytoplasm and are nonvirulent (Cossart et al., 1989; Gaillard ef al., 1986,
1987; Kathariou et al., 1987; Portnoy et al., 1988). The activity of LLO is
optimal at the acidic pH of the phagosome. It is less active at the neutral pH
of the cytoplasm, preventing excessive cell damage. LLO binds to the cell
plasma membrane as monomers that oligomerize into large complexes that
penetrate the membrane and contribute to pore formation. As other CDCs,
LLO is a potent signaling protein that can activate important signaling
pathways such as NF-xB (Kayal et al., 1999), MAP kinase (Tang et al.,
1996), and protein kinase C (Wadsworth and Goldfine, 2002) and induce
proinflammatory cytokine secretion (Kayal et al., 1999). Interestingly, LLO
is also required for L. monocytogenes entry into cells (Dramsi and Cossart,
2003). The specific functions of LLO in the signaling and entry processes
remain to be elucidated.

4.3.2. Phospholipases

L. monocytogenes secretes two phospholipases C (PLC), PlcA and PlcB,
involved in the bacterial escape from the vacuoles (Goldfine ef al., 1998).
PIcA is a secreted phosphatidylinositol-specific PLC (PI-PLC) encoded by
the plcA gene (Leimeister-Wachter ef al., 1991; Mengaud et al., 1991). PlcB
is a secreted phosphatidylcholine PLC (PC-PLC) of broad substrate range
encoded by the plcB gene (Geoftroy et al., 1991; Vazquez-Boland ef al.,
1992). PIcB is expressed as a proenzyme. The zinc metalloprotease encoded
by the gene mpl is required for maturation of PlcB (Domann ef al., 1991;
Raveneau ef al., 1992). The two phospholipases act in synergy with LLO to
lyze primary and secondary vacuoles allowing L. monocytogenes to escape
into the cytoplasm (Camilli ef al., 1993; Grundling et al., 2003; Smith et al.,
1995). PlcB can also promote lysis of the primary vacuole in the absence of
LLO (Grundling et al., 2003; Marquis ef al., 1995). Both phospholipases are
required for virulence in mice (Camilli ef al., 1991, 1993; Raveneau ef al.,
1992; Schluter et al., 1998; Smith et al., 1995).
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Recently, it has been demonstrated that L. monocytogenes phospholipases
are necessary for evasion of autophagy (Birmingham ef al., 2007; Py ef al.,
2007). Cellular invasion by L. monocytogenes first induces autophagy, a host
degradative pathway important for both cell physiology and innate immu-
nity. Expression of LLO is necessary for the induction of the autophagic
response at the early time points after infection, suggesting a role for
permeabilization of the vacuole in the induction of the degradative path-
way. The expression PlcA and PlcB is then required for L. monocytogenes
escape from autophagic degradation in nonprofessional phagocytic cells and
macrophages (Birmingham et al., 2007; Py et al., 2007). The phospholipases
may prevent autophagic killing by mediating escape from the double-
membrane autophagosome or by inhibiting recognition of the target of
the degradative pathway.

4.3.3. Lsp

The signal peptidase II Lsp is responsible for the maturation of lipoproteins
in L. monocytogenes (Desvaux and Hebraud, 2006; Reglier-Poupet ef al.,
2003a). A deletion mutant of the Isp gene fails to process lipoproteins and
has a reduced virulence. Interestingly, the expression of Isp is strongly
induced in the phagosome of infected macrophages. This induction corre-
lates with the important role of Lsp, and thus lipoprotein maturation, in
L. monocytogenes escape from the phagosome (Reglier-Poupet et al., 2003a).

4.3.4. SipX and SipZ

L. monocytogenes genome contains three contiguous type I signal peptidase
genes, sipX, sipY, and sipZ, for cleavage of signal peptides proteins exported
and secreted by the general secretory pathway (Bonnemain et al., 2004;
Desvaux and Hebraud, 2006). The expression of the three genes is induced
in the phagosome of infected cells (Raynaud and Charbit, 2005). The signal
peptidases SipX and SipZ are required for full virulence (Bonnemain et al.,
2004). In contrast, inactivation of SipY did not impaired L. monocytogenes
virulence. In addition, SipZ is required for efficient secretion of LLO and
PC-PLC. Consequently, inactivation of SipZ restricts bacterial intracellular
multiplication (Bonnemain et al., 2004).

4.3.5. Hpt

Once free in the cytoplasm, L. monocytogenes expresses specific determinants
to acquire nutrients necessary for intracellular multiplication. Uptake of
glucose-1-phosphate, a source of carbon and energy available in the cytosol,
depends on the PrfA-regulated hexose phosphate transporter Hpt (Chico-
Calero et al., 2002). Interestingly, Hpt is a structural and functional
homologue of the eukaryotic glucose-6-phosphate translocase required
for transport of glucose-6-phosphate from the cytosol into the endoplasmic
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reticulum. Hpt has been shown to be required for intracellular replication of
L. monocytogenes and for virulence in mice (Chico-Calero et al., 2002).

4.3.6. LplAl

L. monocytogenes is a lipoate auxotroph. In order to scavenge this important
cofactor, bacteria produce lipoate ligases to lipoylate specific metabolic
enzymes. Analysis of L. monocytogenes genome sequence reveals two genes
encoding putative lipoate ligases, IplA1 and IplA2 (Keeney et al., 2007).
However, only IplA1 is required for intracellular replication and virulence
(Keeney et al., 2007; O’Riordan et al., 2003). LplA1 is critical for utilization
of host lipoyl peptides as a source of lipoate by L. monocytogenes.

4.3.7. Fri

L. monocytogenes genome encodes a single ferritin, Fri, which is involved in
iron storage. Expression of the fri gene is controlled by the hydrogen
peroxide regulator PerR and sigma B (Olsen et al., 2005). The ferritin is
required for protection against reactive oxygen species and contributes to
L. monocytogenes survival and replication in macrophages and nonprofes-
sional phagocytic cells (Dussurget ef al., 2005; Mohamed et al., 2006; Olsen
et al., 2005). The impaired survival of a fri deletion mutant in macrophages
correlates with decreased virulence of the mutant in mice (Dussurget ef al.,
2005; Mohamed et al., 2006; Olsen et al., 2005). The capacity to prevent
excessive production of reactive oxygen species and control the level of iron
is an important component of L. monocytogenes intracellular survival strategy.

4.3.8. HupC

L. monocytogenes does not secrete siderophores but can use siderophores
from other microorganisms or transferrin, hemin, and hemoglobin to obtain
iron (Jin et al., 2006; Newton ef al., 2005; Simon et al., 1995). The permease
HupC is an ABC transporter required for hemin and hemoglobin
uptake (Jin et al., 2006; Newton et al., 2005). The LD50 of a mutant
L. monocytogenes lacking hupC was strongly increased in Swiss mice infected
intravenously, suggesting that acquisition of iron from blood or other
infected sites facilitates L. monocytogenes host colonization.

4.3.9. MnSOD

SOD plays an important role in protection against oxidative stress and has
been shown to contribute to the pathogenic potential of many bacterial
species. L. monocytogenes produces a single MnSOD encoded by the gene sod
(Archambaud et al., 2006; Brehm et al., 1992; Glaser et al., 2001). A sod
deletion mutant is impaired in survival within macrophages and in virulence
in mice (Archambaud ef al., 2006). Cytoplasmic MnSOD is phosphorylated
on serine and threonine residues and can be dephosphorylated by the
serine/threonine phosphatase Stp resulting in an increased SOD activity
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(Archambaud et al., 2006). L. monocytogenes MnSOD is the first bacterial
SOD shown to be regulated by phosphorylation. The most active nonpho-
sphorylated form of MnSOD is secreted via the SecA2 pathway in infected
cells where it can protect L. monocytogenes from reactive oxygen species.
Interestingly, the MnSOD becomes phosphorylated in the host cell by a
putative host kinase that could control the enzyme activity (Archambaud
et al., 2006), suggesting a new innate mechanism of the cell to counteract an
important bacterial determinant of the infectious process.

4.3.10. RelA

The relA gene encodes a (p)ppGpp synthetase. An L. monocytogenes relA
transposon insertion mutant was unable to accumulate (p)ppGpp in
response to amino acid starvation (Taylor et al., 2002). The virulence of
the mutant was strongly attenuated in mice, indicating an essential role of
the stringent response in the survival and multiplication of L. monocytogenes
in the host. Recently, RelA has been shown to be important for bacterial
growth in macrophages and nonprofessional phagocytic cells, suggesting
that the ability of L. monocytogenes to mount a stringent response is required
for efficient intracellular multiplication (Bennett ef al., 2007).

4.3.11. Lgt

The lipoprotein diacylglyceryl transferase Lgt catalyzes transfer of an N-acyl
diglyceride group from a glycerophospholipid to the sulthydryl moiety of a
cysteine residue conserved in the signal peptides of lipoprotein precursors.
The product of the reaction is then cleaved by the signal peptidase Lsp.
Deletion of lgt impairs intracellular growth of L. monocytogenes
(Baumgartner et al., 2007), confirming the importance of lipoprotein
processing for pathogenicity (Reglier-Poupet et al., 2003a).

4.4, Cell-cell spread
4.4.1. ActA

After synthesis of the determinants responsible for entry, intracellular sur-
vival, lysis of the vacuole, and cytosolic replication, L. monocytogenes induces
polymerization of actin filaments to move in the cytoplasm and to spread
from cell to cell (Mounier ef al., 1990; Theriot et al., 1992; Tilney and
Portnoy, 1989; Tilney ef al., 1990). The surface protein ActA is the only
bacterial determinant necessary for actin-based motility of L. monocytogenes
(Fig. 1.2) (Domann et al., 1992; Kocks et al., 1992). Indeed, L. innocua
expressing ActA and latex beads coated with ActA acquire the capacity to
polymerize actin and move (Cameron ef al., 1999; Kocks ef al., 1995). ActA
is one of the major virulence determinants of L. monocytogenes (Domann
et al., 1992). ActA is a protein of 639 amino acids containing an N-terminal
signal sequence and a C-terminal transmembrane domain (Domann et al.,
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Figure 1.2 Vero cells infected with L. monocytogenes EGD (left panel) or its isogenic
actA mutant (right panel). Cells were processed for triple fluorescence microscopy 5 h
after infection. Bacteria were labeled with a polyclonal anti-Listeria antibody (black),
actin with FITC-phalloidin (dark gray), and nuclei with DAPI (light gray). Actin accu-
mulates around the parental strain EGD, leading to the formation of typical comet tails.
In cellsinfected with the actA mutant, bacteria are unable toinduce actin polymerization
and multiply in the cytoplasm forming perinuclear microcolonies.

1992; Kocks et al., 1992). The central part of the protein presents a domain
composed of four proline-rich repeats that binds proteins of the Ena/VASP
family, which modulate speed and directionality of bacterial movement
(Auerbuch et al., 2003; Chakraborty ef al., 1995; Geese et al., 2002; Lasa
et al., 1995; Laurent et al., 1999; Niebuhr et al., 1997). The N-terminal
region of ActA is sufficient to induce motility (Lasa et al., 1997). It binds and
activates the Arp2/3 complex inducing actin polymerization, mimicking
proteins of the WASP family (Boujemaa-Paterski ef al., 2001; Skoble ef al.,
2000, 2001). Actin tails induced by L. monocytogenes are composed of
branched filaments similar to those of Shigella flexneri, in contrast to Rickettsia
conorii actin tails which contain long and unbranched filaments (Gouin et al.,
1999, 2004, 2005).

ActA is also involved in cell attachment and entry by recognition of
heparan sulfate (Alvarez-Dominguez et al., 1997). Inactivation of ActA
impairs L. monocytogenes invasion in macrophages and epithelial cells
(Alvarez-Dominguez ef al., 1997; Suarez et al., 2001). In addition, expres-
sion of ActA in L. innocua is sufficient to confer the capacity to enter
epithelial cells (Suarez ef al., 2001).

A third role has been assigned to ActA in preventing bacterial autophagy
in the cytosol of macrophages (Birmingham et al., 2007; Rich et al., 2003).
Some L. monocytogenes are targeted by autophagy during early stages of
infection by an LLO-dependent process. ActA expression is sufficient to
promote autophagy evasion in the cytosol at later stages of infection
(Birmingham et al., 2007). ActA could possibly lead to escape from
autophagy by actin-based movement or by actin masking of the bacteria,
inhibiting recognition of autophagy targets.
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4.4.2. SecA2

The auxiliary SecA paralogue protein SecA2 was identified by analysis of
spontaneous rough variants of L. monocytogenes, which grew in chains (Lenz
and Portnoy, 2002). In contrast to SecA, SecA2 is not essential for cell
viability. SecA2 is required for virulence in mice and cell—cell spread in
cultured cells (Lenz and Portnoy, 2002; Lenz et al., 2003). Using a proteo-
mic approach, 17 SecA2-dependent secreted and surface proteins were
identified including the autolysin p60 and the N-acetylmuramidase NamA
(Lenz et al., 2003). These two peptidoglycane hydrolases and other SecA2
targets, such FbpA (Dramsi et al., 2004) and MnSOD (Archambaud et al.,
2006), are important determinants of the infectious process. Thus, SecA2
could have evolved in part to mediate secretion of a subset of proteins
contributing to virulence.

5. IMMUNOMODULATION AND PERSISTENCE

5.1. Evasion and manipulation of host immune response
5.1.1. PgdA

Bacterial cell wall peptidoglycan is the pathogen-associated molecular pat-
tern detected by the nucleotide-binding oligomerization domain (NOD)
protein family of pattern-recognition receptors, resulting in activation of
the NF-xB pathway (Chamaillard ef al., 2003; Girardin et al., 2003a,b,
Inohara ef al., 2003). Analysis of L. monocytogenes peptidoglycan revealed
deacetylation of N-acetylglucosamine residues (Boneca et al., 2007,
Kamisango et al., 1982). L. monocytogenes genome contains a single pepti-
doglycane N-deacetylase gene, pgdA (Boneca et al., 2007; Glaser et al.,
2001). Inactivation of pgdA dramatically increases L. monocytogenes sensitiv-
ity to lyzozyme in vitro and strongly attenuates virulence in mice infected
intravenously and in transgenic mice expressing human E-cadherin after
intragastric inoculation (Boneca ef al., 2007). PgdA is required for survival
within macrophage vacuoles (Fig. 1.3) and prevents proinflammatory cyto-
kine and interferon-f} secretion (Boneca et al., 2007). Thus, peptidoglycan
N-deacetylation is critical for evasion of host innate defenses.

5.1.2. p60

The autolysin p60, also known as the invasion-associated protein Iap or the
cell wall hydrolase A CwhA, is a 60-kDa protein secreted by the SecA2
pathway. This peptidoglycan hydrolase promotes L. monocytogenes infection
in vivo (Faith et al., 2007; Lenz et al., 2003). The mechanism of virulence
attenuation of p60-deficient mutants is not completely understood.
Recently, the reduced capacity of a p60 mutant to cause systemic infection
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Figure 1.3 RAW264.7 macrophages infected with L. monocytogenes EGDe (left panel)
or the pgd A deletion mutant (right panel). Cells were processed for electron microscopy
4 h after infection. Impaired survival of the pgdA mutant was correlated with delay in
escape from the phagosome compared with the parental strain that was free in the
cytoplasm.

of mice after intragastric inoculation was correlated to a diminished ability
to enter and multiply within epithelial cells (Faith ef al., 2007). Interestingly,
p60 has also been shown to indirectly increase NK cell activation and
interferon-y production (Humann et al., 2007). It was suggested that p60
could promote early bacterial multiplication by subversion of interferon-y-
mediated immune responses and manipulation of deleterious and protective
effects of interferon-y production. The bacterial components that are
released by the catalytic activity of p60 and directly modulate host innate
response remain to be identified.

5.1.3. LLO

L. monocytogenes infection leads to modulation of expression of host genes.
Posttranslational modifications of histones play an essential role in chroma-
tin remodeling and gene expression regulation. It has been shown that
infection of human endothelial cells by L. monocytogenes induces a p38
MAPK and MEK1-dependent acetylation of histone H4 and phosphoryla-
tion and acetylation of histone H3 globally as well as specifically at the
promoter of IL8 (Schmeck et al., 2005). LLO is required for upregulation of
adhesion molecules and chemokines in endothelial cells infected by
L. monocytogenes (Kayal et al., 1999). Recently, LLO was shown to be critical
for dephosphorylation of histone H3 and deacetylation of histone H4
during early phase of infection (Hamon et al., 2007). Indeed, decreased
LLO-mediated histone modifications were associated to modulation of host
cell gene expression (Hamon ef al., 2007). Interestingly, transcription of the
chemokine gene cxcl2 and of other specific immunity genes was decreased,
suggesting that LLO genetic reprogramming of the host cell could be an
additional mechanism by which L. monocytogenes manipulate the host
Immune response.
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5.1.4. MprF

L. monocytogenes multiple peptide resistance factor MprF is a membrane
protein of 98 kDa regulated by the response regulator VirR (Mandin ef al.,
2005; Thedieck et al., 2006). MprF is required for synthesis of lysylpho-
sphatidylglycerol and for lysinylation of diphosphatidylglycerol, two-
membrane phospholipids (Thedieck ef al., 2006). Inactivation of MprF
results in a decreased invasivity in both epithelial cells and macrophages
and 1in attenuation of the virulence in mice. MprF is critical for resistance
to cationic antimicrobial peptides and could be another mechanism of L.
monocytogenes to escape host innate immune response.

5.2. Persistence

L. monocytogenes is a common transient colonizer of the human gastrointes-
tinal tract that does not cause invasive disease unless a combination of host
susceptibility factors, bacterial virulence determinants, and a high infective
dose is met. Asymptomatic fecal carriage in healthy individuals has a preva-
lence of 2-10% (Schlech, 2000). The mechanisms used by L. monocytogenes
to persist in the host are not fully understood.

L. monocytogenes infection of the gallbladder has been documented in
humans (Allerberger ef al., 1989; Gluck et al., 2002; Gordon and Singer,
1986; Loupa et al., 2007). In addition, L. monocytogenes was isolated from
liver, bile, and feces of mice inoculated subcutaneously, suggesting that
bacteria reached the intestine by biliary excretion (Briones et al., 1992).
L. monocytogenes can replicate extracellularly in the gallbladder of mice after
oral or intravenous inoculation (Hardy ef al., 2004). Bacteria growing in the
lumen of the gallbladder can transit through the bile duct into the intestine
as soon as 5 min after induction of gallbladder contraction by food or
cholecystokinin (Hardy et al., 2006). Bacteria then move through the
intestinal lumen, are excreted in the environment, and possibly
reinfect mice. L. monocytogenes strains causing human disease express a
BSH conferring resistance to bile antimicrobial activity and the capacity to
colonize the gastrointestinal tract (Dussurget ef al., 2002). L. monocytogenes is
particularly well equipped to survive in presence of bile as several other
important genetic loci involved in bile resistance have been identified
(Begley et al., 2002, 2003, 2005; Sleator et al., 2005). Thus, gallbladder
could represent a niche where L. monocytogenes grows in the absence of
commensal competitors and specific immune response. Dissemination of L.
monocytogenes from the gallbladder to the intestine and the environment
could play an important role in transient or chronic shedding and in
transmission.
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6. VIRULENCE DETERMINANTS OF UNKNOWN
FUNCTION

6.1. InlC

InlC (also designated internalin-related protein A, IrpA) is a secreted protein
of 297 amino acids containing a central region composed of 6 LRRs
followed by a C-terminal Ig-like domain (Domann et al., 1997,
Engelbrecht et al., 1996; Ooi et al., 2006). The inlC gene, which is absent
from the genome of L. innocua, is transcribed by PrfA-dependent and -
independent mechanisms (Domann et al., 1997; Luo ef al., 2004). InlC
contributes to L. monocytogenes virulence in mice (Domann et al., 1997;
Engelbrecht et al., 1996). The expression of in/C is strongly induced in the
cytoplasm of infected macrophages (Engelbrecht ef al., 1996). However,
deletion of inlC does not affect invasion, intracellular survival, or cell spread
(Domann et al., 1997; Engelbrecht et al., 1996; Greiffenberg et al., 1998).
The function and binding partners of InlC have yet to be discovered.

6.2. InlGHE

A gene cluster encoding the three internalins InlG, InlH, and InlE has been
identified in some L. monocytogenes strains (Raftelsbauer et al., 1998). An
in-frame deletion of the inl GHE operon had no effect on cellular invasion
and its function remains unknown. However, the mutant showed reduced
colonization of the spleen and liver after infection of mice by the oral route
(Raftelsbauer et al., 1998). A specific role for InlH in virulence was later
demonstrated in mice infected intravenously (Schubert ef al., 2001).

6.3. Inl)

Another internalin encoding gene, inl], was identified by analyzing
L. monocytogenes genome sequence (Cabanes ef al., 2002; Glaser et al., 2001;
Sabet ef al., 2005). Inl] is required for full virulence of L. monocytogenes in
mice infected intravenously and after intragastric inoculation in transgenic
mice expressing the human E-cadherin at the level of the intestine (Sabet
et al., 2005). However, inactivation of inl] does not affect L. monocytogenes
capacity to infect cells. The function of this internalin remains to be
determined.

7. CONCLUSION

The advent of comparative genomics and transcriptomic technologies
allowing analysis of host cell and bacterial gene expression during the
infectious cycle coupled to the development of new animal models of
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Figure 1.4 Noninvasive bioluminescence imaging of listeriosis in BALB/c mice.
Bioluminescent splenic signals corresponding to bacterial replication foci were detected
48 h after intravenous inoculation of 8 x 10% 4 x 10*, 2 x 10°,10%, and 5 x 10° L. monocytogenes
from left to right.

infection have greatly improved our knowledge of L. monocytogenes patho-
genesis. Here, we have highlighted some of the important bacterial deter-
minants that have been involved in the infectious process. However, our
understanding of listeriosis is still far from complete. As more virulence
determinants are identified, determination of their specific function, their
host partners, and where and when they are expressed during the infectious
process will become the next challenge. Identification of the key compo-
nents of host immune response involved in listeriosis and how they can be
manipulated by L. monocytogenes should benefit from the recent advances in
the field of innate immunity. Dynamic gene profiling in vivo, noninvasive
imaging in relevant animal models (Fig. 1.4), and real-time imaging in
living cells will surely help to address the complexity of L. monocytogenes
interactions with the host and bring us a step closer to a comprehensive
understanding of the disease.
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Bacterial flagella are filamentous organelles that drive cell locomotion. They
thrust cells in liquids (swimming) or on surfaces (swarming) so that cells can
move toward favorable environments. At the base of each flagellum, a revers-
ible rotary motor, which is powered by the proton- or the sodium-motive force,
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is embedded in the cell envelope. The motor consists of two parts: the rotating
part, or rotor, that is connected to the hook and the filament, and the nonrotat-
ing part, or stator, that conducts coupling ion and is responsible for energy
conversion. Intensive genetic and biochemical studies of the flagellum have
been conducted in Salmonella typhimurium and Escherichia coli, and more than
50 gene products are known to be involved in flagellar assembly and function.
The energy-coupling mechanism, however, is still not known. In this chapter, we
survey our current knowledge of the flagellar system, based mostly on studies
from Salmonella, E. coli, and marine species Vibrio alginolyticus, supplemented
with distinct aspects of other bacterial species revealed by recent studies.

Key Words: Proton motive force, Sodium motive force, Energy transduction,
Vibrio alginolyticus, Salmonella typhimurium, Escherichia coli. = ©2008Elsevier Inc.

1. INTRODUCTION

1.1. Molecular architecture of flagella

The flagellum consists of three parts: the filament (helical propeller), the
hook (universal joint), and the basal structure (rotary motor) (Fig. 2.1). The
largest part of the flagellum is the filament, a helical structure whose shape
can vary among different helical forms, a phenomenon termed polymor-
phism (Asakura, 1970). This polymorphic alteration of flagellar shape is
associated with phase variation (Iino, 1969). When the cell swims, the
flagellar filament serves as a screw propeller to convert rotary motion of
the motor into thrust (Berg and Anderson, 1973). In Salmonella, it grows to
a length of around 15 pm and is composed of as many as 30,000 copies of a
single protein named flagellin (Minamino and Namba, 2004). Some bacte-
ria, for example Vibrio, have several closely related flagellins that form the
filament (McCarter, 2001). The flagellin subunits (FliC in Escherichia coli and
Salmonella) are self-assembled to form a hollow concentric double-tubular
structure (inner and outer tubes) consisting of 11 protofilaments, which are
arranged approximately parallel to the filament axis (Mimori et al., 1995;
Morgan et al., 1995). Formation of a helical structure is achieved by a
mixture of the protofilaments of two distinct conformations, the R- and
L-type, distinguished by their helical handedness right or left (Asakura,
1970; Calladine, 1978). Each protofilament switches between these two
conformations by responding to a variety of factors including pH, ionic
strength, mechanical stress, and mutations (Kamiya and Asakura, 1976;
Macnab and Ornston, 1977). Later, X-ray fiber diftraction studies revealed
slightly different subunit packing between the R~ and L-type, whose repeat
distances are 51.9 and 52.7 A, respectively (Yamashita et al., 1998). To
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Figure 2.1 (A) Behavior of bacterial cells. (B) Electron micrograph of flagella isolated
from Salmonella typhimurium. (C) Schematic diagram of flagellar structure of Gram-

negative bacteria.

understand the polymorphic switching mechanism, the crystal structure of
fragment containing most of the flagellin protein (F41 fragment of FliC) was
solved at 2 A (Samatey et al., 2001). In the crystal, F41 fragments of the
R-type conformation form protofilaments arranged in an antiparallel
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manner, and simulation using atomic model revealed that a small, distinct
conformational changes in the f-hairpin in D1, the domain that contributes
to outer tube structure, is responsible for the conformational switching
between L- and R-type protofilament. The crystal structure of F41 frag-
ment lacks the DO domain that forms inner tube structure. Later, electron
cryomicroscopy and helical image analysis made it possible to build com-
plete atomic model of the R-type filament structure including DO domain
of flagellin, revealing that intersubunit hydrophobic interactions in the
inner tube (domain D0) make the filament structure mechanically stable,
and the diameter of central channel is only 2 nm (Yonekura ef al., 2003).
This central channel serves as a transport pathway of flagellins that will
polymerize at the tip of the growing filament (Fig. 2.2).

The base of the filament is connected to the short tubular structure called
the hook, which is thought to function as a universal joint to smoothly
transmit the torque produced by the motor to the filament. The hook
structure of Salmonella is composed of about 120 copies of a single protein
FlgE and its length is controlled at 55 (£6) nm (Hirano et al., 1994). The
core structure of the hook protein was solved by X-ray crystallography, and
its atomic model was docked onto the density map of the hook obtained by
electron cryomicroscopy (Samatey et al., 2004).

The junction between hook and filament consists of the two proteins,
FlgK (HAP1) and Flgl (HAP3) (Homma and Iino, 1985; Ikeda et al., 1985).
About 13 molecules of each protein are present in each flagellum (Tkeda
et al., 1987). Mutational studies suggested that the junction acts as a buffer-
ing structure connecting two filamentous structures (hook and filament)
with distinct mechanical properties (Fahrner ef al., 1994).

The proximal end of the hook is connected to the basal body structure,
consisting of the rod and three coaxially mounted rings, termed as MS, P,
and L ring. The MS ring is embedded in the cytoplasmic membrane and
made of a single protein FliF (Ueno et al., 1992), the P and L rings are
associated with the peptidoglycan layer and the outer membrane, respec-
tively, and are composed of Flgl and FlgH (Homma et al., 1987; Schoenhals
and Macnab, 1996). The rod structure is composed of three proximal rod
proteins FlgB, FlgC, FlgF, and a distal rod protein FlgG, and fully traverses
the periplasmic space. The L and P rings together form a quite rigid
assembly resistant to stringent chemical treatments, and the LP-ring com-
plex is believed to act as a molecular bushing for the flagellar axial structure
(Akiba et al., 1991). The basal body of Gram-positive bacteria is composed
of only the MS ring and rod, and the LP ring is not present (Kobayashi et al.,
2003), probably because Gram-positive bacteria do not have the outer
membrane but have a thick peptidoglycan layer. When the basal body is
isolated with more gentle treatment, a drum-shaped structure, called C ring,
was found on the MS ring facing the cytoplasm (Francis et al., 1994). It is
composed mostly of FliM and FliN proteins (Thomas et al., 2006; Zhao
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Figure 2.2 (A) Polymorphic structure of the flagellar filament. The filaments of
L-type straight, normal, curly, and R-type straight are shown by the left to right in this
order. (B) The flagellar filament structure revealed by electron cryomicroscopy.
The end-on view of the cross section (left) and the side view of long segment (right).
(C) The backbone trace of the flagellin (FliC) molecule of Salmonella typhimurium.
The figures were kindly supplied by K. Namba.

et al., 1996a,b). These proteins, together with FliG which is located beneath
the MS ring, have been known to form a complex, referred to as the switch
complex. Mutations in each of these three proteins cause defects in switch-
ing the rotational direction of the motor (Yamaguchi et al., 1986a). They
are also important for rotation, and mutational studies revealed that FliG
most closely participates in torque generation (Lloyd ef al., 1996). Careful
preparation of the basal structure further revealed a central protrusion
within the C ring, that is probably the export apparatus essential for
assembly of flagellum (Katayama ef al., 1996).
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1.2. Gene regulation

More than 50 genes are required for flagellar formation and function
(Macnab, 2003). Because the flagellum is such a big organelle, a large
amount of energy is consumed during the assembly process. Bacteria deal
with this problem by developing highly organized and regulated systems for
flagellar assembly. Its characteristic feature is that the flagellar gene regula-
tion temporally and tightly couples to the assembly process. Here we survey
this regulatory mechanism in Salmonella, which has been most extensively
studied. For further details of flagellar gene regulations in Salmonella enterica
serovar typhimurium and E. coli as well as the other bacteria, such as Caulo-
bacter cresentus and Vibrio spp., see the reviews cited in Chilcott and Hughes
(2000), McCarter (2004), Wolfe and Visick (2008), and Wu and Newton
(1997).

In Salmonella, the flagellar/motility/chemotaxis genes constitute a reg-
ulon, and they are arranged in hierarchical order into three classes, early,
middle, and late (Fig. 2.3) (Kutsukake ef al., 1990). At the top of the
hierarchy is a single operon (class 1 master operon) containing the fliDC
genes (Liu and Matsumura, 1994). The FIhC and FIhD proteins form a
heterotetrametic complex FIhC,FIhD, that direct 67°-RNA polymerase
complex to activate transcription from class 2 promoters upstream of the

Classl Class2 Class3
— 3
Stimuli 2 e
| flgBCDEFGHIJ flgKL
1 2—>
G70 \ fliIFGHIJK
1 2,
T | AT 2fIiLMNOPQR
} l fnBAE 3
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Figure 2.3 Regulation of transcription of the flagellar regulon. The flagellar operons
are indicated by arrows. The numbers on the arrows show the class of transcriptional
hierarchy in the flagellar regulon. Descriptions of the transcriptional regulation and
the function of the gene products are described in text.
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middle gene operons. The fIhDC operon is tightly regulated under the
control of a number of global regulatory signals such as cAMP-CRP, heat
shock, DNA supercoiling, growth phase, surface-liquid transition, ClpXP
protease, and ¢-di-GMP (reviewed in Chilcott and Hughes, 2000; Wolfe
and Visick, 2008). Expression of fIhDC is also linked to the cell cycle,
showing that flagellation and cell cycle are interdependent processes (Pruss
and Matsumura, 1996, 1997).

More than 30 middle gene products from class 2 operons are primarily
required for the structure and assembly of the hook and basal body, and
include regulatory proteins that control transcription of the genes from class
3 operons. Class 3 operons encode for proteins required late in the assembly
process, including flagellin, hook-associated proteins (HAPs), stator com-
ponents, and chemosensory systems. Expression of class 3 operons is posi-
tively controlled by FliA and negatively by FlgM (Gillen and Hughes, 1991,
Kutsukake and Iino, 1994). FliA is the flagellum-specific transcription factor
028 (Ohnishi ef al., 1990), and it leads 6?®>-RINA polymerase complex to
transcribe class 3 late gene operons, whereas FlgM is an anti-62® factor
specific for FliA (Ohnishi ef al., 1992). Since filament formation requires
large resources of the cells, the stage to initiate expression of class 3 operons
is a critical checkpoint for flagellar gene regulation. Actually, what happens
in vivo is that the late genes are not transcribed until the assembly of hook-
basal body structures has been completed. Mutations in any one of the
hook-basal body genes prevent the transcription of class 3 operons to avoid
unnecessary late gene expression that would cause an energy drain in the
cell. This remarkable coupling between structure and gene expression is
achieved by the balance of FliA and FlgM. FlgM inhibits FliA for the
expression of class 3 operons until hook-basal body completion, at which
time FlgM is secreted out from the cells through hook-basal body structure
and released FLiA turns on transcription of class 3 operons to achieve
filament formation and motor assembly (Hughes et al., 1993; Kutsukake,
1994). Such a controlled expression is coupled to the ordered secretion of
each gene products by the flagellum-specific export apparatus, putatively
located inside of the MS ring, to complete the self-assembly of flagella.

As described above, sensing hook-basal body completion followed by
FlgM secretion is such a critical checkpoint; Salmonella utilizes another
factor involved in negative regulation in FlgM secretion. This gene, flk
(Karlinsey et al., 1997), also called as #lH (Kutsukake, 1997), was identified
as the factor that allows expression of class 3 operons only when mutated in
strains defective in LP ring assembly. Flk is a cytoplasmic-facing protein
anchored to the inner membrane by a single, C-terminal transmembrane
domain, and it was revealed that turnover of FlgM was increased in flk
background due to FlgM secretion into periplasm where it is degraded,
suggesting that Flk prevents premature secretion of the FlgM into peri-
plasm, thus acting as a braking systems for the flagellar export system
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(Aldridge et al., 2006). Loss of only Flk does not show any phenotype
related to motility, and flk gene is not located in the flagellar regulon, so
the role of Flk in the wild-type cell is still unclear (Karlinsey et al., 1997,
Kutsukake, 1997).

1.3. Flagellar assembly

As described in Section 1.2, flagellar assembly is tightly coupled to the gene
expression, and the monitoring system at the stage of hook completion
allows cells to achieve efficient and economical filament formation. The
sequence of events in flagellar assembly has been extensively studied in
Salmonella and E. coli by studying partial structures of flagella from mutants
defective in a certain flagellar gene (Kubori ef al., 1992; Suzuki and Komeda,
1981; Suzuki ef al., 1978). In general, assembly starts at the inner structure of
the basal body then proceeds to the outer ones (Fig. 2.4). The first built
structure is the MS ring and proximal rod, which is formed by a single
protein FiF (Ueno ef al., 1992). The MS ring is the core structure of the
rotor and is embedded in the cytoplasmic membrane. The C ring attaches on
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Figure 2.4 Morphological assembly of bacterial flagellum. The model of pathway is
created based on the assumption that the structure is built from a simple to complicated
form. The flagellar morphogenesis is thought to begin with the formation of MS ring
structure followed by the assembly of proteins for axial structures, each of which is
secreted by the flagellum-specific export apparatus (except FlgA, Flgl, and FilgH).
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the cytoplasmic face of MS ring (Francis ef al., 1994). The C ring contains
mostly two switch proteins FliM and FliN (Zhao et al., 1996a,b), and is
associated with MS ring via another switch/motor protein FliG, which
probably contributes to a part of the face of MS ring (Thomas ef al., 2006).
Assembly of these three proteins on the basal body requires the MS-ring
platform, and mutations give rise to the nonflagellate phenotype. Inside the
MS ring, there is the flagellum-specific export apparatus, visualized in freeze-
fracture images as a protrusion inside the C ring (Katayama ef al., 1996).
When the export apparatus is established in the flagellar base is still unclear.
Details of the export apparatus are described in Section 2.2.

After the export apparatus is constructed, structural proteins for the basal
body, expressed from class 2 operons, are secreted through the export
apparatus in the order described below. First, the proximal rod, composed
of FlgB, FlgC, and FlgF, is added on the MS ring, probably in this order
(Homma et al., 1990). FIiE is needed for this assembly, joining FliF, and
proximal rod as an adaptor (Minamino ef al., 2000b). Then the distal rod,
made of FlgG, is assembled on the proximal rod. Formation of the rod
requires FlgJ, which is exported to the periplasmic space via export appara-
tus and acts as a cap on the growing rod to facilitate the polymerization at
the tip (Kubori ef al., 1992). Flg] also has a muramidase activity at its
C-terminal half, hydrolyzing the peptidoglycan adjacent to the MS ring to
allow the rod to penetrate the peptidoglycan layer (Nambu et al., 1999).
Then the P ring (made of Flgl) is formed around the distal rod, followed by
L-ring (FlgH) formation (Chevance et al., 2007). Flgl and FlgH are not
secreted through the export apparatus, but through the Sec pathway using a
signal sequence at their N-termini (Homma ef al., 1987). P-ring formation
requires the Dsb system, which is involved in intramolecular disulfide bond
formation in the periplasm (Dailey and Berg, 1993). Flgl protein contains
two cysteine residues important for protein stability (Hizukuri et al., 2006).
P-ring formation also requires the FlgA protein that acts as a periplasmic
chaperone, assisting a polymerization reaction of Flgl into the P ring
through FlgI-Flegl interaction (Nambu and Kutsukake, 2000). The hook
assembles next, from about 120 copies of FIgE proteins at the distal end of
the growing hook, with the aid of hook-capping protein FlgD. Hook
elongation proceeds to the well-controlled length of 55+ 6 nm by a
sophisticated export switching mechanism (Hirano ef al., 1994). After
hook reached to the defined length, FlgD dissociates from the tip of the
hook, then replaced by the three HAPs, FlgK, FlgL, and FliD in this order
(Homma and lino, 1985). Addition of FlgK and FlgL is facilitated by the
chaperone FlgN (Fraser ef al., 1999), whereas that of FliD is facilitated by
another chaperone FIiT (Bennett ef al., 2001). Finally, the FliC filament
subunits (flagellin) are inserted at the distal end (lino, 1969). FliD acts as a
cap to facilitate the filament elongation by inserting each FliC subunit
between the Flgl and FliD zones, with rotary cap mechanism revealed by
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electron cryomicroscopic observation (Yonekura ef al., 2000). Mutants that
lack FliD cannot polymerize the filament and excrete flagellin monomers
into the culture (Homma et al., 1984). However, when purified FliD is
added to this mutant, flagellins stop leaking out and start polymerizing on
the hook (Homma ef al., 1986). Using this system, growth rate of the
filament was observed and revealed that initial growth rate is about
30 nm/min, which corresponds to one flagellin incorporated per second,
suggesting that to reach the 10 um long of the filament of wild-type cells, it
takes several generations (Ikeda et al., 1993).

Vibrio alginolyticus has a single polar flagellum, so components required
for polar flagellum are localized to a single cell pole. The mechanism for
directing the MS ring (or to initiate MS-ring assembly) at the pole has
remained unknown, but recent studies revealed that two proteins, FIhF and
FIhG, are somehow involved in the process (Kusumoto et al., 2006). Almost
all of the cells of an fIhF null strain do not have a polar flagellum, whereas an
fIhG strain has multiple flagella at a pole. Overproduction of FIhF in the
wild-type strain increased the number of polar flagella, whereas excess FIhG
reduced it, indicating that these two proteins function in opposing ways.
Although the fIhiFG double null strain also showed almost no flagella, a very
small but significant fraction of the cells possesses several flagella at the lateral
position (Kusumoto et al., 2008). These results suggest that FIhF functions in
polar location of the flagellum. This idea is supported by a study in Pseudo-
monas putida, possessing polar flagella, which showed that an flhiF mutant
exhibits a peritrichously flagellated phenotype (Pandza et al., 2000).

FIhF and FlhG show similarity to FtsY and MinD, respectively. FtsY is a
component of the prokaryotic SRP receptor (Luirink and Sinning, 2004)
and MinD is a cell division inhibitor (Shapiro et al., 2002). MinD shows a
structural similarity to Fth (Cordell and Lowe, 2001), which is a prokaryotic
SRP that forms a complex with FtsY to function in a signal recognition
targeting pathway for protein secretion at the membrane (Focia et al., 2004).
Therefore, FIhF may function together with FIhG in the same manner with
FtsY/Fth system to locate flagellar components, possibly the MS-ring
protein FLiF, to the cell pole. The direct interaction between FIhF and
FIhG has been suggested (Kusumoto ef al., 2008). A recently reported crystal
structure of FIhF from Bacillus subtilis revealed a dimer formation of FlhF
and significant structural similarity of FIhF to FtsY/Fth, supporting the idea
described above (Bange ef al., 2007). However, many features of the polar
localization mechanism remain unknown.

1.4. Regulation of rotation

Most flagellar motors are reversible rotary machines, able to rotate both
clockwise (CW) and counterclockwise (CCW) (Silverman and Simon,
1974). Rotational switching completes very quickly, within only 1 ms
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(Kudo et al., 1990). Rotational direction is controlled by environmental
stimuli, such as pH, temperature, and chemicals like sugars and amino acids.
Methyl-accepting chemotaxis proteins (MCPs) sense these stimuli and
transmit signals to the motor through a two-component phosphorelay
signaling cascade (Fig. 2.5). When a repellent signal is sensed by the
MCP, autophosphorylation activity of the CheA protein, associated with
MCP on the cytoplasmic side, is activated and a histidine residue of CheA is
phosphorylated. Then this phospho group is transferred to the Asp residue
of the response regulator CheY. Phosphorylated CheY protein (CheY-P)
then associated with the motor to trigger CW rotation. On the other hand,
when an attractant signal is sensed by the MCP, autophosphorylation
activity of CheA is repressed, so that the level of CheY-P decreases and
the motor rotates in its default direction, CCW. The molecular mechanisms
of MCP function and two-component signaling are reviewed elsewhere
(Armitage, 1999; Parkinson et al., 2005).

The target of CheY-P in the motor is the switch complex, composed of
FliG, FliM, and FliN. As described above, FliG/FliM/FliN complex is also
called “the switch complex” because mutations in these proteins cause
defects in switching the CCW/CW rotation in response to tactic stimuli.
FliM functions most directly in regulation of the switching frequency by
binding to CheY-P (Welch ef al., 1993). This binding of CheY-P to FliM
probably changes the FliG—FLiM interaction, and causes movement of the
C-terminal domain of FliG (FliG¢) that interacts with the stator protein
MotA, thereby altering the rotor—stator interface to switch the direction of
rotary motion.

Figure 2.5 Schematic diagram of signal transduction of Escherichia coli chemotaxis.
The chemoreceptors are embedded in the cytoplasmic membrane and localized at a
pole. Chemotaxis substances or ligands bind to the receptor and the signals are transmit-
ted into a cell and are transferred through the two-component phosphorelay system via
the Che proteins. The phosphorylated CheY can bind to FliM and the direction of the
motor rotation is changed.
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Studies of intracellular level of CheY-P in a single cell that causes switch-
ing from CCW to CW revealed that switching is a highly cooperative event,
showing a Hill coefficient of about 10, suggesting that chemotactic signal is
amplified within the switch (Cluzel et al., 2000). Fluorescence resonance
energy transfer-based observation of CheY interaction with FliM by using
CFP-FliM and CheY-YFP showed that binding of CheY-P to FliM is much
less cooperative than motor switching (Hill coefficient of 1.7 &£ 0.3) (Sourjik
and Berg, 2002). This result was further supported by in vitro biochemical
studies showing that CheY-P binding to the isolated intact switch complex
was not cooperative (Hill coefficient is around 1) (Sagi et al., 2003). These
results indicate that the chemotactic signal is amplified within the switch, but
subsequent to the CheY-P binding to FliM.

Some bacteria respond to tactic stimuli using modes, other than direc-
tional switching. Rhodobacter sphaeroides has a unidirectional flagellar motor
that alternates between CW rotation and brief stops, during which the
bacterium is reoriented by Brownian motion and changes in flagellar fila-
ment morphology (Armitage and Macnab, 1987). In the case of Sinorhizo-
bium meliloti, the motor also rotates unidirectionally in the CW direction and
swimming cells respond to tactic stimuli by modulating the flagellar rotary
speed (Schmitt, 2002). The marine bacterium V. alginolyticus has dual flagel-
lar systems, Nat-driven polar flagellum (Pof’) and H*-driven lateral flagella
(Laf), and their switching modes are different: the Laf motor rotates unidi-
rectionally in CCW and responds to tactic signals by slowing down, whereas
the Pof motor turns in both directions (Kojima ef al., 2007). In each case
described, tactic signals are transmitted through the two-component signal-
ing pathway, and CheY-P association to the motor modulates rotation.

2. BASAL STRUCTURE OF FLAGELLA AS MOTOR

2.1. Basal body

Structural features and the components of the basal body are described in
Section 1.1. The supramolecular complex of the basal body is constructed
by 7 kinds of proteins and ~130 molecules in total are assembled (Macnab,
2003). Aizawa et al. (1985) established a method to isolate the basal body of
Salmonella with high yield and purity. Using this method, but greatly modified
to allow C-ring isolation, the structure of the flagellar basal body and C ring of
Salmonella had been investigated by the single particle analysis using negatively
stained- or cryo-electron microscopy (Francis et al., 1994). A resolution was
obtained at 20 A that is used for building the three-dimensional reconstitution
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of images (Suzuki ef al., 2004; Thomas et al., 2001, 2006). The flagellar basal
body has a rotational symmetry with its axis in the center of the rod. The
center of the rod is a hollow tube and the flagellar components required for
axial structure are exported through this tube. The detailed single particle
analysis of the MS ring revealed an interface between the MS ring and rod
(Suzuki et al., 2004). The MS ring looks like a cylinder mounted on two disks.
Suzuki et al. (2004) reported that the MS-ring structure can be divided into
five domains (C, P, S, M, and R), and discussed functions of each domain. The
near-axial C and P domains are involved in the protein export and thought to
change its conformation by the association with the export apparatus and open
a channel through the protein. The C domain associates with the most
proximal side of the rod and thereby the rod begins its assembly on the C
domain. Although the S and M domains form the two disks characteristic of
the MS ring, their functions are not clear. The R domain that forms cylinder-
like part attaches to the outer face of the rod. It was speculated that the
interaction between the rod and R domain is important for the rod-MS
ring junction to release the twisting stress and symmetry mismatch. Thomas
et al. (2006) has greatly improved resolution of images, by classifying particles
according to size and applying the averaging procedures appropriate for each
symmetry class. This improvement allows us to see for the first time the
detailed feature of the C ring, not just a dumbbell-like structure. Their
images revealed that the symmetry of individual M rings varies from 24-fold
to 26-folds, whereas that of the C rings varies from 32-fold to 36-fold, with no
apparent correlations between the symmetries of the two rings. The resolution
of these improved EM images is now good enough to allow the crystal
structures solved for the C-ring components to be docked into the map.
The LP ring is an extraordinarily rigid structure and can maintain the ring
morphology even under stringent condition such as 7.5 M urea (Akiba ef al.,
1991). Single particle analysis revealed that the P ringlooks like a dumbbell and
seems to contact with a part of the rod, whereas the L ring seems not to contact
the rod (Stallmeyer ef al., 1989).

MotX and MotY, which are required for the rotation of the polar
flagellar motor of V. alginolyticus, are associated with the basal body and
form an additional ring structure beneath the LP ring, termed T ring
(Terashima et al., 2006). Partial T-ring structures were observed in the
AmotX strain but not in the AmotY and AmotXAmotY strains, suggesting
that MotX associates with the basal body via MotY to form a complete
T-ring structure. Stoichiometry of the MotX and MotY proteins in the T
ring has not been determined yet. Further detailed observations of the T
ring to reconstruct the three-dimensional images will be informative to
understand their function.
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2.2. Export apparatus

Most of the flagellar substructures are constructed beyond the cytoplasmic
membrane. Therefore, protein components, synthesized in the cytoplasm,
must be exported across the inner and outer membranes to be assembled at
the appropriate final destinations. This is achieved by the flagellum-specific
export apparatus that resides inside the MS-ring structure (Macnab, 2004).
This system has a character in common with the needle complex that works
for the secretion of virulence factors by pathogenic bacteria (Cornelis,
2006). Morphology of these two secretion machineries is quite similar to
each other, and they are now classified in the type III export pathway
(Hueck, 1998). The flagellum-specific export apparatus exports protein
substrate in order without signal peptide cleavage. Most of the studies for
the export apparatus have been carried out in Salmonella, and here we
describe its general overview.

The core of the export apparatus is composed of six transmembrane
proteins, FlhA, FIhB, FliO, FliP, FliQ, and FliR, that form an export
channel complex inside the MS-ring structure. Three cytosolic proteins
FliH, Flil, and FliJ are required for flagellum-specific export and interact
with the channel, thereby contributing a part of the export apparatus.
Recent study revealed that flagellar C-ring protein FliN is also involved
in the export, so it is a part of the apparatus (Brown ef al., 2005; Gonzalez-
Pedrajo et al., 2006; McMurry et al., 2006; Paul et al., 2006). FIhA and FIhB
have a large cytoplasmic domain at their C-termini, where soluble compo-
nents interact with. The export apparatus (or a part of it) has been visualized
as a protrusion inside the C ring, by the freeze-fracture image (Katayama
et al., 1996). However, only FliP and FliR have been detected in the basal
body preparations so far (Fan ef al., 1997). Flil is an ATPase and its sequence
shows similarity to the f subunit of the FoF;-ATPase, a rotary motor that
drives chemical reaction of ATP synthesis (Fan and Macnab, 1996).
Recently, crystal structure of Flil is solved at 2.4 A, and revealed that its
similarity is not only in the sequence (29% identity) but also in the structural
level (Imada ef al., 2007). Flil is a member of the Walker-type ATPase
family, and it is thought to form a ring-shaped hexamer for protein export
(Claret et al., 2003; Minamino et al., 2006). These lines of evidence lead to
an attractive model that Flil hexamer functions as a motor, unfolding and
threading export substrates thought its central channel by cooperative
conformational changes of subunits, just as speculated for AAA ATPase
complexes. ATPase activity of Fll is negatively regulated by binding to
FliH, in a complex of FliH,Flil; stoichiometry (Minamino and Macnab,
2000a). FLiH also binds to the hydrophobic patch of FliN, and their
interaction would mediate efficient localization of Flil near the C-ring
complex. FliJ is a general chaperone, preventing aggregation of export
substrates presumably by interacting with them (Fraser et al., 2003;
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Minamino et al., 2000a). Interactions among export components have been
investigated by far-western method (affinity blotting), and it was found that
cytosolic components interact with each other and probably forming FliH/
Flil/Fli] complex in some point, and the cytoplasmic domain of membrane
components FlhA and FIhB interacts with all soluble components
(Minamino and Macnab, 2000b). Affinity blotting experiments also indicate
that cytoplasmic domain of FIhA and FIhB interact with substrates, suggest-
ing that these two proteins are involved in protein translocation. From these
results, the outline of export is emerging: protein substrate is captured by
FliH/FlI/FliJ complex without denaturation and transferred to the export
apparatus. In the same time, Flil docks to the cytoplasmic face of the
apparatus, forming hexameric ring structure that has an enhanced ATPase
activity released from FliH inhibition. Then the substrates are exported
through a central channel of apparatus, probably formed mainly by trans-
membrane segments (TMs) of FIhA and FIhB. After crossing the inner
membrane, substrates are assembled at the appropriate position in ordered
fashion, from the innermost structure to the external ones.

How is this ordered export achieved? As discussed in Section 1.2,
coupling of flagellar gene expression to the stages of flagellar assembly
makes it possible for the ordered export. But there is one more
mechanism operating in the flagellum-specific export apparatus: the
substrate-specificity switching (Kutsukake et al., 1994). The apparatus has
two export substrate-specificity states, the rod/hook type and the filament
type (Minamino and Macnab, 1999). Therefore, proteins forming the rod
and hook structures are exported prior to the proteins required for filament
formation. When the hook structure reaches a certain length (ca 55 nm),
FliK and FlhB sense this state, and the substrate specificity of the apparatus
switches from the rod/hook type to the filament type, causing the export of
a new substrate class (Ferris and Minamino, 2006; Moriya et al., 2006;
Shibata et al., 2007; Waters et al., 2007). In addition, this switching leads
to FlgM export, followed by expression of the class 3 operons (Hughes ef al.,
1993; Kutsukake, 1994). It is reported that this switching is irreversible
(Minamino ef al., 1999).

2.3. Switch complex

The switch complex functions in the rotation/switching/assembly of the
flagellum and is composed of the three kinds of proteins, FiiG, FliM, and
FliN (Fig. 2.6). Null mutants of each protein exhibit Fla~— phenotype (non-
flagellate), and point mutations give rise to Fla—, Che™ (defective in chemo-
taxis), and Mot~ (defective in motility) phenotypes (Yamaguchi et al., 1986a,
b). Stoichiometry of the FliG, FliM, and FliN in the C ring have been
reported to be 26, 34, and more than 100 copies, respectively (Francis ef al.,
1992; Suzuki et al., 2004, Thomas et al., 1999). Three-dimensional
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Figure 2.6 Cell body and flagellar basal structure of the proton- and sodium-driven
type. The components emphasized by darker drawing are essential components for
torque generation. The stator of flagellar motor consists of MotA and MotB of H'-
driven motor in Escherichia coli and of PomA and PomB of Na*t-driven motor in Vibrio
alginolyticus. For the Nat-driven motor, additional components of MotX and MotY,
which form a T'ring in the basal body, are also essential. Ion flow through MotAB or
PomAB complex is believed to be coupled with torque generation by the interaction
between the stator component of MotA or PomA and the rotor component of FliG.
Electron micrograph of osmotically shocked Salmonella cell to visualize flagellar base
is shown in left photograph. The flagellum of V. alginolyticus cell is observed and
visualized by the electron microscopy in right photograph.

reconstructions from electron cryomicrographs of the rotor revealed that the
C ring displays ~34-fold symmetry and the MS ring shows about 25-fold
symmetry (Thomas et al., 2006), and confirmed that most of the C-ring
structure was composed of FliM and FliN. It was known that the FIiF binds
to FliG, and N-terminal 46 residues of FliG are required for the binding
(Oosawa et al., 1994). Recent studies revealed more detailed FliG-FliM
interactions, and it will be discussed later (Brown et al., 2007). In addition,
spontaneous mutants of FLiF-FliG fusion were found to be functional
(Francis ef al., 1992). Therefore, the FliF:FliG ratio should be 1:1, and it is
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consistent with FliG stoichiometry in C ring and the symmetry of MS ring as
described earlier. By direct comparison of the ring structure made of FliF and
FliF-FliG fusion protein obtained by electron cryomicroscopy and single-
particle image revealed that a part of the FliG occupies the outer rim and face
of the M ring, whereas the remaining part is likely a part of the C ring (Suzuki
et al., 2004). FliM interacts with FliG and FliN but not with FliF, and FliN
does not interact with FIiF (Oosawa ef al., 1994). Therefore, FliM and FliN
are probably located at the central and bottom position of the C ring,
respectively.

Structural studies of the switch proteins have been undertaken by using
the thermophilic bacteria Thermotoga maritima as a protein source, and crystal
structures of the functional domains have been determined (Fig. 2.7). For
FliG, middle and C-terminal domains of the protein (residues 104335,
termed FliGyyc) correspond to two-third of the full-length protein (Brown
et al., 2002; Lloyd et al., 1999). The middle domain (residues 115-190,
termed FliGyy) has a conserved surface patch formed by the residues
EHPQq55_128 and Rygo (the EHPQR motif), which is important for
binding to FliM (Brown et al., 2007). The FliG¢ (residues 198-335) has a
conserved surface hydrophobic patch, which is also important for the
binding to FliM (Brown ef al., 2007). A region near the C-terminus has
five well-conserved charged residues that interact with those in the stator
protein MotA, and electrostatic interaction of these charged residues at the
rotor—stator interface is important for torque generation (Lloyd and Blair,
1997; Zhou et al., 1998a). Structure showed that charged residues of FliG
are clustered on the prominent ridge of FliGc where two subsets of the
charged residues are aligned as a ““V”’-like shape. FliGy, is connected to the
FliG¢ by an o-helix and short linker including well-conserved two consec-
utive Gly residues (termed Gly—Gly motif’). This Gly—Gly motif seems to be
involved in the motion of both domains, acting as a flexible hinge mediating
relative movements of two connecting domains. These structural features
of FiG suggest that FliG is likely to have two orientations that bring
different subset of charged residues into alignment around the edge of the
rotor, where they could interact sequentially with charged residues of
the stator protein MotA. Therefore, such an arrangement of charged resi-
dues may be important for the switching of the rotational direction. Yeast
two-hybrid method was used to investigate the interaction between switch
proteins, and revealed two distinct binding sites for FliM in FliG: the
EHPQR motif of the FliGy; and the hydrophobic patch of the FliGc
(Marykwas et al., 1996). Consistent with this, tryptophan replacements in
residues that participate in these binding sites influenced the binding to FliM
and also the assembly of the flagellum (Brown et al., 2007). The hydropho-
bic patch in FliG¢ is positioned adjacent to the Gly—Gly linker and opposite
to charge-bearing ridge. Because the structure of the N-terminal domain
has not been determined yet, it is not clear how FliG binds to FIiF.
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Figure 2.7 The structures of stator and rotor. The stator is formed by the MotA ;MotB,
or PomA,PomB, complex. The B subunit has a peptidoglycan-binding motif (pro-
truded ball) and the A subunit has large cytoplasmic domain, containing the conserved
charged residues important for flagellar rotation, between second and third transmem-
brane segments. The crystal structure of the FliG middle and the C-terminal domain,
the F1iM middle domain, and the two-third of FliN of Thermatoga maritima are shown
using the PDB data, 11 kv, 2hp7, and lyab, respectively. The C-terminal region of FliG
has a ridge containing the important charged residues, which are believed to interact
with the charged residues of the cytoplasmic domain of MotA, for the flagellar rotation.
FliN is depicted as a homotetramer composed of dimer-of-dimers. FliG, FliM, and FliN
form a switch complex. FIiF forms the MS ring of the basal body.
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However, as noted above, since FliF-FliG fusion protein is functional, the
C-terminal end of FLiF and N-terminal end of FLiG are likely to be in
proximity.

Crystal structure of the middle domain of FliM (residues 44—226, termed
FliMy) from T. maritima, which corresponds to two-third of the full-length
protein, has been determined (Park et al., 2006) (Fig. 2.7). FliM is involved
in changing of the rotational direction triggered by the binding of CheY-P
to FliM, a chemotactic signaling molecule (Sockett et al., 1992; Welch et al.,
1993). The phosphorylation state of CheY is regulated by a kinase (CheA)
and phosphatase (CheZ, CheC, or CheX), which are involved in chemo-
tactic signaling pathway (Parkinson, 2003). The structure of FliM reveals
structural similarity to these phosphatases. Disulfide cross-linking experi-
ments using Cys-substituted FliM variants designed by using the structural
information revealed the interface of FliM protein responsible for its
self~association in the C-ring structure. Based on this arrangement of FliM
subunits, about 33—-35 copies of FliM subunits form a ring with a diameter
of ~44 nm, consistent with its rotational symmetry (34-fold) in the C ring
observed in electron cryomicroscopy (Thomas et al., 2006, 1999). CheY-P
binds to N-terminal portion of FliM, which is not present in the structure.
Truncation of the N-terminal 43 residues is required for crystal growth of
FliMp,. It is probably disordered when extracted from the C-ring structure.
On the other hand, crystal structure of CheY protein in complex with FliM
peptide including N-terminal 16 residues has been reported (Dyer and
Dahlquist, 2006; Lee et al., 2001). The CheY-FliM peptide structure
revealed the allosteric communication between the phosphorylation site
and the target-binding surface of CheY protein. The C-terminal part of
FliM has been shown to be important for the binding to FliN (Marykwas
et al., 1996). A GGXG motif involved in the interaction with FliG exists in
the opposite side of the FliN-binding region (Mathews ef al., 1998; Tang
et al., 1996; Toker and Macnab, 1997). However, weak electron density in
this region discerns only the first two glycine residues.

The structure of FliN corresponding to the two-third of full-length
protein (residues 68—154) from T. maritima (Brown et al., 2005) has been
determined. FliN, that mostly contributes to form the C-ring structure, is
found to be a tightly intertwisted dimer composed mostly of f-sheet
(Fig. 2.7). Structure also revealed a hydrophobic patch, formed by several
well-conserved hydrophobic residues, on the surface of the FliN dimer.
Mutations in these residues in the patch give rise to Fla~— or Che™ pheno-
type, indicating that it is important for the flagellar assembly and the switch-
ing. Motility of these mutants is partially restored by the overexpression of
Flil and FliH (Paul et al., 2006), soluble components of export apparatus,
suggesting that FliN is involved in the secretion of flagellar proteins. This is
not surprising, since a temperature-sensitive FLIN mutant was unable to
regrow flagellar filament after shearing it at the restrictive temperature
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(Vogler et al., 1991). FliN has been known to involve the export of filament
subunits or capping proteins. In addition, FliN has a homology to the export
apparatus for virulence factors of pathogenic bacteria (Tang et al., 1995).
Therefore, although FliN is involved in switching and motility, it is more
directly involved in flagellar assembly, probably as a part of flagellum-
specific export apparatus. Consistent with this idea, recent biochemical
studies showed that FliN associates with FliH (McMurry ef al., 2006; Paul
et al., 2006), and a five-protein complex consisting of FliG, FliM, FliN,
FliH, and Flil can be isolated (Gonzalez-Pedrajo et al., 2006). These lines of
evidence suggest that FLiN in C ring provides a docking site for export
substrate via FliH to efficiently deliver them to the apparatus, and FliN—
FliH interaction involves the hydrophobic patch of FliN. Contribution of
FliN to the rotational switching is also involved in the hydrophobic patch.
Mutations giving Che™ phenotype are mapped around the hydrophobic
patch, and defects could be partially rescued by overexpression of the CheY,
suggesting that FliN may contribute to the binding site of CheY-P (Paul
et al., 2006). As describe earlier, FliN occupies most part of the C ring, and it
is located at the bottom of the ring. Analytical ultracentrifugation of purified
FliN of T. maritima showed that the FliN exists as a dimer in solution, and
FliM and FliN together form the stable FliM, /FliN, complex (Brown ef al.,
2005). E. coli FliN exists as a stable homotetramer in solution. These results
are consistent with the stoichiometry of FliM to FliN in the C ring.
Targeted disulfide cross-linking studies of FliN suggested that FlIN is
organized in doughnut-shaped tetramers, whose shape is closely matched
for the bottom of C ring in the reconstructed electron microscopic image
(Paul and Blair, 2006).

2.4. Motor complex

The MotA/MotB or PomA/PomB complex that acts as the torque-
generating unit exists in the cytoplasmic membrane and assembles around
the rotor (Kojima and Blair, 2004a; Yorimitsu and Homma, 2001). MotA
and MotB form the torque-generating unit of the H'-driven flagellar
motor, whereas PomA and PomB form that of the Na*-driven flagellar
motor of Vibrio spp. and are orthologues of MotA and MotB (Asai ef al.,
1997; Dean et al., 1984; Stader et al., 1986) (Figs. 2.7 and 2.8). MotA and
PomA have four TMs (Asai et al., 1997; Zhou et al., 1995). A large
cytoplasmic loop between the second and third TMs contains conserved
charged residues that have been shown to interact with the conserved
charged residues in the rotor protein FliG, and their electrostatic interac-
tions are important for torque generation (discussed also in Section 3.1;
Lloyd and Blair, 1997; Zhou and Blair, 1997; Zhou et al., 1998a) (Fig. 2.8).
On the other hand, periplasmic loops between first and second TMs
(loop1-2) and third and fourth TMs (loop3—4) are very short. MotB and
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Figure 2.8 Charged residues of the putative interaction surface between stator and
rotor. The Vibrio alginolyticus PomA R88 and E96 correspond to R90 and E98 of the
Escherichia coli MotA, and K284, R301, D308, D309, and R317 of V. alginolyticus FliG
correspond to K264, R 281, D288, D289, and R297 of E. coli F1iG, respectively. The aspartic
acid residue in B subunit (D32 in MotB and D24 in PomB) is believed to be an
ion-binding site.

PomB have a single TM at its N-terminus (Asai et al., 1997; Chun and
Parkinson, 1988). This TM contains an absolutely conserved negatively
charged residue (Asp32 in MotB of E. coli and Asp24 in PomB of
V. alginolyticus), which is critical for motor rotation and predicted to be
the ion-binding site in the stator complex (Zhou et al., 1998b). Most of
MotB and PomB proteins are located in the periplasmic space. C-terminal
portions of MotB and PomB contain the putative peptidoglycan-binding
(PGB) motif that is well conserved among proteins such as OmpA and Pal,
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which are outer membrane proteins that interact with the peptidoglycan
layer noncovalently (De Mot and Vanderleyden, 1994; Koebnik, 1995).
The MotA/MotB and PomA/PomB complexes are also called the stator,
the nonrotating part of the motor. The stator complex forms a heterohex-
amer composed of four A subunits (MotA or PomA) and two B subunits
(MotB or PomB) (Kojima and Blair, 2004b; Sato and Homma, 2000a,b;
Yorimitsu ef al., 2004). The MotA/MotB stator functions as a HT channel
and the PomA/PomB stator functions as an Na™ channel (Blair and Berg,
1990; Sato and Homma, 2000a; Stolz and Berg, 1991).

Although structural information is critical to understand the mechanism
for torque generation, currently there are no high-resolution structural data
on the stator complex because its strongly hydrophobic nature hinders to
obtain crystals. Instead, arrangements of the TMs of MotA and MotB from
E. coli (18 segments total in a complex) have been investigated by systematic
disulfide cross-linking studies. The results uncovered initial picture of the
MotA/MotB stator complex: a symmetric dimer of MotB segments is at the
center of the complex, and TMs of four MotA molecules are arranged
around the MotB dimer (Braun and Blair, 2001; Braun ef al., 2004). Cys
residues introduced in the third and fourth TMs (TM3 and TM4) of MotA
can form disulfide bridges between those introduced in the single TM of
MotB that contains the proton-accepting Asp residue, suggesting that
proton-conducting channel is formed by these three segments. Arrange-
ment of the MotB dimer that fits to the cross-linking results revealed that
the critical Asp32 residues of two MotB molecules are positioned on the
separate surface of the MotB dimer, so possibly there exist two proton-
conducting channels in a MotA4/MotB; stator complex. This arrangement
seems to fit into the PomA/PomB Nat-conducting stator complex: the
TM3 of PomA positions very near the TM of PomB (Yakushi ef al., 2004).
Phenamil, a potent inhibitor for eukaryotic epithelial sodium channel, also
specifically inhibits the rotation of Na*-driven motor (Atsumi ef al., 1990).
Mutations that allow motor to rotate in the presence of phenamil (Kojima
et al., 1997) were mapped near the cytoplasmic face of the TM3 of PomA
(D148Y) and TM of PomB (P165S) (Jaques ef al., 1999; Kojima ef al., 1999),
and when replaced to Cys, these two residues can form a disulfide bridge
(Yakushi et al., 2004). These results suggest that residues in TM3 of PomA
and TM of PomB (including critical Asp24) may participate in forming an
Na*-binding site near the cytoplasmic face. Systematic Cys replacement of
the residues located in the periplasmic loops of PomA revealed that Pro172,
which locate in the loop3—4, forms cross-linked dimer under the oxidation
condition, so loop3—4 of two PomA molecules are positioned side by side in
a PomA/PomB complex (Yorimitsu et al., 2000).

The number of the stator complexes assembled around the rotor was
measured by various methods. The stepwise increase of the rotation speed
that was dependent on the expression of the stator proteins (Blair and Berg,
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1988; Block and Berg, 1984) and the fluorescence intensity change of green
fluorescent protein (GFP)-MotB measured by fluorescence recovery after
photobleaching (FRAP) method indicate that at least 11 stator complexes
are estimated in a single motor (Leake ef al., 2006; Reid ef al., 2006). The
electron cryotomography of whole cells of Treponema primitia showed in situ
structure of the complete flagellar motor at the 7 nm resolution (Murphy
et al., 2006). The image indicates that the stator assembly possessed 16-fold
rotational symmetry, within the range of the stator number described above.
Recently, the purified PomA/PomB complexes reconstituted into the
proteoliposome have been observed by cryo-electron microscopy and
rough image of stator was reported (Yonekura et al., 2006). Rod-shaped
objects protruded out from both sides of the lipid bilayer. Its diameter was
~20 A, and length of a longer rod and a shorter rod were ~70 and 35 A,
respectively. The PomA/PomB complex with truncated C-terminus of
PomB, which lacks PGB motif, was also observed, and the longer rod is
found to be the C-terminal domain that contains the PGB motif.

3. TORQUE GENERATION

In this chapter, we overview the current knowledge of the mechanism
of torque generation, based on genetic and biochemical studies. Many
hypotheses of torque generation have been proposed, and were extensively
reviewed elsewhere (Berg, 2003; Kojima and Blair, 2004a). It is noteworthy
that some interesting motor models were recently published (Schmitt, 2003;
Xing et al., 2006).

3.1. Interaction between stator and rotor

It is believed that the rotational force of the flagellar motor is generated by
the interaction between the cytoplasmic loop region of the stator compo-
nent, MotA or PomA, and the C-terminal domain of the rotor component,
FliG. The rotor-stator interaction is coupled to the H* or Na™ flow
through the stator powered by the electrochemical gradient across the
cytoplasmic membrane. Domains of MotA (or PomA) and FliG responsible
for the rotor—stator interaction contain the conserved charged residues
important for the torque generation (Fig. 2.8) (Lloyd and Blair, 1997;
Yorimitsu et al., 2002; Zhou and Blair, 1997). In E. coli motor, they were
Arg90 and Glu98 of MotA, and Lys264, Arg281, Asp288, Asp289, and
Arg297 of FliG (Fig. 2.8A). No single residue is critical for rotation, but
they function collectively. Charge neutralization or inversion of these
residues disrupts motor rotation, but certain combinations of MotA muta-
tions with FliG mutations show strong synergism (e.g., MotA-R90A and
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FliG R281A) or suppression (e.g., MotA-R90E and FliG D289K), which
suggests that the charged residues of MotA interact with those of FiG
(Zhou et al., 1998a). Therefore, such electrostatic interactions between
rotor and stator are important for the torque generation. As discussed in
Section 2.3, crystal structure of the FliG¢ revealed that these charged
residues are clustered on the prominent ridge of the FliGc, where two
subsets of the charged residues (R281/D288/K264 and R281/D289/
R297) are aligned as a “V’-like shape (Lloyd ef al., 1999). Structure and
genetic evidence lead to the rotational switching model that switching may
result from distinct combination of electrostatic interactions between rotor
and stator.

In the case of Nat-driven motor of V. alginolyticus, these charged
residues are also conserved in PomA and FliG (R88 and E96 of PomA
and K284, R301, D308, D309, and R317 of FliG) (Fig. 2.8B). However,
when these residues and neighboring additional three charges (K89, E97,
and E99) of PomA were all neutralized, PomA was still functional
(Yorimitsu ef al., 2002). Likewise, single or all possible combinations of
charge-neutralizing mutations in five conserved charged residues did not
affect the motility. Inversion of charge in PomA or FliG barely gave
nonmotile or slow-motile phenotype (Yorimitsu et al., 2002, 2003).
These results suggest that Na'-driven motor may require additional
charged residues in PomA and/or FliG for complete electrostatic interac-
tion(s). Alternatively, electrostatic interaction between rotor and stator are
not important for the torque generation in V. alginolyticus. It was found that
chimeric FliG protein consisting of the N-terminal two-third from
V. alginolyticus and the C-terminal one-third from E. coli (termed FliGVE)
is functional in the fliG strain of V. alginolyticus, and its opposite variant of
chimeric protein (N-terminal two-third from E. coli and C-terminal one-
third from V. alginolyticus; FiGEV) is functional in the fliG strain of E. coli
(Yorimitsu et al., 2003). Likewise, the MotA/MotB stator from E. coli is
functional in the ApomAB strain of V. alginolyticus and its motor is driven by
proton motive force (PMF) (Asai et al., 2003). Chimeric protein PotB,
consisted of the N-terminal TM of PomB from V. alginolyticus and the
C-terminal periplasmic segment from E. coli MotB, is functional in the
AmotAB strain of E. coli, whose motor is driven by sodium motive force
(Asai et al., 2003) (Fig. 2.9A). These results indicate that certain parts of the
motor responsible for rotation can be interchangeable between species, and
general mechanism of the motor rotation is quite similar regardless of the
coupling ion. To understand the role of charged residues in V. alginolyticus
for motor rotation, conserved charged residues of V. alginolyticus with or
without mutations were introduced into the hybrid E. coli motor composed
of chimeric rotor (FliGEV) and stator proteins (PomA/PotB), and Na*-
driven motility of the cells containing these motor proteins were investi-
gated (Yakushi ef al., 2006). It was revealed that the charged residues in the
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Figure 2.9 Hybrid and chimeric motors with the Na*- and the H"-driven compo-
nents. (A) The gray and the open part show the regions of the H'- (MotA or MotB) and
the Na'-driven components (PomA or PomB), respectively. The horizontal lines show
the outer membrane, peptidoglycan layer, and the cytoplasmic membrane. (B) The
torque—speed relationships of different flagellar motors. Measured speeds and estimated
torques of chimeric motors are represented by circles, the H -driven Escherichia coli
motor (squares) using filament drag coefficients (Inoue et al., 2008). Dotted and dashed
line are reported torque—speed relationships for H-driven E. coli motor (Chen and
Berg, 2000b) and Na*-drivenVibrio alginolyticus motor (Sowa et al., 2003), respectively.

V. alginolyticus rotor and stator proteins were found to require for motor
rotation when they were engineered in the E. coli motor, although the
synergism and suppression in rotor—stator double mutants were weaker than
those seen in E. coli. Therefore, basically rotor—stator interaction occurs in
the V. alginolyticus motor in the same way as in E. coli, but the rotor—stator
interface is more robust in V. alginolyticus. Additional charged residues of
PomA may contribute such robustness (Obara et al.,, 2008), but other
factors, probably MotX and MotY, may enhance the motor function in
V. alginoltyticus. The flagellar motor of S. meliloti rotates only CW direction,
and its speed was modulated by the tactic stimuli (Gotz and Schmitt, 1987;
Schmitt, 2002). Like E. coli and V. alginolyticus, electrostatic interactions
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between conserved charged residues in rotor (R294 and E302 of FliG) and
stator (R90, E98, and E150 of MotA) of Sinorhizobium are important for
torque generation. Initially, it was expected that different charge distribu-
tion at the rotor—stator interface, due to the absence of several conserved
charged residues in FliG (only two are conserved), might be the basis for the
different modes of motor rotation. However, mutational analyses revealed
that unlike E. coli, E150 is essential for torque generation, whereas R90 and
E98 are crucial for chemotaxis-controlled modulation of rotation speed
(Attmannspacher et al., 2005). Therefore, it was proposed that MotA
E150 interacts with FliG R294 to achieve fast rotation, but conformational
changes in FliG triggered by CheY-P binding to FliM lead to the a new
rotor—stator alignment that places E150 of MotA adjacent to D302 of FliG,
so that electric repulsion between them might result in lower torque and
slower rotation.

Biochemical analysis of the interaction between stator and rotor has not
proceeded as compared to the genetic analysis. Only a study has been
reported so far that demonstrated MotA—FliG or MotA—FliM interactions
by pull-down assay (Tang et al., 1996). Then what is the nature of torque
generation? Although the structure of the stator complex has not been
solved and physical property of the stator complex have been still unclear,
systematic mutational studies indicated that MotB Asp32 of E. coli, which
exists in the single TM of MotB, is the only protonatable residue in the
motor proteins responsible for the flagellar rotation, suggesting that proton-
ation of this critical aspartate in the stator complex triggers conformational
changes in the stator complex that drive rotor (Zhou et al., 1998b). To test
this idea, protease susceptibility of MotA in complex with MotB was
examined, and it was revealed that replacement of the critical aspartate
(Asp32) of MotB to asparagine or any other small neutral amino acid caused
a conformational change in MotA, that could be detected as a change of
protease susceptibility (Kojima and Blair, 2001). MotA conformation is also
restricted by the well-conserved prolines located at the cytoplasmic face of
TM3 and 4 (Prol173 and Pro222 in E. coli). In a way that disrupts o-helix,
forming f-turn, proline greatly affects secondary and tertiary structures of
the protein. Mutations in Prol173 and Pro222 abolished or severely
impaired motility, and mutant proteins exhibit strong dominant-negative
effect on motility. Therefore, these residues might regulate the conforma-
tion of the MotA/MotB complex and/or control conformational changes
(Braun et al., 1999; Zhou and Blair, 1997).

3.2. lon-binding site

As discussed in Section 3.1, an ion-binding site of the stator channel has
been believed to be MotB D32 in E. coli and PomB D24 in V. alginolyticus
(Yorimitsu and Homma, 2001). H™ or Na™ associates with the negatively
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charged side chain of the acidic amino acid in the stator, although pK, of
carboxyl group in these residues in the physiological condition has not been
measured yet. As described in Section 3.1, when the conserved acidic or
basic amino acid residues in MotA, MotB, FliG, FliM, and FliN, those of
which are important for torque generation, were replaced to Ala, all the
mutants except D32A of MotB still retained motility (Zhou ef al., 1998b).
Replacement of Asp at position 32 of MotB to various amino acids showed
that all but glutamate at that position were nonfunctional. Therefore, D32
of MotB is likely to serve as the proton-binding site in the stator complex.
Likewise, PomB D24 probably functions as the binding site for Na*. It is
noteworthy that an Na™ binds to the functionally critical glutamate residue
(E139) in the crystal of NtpK protein, the channel component of another
NaT-translocating rotary motor, VoV -ATPase from Enterococcus hirae
(Murata et al., 2005). Recently determined crystal structures of Na™-coupled
transporters revealed that not a single but several side chains including
backbone carbonyl group(s) participate in forming an Na*-binding site
(Hunte et al., 2005; Yamashita et al., 2005). Therefore, in the case of a
PomA/PomB complex, there still may exist additional residues involved in
formation of an Na*-binding site, possibly including D148 of PomA and
P16 of PomB, those of which affect phenamil resistance when mutated. Also,
it is possible that charged residues at the channel entrance or exit or the main
chain carbonyl group(s) of the hydrophobic residues lining in the channel
may play important roles for the selective ion influx (Kojima et al., 2000).
It has been known that cell growth and motility are still normal even if
the MotA/MotB complex is overexpressed more than 50 times over the
wild-type level, suggesting that overproduced complexes are inactive for
proton traslocation (Wilson and Macnab, 1988, 1990). When the
N-terminal 60 residues of MotB that includes its single TM was fused to
the unrelated polypeptide, consisted of 50 residues encoded by a part of
TetA (MotB60-TetA), its overproduction together with MotA impairs the
cell growth (Stolz and Berg, 1991), and this growth impairment was
abolished by the mutation in D32 of MotB (Zhou et al., 1998b). These
results led to the proposal that a part of the complex (possibly the periplas-
mic domain of MotB) blocks proton flow through the MotA/MotB chan-
nel making it inactive. This model is supported by the mutational study
demonstrating that a deletion of the segment just C-terminal to the TM of
MotB (A51-70) or substitution of the residues in that region (I58, Y61, F62,
and P52/P65) causes a strong growth impairment when overproduced
(Hosking et al., 2006). Detailed analyses of this region brought a model
that the segment (termed “‘plug”) consists of an amphipathic o-helix and is
inserted into the cell membrane parallel with its periplasmic face to interfere
with channel formation. Interaction of a MotA/MotB complex with a
flagellar basal body triggers movement of the plug from membrane and
opening of the proton channel. Therefore, this plug may play a central role
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in regulating the open-closed states of the stator channel to prevent prema-
ture proton flow.

3.3. lon specificity

So far, two types of the motor classified by the coupling ion have been
identified: the H"-type and the Na™-type. Most motile bacteria including
E. coli, S. typhimurium, B. subtilis, R. sphaeroides, and Pseudomonas aeruginosa
have H"-driven motor and V. alginolyticus and alkalophilic Bacillus have
Na*-driven motor (Berry and Armitage, 1999; Doyle et al., 2004; Imae and
Atsumi, 1989; Yorimitsu and Homma, 2001). It seems that since V. algino-
Iyticus lives in the sea where Na™ is abundant, it may have evolved to acquire
Na™-conducting activity through the stator complex.

Which part of the stator proteins determines ion specificity? The H'-
driven stator of the Rhodobacter sphearoides is composed of MotA (RsMotA)
and MotB (RsMotB), and RsMotA are found to be remarkably similar to
the Na™-driven stator of PomA from V. alginolyticus (Asai et al., 1999; Shah
and Sockett, 1995). Both of them are composed of 253 amino acids and
their identity is more than 40% over their entire length. RsMotB has
similarity only to the transmembrane region of PomB. When RsMotA
was expressed in the pomA strain of V. alginolyticus, the motor was functional
and driven by Nat-motive force. On the other hand, expression of
RsMotB together with RsMotA in the pomB strain of . alginolyticus, cells
are nonmotile (Asai et al., 1999). Therefore, determinants of ion specificity
of stator should exist in the PomB (and MotB). A series of chimeric
proteins, consisting of N-terminal RsMotB and C-terminal PomB (termed
MomB) (Asai et al., 2000), was constructed. Some of the MomB constructs,
whose entire TM was derived from RsMotB, functioned as Na™-type stator
when coexpressed with RsMotA in the ApomAB strain of V. alginolyticus.
In this case, four proteins RsMotA, MomB, MotX, and MotY are involved
in the Na*-driven rotation. Interestingly, a MomB construct, whose junc-
tion is between F33 and V34 of PomB, functions better as Li*-driven motor
than as Na*-driven motor. Later, it was found that a chimeric protein of
PotB, a fusion of N-terminal TM of PomB and the C-terminal periplasmic
segment of E. coli MotB, functions as an Nat-type stator in E. coli only
when coexpressed with PomA (Asai et al.,, 2003). In this case, just two
proteins PomA and PotB are required for Na™-driven rotation (Fig. 2.9A).
These lines of evidence indicate that cytoplasmic and transmembrane
domains of PomA/PomB complex are sufficient for Na™-driven motility,
and periplasmic C-terminal part of B subunit (MotB or PomB) determines
the requirement of MotX and MotY for function. Probably, the size of
channel pore is varied in these chimeric stator complexes, altering the ion
specificity. More precise descriptions of ion specificity in the stator will be
provided by the high-resolution atomic model of the stator complex.
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3.4. Assembly of functional motor

Whereas the assembly mechanism of the axial flagellar structure is now well
understood (see Section 1.3), the mechanism of stator assembly is still not clear.
Early experiments showed that controlled expression of motA or motB in their
defective strains demonstrated stepwise restoration of the rotation rate with
equal speed increment that saturated at eight steps, suggesting that eight
independently functioning MotA/MotB stator units are incorporated into
the wild-type motor (Blair and Berg, 1988; Block and Berg, 1984). Recent
studies with higher resolution reported that as much as 11 stator units can be
incorporated (Reid ef al., 2006). This number is in proximity to the observed
particles that surround the rotor by freeze-fracture images (Khan et al., 1988).
MotB has a putative PGB motif that is well conserved among proteins such as
OmpA and Pal, which are outer membrane proteins that interact with the
peptidoglycan layer noncovalently (De Mot and Vanderleyden, 1994,
Koebnik, 1995). The PGB motif of MotB is believed to associate with the
peptidoglycan layer to anchor the MotA/MotB stator complex around the
rotor. It is not clear how and when MotA/MotB stator complexes are targeted
and anchored at the appropriate position around the rotor.

In V. alginolyticus and V. parahaemolyticus, MotX and MotY have been
identified as essential components for the rotation of Na'-driven polar
flagellar motors (McCarter, 1994a,b; Okabe et al., 2001; Okunishi et al.,
1996). As described in Section 2.1, they attach to the basal body to form a ring
structure (termed T ring) that can be observed beneath the LP ring by
electron microscopy (Terashima et al., 2006). Biochemical studies have
shown that MotX directly interacts with MotY, and affects membrane
localization of the PomA/PomB complex and of the PomB alone,
suggesting an interaction between MotX and PomB (Okabe et al., 2005).
In addition, when MotX or MotY is absent, GFP-fused PomA or GFP-fused
PomB in complex with their partner subunit does not localize at the
flagellated cell pole, suggesting that MotX and MotY in the T ring are
involved in the incorporation of PomA/PomB complex into the flagellar
motor (Terashima et al., 2006). Like MotB and PomB, MotY possesses
peptidoglycan-binding motif and a recently solved MotY structure showed
remarkably similar structure to the Pal and RmpM (OmpA homologue),
well-known peptidoglycan-binding protein (Kojima et al., 2008). Detailed
functions of MotX and MotY are still unclear, but they are speculated to be
involved in ion specificity, or in extremely rapid rotation (1100 Hz)
approximately four times faster than that of E. coli (300 Hz).

In S. meliloti, MotC and MotE have shown to be involved in the motility
and regulation of the rotation speed of the flagllar motor (Eggenhofer et al.,
2004; Platzer et al., 1997). MotC is the periplasmic protein and regulates the
rotation speed by acting on MotB. MotE is the specific chaperone for MotC
and controls the rotation speed indirectly by regulating amount of the



68 Hiroyuki Terashima et al.

MotC proteins in periplasm. These proteins do not show similarity to
MotX and MotY. In some bacteria, two kinds of stator might be assembled
to a single flagellar base. Pseudomonas aeruginosa, which has a single polar
flagellum, has dual sets of motA and motB genes, motAB and motCD, as well
as another gene, motY. All these five genes contribute to HT-driven motility
(Doyle et al., 2004). Function of MotA/MotB stator requires MotY, and
these three proteins are important for the surface swarming. On the other
hand, MotC/MotD does not require MotY for its function, and they are
important for the swimming in liquid. Furthermore, noncognate pairs like
MotA/MotD and MotB/MotC can work together to generate torque:
mutants that contain motA/motD or motB/motC double mutations still retain
motility. Therefore, Pseudomonas cells seem to choose two types of stators
for motility depending on the surrounding environment (swimming or
surface swarming) (Doyle ef al., 2004; Toutain ef al., 2005). Similarly,
when swarming on the surface, V. parahaemolyticus as well as V. alginolyticus
cells induced multiple lateral flagella that are driven by proton-type motor
(Atsumi ef al., 1992; McCarter et al., 1988). The stator for lateral flagellar
motors contains LafT and LafU, orthologues of MotA and MotB, and
somehow its function requires a second set of MotY, MotYy (Stewart and
McCarter, 2003). The reason why MotYy is necessary for rotation of the
lateral flagellar motor is not clear.

Another example is the motor of B. subtilis: it has an Na™-driven MotP/
MotS stator and a proton-driven MotA/MotB stator, but a single set of
flagellar rotor proteins (Ito et al., 2004). Like the hybrid stator of P.
aeruginosa, hybrid stators like MotP/MotB and MotA/MotS are functional
in B. subtilis and ion specificities of these motors depend on the B subunit
(MotA/MotS for Na'-type and MotP/MotB for Ht-type) (Ito et al.,
2005). These results are consistent with the observation of hybrid motors
with chimeric proteins using stator proteins of V. alginolyticus and R.
sphaeroides. Since cells carrying MotP/MotS and MotP/MotB stator can
swim faster in liquid with high viscosity, MotP function is suggested to be
important for the optimal function in elevated viscosity. In order to achieve
optimal behavior in variable environments, these bacteria seem to evolve to
use distinct sets of stator complexes or have additional components besides
conventional stator proteins to fully exert motor rotation.

4. MOLECULAR PHYSIOLOGY OF MOTOR

4.1. Torque-speed relationship

To understand the mechanism of motor rotation, we need to know its
basic properties: the power input and output, and their relationships.
Measuring these properties of the motor involves technical difficulties, so
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understanding of the motor physiology has been accompanied by technical
development in the measurement system. Although the studies of power
input for a single motor have still been hindered by such difficulties, one can
measure the power output as the “rotation” by using a quite simple method
that has been employed since the discovery of flagellar rotation. Cells are
attached to a coverslip by a single flagellar filament and the rotation of each
single motor is monitored by the resulting rotation of the cell body
(Silverman and Simon, 1974). Such tethered cells rotate slowly (around
10 Hz) because of the large viscous load. Measurement of rotation of lightly
loaded motors in swimming cells was achieved by a light scattering method
under the microscope (Lowe ef al., 1987), and values obtained by these two
measurements were used for the initial estimation of a torque—speed rela-
tionship, an essential feature that characterizes the flagellar motor. The
results showed a linear relationships: that as the speed increases, the torque
linearly decreases.

To cover a wide range of the speed by the measurement of a single
motor, the electrorotation method was developed (Berg and Turner, 1993;
Iwazawa et al., 1993). In this technique, a tethered cell was spun under a
rotating electric field that enabled motors to rotate up to several hundreds of
Hertz. Measurement of the motor rotation has been carried out by this
method, and revealed characteristic feature of the torque—speed relation-
ships for the flagellar motor: for forward rotation, motor torque remained
approximately constant up to speeds of about 60% of the zero-torque speed,
then the torque dropped linearly with speed, crossed zero, and reached a
minimum (Berg and Turner, 1993). In yet another approach, the cell body
was fixed to the glass surface and a polystyrene bead was attached to a stub of
one of its flagellar filaments (Ryu et al., 2000). By using beads of different
sizes and changing the viscosity of external medium, one can measure motor
torque under a wide range of speeds. The results confirmed the previous
measurement by electrorotation method, showing the essentially constant
torque and then linear decline as the speed increases (Chen and Berg,
2000b). The latter method allows us to measure the rotation at various
conditions, such as different temperatures and using D,O instead of H,O
for the eftect of solvent isotope (Chen and Berg, 2000a). The results showed
that in the low-speed regime, torque was independent of temperature, and
solvent isotope effects were relatively small.

In the high-speed regime, torque was strongly dependent on tempera-
ture, as seen by a downward shift in the “knee” value, the region of the
transition from constant torque to declining torque, at lower temperature.
Also, solvent isotope effects were large. These results were consistent with
previous studies for artificially energized cells of Streptococcus (Khan and
Berg, 1983; Manson et al., 1980). Therefore, torque—speed relationship of
the flagellar motor indicates that at low speeds, the motor operates near
thermodynamic equilibrium, where rates of movement of the internal
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mechanical components or translocation of protons are not rate-limiting,
and that at high speeds, the rate-limiting step is proton transfer event, which
results in the decline in torque at high speed. As discussed by Berry and
Berg, a torque—speed relationship with this shape can be interpreted in the
context of a simple three-state kinetic model and it suggests a rotation
mechanism with a power stroke, in which motor rotation and dissipation
of the energy available from proton transit occur synchronously (Berry and
Berg, 1999). Fung and Berg (1995) found that when the motor operates in
the low-speed regime near stall, its speed is proportional to the voltage
applied across the inner cell membrane. Moreover, Gabel and Berg (2003)
reported a linear relationship between speed (0-270 Hz) and PMF for light
load on the motor. If we assume tightly coupled motor in which the
translocation of a fixed number of protons drives each rotation, the linear
speed—PMF relation is indicative of a simple voltage-gated proton channel.

Comparative studies have been reported for the Nat-driven polar
flagellar motor of V. alginolyticus (Sowa et al., 2003). It has been shown
that the torque—speed curve had the same shape as those of the wild-type
E. coli motor and the hybrid motor with PomA/PotB chimeric stator
in E. coli with full expression of the stator proteins: the torque is approxi-
mately constant (at ~2200 pN nm) from stall up to a “knee” speed of
~420 Hz, and then falls linearly with speed, extrapolating to zero torque at
~910 Hz (Inoue et al., 2008) (Fig. 2.9B). The overall shape of the torque—
speed curve is quite similar to the HT-driven E. coli motor described
earlier, but the effect of the concentrations of the coupling ion on
torque—speed curves of V. alginolyticus was different from those of E. coli.
The curves for E. coli did not change even when the external environment
had a pH value in the range of 4.7-8.8. However, when external NaCl
concentrations were changed, the generated torque was changed over a
wide range of speeds for Vibrio motor. This difterence seems to be derived
from not the mechanism of flagellar motors but the cell homeostasis when
the concentration of the external coupling ion is varied. The Nat-driven
motor is likely to generate torque using basically the same mechanism as the
H*-driven motor.

4.2. Steps in rotation of motor

The rotation of the motor occurs by a sequence of discrete molecular
events, presumably including the stages of ion binding in the stator followed
by conformational changes in the stator that drive the rotor. Therefore, one
can imagine that the motor behaves like a stepping motor. Since the
discovery of flagellar rotation, such a step has been investigated but until
recently it has not clearly demonstrated. The difficulty in observing rota-
tional steps is due to the presence of an elastic linkage, the hook, between
the tethered filament and the cell body, which smoothes the observed
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rotation, and is also due to multiple independently functioning torque-
generating units (stator complexes) per motor. One way to avoid this
difficulty is to examine variations in rotation period. Such a stochastic
analysis by assuming that intervals between steps follow a Poisson distribu-
tion led to an estimation of about 400 steps per revolution (Samuel and
Berg, 1995). A similar analysis was done with motors containing only one or
a few torque-generating units, and showed that the individual units step
independently (Samuel and Berg, 1996).

Recently, direct observation of steps in the motor has been achieved by
making a motor rotate as slow as possible in the work of Sowa et al (2005).
The hybrid E. coli motor equipped with chimeric Nat-driven stator com-
plex PomA/PotB was used under the expression control of inducible
promoter. Therefore, it was able to establish a motor with a small initial
number of stator units, possibly one, by growing cells with low inducer
level. Furthermore, by using the Na*-type motor, the rotation rate can be
reduced by lowering external Nat concentration. Motor rotation was
detected by back-focal-plane (BFP) interferometry of 500-nm diameter
beads attached to spontaneously sticky flagellar filament stub or by high-
speed video recording of 200-nm diameter fluorescent beads attached in the
same way. By using these experimental setups, the stepping rotations were
observed at speeds below 7 and 40 Hz in BFP and fluorescence experi-
ments, respectively. Interestingly, both backward and forward steps were
observed at all speeds in both experiments, with higher probability at lower
speeds. In this experiment, a cheY strain was used so that motor never rotates
CW, thus backward steps represent microscopic reversibility rather than
motor switching. Similar steps have been detected in the ATP-driven
molecular motors. The step size was analyzed from these observations,
and it was revealed that there is a peak at 13.7° (26 per revolution) and
—10.3° (35 per revolution) for forward and backward steps, respectively.
Stepping motion in the ATP-driven molecular motors reflects both the
discrete nature of the input energy and the periodicity of the “track’ along
which the motor runs (Mehta et al., 1999; Schnitzer and Block, 1997;
Yasuda et al., 1998). Likewise, observation of 26 steps per revolution in
the flagellar motor is consistent with the periodicity of the ring of FliG
protein (see Section 2.3), suggesting that the motor steps along each FliG
molecule in the rotor. Then how many ions can be translocated during one
step? Because the simultaneous measurement of a single motor rotation and
the ion translocation through the stator complex has not yet been estab-
lished, we can only estimate it from the published parameters. It was
reported that a wild-type E. coli cell with a PMF of about 150 mV drives
a 1 pm bead with an estimated 280 pN nm per unit (Ryu et al., 2000),
suggesting that maximal step size for one ion in one unit would be 5° if all
the input energy was consumed for the torque generation. Thus, there may
be smaller substeps, or alternatively mechanical step may be coupled to
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several 1on translocations. As discussed in Section 2.4, the structural model
for the stator complex proposed by the disulfide cross-linking study
suggested two distinct channels per stator complex (Braun and Blair,
2001; Braun et al., 2004), indicative of the latter possibility. In any case,
the atomic model of the stator complex and establishment of simultaneous
measurement system to investigate input—output relationships will be
awaited for solving this problem.

4.3. Fluorescent imaging of motor

Recent development of single-molecule measurements of enzyme activities
by using fluorescent microscopic methods makes it possible to reveal much
about fundamental mechanisms of these protein machines. Toward the
simultaneous measurement of the single motor rotation and ion flux
through the stator complex, several attempts of fluorescent imaging of
motor components have been undertaken. Our laboratory has used GFP
for such an imaging in vivo (Fukuoka et al., 2007, 2005). GFP was fused to
the stator proteins, PomA and PomB of V. alginolyticus, and their behaviors
in vivo were observed under the fluorescent microscope (Fukuoka et al.,
2005). By using this system, first, it was confirmed that GFP-PomA or GFP-
PomB proteins were actually localized at the flagellated cell pole of Vibrio.
Their polar localization requires the partner subunit (PomB or PomA) and
the C-terminal domain of PomB that contains PGB motif required for
anchoring the stator complexes to the motor. The polar localization of
GFP-fused stator proteins was not observed in the absence of the polar
flagellum. Finally, cells that express the PomA/GFP-PomB stator exhibited
motility, although it was significantly reduced as compared with wild-type
strain. Therefore, this is the initial success in imaging the functional stator
proteins in vivo. Since the PomA/PomB stator complex assembles into the
single polar flagellum of Vibrio, assembly of the stator complex at the
flagellated cell pole can be observed as the polar localization of the GFP-
fused stator proteins.

When we observed their behavior in the absence of Nat, the coupling
ion for polar flagellar motor of Vibrio, the GFP-fused stator proteins were
not localized at the flagellated cell pole (Fukuoka ef al., submitted for
publication). This effect appears to be Nat-dependent and reversible,
since addition of Na*t in the medium restores the polar localization of the
GFP-fused stators. The mutations of PomB D24, which is the binding site
for Na™, affected the localization. Therefore, stator assembly seems to be
regulated by the energy source of the motor, the Na-motive force. This
finding also suggested more dynamic behavior of the stator proteins than
previously expected. These results are consistent with the previous reports
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(Armitage and Evans, 1985; Evans and Armitage, 1985) and the recent
report by Leake ef al. (2006), demonstrating simultaneous measurement of
the single motor rotation and the number and dynamics of GFP-fused
MotB molecules in the motor in single molecule level by total internal
reflection fluorescence (TIRF) microscopy. They tethered cells expressing
GFP-MotB, and observed them under the TIRF or brightfield microscopy.
TIRF images of tethered cells showed spots at the center of the cell rotation
measured from brightfield images, indicating functional assembly of the
stator consisting of GFP-MotB and MotA. Then they carried out stepwise
photobleaching of single GFP-MotB in the motor. Counting fluorophores
revealed that each motor contains around 22 copies of GFP-MotB, consis-
tent with 11 stators reported by the recent resurrection experiment. They
also reported by the analyses using FRAP and fluorescence loss in photo-
bleaching methods that (1) there is a membrane pool of ~200 GFP-MotB
molecules diffusing at ~0.008 um? s~!, and (2) turnover of GFP-MotB
between the membrane pool and motor was observed with a rate constant
of the order of 0.04 s~!. Therefore, the static image of the “‘stator’ is in need
of change, and we need to understand its function under the consideration
of more dynamic behavior. The stator complex appears to be transiently
anchored around the rotor to generate torque, and rapidly exchanged when
it worn or by responding to the change in energetic environment in the cell.

Fluorescent imaging of the rotor protein has also been attempted, and
we were able to visualize functional GFP-FliG molecules in the center of
the rotating tethered cell (Fukuoka et al., 2007). We are expecting that
appropriate combination of functional GFP-fused stator and rotor protein
in the motor may enable us to carry out measurement of FRET between
stator and rotor components to demonstrate real-time imaging of rotor—
stator interaction in vivo.

Imaging of the energy input into the motor is another big challenge.
Recently, using a fluorescent probe for Nat, Sodium Green, intracellular
Na™ concentration in single E. coli cells has been measured (Lo et al., 2006).
This method requires low-light electron-multiplying charge-coupled
device camera and laser fluorescence microscopy, and makes it possible to
measure intracellular Na™ of a series of 50 single cells, without any detect-
able effect on the flagellar motor. The values obtained are consistent with
the ones measured by other methods. Likewise, fluorescence technique to
measure membrane potential in single cell has been established by using the
dye tetramethylrhodamine methyl ester (Lo et al., 2007). These fluorescence
techniques to measure input energy (membrane potential and ion gradient)
together with the rotation analysis in the single molecule level finally open
the new era for motor physiology that would make it possible to visualize
input—output relationships in real time and in vivo.
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5. CONCLUSION

In addition to the proton-driven motor, the Na*-driven motor has
been studied extensively and many important data have accumulated. Using
these insights, a genetic manipulation of the Na*-driven E. coli hybrid
motor with chimeric stator led us to a recent breakthrough to observe
directly the steps in rotation of a single motor, the basic process of the
motor. From now on, we can expect to elucidate the rotation mechanism
by discussing the input and output relations of the energy during a single
step in a rotation. Moreover, the technology of single-molecule fluorescent
observation has been introduced, and it will be able to visualize a dynamic
interaction between rotor and stator. To understand the mechanism of
energy conversion that changes the ion flux into the mechanical power,
the crystal structures of the membrane motor proteins are also needed. We
would like to learn the biological nature from the tiny nanomachine of the
bacterial flagella.
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reaction/adaptation to environmental conditions. Reactive oxygen species
(ROS) are not only toxic by products of aerobic metabolism with strictly
controlled cellular levels, but they also function as signaling agents regulating
many biological processes and producing pleiotropic effects. Over the last
decade, ROS have become recognized as important modulators of plant PCD.
Molecular genetic approaches using plant mutants and transcriptome studies
related to ROS-mediated PCD have revealed a wide array of plant-specific cell
death regulators and have contributed to unraveling the elaborate redox sig-
naling network. This review summarizes the biological processes, in which plant
PCD participates and discusses the signaling functions of ROS with emphasis
on hydrogen peroxide.

Key Words: Programmed cell death, Reactive oxygen species, Hydrogen
peroxide, Antioxidants, Plant development, Stress responses, Cell signaling.
© 2008 Elsevier Inc.

1. INTRODUCTION

Programmed cell death (PCD) is an active, genetically controlled
process leading to selective elimination of unwanted or damaged cells in
eukaryotes. PCD is essential for growth and development of multicellular
organisms as well as for proper response to environment (Gechev et al.,
2006; Lam, 2004). Coordination between cell death and proliferation,
growth, and differentiation is of fundamental importance for the mainte-
nance of tissue and organ homeostasis (Van Breusegem and Dat, 2006).
Plant PCD is associated with a number of developmental processes includ-
ing embryo formation, degeneration of the aleurone layer during monocot
seed germination, differentiation of tracheary elements in water-conducting
xylem tissues, formation of root aerenchyma and epidermal trichomes,
anther tapetum degeneration, floral organ abscission, pollen self-incompat-
ibility, remodeling of some types of leaf shape, and leaf senescence (Gechev
et al., 2006; Thomas and Franklin-Tong, 2004). PCD is also connected with
plant immunity to biotrophic pathogens. In all these examples, PCD is
essential or beneficial for plants. However, necrotrophic pathogens can
cause disease by triggering PCD in healthy tissues (Coffeen and Wolpert,
2004; Navarre and Wolpert, 1999; Wang et al., 1996b). Unwanted PCD
can also be instigated by many abiotic factors like extreme temperatures,
salinity, and pollutants (Koukalova et al., 1997; Overmyer et al., 2000;
Swidzinski et al., 2002).

Whereas PCD is well-studied in animals, our knowledge of the genetic
mechanisms that regulate and execute plant cell death is limited. Recent
biochemical and molecular genetic studies have revealed parts of the
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complex plant cell death network and broadened our understanding of the
machinery controlling cell death in plants. Hydrogen peroxide (H,O,) and
other reactive oxygen species (ROS) have become recognized to be key
modulators of PCD as well as many other biological processes such as
growth, development, and stress adaptation (Gechev ef al., 2006). Although
specific ROS receptors/sensors remain largely elusive, downstream com-
ponents of H,O, and ROS signal transduction networks controlling plant
PCD have been identified, including protein kinases, protein phosphatases,
and transcription factors. The majority of these are restricted to plants, with
only a few genes having close homologues in animals. The notion that the
plant cell death network is genetically different from the animal cell death
machinery was further supported by identification of plant-specific pro-
teases and nucleases involved in execution of some types of plant PCD.
Thus, despite some functional similarities with animals and fungi, many
aspects of the plant PCD gene network appear to be unique.

Hydrogen peroxide is produced in all cellular compartments as a result of
reactions of energy transfer, electron leakage from saturated electron trans-
port chains, and the activities of various oxidases and peroxidases (Apel and
Hirt, 2004). Because of its low reactivity compared with other types of
ROS, it has relatively long life, low toxicity, and ability to readily cross
biological membranes. Thus, although the majority of hydrogen peroxide is
generated in chloroplasts, peroxisomes, and the apoplast, it can quickly
migrate into neighboring compartments to provoke a myriad of biological
responses distant from the site of generation. Further complicating the
picture are the interconversions and interactions between different types
of ROS. A highly dynamic and redundant network of low molecular
weight antioxidants, ROS-scavenging, and ROS-producing proteins
adjusts ROS levels in different subcellular locations according to the cellular
needs at that particular time (Gechev et al., 2006; Mittler ef al., 2004). The
consequent biological responses depend on the chemical identity of
the ROS, its site of production, the timing and the intensity of the signal,
the developmental stage of the plant, the plant stress history, and the
interactions with other signaling agents. In particular, interactions between
H,0, and nitric oxide (NO) are of primary importance for the control and
the realization of several types of cell death (Delledonne, 2005; Delledonne
et al., 2001; Zago et al., 2006). Plant hormones and the link between ROS
and lipid messengers are equally as important for tuning the cell death
response (Gechev and Hille, 2005).

This chapter summarizes our current knowledge about plant PCD
with respect to the biological processes associated with PCD and the cell
death network. In the second part, we focus on hydrogen peroxide and
other ROS as signaling molecules that modulate plant PCD and other plant
processes, with emphasis on the factors that determine particular plant
responses and discuss the emerging hydrogen peroxide cell death network.



90 Ilya Gadjev et al.

2. PCD IN PLANTS

All eukaryotes possess active genetic cell death programs that have
become integral parts of their growth, development, and reactions with
the environment (Lam, 2004). In plant biology the term ‘“‘programmed
cell death” is widely used to describe genetically controlled forms of cell
death, which share common morphological and biochemical features with
animal cell apoptosis, including shrinkage of the cytoplasm, condensation
and aggregation of the chromatin, cleavage of the nuclear DNA into inter-
nucleosomal fragments, and formation of apoptotic bodies in some cases
(Wang et al., 1996b). These are active processes requiring “‘de novo’ protein
synthesis and are distinct from necrosis-cell death caused by extrinsic
factors independent of specific genetic control and cellular activities
(Van Breusegem and Dat, 2006).

Processes showing analogy to PCD in multicellular organisms have been
described in prokaryotes (Bacillus, Streptomyces, Myxobacteria) and unicellular
eukaryotes (Ameisen, 2002; Pennell and Lamb, 1997). Several unicellular
species belonging to different branches of the eukaryote phylogenetic tree
have been reported to exhibit apoptotic-like cell death programs (Ameisen,
2002). The controlled cell death in Volvox and Marsilea is thought to share
similarities with PCD in both plants and animals (Pennell and Lamb, 1997).
The common origin of Dictyostelium, green algae, ferns, plants, and animals
suggests that the mechanisms of PCD are to a certain degree conserved
throughout eukaryotes (Ameisen, 2002; Pennell and Lamb, 1997). The
chains of events leading to controlled cellular death in different branches
of Eukaryota not only share common elements in their executionary and
regulatory systems but are also characterized by a variety of unique features
typical of each eukaryotic group. Plant PCD differs morphologically and
genetically from the suicidal mechanisms in fungi and animals. There are no
universal hallmarks of plant cell death and no universal proteases dedicated
to PCD analogous to the animal caspases.

The specific morphological attributes associated with plant PCD are in
part limited by the prominent plant cell wall, which precludes engulfment of
cell compartments by surrounding cells. Plant-specific organelles such as the
vacuole and the chloroplasts are important to the plant cell death network and
contribute to the unique aspects of plant PCD. In most manifestations of
plant PCD, the cell wall remains after the decomposition of the protoplast and
the reutilization of its components. The hypersensitive response (HR) to
pathogens, for instance, is marked by destruction of the organelles, collapse of
the plasma membrane, and its separation from the cell wall, which is left
deformed after the leakage of the protoplast’s contents into the apoplast
(Gunawardena et al., 2004; Lam, 2004; Lamb and Dixon, 1997). During
tracheary elements differentiation, the cell wall not only remains but also
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undergoes reinforcement and thickening thatis coordinated with the vacuole
swelling and rupture. Only the fragment of the primary cell walls located
between adjacent tracheary elements is hydrolyzed to form a channel
(Nakashima ef al., 2000). In contrast, there are examples of total lysis of the
cell wall during the formation of aerenchyma and the remodeling of the leaf
shape (Gunawardena ef al., 2004).

In recent years, a number of studies have outlined the importance of the
vacuole in plant cell death. Vacuoles have emerged as crucial sources for
factors that mediate cellular lysis in addition to being depots for a variety of
metabolites, and functioning in defense and in recycling of cellular compo-
nents. Collapse of the tonoplast and release of accumulated nucleases and
proteases are considered common phenomena associated with the lytic
events in all forms of PCD in plants, but a key role of the vacuole has
been reported for the processes of tracheary elements differentiation, for-
mation of lysigenous aerenchyma, leaf fenestration, elimination of the
aleurone layer, senescence, interaction with mycotoxins, as well as in the
HR (Gunawardena ef al., 2004; Hatsugai et al., 2004; Kuroyanagi ef al.,
2005; Lam, 2005; Obara et al., 2001; Pennell and Lamb, 1997). The
tonoplast invaginates, releases vesicles toward the interior of the vacuole,
gradually fragments, and becomes difficult to distinguish in the early stages
of the PCD associated with the remodeling of the lace plant leaf shape.
These events are followed by changes in the nuclear morphology, chroma-
tin condensation, and DNA fragmentation (Gunawardena et al., 2004).
Nuclear DNA cleavage has been observed before the vacuole collapse
during the HR (Mittler ef al., 1997). Using the HR induced by TMV
infection as a model, Hatsugai ef al. (2004) have demonstrated that the
previously characterized vacuole-localized protease vacuolar processing
enzyme (VPE) is a fundamental mediator in plant PCD. VPE is a caspase-
like cysteine protease that cleaves a peptide bond at the C-terminal side of
asparagine and aspartate. The catalytic diads and the substrate pockets of
VPE and caspase-1 are conserved but there is little overall similarity
between the sequences of the two proteins (Hatsugai et al., 2006). Of the
four VPE genes in the genome of Arabidopsis, three (owpe, yvpe, and dvpe)
appear to contribute to different types of PCD in plants (Kuroyanagi et al.,
2005). Vacuoles also accumulate other important hydrolytic enzymes like
the Sl-type Zn?*-dependent nuclease ZEN1 (Zinnia endonuclease-1),
which has been found to be a major participant in nuclear DNA degradation
during the developmental cell death associated with xylem formation
(Ito and Fukuda, 2002; Kuriyama and Fukuda, 2002). Vacuoles in plants
and lysosomes in animals play essential roles in autophagy, a conserved
mechanism in all eukaryotes for degradation of cellular contents to recycle
nutrients or break down damaged proteins or toxic material (Bassham,
2007). In plants, autophagy is important for nutrient remobilization during
sugar and nitrogen starvation and leaf senescence, degradation of oxidized
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proteins during oxidative stress, disposal of protein aggregates, and possibly
even removal of damaged proteins and organelles during normal growth
conditions as a housekeeping function (Bassham, 2007; Xiong et al., 2007).
Many types of plant PCD exhibit typical morphological features of autop-
hagic cell death, including an increase in vacuole and cell size, uptake of
organelles into the vacuole followed by organelle degradation, and eventual
lysis of the vacuole resulting in cell death (Filonova et al., 2000; Gaftal ef al.,
2007). However, paradoxically autophagy is necessary to prevent excessive
spreading of cell death during pathogen-triggered HR (Liu et al., 2005).
Silencing of BECLIN1 gene, required for autophagy, results in accelerated
senescence and lesions expanded beyond the infection site of the pathogen
(Liu et al., 2005). Although the exact mechanism by which autophagy
prevents the spread of cell death is still unknown, this reveals potentially
antagonistic roles for autophagy with respect to HR -associated PCD.
Chloroplasts are important sources of signals that can initiate plant PCD.
Examples of chloroplast-derived molecules involved in chloroplast-to-
nucleus retrograde signaling and initiation of stress responses or PCD
include hydrogen peroxide, singlet oxygen, and Mg-protoporphyrin IX
(Koussevitzky et al., 2007; Lee et al., 2007; Liu et al., 2007; Wagner et al.,
2004). Photosynthetic electron transport chains produce hydrogen peroxide
and superoxide anion radicals, especially under conditions leading to over-
energization of the electron transfer chains (Gechev et al., 2006). Although
excessive production of ROS is potentially dangerous, in this case the ability
of oxygen to accept electrons prevents overreduction of the electron trans-
port chains, thus minimizing the chance of singlet oxygen production.
Many abiotic and biotic stress conditions inhibit carbon fixation reactions
in the stroma, which in combination with the increased ROS production
may lead to severe oxidative stress. During the tobacco HR, a mitogen-
activated protein kinase (MAPK) cascade shuts down carbon fixation in
chloroplasts, and hydrogen peroxide, generated by light in the chloroplasts,
triggers PCD (Liu ef al., 2007). In another example, the conditional flu
(fluorescent) mutant of Arabidopsis thaliana, defective in the negative feedback
control of chlorophyll biosynthesis, accumulates the chlorophyll precursor
protochlorophyllide. The protochlorophyllide is a potent photosensitizer
and upon dark-to-light shift singlet oxygen ('O,) rapidly accumulates as a
result of energy transfer from the excited protochlorophyllide to O,
(Meskauskiene et al., 2001). The biological effects of 'O; are due to switch-
ing on a genetic cell death program, not cytotoxicity, as evidenced by the
identification of EXECUTER1 and EXECUTER?Z2 genes involved in the
relaying of the signal (Lee ef al., 2007; Wagner et al., 2004). As 'O, is a very
short-lived and reactive, it is possible that other messengers, most likely
lipid-derived molecules, mediate the transmission of the signal to the
nucleus. Singlet oxygen is detoxified by carotenoids located in the thyla-
koids. Arabidopsis mutants defective in carotenoid biosynthesis or treated
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with the carotenoid biosynthetic inhibitor norflurason bleach and undergo
cell death (Strand ef al., 2003). Norflurason-treated plants accumulate Mg-
protoporphyrin IX, which may function as a signal released from the
chloroplasts to repress nuclear-encoded genes in another retrograde
chloroplast-to-nucleus signaling pathway (Strand et al., 2003). The gun
mutants with reduced Mg-protoporphyrin IX levels display increased tol-
erance to norflurason-induced cell death. Further studies suggest that the
chloroplast-localized pentatricopeptide-repeat protein GUN1 and the
Apetala2-type transcription factor ABI4 participate in the same signaling
pathway (Koussevitzky et al., 2007). The interaction between GUN1 and
EXECUTER -regulated pathways remains unclear. A number of other
studies on chloroplast-localized genes also support a critical role for the
chloroplasts in plant PCD (Hu et al., 1998; Ishikawa et al., 2001, 2003;
Seo et al., 2000).

Chloroplast signals appear to coordinately regulate plant PCD with
mitochondria. Mitochondria are prominent players in animal cell death.
Many lethal agents targeted at them cause release of cytochrome ¢ and
other proapoptotic proteins, which can initiate caspase activation and apo-
ptosis. In plants, mitochondria may not play such a universal role. Never-
theless, involvement of mitochondria and release of cytochrome ¢ have been
reported in different types of plant PCD like heat-shock induced cell death,
cell death associated with formation of tracheary elements, or self-
incompatibility (Balk ef al., 1999; Thomas and Franklin-Tong, 2004,
Yu et al., 2002).

Accelerated cell death2 (ACD?2) is an A. thaliana chloroplast protein that
modulates the amount of PCD triggered by Pseudomonas syringae and pro-
toporphyrin IX treatment (Yao and Greenberg, 2006). Upon infection with
avirulent bacterial pathogen, ACD?2 redistributes in cells undergoing PCD
and their neighboring cells from being primarily chloroplast localized to
being more broadly localized in mitochondria and cytosol where the
protein protects cells from mitochondrial H,O,-dependent PCD. Further
substantiating the role of mitochondria in some forms of PCD, acd2 mutant
plants undergoing spontaneous cell death suffer a loss of mitochondrial
membrane potential which appears to be a common event that precedes
nuclear morphological changes during PCD induced by ceramides, proto-
porphyrin IX, and the HR elicitor AviRpt2 (Yao et al., 2004). The
genetically controlled death of the tapetal cells shows morphological and
biochemical similarities to apoptosis like nuclear shrinkage, chromatin
condensation, nuclear DNA fragmentation, and release of cytochrome ¢
from mitochondria (Balk et al., 2003). ROS and the open state of the
mitochondrial permeability pores are necessary for the development of salt
stress-induced PCD in tobacco protoplasts (Lin ef al., 2006). An Mg*+
-dependent DNase with a potential role in plant PCD is localized in the
mitochondrial intermembrane space (Balk ef al., 2003). H,O, burst in
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mitochondria was detected also in victorin-induced PCD in oat, and the
possible involvement of H,O, was suggested by delaying the cell death with
scavengers such as catalase and N-acetyl-L-cysteine (Yao et al., 2002).
Finally, mitochondria-associated hexokinases appear to play an important
role in the regulation of plant PCD, similar to their function in the control
of apoptotic cell death in animals (Kim ef al., 2006b).

2.1. Role of PCD in plant biology: Biological processes and
functions associated with PCD

PCD is indispensable for plant survival and development. It accompanies
various processes starting as early as embryogenesis. PCD can be observed in
the tissues of germinating seeds, in the root cap, during the formation of
aerenchyma, during the differentiation of tracheary elements, in various
tissues of the reproductive organs, during leaf shape remodeling, some types
of trichome development, and leaf senescence (Fig. 3.1). PCD can also be
observed during interactions with biotrophic and necrotrophic plant patho-
gens and as a result of exposure to unfavorable abiotic factors. Here we
summarize examples of developmental and environmentally related PCD.
Whereas PCD can be found during both plant and animal embryogenesis or
formation of body shape, most of the above-listed processes are specific to
plants and reflect unique aspects of plant architecture and physiology.

2.1.1. Developmental PCD

Developmental PCD is a terminal stage of plant cell differentiation. In some
cases, the dead cells play specific functions (e.g., tracheary elements, fiber
cells, trichomes), in other cases, cells must die to form organs with proper
functions or shapes (e.g., unisexual reproductive organs in dicots, leaf shape
in some plants, aerenchyma tissue), or cells die because they accomplished
their function and/or are no longer required (e.g., petals and nectaries in
some flowers after pollination, leaf senescence, Fig. 3.1).

The life cycle of terrestrial plants and some algae alternates between
haploid gametophyte and diploid sporophyte phases. In flowering plants,
the sporophyte phase begins with the formation of a diploid zygote and
persists through development of the embryo and the adult plant with its
flowers. The gametophyte phase, produced by meiosis from the sporophyte,
is limited only to small reproductive structures in the flowers—male game-
tophyte (microgametophyte) in the pollen grains and female gametophyte
(megagametophyte) in the ovules.

Developmental PCD occurs in various tissues of reproductive organs and in
some cases, the organs themselves undergo abscission (Fig. 3.1) (Rogers, 2006).
By removing the organs and tissues that are no longer necessary, the plant
preserves its energy resources, eliminates possible entry sites for pathogens,
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and excludes competition of nonpollinated flowers for pollinators. After hav-
ing accomplished their role, sepals and petals may senesce and either abscise or
remain in situ, protecting the initial growth of the ovule. Pollination is often
accompanied by increased levels of ethylene, a major signal for the petal
senescence, especially in the long-lived flowers like orchids. In short-lived
flowers, senescence can be controlled independently from pollination and is
modulated by other hormones (Rogers, 2006). Petal cells in tobacco are
histologically homogenous and their senescence follows an acropetal gradient,
culminating in death of the entire corolla at the last stages of the process (Della
Mea et al., 2007). Senescence and PCD of corolla are characterized by gradual
decrease in chlorophyll, activation of proteases, DNA laddering, nuclear
blebbing, rupture of the tonoplast membrane, pigment depletion and
modification of the cell walls.

The Digitalis purpurea floral nectary tissue undergoes PCD with hallmarks
including increased vacuolization, progressive incorporation of plasmatic
components into the vacuole reminiscent of autophagy, degradation of the
plastids and the nucleus with gradual disappearance of chromatin, loss of
tonoplast integrity, and subsequent autolysis of the remaining cellular con-
tent (Gaffal et al., 2007). In contrast, the neighboring phloem cells of the
nectary remain intact beyond the secretory phase. Abortion of stamen or
carpel primordia 1s a form of developmental PCD utilized to produce unisex-
ual flowers. In maize, the abortion of stamen primordia in female flowers
begins near the apex of the primordium and then spreads basipetally,
forming an abrupt border with the living cells adjasent to the base of the
primordium (Calderon-Urrea and Dellaporta, 1999; Gunawardena et al.,
2004).

The haploid female gametophyte (megagametophyte) develops in the
diploid tissues of the ovule, either a structure enclosed within the ovary of
the gynoecium in flowering plants or naked and not hemmed in a carpel in
gymnosperms (Yadegari and Drews, 2004). The nucellus, located in the
middle of the ovule inside the integuments, is functually equivalent to the
megasporangium. The megasporocyte in the immature ovules undergoes
sporogenesis through meiosis to produce one surviving haploid megaspore
and three other haploid cells that eventually die in a programmed manner
(Coimbra ef al., 2007). After fertilization, the nucellus, surrounding the
embryo, usually starts functioning as a nutritive tissue—perisperm. How-
ever, at later stages, nucellus degenerates in a PCD fashion (Dominguez et al.,
2001). In wheat grains, the process is characterized with internucleosomal
cleavage of the nuclear DNA, fragmentation of the cytoplasm, vacuolization
of the nuclear envelope, degradation of the organelles, and disruption of the
plasma membrane (Dominguez ef al., 2001).

The megaspore, enveloped by the nucellus, undergoes mitotic cycles
and develops into the haploid megagametophyte (embryo sac), which in
most flowering plants (more than 70% of all species) consists of seven cells,
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one of them with two nuclei (Yadegari and Drews, 2004). The cells at the
micropylar end differentiate into the egg cell and the two synergid cells. The
chalazal cells develop into the three antipodal cells. The large central cell of
the embryo sac contains two polar nuclei (Yadegari and Drews, 2004). The
synergid cells, producing signals that attract and guide the growth of the
pollen tube, eventually degenerate in a programmed manner (Christensen
et al., 2002; Punwani et al., 2007). In some plants, synergid cell death is the
final step of the megagametogenesis developmental program, whereas in
other species, synergid cell death occurs only after pollination (Yadegari and
Drews, 2004). In Arabidopsis, cell death is triggered after direct contact with
the pollen tube (Sandaklie-Nikolova ef al., 2007). The synergid cell death
requires mitochondrial J-domain-containing protein GFA2, orthologue of
the yeast mitochondrial chaperone Mdjlp (Christensen ef al., 2002). The
three antipodal cells on the opposite end of the ovule in Arabidopsis undergo
cell death immediately before fertilization. In contrast, in maize and other
grasses the antipodal cells proliferate into as many as 100 cells in the mature
embryo sac (Yadegari and Drews, 2004).

PCD is observed also in the much larger female gametophyte of gym-
nosperms (He and Kermode, 2003a,b). The megagametophyte is a living
tissue in mature seeds of white spruce but undergoes PCD after germina-
tion. This PCD is characterized by vacuolization, nuclear fragmentation,
internucleosomal cleavage, and activation of serine and cysteine proteases
(He and Kermode, 2003a,b).

During the late developmental stages of male sexual organs, tapetum cells
must degenerate in order to release pollen. The tapetum degeneration is
believed to be executed via PCD with such hallmarks as loss of mitochon-
drial membrane integrity, vacuolization, nuclear blebbing, and DNA frag-
mentation (Rogers, 2006). Tapetum degeneration retardation (tdr) gene
plays a key role in this type of PCD with likely targets a cysteine protease
and a protease inhibitor (Li ef al., 2006).

Self-incompatibility is a plant-specific mechanism to prevent inbreeding by
rejection of incompatible pollen. Self-incompatibility in Papaver is asso-
ciated with activation of a Ca?* signaling cascade followed by release of
cytochrome ¢ from mitochondria into the cytosol and caspase-3-like
enzyme activity (Bosch and Franklin-Tong, 2007; Thomas and Franklin-
Tong, 2004). The process is mediated by the activity of MAPK signaling
cascade (Li et al., 2006). These events trigger actin depolimerization essen-
tial for the cell death (Thomas et al., 2006).

During pollination, the pollen tube enters the female gametophyte
through the micropyle of the ovule and releases its contents including the
two male gametes. In a process unique to flowering plants, one of the sperm
cells migrates to the egg cell and the other one fertilizes the binuclear central
cell to form a triploid endosperm (Yadegari and Drews, 2004). Later the
endosperm, functioning as a storage tissue, undergoes PCD mediated by
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ethylene and abscisic acid and accompanied by an increase in nuclease
activity and DNA laddering (Young and Gallie, 2000). Nonfertilized ovules
are also eliminated by a type of PCD (Sun et al., 2004). The endosperm is
surrounded by a single cell thick aleurone layer. During seed germination,
the plant embryo produces gibberellic acid (GA) triggering the aleurone cells
to release a-amylase, which in turn hydrolyzes and mobilizes starch from the
endosperm in the seeds providing the embryo with energy. The aleurone
cells are eliminated by PCD when the germination is completed. The
cytoplasm and the nucleus shrink accompanied by nuclear DNA fragmen-
tation into oligonucleosome fragments. ROS and GA play central roles in
the control and execution of aleurone PCD (Fath ef al., 2001; Yadegari and
Drews, 2004). GA represses transcription of antioxidant enzymes |[i.e.,
catalase, ascorbate peroxidase (APX), and superoxide dismutase (SOD)],
leading to the dramatic increase in ROS responsible for the cell death (Fath
et al., 2002). GA-stimulated repression of antioxidant enzymes and
enhanced ROS production is realized through destruction of DELLA
proteins (Achard et al., 2008). DELLA proteins are positive regulators of
antioxidant enzymes gene expression, thus alleviating stress and delaying
H,05-induced PCD. At the same time, DELLA - reduced ROS produc-
tion represses root growth in Arabidopsis (Achard et al., 2008). A nuclear-
localized GA-induced nuclease was found to be active just prior to the
appearance of DNA laddering in wheat aleurone cells undergoing PCD
(Dominguez et al., 2004).

The division of the zygote into two cells, apical and basal, is a crucial
moment in plant morphogenesis that sets the polar pattern in plant devel-
opment. The fate of the two cells is tightly coordinated and leads to the
formation of an embryo (from the apical cell) and a suspensor (from the basal
cell). The suspensor channels growth factors to the embryo for a short time
and is subsequently eliminated by genetically controlled cell death exhibit-
ing similarities with apoptotic cell death in animals (Bozhkov et al., 2005a).

Postembryonic development is also dependent on PCD. The lateral root
cap cells are constantly eliminated as a result of well-documented genetically
regulated cell death associated with H,O; accumulation, not simply by the
abrasive influence of the soil (Pennell and Lamb, 1997; Van Breusegem and
Dat, 2006).

A well-characterized model system for the study of plant PCD is the
development of tracheary elements in the xylem of vascular plants (Kuriyama
and Fukuda, 2002). The differentiation of mesophyll into xylem in Zinnia
elegans cell cultures 1s connected with accumulation of nucleases and pro-
teases in the vacuole and with reticulation of the cell walls. The swelling of
the vacuole is followed by its destruction and by fragmentation of the
organelle and nuclear DNA in the course of the ongoing autolysis. Brassi-
nosteroids and ROS play key roles in the initiation of the terminal stages of
tracheary elements differentiation including the autolytic program. Some
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apoptotic morphologies are not observed and the process shares many
analogies with autophagic cell death associated with microtubule rearrange-
ment (Lam, 2005; Obara ef al., 2001). A similar scenario occurs in other
forms of developmental cell death—aerenchyma formation in the root and
the senescence-associated cell death (Lam, 2004).

The programmed elimination of cells plays a crucial role in the sculpting
of the plant body. PCD participates in the developmental remodeling of
lace leaf shape, which can be seen as a process analogous to the elimination
of the interdigital tissue during digit formation in the vertebrate limb
(Gunawardena et al., 2004). While in many species, the pinnately or
palmately dissected leaf shape is achieved through localized growth suppres-
sion or stimulation in early leaf morphogenesis, the complex leaf shapes of
some monocots arise solely through localized developmental cell death in
the early stages of leaf expansion (Gunawardena ef al., 2004). In the lace
plant (Aponogeton madagascariensis), the fenestrated leaf shape appears as a
result of a cytologically well-characterized PCD, which initiates with tono-
plast rupture and nuclear DNA cleavage. Cell shrinkage and nuclear and
organellar degradation are observed in the later stages of the process
(Gunawardena ef al., 2004). This type of developmental cell death resembles
to a certain degree the formation of tracheary elements.

Trichomes of many plant species are dead in their fully differentiated stage.
The trichome development follows a switch from mitosis to endoredupli-
cation, cell branching, expansion, and eventual cell death preceded by a
burst in hydrogen peroxide (Hulskamp, 2004). These processes are
interconnected as misexpression of the cyclin-dependent kinase inhibitor.
ICK1/KRP1 reduces the endoreduplication and cell size and induces cell
death (Schnittger et al., 2003). Enhanced hydrogen peroxide levels are
observed in trichomes of knockout plants of succinic semialdehyde dehy-
drogenase, a key enzyme of y-aminobutyrate metabolic pathway (Bouche
et al., 2003). These plants are more sensitive to UV and heat stress and their
trichomes rapidly undergo cell death when transferred to elevated light
intensities supplemented with UV radiation.

Plant senescence describes the spectrum of terminal events in plant vege-
tative and reproductive development connected with active turnover and
reutilization of cellular material from tissues and organs to be eliminated
eventually followed by cell death (Pennell and Lamb, 1997). Senescence of
leaves and other organs is dependent on genetic and hormonal control.
Analysis of various mutants and senescence-regulated genes revealed a
highly complex molecular regulatory network in which receptors, tran-
scription regulators, and metabolism regulators coordinate this process at
molecular, cellular, organellar, and organismal levels (Lim ef al., 2007). Both
internal (plant hormones) and external factors (abiotic or biotic stresses) can
modulate plant senescence. Ethylene is an important regulator of this
process, as indicated by delayed leaf senescence in experiments using
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ethylene antagonists (compounds blocking its synthesis and perception) and
mutants defective in ethylene biosynthetic or signaling pathways. Ethylene
stimulates the expression of senescence-associated genes (in Arabidopsis:
SAGs, senescence-associated genes; in tomato: SENUE, senescence-upregu-
lated genes) encoding proteins such as cysteine proteases, RINases, and a
glutamine synthetase (Della Mea et al., 2007). However, transgenic plants
constitutively overproducing ethylene do not exhibit premature senescence,
indicating that other signals in combination with ethylene are required to
initiate the process (Lim ef al., 2007). Polyamines are involved in the control
of apoptosis in animals and PCD in plants where they influence senescence of
different organs (Della Mea ef al., 2007). ROS like superoxide radicals and
hydrogen peroxide are also key coordinators of senescence (del Rio et al.,
2006). In contrast to ethylene, cytokinins are known as negative regulators of
senescence (Lim et al., 2007). However, both ethylene and cytokinin signals
appear to be transmitted through classic two-component relay systems.
Cytokinins are perceived by three receptors that transfer the signal to histi-
dine phosphotransfer proteins which in turn translocate to the nucleus and
relay the signal to response regulator proteins that either induce or repress the
expression of cytokinin-regulated genes. Arabidopsis cytokinin receptor
histidine kinase 3 (AHK3) transmits the cytokinin signal to positively control
leaf longevity (Kim et al., 2006a). Missense mutation or overexpression of
AHK3 leads to delayed senescence, while loss-of~function mutation leads to
accelerated senescence symptoms. The cytokinin signal is relayed via the
response regulator ARR?2 leading to suppression of nuclease, protease, and
lipase SAGs (Kim ef al., 2006a). Interestingly, high concentrations of cyto-
kinins induce PCD with typical apoptotic features in both Arabidopsis and
Daucus carota, including chromatin condensation, DNA laddering, and
release of cytochrome ¢ from mitochondria (Carimi ef al., 2003). The
biological relevance of this phenomenon remains unclear.

Reverse genetics studies identified a number of transcription factors that
are positive regulators of leaf senescence. WRKY53, belonging to the plant-
spectic WRKY family of transcription factors, is highly induced at the early
stages of leaf senescence but its expression decreases at the later stages
coinciding with the cell death symptoms, suggesting that it may play a
regulatory role and govern the global transcriptional reprogramming during
senescence (Hinderhofer and Zentgraf, 2001). Indeed, null mutants of
WRKY53 display delayed leaf senescence, whereas WRKY53 overexpres-
sion accelerated the process (Miao et al., 2004). Interestingly, WRKY53
interacts with the jasmonic acid-inducible protein ESR/ESP, and the two
proteins mutually antagonize each other (Miao and Zentgraf, 2007). In
addition to WRKY53, transcription factors from the NAC family have
been identified as positive regulators of leaf senescence in Arabidopsis (Lim
et al., 2007). Knockout AtNAP mutants exhibit significantly delayed leaf
senescence (Guo and Gan, 2006).
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2.1.2. PCD in the interactions between plants and the environment

A number of plant adaptation processes, including the HR to pathogens,
some plant—plant allelopathic interactions, and aerenchyma formation in
response to oxygen deprivation, require PCD. In contrast, many unfavor-
able abiotic stress factors as well as necrotrophic pathogens trigger unwanted
PCD. Thus, PCD both serves as a positive and negative aspects of plant
adaptation to the environment.

2.1.2.1. Interactions with pathogens The invasion of an avirulent path-
ogen leads to a localized HR, characterized by rapid collapse of the tissue at
the immediate and surrounding regions of the site of infection, and forma-
tion of dry lesions clearly distinguishable from the surrounding healthy
tissue (Lam, 2004). In this way, HR protects plants from potential propaga-
tion and development of the pathogen. This localized response is frequently
associated with the establishment of systemic acquired resistance, manifested in
distant organs, and accompanied by the induction of pathogenesis-related
genes, the synthesis of secondary metabolites with protective functions, and
cell wall reinforcement (Dangl and Jones, 2001).

Clear evidence for the genetic control of HR -associated cell death comes
from identification of mutant Arabidopsis, maize, and tomato plants that
spontaneously undergo HR-like cell death in absence of pathogen attack
(Overmyer et al., 2000). Some of these “‘initiation”” mutants exhibit localized
lesions typical of the HR, whereas the cell death in other “‘propagation”
mutants is massive. The existence of these two classes of mutants reflects the
complexity of the genetic control and indicates that genetically distinct pro-
cesses are responsible for the different stages during HR lesion formation—the
initiation and the confinement of the cell death (Overmyer et al., 2000). HR is
a type of PCD showing some similarities to apoptosis (Lam, 2004). The
process starts with rapid ion fluxes through the plasma membrane and a
burst of H,O, and superoxide anion radicals, leading to increased cytosolic
Ca" levels, activated protein kinase cascades, global transcriptional repro-
gramming, and rapid cell death. The oxidative burst is biphasic where the first
wave is shorter, having signaling functions, and the second phase is longer with
sustained ROS production that initiates PCD (Lamb and Dixon, 1997). Key
generators of ROS in Arabidopsis are the apoplastic peroxidases and the
membrane-localized NADPH oxidases, composed of AtrbohD- and Atr-
bohF-encoded subunits (Bindschedler ef al., 2006; Torres et al., 2002). Hydro-
gen peroxide produced by these enzymes is essential not only for PCD in cells
surrounding the invading pathogen but also for prevention of cell death in
neighboring cells and tissues (Torres et al., 2005). The HR is characterized by
nuclear DNA cleavage, rapid cytoskeletal reorganization, and organelle
dismantling. The caspase-like protease yVPE emerged as an important execu-
tor in this type of cell death. Vacuolar processing enzyme (VPE) is synthesized
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as an inactive larger precursor, which after processing is transported to and
subsequently fully activated in the vacuole (Hatsugai ef al., 2004; Kuroyanagi
et al., 2005). In Arabidopsis, the cells undergoing PCD during the HR con-
dense and shrink resembling apoptotic bodies (Lam, 2004; Pennell and Lamb,
1997). In addition to ROS, HR -associated cell death is modulated by different
phytohormones. Pharmacological and genetic experiments showed the
importance of salicylic acid (SA) in a number of HR systems. It has been
proposed that depending on its concentration, SA stimulates or suppresses
PCD thus contributing to the establishment of the boundary between the
lesion and the living tissue (Alvarez, 2000). The interaction based on a
teedback control between the levels of ROS and SA as well as the balance
between the intracellular NO and H,O, are of primary importance
(Delledonne et al., 2001; Zago et al., 2006; Zaninotto et al., 2006). Recently,
processes similar to autophagy in animals have been shown to act as negative
regulators of the HR -associated cell death by inhibiting the growth of the
lesions in the healthy tissue through possible prevention of the effect of the
progressing cell death signal (Patel ef al., 2006). A model has been proposed
which suggests that in response to pathogen recognition, autophagy-associated
genes are upregulated leading to the formation of autophagosomes in the
healthy cells adjacent to the HR PCD. These autophagosomes can sequester
VPE pre- and proproteins that will be degraded after the fusion with the
vacuole, thus preventing its dismantling and the development of PCD (Liu
et al., 2005; Patel et al., 2006; Seay and Dinesh-Kumar, 2005).

Necrotrophic fungi secrete so-called host-selective toxins to trigger cell
death in the host plant to feed on the dead tissue (Stone et al., 2000; Wang
et al., 1996a). Examples of such phytotoxic molecules are the AAL-toxin
and fumonisin B1, synthesized by Alternaria alternata f. sp. lycopersici and
Fusarium verticillioides (formerly moniliforme), respectively. The two toxins
share similar chemical structures and act as sphingosine analogues to inhibit
ceramide synthase, a key enzyme in sphingosine metabolism, leading to
decreased levels of complex ceramides, increased levels of their precursors,
and eventual cell death (Gechev et al., 2004; Spassieva et al., 2002). The cell
death induced by AAL-toxin and fumonisin B1 is the end result of active,
genetically controlled processes showing morphological and biochemical
analogies to animal apoptosis, including nuclear condensation, DNA frag-
mentation, and requiring de novo protein synthesis (Asai ef al., 2000; Stone
et al., 2000; Wang et al., 1996a). The process is accompanied by oxidative
burst and is regulated by ROS (Gechev et al., 2004). The caspase-like VPE
is a key regulator of fumonisin-induced cell death in A. thaliana (Kuroyanagi
et al., 2005). Victorin, another host-selective toxin produced by Cochliobolus
victoriae, triggers PCD in oat (Navarre and Wolpert, 1999). Victorin-
induced PCD displays morphological and biochemical hallmarks of animal
apoptosis, including chromatin condensation, DNA laddering, and cell
shrinkage (Cofteen and Wolpert, 2004). Victorin binds to and inhibits
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mitochondrial glycine decarboxylase complex, resulting in changes of mito-
chondrial potential with a concomitant H,O, burst (Yao et al., 2002).
Calcium fluctuations, ethylene, and subtilisin-like serine proteases with
caspase-like activity seem to play role in victorin-induced cell death
(Coffeen and Wolpert, 2004). Recently, screening for victorin-insensitive
mutants in Arabidopsis identified thioredoxin h5 (ATTRX5, coiled-coil
nucleotide-binding site leucine-rich repeat protein) as required for the cell
death (Sweat and Wolpert, 2007). Victorin responses seem specific for
ATTRXS5 as the closely related ATTRX3 only partially compensates for
the loss of function (Sweat and Wolpert, 2007). Interestingly, ATTRXS5 is
highly induced by AAL-toxin- and H,O,-dependent cell death (Gechev
and Hille, 2005; Gechev et al., 2004).

2.1.2.2. Plant-plant allelopathic interactions PCD plays a role in some
interesting types of allelopathic plant—plant interactions (Bais et al., 2003).
Centaurea maculosa displaces native species from their habitat by secreting the
phytotoxin catechin into the soil. The catechin triggers H,O, accumulation
in root meristems of neighboring species, activates a Ca?"-dependent

signaling cascade, transcriptome reprogramming, and eventually cell death
(Bais et al., 2003).

2.1.2.3. Plant PCD triggered by abiotic factors Many abiotic stress fac-
tors, including pollutants, UV-light, salinity, and extreme temperatures, can
result in oxidative stress and subsequently ROS-dependent PCD. Ozone
(O3) is an important air pollutant, a potent toxin, and component of the
photochemical smog in urban areas (Overmyer ef al., 2003). O enters the
apoplast where it elicits generation of ROS, mainly hydrogen peroxide
(Pellinen et al., 2002). The ROS burst is biphasic with a smaller peak at 4 h
and a larger peak at 16 h, similar to what is seen with pathogen attack
(Mahalingam ef al., 2006). This is accompanied by a burst of NO at 9 h.
These ROS and reactive nitrogen species (RINS) act not simply as destruc-
tive toxic agents but also as signals unlocking the PCD program (Overmyer
et al., 2003). Hallmarks of Oz-induced cell death include intensive ion
fluxes across membranes, shrinkage of the nuclei, chromatin condensation,
nuclear DNA fragmentation, lesion formation, induction of pathogenesis-
related genes, and reinforcement of the cell wall (Overmyer et al., 2005).
These reactions are dependent on de novo transcription and protein synthe-
sis, ATPase, kinase, and caspase-like proteolytic activities, and are modu-
lated by ethylene and SA levels (Overmyer ef al., 2005; Sandermann, 2004).

Other pollutants like heavy metals can also initiate HyO5-induced PCD.
Cadmium initiates an oxidative burst and eventual cell death in tobacco
(Garnier et al., 2006). The oxidative burst is observed in three waves
localized mainly to the apoplast and mitochondria. Calcium release from
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internal pools leads to NADPH oxidase-dependent hydrogen peroxide
accumulation preceding the cell death. Membrane peroxidation and mito-
chondrial superoxide radical production are also essential for cadmium-
induced cell death (Garnier et al., 2006). Distinct MAPKs are activated in
response to cadmium or copper-induced heavy metal stress (Jonak et al.,
2004). Other heavy metals like aluminum or mercury can also cause
perturbations in redox homeostasis and ROS-dependent cell death
(Ortega-Villasante et al., 2007; Pan ef al., 2001).

Exposure of plants to high light intensities and/or UV-light can result in
activation of PCD (Davison et al., 2002; Danon et al., 2004). Overexpres-
sion of f-carotene hydroxylase, an enzyme in the zeaxanthin biosynthetic
pathway, enhances high light-induced cell death in Arabidopsis (Davison
et al., 2002). UV-C overexposure triggers a rapid burst of ROS followed by
loss of mitochondrial membrane potential and cell death (Gao ef al., 2008).
The cell death can be retarded by antioxidants (ascorbic acid), inhibitors of
photosynthetic electron transport (DCMU), inhibitors of mitochondrial
permeability transition pores (cyclosporin), or caspase inhibitors (Danon
et al., 2004; Gao et al., 2008). The burst of hydrogen peroxide and super-
oxide radicals is followed by induction of metacaspase 8 (AtMCS8), which is
involved in mediating UV-C and R OS-induced cell death (He et al., 2008).

Salt stress causes PCD with hallmarks of TUNEL staining and DNA
laddering in different plant species (Huh et al., 2002; Lin et al., 2006). In
Arabidopsis, salt stress induces PCD in primary roots of both wild-type and
salt overly sensitive (sos1) mutant seedlings. However, whereas wild-type
plants survived salt stress levels due to formation of secondary roots from the
shoot/root transition zone, sos 1 mutants failed to do so and died (Huh et al.,
2002). Salt stress-induced PCD in rice root tip cells and tobacco protoplasts
is associated with disturbed Ca?*, K*, and H* ion equilibrium and
increased production of hydrogen peroxide (Huh ef al., 2002; Shabala
et al., 2007). High H,O, level together with the open state of the mito-
chondrial permeability pores are compulsory for the realization of the cell
death program, showing direct analogies with apoptosis in animals (Lin
et al., 2006). Interestingly, expression of animal antiapoptotic gene
CED-9 in tobacco maintains K™ homeostasis and protects from salt- and
oxidative stress-induced cell death (Shabala et al., 2007).

Exposure to heat shock can lead to PCD in a number of species, including
Arabidopsis and tobacco (Swidzinski ef al., 2002). Heat shock leads to a burst
of H>O,, which in turn leads to cytochrome ¢ release from mitochondria
followed by activation of proteases with caspase-3-like and proteasome
activities (Cofteen and Wolpert, 2004; Vacca et al., 2007). The ROS
scavenging enzymes catalase and SOD or specific caspase-3 inhibitors
block the activation of caspase-3-like activities and cell death (Vacca
et al., 2007). The Arabidopsis Bax-1 inhibitor protein seems to be a negative
regulator of heat-shock induced cell death (Watanabe and Lam, 2006).
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Low temperature induces cell death in tobacco BY-2 cells with typical
PCD hallmarks as chromatin condensation and DNA laddering (Koukalova
etal., 1997). Such cell culture retained 11% living cells even after prolonged
cold treatment. Although the mechanism of cold-induced PCD is not clear,
heterologous overexpression of the animal antiapoptotic genes bcl-xL and
ced-9 improves the tolerance to low-temperature-induced necrotic lesions
in tomato (Xu et al., 2004), supporting functional conservation of PCD
components between plants and animals.

Formation of lysigenous aerenchyma tissue in response to labored gas
exchange and hypoxia occurs in a number of species, including Arabidopsis and
maize (Kuriyama and Fukuda, 2002; Muhlenbock ef al., 2007; Pennell and
Lamb, 1997). Typical for this tissue, the intercellular spaces filled with air to
facilitate gas exchange and oxygen transfer, appear as aresult of PCD. Protein
phosphorylation and Ca?* fluxes, disruption of cytoplasmic streaming, and
tonoplast rupture that releases vacuolar lytic enzymes are among the first
processes observed during this type of PCD, followed by shrinkage of the
nucleus, chromatin condensation, nuclear DNA fragmentation, and decom-
position of the organelles and the cell wall (Gunawardena ef al., 2001). In
Arabidopsis, aerenchyma formation under hypoxic conditions is associated
with ethylene and hydrogen peroxide production (Muhlenbock et al., 2007).
The cell death regulator LESION STIMULATING DISEASE1 (LSD1)
negatively regulates ethylene and hydrogen peroxide production as well as
PCD, as evidenced by increased ACC (ethylene precursors) and H,O, levels
and two-fold greater aerenchyma formation in Isd1 mutants. At the same
time, in absence of functional LSD1, ethylene- and hydrogen peroxide-
dependent PCD during hypoxia is positively regulated by ENHANCED
DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN DEFI-
CIENT4 (PAD4) defense regulators (Muhlenbock et al., 2007).

2.2. Plant cell death machinery: Plant-specific regulators,
transcription factors, proteases, and nucleases

In the last few years, numerous studies identified different components of
the versatile plant cell death network. Despite this progress, the cell death
pathways in plants still remain enigmatic with most of the genes and proteins
involved yet to be discovered or, for most of the identified players, yet to be
placed in a specific position within the complex network. For example,
there are no core universal regulators and executioners of plant PCD
analogous to the members of the animal Ced-9/Bcl-2, Ced-4/APAFI1,
and caspase families (Lam, 2004). From the emerging picture, it is becoming
increasingly clear that most of the genes involved in the regulation of plant
PCD are specific to the plant kingdom and this is most likely a reflection of
the specific morphology and physiology of plants. Nevertheless, there are
structural and functional similarities underlined by the ability of some
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animal or yeast pro- and antiapoptotic proteins to function as cell death
regulators in plants (Lam, 2004). Expression of the proapoptotic Bcl-2 mem-
ber Bax induces PCD in plants, whereas the antiapoptotic protein Bel-xL or
its C. elegans homologue Ced-9 suppresses pathogen-induced cell death
(Dickman et al., 2001; Kawai-Yamada et al., 2001; Lacomme and Santa
Cruz, 1999; Lam, 2004; Xu et al., 2004). Research data suggest connection
between the function of Bcl-xL/Ced-9 and redox homeostasis. Transgenic
plants expressing the protein accumulate anthocyanins and exhibit better
resistance to UV irradiation, paraquat treatment, TMV infection, salt-stress,
low-temperature exposure, and wounding (Mitsuhara ef al., 1999; Qiao et al.,
2002; Xu et al., 2004). As previously mentioned, the expression of CED-9
conferred increased salt and oxidative stress tolerance to Nicotiana benthamiana
plants by altering ion flux patterns across plasma membrane (Shabala
et al., 2007). The inhibitor of Bax-induced PCD—DBax Inhibitor 1 (BI-1)
—functions as cell death suppressor in fungi, plants, and animals. This is a
transmembrane protein with predominant localization to the endoplasmatic
reticulum (ER). AtBI-1 has been found to modulate ER stress-mediated
PCD associated with accumulation of HyO, in Arabidopsis (Watanabe and
Lam, 2008). The BAP1 and BAP2 genes of Arabidopsis together with their
partner BONT1 function as general inhibitors of PCD in plants and yeast,
induced by various stimuli including ROS (Yang et al., 2007).

Many of the newly identified genes are presumably involved in
modulating the initial signaling events. These include genes that modulate
the intensity of the cell death stimulus, participate in the interaction with
other signaling molecules, or perceive the cell death signal, thus playing
roles as receptors. Other genes relay and amplify the cell death signal by
MAPK- or Ca?*/Calmodulin (CAM)-dependent cascades, ultimately reg-
ulating cell death-specific transcription factors to govern the global tran-
scriptional reprogramming observed during cell death. Finally, as a result of
this reprogramming, sets of genes including proteases and nucleases orches-
trate the orderly executed cell suicide and remobilization of resources.
Interestingly, as it is with animal caspases, some of these plant proteases
may not be simple executioners of cell death but are also involved in
regulating the initial steps of the process by proteolytically activating pro-
death factors or degrading antiapoptotic proteins.

Alterations in ion fluxes are one of the primary events of PCD initiation.
The Arabidopsis lesion mimic mutant gene hlm1 and its barley homologue
necl encode cyclic nucleotide-gated channels (CNGC) (Balague et al.,
2003; Rostoks et al., 2006). The Arabidopsis CNGC4 is permeable to both
K* and Nat and is activated by both cGMP and cAMP. The gene is
induced by pathogens and is believed to be involved in the HR (Balague
et al., 2003). Hydrogen peroxide-induced oscillations in Ca?* ions are
essential signals for many biological responses, including stomatal closure,
stress adaptation, and several types of PCD (Allen ef al., 2001; Lecourieux
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et al., 2002; Pei et al., 2000; Rentel et al., 2004). It appears that the Ca>*
signature is quite specific for the different responses; increased cytosolic
Ca?* can be short-lived or sustained and oscillations may vary in amplitude
and phase. Other cyclic nucleotide-gated channels, CNGC1 and CNGC2,
also known as DND1 and DND2, respectively, are also induced by patho-
gens and conduct Ca?* into cells during HR,, but have opposite phenotypes
to him1 and necl when mutated (Ali ef al., 2007; Clough ef al., 2000). The
Ca?" wave induces a burst of NO essential for PCD. Interestingly, dnd1
plants retain characteristic responses to avirulent pathogens and are resistant
against a broad spectrum of virulent pathogens (Yu et al., 1998). Targets
of Ca?* can be Ca?>*/CAM-binding proteins, Ca?>*-dependent protein
kinases, various EF-hand containing proteins (e.g., NADPH oxidase related
to the oxidative burst), and also proteins without EF-hands (Lecourieux
et al., 2006). The plant-specific MLO family transmembrane proteins posess
CAM-binding domains. Mutations in mlo gene of barley lead to spontane-
ous cell death without any obvious inducing signals (lesion mimic mutants
of the initiation type) and enhanced disease resistance to powdery mildew
(Kim et al., 2002). However, the powdery mildew-resistant plants are more
susceptible to necrotrophic pathogens that utilize PCD to feed on dead
tissues (Jarosch et al., 1999).

Hydrogen peroxide-induced Ca?* oscillations can in turn amplify ROS
signals by activating the CAM-binding protein NAD kinase and EF-hand
motif-containing NADPH oxidase (Harding et al., 1997; Lecourieux ef al.,
2006). Both H,O, and NO?® orchestrate pathogen-induced PCD
(Delledonne, 2005; Delledonne et al., 2001). Ca®>* can also induce NO*
essential for pathogen-induced cell death (Lamotte et al., 2004). Indeed,
plant NO* synthase contains CAM-binding motif and both Ca?* and
CAM are required for its full activation (Guo ef al., 2003). In turn, NO*
participates in Ca>* release, thus amplifying the initial signal (Lamotte ef al.,
2004). Plant genes involved in Ca®>* responses and modulation of H,O, or
NO* levels are important determinants of PCD. More on these genes,
particularly on the antioxidant gene network, will be discussed in Section 3.

Plant hormones like ethylene, brassinosteroids, and cytokinins together
with other signaling molecules regulate PCD in a complex manner. Study-
ing the genetic components of the hormone pathways identified plant-
specific receptors and other proteins that are involved in various types of
PCD. Brassinosteroids are plant hormones that regulate growth and devel-
opment (Vert and Chory, 2006). In Arabidopsis, they are perceived outside
the cell by two receptor-like protein kinases BRI1 and BAK1 (Gendron and
Wang, 2007). The group of receptor-like kinases in plants has expanded and
diversified to more than 600 members in Arabidopsis and 1000 in rice to
regulate various aspects of development and stress responses (Morillo and
Tax, 2006). Interestingly, BAK1 can also contain the spread of pathogen-
induced PCD and this function can be uncoupled from brassinosteroid
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regulation of plant development (Kemmerling ef al., 2007). Bak1 mutants
show enhanced production of hydrogen peroxide and spreading necrosis
upon infection with necrotrophic fungal pathogens, while brassinosteroid-
insensitive and -deficient mutants do not exhibit increased sensitivity and
spreading lesions in response to such pathogens (Kemmerling et al., 2007).
BAK1 can also physically associate with the flagellin receptor-like protein
kinase FLS2 to regulate plant immunity (Chinchilla et al., 2007). Bak1
mutants challenged with the bacterial flagellin-derived peptide elicitor do
not mount an H,O, burst and flagellin-dependent stress responses
(Chinchilla et al., 2007). Thus, BAK1 has multiple roles in plant growth,
development, and cell death.

Cytokinins are also plant-specific hormones involved in plant growth
and development (Sakakibara, 2006). As discussed earlier, cytokinins nega-
tively regulate leaf senescence-associated PCD in Arabidopsis and AHK3 is
the receptor involved in perception of the signal (Kim et al., 2006b).

Other specific plant cell death regulators are revealed by identification
and cloning of genes responsible for lesion-mimic mutants acd1, acd2, acd5,
acd6, and acd11. While ACD1 and ACD2 are connected to chlorophyll
catabolism, ACD5 and ACD11 are related to lipid metabolism (Brodersen
et al., 2002; Liang et al., 2003; Tanaka et al., 2003). As indicated earlier,
ACD2 may not only be involved in chlorophyll metabolism but also shields
chloroplasts and mitochondria from excess ROS production (Yao and
Greenberg, 2000). The earlier-mentioned chloroplast proteins EXE-
CUTER1 and EXECUTERR2 are also restricted to plants.

Cell death signals are relayed by a complex network of Ca®>* and MAPK
cascades to activate PCD transcriptional reprogramming via cell death-specific
transcription factors. LOL1 and LSD1 are positive and negative regulators of
superoxide-induced cell death, respectively, acting as a molecular rheostat to
control PCD in Arabidopsis (Dietrich et al., 1997; Epple et al., 2003). The
negative cell death regulator LSD1 retains the basic leucine zipper transcription
factor AtbZIP10 in the cytosol, thus preventing it from initiating PCD tran-
scriptional reprogramming (Kaminaka ef al., 2006). The phenotype of Isd1
mutants is uncontrolled, spreading cell death, initiated by O, °~ (Jabs et al.,
1996). Interestingly, a triple mutant between Isd1 and two R OS-generating
NADPH oxidase subunit homologues, atrbohD and atrbohF, showed uncon-
trolled cell death even under growth conditions that normally repress Isd 1 cell
death (Torres et al., 2005). The Isd1 phenotype was restored by overexpression
of AtrbohD, demonstrating that O, * ~ produced by NADPH oxidase and its
subsequent dismutation to H,O, is somehow able to antagonize the O, ° -
induced cell death in the neighboring cells (Torres ef al., 2005). AtMYB30 is
another positive regulator of pathogen-induced PCD and has an important
role in disease resistance (Vailleau ef al., 2002). Silencing of AtMYB30 strongly
inhibits HR-like cell death in response to avirulent pathogens, which corre-
sponds with decreased defense gene expression and decreased resistance to



ROS and Plant Programmed Cell Death 109

virulent pathogens. Targets of MYB30 are genes from the acyl-CoA elongase
complex and the action of MYB30 seems to modulate very-long-chain fatty
acid content (Raffacle et al., 2008). Another transcriptional regulator,
AtSPL14, suppresses fumonisin Bl-induced cell death when misregulated
(Stone ef al., 2005).

WRKY is a large plant-specific family of transcription factors that
governs transcriptional reprogramming during pathogen responses and
developmental processes such as leaf senescence and some types of trichome
development/maturation (Eulgem and Somssich, 2007). Members of the
WRKY family are highly upregulated during abiotic and biotic stresses.
Transcriptome analysis of PCD induced by hydrogen peroxide, superoxide
anion radicals, and singlet oxygen identified WRKY75 as commonly
induced by all three types of ROS (Gadjev et al., 2006). WRKY53 is
induced during senescence-associated PCD, and functional studies with
knockouts and WRKY53-overexpressing plants confirmed its role in leaf
senescence (Miao and Zentgraf, 2007).

The global transcriptional reprogramming results in a complete switch to
a cell death program in which sets of proteases and nucleases play roles in the
orderly destruction of the plant cell (Lam, 2004, 2005). Plant proteases can
be involved in both the regulatory and the executionary phases of cell death,
as 1s the case with caspases in animal apoptosis. Caspases, a family of cysteine
proteases highly conserved from nematodes to humans, are the core signal-
ing and execution proteases in animals (Chichkova et al., 2004; He et al.,
2008). They are normally expressed in a dormant form and/or are localized
in an isolated cellular compartment, which allows them to play the role of
major regulatory switches initiating the irreversible processes of controlled
cell death (Lam, 2004, 2005). In plants, both cysteine and serine protease
activities have been reported to be important factors in the attainment of
ROS-driven PCD (Levine et al., 1996). Inhibitors of cysteine proteases
have been shown as an agent suppressing the HR induced by pathogens and
ROS (Solomon ef al., 1999). Other pharmacological studies with inhibitors
of the total caspase activity and with specific inhibitors of different initiator
and effector animal caspases revealed the presence of caspase-like activities
in the plant cell (Chichkova ef al., 2004; Danon et al., 2004; Urquhart ef al.,
2007). The plant-specific vacuolar protease VPE, structurally unrelated to
caspases, possesses caspase-like activity essential for PCD induced by fumo-
nisin B1 or during HR (Hatsugai et al., 2004; Kuroyanagi et al., 2005).
However, direct structural orthologues of canonical caspases have not been
found in plants. The absence of these key regulators from the sequenced
plant genomes together with the fact that apparently most instances of plant
PCD are associated with the induction of caspase-like activities imply that
alternative mechanisms must control PCD in plants (Lam, 2004; Sanmartin
et al., 2005). This role may be served by the caspase-like vacuole processing
enzymes and/or the more distantly related metacaspases, which are also
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found in Protozoa, Fungi, and Chromista (Vercammen ef al., 2007). Caspases,
metacaspases, and paracaspases (found in Animalia) are seen as phylogeneti-
cally equidistant from each other (Vercammen et al., 2007). The three
groups share the caspase-specific catalytic diad of histidine and cysteine
but the overall sequence similarity among the representatives of these
three major branches is very low (Bozhkov et al., 2005b). Paracaspase
activity has not been implicated in the execution of cell death, but meta-
caspases have been found to play an important role in ROS-induced PCD
in yeast and plants (Madeo et al., 2002; Suarez et al., 2004; Vercammen ef al.,
2007). Plant metacaspases have been classified as type I and type II based on
their sequence and structural features. Arabidopsis contains three type I
(AtMCP1a-1¢) and six type II (AtMCP2a-2f) metacaspases (Sanmartin
et al., 2005; Vercammen et al., 2007). Metacaspases do not have caspase
activities; instead, these cysteine-dependent proteases cleave their substrates
after arginine and lysine and can be inhibited by the serine protease inhibitor
Serpinl (Vercammen et al., 2004, 2006). It has been demonstrated that a
type II metacaspase from Picea abies, mcll-Pa, is essential for PCD during
somatic embryogenesis (Bozhkov et al., 2005b). This cysteine-dependent
arginine-specific protease translocates from cytoplasm to nuclei in termi-
nally differentiated suspensor cells, destined for elimination, where it colo-
calizes with the nuclear pore complex and chromatin and participates in the
nuclear envelope disassembly and the DNA fragmentation. Recently, Ara-
bidopsis metacaspase 8 (AtMC8) has been implicated in cell death induced by
UV-C, H,O,, and paraquat (He et al., 2008). Overexpressing AtMC8
enhances PCD, while knocking out the gene retards the cell death
symptoms.

Not only cysteine but also serine-dependent protease activities partici-
pate in plant PCD. Serine proteases with specificity to aspartate have been
reported to be associated with the control of cell death in Avena sativa
(Coffeen and Wolpert, 2004). A nuclear-localized serine protease and a
Ca?t /Mg?* nuclease were recently isolated from wheat grain nucellar cells
undergoing PCD (Dominguez and Cejudo, 2006).

Proteases are not simply executioners but also important regulators of
the initial events in the PCD signaling cascade. This is underlined best by
studying the complex role of the proteasome and the COP signalosome in
cell death. Plant proteasomes degrade specific substrates targeted by ubiqui-
tination via a series of reactions catalyzed by ubiquitin-activating (E1),
conjugating (E2), and ligating (E3) enzymes (Smalle and Vierstra, 2004).
The COP9 signalosome is a multiprotein complex interacting with and
regulating E3 ubiquitin ligases, thus influencing the specificity of protein
degradation (Serino and Deng, 2003). This is one of the many cases when
an important complex is first discovered in Arabidopsis and later reported in
other kingdoms. Proteasome-dependent proteolytic degradation is involved
in myriad of plant processes related to development, hormone signaling,
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stress responses, and cell death (Chini et al., 2007; Moon et al., 2004; Tan
et al., 2007). Proteasomal degradation has a dual role in PCD, as different
proapoptotic or negative cell death regulators can be degraded by this
proteolytic complex in particular types of cell death. This may explain why
proteasome function is required for some types of PCD (e.g., cell death
induced by heat shock in tobacco), while in other cases, inhibition of
proteasome function triggers cell death accompanied by cytochrome crelease
from mitochondria and caspase-like activities (Kim et al., 2003; Vacca et al.,
2007). Interestingly, manipulation of tomato ubiquitin-proteasome system
by the E3 ubiquitin ligase from the bacterial pathogen P. syringae can suppress
immunity-associated cell death (Janjusevic ef al., 2006).

Induction of nucleases and nuclear fragmentation are common events in
PCD (Dominguez et al., 2004; Zaina et al., 2003). A 40 kD Zn?>*-dependent
S1 type endonuclease 1 named ZENT1 (Zinnia endonuclease-1) is responsible
for nuclear DNA degradation (Ito and Fukuda, 2002). Silencing of ZEN1
suppressed the degradation of nuclear DNA in tracheary elements under-
going PCD but did not affect vacuole collapse in Zinnia cell suspen-
sion culture. BEN1 — a nuclease showing similarities to ZEN1 — has been
associated with senescence, abscission and programmed cell death-related
processes in plants (Farage-Barhom et al., 2008; Pérez-Amador et al., 2000).

3. HYDROGEN PEROXIDE AND OTHER ROS AS SIGNALS
MODULATING PLANT PCD

3.1. Production and removal of ROS

ROS are produced in plants and other aerobic organisms as a result of O,
reduction during a number of normal metabolic processes. These harmful
and highly reactive intermediates of O, reduction can damage biological
molecules and structures and have been considered by many as unwelcome
by-products of metabolism (Gechev et al., 2006; Moller et al., 2007). Plants
initially developed an antioxidant system composed of antioxidant enzymes
and small antioxidant molecules as a means of protection against excessive
ROS production. The evolution of this antioxidant system into an elaborate
network of ROS-producing and -detoxifying enzymes permitted ROS to
be co-opted as signaling molecules that regulate various cellular processes,
including growth, development, stress adaptation, and cell death. To mod-
ulate so many and such diverse processes, the biological response to altered
ROS levels needs to be very specific. The specificity of the biological
response to altered ROS levels depends on the type of ROS, the intensity
of the signal, and the sites of ROS production. These multiple factors,
provided by the ROS network, interact with other factors such as plant
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developmental stage, previous stress encounters, plant hormones, RNS, and
lipid messengers to determine the final outcome of ROS signaling.

The most important types of ROS are superoxide (O, ° 7) and hydroxyl
(HO*®) radicals, hydrogen peroxide (H,O,), and singlet oxygen (1O»),
reviewed in a number of recent articles (Apel and Hirt, 2004; Gechev
et al., 2006; Moller et al., 2007). Their biochemical properties together
with those of the most important RNS are summarized in Table 3.1.
Hydrogen peroxide is perhaps the most prominent signaling molecule
characterized by its relative stability and significant mobility. The half-life
of H,O5 is 1 ms, the longest of all ROS types. In contrast, O,°~ and 'O,
have much shorter half-lives of about 1-4 us and HO * has an extremely
short half-life of only 1 ns (Gechev et al., 2006; Moller ef al., 2007). The
reactivity and half-lives of different ROS are linked with their mobility in
the cell: H,O, can migrate from the sites of its synthesis to adjacent
compartments and even neighboring cells, while the highly destructive
HO* reacts with any biomolecule it contacts and is therefore not very
mobile (Bienert et al., 2006, 2007; Henzler and Steudle, 2000). O, °~ can
inactivate important metabolic enzymes containing Fe-S clusters to alter
enzyme activities (Halliwell, 2006; Van Breusegem et al., 2001). Its proto-
nated form, HO, °, is found mainly in acidic cellular environments. It can
cross biological membranes and initiate lipid oxidation by extracting pro-
tons from polyunsaturated fatty acids. In most biological systems, O, "~ is
rapidly converted to H,O, by the enzyme SOD (Halliwell, 2006). H,O,
can inactivate enzymes by oxidizing their thiol groups (Halliwell, 2006).
The destructive properties of O, °~ and H,O, are more prominent when
they interact in the presence of metal ions to form HO® during the so-
called Haber-Weiss reaction (Kehrer, 2000). Because HO ® is highly reac-
tive, cells do not possess enzymatic mechanisms for HO ° detoxification and
rely on mechanisms that prevent its formation. These mechanisms include
elimination of O, * ~ and H,O; and/or sequestering Fe3*/Cu?* metal ions
that catalyze the Haber-Weiss reaction with metal-binding proteins, such as
ferritins or metallothioneins (Hintze and Theil, 2006; Mittler et al., 2004).
In addition to reacting with H,O, and forming HO®, O, * ~ can react with
NO* to form peroxynitrite (ONOO™). Peroxynitrite is rapidly protonated
to peroxynitrous acid (ONOOH), which is a powerful oxidizing agent. It
can damage all biomolecules and initiate reactions leading to formation of
several other destructive radical- and nonradical reactive species (Halliwell,
2006). 'O, is a nonradical ROS produced by spin reversal of one electron of
the ground state triplet oxygen (*0,) (Laloi et al., 2006). Such spin reversals
occur under input of energy and are most often caused by reaction with the
highly energized triplet-state chlorophyll (Laloi et al., 2006). If not
quenched by carotenoids, 'O, can in turn transfer its energy to other
molecules and damage them, like the rapid peroxidation of polyunsaturated
fatty acids (Halliwell, 2006). As other types of ROS, 'O, can have either



Table 3.1 Most important reactive oxygen species (ROS) and reactive nitrogen species (RNS), their properties and scavengers

Type of ROS

Superoxide
radical

(02"7)

Hydrogen
peroxide
(H205)

Hydroxyl
radical
(HO®)

Singlet oxygen
(‘02

Nitric oxide
(NO*)

Peroxynitrite
(ONOO™)

Half-life and
mobility

1 us, 30 nm

1 ms, 1 um

1ns, 1 nm

1 us, 30 nm

Limited due to

reactivity
Not determined

Mode of action

Reacts with double bond-
containing compounds, Fe—S
clusters of proteins; reacts with
NO* to form ONOO™

Oxidizes proteins (cysteine residues);
reacts with O, * ~ in a Fe-
catalyzed reaction to form HO *

Extremely reactive with proteins,
DNA, lipids, and other
biomolecules

Directly oxidizes proteins,
polyunsaturated fatty acids, DNA

Nitrosylates proteins via
S-nitrosothiols

Very reactive with lipids, DNA and
proteins

Main scavengers

Superoxide dismutases
(SOD)

Catalases, various
peroxidases,
peroxiredoxins,
flavonoids

Flavonoids,
prevention of HO*
formation by
sequestering Fe

Carotenoids,
o~tocopherol

Hemoglobins,
glutathione

References
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Moller et al., 2007

Halliwell, 2006;
Moller et al., 2007
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Gechev et al., 2006;
Halliwell, 2006;
Moller et al., 2007

Halliwell, 2006;
Neill et al., 2008

Moller et al., 2007;
Neill et al., 2008
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signaling or cytotoxic effects depending on the endogenous levels accumu-
lated (Przybyla et al., 2008).

ROS and RNS are produced by multiple sources during a variety of
cellular processes at different sites in all cellular compartments (Fig. 3.2)
(Gechev et al., 2006). In general, ROS are maintained at constant basal
levels in healthy cells, but their levels transiently or persistently increase
under different stress conditions or upon developmental signals.

H,O, is synthesized mainly in chloroplasts, peroxisomes, and glyoxy-
somes but also in the apoplast, cytosol, mitochondria, endomembrane
system, and nucleus (Ashtamker et al., 2007; Gechev ef al., 2006). Chlor-
oplasts are a major site of ROS generation in plants (Asada, 2006). Photo-
synthetic electron transfer chains produce O,°~, especially under
conditions leading to overenergization of the electron transfer chains (Dat
et al., 2000). O,°~ is formed by electron leakage from Fe-S centers of
photosystem I, reduced ferredoxin (Mehler reaction), or the acceptor side of
photosystem II to O, and is then quickly metabolized to H,O, by SOD.
Although excessive production of ROS is dangerous, in this case the ability
of oxygen to accept electrons prevents overreduction of the electron trans-
port chains, thus minimizing the chance of 'O, accumulation (Dat ef al.,
2000). 'O, is produced by energy transfer to O, from the excited triplet
state chlorophyll in photosystem II, especially under high light intensities
(Laloi et al., 2006). Carotenoids can quench 'O, directly, a role which is
shared with tocopherols or prevent 'O, formation by quenching the excited
triplet state chlorophyll (Asada, 2006). Peroxisomes and glyoxysomes are
other major sites of HO, generation during photorespiration and fatty acid
oxidation, respectively (del Rio et al., 2006). Photorespiration is a complex
process tightly linked to photosynthesis. Under conditions that impair CO,
fixation in chloroplasts, the ribulose-1,5-bisphosphate carboxylase oxyge-
nase activity increases and the produced glycolate moves to peroxisomes,
where it is oxidized by glycolate oxidase forming H,O,. Fatty acid oxida-
tion in glyoxysomes of germinating seeds generates H>O, as a by-product of
the acyl-CoA-oxidase enzyme activity. Mitochondrial respiration is another
process leading to H,O, and O, ° ~ formation (Moller, 2001). The main
sources of ROS production in mitochondria are NADH dehydrogenase,
ubiquinone radical, and complex IIT (Moller, 2001). Although mitochon-
drial ROS production is much lower compared to chloroplasts (no 'O,
production, lack of light energy-absorbing chlorophyll pigments), mito-
chondrial ROS are important regulators of a number of cellular processes,
including stress adaptation and PCD (Robson and Vanlerberghe, 2002).
The estimated H,O, production in mitochondria may be 20 times slower
than in chloroplasts, at least in Cj plants (Foyer and Noctor, 2003). Plasma
membrane-bound NAD(P)H oxidases as well as cell wall-associated extra-
cellular peroxidases are the main H,O,- and O, * ~-producing enzymes in
the apoplast (Bindschedler ef al., 2006; Choi ef al., 2007; Sagi and Fluhr,
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Figure 3.2 Production and metabolic fate of various ROS (hydrogen peroxide, superoxide anion radical, singlet oxygen) in different cellular
compartments. Major enzymes and nonenzymatic components involved in ROS homeostasis are indicated. Plants have many different sources
of ROS and have evolved elaborate mechanisms to scavenge and utilize the various forms of ROS. Abbreviations are as follows: ROS, reactive
oxygen species; PSI, photosystem I; PSII, photosystem II; ETC, electron transport chain; SOD, superoxide dismutase; CAT, catalase; AsA/
GSH, ascorbic acid/glutathione.
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2006). These enzymes are regulated by various developmental and environ-
mental stimuli. Most notably, ROS produced by them participate in the
so-called oxidative burst observed as a part of the pathogen-induced HR
but also regulate cell growth, development, and cell death (Foreman ef al.,
2003; Gapper and Dolan, 2006; Laloi et al., 2006; Sagi and Fluhr, 2006;
Torres et al., 2002). O, * ~ and H,O, are produced also by xanthine oxidase
during purine catabolism, ribonucleotide reductase during deoxyribonucle-
otide synthesis, and various other oxidases induced by biotic and abiotic
stresses. The nucleus has also recently been reported as a site of HyO,
production (Ashtamker et al., 2007). Studies on cryptogein-induced ROS
production during cell death of Nicotiana tabacum BY-2 suspension cells
with Amplex Red/Amplex Ultra Red reagents, which report real time
H>0, accumulation, revealed that internal signals develop more rapidly
than the external apoplastic signals. Using 2',7'-dichlorofluorescein diace-
tate as a fluorescent probe, subcellular accumulation of HyO, was first
detected in the nucleus and then, after a short delay, in the endomembrane
system and cytoplasm (Ashtamker et al., 2007). The authors report that even
isolated nuclei are capable of producing H;O, in a calcium-dependent
manner.

Balancing H,O, and other ROS levels is essential to ensure an accurate
execution of their signaling functions and to prevent their toxicity. There-
fore, plants have evolved an elaborate antioxidant system, consisting of
enzymes and nonenzymatic antioxidants, which together with the ROS-
producing enzymes maintain ROS homeostasis in all cellular compartments
and adjust ROS levels according to the cellular need at a particular time
(Table 3.2) (Mittler ef al., 2004). SODs are the only plant enzymes capable
of scavenging O, ° —, while H,O, can be catabolized directly by catalases or
with the aid of various reductants by APXs, peroxiredoxins, glutathione
peroxidases (GPX), and the heterogenous group of guaiacol peroxidases
(Dat et al., 2000). Nonenzymatic antioxidants also contribute to ROS
homeostasis, with ascorbate, glutathione, tocopherol, and carotenoids as
the most abundant water- and lipid-soluble antioxidants (Table 3.3)
(Dellapenna and Pogson, 2006). As catalase degrades H,O, without any
reducing power, this enzyme provides plants with an energy-efficient way
to remove H,O,. However, catalase is active only at relatively high H,O,
concentrations. Lower H,O, levels are eliminated by APX and other
peroxidases with the aid of various reductants like ascorbate and glutathi-
one. Whereas some of the ROS network enzymes such as SOD, catalase,
and APX are entirely dedicated to ROS homeostasis, others like guaiacol
peroxidases, thioredoxins, ferritins, and glutathione-S-transferases are
involved also in various other processes related to control of development,
redox regulation of target proteins, and detoxification reactions. Some of
the ROS-associated enzymes, like guaiacol peroxidases, thioredoxins, glu-
taredoxins, and glutathione-S-transferases, have evolved into very large



Table 3.2 Most important plant enzymes and antioxidants involved in reactive oxygen species (ROS) and reactive nitrogen species

(RNS) homeostasis

Enzyme/antioxidant

NADPH oxidases

Guaiacol peroxidases
(POX)

Glycolate oxidase

Acyl-CoA-oxidase

Ribonucleotide
reductase
Xanthine oxidase

Nitric oxide synthase/
nitric oxide associated
Nitrate reductase

Function

Generate ROS (O5° ™ and eventually H,O5).
Localized production of ROS by NADPH
oxidases is involved in plant growth and
pathogen-induced cell death

Detoxify H,O, with various substrates as
reductants; can also produce ROS (O,° 7,
HO*®, HOO * 7). Involved in lignin
biosynthesis, hormone metabolism, cross-
linking of cell wall polymers, pathogen
defense, plant development, senescence, and
symbiotic interactions

Generates significant amounts of H,O, during
conversion of photorespiratory glycolate to
glyoxylate

Produces H,O, during fatty acids oxidation
in glyoxysomes

Involved in DNA synthesis. Generates
O, "~ as by-product in cytosol

Generates H,O, as by-product from
purine catabolism

Involved in production of NO *

Converts nitrate to nitrite. Produces NO °

Localization

pm

CW, vac, cyt, mit

per

gly
cyt
cyt
cyt, myt, chl

cyt

References

Gechev et al., 2006

Bindschedler et al., 2006;
Passardi et al., 2004;
Prasad et al., 1995

Dat et al., 2000

Dat et al., 2000
Fontecave et al., 1987
Dat et al., 2000

Neill ef al., 2008

Neill et al., 2008

(continued)




Table 3.2

(continued)

Enzyme/antioxidant

Superoxide dismutase

(SOD)
Catalase

Ascorbate peroxidase

(APX)

Monodehydroascorbate
reductase (MDHAR)

Dehydroascorbate

reductase (DHAR)
Glutathione reductase

(GR)

Glutathione peroxidases

(GPX)
Glutathione-S-
transferases (GST)

Peroxiredoxins (Prx)
Thioredoxins (Trx)

Glutaredoxins (Grx)

Function

Dismutation of O, ° ~; leads to H,O, formation

Detoxifies HyO»; no reductant required

Detoxifies H,O, with ascorbate
as reductant

Reduces monodehydroascorbate radicals with
NAD(P)H as reductant

Reduces dehydroascorbate radicals with
GSH as reductant

Reduces oxidized glutathione with
NADPH as reductant

Detoxify H>O, and lipid hydroperoxides with
GSH as reductant

Detoxification reactions (glutathionation); can
detoxify lipid hydroperoxides and exhibit
DHAR activity; and can act as noncatalytic
carriers that facilitate the distribution and
transport of various biomolecules

Thiol-containing peroxidases, detoxify H,O,

Redox-control of enzymes and transcription
factors, electron donor to Prx and GPX

Deglutathionilation, redox-control of enzymes
and transcription factors, electron donor to
DHA and Prx. Protection against oxidative
damage, reacts with NO °, and regulation of
plant development

Localization

chl, cyt, mit, per

per, gly, mit
chl, cyt, per, mit

chl, mit, cyt

chl, mit, cyt

chl, mit, per, cyt
chl, cyt, mit, er

cyt, chl, mit, nuc,
apo

chl, mit, nuc
chl, cyt, mit, nuc

chl, cyt, mit,
plasmalemma, er

References

Mittler et al., 2004

Dat et al., 2000
Asada, 2006

Mittler et al., 2004
Mittler et al., 2004
Mittler et al., 2004
Mittler et al., 2004

Moons, 2005

Mittler et al., 2004
Mittler et al., 2004

Roubhier et al., 2004
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Ferritin

Alternative oxidases
(AOX)

Ascorbate

Glutathione

o-Tocopherol

Carotenoids

Flavonoids

Hemoglobins

Binds iron, thus sequestering it in a bioavailable,
nontoxic form and preventing formation of
HO “. Iron homeostasis

Channel electrons from electron transfer chains
of mitochondria and chloroplasts directly to
oxygen, thus minimizing O, ~ production
under conditions that favor electron transport
chain overenergization. The chloroplastic
AOX homologue immutants also participates
in carotenoid biosynthesis

Substrate for APX. Detoxifies H,O»

Substrate for various peroxidases, glutathione
transferases, and glutathione reductases.
Detoxifies H>O»,, other hydroperoxides, and
toxic compounds

Protects membrane lipids from peroxidation,
detoxifies lipid peroxides, and quenches 'O,

Quench 'O,. Photosystem assembly, key
components of the light harvesting complex,
precursors of ABA

Can directly scavenge H,O, and HO *

Involved in NO * scavenging

chl, mit

chl, mit

chl, cyt, mit, per,
vac, apo

chl, cyt, mit, per,
vac, apo

Membranes

chl, chromo-,

elaio-, and
amyloplasts
Vac
Cyt

Hintze and Theil, 2006

Mittler et al., 2004

Asada, 2006

Dat et al., 2000

Dellapenna and Pogson,
2006

Dellapenna and Pogson,
2006

Edreva, 2005; Gould
et al., 2002
Neill et al., 2008

The abbreviations are chl, chloroplasts; cyt, cytosol; myt, mitochondria; nuc, nucleus; er, endoplasmatic reticulum; vac, vacuole; per, peroxisomes; gly, glyoxysomes; cw,

cell wall; apo, apoplast.
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Table 3.3 Plant-specific proteins involved in H,0, network and PCD

BAK1

AtPepl
LCB1
LOH2
ACD2
ANP1
OoXI1
OMTKI1
AtNDK1
NDPK2

GSTs

Gene/protein

Function

LRR protein kinase, coreceptor with FLS2 for brassinosteroid signaling and
cell death; BAK1 has also brassinoid-independent role in PCD. Bak1
mutants challenged with flagellin do not mount H,O, burst but when
challenged with necrotrophic pathogens have enhanced production
of ROS and PCD

Upregulated by H,O,. AtPepl can induce H,O, synthesis and defense
gene expression as well as its own precursor gene

Subunit of serine palmitoyltransferase, mutants fail to generate ROS,
and execute PCD after FB1 treatment

Loh2 mutants exhibit perturbations in sphingolipid biosynthesis, accumulation
of HO; and PCD upon AAL-toxin treatment

Protects from PCD that requires early oxidative burst in mitochondria

H,0;-inducible MAPKKK, activates Arabidopsis kinases MPK3 and MPK6
and eventually transcription of GST6 and HSP18.2. Overexpression of
ANP1 induces multiple stress tolerance

H>0O, inducible, needed for full activation of MPK3 and MPK6 and
normal root hair growth

MAPKKK in alfalfa specific to H,O,, activates downstream MAP
kinase MMK3 to channel the H>O, cell death signal

Interacts with Arabidopsis catalases; overexpression leads to increased
resistance to paraquat and ability to eliminate H,O,

Reduces accumulation of H,O», enhances abiotic and oxidative
stress tolerance

Marker for H,O, accumulation; various roles in protection against
abiotic and oxidative stress tolerance

References

Chinchilla et al., 2007;
Kemmerling et al., 2007

Huftaker and Ryan, 2007;
Huffaker et al., 2006

Shi et al., 2007

Gechev et al., 2004

Yao and Greenberg, 2006

Kovtun et al., 2000

Rentel et al., 2004

Nakagami et al., 2004

Fukamatsu et al., 2003

Moon et al., 2003

Gechev et al., 2006;
Kovtun et al., 2000




1ct

HSPs

Thioredoxin
h5 ATTRX5
LSD1

LOL1

WRKY53

Zatl2

AtMCS8

Proteasome
subunits

ZENI1

Marker for H,O,; protective role against stress; possible role
as H>O» sensor
Participates in H,O, homeostasis. Required for victorin-induced PCD

Negative regulator of ROS-induced cell death. Mutations lead to
increase in H>O5 and ethylene production and enhanced hypoxia-induced
PCD during lysigenous aerenchyma formation

Positive regulator of ROS-induced cell death; antagonizes LSD1

WRKY53 can be induced by H,O, and can regulate its own expression in a
negative feed back loop. Involved in senescence-induced cell death

Induced by H,O, and other ROS. ZAT12 overexpressors have elevated
levels of oxidative stress-related transcripts, while ZAT12-deficient
plants are more sensitive to HyO-induced cell death

Protease mediating UV and H,O»-induced cell death. Overexpression
of MC8 enhances, while knockout reduces, HyO,-dependent cell
death in protoplasts

Many proteasome components upregulated during H,O5-induced PCD.
Involved in several types of cell death

Nuclease involved in nuclear DNA fragmentation during PCD
in tracheary elements differentiation

Kovtun et al., 2000; Miller
and Mittler, 2006
Sweat and Wolpert, 2007

Dietrich et al., 1997,
Mubhlenbock et al., 2007

Epple et al., 2003
Miao et al., 2004

Davletova et al., 2005b

He et al., 2008

Kim et al., 2003;
Vacca et al., 2007;
Vandenabeele et al.,
2004

Ito and Fukuda, 2002
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multigene families with diverse functions to facilitate the adaptation of the
photosynthesizing organisms to terrestrial life in elevated oxygen concen-
trations and different stressful environments (Meyer ef al., 2005; Moons,
2005; Passardi et al., 2004; Prasad et al., 1995; Rouhier et al., 2004). These
and other antioxidant enzymes together with the ROS-producing enzymes
compose a highly sophisticated and redundant network, which in
A. thaliana consists of at least 289 genes (Table 3.2) (Gechev et al., 2006).

All cellular compartments that produce ROS, including chloroplasts,
mitochondria, peroxisomes, and the cytosol, are well-equipped with anti-
oxidant enzymes and antioxidants (Fig. 3.2, Table 3.2). ROS are normally
scavenged at the sites of their production by the local antioxidant systems.
However, when the local antioxidant capacity cannot cope with the ROS
generation levels (e.g., during high ROS production under stress or reduced
antioxidant enzyme activities upon developmental signals), H>O, can leak
from those compartments into the cytosol and other compartments. As a
next line of defense, plants may have evolved mechanisms to deal with
excess H,O, by transporting and detoxitfying it in vacuoles (Gould ef al.,
2002). Vacuoles are very rich in flavonoids, powerful antioxidants that can
scavenge hydrogen peroxide, singlet oxygen, superoxide, hydroxyl, peroxyl
radicals, and peroxynitrite (Edreva, 2005; Tsuda et al., 2000). They also
contain high levels of ascorbate, glutathione, and peroxidases localized at the
tonoplast inner surface (Gould ef al., 2002).

3.2. Biological functions modulated by ROS: Plant growth,
development, stress responses, and PCD

Hydrogen peroxide modulates a number of biological functions including
seed dormancy, pollen tube and root hair growth and elongation, tuber
development in potato, numerous stress responses, and PCD (Gechev et al.,
2006; Kim ef al., 2007; Oracz et al., 2007).

Inability of mature seeds to germinate under favorable conditions,
referred to as seed dormancy, is an important adaptive phenomenon
enabling seeds to delay germination until conditions are more appropriate
for seedling growth (Oracz et al., 2007). Breaking dormancy in most species
occurs during storage in dry conditions or during imbibition at low tem-
perature (stratification). Releasing seed dormancy in sunflower is associated
with marked production of H,O, and O,°~ in cells of embryonic axes
(Oracz et al., 2007). Moreover, treating seeds with ROS-generating herbi-
cide paraquat was able to release the dormancy, and specific embryo
proteins became oxidized.

ROS generated by NADPH oxidases are involved in pollen tube
growth. Transgenic tobacco plants with antisense constructs to silence
pollen-specific NADPH oxidase by decreasing specific mRINA levels dis-
played inhibited pollen tube growth (Potocky ef al., 2007). Normal growth
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of the pollen tube was restored by exogenous application of H,O,. Genetic
evidence for the role of ROS in plant growth is provided by the double
mutant of two Arabidopsis NADPH oxidase homologues, atrbohD and
atrbohF, which not only has decreased ROS accumulation after pathogen
challenge but also has reduced ABA-mediated seed germination and root
elongation inhibition (Kwak ef al., 2003; Torres ef al., 2002). Furthermore,
studies on the afrbohC mutant revealed that it has low ROS levels and
defective root hair growth (Foreman et al., 2003). Consistent with these
findings, knockout mutation of the A. thaliana serine/threonine kinase oxi1
results in reduced root hair growth (Rentel ef al., 2004). H,O, production
may have, on the other hand, an inhibitory effect on growth, as suggested
by the inhibition of auxin responses by ANP1, the MAPK kinase kinase that
relays the H,O, signal in A. thaliana (Kovtun et al., 2000). The balance
between O, ° ~ and H,O5 is also believed to regulate plant growth and tuber
development in potato (Kim et al., 2007).

Hydrogen peroxide is an important modulator of plant stress responses.
Significant increases in endogenous H,O, levels are observed during a
number of adverse environmental conditions as a result of increased ROS
production and/or impaired ROS detoxification (Dat et al., 2000; Mittler
et al., 2004). Extreme temperatures, drought, UV and high light intensities,
and many pollutants can cause oxidative stress and cell death (Dat ef al.,
2000; Gechev et al., 2004). In addition, H,O, is a secondary messenger
during wounding responses and various biotic interactions (Bais et al., 2003;
Orozco-Cardenas ef al., 2001). Redox changes are sensed by the plant cell as
a “warning” message, and depending on the situation, genetic programs
leading to stress acclimation or PCD are switched on (Gechev ef al., 2002).
Small transient increases in H,O, serve as signals triggering stress acclima-
tion against subsequent more severe abiotic or oxidative stress. Protective
roles for H,O, have been demonstrated against chilling, salt, high light,
heat, and oxidative stress (Karpinski et al., 1999; Lopez-Delgado et al.,
1998). H,Os-induced acclimation can be very durable; for example, the
tolerance to high temperature lasts more than a month after the initial H,O,
treatment (Lopez-Delgado ef al., 1998). H,O, can initiate acclimation not
only in local leaves but also in distant nonacclimated leaves, a process
referred to as systemic acquired acclimation (Karpinski ef al., 1999). H,O,
is also involved in initiating cell death-protective responses in the neigh-
boring cells that surround the sites of the HR to pathogens and triggers
systemic acquired resistance in distant tissues (Alvarez ef al., 1998; Torres
et al., 2005). Consistent with its signaling role, H,O, can alter resistance
against a number of pathogens (Chamnongpol et al., 1998). H,O»-induced
stress tolerance can be explained by activation of defense mechanisms such
as antioxidant enzymes, MAPKSs, stress-specific transcription factors, dehy-
drins, low-temperature-induced, heat-shock, and pathogenesis-related pro-
teins (Gechev ef al., 2002; Karpinski ef al., 1999; Moon et al., 2003; Vranova
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et al., 2002). Genes involved in both induction and maintenance of stress
acclimation are part of these defense mechanisms (Charng et al., 2006).

H,Os-induced cell death is implicated in a number of developmental
processes and stress responses. These include the already mentioned aleu-
rone cell death, lysigenous aerenchyma formation, tracheary elements mat-
uration, trichome development, formation of lace leaf shape, organ
senescence, plant—plant allelopathic interactions, the HR to pathogens,
and some types of necrotrophic cell death (Fig. 3.1). Thus, paradoxically,
H,O»-induced cell death is essential for plant growth, development, and
proper responses to the environment (Gechev et al., 2006). At the same
time, cell death can be an unwanted event during many unfavorable
environmental conditions, including heat, cold, salt and xenobiotic stresses,
and compatible or disease-causing plant—pathogen interactions (Koukalova
et al., 1997; Swidzinski et al., 2002).

PCD can be initiated also by other types of ROS, including singlet
oxygen and superoxide radicals (Dat et al., 2003; Op den Camp et al., 2003;
Vranova ef al., 2002). In addition, HO ® -initiated lipid peroxidation is a rich
source of oxidized lipids that can trigger PCD on their own or in concert
with other ROS (Montillet et al., 2005; Mueller, 2004). Singlet oxygen-
induced enzymatic lipid peroxidation, however, is likely a part of stress
response pathway rather than a cell death or growth inhibition pathway as
double flu/aos mutants, producing singlet oxygen but with compromised
jasmonate biosynthesis, have the same growth inhibition and cell death as
the single flu mutant (Przybyla et al., 2008).

3.3. Specificity of ROS signals: How different responses like
stress acclimation or PCD are achieved?

One of the intriguing questions is how H,O, and other ROS, being such
simple molecules, can regulate so many different processes in different cell
types and organs at different developmental stages. It is now accepted that
the biological outcome of ROS signaling depends on multiple factors
including ROS chemical identity and sites of production, duration and
intensity of the signal (Gechev ef al., 2006; Queval et al., 2007), develop-
mental stage of the plant, previous stress encounters, and interaction with
other signaling molecules such as NO, lipid messengers, and plant hormones
(Kwak ef al., 2006; Zaninotto et al., 2006). H>O, is the most prominent
ROS signal. In recent years, a number of microarray- or AFLP-based
studies identified many genes that respond to elevated H,O, levels
(Desikan et al., 2001; Gechev et al., 2005; Levine et al., 1994,
Vandenabeele et al., 2003, 2004; Vanderauwera et al., 2005). In addition,
mutants presumably involved in H,O; signaling were identified (Table 3.3).
Signaling properties and distinct transcriptional responses were also con-
firmed for the other ROS (Demidchik et al., 2003; Op den Camp et al.,
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2003; Vranova et al., 2002). Comparing the transcriptional responses to
different ROS, specific transcription footprints for O, *~, 'O,, and H,O,
have been identified (Gadjev et al., 2006). This specificity can be deter-
mined by promoter modules specific for the various types of ROS (Shao
et al., 2007).

The fate of the ROS signaling is to a large extent related to the chemical
properties of different ROS and their doses (Gechev ef al., 2002; Op den
Camp et al., 2003; Vranova ef al., 2002). In general, low doses of O, * ~ and
H,O, protect against oxidative and abiotic stress, while high doses trigger cell
death (Gechev et al., 2002; Vranova et al., 2002). This cell death is genetically
programmed, although extremely high doses of ROS can cause necrosis
(Laloi et al., 2006; Montillet ef al., 2005; Van Breusegem and Dat, 2006).

The site of ROS production is of particular importance to the biological
outcome of the initial signal (Carol et al., 2005; Mullineaux et al., 2006).
Localized production of O,°*~ by NADPH oxidase in the root hair tip
triggers Ca®" peaks at the hair tip necessary for the root hair growth
(Foreman ef al., 2003). This spatial regulation of NADPH oxidase activity
is regulated by the Rho-like GTPases (Carol ef al., 2005). These GTPases
also control tracheary element difterentiation through localized ROS
production (Nakanomyo ef al., 2002).

Although H,0O, is relatively mobile, there may be “hot spots” of
hydrogen peroxide within the cell. Similar hot spots are even more likely
to occur for the other, less mobile, types of ROS: 'O,, O, * ~, and especially
HO . In contrast with others, H>O, can migrate quite a distance from the
site of its production and even cross biological membranes through
specialized aquaporins (Bienert et al., 2006, 2007; Henzler and Steudle,
2000). This transport is another way of adjusting the local concentration of
H,0,, modulating the biological effect. Example of cross-compartment
communication associated with H,O, mobility is the increased levels of
H,0O, produced in cytosol in the absence of the cytosolic APX, which leads
to inhibition of chloroplastic APX and collapse of the chloroplastic antioxi-
dant system (Davletova ef al., 2005a). It has also been shown that peroxi-
somal catalase can act as a sink for H,O, produced in peroxisomes or
elsewhere (Willekens et al., 1997).

3.4. Hydrogen peroxide signaling network: Perception,
transduction, and transcription factors

In recent years, a variety of forward and reverse genetics studies revealed a
number of components in the H,O, signaling network, including protein
kinases, protein phosphatases, and ROS-responsive transcription factors
(Table 3.3). Among these genes, many are involved in the generation of
H,O, and are required for PCD and other biological responses (e.g.,
NADPH oxidases, extracellular peroxidases), whereas others are involved
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in the modulation of H>O, and other ROS levels (e.g., catalase, APXs, and
other antioxidant enzymes, Table 3.2).

One of the earliest events that follow elevation in H,O, levels is
alteration in sodium, potassium, and calcium ion fluxes discussed earlier.
The transient Ca®>* oscillations are stress-specific and can lead to various
downstream effects through the numerous Ca?*-interacting proteins,
including calmodulins and calcium-dependent protein kinases or/and over-
amplification of the H,O, signal. In addition to calcium-dependent protein
kinases, a vast network of MAPKSs is involved in relaying the H,O, signal.
With its 20 MAPKs, 10 MAPK kinases and 60 MAPK kinase kinases in
Arabidopsis, the versatile MAPK network offers many convergence and
divergence points for different stress signals (Ichimura ef al., 2002). MAPK
kinase cascades mediate PCD triggered by pathogens or chloroplast-derived
H,0, (Asai et al., 2002; Liu et al., 2007). The MAPK kinase kinase MEKK 1
is regulated by different stresses and H,O, in a proteasome-dependent
manner (Nakagami ef al., 2006). It activates the downstream MAPK
MPK4. Compromising MEKK1 results in impaired H,O,-induction of
MPK4. Surprisingly, MEKK1 can interact directly with WRKY53, tran-
scription factor involved in senescence-induced PCD, thus bypassing
downstream kinases (Miao et al., 2007). The H,O,-inducible MAPK kinase
kinase ANP1 activates two downstream MAPKs, AtMPK3 and AtMPK®6,
to eventually regulate gene expression of specific HyO,-inducible tran-
scripts (Kovtun ef al., 2000). Two of the upregulated genes, GST6 and
HSP18.2, as well as the whole heat-shock regulon are both reliable markers
for H,O, production and protectors against abiotic and oxidative stress
(Gechev and Hille, 2005; Vanderauwera et al., 2005). In addition, heat-
shock proteins have been implicated as possible H,O, sensors (Miller and
Mittler, 2006). Overexpression of ANP1 in transgenic plants resulted in
increased tolerance to heat shock, freezing, and salt stress (Kovtun ef al.,
2000). The serine/threonine kinase OXI1 (oxidative signal-inducible1) is
another essential component of the H,O, signaling network in A. thaliana
(Rentel et al., 2004). It is inducible by abiotic stress and H,O,. OXI1
activity is required for full activation of AtMPK3 and AtMPK6. Oxil
mutants have abnormal root hair growth and enhanced susceptibility to
pathogen infection, demonstrating once more the importance of ROS in
plant development and stress responses (Rentel ef al., 2004). Another
H,0s-inducible kinase is OMTKI1 in alfalfa (Nakagami ef al., 2004). In
contrast to OXI1, OMTK1 is specific to HO,. OMTK1 activates MMK3,
downstream MAPK that can also be activated by ethylene and elicitors
(Nakagami et al., 2004).

Nucleotide diphosphate kinases are other components of the H,O,
signaling network.  Arabidopsis NUCLEOTIDE DIPHOSPHATE
KINASE2 (NDK?2) is also inducible by H,O, and its overexpression
reduces the accumulation of H,O, and enhances tolerance to cold, salt,
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and oxidative stresses (Moon ef al., 2003). Arabidopsis NDK1 interacts with
the three A. thaliana catalases; its overexpression results in enhanced ability
to detoxify H,O, and resistance to paraquat (Fukamatsu ef al., 2003).

The H,O, gene network eventually transmits the signal to ROS-specific
transcription factors. Some of these are the previously described zinc finger
proteins LSD1 and LOL1, negative and positive regulators of R OS-induced
cell death, the senescence-specific WRKY53, and the ROS-inducible
WRKY75 and heat-shock transcription factors (Table 3.3) (Dietrich et al.,
1997; Epple et al., 2003; Gechev et al., 2005, Miao ef al., 2004;
Vanderauwera et al., 2005). Two other zinc finger transcription factors,
Zatl1l and Zat12, are induced by H,O, and other ROS (Gadjev ef al.,
2006). Overexpressing Zat12 results in elevated transcript levels of oxida-
tive- and light stress-responsive transcripts, while compromising Zat12
results in increased sensitivity to H,O,-induced oxidative stress (Rizhsky
et al., 2004; Davletova et al., 2005b).

Transcriptional reprogramming resulting from the activation of cell
death-specific factors eventually leads to activation of execution compo-
nents of the H,O, cell death network (Table 3.3). Among these are various
proteases (AtMCS8, proteasome pathway) and nucleases (ZEN1) that take
part in the orderly dismantling of the plant cell.

3.5. ROS interaction with other signaling molecules
modulates plant PCD

Interaction with other signaling molecules such as NO °, lipid messengers,
or plant hormones determines the outcome or fine-tune the biological
response to altered ROS levels (Kwak et al., 2006; Zaninotto et al., 2006).
NO " itself controls growth and development in a complex manner through
modulation of Ca®*t, calcium-dependent protein kinases, cGMP, and
MAPKs (Neill et al., 2008). For example, NO * interacts with H,O, and
O5° "~ to regulate cell death during HR (Delledonne ef al., 2001). It has
been proposed that ROS are key mediators in channeling NO*® into the
death pathway. Arabidopsis overexpressing the H,O,-detoxifying enzyme
thylakoid APX has increased resistance toward NO-induced cell death
(Murgia et al., 2004).

Lipid-derived messengers also interplay with ROS to modulate PCD.
Sphingolipids are bioactive lipids that regulate plant growth and PCD
(Liang et al., 2003). Fumonisin B1 and AAL-toxin inhibit ceramide
synthase, resulting in accumulation of free sphingoid bases and depletion
of complex ceramides, followed by H>,O, accumulation and subsequent cell
death (Gechev et al., 2004). The resistance to the two toxins in tomato and
Arabidopsis is controlled by genes most likely parts of the ceramide synthase
(Brandwagt et al., 2000; Gechev et al., 2004). The accumulation of free
sphingoid bases seems to be crucial for triggering PCD as inhibiting serine



128 Ilya Gadjev et al.

palmitoyl transferase (SPT), enzyme that catalyzes the first, rate-limiting
step of sphingolipid biosynthesis, results in reduced cell death symptoms
(Spassieva et al., 2002). A recently isolated mutant of long-chain base 1
(LCB1), component of SPT, was indeed compromised in accumulation of
sphingoid bases in response to FB1, ROS burst, and cell death (Shi et al.,
2007). Supporting this scenario, direct feeding with sphingoid bases was
able to induce ROS accumulation and cell death. Hydroxylation of sphin-
goid long chain bases is also related to plant growth and cell death, as
Arabidopsis compromised simultaneously in the two long-chain-base
hydroxylase genes Sphingoid Base Hydroxylase1 and Sphingoid Base Hydroxy-
lase2 exhibit dwarfism and PCD (Chen et al., 2008). The interplay between
sphingolipids and ROS during cell death was further substantiated by
isolation of mutants more tolerant to fungal toxin- and ROS-induced cell
death (Gechev et al., 2008; Gechev and Hille, 2005; Stone et al., 2000).

Other lipids capable of modulating H,O»-induced cell death are oxyli-
pins and phospholipids (Loeffler ef al., 2005; Meijer and Munnik, 2003).
The oxylipin phytoprostane B1, for example, can trigger detoxification and
defense responses, and plants primed with phytoprostane B1 are more
tolerant to oxidative stress-induced cell death (Loeffler et al., 2005). H,O,
can activate phospholipase D in Arabidopsis and the released phosphatidic
acid can inhibit H,Os-induced cell death (Zhang et al., 2003). Plants with
compromised phospholipase D are unable to release phosphatidic acid and
are more susceptible to H,O-induced cell death.

H505-induced cell death and stress responses are influenced by a variety
of plant hormones. H>O, is in complex interaction with a number of plant
hormones to regulate PCD. Ethylene and SA are positive regulators of
several types of HyO,-induced cell death, including PCD during lysigenous
aerenchyma formation and the HR (Muhlenbock et al., 2007; Wang ef al.,
2002). Abiotic, biotic, and oxidative stress can stimulate ethylene biosyn-
thesis through activation of ACC synthase and ACC oxidase; in turn, the
elevated levels of both ethylene and SA can overamplify the H,O, signal
(Wang et al., 2002). Interactions of ethylene and H,O, are not confined to
regulation of cell death. These two signaling molecules, together with ABA,
have recently been reported to regulate stomatal closure in Arabidopsis
(Desikan et al., 2005). Ethylene and ROS are also positive regulators of
leaf senescence (Lim et al., 2007). Jasmonic acid, on the other hand, is a
negative regulator of leaf senescence. The jasmonate-inducible protein
ESR/ESP interacts in an antagonistic fashion with the senescence-specific,
H50O,-inducible transcription factor WRKY53 (Miao and Zentgraf, 2007).
GA is stimulating H>O, burst through inhibition of antioxidant enzymes to
trigger H,O,-dependent cell death in aleurone layer of monocots (Fath et al.,
2001). Small polypeptide hormones, including systemin and the recently
identified AtPepl, can stimulate H,O, synthesis and activate defense gene
expression in Arabidopsis (Huffaker and Ryan, 2007; Huffaker et al., 2006;
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Orozco-Cardenas et al., 2001). AtPep1 itself is regulated by H,O, and can
induce its own precursor gene propep 1, suggesting a possible amplification of
the H,O, signal (Huffaker et al., 2006). PROPEP1 and PROPEP2 are
elevated during H>O, and AAL-toxin-induced cell death (Gechev et al.,
2004; Huftaker et al., 2006).

4. CONCLUDING REMARKS

We have reviewed the latest body of literature related to ROS-
mediated PCD in plants. Given the intensive interest in this area of research,
as it relates to both general aspects of plant development and responses to
abiotic and biotic stress, we were unable to include all of the vast informa-
tion currently available and apologize for omission of relevant citations.
Further characterization of the genes identified and their physiological
functions in different aspects of plant development and response to envi-
ronmental fluctuations will help to delineate the intricate network and
elucidate the detailed mechanisms of specific checks and balances deter-
mined by levels and localization of various forms of ROS in all aspects of
plant growth and development.
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Abstract

Epithelial cells line the lumens of organs and thus constitute the interface
between the body’s interior and exterior surfaces. This position endows these
cells with the important task of regulating what enters and what is exported
from the body. In order to accomplish this function, epithelia must have struc-
turally and functionally distinct membrane surfaces: the apical surface exposed
to the lumen, and the basolateral surface in contact with the laterally adjacent
epithelial cells, and the connective tissue and capillary network below the
epithelia. The specific lipid and protein contents of the apical and basolateral
membrane surfaces are determined by a number of sorting and retention
mechanisms. Many of these sorting and retention mechanisms are shared
with other polarized cell types including neurons and certain cells of the
immune system. This chapter focuses on recent advances in understanding
how these various mechanisms facilitate the generation, maintenance, and
dynamic regulation of protein and lipid trafficking within epithelial cells.
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1. INTRODUCTION

The intracellular transport of proteins is vital to the function of cells,
and defective protein transport and distribution have been linked to a
number of human diseases (Choudhury et al., 1997, Di Pietro and
Dell’Angelica, 2005; Hoeller et al., 2005; Howell et al., 2006; Kim and
Arvan, 1998; Thomas ef al., 1992). While the importance of appropriate
intracellular trafficking is appreciated, the mechanisms that regulate traffick-
ing have not been fully characterized. The trafficking information that
directs the transport of membrane proteins can be found on their intracel-
lular, extracellular, and transmembrane domains. These trafficking signals
interact with other proteins or lipids that carry out the sorting process.
A large number of proteins that may participate in protein sorting have been
identified; however, the interplay between these proteins is complex and
not fully understood.

Membrane proteins can traffic to a number of different sites within the
cell. Proteins may sort to intracellular compartments, such as endosomes,
lysosomes, or secretory vesicles, and can also be delivered to the cell
surface. In epithelial cells, the plasma membrane is divided into two
distinct domains, the apical and basolateral surfaces, and the cell must be
able to target proteins to the correct surface. The apical domain typically
faces the lumen of a tubular or ductal tissue, and thus is in communication
with the “outside” of the body, whereas the basolateral domain contacts
the extracellular fluid compartment (Fig. 4.1). These domains are separated
by tight junctions, and proteins present in one domain cannot freely
diffuse to the other domain (Yeaman ef al., 1999). Appropriate physiolog-
ical responses to stimuli often demand that proteins be either internalized
from or inserted into the plasma membrane. Furthermore, these regulated
trafficking events frequently require proteins to be inserted into or
removed exclusively from either the basolateral or the apical domain;
thus, epithelial cells have developed a number of mechanisms that regulate
polarized sorting. Other cell types, including neurons and immune cells,
also exhibit polarized protein sorting, but the mechanisms involved in
these fascinating processes are beyond the scope of this chapter (see
excellent reviews by Groc and Choquet, 2006; Kim and Sheng, 2004;
Lai and Jan, 2006; Taner et al., 2004).
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Apical

Basolateral

Figure 4.1 This figure illustrates the major trafficking routes within polarized epithe-
lia. Newly synthesized membrane proteins progress through the endoplasmic reticulum
and Golgi complex. In the TGN, the proteins are packaged into vesicles, and these vesi-
cles may be delivered directly to the apical or basolateral plasma membrane. These mem-
brane proteins may then follow a number of intracellular sorting pathways. Pathways
1and 18 depict proteins that are delivered directly to the apical or basolateral membrane,
respectively (Mostov et al., 2003). These proteins may by retained at the membrane
through interactions with other proteins, pathways 2 and 19 (Harris and Lim, 2001;
Murshid and Presley, 2004; Zimmermann, 2006), or be endocytosed via either a clathrin-
independent mechanism, pathways 4 and 20 (Alfalah ef al., 2005; Cheng et al., 2006;
Johannes and Lamaze, 2002; Laude and Prior, 2004; Stan, 2005), or a clathrin-dependent
mechanism, pathways 5 and 21 (Cheng and Walz, 2007; Sorkin, 2004) to recycling endo-
somes. It is possible that some proteins are endocytosed and returned to their original
membrane domain without fusing with recycling endosomes, pathways 3 and 25
(Rea et al., 2004; Sheff et al., 1999). Proteins that pass through apical or basolateral recy-
cling endosomes can be returned to their orginal membrane domain, paths 6 or 22 (Hao
and Maxfield, 2000), LEs, paths 15 and 16 (Luzio et al., 2001; Rodriguez-Boulan et al.,
2004), or the CRE, pathways 7 and 23 (Hao and Maxfield, 2000). Proteins can also be
delivered directly to the CRE directly from the TGN to the CRE, pathway 13 (Ang
et al., 2004) or to LEs, pathway 14 (Ang et al., 2004; Bomsel et al., 1999; Bonifacino and
Traub, 2003). Proteins in the CR E cansort either to the apical or basolateral surface, path-
ways 8 and 10 (Ang et al., 2004; Sheffet al., 2002; Thompson et al., 2007). Proteins in the LE
can also move into Lys, path 17 (Luzio et al., 2001; Russell et al., 2006; van der Goot and
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2. ExocyTtosis, ENDOCYTOSIS, AND SORTING
PATHWAYS

Membrane proteins may be targeted to their ultimate destination
immediately after synthesis and passage through the trans-Golgi network
(TGN), or they may reach their final destination via a more circuitous route
that can involve transcytosis between surface plasma membrane domains
and passage through endosomal compartments (Fig. 4.2). Proteins that
begin the sorting process in the TGN are loaded into a vesicle, and delivered
to the plasma membrane or an intracellular compartment (Mostov et al.,
2003). Recently, the importance of recycling endosomes as an intermediate
step between the TGN and the basolateral surface has been established (Ang
et al., 2004). The localization of the adaptor protein-1B (AP-1B) clathrin
adaptor complex to recycling endosomes, along with the transient localiza-
tion of the vesicular stomatitis glycoproteins (VSV-G), which is dependent
on the AP-1B complex for proper targeting, to the recycling endosomes,
shows that at least some cargo molecules do not pass directly from the
TGN to the basolateral membrane. This work suggests the significance of
recycling endosomes in protein sorting during secretion and endocytosis.

When vesicles reach the plasma membrane, they must dock and fuse with
the lipid bilayer. The plasmalemma, or target membrane, contains transmem-
brane proteins called target soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors (t-SNARES), such as SNAP25 and syntaxin (Hong,
2005; Snyder et al., 2006; Ungermann and Langosch, 2005; Waters and
Hughson, 2000). A vesicle that is approaching the target membrane contains
transmembrane proteins that are referred to as v-SNARE:s, such as VAMP.
The vesicle and target membrane SNAREs associate with one another to
create a four helix bundle, and the formation of this complex is regulated by
several proteins, including munc18/nSec1 (Fisher ef al., 2001). This tethering
event is likely facilitated by members of the Rab family of small GTPase
proteins (Sutton et al., 1998; Waters and Hughson, 2000). After the vesicles
are docked, the membranes must fuse, and this fusion event is mediated by
various proteins and lipids (Murthy and De Camilli, 2003). The ATPase
N-ethylmaleimide-sensitive factor (NSF) then assists in the disassembly and
recycling of the SNARE complex proteins (Sollner e al., 1993). Vesicle

Gruenberg, 2006. Movement directly between the apical and bsaolateral domains is car-
ried out by transcytosis, pathway 24 (Hoessli et al., 2004; Fuchs and Ellinger, 2004;
Kobayashi et al., 2002; Rojas and Apodaca, 2002). Dotted lines indicate possible routes for
intracellular trafficking that have not yet been conclusively established, pathways 9, 11
and 12 (Hoekstra et al., 2004). The apical membrane is represented by a thicker line than
the basolateral membrane. TGN, trans-Golgi network; TJ, tight junction; ASE, apical
sorting endosome; BSE, basolateral sorting endosome; LE, late endosome; Lys,
lysosome; CRE, common recycling endosome.
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Figure 4.2 This figure shows the major trafficking pathways illustrated in Fig. 4.1, and
indicates a number of important proteins, lipid components, and glycosyl chains that
have a role in carrying out and regulating these pathways. Refer to the text for greater
detail and references. Of necessity, this figure does not include many other factors that
have important roles in trafficking, but whose complete description was beyond the
scope of this chapter.

docking and fusion machinery is similar in both constitutive and regulated
exocytosis (Fujita ef al., 2007; Rickman et al., 2007).

Proteins that arrive at the plasma membrane may be retained at the
membrane via interactions with the cytoskeleton and other proteins asso-
ciated with the cytoskeleton (Harris and Lim, 2001; Murshid and Presley,
2004; Zimmermann, 2006). Many plasma membrane proteins that are not
anchored into place by the cytoskeleton undergo relatively rapid endocytosis
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and postendocytic sorting (Bomberger ef al., 2005; Bomsel et al., 1989;
Cottrell et al., 2007).

Endocytosis can occur through either a clathrin-mediated or a clathrin-
independent process. Clathrin-independent uptake may occur via caveolae
or other membrane microdomains. Caveolae are small flask-shaped plasma
membrane invaginations that contain the protein caveolin-1. They are
relatively static structures, but a number of factors can stimulate caveolae
uptake, creating caveosomes (Mukherjee et al., 2006; Parton et al., 1994;
Pelkmans and Helenius, 2002; Thomsen et al., 2002). The uptake of
caveosomes is likely to be similar to clathrin-mediated endocytosis because
caveolae are enriched in proteins that function in membrane docking and
tusion events (Oh ef al., 1998; Schnitzer ef al., 1995). Caveolae may be a
subgroup in a broader class of membrane microdomains that are involved in
facilitating endocytic events (Alfalah ef al., 2005; Cheng et al., 2006;
Johannes and Lamaze, 2002; Laude and Prior, 2004; Stan, 2005). Micro-
domains form when a distinct set of lipids and proteins partition within
the plane of the membrane, creating discrete regions within the plasma-
lemma. Membrane proteins associated with different microdomains may
demonstrate various levels of endocytic activity, and some membrane
microdomains may in fact facilitate clathrin-mediated endocytosis
(Sandvig et al., 1989; Torgersen ef al., 2001).

Clathrin-mediated endocytosis is a well-characterized process (Cheng and
Walz, 2007; Sorkin, 2004). There are several stages in clathrin-dependent
endocytosis including cargo selection, formation of the clathrin-coated pit,
clathrin-coated vesicle scission, and vesicle uncoating. Cargo selection is
primarily performed by APs that link clathrin and cargo proteins, such as
clathrin AP-2. Clathrin gathered by APs then self-assembles into cage-like
structures, deforming the overlying membrane and creating clathrin-coated
pits (Kirchhausen, 2000). AP-2 also interacts with inositol polyphosphates,
such as phosphatidylinositol 4,5 bisphosphate, which may serve to concen-
trate on the various participants in clathrin-mediated endocytosis at the
plasma membrane (Haucke, 2005; Jost et al., 1998; Lafer, 2002). Several
clathrin-binding proteins, including Eps15, seem to provide a link between
clathrin-coated vesicles and the actin cytoskeleton (Duncan et al., 2001;
Kalthoft et al., 2002; Toshima ef al., 2005, 2007). Finally, clathrin-coated
pits pinch oft from the plasma membrane, in a process that is initiated by the
GTPase dynamin (Takei ef al., 1995).

Current data suggest that most endocytosed material is initially found in
early endosomes regardless of whether the vesicles are internalized via cla-
thrin-dependent or clathrin-independent endocytosis ( Johannes and Lamaze,
2002; Naslavsky ef al., 2004). Early endosomes contain various proteins that
participate in vesicle formation and fusion (Folsch, 2005; Saraste and Goud,
2007). These proteins include the GTPase Rab5, the Rab5 effector protein
endosome antigen 1 (EEA1), several other Rabs including Rab4, Rab22 and
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Rab21, and SNARES such as syntaxin 13 (McBride ef al., 1999; Simpson
et al., 2004; Wilson et al., 2000). After endocytosis, primary endosomes may
return immediately to the surface without passing through intermediate
compartments (Rea et al., 2004). Alternatively, a primary endosome may
fuse with other newly formed endosomes and existing endosomes to form a
sorting endosome. Rabs, EEA1 and SNARES, as well as patches of phospha-
tidyl inositol 3-phosphate are required for these fusion events (Murray and
Backer, 2005; Tuma et al., 2001).

The sorting endsome is a peripherally located compartment with an
internal pH of ~6, and is relatively short-lived (Maxfield and McGraw,
2004). As the sorting endosome matures, its lumen is acidified by the V-type
ATPase, and the decreasing pH dissociates any bound ligand that has been
internalized with its receptor. Tubules that pinch oft of the acidifying
sorting endosome may either return to the plasma membrane directly and
rapidly with a ¢, of about 2 min, or may traffic to a longer-lived common
recycling endosome (CRE) (Hao and Maxfield, 2000).

The CRE consists of tubular organelles that are closely associated with
microtubules. Accordingly, the CRE is often located close to the micro-
tubule organizing center, but it may also be dispersed throughout the
cytoplasm (Hoekstra et al., 2004). This compartment sorts proteins to the
appropriate cell surface or intracellular compartments, and transit through
the CRE is somewhat slower than transit through sorting endosomes. The
transferrin receptor, for instance, traffics through the CRE and is returned
to the apical membrane with a #,, of about 10 min (Futter et al., 1998;
Sheff et al., 2002; Thompson et al., 2007). The CRE appears to be
important for sorting to both the apical and basolateral membranes, and
experiments have demonstrated that passage through an intermediate
recycling endosome is crucial for the delivery of vesicles containing
vesicular stomatitis virus G protein to both the basolateral and apical
membranes (Ang et al., 2004).

While endocytosed proteins may return to the surface from which they
originated, they can also be delivered to the opposite cell surface in a process
called transcytosis (Fuchs and Ellinger, 2004; Rojas and Apodaca, 2002).
Transcytosis can occur from the apical to basolateral membrane as with
cubulin and megalin, basolateral to apical membrane as with secretory
immunoglobulin A and polymeric immunoglobulin receptor, or back and
forth between these membranes as with the neonatal Fc receptor (Kobayashi
et al., 2002). Transcytosis of vesicles can occur directly from one membrane
domain to another without passage through intervening compartments.
This rapid transcytosis occurs in endothelial cells, and is thought to be
mediated by caveolae (Hoessli ef al., 2004; Schubert ef al., 2001). Transcytosed
proteins may also move through intermediate compartments, including sort-
ing endosomes and the CRE, during passage through polarized cells (Leyt
et al., 2007; Tuma and Hubbard, 2003).
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Some proteins that are internalized from the cell surface, such as low-
density lipoprotein (LDL), are routed from the sorting endosome into the
late endosomal compartment (Rodriguez-Boulan et al., 2004). Proteins that
are sorted to late endosomes may move directly from the TGN to this
intracellular compartment, or they may traffic to the late endosome only
after initial delivery to the plasma membrane or sorting endosomes (Ang
et al., 2004; Bonifacino and Traub, 2003). Late endosomes have a signifi-
cantly lower lumenal pH than early endosomes, and a difterent protein
composition. Morphologically, late endosomes are less tubular and more
spherical than early endosomes, and contain an elaborate system of internal
membranes. There are two current models describing the formation of late
endosomes, although neither has been experimentally proven (Gruenberg
and Stenmark, 2004; van der Goot and Gruenberg, 2006). The maturation
model proposes that early endosomes acidify and lose a subset of their
resident proteins through the gradual loss of recycling tubules. The stable
compartment model proposes that the proteins destined for the cell surface
or the CRE segregate entirely from proteins destined for the late endosome,
and that these two compartments then undergo fission to form two distinct
new vesicles. Regardless of the model, once the appropriate subset of
proteins and lipids is routed from early endosomes back to the plasma
membrane, the proteins and lipid that will ultimately traffic to the late
endosomes are contained in a compartment referred to as a multivesicular
endosome or multivesicular body (MVB). This compartment is transported
along microtubules until its fusion with late endosomes (Bomsel et al.,
1990). The late endosome is not a sorting ‘““dead end.” It participates in
protein and lipid trafficking, and late endosomal proteins may be directed
from this compartment not only to lysosomes but also to the Golgi or cell
surface (Russell ef al., 2006; van der Goot and Gruenberg, 2006). Proteins
that move from late endosomes to lysosomes do so through the fusion of late
endosomes with existing lysosomes (Luzio ef al., 2001).

It is important to note that primarily “forward” motion of vesicles has
been discussed here, but that retrograde transport, for instance, trafficking
from endosomes to the TGN, occurs and is crucial for cell function
(for reviews of retrograde trafficking, see Bard and Malhotra, 2006;
Spooner ef al., 2006; Ungar et al., 2006; Watson and Spooner, 2006).

3. APICAL SORTING

3.1. Apical sorting signals

How are proteins routed to the apical membrane? As demonstrated in
Fig. 4.1, proteins destined for the apical membrane may be directly targeted
to this location, or they may be sorted via a more indirect transcytotic route
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(Nichols ef al., 2001; Polishchuk ef al., 2004; Sabharanjak et al., 2002). Apical
sorting determinants are frequently located in a protein’s transmembrane or
extracellular domain (see Table 4.1).

Transmembrane sorting signals frequently facilitate apical sorting
by determining their parent proteins’ inclusion in a specific membrane
microdomain. For experimental purposes, membrane microdomains can be
operationally differentiated from one another by their insolubility in various
detergents. Lipid rafts are one of the best characterized microdomains, and are
defined by their insolubility in cold Triton X-100 (Brown, 2006; Chang
et al., 2006; Delacour et al., 2006; Salaun et al., 2004). Rafts are thought to
form initially in the Golgi complex. Most lipid raft-containing vesicles bud
from the TGN and traffic to the apical membrane (Brown et al., 1989; Lafont
et al., 1999; Lisanti ef al., 1989; Paladino et al., 2004). Thus, a protein’s
inclusion in a lipid raft frequently facilitates its delivery to the apical surface
(Simons and Ikonen, 2000). The lipid raft protein VIP17/MAL1 may either
escort its associated proteins to the apical membrane, or it may retain asso-
ciated proteins within the apical membrane, although its precise mechanism
of action is not clear (Brown, 2006; Kamsteeg et al., 2007; Puertollano ef al.,
1999; Ramnarayanan et al., 2007; Tall ef al., 2003). Glycosylphosphatidyli-
nositol (GPI) is also incorporated into lipid rafts; therefore, proteins that are
covalently linked to GPI tend to accumulate at the apical plasma membrane as
well (Brown and London, 1998; Simons and Ikonen, 2000). A small subset of
GPI-anchored proteins is localized to the basolateral membrane, and the
basolateral plasmalemma also contains some lipid raft microdomains. It is,
however, possible that apical lipid rafts and basolateral lipid rafts actually
represent two different membrane microdomains (Brown, 2006; Brugger
et al., 2004; Cheng et al., 2006; Paladino ef al., 2004). Additionally, there is
recent evidence indicating the importance of phosphatidylinositol-3,4,5-tri-
phosphate in the generation of basolateral plasma membranes in Madin-Darby
canine kidney (MDCK) cells (Gassama-Diagne et al., 2006). Normally, phos-
phatidylinositol-3,4,5-triphosphate is restricted to the basolateral domain of
epithelia; however, when artificially inserted into the apical membrane phos-
phatidylinositol-3,4,5-triphosphate triggered the formation of basolateral-like
domains protruding above the existing apical surface. These basolateral-like
domains rapidly begin to collect proteins known to reside in basolateral
membrane domains, suggesting a role for phosphatidylinositol-3,4,5-triphos-
phate in promoting the correct targeting to and/or retention of proteins at the
basolateral surface (Gassama-Diagne et al., 2006).

The mechanism by which lipid rafts promote apical sorting is not yet
tully elucidated. Lipid rafts may “float” their resident proteins directly to the
apical membrane, but incorporation in a raft is not sufficient to ensure that a
GPI-anchored protein is stabilized in the apical membrane (Langhorst et al.,
2005; Paladino ef al., 2004; Rodriguez-Boulan et al., 2004; Schuck and
Simons, 2006). Recent work has demonstrated that oligomerization of
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Table 4.1 Sorting motifs

Apical (signals are
extracellular,
transmembrane,
or cytoplasmic)

Basolateral (signals
are cytoplasmic)

Signal
Lipid rafts

Glycosylation

Cytoplasmic
sequences

Complex

NPXY

Dihydrophobic
_LL-

_II-

_LI-

_IL-

YXXO

Examples

Hemagglutinin (rafts), placental
alkaline phosphatase (GPI-
linked)

Nerve growth factor receptor p75

Megalin, rhodopsin, GAT3

Poly-Ig receptor, neural cell
adhesion molecule epidermal
growth factor receptor, GAT2

LDL receptor

Fc receptor myosin heavy chain
class I invariant chain

LDL receptor, H,K-ATPase
f-subunit

Comments

The lipid raft protein VIP17/MAL may
participate; GPI-anchored proteins are
often included in lipid rafts

N-linked or O-linked

Sequences are of variable length and
composition

Tend to be cytoplasmic

Typically more active in enhancing
endocytosis than BL sorting

May be subdivided into [DE]XXX|LI] and
DXXLL families; see “endosomal/
lysosomal” below

AP-1 & AP-4 have been associated with
basolateral sorting
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Endosomal/
lysosomal
(signals are
cytoplasmic)

NPXY

Dihydrophobic
[DE|XXX]|LI]

DXXLL
YXXO
Acidic clusters

Ubiquitin

LDL receptor, megalin, integrin f3-
1, APP

Tyrosinase, TRP-1, CD4, GLUT-
4, invariant chain**

CI-MPR, CD-MPR
Lamp-1, Lamp-2, Lamp-3 (CD63),
transferrin receptor

Furin, PC7, CPD

EGF, ENaC

May be colinear with basolateral sorting
motif

Sorting to specialized intracellular vesicles:
late endosomes, lysosomes, melanosomes,
regulated storage vesicles

Cycling between TGN and endosomes

Sorting to specialized intracellular vesicles:
late endosomes, lysosomes, melanosomes,
regulated storage vesicles

Often contain sites for phosphoylation by
CKII

Ubiquitination is posttranslational; involved
in regulated protein turnover

EGF, epithelial growth factor; GPI, glycosylphosphatidylinositol; LDL, low-density lipoprotein; TGN, trans-Golgi network.

Apical, basolateral, and endosomal/lysosomal sorting motifs are summarized. Proteins that stabilize other proteins at either the apical or basolateral membrane are not

included in this table.
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some lipid raft proteins during transit through the Golgi seems to promote
apical delivery of these membrane microdomains, and that GPI-anchored
lipid raft proteins which are localized to the basolateral membrane tend not
to oligomerize. These data suggest that both lipid raft inclusion and protein—
protein interactions are required for apical membrane delivery. An alterna-
tive model has also been proposed in which GPI-anchored proteins initially
delivered to the cells’ lateral membranes are internalized by a clathrin-
independent pathway, and redistributed to the apical membrane (Nyasae
et al., 2003; Polishchuk et al., 2004).

Glycosylation is an extracellular protein modification that tends to favor
apical sorting of soluble and membrane proteins. Both N- and
O-glycosylation have been shown to promote the apical delivery of proteins
(Naim et al., 1999; Potter et al., 2004; Scheiftele and Fullekrug, 2000;
Scheiftele et al., 1995; Wagner et al., 1995; Yeaman ef al., 1997). Apical
sorting information encoded through N-glycosylation is robust and can
override basolateral sorting information that is present in a protein’s cyto-
plasmic tail (Potter et al., 2004). The mechanism for apical delivery of
glycosylated proteins has not yet been determined. It has been proposed
that glycosylated proteins resident in lipid rafts may be cross-linked by
lectins, which functionally oligomerize these proteins and enhance their
apical delivery much in the way that protein—protein interactions enhance
apical localization (Fullekrug and Simons, 2004). It is not, however, neces-
sary that apically localized N-glycosylated proteins be incorporated within a
lipid raft, because N-glycans can direct a protein to the apical membrane
even if this protein is not resident in a raft. Recent work also suggests that
terminal glycosylation, rather than core glycosylation, of N-glycans seems
to be important for apical sorting (Potter et al., 2004; Vagin et al., 2004).
Despite the tendency for glycosylation to drive apical sorting, it is clear that
by no means do all glycosylated proteins ultimately localize to the apical
membrane. In fact, the protein population of the basolateral plasma mem-
brane is replete with glycoproteins, demonstrating that the mere presence of
glycosyl residues is not in itself sufficient to specify apical targeting.

Several cytoplasmic apical sorting signals have also been identified
(Dunbar ef al., 2000; Muth ef al., 1998). They range from short sequences
of a few amino acids to amino acid stretches of up to 30 residues, and
the molecular machinery that interacts with these specific signals is only
beginning to be determined (Inukai ef al., 2004; Takeda ef al., 2003).

3.2. Apical sorting machinery

There are several proteins that seem to be associated with the apical delivery
of wvesicles, including the annexins, myosins, various PDZ domain-
containing apical scaffolding proteins, the cytoskeleton, and SNARES
(Altschuler ef al., 2003; Jacob et al., 2003). Annexin II is an actin- and
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phospholipid-binding protein that has been associated with exocytosis,
endocytosis, and other membrane fission events. It is present in a subset of
lipid raft-containing vesicles that traffic to the apical membrane along actin
filaments, and disruption of annexin II decreases the apical delivery of
proteins that reside in annexin II-positive vesicles (Danielsen and Hansen,
2006; Delacour and Jacob, 2006; Jacob et al., 2004). The translocation of
annexin II to the apical membrane seems to be dependent on it complexing
with S100A10, which enhances its phospholipid binding, and phosphory-
lation of tyrosine 23 (Deora et al., 2004; Isacke et al., 1986; Thiel et al.,
1992). The precise mechanism of action of annexin II remains unknown,
although it has been postulated that this protein acts as an adaptor between
apically directed vesicles and actin filaments. Another annexin, annexin
XIIIb, has also been implicated in the apical delivery of both hemagglutinin
and the ubiquitin protein ligase Nedd4 (Lafont et al., 1998; Noda et al.,
2001; Plant et al., 2000).

Current data suggest that three myosins, myosin Ia, II, and myosin Vb,
may also be involved in apical trafficking (Au ef al., 2007; Chan ef al., 2005;
Fath, 2006; Frank ef al., 2004). Myosin Ia is localized to the apical microvillar
comparment in adult Drosophila melanogaster gut and is present in the same
apically directed vesicles that contain annexin II (Jacob et al., 2003; Morgan
etal., 1995). Myosin Vb is localized to the apical recycling system in polarized
cells, and it facilitates the exit of proteins from apical recycling endosomes,
although these proteins may then be transported to either the apical or
basolateral plasmalemma (Lapierre ef al., 2001). This myosin is not, however,
involved in direct transport to the apical membrane from the TGN.

PDZ proteins that are resident in the apical membrane may participate in
the apical localization of their interaction partners (Lamprecht and Seidler,
2006; Zimmermann, 2006). PDZ refers to the proteins Postsynaptic Den-
sity protein 95, Drosophila Disks Large and Zona Occludens-1, all of which
contain a specific sequence, called a PDZ domain, which interacts with a
five amino acid consensus sequence in the carboxy terminus of associated
proteins. Many PDZ proteins also contain other domains that facilitate
various protein—protein interactions, such an SH3 or PH domain. Thus,
many PDZ proteins are able to participate in the formation of a web of
associated proteins. The PDZ proteins NHERF-1, NHERF-2, and
PDZXK1 are all resident in the plasma membrane, and have been shown to
promote the apical retention of some of their interaction partners. In the
apical brush-border membrane of renal proximal tubule cells, the apical
localization of type I Na*-dependent phosphate cotransporter (NaPi-Ila) is
maintained in part through its interaction with NHERF-1 and PDZK1, and
the apical localization of a Nat/H™* proton exchanger (NHE3) is main-
tained in part through its interaction with NHERF-2 (Capuano ef al., 2005,
2007; Donowitz and Li, 2007; Lee-Kwon et al., 2003; Shenolikar et al.,
2002; Tandon et al., 2007; Yun et al., 2002). It is not currently known
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whether PDZ domain proteins assist in the actual sorting of their associated
proteins, stabilize their interaction partners in the apical plasma membrane,
or perform both functions. As will be discussed below, PDZ proteins are
also present at the basolateral membrane; hence, merely containing a PDZ
consensus sequence will not necessarily result in a protein’s delivery to the
apical membrane.

Many of the proteins that participate in apical sorting interact with the
cytoskeleton, including annexins and myosins. Recent experiments have
demonstrated that at least one subset of apically directed vesicles rides actin
filaments to the apical membrane, and the motor protein responsible for
vesicle trafficking along the actin tracts is myosin 1a (Jacob ef al., 2003;
Mazzochi ef al., 2006). There is, however, another subset of apically directed
vesicles that is delivered to the apical membrane via an actin-independent
pathway, thus actin cannot be wholly responsible for the delivery of all apical
membrane proteins (Delacour et al., 2006; Fath et al., 2005; Jacob et al., 2003).

Actin dynamics have been well characterized in at least one case of
regulated exocytosis. Parietal cells in the stomach undergo a massive exocy-
tosis of intracellular vesicles that fuse with the apical membrane when these
cells are stimulated by gastric secretagogues. Studies of parietal cells have
demonstrated that most actin in both resting and activated cells is in the
filamentous state, and activation does not stimulate a rapid exchange
between monomeric and filamentous actin (Yao and Forte, 2003). Thus,
it appears that upon activation, existing microfilaments are simply rear-
ranged to facilitate trafficking of exocytic vesicles to the apical membrane.

Actin is also involved in endocytosis from the apical membrane. Actin
dynamics at the apical plasma membrane may be mediated by the small
GTPase ADP-ribosylation factor 6 (ARF6), which stimulates clathrin-
mediated endocytosis at the apical plasmalemma (Mostov et al., 2000).
Current data suggest that ARF6 enhances endocytosis through direct action
in the clathrin-coated pits and by modifying actin dynamics in the subapical
actin pool (Altschuler ef al., 1999).

Microtubules are also believed to participate in many, if not most,
intracellular trafficking events, including apical sorting (Delacour ef al.,
2006; Musch, 2004). In epithelial cells, microtubules tend to orient along
an apical-basolateral axis, with their plus-ends directed toward the basolat-
eral plasmalemma, suggesting that these cytoskeletal elements participate in
the development and maintenance of polarity (Bacallao ef al., 1989; Bre
et al., 1990). Disruption of microtubules impairs both apical and basolateral
transport (Breitfeld er al., 1990; Hunziker ef al., 1990; Lafont et al., 1994;
Leung et al., 2000; Pous ef al., 1998). Microtubules may belong to either a
class of dynamically unstable microtubules or a class of stable microtubules.
The population of unstable microtubules seems to mediate protein transport
to the plasma membrane, as well as transcytosis of membrane proteins to the
apical plasmalemma. The population of stable microtubules, however,
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seems to mediate transport of membrane proteins to the basolateral plasma-
lemma, suggesting that different classes of microtubules are responsible for
different sorting pathways (Lafont ef al., 1994; Pous et al., 1998).
Syntaxins, or t-SNARES, may also play a role in the localization
of membrane proteins. The t-SNARE syntaxin 3 is localized to the apical
membrane MDCK cells, whereas syntaxin 4 is localized to the basolateral
membrane in the same cell line (Low ef al., 1996). Interestingly, it was
recently found that syntaxin 3 is concentrated in lipid rafts, which could
conceivably facilitate the apical localization of this syntaxin, although these
experiments were preformed in RBL mast cells which are not polarized
(Pombo et al., 2003). Thus, vesicles that contain v-SNARES that interact
specifically with syntaxin 3 are more likely to fuse with the apical membrane;
however, the candidate v-SNARES have not yet been identified.

4. BASOLATERAL SORTING

4.1. Basolateral sorting signals

Basolateral sorting signals are relatively well defined when compared to the
motley assortment of apical sorting signals discussed previously (Table 4.1).
Basolateral sorting signals are typically short sequences that are found in the
cytoplasmic tails of proteins. They include NPXY motifs, dihydrophobic-
based sorting signals, and tyrosine-based YXX@ motifs. Dihydrophobic
motifs contain -LL-, -II-, or another combination of two hydrophobic
amino acids. Tyrosine-based motifs are defined by a four amino acid sequence
Y XX, where X can be any amino acid and () is an amino acid with a bulky
hydrophobic side chain (Bonifacino and Dell’ Angelica, 1999; Yeaman ef al.,
1999). There are also a number of longer and more complicated basolateral
sorting signals, including sequences found within the poly-Ig receptor, neural
cell adhesion molecule epidermal growth factor receptor, and transferrin
receptor polypeptides (Yeaman ef al., 1999). Additionally, some of the
mechanisms that promote the apical localization of proteins can also partici-
pate in the basolateral localization of proteins, including localization of
proteins into specific membrane domains and interaction with PDZ proteins.

The NPXY sorting signal is both a basolateral sorting signal and an
endocytosis motif. In most proteins, the NPXY motif functions only to
enhance endocytosis. In some proteins, however, this motif can facilitate
the basolateral accumulation of proteins, although a few proteins that
contain an NPXY motif do accumulate at the apical membrane (Takeda
et al., 2003; Yeaman et al., 1999). The recognition proteins for the NPXY
motif remain somewhat elusive, although the proteins AP-2 and disabled-2
(Dab2) are postulated to decode the sorting information contained within the
NPXY motif (Boll et al., 2002; Bonifacino and Traub, 2003).
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Dileucine-like motifs also function as both basolateral sorting determi-
nants and as mediators of internalization. These motifs are separated into
two classes, the DXXLL and the [DE]XXX]LI] motifs. Although proteins
in both classes are frequently localized to the basolateral membrane, the
sorting information found in these two classes of dihydrophobic motifs is
ultimately decoded by different sets of molecular machinery (Bonifacino
and Traub, 2003; Campo et al., 2005; Derby and Gleeson, 2007). The
DXXLL basolateral sorting motifs interact with Golgi-localized, gamma-
ear-containing, ARF-binding proteins or GGAs (Bonifacino and Traub,
2003). GGAs are a recently described class of proteins that act as ARF-
dependent clathrin adaptors (Boman ef al., 2000). They are found in both
the TGN and endosomes, and mediate the transport of cargo between these
two compartments (Bonifacino and Traub, 2003; Dell’Angelica et al.,
2000). GGAs are recruited to membranes through their association with
ARFs . ARFs are members of the Ras superfamily, and participate in vesicle
formation through the recruitment of lipid-modifying enzymes and clathrin
APs to the membrane (Bonifacino, 2004). Thus, GGAs and clathrin AP-1
may be recruited to the same membrane region by ARFs, and recent data
have demonstrated that the GGAs and AP-1 work together to sort cargo
proteins to the basolateral membrane (Doray ef al., 2002).

[DE]XXX]LI] dihydrophobic motifs affect intracellular targeting through
their interactions with clathrin adaptor complexes (Hofmann et al., 1999;
Honing et al., 1998). Tyrosine-based motifs also interact with the clathrin
adaptor complexes. Depending on the composition and context of a given
dihyrophobic or tyrosine-based motif, the motif may interact with various
APs, allowing a single class of sorting motifs to exert diverse effects upon the
intracellular trafficking of proteins. Thus, the [DE]XXX][LI] and YXX©)
motifs can serve as basolateral sorting signals, internalization signals, and
lysosomal sorting signals (Hirst and Robinson, 1998). These cytoplasmic
sequences may function only as basolateral sorting signals, as with the vesicular
stomatitis virus G protein YXX motif (Thomas et al., 1993). The [DE]
XXX]LI] and YXX motifs can also function solely as internalization signals,
like the membrane-proximal motif in the LDL receptor YXX) motif
(Matter et al., 1992). However, both classes of motifs frequently function as
colinear internalization and basolateral sorting signals, as with the tyrosine-
based motf in the H,K-ATPase f-subunit (Courtois-Coutry et al., 1997,
Roush et al., 1998).

4.2. Basolateral sorting machinery

The clathrin APs that decode the information present in NPXY, [DE|XXX
[LI], and YXX) motifs are heterotetrameric complexes that link clathrin to
membrane proteins (Maldonado-Baez and Wendland, 2006; McNiven and
Thompson, 2006; Wolfe and Trejo, 2007). The ability of the [DE]XXX]LI]



Protein Trafficking in Polarized Cells 161

and YXX sorting motifs to interact with different members of the clathrin
AP family allows these short amino acid sequences to affect many aspects of
their resident proteins’ intracellular trafficking.

The AP-1 complex has been implicated in retrograde and anterograde
trafficking to and from the Golgi, as well as in postendocytic recyling (Gan
et al., 2002; Hinners and Tooze, 2003). This complex is primarily localized
to clathrin-coated structures of the TGN, TGN-derived clathrin-coated
vesicles, and immature secretory granules (Boehm and Bonifacino, 2002).
The AP-1 complex is composed of the y, a1, 1, and p1 subunits (Hinners
and Tooze, 2003). The 1 subunit interacts with [DE]XXX]LI] motifs, and
the pul subunit interacts with both [DE]XXX]|LI] and tyrosine-based motifs
(Bonifacino and Dell’Angelica, 1999; Bonifacino and Traub, 2003).

There are two distinct subtypes of AP-1: AP-1A and AP1B. These
complexes contain a pl1A subunit or a ulB subunit, respectively. The
W1 A subunit is ubiquitous, whereas the ¢1B subunit is found only in specific
epithelial cells (Ohno ef al., 1999; Rodionov and Bakke, 1998). The u1B
protein is particularly interesting because it is expressed in MDCK cells but
is not expressed in LLC-PK; cells (Ohno et al., 1999). The transfection of
ulB into LLC-PK; cells redirects a subset of proteins that is typically
expressed at the apical membrane to the basolateral membrane (Folsch
et al., 1999). Thus, AP-1B appears to be involved in and required for the
sorting of at least some of its associated proteins to the basolateral plasma-
lemma. The expression of AP-1B is neither, however, required for the
basolateral sorting of all proteins that contain a tyrosine-based motif, nor
does it necessarily result in the basolateral localization of associated proteins
(Duttield et al., 2004).

The AP-2 complex is ubiquitously expressed and is found at the plasma
membrane (Lafer, 2002). This complex links cargo proteins with the
clathrin coat, mediating the endocytosis of its cargo, although p2-indepen-
dent clathrin-mediated endocytosis may also occur (Boehm and Bonifacino,
2002; Nesterov et al., 1999). The AP-2 complex is composed of a, 62, 52,
and u2 subunits. The 2 subunit contains the complex’s clathrin-binding
site and interacts with [DE]XXX|[LI] motifs (Kirchhausen, 1999; Lafer,
2002). The p2 subunit is responsible for cargo selection via its interaction
with NPXY, [DE]XXX|LI] and tyrosine-based motifs (Rodionov and
Bakke, 1998). The AP-2 complex stimulates endocytosis through its asso-
ciation with both a variety of other proteins and with inositol phospholipids
(Diril et al., 2006; Lafer, 2002; Schmidt et al., 2006).

AP-3 facilitates the delivery of cargo proteins to lysosomes or related
organelles, including melanosomes, platelet dense granules, and Weibel-
Palade bodies. It is composed of the 53, d, ¢, and u3 subunits (Starcevic
et al., 2002). The p-subunits mediate the interaction between AP-3 and
both [DE]XXX]|LI] and tyrosine-based motifs (Bonifacino and Traub,
2003). Definitive localization of AP-3 has been complicated by a number
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of factors; however, it has been localized to both the TGN and transferrin-
positive endosomes, which are likely to be early or recycling endosomes
(Danglot and Galli, 2007; Starcevic et al., 2002). AP-3 may also escort
proteins into the lysosomal compartment directly from the TGN
(Starcevic et al., 2002). Other data, however, suggest that AP-3 participates
in postendocytic sorting by trafficking its cargo to lysosomes via interactions
in early or recycling endosomes (Shim and Lee, 2005; Starcevic et al., 2002).

AP-4 is a recently identified member of the clathrin adaptor family. It is
not as well characterized as the other clathrin adaptor complexes, although it
may be involved in sorting to the basolateral membrane (Barois and Bakke,
2005; Rodriguez-Boulan et al., 2005; Simmen ef al., 2002). Tyrosine-based
motifs interact with the p-subunit of the AP-4 clathrin adaptor complexes
(Simmen et al., 2002).

4.3. Other basolateral sorting proteins

Much like apical sorting, the basolateral localization of membrane proteins
can be affected by both PDZ protein interactions and interactions with
the cytoskeleton. PDZ proteins influence the basolateral localization of the
LET-23 epithelial growth factor receptor (EGFR) of Caenorhabditis elegans,
which is localized to the basolateral membrane in vulval precursor cells via its
interaction with the PDZ complex Lin-10-Lin-2-Lin-7 (Kaech et al., 1998).

One particularly notable protein that can interact with a PDZ domain
and is associated with basolateral sorting is the small Rho GTPase Cdc42
(Wells et al., 2006). When Cdc42 function is disrupted via the expression of
a dominant negative Cdc42 construct, the basolateral protein VSV G is
missorted to the apical membrane. The expression of dominant-negative
Cdc42 appears to prevent basolateral recycling from endosomes, and also
alters both cell shape and membrane polarity (Kroschewski et al., 1999).

Cdc42 can affect membrane polarity and basolateral sorting in various
ways, including the regulation of actin and microtubule dynamics, exit of
proteins from the TGN, and targeting of exocytic vesicles. Cdc42 and other
Rho family GTPases, including Rac1 and RhoA, associate with cytoskeletal
elements to induce polarization by regulating cytoskeletal dynamics (Bader
et al., 2004; Fukata et al., 2003). In particular, activation of Cdc42 and Racl,
acting with the proteins PAK and stathmin, may facilitate the stabilization of
microtubles, which is suggestive of a function in basolateral sorting given
the potential role for stable microtubles in the postendocytic basolateral
distribution of membrane proteins (Daub ef al., 2001). Cdc42, RhoA, and
Racl are also involved in the formation of actin structures that are capable
of enhancing or inhibiting exocytosis (Bader ef al., 2004).

Cdc42 also seems to be responsible for the exit of vesicles bound for the
basolateral membrane from the TGN. A subpopulation of Cdc42 is loca-
lized to the Golgi apparatus, and its localization to the Golgi is dependent on
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AREF, a small GTP-binding protein that is also involved in vesicle formation
(Erickson et al., 1996). Previous work has demonstrated that the Golgi
colocalizes with and is surrounded by a pool of actin filaments, and actin
filaments have been found to associate with Golgi membranes (Musch ef al.,
2001). Disruption of Cdc42 function disrupts the organization of this actin
pool, hampers the basolateral trafficking of LDL receptor, and stimulates the
apical delivery of the apical marker p75 (Musch et al., 2001). These data
suggest that Cdc42 can affect not only microtubule dynamics but also
microfilament dynamics, and that Cdc42 participates not only in postendo-
cytic sorting to the basolateral membrane but also in direct delivery of
proteins to the basolateral plasmalemma.

Cdc42 also participates in the sorting of vesicles to the basolateral
membrane by assisting in the creation of tight junctions and providing
localized targets for vesicles in transit. Both of these pathways are mediated
by members of the Par protein family. In order to initiate both Par path-
ways, an unknown signal is presumed to activate guanine nucleotide
exchange factors, which in turn activates Cdc42 (Macara, 2004). The
activated Cdc42 then interacts with the PDZ and CRIB domains of Par6
in the Par6—atypical protein kinase C (Par6—aPKC) complex, and the
resulting conformational change in Par6 triggers the activation of aPKC
(Garrard et al., 2003). The Par6—aPKC complex is localized near the zonula
adherens (Hurd ef al., 2003). Par3, which may act as a scaftolding protein,
competes with the mammalian Lethal giant larvae (mLgl) protein to join the
Par6—aPKC complex, resulting in the formation of either a Par3—Par6—
aPKC complex or an mLgl-Par6-aPKC complex. The Par3—Par6—aPKC
complex promotes formation of tight junctions, which are necessary for the
cell to become and remain polarized, although it is not clear whether Cdc42
activity is required for the formation of tight junctions (Gao et al., 2002;
Suzuki et al., 2001; Yamanaka et al., 2001). The Par6—aPKC—mLgl complex
promotes basolateral sorting by phosphorylating mLgl, and releasing the
phosphorylated mLgl from the Par6—aPKC complex. The phosphorylated
mLgl migrates into the basolateral membrane, where it promotes vesicle
docking at the basolateral plasmalemma, perhaps by working in concert
with the basolateral t-SNARE syntaxin 4 (Yamanaka ef al., 2003). Members
of the cadherin family of membrane proteins participate in these processes
by forming calcium-dependent homophilic interactions at points of contact
between neighboring cells. E-cadherin is a member of the cadherin family
that is expressed in epithelial cells, and the formation of tight junctions is
dependent on E-cadherin at least in part because of its ability to activate the
small GTPases, Racl, and Cdc42. Interestingly, recent work has demon-
strated that in MDCK cells the role of E-cadherin is essential for the
formation of tight junctions, but not their maintenance (Capaldo and
Macara, 2007). This suggests that the role of E-cadherin may be as a scaffold
for the recruitment of additional junctional components, such as a-catenin,
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and that after this initial role in establishing the junctional complexes,
E-cadherin is no longer required to maintain junctional integrity.

Work from a number of labs has recently described the role of the
tumor suppressor kinase LKB1 and the AMP activated protein kinase
(AMPK) in protein trafficking. LKB1 and AMP facilitate the formation
of tight junctions. Early in the process of tight junction formation, the
LKB1-specific AP STRAD activates LKB1 and directs its movement from
the cytoplasm into the cell nucleus (Baas ef al., 2003). Interestingly, the
activation of LKB1 in epithelial cells results in the formation of an apical
brush border as well as functional sorting of proteins to apical and baso-
lateral surfaces in the absence of junctional cell-cell contacts (Baas ef al.,
2004). AMP-activated protein kinase, which has a role in regulation of the
cellular energy status by monitoring the ratio of AMP/ATP, is activated
via phosphorylation by LKB1 (Lee et al., 2007; Mirouse et al., 2007;
Zhang et al., 2006; Zheng and Cantley, 2007). The assembly of tight
junctions is regulated by AMPK in MDCK cells in a calcium-inducible
manner, and this mechanism is likely to involve mTOR (mammalian
target of rapamycin), as treatment of cells with rapamycin was shown to
limit the junctional formation defects caused by the elimination of AMPK
activity (Zhang et al., 2006). Work in Drosophila supports the role of LKB1
in epithelial polarity and points to other downstream targets that are likely
to be critical components of the pathway leading up to junctional forma-
tion and the establishment of epithelial polarity (Lee et al., 2007; Mirouse
et al., 2007). These studies suggest that the tumor-suppressing properties of
LKB1 are likely to be associated with the ability of LKB1 to promote cell-
cell junction formation and the functional differentiation associated with
correctly polarized epithelial cells.

Another protein that interacts with Cdc42, albeit indirectly, and
enhances the delivery of membrane proteins to the basolateral plasmalemma
is RalA. RalA is a small GTPase in the Ras superfamily that is present on the
plasma membrane and in intracellular vesicles (Shipitsin and Feig, 2004).
RalA’s interaction partners suggest that it is involved in endocytosis or other
membrane dynamics. These interaction partners include actin-binding
proteins, ARF, and RalBP1/RLIP. RalBP1/RLIP is a Cdc42 guanine
nucleotidase activating, or GAP, protein, and also complexes with several
proteins involved in endocytosis, such as AP-2, epsin, and eps15 (Jullien-
Flores ef al., 2000; Morinaka ef al., 1999; Ohta et al., 1999). Disruption of
RalA has been shown to disrupt basolateral sorting of the EGFR receptor as
well as other proteins that are resident in the basolateral membrane of
MDCK cells. Current data suggest that RalA directs basolateral sorting by
interacting with Sec5, a crucial protein required for assembly of the exocyst
complex (Balakireva ef al., 2006; Moskalenko et al., 2002). In mammalian
cells, the exocyst complex is involved in the delivery of vesicles from the
TGN to the basolateral membrane. Thus, RalA may direct basolateral
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sorting via several pathways. The closely related protein RalB does not
appear to direct basolateral sorting (Shipitsin and Feig, 2004).

5. ENDOSOMAL AND LYSOSOMAL SORTING SIGNALS

Endosomal and lysosomal sorting signals typically consist of short cyto-
plasmic sequences of amino acids, much like the basolateral sorting signals (see
Table 4.1). As noted previously, many classes of basolateral sorting motifs are
also endosomal or lysosomal sorting determinants, including NPXY, YXX,
and [DE|XXX[LI] motifs. Endocytosis and targeting to intracellular compart-
ments is mediated by clathrin APs. Clathrin AP-mediated endocytosis of
a given protein may also be enhanced by an AP, CD63, that links cargo to
AP-2 and AP-3, resulting in the increased localization of the cargo to a late
endosomal compartment (Duffield ef al., 2003).

The sorting of some membrane proteins to intracellular vesicles is
mediated by ubiquitination (Katzmann and Wendland, 2005; Miranda
and Sorkin, 2007; Purdy and Russell, 2007). Ubiquitin is a 76 amino acid
peptide that can form covalent bonds with other proteins. These bonds are
formed between the carboxy terminus of ubiquitin and the amino groups of
other proteins. Ubiquitin most frequently conjugates with the €-amino
group of lysine, but can also conjugate with a protein’s amino terminus,
and proteins can be either monoubiquitinated or polyubiquitinated.
Polyubiquitination occurs when ubiquitin binds to other ubiquitin residues
that are already conjugated to a protein, forming chains of ubiquitin.
Ubiquitin can be appended to other ubiquitin molecules at lysines 29, 48,
and 63, and the localization of these chains may have different consequences
for their host protein (Hicke and Dunn, 2003).

Ubiquitination can affect the fate of a protein as it prepares to exit the
biosynthetic pathway. This modification facilitates the sorting of proteins
directly from the TGN to vacuoles in yeast and late endsomes in mamma-
lian cells, but it is not yet clear whether the proteins are mono- or poly-
ubiquitinated (Hicke and Dunn, 2003; Katzmann and Wendland, 2005;
Keleman et al., 2002). At least one ubiquitin protein ligase, hPOSH, is
present in the Golgi, and ubiquitinates the HIV protein Gag. Ubiquitina-
tion of Gag is required for its targeting from the TGN to late endosomes
(Alroy et al., 2005).

Ubiquitination also enhances the internalization of proteins from the
plasma membrane. It has been demonstrated that when proteins which are
stably resident in the plasma membrane are ubiquitinated, these proteins will
undergo endocytosis (Purdy and Russell, 2007). Monoubiquitination is suffi-
cient to provoke endocytosis, but diubiquitination, with the ubiquitin—
ubiquitin bond formed at Lys63, has been shown to enhance endocytosis to



166 Amy Duffield et al.

a greater extent than monoubiquitination. Longer ubiquitin tails may further
augment endocytosis (Haririnia ef al., 2007; Kawadler and Yang, 2006; Liu
et al., 2007).

The endocytosis signal of ubiquitin is not a short linear sequence, as is
seen with the NPXY and YXX@ motifs, and is instead composed of
hydrophobic patches that are centered around isoleucine 44 and phenylala-
nine 4 (Shih et al., 2000). Recognition of ubiquitinated proteins is per-
formed by ubiquitin-binding molecules, which contain ubiquitin associated
(UAB) or ubiquitin-interacting motifs (UIM), and bind directly to isoleu-
cine 44 of ubiquitin. The association may be further augmented by other
protein—protein interactions (Shih et al., 2000). The proteins epsin and
eps15 contain UIM (Bonifacino and Traub, 2003). Epsin also contains a
phosphatidylinositol 4,5 bisphosphate-binding site, as well as sites for inter-
action with AP-2, clathrin, and eps15 (Bonifacino and Traub, 2003). These
proteins and lipids all participate in clathrin-mediated endocytosis, suggest-
ing that ubiquitinated cargo is internalized via clathrin-mediated endocyto-
sis; however, clathrin is not required for ubiquitin-associated endocytosis
(Shih et al., 2000). In fact, recent data suggest that when epsin is recruited to
clathrin-coated pits, it no longer associates with ubiquitinated proteins
(Chen and De Camilli, 2005). The precise mechanism of ubiquitin-
mediated endocytosis thus remains unclear (Hurley and Emr, 2006;
Miranda and Sorkin, 2007).

Ubiquitin may also provide sorting information after a protein’s inter-
nalization. Ubiquitin can direct its associated proteins to enter MVBs, and
from there the protein may be targeted for degradation (Katzmann et al.,
2002). In particular, ubiquitination plays a role in downregulating surface
expression of EGFR (Katzmann et al., 2002). The internalization and
ubiquitination signals may act in concert, as they do with a G protein-
coupled receptor in yeast, or ubiquitination may act only as a MVB sorting
motif (Hicke and Dunn, 2003). For example, the human f-adrenergic
G protein-coupled receptor is internalized via an ubiquitin-independent
mechanism, but relies on ubiquitination for its transport to the lysosome and
its subsequent degradation (Shenoy and Letkowitz, 2003).

Transport of ubiquitinated cargo to the late endosome or lysosome is
mediated by UIM-containing proteins, including Hrs/Vps27 and STAM/
Hse (Hicke and Dunn, 2003). Hrs/Vps27 and STAM/Hse bind to both one
another and to ubiquitinated cargo. Hrs/Vps27 binds clathrin, and may
serve to link ubiquitinated proteins to clathrin-mediated endosomal sorting
pathways (Raiborg ef al., 2002). Hrs/Vps27 and STAM/Hse also have an
affinity for lipids that are enriched in MVBs, such as phosphatidylinositol-
3-phosphate, and this affinity may facilitate the trafficking of associated
ubiquitinated proteins to MVBs (Hicke and Dunn, 2003).

Much in the way that lipid affinity may help Hrs/Vps27 and STAM/Hse
traffic its cargo to intracellular compartments, localization to lipid rafts may
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also promote trafficking to late endosomes. Recent data demonstrate that
GPI-anchored, raft-associated proteins may be preferentially trafficked to
the late endosomal or lysosomal compartment, and that decreased raft
association tends to favor localization to the recycling endosome (Fivaz
et al., 2002). Thus, both lipid and protein components of intracellular
membrane participate in trafficking to intracellular vesicles.

6. CONCLUSION

The steady progress toward understanding how epithelia establish
and maintain their structural and functional polarity, while significant,
has yet to fully describe the mediators and mechanisms of this essential
and dynamic process. The clear connection between breakdowns in
proper surface membrane and compartmental protein targeting and
human disease underscores the need for further studies. Our current
understanding of epithelial polarity relies on evidence from relatively few
proteins and it is unclear whether the routes, sorting determinants, and
regulation observed in the targeting of these “model” proteins can be
broadly applied to other proteins and in other cell types. Exisiting models
cannot yet adequately explain the mechanisms that govern how the
cellular sorting machinery can eftectively recognize the variety of cargoes
and ensure their delivery, stabilization, and recycling from the numerous
subcellular destinations. Moreover, the trafficking models developed from
work in tissue culture cell lines may not reliably hold for cells in complex
organ tissues that may experience changing environmental conditions. It is
therefore important that technological advances in cellular imaging and
transgenic organisms be applied to the close scrutiny of protein sorting in
epithelia, ideally in as natural environments as possible.
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Abstract

The chick embryo chorioallantoic membrane (CAM) is an extraembryonic mem-
brane mediating gas and nutrient exchanges until hatching. Since it has a dense
capillary network, it has been commonly used in vivo to study both angiogene-
sis and antiangiogenesis in response to normal tissues and cells, to tumor
bioptic specimens and cells, or to soluble factors. During the last 8 years, this
assay has been used in over 550 published works. This chapter summarizes
current knowledge about the embryological origin of the CAM, morphology of
its blood and lymphatic vessels, the use of CAM in the study of tumor
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angiogenesis and metastasis, angiogenic and antiangiogenic substances. The
angiogenic response of CAM to multiple myeloma and neuroblastoma cells and
bioptic specimens and their responses to antiangiogenic molecules and the role
played by fibroblast growth factor-2 in CAM vascularization have been analyzed
in detail. Finally, advantages and limitations of CAM as an experimental model
to study angiogenesis and antiangiogenesis are discussed.

Key Words: Angiogenesis, Antiangiogenesis, Chorioallantoic membrane,
Fibroblast growth factor-2, Intussusceptive growth, Multiple myeloma,
Neuroblastoma, Tumor growth.  © 2008 Elsevier Inc.

1. INTRODUCTION

As pointed out by Auerbach in (1991), “Perhaps the most consistent
limitation to progress in angiogenesis research has been the availability of
simple, reliable, reproducible, quantitative assays of the angiogenesis
response.”’ In vitro angiogenesis assays, based on endothelial cell (EC) cul-
tures or tissue explant, focus on isolated EC functions (e.g., EC prolifera-
tion, migration, or invasion) and do not examine the coordination of cell
functions required for a successful angiogenic response (Auerbach ef al.,
2000; Jain et al., 1997).

In contrast, in vivo angiogenesis assays examine the entire spectrum of
molecular and cellular processes. However, these in vivo assays are not only
expensive and technically difficult to perform but also require substantial
amounts of test compound and most rely on selective morphometric analysis
for quantification (Auerbach ef al., 2000; Jain ef al., 1997). Because of these
limitations, current drug development strategies for identification and testing
angiogenesis inhibitors depend principally on the use of in vitro systems.

Although in vitro angiogenesis assays have been useful for identification
of potential molecular targets to block EC responses and preliminary
screening of novel pharmacological agents, they frequently cannot be cor-
related with in vivo angiogenesis measurements. This is most likely the result
of the complex and multiple cellular mechanisms evoked during new blood
vessel formation in vivo.

Currently, novel angiogenesis-targeted therapies lack in vivo screening
models suitable for objective, quantitative preclinical testing, making it
difficult to obtain a dose-response analysis and estimate therapeutic doses
before initiating clinical trials. The development of inhibitors of angiogene-
sis relies on a range of preclinical assays that mimic various steps of the
angiogenic cascade. Knowledge of the mechanism of action of the tested
compound will dictate the choice of assay. Alternatively, the behavior of the
compound in different assays may indicate the mechanism of action.
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Ideally, assays of angiogenesis should be easy, reproducible, quantitative,
cost-effective, and permit rapid analysis. A typical analysis of antiangiogenic
activity is done than one assay, beginning with the more elementary assays
in vitro that will provide easy, rapid, and affordable data. In vitro assays cannot
be considered conclusive; however, the activity of a compound must be
confirmed in other assays of increasing complexity, including in vivo assays
of angiogenesis, angiogenic-dependent tumor growth, and metastasis.
In vivo assays are usually unsuitable for the quantitative screening of a large
number of compounds, as they are often complex, expensive, and may
require specific surgical skills. Nonetheless, they are always required to
confirm ultimately the activity of a potential drug.

The classical assays for studying angiogenesis in vivo include the hamster
check pouch, the rabbit ear chamber, the rodent dorsal skin and air sac, the
iris and avascular cornea of the rodent eye (Ribatti and Vacca, 1999), and
the chick embryo chorioallantoic membrane (CAM). Several models have
been introduced, including subcutaneous implantation in rodents of various
three-dimensional substrates, including a polymer sponge (Andrade ef al.,
1987), Matrigel, a laminin-rich mixture of basement membrane compo-
nents (Passaniti ef al., 1992), and a polyvinyl alcohol foam disc covered on
both sides with a Millipore filter (disc angiogenesis system) (Fajardo et al.,
1998). Finally, zebra fish (Danio rerio) embryos may represent a suitable
model to study the mechanisms of angiogenesis and angiosuppression
during development (Nicoli et al., 2007).

2. CHORIOALLANTOIC MEMBRANE AND ITS
EMBRYOLOGICAL ORIGIN

The CAM of the developing chick embryo is an extraembryonic
membrane mediating gas and nutrient exchanges until hatching. Since the
CAM has a very dense capillary network, it is commonly used to study
in vivo both angiogenesis and antiangiogenesis in response to different
factors. During 2000-2007, over 550 publications have used the chick
embryo CAM as a model system to study angiogenesis and antiangiogenesis
(NCBI, Pub Med). The CAM, particularly, that of the White Leghorn is
the most widely used. The CAM of the Japanese quail has also been used.
The quail-derived endothelium expresses a unique marker which can be
identified using the QH1 antibody.

Chick embryo development lasts 21 days before hatching. The allantois
of the chick embryo appears at about 3.5 days of incubation as an evagina-
tion from the ventral wall of the endodermal hind gut. During the fourth
day, it pushes out of the body of the embryo into the extraembryonic
coelom. Its proximal portion lies parallel and just caudal to the yolk sac.
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When the distal portion grows clear of the embryo it becomes enlarged.
The narrow proximal portion is known as the allantoic stalk, the enlarged
distal portion as the allantoic vesicle. Fluid accumulation distends the
allantois so that its terminal portion resembles a balloon in entire embryos.

The allantoic vesicle enlarges very rapidly from day 4 to day 10 of
incubation. In this process, the mesodermal layer of the allantois becomes
fused with the adjacent mesodermal layer of the chorion to form the CAM.
A double layer of mesoderm is thus created, its chorionic component is
somatic mesoderm and its allantoic component is splanchnic mesoderm. In
this double layer, an extremely rich vascular network develops and is
connected with the embryonic circulation by the allantoic arteries and
veins. Immature blood vessels, lacking a complete basal lamina and smooth
muscle cells, scattered in the mesoderm grow very rapidly until day 8 and
give rise to a capillary plexus, which comes to be intimately associated with
the overlying chorionic epithelial cells and mediates gas exchange with the
outer environment. At day 14, the capillary plexus is located at the surface of
the ectoderm adjacent to the shell membrane. Rapid capillary proliferation
continues until day 11; thereafter, the EC mitotic index declines rapidly,
and the vascular system attains its final arrangement on day 18, just before
hatching (Ausprunk ef al., 1974).

The umbilical artery after emerging from the embryonic adnominal
wall, branches into two primary chorioallantoic artery, and the CAM is
drained by a single chorioallantoic vein. Fuchs and Lindenbaum (1988)
described six or seven generations of branches of the allantoic artery. The
first five or six are located in a plane parallel to the CAM surface and deep to
the vein, which has a similar distribution (Fig. 5.1). The fifth and sixth
generations of blood vessels change direction, passing almost vertically in
the two-dimensional capillary plexus.

This circulation and the position of the allantois immediately subjacent
to the porous shell, confer a respiratory function on the highly vascularized
CAM. In addition to the respiratory interchange of oxygen and carbon
dioxide, the allantois also serves as a reservoir for the waste products
excreted by the embryo, mostly urea at first and chiefly uric acid, later.
CAM is also involved in mobilization of calcium from the shell to start bone
mineralization.

2.1. Morphology of chorioallantoic membrane blood and
lymphatic vessels

On day 4, all CAM vessels have the appearance of undifterentiated capil-
laries. Their walls consist of a single layer of ECs lacking a basal lamina
(Ausprunk er al., 1974). By day 8, the CAM displays small thin-walled
capillaries with a lumenal diameter of 10-15 um beneath the chorionic
epithelium and other vessels with a diameter of 10-115 um in the
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mesodermal layer, whose walls have a layer of mesenchymal cells surround-
ing the endothelium and are completely wrapped by a basal lamina together
with the ECs (Ausprunk et al., 1974).

On days 10-12, the capillaries resemble those in the 8-day membrane and
are now near the surface of the chorionic epithelium. The mesodermal vessels
are now distinct arterioles and venules. In addition to the endothelium, the
walls of arterioles (10- to 85-um diameter) contain one or two layers of
mesenchymal cells and increased amounts of connective tissue surrounding
them. Venules (10- to 115-um diameter) are surrounded by an incomplete
investment of mesenchymal cells and connective tissue has also accumulated
within their walls. The mesenchymal cells are presumed to be developing
smooth muscle cells and the walls of CAM arterioles also develop a distinct
adventitia containing fibroblast-like cells (Ausprunk et al., 1974).

Between days 4 and 8, the ECs form punctuate junctional appositions
and a few plasmalemmal vesicles are observed (Shumko ef al., 1988).
Between days 9 and 13, the arteriolar endothelium displays more extensive
junctional complexes with multiple membrane contact points (Shumko
et al., 1988). In contrast to the arterioles, endothelial junctional appositions
of the CAM venules remains punctuate (Shumko ef al., 1988). Between
days 14 and 18, these appositions remain as simple punctuate configurations
(Shumko ef al., 1988). The venules possess multiple sites of interendothelial
contact with areas of junctional dilations, while the arterioles display
complex interdigitating cell junctions (Shumko et al., 1988).

The extracellular matrix of the CAM modifies its composition in terms
of expression of fibronectin, laminin, collagen type IV, and distribution of
specific glycosaminoglycans, favoring the angiogenic process that occurs in
the space between the chorionic epithelium and the mesodermal blood
vessels (Ausprunk, 1986; Ribatti ef al., 1998a).

Figure 5.1 A macroscopic picture of the chorioallantoic membrane (CAM) vascular
tree after intravenous India ink injection at 14 day of incubation. Note the extreme com-
plexity of the vascular architecture. Original magnification, x 160.
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Fibronectin appears in the extracellular matrix beneath the chorion at
early stages of development when the subepithelial capillary plexus is not yet
formed and it may promote the migration of ECs merging by sprouting
from the mesodermal blood vessels (Ribatti ef al., 1998). Moreover, fibro-
nectin overexpression in extracellular matrix parallels the vasoproliferative
processes induced by angiogenic stimuli in the CAM (Ribatti ef al., 1997a).
Accordingly, a close relationship in vivo between fibronectin overexpression
and angiogenesis has been demonstrated by others (Risau and Lemmon,
1988; Sariola et al.,, 1984). Laminin immunoreactivity is present during
all stages of vessel formation in CAM development (Ribatti et al., 1998)
in keeping with its role in the early formation and later differentiation of the
subendothelial basement membrane (Risau and Lemmon, 1988).

Type IV collagen appears in the late stages of CAM vascular develop-
ment concomitantly with the terminal differentiation of ECs and matura-
tion of basement membrane (Ribatti ef al., 1998). It results in progressively
slower microvascular EC proliferation and correlates with the formation of
a lumen, gradual reduction in endothelial migration, establishment of cell
polarity and acquisition of a differentiated endothelial phenotype (Form
et al., 1986; Nicosia and Madri, 1987).

Ausprunk (1986) demonstrated that hyaluronic acid plays a crucial role
in the formation, alignment, or migration of the capillary plexus of the
CAM, while heparan sulfate, chondroitin sulfate, and dermatan sulfate are
important in the differentiation and development of arterial and venous
vessels of the CAM CAM arterioles and venules are accompanied by a pair
of interconnected lymphatics. Veins are also associated with lymphatics and
larger veins are surrounded by a lymphatic plexus (Oh et al., 1987). Lymph
is drained by trunks of the umbilical stalk into the coccygeal lymphatics and
the lymph hearts of the embryo (Wilting ef al., 1999). In ultrathin sections
the endothelium of the CAM lymphatic capillaries has no basal lamina and
an extremely thin endothelial lining (Oh et al., 1997). The lymphatic ECs of
the differentiated CAM specifically express vascular endothelial growth
factor receptor-3 (VEGFR-3) whereas expression of VEGFR-2 is found
in both its blood vascular and its lymphatic ECs (Wilting ef al., 1996). The
ligand of VEGFR-3, VEGF-C, is expressed ubiquitously in the allantoic
bud, and later predominantly in the allantoic epithelium and the wall of
larger blood vessels (Papoutsi et al., 2001). The lymphatics of the CAM are
located immediately adjacent to the larger blood vessels and the expression
of VEGF-C in the blood vascular wall serves for the patterning of lympha-
tics. The application of VEGF-C on the differentiated CAM induces
development of lymphatics, which are derived by proliferation of the
preexisting lymphatics (Oh et al., 1997). The homeobox gene Prox-1,
which is specifically expressed in lymphatics, has been demonstrated in
the CAM (Papoutsi ef al., 2001).
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2.2. A single blood sinus or a capillary plexus beneath the
chorionic epithelium?

Fulleborn (1895) described a “great blood sinus interrupted by strands of
tissue.” Other authors (Mc Cormick et al., 1984; Narbaitz, 1977; Schoefl,
1984) maintain that there is a vascular sinus and that the CAM vascular bed
is a single flat sinus, interrupted by a series of gaps. When the sinus comes
close to the CAM surface, the architecture of the chorionic epithelium
changes from that of'a double layer of flat cells to an intricate arrangement of
highly differentiated cells, such as the sinus-covering cells (Narbaitz, 1977),
which are adapted for gas exchange, and villus-cavity cells, which are
thought to be involved in the absorption of calcium from the eggshell
(Coleman and Terepka, 1972). In the chick CAM therefore active migra-
tion of the chorionic epithelium rather than ECs is apparently involved and
the intraepithelial positioning of the vascular sinus is largely due to growth
and differentiation of the chorionic epithelium.

Other authors have identified a capillary plexus formed during the early
stages of incubation, and eventually intimately associated with the overlying
chorionic epithelial cells (Ausprunk ef al., 1974; Burton and Palmer, 1989;
Danchakoff, 1917; Fanczi and Feher, 1979; Moscona, 1959; Ribatti et al.,
1998a). Danchakoft (1917) described a multitude of sprouts arising from the
mesenchymal blood vessels and invading the chorionic epithelium, resulting
in a well-perfused capillary meshwork (Fig. 5.2). Burton and Palmer (1989)

Figure 5.2 A confocal laser scanner microscopy picture obtained by using an antibody
antifactor VIII to detect endothelial cells and showing three sprouts arising from the
chorioallantoic membrane (CAM) mesenchymal blood vessels and invading the chori-
onic epithelium, resulting in a capillary meshwork. Original magnification, x160.
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reported that short vascular buds invaded the mesenchyme at day 6 from the
arterial and venous sides, culminating in capillary plexus formation. The
presence of a complete basement membrane and the lack of phagocytic cells
intermingled with the ECs provide the main morphological evidence of the
existence of a capillary plexus.

2.3. The chorioallantoic membrane vascular growth

A widely accepted view is that blood vessels arise through two mechanisms
during development, vasculogenesis and angiogenesis (Risau, 1997).
Vasculogenesis entails the direct formation of blood vessels by differentia-
tion of angioblastic precursor cells in situ, while angiogenesis (“‘sprouting
angiogenesis”) entails new vessel formation from preexisting vessels,
capillaries, and postcapillary venules.

Intussusceptive microvascular growth (IMG) (“intussusception or non-
sprouting angiogenesis’’) is a new concept of microvascular growth relevant
for many vascular systems, which constitutes an additional and alternative
mechanism to endothelial sprouting (Patan ef al., 1992). The first reports on
IMG were published by Burri ef al. who investigated the lung vasculature in
postnatal rats (Burri and Tarek, 1990; Caduft et al., 1986) and postulated that
the capillary network primarily increased its complexity and vascular surface
by insertion of a multitude of transcapillary pillars, a process they called
“intussusception” (meaning “in-itself growth”). They described four con-
secutive steps in pillar formation: creation of a zone of contact between
opposite capillary walls; reorganization of the intercellular junctions of the
endothelium with central perforation of the endothelial bilayer; formation
of an interstitial pillar core; subsequent invasion of the pillar by cytoplasmic
extensions of myofibroblasts and pericytes, and by collagen fibrils. Lastly,
the pillars are thought to increase in diameter and become a capillary mesh.

Patan e al. (1993) observed the same morphological transformation
during IMG in the CAM. Pillar formation in the CAM occurs both as
transcapillary interconnection of opposite capillary walls and folding of the
capillary wall into the lumen, followed by progressive thinning of the meso-
like fold resulting in pillar separation (Patan ef al., 1996). In addition, tissue
pillars can arise by capillary fusion. The walls of neighboring vessels running
in parallel fuse at several places, and give rise to one or more tissue pillars
(Patan et al., 1996).

We have demonstrated that after recombinant human erythropoietin
stimulation, the generation of new blood vessels in the CAM occurred
more frequently following an IMG mechanism (Crivellato ef al., 2004).
This response 1s peculiar of erythropoietin, because it is abolished when an
erythropoietin-blocking antibody was coadministered with erythropoietin.

According to Schlatter et al. (1997), CAM vascularization undergoes
three phases of development with both sprouting and IMG: in the early
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phase (days 5—7), multiple capillary sprouts invade the mesenchyme, fuse
and form the primary capillary plexus. During the second (intermediate
phase) (days 8-12), sprouts are no longer present since they have been
replaced by tissue pillars, with a maximal frequency at day 11. During the
late phase (day 13 and older), the growing pillars increase in size to form
intercapillary meshes more than 2.5 ym in diameter.

An extensive morphometric investigation by De Fouw et al. (1989) has
shown rapid extension of the CAM surface from 6 cm? at day 6 to 65 cm? at
day 14. During this period, the number of feed vessels increased (2.5- and
5-fold for precapillary and postcapillary vessels), predominantly due to
growth and remodeling after day 10. Rizzo and De Fouw (1993) found
50% of ECs thinning out from day 10 to day 14 of incubation.

The CAM endothelium exhibits an intrinsically high mitotic rate (thy-
midine labeling index 23% for 5h thymidine exposure) until day 10
(Ausprunk et al,, 1974). At day 11, this falls to 2% and remains low
throughout the remaining incubation period. Investigation of the presence
of bromodeoxyuridine-labeled ECs in the growing CAM from day 6 to
day 15 by Kurz et al. (1995) revealed a significant (>50%) loss of proliferative
activity at day 10 (intermediate phase) in comparison with day 6 (sprouting
phase). After day 10, proliferative activity decreased further, and at days
14 and 15 (late phase), dividing cells were less than 10% of the value of day 6.

The ultrastructural alterations associated with the focal microvascular
histodifterentiation are in line with the changes in the vascular pattern.
Small differences between CAM arterioles, capillaries, and venules are
noted during the early phase. During the intermediate phase, the interstitial
perivascular spaces increase their collagen content and cell volume density.
During the late phase, a circular tunic containing layers of presumptive
smooth muscle cells surrounds the endothelium of the arterioles and not
that of the venules. Their morphology is thus distinct (Shumko et al., 1988).

3. USE OF CHORIOALLANTOIC MEMBRANES IN THE
STUDY OF ANGIOGENESIS

The first evidence of the tumor-induced angiogenesis in vivo by using
the CAM assay dated 1913 (Ribatti, 2004). The CAM has long been a
favored system for the study of tumor angiogenesis and metastasis (Auerbach
etal., 1976; Dagg et al., 1956; Quigley and Armstrong, 1998), because at this
stage the chick’s immunocompetent system is not fully developed and the
conditions for rejection have not been established (Leene et al., 1973). As
other vertebrates, chickens are protected by a dual immune system com-
posed of B and T cells, controlling the antibody and cell-mediated immu-
nity, respectively. The B cells are differentiated in the bursa of Fabricius, the
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organ equivalent to the bone marrow in mammals, whereas T cells are
differentiated in the thymus (Davison, 2003; Funk and Thompson, 1996).
Until day 10, the chick embryo immune system is not completely devel-
oped. The presence of T cells can be first detected at day 11 and of B cells at
day 12 (Janse and Jeurissen, 1991). After day 15, the B cell repertory begins
to diversify and by day 18 chicken embryos become immunocompetent.

All studies of mammalian neoplasms in the CAM have utilized solid
tumors and cell suspensions derived from solid tumors (Tables 5.1 and 5.2).
Compared with mammals’ models, where tumor growth often takes
between 3 and 6 weeks, assays using chick embryos are faster. Between
2 and 5 days after tumor cell inoculation, the tumor xenografts become
visible and are supplied with vessels of CAM origin. Tumors grafted onto
the CAM remain nonvascularized for a couple of days, after which they can
be penetrated by new blood vessels and begin a phase of rapid growth.
Tumor cells can be identified in the CAM, as well as in the internal organs
of the embryo, such as lungs, liver, and brain (Bobek ef al., 2004; Gordon
and Qigley, 1986).

Walker 256 carcinoma specimens implanted on the CAM do not exceed
a mean diameter of 0.93 & 0.29 mm during the prevascular phase (~72 h).
Rapid growth begins 24 h after vascularization and tumors reach a mean
diameter of 8.0 & 2.5 mm by 7 days (Knighton et al., 1977). When tumor
grafts of increasing size (from 1 mm to 4 mm) are implanted on the 9-day
CAM, grafts larger than 1 mm undergo necrosis and autolysis during the
72-h prevascular phase. They shrink rapidly until the onset of vascularization,
when rapid growth resumes (Knighton et al., 1977).

Ausprunk ef al. (1977) compared the behavior of tumor grafts to grafts of
normal adult and embryo tissues. In tumor tissue, preexisting blood vessels

Table 5.1 Angiogenic response induced by tumors implanted onto the
chorioallantoic membrane (CAM)

Tumor Authors
Adenocarcinoma of the endometrium Palczak and Splawinski (1989)
B-cell non-Hodgkin’s lymphoma Ribatti et al. (1990)
Glioblastoma Klagsbrun et al. (1976)
Head and neck squamous cell carcinoma Petruzzelli et al. (1993)
Hepatocellular carcinoma Marzullo et al. (1998)
Lipoma Lucarelli ef al. (1999)
Melanoma Auerbach et al. (1976)
Meningioma Klagsbrun et al. (1976)
Neuroblastoma Ribatti et al. (2002)
Walker 256 carcinoma Klagsbrun et al. (1976)
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Table 5.2 Angiogenic response induced by tumor cells implanted onto the
chorioallantoic membrane (CAM)

Tumor cells Authors

B-16 melanoma cells Takigawa et al. (1990)

Endothelial cells isolated from patients Vacca et al. (2003)
with multiple myeloma

Lymphoblastoid cells Vacca et al. (1998)

Mammary tumor cells transfected Ribatti et al. (2001b)
with vascular endothelial growth factor

Neuroblastoma Ribatti et al. (2002)

Plasma cells isolated from patients Ribatti et al. (2003)
with multiple myeloma

Walker carcinoma 256 cells Klagsbrun et al. (1976)

in the tumor graft disintegrated within 24 h after implantation, and revas-
cularization occurred by penetration of proliferating host vessels into the
tumor tissue. By contrast, preexisting vessels did not disintegrate in the
embryo graft and anastomosed to the host vessels with almost no neovascu-
larization. In adult tissues, preexisting graft vessels disintegrated (although
this process was slower than in tumor vessels) and did not stimulate capillary
proliferation in the host. Lastly, tumor vessels did not reattach to those of
the host.

Hagedorn et al. (2005) have developed a glioblastoma multiforme tumor
progression model on the CAM. They demonstrated that avascular tumors
formed within 2 days, than progressed through VEGFR-2-dependent
angiogenesis, associated with hemorrhage, necrosis, and peritumoral
edema. Blocking of VEGFR-2 and platelet-derived growth factor receptor
(PDGFR) signaling pathways by using small-molecule receptor tyrosine
kinase inhibitors abrogated tumor development. Moreover, gene regulation
during the angiogenic switch was analyzed by oligonucleotide microarrays,
permitting identification of regulated genes whose functions are associated
mainly with tumor vascularization and growth.

3.1. Angiogenesis and antiangiogenesis in multiple myeloma

In patients with monoclonal gammopathy of undetermined significance
(MGUS) and multiple myeloma (MM), angiogenesis correlates with plasma
cell growth (S-phase fraction) (Vacca et al., 1994). Moreover, angiogenesis
is paralleled by an increased angiogenic ability of bone marrow plasma cell
conditioned medium of patients with active MM as compared with those
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with nonactive MM and MGUS, and partly dependent fibroblast growth
factor-2 (FGF-2) production (Vacca ef al., 1999a).

Plasma cell conditioned media were tested to their ability to induce
angiogenesis in the CAM (Vacca et al., 1999a). The conditioned medium of
77% patients with active MM induced an angiogenic response; by contrast,
only 33% and 20% of conditioned medium from patients with nonactive
MM and MGUS, respectively, induced the response. Anti-FGF-2 antibody
partly inhibited conditioned medium angiogenic response. In another
work, we have attempted a fine characterization of the angiogenic response
induced by plasma cells obtained from patients with active MM, as com-
pared to those obtained from patients with nonactive MM and MGUS,
respectively, in the CAM assay. To this purpose, we have investigated about
the time course of the angiogenic response induced by gelatin sponges
soaked with the cell suspensions and implanted on the CAM surface from
day 8 to day 12 of incubation by evaluating the number of vessels, of the
vessel bifurcation and the intervascular distance at 24, 48, 72, and 96 h,
respectively, after the implants (Ribatti ef al., 2003). Results demonstrated
that plasma cell suspensions obtained from patients with active MM induce
a vasoproliferative response, significantly higher as compared to that
induced by cell suspensions obtained from patients with nonactive MM
and MGUS, respectively. These responses are a function of the day of
implantation (Fig. 5.3). In fact, implants made from day 8 to day 10 are
strongly angiogenic, while those made from day 11 to day 12 do not. This
finding might depend on the fact that CAM endothelium exhibits an
intrinsically high mitotic rate until day 10 (Ausprunk et al., 1974). Thereafter,
the endothelial mitotic index declines rapidly, and the vascular system attains

Figure 5.3 Time course of the macroscopic appearance of chorioallantoic membrane
(CAM) implanted at day 8 (in A) loaded with 18,000 plasma cells of a patient with active
multiple myeloma (MM). Note that, whereas on day 9 (in B) no vascular reaction is
detectable, on day 12 (in C) numerous allantoic vessels develop radially toward the
implant in a “spoked-wheel” pattern. Original magnification, xX50. Reproduced with
permission from Ribatti et al. (2003).
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its final arrangement on day 18, just before hatching (Ausprunk ef al., 1974).
Consequently, cell suspensions implanted on the CAM of successively older
embryos are not able to induce a vasoproliferative response in parallel with the
reduced rates of growth of CAM’s ECs.

More recently, we have isolated ECs from bone marrow of patients with
MM (MMECQC) (Vacca et al., 2003). They show intrinsic angiogenic ability,
because they rapidly form a capillary network in vifro, and extrinsic ability,
because they generate numerous new vessels in vivo in the CAM assay
(Vacca et al., 2003). We have attempted a fine characterization of the
angiogenic response induced by MMEC, as compared with MGUSEC in
the CAM assay, by investigating the eftfects of MMEC and MGUSEC on
the expression of endogenous levels in the CAM of VEGF, FGF-2, angio-
poietin-1 (Ang-1), hypoxia-inducible factor-1oc (HIF-1¢z), and endostatin
by reverse transcriptase-polymerase chain reaction (RT-PCR) (Mangieri
et al., 2008). RT-PCR demonstrated that the expression of endostatin
mRNA detected in MM-treated CAM was significantly lower respect to
control CAM. These data suggest that angiogenic switch in MM may
involve loss of an endogenous angiogenesis inhibitor, such as endostatin.

Recently, we have demonstrated that zoledronic acid exerted an anti-
angiogenic activity in MMEC mediated by abrogation of their VEGF/
VEGF receptor-2 (VEGFR-2) autocrine loop and gene modulation of
other angiogenic targets (Scavelli et al., 2007). Moreover, in the CAM
assay, zoledronic acid 10 uM and 30 uM was added to the MMEC-
conditioned medium and a significant reduction in the angiogenic response
was found. These data suggest that zoledronic acid has an antiangiogenic
effect in MM which may be involved in an indirect antitumor activity.

3.2. Angiogenesis and antiangiogenesis in human
neuroblastoma

Neuroblastoma is the most frequently occurring solid tumor in children.
Several recent studies implicate angiogenesis in the regulation of neuroblas-
toma growth and inhibition of angiogenesis is a promising approach in the
treatment of this tumor (Ribatti and Ponzoni, 2008).

In a paper published in 1998, we investigated two human neuroblastoma
cell lines, LAN-5 and GI-LI-N, for their capacity to induce angiogenesis in
the CAM assay (Ribatti et al., 1998b) and demonstrated that conditioned
medium from both cells lines, LAN-5 cells more than GI-LI-N ones,
induced angiogenesis.

The role that the oncogene MYCN plays in the regulation of angiogen-
esis in neuroblastoma remains controversial. With the aim to better eluci-
date this matter, we tested fresh biopsy samples from patients with MYCN
amplified and with MYCN nonamplified tumors for their angiogenic
capacity by using the CAM assay (Ribatti ef al., 2002). Moreover,
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conditioned medium obtained from five different human neuroblastoma
cell lines MYCN amplified and nonamplified and bioptic fragments
obtained from xenografts derived from four neuroblastoma cell lines
injected in nude mice were assayed for their angiogenic potential. Results
clearly demonstrated that MYCN amplification parallel angiogenesis in
neuroblastoma. When fresh biopsy samples from patients, conditioned
medium derived from neuroblastoma cells lines and bioptic fragments
derived from xenografts of the same cell lines injected in nude mice were
tested, the response was univocal: the angiogenic response was significantly
higher in the MYCN-amplified specimens as compared to nonamplified
ones (Ribatti et al., 2002).

In 2001, we studied the effects of the synthetic retinoid fenretinide
(HPR) in vivo by using the CAM assay (Ribatti et al.,, 2001a). Results
showed that HPR inhibited VEGF- and FGF-2-induced angiogenesis in
the CAM assay. A significant antiangiogenic potential of HPR has been
observed also in neuroblastoma biopsies-induced angiogenesis in vivo in the
CAM assay. Finally, immunohistochemistry experiments performed in the
CAM assay demonstrated that endothelial staining of both VEGFR-2 and
FGF-2-receptor-2 (FGF-2-R-2) was reduced after implantation of HPR -
loaded sponges, as compared to controls. These data suggest that HPR
exerts its antiangiogenic activity through both a direct effect on EC pro-
liferative activity and an inhibitory effect on the responsivity of the ECs to
the proliferative stimuli mediated by angiogenic growth factors.

We have investigated the antiangiogenic activity of interferon gamma
(IFN-y) by using an experimental model in which IFN-y gene transfer
clampens the tumorigenic and angiogenic activity of ACN neuroblastoma
cell line in immunodeficient mice (Ribatti et al., 2006b). We demonstrated
that ACN/IFN-y xenografts had less in vivo angiogenic potential than the
vector-transfected ACN/neo, when grafted onto the CAM (Fig. 5.4).

In another study, we evaluated the synergistic antiangiogenic eftect of
low dose of vinblastine and rapamycin in neuroblastoma (Marimpietri ef al.,
2005, 2007). The angiogenic responses induced by neuroblastoma cell-
derived conditioned medium, neuroblastoma tumor xenografts and
human neuroblastoma biopsy specimens were inhibited in the CAM assay
by each drug and more significantly by their combination. The observation
that these well-known drugs displays synergistic effects as antiangiogenics
when administered frequently at very low dose may be of significance in the
designing of new ways of treating neuroblastoma.

Bortezomib is a selective and reversible inhibitor of the 26S proteasome
that shows potent antitumor activity in vitro and in vivo against several
human cancers of adulthood. No data are available on bortezomib activity
against human neuroblastoma and we demonstrated that bortezomib inhib-
ited angiogenesis in CAM stimulated by conditioned medium from
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Figure 5.4 1In (A), a 12-day-old chorioallantoic membrane (CAM) incubated on day
8 for 4 days with bioptic specimens of ACN/neo tumor xenograft, showing numerous
blood vessels around the graft. In (B), a 12-day-old CAM incubated on day 8 for 4 days
with bioptic specimen of (ACN/IFN-y) tumor xenograft, showing few vessels around
the graft. Original magnification, X50. Reproduced with permission from Ribatti et al.
(2006b).

neuroblastoma cell lines, by neuroblastoma xenografts, and by primary
neuroblastoma biopsy specimens (Brignole et al., 2006).

The therapeutic efficacy of cancer active-targeting using doxorubicin
(DOX)-loaded immunoliposomes was evaluated with the CAM model
(Pastorino et al., 2006). The DOX-loaded liposomes were coupled either
to monoclonal antibodies-targeting tumor cells (anti-GD2) or to NGR
peptides that target tumor vessels. The antiangiogenic effects of these for-
mulations were tested on xenografts derived from neuroblastoma cell lines
grown on the CAM surface. When anti-GD2 or NGR liposomes were
administered separately, 50-60% of vessel growth inhibition was achieved,
whereas administering a combination of both types of liposomes increased
vessel growth inhibition to 90%. The higher efficiency of the combined
treatment was further validated in tumor-bearing mice.

3.3. Tumor metastasis

Other studies using the tumor cell/ CAM model have focused on the invasion
of the chorionic epithelium and the blood vessels by tumor cells (Armstrong
etal., 1982; Kim et al., 1998; Scher ef al., 1976), that is, the metastatic potency
of tumors (Dagg et al., 1956). The cells invade the chorionic epithelium and
the mesenchymal connective tissue below, where they find in the form of a
dense bed of blood vessels that is the target for intravasation.

In the CAM, the vast majority of injected cells (generally > 80%) survive
in the microcirculation and have successfully extravasated by 1-3 days later.
Most of the extravasated cancer cells migrate through the mesenchyme and
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attach to arterioles, rather than venules or lymphatics and preferentially
migrate to the vicinity of preexisting vessels (Koop et al., 1994). Metastasis
results from release of tumor cells from the intravasated tissue and their
transport to distant organs, where the tumor cells arrest and extravasate.
Tumor cells that have metastasized to distant site of the CAM are indicators
of intravasation.

The advantages of the CAM model as an alternative experimental animal
model of metastasis include (a) the chick embryo is naturally immunode-
ficient and can accept cancer cells regardless of their origin without specific
or nonspecific immune response; (b) the changes in morphology of cancer
cells arrested in the CAM microcirculation can be readily observed by
in vivo microscopy (Chambers ef al., 1992); and (c) in contrast to standard
mouse models, most cancer cells arrested in the CAM microcirculation
survive without significant cell damage, and a large number of them
complete extravasation (Chambers ef al., 1992).

3.4. Other applications

A variety of growth factors and normal cells have been reported to induce
CAM angiogenesis (Tables 5.3 and 5.4). In studies of angiogenesis inhibitors
(Table 5.5), on the contrary, there are two approaches which differ in the
target vessels, that is, those which examine the response in the rapidly
growing CAM and those that evaluate the inhibition of growth induced
by an angiogenic cytokine, such as FGF-2.

The test substance is soaked in inert synthetic polymers laid upon the
CAM: Elvax 40 (ethylene-vinyl acetate copolymer) and hydron (a poly-2-
hydroxyethil-methacrylate polymer) are commonly used. The two poly-
mers were first described and validated by Langer and Folkman (1976): both
provided to be biologically inert when implanted onto the CAM and both
were found to polymerize in the presence of the test substance, allowing its
sustained release during the assay. However, hydron requires the test sub-
stance to be added to a solution of hydron and ethanol. When the test pellets
are vacuum-dried, ethanol is removed leaving a solid pellet that contains the
test substance. If the test material is not compatible with ethanol, Elvax can
be used instead. Elvax is dissolved in methylene chloride before the test
material is suspended/dissolved in the polymer, after which methylene
chloride is removed by vacuum-drying. A more sustained release can be
achieved by “sandwiching” the test substance between two Elvax layers.
The polymers cause the substance to be released at constant rates
(nanograms to micrograms) around-the-clock.

Methylcellulose discs are more widely used and are prepared usually as a
final concentration of 1% solution of methylcellulose and then the agent of
interest is added to the solution. The discs can be sterilized using UV light
and subsequently they are placed onto the CAM surface. The release of the
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Table 5.3 Stimulators of angiogenesis tested in the chorioallantoic
membrane (CAM) assay

Substance

Adenosindiphosphate

Adenosine

Amyloid beta

Angiogenin

C-C chemokine 1-309

C-C chemokine 11 (eotaxin)

C-C chemokine CCL15

C-C chemokine CCL23

Copper

C-X-CL1/macrophage inflammatory
protein-2 (MIP-2)

DMR -Gremlin

Epidermal growth factor

Erythropoietin

Fibrin

Fibrin degradation products

Fibroblast growth factor-2

Heparin

Histamine

Hyaluronic acid (degradation products)

Leptin

Lipoprotein-A

Monocyte chemoattractant protein-1
(MCP-1)

Osteocalcin

Osteogenic protein-1

Osteopontin

Placental growth factor-1
Platelet-derived growth factor
Phorbol esters

Prostaglandin E2

Transforming growth factor beta
Tumor necrosis factor alpha
Urotensin-II

Vascular endothelial growth factor

Authors

Fraser et al. (1979)
Dusseau et al. (1986)
Boscolo et al. (2007)
Fett et al. (1985)
Bernardini ef al. (2000)
Salcedo et al. (2002)
Hwang et al. (2004)
Hwang et al. (2005)
Mc Auslan et al. (1983)
Scapini et al. (2004)

Stabile et al. (2007)
Stewart et al. (1989)
Ribatti et al. (1999¢)
Barnhill and Ryan (1983)
Thompson et al. (1985)
Ribatti et al. (1995)
Ribatti et al. (1987)
Thompson and Brown (1987)
West et al. (1985)

Ribatti et al. (2001c¢)
Ribatti et al. (1998¢)
Hong et al. (2005)

Cantatore et al. (2005)

Ramoshebi and Ripamonti
(2000)

Leali et al. (2003)

Ziche et al. (1997)

Wilting ef al. (1992)

Morris et al. (1988)

Form and Auerbach (1983)

Yang and Moses (1990)

Olivo ef al. (1992)

Spinazzi et al. (2006)

Wilting ef al. (1993)

agent is slow and minimal reaction to control discs was reported. Agarose
discs and Millipore discs soaked in the solution under investigation have
been used.
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Table 5.4 Angiogenic response induced by cells implanted onto the chorioallantoic
membrane (CAM)

Cells Authors

Basophils De Paulis ef al. (2006)

Chinese hamster ovary cells Cruz et al. (2001)
transfected with endothelin-1

Dendritic cells Riboldi et al. (2005)

Endothelial cells transfected with Ribatti et al. (1997b)
fibroblast growth factor-2

Eosinophils Puxeddu et al. (2005)

Lymphocytes Ribatti ef al. (1991)

Macrophages Leibovich et al. (1987)

Mast cells Ribatti et al. (2001d)

Neutrophils Ardi et al. (2007)

Wilting et al. (1991, 1992) used cultured coverslide glasses (Thermanox)
4-5 mm on diameter, on which 5 ul of several angiogenic factors were
placed. Glasses were turned over and placed onto the CAM on day 9 of
incubation, and the angiogenic response was evaluated 96 h later. Alterna-
tively, when testing a fluid substance, the latter is inoculated (20-50 ul)
directly into the cavity of the allantoic vesicle so that its activity reaches the
whole vascular area in a uniform manner (Gualandris ef al., 1996; Ribatti
et al., 1987). Another method has been proposed by Nguyen et al. (1994):
a collagen gel is conjugated with the testing substance and placed between
two pieces of mesh (bottom layer 4 X 4 mm, upper layer 2 X 2 mm). The
resulting “‘sandwich’ is then placed on the CAM on day 8 of incubation.

We have developed a new method for the quantitation of angiogenesis
and antiangiogenesis in the CAM (Ribatti et al., 2006a). Gelatin sponges
treated with a stimulator or an inhibitor of blood vessel formation are
implanted on growing CAM on day 8. Blood vessels, growing vertically
into the sponge and at the boundary between sponge and surrounding
mesenchyme, are counted morphometrically on day 12. The newly formed
blood vessels grow perpendicularly to the plane of the CAM inside the
sponge, which does not contain preexisting vessels.

The gelatin sponge is also suitable for the delivery of tumor cell suspen-
sions, as well as of any other cell type, onto the CAM surface and the
evaluation of their angiogenic potential (Ribatti et al., 1997b, 1999a; Vacca
et al., 1999a). As compared with the application of large amounts of a
recombinant angiogenic cytokine in a single bolus, the use of cell implants
that overexpress angiogenic cytokines allows the continuous delivery of
growth factors, which is produced by a limited number of cells (as low as
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Table 5.5 Angiogenesis inhibitors tested in the chorioallantoic

membrane (CAM) assay

Substances

Adiponectin

Alpha(v)-beta 3/alpha(v)-beta 5 integrin
antagonist

Amiloride

Aminopeptidase-N antagonists

Angioinhibins

Angiostatin

Angiotensinogen

Antibody anti-fibroblast growth factor-2

Antibody anti-vascular endothelial growth
factor

Aplidine

Ascorbic acid

Bleomycin

Beta cyclodextrintetradecasulfate (TDS)+
angiostatic steroids

Bortezomib

Capsaicin

Cartilage

Chemically sulfated Escherichia coli K5
polysaccharide derivatives

Chondrocyte-derived inhibitor

Cyclooxygenase inhibitor

Cyclosporin

Eponeomycin

Fenretinide

Ghrelin

Heparanase

Heparin or heparin fragments + cortisone

Heparin 4 11-hydrocortisone or
17-hydroxyprogesterone

Heparin substitutes

Herbamycin

Inhibitors of basement membrane biosynthesis

Integrin alpha(v)beta3 antagonist

Integrin alpha(v)beta5/alpha(v)beta3
antagonists

Interleukin-12

Interleukin-27

Low molecular weight undersulfated
glycol-split heparin

Authors

Brakenhielm et al. (2004)
Belvisi et al. (2005)

Knoll et al. (1999)
Bhagwat et al. (2001)
Ingber ef al. (1990)
O’Reilly et al. (1994)
Brand et al. (2007)
Ribatti et al. (1995)
Vitaliti et al. (2000)

Taraboletti et al. (2004)
Ashino et al. (2003)
Oikawa et al. (1990a)
Folkman et al. (1989)

Roccaro et al. (2006)
Min et al. (2004)
Eisenstein et al. (1975)
Presta et al. (2005)

Eisenstein ef al. (1975)
Jung et al. (2007)

Lurlaro et al. (1998)
Oikawa et al. (1993a)
Ribatti et al. (2001a)
Conconi et al. (2004)
Sasisekharon ef al. (1994)
Folkman et al. (1983
Crum et al. (1985)

Folkman et al. (1989)
Oikawa et al. (1989a)
Maragoudakis ef al. (1988a)
Friedlander et al. (1995)
Kumar et al. (2001)

Airoldi et al. (2007)
Shimizu et al. (2006)
Casu et al. (2004)

(continued)
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Table 5.5 (continued)

Substances

Methylene blue
Methyltransferase inhibitors
Myo-inositol trispyrophosphate
Neridronate
NGR-SL-Doxorubicin

Nitric oxide endogenous
Opioid peptides

Pentosan polysulfate
Pentraxin PTX3

Phenethyl isothiocyanate
Phorbol esters

Platelet factor 4

Proline analogues

Protamine

Protein kinase C

Purine analogues

Radicicol
RDG-peptidomimetic
Resveratrol

Retinoids

Ruthenium red-based compound (NAMI-A)
Somatostatin

Squalamine

Staurosporine

Suramin

Suramin + angiostatic steroids
TAU 1120

Thymidine phosphorylase inhibitors
Vinblastine

Vinblastine + rapamycin
Vitamin D3 analogues
Zoledronic acid

Authors

Zacharakis et al. (2006)
Hellebrekers et al. (2006)
Sihn et al. (2007)

Ribatti et al. (2007)
Pastorino et al. (2006)
Pipili-Synetos et al. (1995)
Dai et al. (2008)

Rusnati ef al. (2001)
Rusnati ef al. (2004)

Xiao and Singh (2007)
Morris et al. (1988)
Maione et al. (1990)
Ingber and Folkman (1988)
Taylor and Folkman (1982)
Tsopanoglou, et al. (1993)
Presta et al. (1999)
Oikawa et al. (1993b)
Urbinati et al. (2005)
Mousa et al. (2005)
Oikawa et al. (1989b)
Vacca et al. (2002)
Woltering et al. (1991)
Sills et al. (1998)

Oikawa et al. (1992)
Danesi et al. (1993)

Wilks et al. (1991)
Nozaki et al. (1993)
Liekens et al. (2004)
Vacca et al. (1999b)
Marimpietri ef al. (2005)
Oikawa et al. (1990b)
Scavelli et al. (2007)

10,000-20,000 cells per implant), thus mimicking more closely the initial
stages of tumor angiogenesis and metastasis. Cells that overexpress FGF-2
and secrete ~2-3 pg of FGF-2 throughout the experimental period exert a
proangiogenic response when applied onto the CAM that is similar to the
one elicited by 1 ug of recombinant cytokine (Ribatti et al., 2001Db).
Many techniques can be applied within the constraints of paraffin and
plastic embedding, including histochemistry and immunohistochemistry.
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Electron microscopy can also be used in combination with light micros-
copy. Moreover, unfixed sponges can be utilized for chemical studies, such
as the determination of DNA, protein, and collagen content, as well as for
RT-PCR analysis of gene expression by infiltrating cells, including ECs.

An angiogenic response occurs 72-96 h after stimulation in the form of
an increased vessel density around the implant, with the vessels radially
converging toward the center-like spokes in a wheel (Ribatti ef al., 1995).
Conversely, when an angiostatic compound is tested, the vessels become
less dense around the implant after 72-96 h, and eventually disappear
(Lurlaro et al., 1998; Minischetti et al., 2000; Ribatti et al., 1995; Vacca
et al., 1999b). When the substance is inoculated into the cavity of allantoic
vesicle, the angiogenic or antiangiogenic response affects the CAM vessels
as a whole.

3.4.1. In ovo and ex ovo methods

Fertilized White Leghorn chicken eggs staged according to Hamburger and
Hamilton (1951) are placed in an incubator as soon as embryogenesis starts
and are kept under constant humidity at 37 °C. On day 3, a square window
is opened in the shell after removal of 2-3 ml of albumen to detach the
CAM from the shell itself and the underlying CAM vessels are disclosed
(Fig. 5.5). The window is sealed with a glass and incubation goes on until
the day of experiment. This technique may preserve a more physiological
environment; however, it limits the area for use and observation.

The embryo and its extraembryonic membranes are transferred to a Petri
dish on day 3 or day 4 of incubation and CAM develops at the top as a flat
membrane and reaches the edge of the dish to provide a two-dimensional
monolayer onto which multiple grafts can be placed (Auerbach et al., 1974).
Because the entire membrane can be seen, rather than just a small portion
through the shell window, multiple grafts can be placed on each CAM and
photographs can be taken to document vascular changes over time.

Y

e

Figure 5.5 Allantoicsac of a 5-day embryo showing in ovo distribution pattern of allan-
toic vessels. Original magnification, X25.
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Subsequently, several modifications of this method have been described.
Other types of containers used include plastic slings, plastic weigh boats,
foam cups, and plastic dishes. Dugan and coworkers (1981) used an inert
plastic container equipped with a “parafilm” ring (4-5 cm inside depth) to
provide support for the embryo and its membranes. Advantages include
somewhat longer viability and lower costs, though these are offset by the
difficulty of monitoring angiogenesis during incubation and by the fact that
one cannot obtain two-dimensional photographs suitable for image analysis.

Survival rate of eggs cultured ex ovo is the major success-limiting step in
this technique. In the original description of embryos cultured in Petri dishes,
there was a 50% loss in the first 3 days after cracking, with 80% of those which
survive to day 7 continuing at least day 16 (Auerbach ef al., 1974). Subse-
quently, improved survival rates were reported by the same laboratory, with
87% of the embryos surviving removing of the shell, and 68% alive on day 4
(Crum et al., 1985). Ex ovo method may be preferred to the in vivo method
because (a) it allows the quantification of the response over a wider area of the
CAM,; (b) large number of samples can be tested at any one time; (c) the time
required for a response to occur is shorter (2-3 days).A variant of the ex ovo
method is based on the vertical growth of new vessels into a collagen gel
containing the test sample sandwiched between two parallel nylon meshes.
New vessels grow vertically into the gel and the nylon meshes align the
capillaries for rapid counting (Nguyen ef al., 1994).

3.4.2. Methods of quantifying the angiogenic response

Several methods of quantifying the CAM angiogenic response have been
developed. Quantitation of angiogenesis was initially done by scoring the
extent of vascularization on a graded scale of 0—4. Serial dilution assays were
developed to score the number of positives at any particular dilution using
four eggs per assay point. With dilution of the test sample and reduction in
its concentration, the number of positives gradually decreases until an end
point (0/4) is reached (Folkman, 1974).

Another method considers changes in the distribution and density of
CAM vessels next to the implant which are evaluated in vivo by means of a
stereomicroscope at regular intervals following the graft procedure. The
score 18 O when no changes can be seen; it is +1 when few neovessels
converge toward the implant, and 42 when a considerable change in the
number and distribution of the converging neovessels is observed
(Knighton et al., 1977).

The vasoproliferative response may be graded as a vascular index derived
from photographic reconstructions. All converging neovessels contained
inside a 1 mm-diameter ring superimposed on the CAM are counted:
the ring is drawn around the implant in such a way that it forms an angle
of less than 45° with respect to a straight line drawn from the implant’s
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center. Vessels branching dichotomically outside the ring are counted as 2,
while those branching inside the ring are counted as 1 (Dusseau ef al., 1986).

Folkman and Cotran (1976) measured the degree of vasoproliferative
response, as evaluated under the stereomicroscope, by an arbitrary 0-5 scale.
Zero describes a condition of the vascular network that shows no change
from the time of grafting; +1 marks a slight increase in the vessel density
associated with occasional changes in the course of vessels converging
toward the implant; 42, 43, 44, and 45, respectively, indicate a progres-
sive increase in vessel density associated with more pronounced changes in
their course, while a +5 score also highlights strong hyperemia. A coeffi-
cient describing the degree of angiogenesis can also be derived from the
ratio of the calculated value to the highest attainable value. Therefore, the
lowest coefticient is O and the highest is 1.

Strick ef al. (1991) calculated the length of the vessels and expressed it in
terms of index density, that is, the vessel density relative to a fractional image
area of the vasculature. Nguyen ef al. (1994) expressed the vasoproliferative
response after 72-216 h as a percentage of the squares in the upper mesh
occupied by neovessels. The effect of the inhibitory substances (placed
on the bottom mesh) is quantified by calculating the inhibition of the
vasoproliferative response induced by an angiogenic factor.

Use of a numerical grading scale allows calculation of a coefficient of
angiogenesis (Vu ef al., 1985). Semiautomated image analysis techniques
have also been developed (Voss et al., 1984). Also, fractal analysis has been
used for evaluating the changes of CAM vasculature (Kirchner et al., 1996).
The alterations in the branching pattern measured by fractal dimension and
vessel density by grid intersection were evaluated to define the response to
FGF-2 and to angiostatin (Parson-Wingerter ef al., 1998).

Quantitative evaluation of vessel density can be obtained by applying
morphometric and planimetric methods to histologic observations of CAM
specimens fixed at regular intervals after implantation. The number of
vessels 1s evaluated as the total number of vessels present in six randomly
chosen microscopic fields. Vessel density is evaluated by a planimetric
method (Elias and Hyde, 1983), which utilizes a square reticule placed in
the eyepiece of a photomicroscope. Six randomly chosen fields per section
are observed and the total number of intersection points occupied by
transversally sectioned vessels is counted. Vessel density equals this total
number, expressed as a percent value of all intersection points. Evaluation of
the number and the density of vessels should be made by two independent
observers and processed statistically.

The uptake of *H thymidine into the whole CAM was evaluated using
both autoradiography and scintillation counting and the rate of uptake was
shown to be directly proportional to the concentration applied to the surface
(Thompson et al., 1985). Angiogenesis was related to the total hemoglobin
content which was proportional to the rate of *H thymidine uptake.
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3.5. Limitations of the chorioallantoic membrane assay

The main limitation of CAM assays is the nonspecific inflammatory reac-
tions that may develop as a result of grafting, and induce a secondary
vasoproliferative response, so quantification of the primary response is
difficult (Jakob et al., 1978; Spanel-Burowski ef al., 1988). Inflammatory
angiogenesis in which infiltrating macrophages or other leukocytes are the
source of angiogenic factors cannot be distinguished from direct angiogenic
activity of the test material without a detailed histological study of multiple
positive and negative controls. Investigation of histological CAM sections
would help to detect the presence of a perivascular inflammatory infiltrate,
together with a hyperplastic reaction, if any, of the chorionic epithelium. In
an extensive series of experiments by Jakob et al. (1978), a variety of carrier
vehicle alone (Millipore filters, fiber glass discs, discs of filter paper, agarose,
and polyacrylamide gels), as well as natural egg components (eggshell mem-
brane, coagulated albumin, and coagulated yolk) produced a number of
inflammatory reactions. Cortisone or angiostatic steroids have been included
in the experimental protocol to prevent nonspecific inflammatory reactions.

However, a nonspecific inflammatory response is much less likely when
the test material is grafted as soon as the CAM begins to develop while the
host’s immune system is relatively immature (Leene et al., 1973). There are
two more drawbacks to the CAM assay: first, the test material is placed on
existing vessels, and newly formed blood vessels grow within the CAM
mesenchyme. Real neovascularization can hardly be distinguished from a
falsely increased vascular density due to rearrangement of existing vessels that
follows contraction of the membrane (Knighton ef al., 1991). In the rabbit
of murine cornea assay, the presence of blood vessels that penetrate from
the limbus into the avascular stroma of the cornea can be unambiguosly
interpreted as an index of angiogenic response.

Second, timing of the CAM angiogenic response is essential. Many
studies determine angiogenesis after 24 h, when there is no angiogenesis,
but only vasodilation. Measurements of vessel density are really measure-
ments of visible vessel density, and vasodilation and neovascularization are
not readily distinguishable. This drawback can be overcome by using
sequential photography to document new vessel formation.

Saline solutions should be avoided, in that hyperosmotic effect of crystal
salts may damage the chorion epithelium and induce fibroblast proliferation
(Wilting et al. 1991). This implies that the substance should be used at
concentrations of picograms to milligrams: higher concentrations would
indeed cause the hyperosmotic effect (Wilting et al., 1992). The CAM is
also extremely sensitive to modification by environmental factors, such as
changes in oxygen tension, which make the sealing of the opening in the
shell critical, pH, osmolarity, and the amount of keratinization (Auerbach
et al., 2000).
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4. RoLE OF FGF-2 IN CHORIOALLANTOIC MEMBRANE
VASCULARIZATION

To evaluate the presence of a FGF-2-like molecule in CAM and in
chorioallatoic fluid (CAF), different amounts of CAM extracts and CAF
samples obtained from embryos at days 8, 10, 14, and 18, respectively, of
incubation were assayed for their ability to stimulate plasminogen activator
production in GM 7373 ECs. Both CAM and CAF samples induce an
increase in GM 7373 cell-associated plasminogen activator activity in a
dose-dependent manner (Ribatti ef al., 1995). The potency of the different
samples in stimulating plasminogen activator production in GM7373 ECs
differs as a function of the age of the embryo, suggesting that the amounts of
plasminogen activator-inducing activity present in CAM and CAF may
vary during embryonic development (Ribatti ef al., 1995). To confirm the
presence of FGF-2 in CAM and CAF, samples were assayed for their ability
to interact with heparin and to cross-react with neutralizing polyclonal
antihuman FGF-2 antibody. In a first experiment, CAM extracts obtained
from a 14-day embryo were run through a heparin—Sepharose column or
were incubated with neutralizing polyclonal antihuman FGF-2 antibody or
with nonimmune rabbit serum. Then the plasminogen activator-inducing
activity of these samples was evaluated on GM 7373 ECs. The plasminogen
activator-inducing activity of CAM extract is retained by the heparin—
Sepharose column and it is specifically neutralized by an anti-FGF-2 anti-
body, while nonimmune rabbit serum was uneftective, thus identifying this
activity as a FGF-2-like activity (Ribatti et al.,, 1995). In another set of
experiments, an aliquot of CAF was obtained from different embryos and
loaded onto a heparin—Sepharose column. Fractions were collected and
assayed for their ability to stimulate plasminogen activator production in
GM 7373 ECs. Most of the plasminogen activator-inducing activity present
in CAF binds to the resin and is eluted with the 2 M NaCl wash. Moreover,
preincubation of this fraction with neutralizing anti-FGF-2 antibody
completely abolish its plasminogen activator-inducing activity (Ribatti
et al., 1995). Aliquots of CAM and CAF obtained from a 14-day embryo
were partially purified on heparin—Sepharose columns and probed in a
Western blot with the affinity-purified antithuman FGF-2 antibody, recog-
nizing a heparin-binding Mr 16,000 protein in both samples (Ribatti et al.,
1995). We have also quantified the temporal changes of FGF-2 in CAM and
CAF during embryonic development, evaluating the amount of total plas-
minogen activator-inducing activity present in the crude CAM extracts and
CAF samples obtained from chick embryos between day 6 and day 18 of
incubation. The levels of FGF-2 in CAM and CAF vary significantly during
embryonic development, maximal concentrations being observed between
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day 10 and day 14 of incubation, when the vascular density of the CAM also
reaches its maximum. The absolute concentrations of FGF-2 appear to be
much higher in CAM than in CAF (Ribatti ef al., 1995).

In a series of experiments performed in vivo FGF-2 or anti-FGF-2 anti-
body were adsorbed on methylcellulose discs and applied on the top of the
CAM of embryos at day 8 of incubation. Application of FGF-2 led to a
positive angiogenic response in 85% of the animals, consisting of a spoke-
wheel vascular pattern around the implant (Ribatti ef al., 1995). Under light
microscopy, blood vessels, predominantly capillaries, with a narrow lumen,
were distributed in the upper portion of the CAM and their number was
increased, while the intermediate mesenchyme contained numerous fibro-
blasts (Ribatti ef al., 1995). In keeping with the capacity to exert a mitogenic
activity for a variety of cell types of mesodermal and neuroectodermal
origin, FGF-2 induces also fibroblast cell proliferation and hyperplasia of
the chorionic epithelium. At ultastructural level, small vascular tubes with a
very narrow lumen, located beneath the chorion, were recognizable. Appli-
cation of anti-FGF-2 antibody on the surface of the CAM resulted in a
significant antiangiogenic effect in 75% of the embryos (Ribatti ef al., 1995).
An avascular zone free of vessels could be evidenced beneath the implant
after intravascular injection of India ink. Microscopically, few blood vessels
were still recognizable beneath the implant. Also, no blood vessels were
detectable in the intermediate mesenchyme where fibroblasts were less
numerous than in control embryos. Quantitation of the angiogenic
response performed at day 12 of incubation by using a morphometric
method confirmed the morphological observations. When FGEF-2 was
applied on the surface of the CAM, the microvessel density was 3.3 times
higher than in control embryos. Conversely, application of anti-FGF-
2 antibody resulted in 3 times reduction in the microvessel density
(Ribatti et al., 1995).

These findings indicate that endogenous FGF-2 is intrinsically involved
in CAM vascularization on the basis of the evidence that FGF-2 is present in
elevated amounts in the CAM from day 6 to day 18 of incubation, maximal
concentrations being observed between day 10 and day 14. Apparently, this
observation does not fully agree with the time course of the vasoprolifera-
tive processes taking place in the CAM. Ausprunk ef al. (1974) have shown
that CAM ECs have a labeling index of ~23% before day 11 of incubation;
this index decreases to 2.8% thereafter. Nevertheless, in agreement with the
kinetics of expression of CAM FGF-2, vascular density of the membrane
continues to increase until days 12—14, when it reaches a plateau (Mara-
goudakis ef al., 1988b). This apparent discrepancy can be explained by
considering that vascular sprouting may occur through migration and
redistribution of existing ECs, in the absence of cell proliferation (Sholley
et al., 1984). Interestingly, FGF-2 can induce capillary EC in vitro to invade a
three-dimensional collagen matrix and to form capillary-like tubules,
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without cell proliferation, but dependent on cell movement and protease
production (Montesano et al., 1986). Thus, it is possible to hypothesize that
endogenous chick FGF-2 may play a rate-limiting role in CAM vasculari-
zation by affecting not only the proliferation of ECs but also their migration,
redistribution, and invasive behavior.

Our in situ hybridization data strongly suggest that the action of FGF-2
during this process occurs in two steps: at early stages of development the
major source of FGF-2 is chorionic epithelial cells. Even though FGF-2 is
devoid of a signal sequence for secretion (Abraham ef al., 1986), an alternative
mechanism of exocytosis of FGF-2 has been proposed (Mignatti ef al., 1991,
1992).

Limited amounts of FGF-2 can be released from cellular sites of synthesis
and then sequestered in the extracellular matrix. Dissociation of extracellu-
lar FGF-2 from the matrix and binding to surface receptors follows
(Moscatelli, 1992) and triggers a paracrine loop of stimulation. Thus,
FGEF-2 released by chorionic epithelial cells may induce an angiogenic
response in undifferentiated vessels in the CAM mesoderm by stimulating
EC proliferation, movement, and protease production (Montesano et al.,
1986). At later stages, FGF-2 mRNA expression predominates in ECs
forming the capillary plexus, suggesting that FGF-2 plays an autocrine
role in further development of the endothelium.

When mouse aortic ECs stably transfected with a retroviral expression
vector harboring a human FGF-2 ¢cDNA were injected twice into the
allantoic sac of the chick embryo at days 8 and 9, significant modifications
of the developing vasculature of the CAM were observed: blood vessels
with an irregular course and frequently branching were present 4 days later.
In contrast, blood vessels run straight and interdigitate regularly in the CAM
of embryos injected with parental cells or vehicle (Gualandris ef al., 1996).
Intravenous injection of India ink revealed the presence of ink-filled
enlarged hemangioma-like scattered within the blood vessel network of
transfected cell-treated CAM (Gualandris et al., 1996; Ribatti et al., 1999a).
These lesions are characterized by enlarged blood-filled sacs lined by a thin
EC monolayer. Careful examination of serial sections showed no sign of
thrombotic and/or hemorrhagic lesions. India ink was evident within the
ECs-lined enlarged cavernae and the surrounding small blood vessels, but
was undetectable in the stroma. Transtected ECs treated for 3 h with
mitomycin before injection into the allantoic sac were still able to induce
a vasoproliferative response and the formation of hemangiomas (Ribatti
et al., 19992). In contrast, fixation of the cells with glutaraldehyde
completely abolished their angiogenic and hemangioma-inducing activity.
These data indicate that the injection of live, nonproliferating FGF-2-
transfected ECs is sufficient to induce the observed modification of the
CAM vasculature that are therefore due to alterations of the behavior of
the ECs at the host. When transfected ECs were injected twice into the
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allantoic sac together with neutralizing anti-FGF-2 polyclonal antibody,
this latter had no effects on the modification of CAM vasculature induced
by transfected ECs (Ribatti ef al., 1999a). These data suggest that the angio-
genic and hemangioma-inducing activity exerted by the transfected ECs
injected into the allantoic sac may not depend on the release of FGF-2 into
the allantoic fluid.

To evaluate whether the angiogenic activity of transfected ECs is due to
diffusible factor(s), we assessed the activity of serum-free transfected cell
conditioned medium. The concentrated conditioned medium was adsorbed
into a gelatin sponge and applied on the top of the CAM. Live transfected
ECs were delivered onto the CAM under the same experimental condition
as positive controls (Ribatti ef al., 1999a). After 4 days, macroscopic obser-
vation of the CAM showed that the sponges treated with transfected ECs or
with their concentrated conditioned medium were surrounded by numer-
ous allantoic vessels which developed radially toward the implant in a
“spoked wheel” pattern. Scattered hemangiomas were recognizable in
close proximity to the sponge (Fig. 5.6). Also in this condition, the angio-
genic activity of transtected ECs was not aftected when cells were applied
onto the CAM together with neutralizing anti-FGF-2 antibody. The data
further indicate that the transfected ECs release an angiogenic activity
distinct from FGF-2.

The CAM may represent an in vivo system to assess the hypothesis that
exogenous urokinase plasminogen activator may affect neovascularization
via an endogenous FGF-2-dependent mechanism of action. Suspensions
of urokinase plasminogen activator overexpressing ECs or parental ECs
were delivered on the top of day 8 CAM by using a gelatin sponge implant
(Ribatti ef al., 1999b). Macroscopic observation of the CAM at day 12
showed that the gelatin sponges adsorbed with urokinase plasminogen
activator-transfected ECs were surrounded by allantoic vessels that

Figure 5.6 Alterations of the chorioallantoic membrane (CAM) vasculature after
implantation of a gelatin sponge adsorbed with fibroblast growth factor-2 (FGF-2)-
transfected endothelial cells-conditioned medium. The CAM vasculature was visua-
lized after 4 days by intravenous injection of India ink. Note numerous hemangiomas
intermingled between allantoic vessels. Original magnification, x200.
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developed radially toward the implant in a “spoked-wheel” pattern. The
allantoic vessels were less numerous in the specimens treated with parental
ECs, whereas no vascular reaction was detectable around the sponges treated
with vehicle only (Ribatti ef al., 1999b). At the microscopic level, a highly
vascularized tissue was recognizable among the trabeculae of urokinase
plasminogen activator overexpressing ECs-treated sponges. The tissue con-
sisted of newly formed blood vessels growing perpendicularly to the plane
of the CAM and of infiltrating fibroblasts within an abundant network of
collagen fibers. The vessels were less numerous in the parental ECs-treated
sponges and were absent among trabeculae of implants treated with vehicle
(Ribatti ef al., 1999b). A higher microvessel density was detectable within
the sponges treated with urokinase plasminogen activator-transfected ECs
that in those treated with parental ECs or vehicle, when the angiogenic
response was quantified by a morphometric method (Ribatti ef al., 1999b).
To assess whether the stronger angiogenic response elicited by urokinase
plasminogen activator-overexpressing ECs was due to an increased mobili-
zation of endogenous FGF-2, these cells were added to the CAM in the
presence of anti-FGF-2 antibody. Anti-FGF-2 antibody reduced the angio-
genic response elicited by urokinase plasminogen activator-overexpressing
ECs to value similar to those measured in control ECs-treated CAM
(Ribatti et al., 1999b). It is interesting to note that urokinase plasminogen
activator-overexpressing ECs added with anti-FGF-2 antibody retain a
limited angiogenic activity that is more potent than that exerted by parental
(Neo 2) cells tested under the same experimental conditions. This suggests
that released urokinase plasminogen activator may induce the mobilization
of endogenous angiogenic factor other than FGF-2 and/or that urokinase
plasminogen activator may per se elicit a limited angiogenic response.

To confirm this hypothesis, the angiogenic activity of purified human
urokinase plasminogen activator was evaluated and it exerted a dose-
dependent angiogenic response in the CAM (Ribatti ef al, 1999b).
Furthermore, we compared the angiogenic activity of enzymatically active
and inactive human urokinase plasminogen activator. For this purpose,
purified human urokinase plasminogen activator was preincubated with
the serine protease inhibitor phenylmethylsulsonyl fluoride (PMSF),
an irreversible urokinase plasminogen activator inhibitor, or vehicle. After
incubation, urokinase plasminogen activator samples were dialyzed exten-
sively to remove free PMSF and their angiogenic activity was evaluated in
the CAM. Preincubation of urokinase plasminogen activator with 1-mM
PMSEF significantly inhibits the angiogenic activity of the enzyme. More-
over, the angiogenic activity was reduced significantly by anti-FGF-2
antibody (Ribatti et al., 1999b). These data indicate that purified urokinase
plasminogen activator exerts an FGF-2-dependent angiogenic activity in
the CAM and that this effect depends, at least in part, on a catalytic activity
of the enzyme.
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To further substantiate this hypothesis, we compared the angiogenic
activity of purified human urokinase plasminogen activator to that exerted
by human ATF, lacking enzymatic activity. Human ATF was ineftective
when assayed for its angiogenic capacity in the CAM. The inability of ATF
to induce angiogenesis in the CAM indicates that the proteolytic activity of
urokinase plasminogen activator is of pivotal importance in mediating its
angiogenic capacity in vivo (Ribatti et al., 1999b).

By utilizing the CAM assay, we have shown that anti-FGF-2 antibody
reduces significantly the angiogenic activity exerted by urokinase plasmin-
ogen activator-overexpressing cells and purified human urokinase plasmin-
ogen activator, thus implicating extracellular endogenous FGF-2 in the
growth of newly formed blood vessels stimulated by urokinase plasminogen
activator. However, the incapacity of anti-FGF-2 antibody to fully suppress
the angiogenic ability of purified urokinase plasminogen activator and
urokinase plasminogen activator-overexpressing ECs suggests that more
factors besides FGF-2 might be implicated in protease-triggered CAM
neovascularization.

It is interesting to note that both urokinase plasminogen activator-
overexpressing ECs and purified human urokinase plasminogen activator
exert an angiogenic response in the CAM that is less potent than that
exerted by exogenous FGF-2, suggesting that the levels of endogenous
angiogenic growth factors available to the protease action may represent a
limiting factor in this experimental system. In conclusion, our findings
demonstrate that urokinase plasminogen activator-overexpressing ECs and
purified urokinase plasminogen activator exert a potent angiogenic effect on
the CAM which depends on the catalytic activity of the enzyme and is
reversed by neutralizing anti-FGF-2 antibody.

We have compared the angiogenic activity of FGF-2- or VEGF-trans-
fected cells adsorbed onto gelatin sponges and applied on top of the CAM
(Ribatti et al., 2001b). Both cell lines induced a comparable vasoprolifera-
tive response, as demonstrated by the appearance of similar number of blood
vessels within the sponge (Fig. 5.7). Electron microscopy demonstrated that
VEGF-overexpressing cells modified the phenotype of the endothelium of
the CAM blood capillaries. In fact, the endothelium lining 30% of these
vessels showed segmental attenuations was frequently interrupted and

became fenestrated, mimicking what is observed in tumor vasculature
(Ribatti et al., 2001Db).

5. CONCLUDING REMARKS

In vivo angiogenesis assays have resulted in important progress in eluci-
dating the mechanisms of action of several angiogenic factors and inhibitors.
It is reasonable to reserve the term “‘angiogenic factor” for substances that
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Figure 5.7 Effect of vascular endothelial growth factor (VEGF)-transfected cell on
chorioallantoic membrane (CAM) neovascularization. In (A), macroscopic observation
of the CAM, on day 12, showing the gelatin sponge surrounded by allantoic vessels that
develop radially toward the implant in a“spoked-wheel” pattern. In (B), histologic anal-
ysis of the CAM grafted with VEGF-transfected cells. A highly vascularized tissue is
recognizable among the sponge trabeculae, consisting of newly formed blood vessels
(arrowheads). The vessels are absent in the sponges treated with the medium alone
(in C). Original magnification, A, x50; B, C, x400. Reproduced with permission from
Ribatti et al. (2001b).

produce new capillary growth in an in vivo assay.One of the most important
technical problems faced by us in the study of angiogenesis and antiangiogen-
esis is the difficulty of obtaining meaningful assessment of efficacy. In vivo
angiogenesis assays, such as those performed in the chick CAM, have resulted
in important progress in elucidating the mechanisms of action of several
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Table 5.6 Advantages and limitations of the in ovo and ex ovo methods

In ovo
Advantages
— The source of calcium for building skeletal elements is kept
Normal development of the embryo
High embryo survival rate
Easy methodology
Sterility is not required
— Embryos can reach hatching

Limitations

— Small surface is exposed

— Difficult monitoring

— Risk of angiogenesis induced by eggshell pieces

Ex ovo
Advantages

— Large CAM area available for testing

— Direct visualization of the entire CAM

— Evaluation of several samples in one single embryo
Easy grafting and monitoring of excised tissues
No eggshell failing on CAM
Easy access to CAM vasculature
Possibility of transillumination

Limitations

— Ditticult methodology

— Low embryo survival rate

— Do not reflect physiological conditions
— Embryo cannot reach hatching

angiogenic factors and inhibitors. The main advantages of the in vivo assays are
their low cost, simplicity, reproducibility, and reliability (Table 5.6). On the
contrary, there are only very few restrictions to use CAM (Table 5.6), essen-
tially due to (a) nonspecific inflammatory reactions that may develop with an
attending secondary stimulation of angiogenesis and, (b) preexisting vessels
may be present, which make it hard to distinguish the extent of angiogenesis
and antiangiogenesis. In view of these limitations, two different assays should
ideally be performed in parallel to confirm the angiogenic or antiangiogenic
activity of test substances.
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Abstract

Synucleins are small, soluble proteins expressed primarily in neural tissues and
certain tumors. The family includes three known proteins: «-synuclein, f-synu-
clein, and y-synuclein. A typical structural feature of synucleins is the presence
of a repetitive, degenerative AA motif KTKEGV throughout the first 87 residues
and acidic stretches within the C-terminal region. Members of the synuclein
family are natively unfolded proteins that are characterized by a high net charge
and low hydropathy. The synuclein family recently came into the spotlight when
one of its members, a-synuclein, was linked both genetically and neuropatho-
logically to Parkinson’s disease. It has a role in other neurodegenerative
diseases, such as dementia with Lewy bodies, multiple system atrophy, neuro-
degeneration with brain iron accumulation type 1, and Alzheimer’s disease.
Interestingly, another member of the family, 5-synuclein, possesses antagonis-
tic properties to a-synuclein. The third member of the family, y-synuclein, is
implicated in different types of cancer, some neurodegenerative diseases and
ocular pathology. The involvement of synuclein proteins in the etiology of
common human diseases has raised exciting questions and is currently the
subject of intense investigation.

Key Words: Synucleins, Protein aggregation, Chaperones, Parkinson’s disease,
Neurodegenerative diseases, Breast cancer, Proteasomes.  © 2008 Elsevier Inc.

ABBREVIATIONS
AA amino acid
Aab autoantibody
Ab antibody
AD Alzheimer’s disease
AFM atomic force microscopy
ATS acidic tail of a-synuclein
CNS central nervous system
CSF cerebrospinal fluid
CSPu cysteine-string protein-o.
DA dopamine
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DAN
DAT
DLB
ER
FA
GCI
GRKs
Hsp
IHC
IPL
KO
LB
LN
NMR
MPP*
MSA
NAC
NACP
NDD
NFL
PD
PLD
PTM
RGC
ROS
SNARE

SNc
SNP

Tg

TH
5-UTR
VMAT?2
wt

dopaminergic neurons

dopamine transporter

dementia with Lewy bodies

endoplasmic reticulum

fatty acid

glial cytoplasmic inclusions

G—protein-coupled receptor kinases

heat-shock proteins

immunohistochemistry

inner plexiform layer

knockout

Lewy bodies

Lewy neurites

nuclear magnetic resonance

1-methyl-4-phenylpyridinium

multiple system atrophy

non-Af-component of AD amyloid

non-Af-component precursor of AD amyloid

neurodegenerative disease

neurofiber layer

Parkinson’s disease

phospholipase D

posttranslational modifications

retinal ganglion cells

reactive oxygen species

soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor

substantia nigra pars compacta

single-nucleotide polymorphism

transgenic

tyrosine hydroxylase

5’-untranslated region

vesicular monoamine transporter protein

wild type

1. INTRODUCTION

The last 20 years of studying synucleins were full of exciting findings,
fascinating hypotheses, and controversial data. Amazingly, these 20 years
can be logically subdivided into two decades: the first one started after the
cloning and identification of the first synuclein by Maroteaux et al. (1988).
The second decade began after the publication of genetic data by



228 Andrei Surguchov

Polymeropoulos ef al. (1997) and Kriiger et al. (1998) showing that
o-synuclein is genetically linked to Parkinson’s disease (PD).

The most amazing and striking contradictions in the study of synucleins
concern their normal physiological functions. The majority of papers
devoted to synucleins begins with the sentence: “The normal function of
o-synuclein remains unknown.” After this statement, however, the authors
usually specify several possible functions and a list of processes in which
synucleins are involved, for example, synaptic plasticity, maintenance of the
synaptic vesicle pool, regulation of dopamine (DA) biosynthesis and homeo-
stasis, chaperone activity, regulation of proteasome activity, transcriptional
modulation, and so on. Is it then possible to say that the function of this
protein is truly unknown, when this protein affects a dozen of difterent
processes and is implicated in several cellular pathways? During these last
years, it clearly became evident that the main function of a-synuclein is
related with the maintenance of synaptic vesicle pools and that it also plays a
role in several other cellular processes. A recent emerging function of
o-synuclein that is not yet completely understood is connected with its
ability to form ion channels in synaptic membranes in response to an action
potential. The channel formation may be a part of the normal function of
o-synuclein that could result in the modulation of ion movements related to
the process of depolarization/repolarization. Being a multifunctional pro-
tein, o-synuclein is implicated in many cellular processes and sorting out
primary events from secondary or tertiary ones, has been difficult.

There are at least two structural features of a-synuclein and other
members of the synuclein family that makes their study challenging. One
of them is their easily changeable conformation, which is altered consider-
ably upon lipid binding and interaction with other ligands (Perrin ef al.,
2000, 2001). The second feature is the existence of many molecular iso-
forms of synucleins generated as a result of different posttranslational mod-
ifications (PTM), alternative splicing, truncation, aggregation states, and
binding to other proteins and ligands. These isoforms may have different
features including conformation and localization. Thus, synucleins have
“chameleon” features and the transition from one form to another changes
their properties. These alterations depend on the physiological conditions of
the cells and tissues where synucleins are expressed.

The synuclein family attracts researchers with different backgrounds
and diverse interests. While pragmatic scientists study these proteins
because of their connection to severe human diseases, more romantic research-
ers are excited by their involvement in bird songs learning (George et al., 1995).

1.1. Discovery of the first synuclein

Twenty years ago, Maroteaux et al. (1988) were screening an expression
library by an antiserum against cholinergic vesicles and isolated a cDNA
clone encoding a 143-amino acid (AA) neuron-specific protein from the



Biology of Synucleins 229

electric lobe of Pacific electric ray Torpedo californica. Because of its localiza-
tion to the nuclear envelope of neurons and to the presynaptic nerve
terminals, this protein was named synuclein. Some investigators consider
Torpedo synuclein to be an o-isoform (Lotharius and Brundin, 2002a;
Recchia et al., 2004), probably because its length is more similar to the
length of a-synuclein. However, based on the AA sequence, it can be
currently assigned to y-synuclein (Fig. 6.1). The longer size of this
T. californica synuclein is explained by the insertion of a repeat after residue
24. The original Torpedo clone was used to screen a rat brain cDNA library.
A highly homologous cDNA clone (85% homology) encoding 140 AAs was
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Figure 6.1 Human -, -, and y-synucleins and synuclein from Torpedo californica and
Fugu are aligned with ClustalW program. (A) Alignment of human a-, -, and y-synu-
cleins. Repeats are shown in brackets. (B) Alignment of human o-synuclein with Torpedo
synuclein. (C) Alignment of human y-synuclein with Torpedo and Fugu synuclein.
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isolated from this rat ¢cDNA library and considered a rat orthologue
of synuclein (Maroteaux ef al., 1988), while currently it can be assigned to
o-synuclein. The authors drew a conclusion that the gene was specifically
expressed in the central nervous system (CNS) of Torpedo and rat, and that
its immunoreactivity is localized in the presynaptic nerve terminals and the
nucleus. The predicted protein contained an 11-AA fragment that is
repeated 7 times, followed by a 40-50 residue acidic tail (Figs. 6.1 and 6.2).

Although the authors of this first article about synucleins did not possess
sophisticated methods of genomics and proteomics, the major conclusions
from their results were correct and proved by other investigators. This
includes the synuclein’s localization to the presynaptic nerve terminals and
nucleus, affinity of synuclein for membranes, inability to fold into a mole-
cule capable of catalytic function, axonal transport of synuclein to the nerve
terminals, the existence of several forms of synuclein with different molec-
ular mass, and association of synuclein with synaptic vesicles. The Maro-
teaux’s hypotheses about the role of synuclein in trafficking and the
regulation of gene expression also deserve appreciation since these hypoth-
eses were only based on the logic analysis of the synuclein structure and
some indirect data. The idea put forth in one of the concluding sentences of
this pioneering work may be considered as a program for many investigators
who currently work in the synuclein project: “One of the most interesting
roles of the proteins may be to coordinate nuclear and synaptic events.”

A remarkable feature of the synucleins is that the majority of data about
these proteins concerns their role in different types of pathology, while less
is known about their functions in normal cells and tissues.

a-synuclein
DNA [ 6 |
Coding mRNA [2 T3] 4 T 57T 6] —=140AA
Alternative splicing: No E3 [2 1T 4 T 5 T7T6] —126AA
Alternative splicing: No E5 213 T4 T6 ] —112AA

Alternative splicing:NoE3andE5 [2 [ 4 1 6 | — > 98 AA
Tyrosine nitration sites: 125133136
0O,0’-dityrosine crosslinks: 1

Protein (structural domains): NH
Phosphorylation sites (kinases):

87 125129

Alpha helical

Mutations: A3OPE46AK53T (CK-1&CK-2) (GRK5, CK-1&CK-2)
L ]
61 95
Non-amyloid component (NAC):
Minimal fibrillogenic domain: 71-82

Figure 6.2 o-Synuclein gene, alternative RNA transcripts, and functional domains of
a-synuclein. PTMs and A A substitutions as a result of mutations are shown in the central
part of the scheme (modified from Dickson, 2001).
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1.2. First 10 years after the discovery

After the publication of Maroteaux et al. (1988), a period of relatively low
interest to synucleins continued for about 10 years. Nevertheless, during this
decade, several important observations were made.

1. The detection of the non-Afi-component of Alzheimer’s disease
(AD) amyloid (NAC) fragment corresponding to the central part of
o-synuclein (AA 61-95, Fig. 6.2) in amyloid plaques was the first demon-
stration of the association between o-synuclein and neurodegenerative
diseases (NDDs) (Uéda et al., 1993, on Section 2.2.1.8, page 253).

2. Later, a 14-kDa phosphoneuroprotein (PNP14) found in rat and bovine
was identified as a new member of the synuclein family (Nakajo ef al.,
1993; Shibayama-Imazu et al., 1993; Tobe et al., 1992). Non-Af-
component precursor of AD amyloid (NACP) and the human ortholo-
gue of the PNP14 were identified as two distinct synucleins and termed
a-synuclein and f-synuclein, respectively (Fig. 6.1A) (Jakes et al., 1994).

3. a-Synuclein was identified as a major component of proteinaceous inclu-
sions, Lewy bodies (LB) and Lewy neurites (LN), (Figs. 6.3 and 6.4), the

Human MDVFM TEAGVAEALGHTFEGVLYVGS T 60
rat MDVFH TEQGVAERAGHTFEGVLYVGS T 60
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Serinus v 3 TUQGVAELALG ILYVGS T 60
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Figure 6.3 Alignment of o-synuclein from seven vertebrate species with the program
ClustalW.
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Figure 6.4 Tissue from patients with DLB immunostained for a-synuclein. (A and B)
a-Synuclein-positive LB and LN in SNc stained with different Abs: PER1 (A) or PER2
(B).[Scale bar =100 pum (in B for A and B).] (C and D) a-Synuclein-positive LN in hippo-
campus stained with Abs: PER1 (C) or PER2 (D). [Scale bar = 80 um (in D for C and
D). (E) a-Synuclein-positive intraneuritic LB and LN in SNc stained with PER 2. (Scale
bar =40 um.) (From Spillantini et al.,1998a.)

characteristic lesions in brains of patients with PD and dementia with
Lewy bodies (DLB) (Arima et al., 1998; Forno, L. S. (1996); Spillantini
et al., 1997, 1998a). Importantly, this localization was observed both in
familial and sporadic cases of PD, which are not associated with o-
synuclein mutations. a-Synuclein is also implicated in the pathogenesis
of multiple system atrophy (MSA) (Arima et al., 1998; Spillantini et al.,
1998b; Tu et al., 1998), amyotrophic lateral sclerosis (ALS) (Mezey et al.,
1998), neurodegeneration with brain iron accumulation, type 1 (NBIA1)
(Saito ef al., 2000; Wakabayashi et al., 2000b), and Down’s syndrome
(Lippa et al., 1999). The accumulation of o~ and f-synucleins was also
found in brain neurons and glial cells in lysosomal storage disease and
peroxisomal disease, for example, adreno-leukodystrophy (Suzuki et al.,
2007). LB are present in patients with Gaucher disease, which is a lipid
storage disease caused by a deficiency of the lysosomal enzyme glucocer-
ebrosidase (Wong et al., 2004). Several NDDs involving o-synuclein
deposition are collectively known as “‘synucleinopathy disorders”
(Galvin et al., 2001a; Marti et al., 2003).

4. Finally, a third member of the synuclein family has been identified in
mammalian species (Fig. 6.1A) independently in several laboratories
and termed breast cancer specific gene 1 (Ji et al,, 1997), persyn
(Buchman et al., 1998a), y-synuclein (Lavedan ef al., 1998b), or synoretin
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(Surguchov et al., 1999). Finally, the name ““y-synuclein” became generally
accepted for the purpose of consistency. y-Synuclein is involved in several
forms of cancer, some NDDs, and ocular pathology (Duda et al., 1999;
Galvin et al., 2000; Jia et al., 1999; Maurage ef al., 2003; Surguchov et al.,
2001a, 2005).

1.3. Second birth of synucleins: Prime time for a-synuclein

An important milestone in synuclein studies came 10 years after the first
publication when two missense mutations in a-synuclein were found to be
genetically linked to PD. Thus, 1997-1998 became the years signifying the
second birth of synucleins. These findings have focused a great deal of
interest on this protein family. Polymeropoulos et al. (1997) reported that
a point mutation G2"?A corresponding to an AA substitution Ala>*Tre
(A>T) in a-synuclein (Fig. 6.2) was genetically linked to early-onset,
autosomal dominant familial PD. Although the mutation was found only
in a small population, the high penetrance of this mutation made the finding
very important. The significance of this finding was confirmed by identify-
ing full-length o-synuclein as a major component in LB from postmortem
brains of sporadic PD patients (Spillantini et al., 1997). Description of
a second linked point mutation G®¥C corresponding to a substitution
Ala’“Pro (A3“P) (Fig. 6.2) in rare cases of familial PD followed in 1998
(Kruger et al., 1998). This finding confirmed the linkage of a-synuclein to
PD. Later, the third point mutation Glu*°Lys (E*°K) (Fig. 6.2) was detected
in a Spanish kindred with familial PD (Zarranz et al., 2004). Finally, the
duplication and multiplication events in the gene encoding «-synuclein
have been associated with rare inherited forms of autosomal dominant PD
(Chartier-Harlin et al., 2004; Ibanez et al., 2004; Nishioka et al., 2006;
Singleton et al., 2003).

Thus, either point mutations or higher gene dosage of wild type
(wt)-a-synuclein causes this disease. The data with gene duplication and
triplication suggests a direct relation between o-synuclein gene dosage and
disease progression. These findings provided strong evidence that o-synu-
clein plays a key role in the pathogenesis of PD, despite of a low frequency
of mutations in its gene among PD patients. However, the studies of mutant
forms of a-synuclein helped researchers to better understand molecular and
cellular mechanisms underlying the wt-protein role in sporadic forms of
diseases.

Another observation indicating the role of a-synuclein in PD pathogen-
esis is its deposition in LB in the pathological hallmark of PD/DLB disease.
In addition to PD patients, o-synuclein depositions may be present in
patients with other NDDs, which are collectively known as “‘synucleino-
pathy disorders.” Currently two opinions exist explaining the role of
o-synuclein in diseases. One group of researchers consider that a-synuclein
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is involved in diseases through a gain of toxic function (Cookson and van
der Brug, 2007; Galvin et al., 1999, 2001a), whereas the other group
presents the results supporting the opinion that their implication in pathol-
ogy is due to a loss of defensive properties (Alves da Costa et al., 2000;
Manning-Bog et al., 2003). Whatever point of view is correct, o-synuclein
is the predominant protein in LB in sporadic and familial cases of PD that is
actively sequestered into these proteinaceous inclusions (Baba et al., 1998;
Mezey et al., 1998; Spillantini et al., 1997).

2. SYNUCLEIN FAMILY: HOw AND WHY PROTEINS
FORM FAMILIES

Members of the synuclein family exist only in vertebrate and do not
have ancestors or precursors in prokaryotic organisms. Although some
similarity in AA sequence of a-synuclein with other proteins exists, for
example, with the class-A2 lipid-binding domains of the apolipoproteins
(Clayton and George, 1998; George, 2002), chaperone 14-3-3 (Ostrerova
et al., 1999), or small heat-shock proteins (Hsp) (Kim et al., 2004), it can be
found only in relatively short AA sequences and hardly can be considered as
a proof of a common ancestor(s) for these proteins. The similarity of
C-terminal region of a-synuclein to some chaperones may be responsible
for its protective functions.

Thus, synucleins are different from the majority of other eukaryotic
proteins that have been either inherited from prokaryotic precursors without
drastic changes in biochemical function, but recruited for novel roles in the
eukaryotic cells, or evolved due to extensive structural modifications
(Aravind et al., 2006). Therefore, they may be considered as molecular
innovations of eukaryotes. The majority of such new eukaryotic proteins
are a-helical and metal-supported structures, whereas synucleins are naturally
unfolded proteins. The first synuclein precursor most probably appeared at
the onset of eukaryotic evolution when the development of new forms of
eukaryotes required sophisticated regulation of CNS functioning related to
fundamental processes of synaptic transmission and plasticity.

The majority of proteins are organized hierarchically into families
and superfamilies, reflecting an ancient and continuing process of gene
duplication and divergence. Different members of a family are often char-
acteristic of different tissues of the body, where they perform analogous but
distinctive tasks. Each family in the course of evolution has evolved from a
single ancestral gene by a process of duplication and divergence (Alberts
et al., 2002; Taylor and Raes, 2004). The creation of new genes by
diversification and specialization of existing genes has been crucial for the
evolution of multicellular organisms. The evolution of three members of
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the synuclein family may be described as follows. A chromosome that
contained one copy of synuclein ancestor gave rise, through an error of
DNA replication, to a chromosome containing two copies of the ancestor
synuclein gene in tandem. After mutations in a duplicated gene and recom-
bination, a new member of the family located in a different chromosome.
Then the ancestor synuclein gene underwent other mutations, duplication,
and recombination once again giving rise to the third member of the
synuclein family. Difterent properties of the members of the family and
different pattern of tissue-specific expression ensure higher flexibility and
adaptive capabilities for multicellular organisms.

An interesting hypothesis explains the existence of two proteins with
similar sequences, but antagonistic properties, that is &~ and f-synucleins by
their role as a driving force for synaptic evolution. Fujita ef al. (2006) assume
that these two proteins function as chaperone and antichaperone. While
antichaperone synuclein provokes stress-induced diverse responses, the chap-
erone may provide buftering for them, allowing accumulation of nonlethal
phenotypic variations in synapses. Thus, dual synuclein system may cope with
forthcoming stresses in the brain by stimulating adaptive evolution. The failure
to regulate this process due to mutations, environmental risk factors, etc. may
result in imperfect adaptability against stresses, leading to NDDs.

The only one exception from the rule “three synucleins in each verte-
brate” is the pufferfish Fugu rubripes, which has four synuclein genes in its
genome, 0-, fi-, and two y-synucleins (y1 and 92) (Fig. 6.1C). They are
expressed in the brain, range from 113 to 127 AA in length and share many
of the characteristics of human synucleins. The existence of four genes may
be explained by the duplication of the whole genome that took place 230
million years ago and the subsequent loss of duplicated genes. Interestingly,
Fugu o-, y1-, and y2-synucleins have a higher propensity to fibrillate
compared with human a-synuclein, whereas f-synuclein is unable to
form fibrils (Yoshida et al., 2006).

2.1. Synuclein genes

2.1.1. Human synuclein genes

The human a-, i-, and y-synuclein genes map to chromosome 4q21.3-q22
(Campionetal., 1995; Chen et al., 1995; Shibasaki et al., 1995), 5q35 (Spillantini
et al., 1995), and 10g23 (Lavedan et al., 1998a,b; Ninkina ef al., 1998), respec-
tively. The o-synuclein gene is organized as seven exons, five of which are
protein-coding, whereas the f-synuclein gene has six exons (five protein-
coding) and the y-synuclein gene has five protein-coding exons (Lavedan,
1998). The size of exons range from 42 to 1110 base pairs. The translation
start codon ATG is encoded by exon 2 and the stop codon TAA is encoded by
exon 6. The NAC fragment is encoded by exon 4. Exon 1 has difterent splicing
sites, producing different 5'-untranslated sequences in the cDNAs. The overall
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organization of these genes is very well conserved (Figs. 6.1 and 6.2). The 5'-
untranslated region (5'-UTR) of the a-synuclein gene contains an exon with
two alternative spliced sites, which could be considered as two adjacent exons
(exons 1 and 2) (Fig. 6.2). Alternative splicing has also been observed for exons 4
and 6 of the a-synuclein gene (Campion et al., 1995; Uéda et al., 1994).

The predominant isoform of o-synuclein in humans is composed of
140 AA. The second isoform, a-synuclein-126, is produced by an inframe
deletion of exon 3 (AAs 41-54), while the third isoform, a-synuclein-112,
by an inframe deletion of exon 5 (AAs 103—-130) (Beyer, 2006) (Fig. 6.2).
The transcript for a-synuclein-140 is the most abundant, followed by o-
synuclein-112 and a-synuclein-126.

Recently, a new brain-specific splice variant o-synuclein-98 was identi-
fied Beyer et al., 2007), which lacks both exon 3 and 5 (Fig. 6.2). This
isoform has a varying expression level in different areas of fetal adult brain
with the highest expression in the adult temporal and parietal cortices and
the fetal parietal cortex. a-Synuclein-98 is overexpressed in the frontal
cortices of LB diseases and AD brains and supposedly possesses very high
amyloidogenic properties (Beyer et al., 2007).

2.1.2. High level of synuclein conservation in vertebrates

Across mammalian species in the evolutionary ladder, a-synuclein protein is
highly conserved, even though synucleinopathy develops selectively in
humans. From an evolutionary standpoint, the o-synuclein gene is an
example of remarkable adaptation, since in many vertebrate species, posi-
tion 53 in encoded protein is occupied by threonine (Fig. 6.5), whereas in
Old World monkeys and humans, alanine is located in this position. Back
position to a threonine in the human protein (A>T mutation) causes PD.
Apparently the majority of vertebrate may tolerate threonine in position 53.
Similarly to human gene, alternative splicing was described for rat o-synu-
clein. The three rat cDNAs, SYN1, SYN2, and SYNB3, appear to be splice
variants of the same gene (Maroteaux and Scheller, 1991; Maroteaux et al.,
1988) with the most homology to human o-synuclein. So far, no splice
variant has been described for the ff- and y-synuclein genes.

Comparison of AA sequence of the a-synuclein from several species of
mammals and birds shows substitutions in only 4 positions out of the first 84
residues in N-terminal part of the protein (Fig. 6.5, the first 6 lines).
Only the human a-synuclein mRINA contains an IRE-like sequence in its
5'-UTR. Generation of the human o-synuclein transcript requires RNA
splicing out of an intron that precisely interrupts the canonical S1-
CAGUG3’ motif of the predicted 5'-UTR stem loop. Thus, it is possible
that a unique role for a-synuclein in presynaptic redox and iron metabolism
rapidly evolved in primates with selection for RNA splicing that favored a
gain of posttranscriptional regulation for a-synuclein protein production.
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Figure 6.5 SNc from patients with PD (A-F) and cingulate cortex from a patient with
DLB (G) immunostained for ¢-synuclein and ubiquitin (blue). (A) Nerve cell with four
LB, three of which are double-stained for a-synuclein and ubiquitin, whereas one is
immunoreactive only for o-synuclein (arrow). An LN neurite is stained only for o-synu-
clein (arrow) (scale bar = 30 um). (B) Nerve cell with three LB that are double-stained
for a-synuclein and ubiquitin. The halo of each LB is strongly immunoreactive for ubi-
quitin, whereas both the core and the halo of each LB are immunoreactive for a-synu-
clein (scale bar = 10 um). (C) Nerve cell with two LB, one of which is double-stained
for o-synuclein and ubiquitin, whereas one is immunoreactive only for a-synuclein
(arrow) (scale bar =13 um). (D) LN double-stained for a-synuclein and ubiquitin (scale
bar =90 um). (E and F) LN stained for a-synuclein by using Ab PER1 (E) and PER 2 (F)
(scale bar =100 um). (G) Intraneuronal and intraneuritic LB and LN double-stained for
o-synuclein and ubiquitin. (Scale bar =18 um.) (From Spillantini et al.,1998a))

High level of conservation among vertebrates and absence of ortholo-
gues or homologues in invertebrate suggests that it is not essential for
synaptic transmission per se, but may be evolved to perform an important
function specific to vertebrates. Such function could be connected with a
role in synaptic plasticity or another function of CNS existing only in
vertebrates. This conclusion is supported by the relatively late translocation
of a-synuclein into presynaptic terminals during synaptogenesis, after func-
tional synapses have been established (Withers et al., 1997).

2.1.3. Regulation of synuclein expression

2.1.3.1. a-synuclein o-Synuclein is a protein that is expressed abundantly
and developmentally regulated in the CNS. In the rodent CNS, mRNA
expression levels begin to rise at late embryonic stages and reach a peak in the
first weeks of postnatal life, after which mRNA level begins to go down
(Kholodilov et al., 1999; Petersen et al., 1999). Various stimuli and regulatory
elements have been shown to regulate a-synuclein level in adult rodents
in vivo (Kholodilov ef al., 1999; Manning-Bog et al., 2002; Vila ef al., 2000).
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o-Synuclein is upregulated by growth factors, for example, nerve
growth factor (NGF) and basic fibroblast growth factor (bFGF) (Clough
and Stefanis, 2007), and by DA (Gémez-Santos et al., 2005). This pathway
involves JNK and p38 that might act through cis-elements in intron 1 of the
gene and may be regulated by C/EBPf. The response elements for MAP/
ERK pathway (NGF-RE1 and NGF-RE2), including a putative promoter,
lie within intron 1. The PI3 kinase pathway is also involved in a-synuclein
regulation; however, response elements for this pathway are located outside
of intron 1. Most of the attention regarding the promoter region of o-
synuclein has been focused on the NACP-Rep1 region located upstream of
the start site (Section 2.1.5, page 240).

2.1.3.2. B-synuclein The promoter organization and transcriptional reg-
ulation of fi—synuclein have not been studied in detail. However, the data
on tissue distribution of -, -, and y-synucleins suggests that the patterns of
o- and f-synucleins are similar, whereas y-synuclein has different pattern of
expression and regulation.

2.1.3.3. y-synuclein y-Synuclein is almost absent in normal or benign
breast lesions, but expressed at an extremely high level in the vast majority
of the advanced staged breast carcinomas and ovarian cancer (Ji ef al., 1997;
Lavedan, 1998). The abnormal expression of y-synuclein in breast cancer
cells 1s regulated by multiple transcriptional mechanisms.

Lu ef al. (2001) isolated a 2195-bp fragment of human y-synuclein gene
containing 1 kb of 5'-flanking region, exon 1, and intron 1. By analyzing
the promoter activity and the methylation status of the exon 1 region,
the authors demonstrated that intron 1 plays a critical role in the control
of y-synuclein gene transcription through cis-regulatory sequences that
affect y-synuclein transcription in cell type-specific and cell type-
nonspecific manners. Furthermore, the activator protein-1 (AP-1) is
involved in y-synuclein transcription in breast cancer cells through its
binding to an AP-1 site (TGACTCA) in the intron 1. Importantly, the
exon 1 region of y-synuclein gene contains a CpG island that is unmethy-
lated in y-synuclein positive cells but methylated in y-synuclein negative
cells. Thus, transcription activators and repressors that interact with the cis-
regulatory sequences present in the intron 1 contribute to the tissue-specific
expression of y-synuclein. Demethylation of exon 1 is an important factor
responsible for the aberrant expression of y-synuclein in breast carcinomas.

Further studies showed the existence of two closely located AP1-bind-
ing sites in the first intron of the y-synuclein gene. Mutation of either AP1
motif in the y-synuclein promoter reduces the promoter activity. 12-O-
tetradecanoylphorbol-13-acetate increases y-synuclein mRINA expression
through the intronic AP1 sites. Inhibition of y-synuclein expression by
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blocking AP1 transactivation caused cell growth inhibition similar to the
effect of y-synuclein antisense mRNA (Lu ef al., 2002).

The 5'-flanking region of y-synuclein provides the basal transcriptional
activity without cell type specificity. A critical promoter element involved
in abnormal expression of y-synuclein is located in the first exon. The cell
type specificity of transcription is affected through intronic cis-regulatory
sequences. AP1 domains in the first intron play an important role in control
of y-synuclein transcription (Lu ef al., 2006). Cytokine oncostatin M affects
y-synuclein transcription presumably through the intronic AP1 sites. These
studies demonstrate that AP1 is a key positive regulator in y-synuclein
transcription in breast cancer cells through specific interaction with two
closely located AP1 sites residing in the first intron of the gene.

2.1.4. Mutations in synuclein genes

2.1.4.1. o-synuclein gene Some data about mutations in o-synuclein
gene are already discussed in the Chapter I, C. The roles of A>T and
A3°P substitution have been extensively investigated both in vitro and in vivo
and have provided important insights into the pathogenic pathways
underlying the mechanism of PD. AT mutation accelerates fibril
formation relative to both wt- and A3°P substitution. The effect of the
A3YP mutation on filament assembly is less evident. In different studies, this
effect was either small (Narhi ef al., 1999) or absent (Serpell ef al., 2000).
Interestingly, A3°P, but not A>T, substitution reduces the level of a-
synuclein binding to brain vesicles (Jensen ef al., 1998). Patients harboring
the A>T mutation exhibit neuronal death, gliosis, and extensive LN in
other parts of the brain including the cortex and hippocampus (Spira ef al.,
2001). The E**K mutation significantly increases binding of a-synuclein to
negatively charged liposomes and enhances the rate of filament assembly to
similar level as the A>T mutation (Choi et al., 2004; Greenbaum et al.,
2005).

The finding of the role of duplication/triplication of a-synuclein in PD
(Chapter I, C) was essential for the understanding of its pathogenesis.
Importantly, an increase of blood o-synuclein was detected in patients
with gene triplication (Miller ef al., 2004). Patients with synuclein gene
di/triplication often display prominent extranigral pathology, typical of
DLB (Miller et al., 2004; Singleton et al., 2003).

Recently, Ahn ef al. (2008) described o-synuclein gene duplication in
sporadic (without positive family history) PD patients among Korean pop-
ulation. Although the frequency of such duplication was as low as 0.23%
(2 of 869 patients with sporadic PD), these results further confirm the
existence of direct cause-and-effect correlation between o-synuclein
expression level and PD risk. Low penetrance, clinical heterogeneity, and
normal DA transporter imaging in asymptomatic carriers suggest the role of
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other genetic modifiers or environmental factors in the pathogenesis of PD
due to a-synuclein gene duplication described by Ahn ef al.

2.1.4.2. B-synuclein genes Two AA alterations in a conserved regions of
f-synuclein genes in unrelated DLB patients are described, that is a valine to
methionine substitution at codon 70 (V’°M) and a proline to histidine
substitution at codon 123 (P'2°H) (Ohtake et al., 2004). Cosegregation
analysis of an extended pedigree segregating the P'2*H f-synuclein alter-
ation suggests that it is a dominant trait with reduced penetrance or a risk
factor polymorphism. Histopathology and immunohistochemistry (IHC)
analysis of index case brain sections revealed widespread LB pathology and
a-synuclein aggregation without evidence of f-synuclein aggregation
(Ohtake et al., 2004). The authors draw a conclusion that mutations in
the f-synuclein gene may predispose to DLB.

2.1.5. Polymorphisms in synuclein genes
A dinucleotide repeat polymorphic marker (REP1) with allele-length
variability has been mapped to 8 kb upstream of the transcription start site
in o-synuclein gene. Several studies observed an association of REP1 of the
o-synuclein gene promoter with PD susceptibility (Tan et al., 2004). How-
ever, other investigations did not confirm this association (Parsian ef al.,
1998; Spadafora et al., 2003). Thus, most probably, the length of tandem
repeats in this region is associated with the risk of developing PD in some,
but not all, populations. Recently, Maraganore et al. (2006) showed an
association of the allele-length variability in the REP1 with PD susceptibil-
ity. Genotypes that included the 263 bp allele were associated with an
increased risk for PD, whereas genotypes that included the 259 bp allele
were associated with a reduced risk for PD. On the other hand, dinucleotide
repeat sequence genotypes had no effect on the age at onset of PD overall
(p = 0.55) (Maraganore et al., 2006).

o-Synuclein gene expression varies significantly over a threefold range
across the different REP1alleles, suggesting that the association of specific
genotypes with an increased risk for PD may result from an increase in
o-synuclein mRNA transcription (Chiba-Falek and Nussbaum, 2001;
Chiba-Falek ef al., 2003). The recent finding of a-synuclein gene triplica-
tion as a rare cause of PD (Singleton et al., 2003) suggests that polymorphism
within the gene promoter may confer susceptibility via the same mechanism
of gene overexpression. These results are in a good agreement with the
results obtained in a yeast model, where a twofold difference in expression
of the a-synuclein gene was sufficient to cause a catastrophic change in
o-synuclein localization and resulted in the formation of cytoplasmic
inclusions and cell death (Outeiro and Lindquist, 2003). The correlation
between gene dosage and PD suggests that pharmacological manipulations
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affecting o-synuclein expression level might be considered as therapeutic or
preventive strategies.

In addition to polymorphisms in the promoter region of o-synuclein
gene, an increased risk for idiopathic PD is also associated with polymorph-
isms in other in noncoding and coding regions of o-synuclein gene. Mueller
et al. (2005) analyzed more than 50 single-nucleotide polymorphisms
(SNPs) across the a-synuclein gene and found a strong association of a
haplotype block including exons 5 and 6 as well as 5-UTR with PD.
SNP 15356219 in the 3'-region of a-synuclein gene has a significant effect
on mRNA level in substantia nigra pars compacta (SNc¢) and cerebellum,
while “protective” genotype 259/259 of the PD-associated promoter
repeat NACP-Rep1 is associated with lower protein levels in blood than
genotypes 261/261, 259/261, and 259/263. Thus, a-synuclein levels are
influenced by genetic variability in the promoter and 3’-region of the -
synuclein gene (Fuchs et al., 2007).

Variable poly-T sequence in intron 2 in the vicinity of exon 3 of the
human gene may be represented by three different alleles (Beyer et al.,
2007). The level of expression of o-synuclein-126 mRNA, an isoform
lacking exon 3, depended on the length of poly-T stretch. The shortest
poly-T stretch (5T) was associated with the lowest level of a-synuclein
expression, while 12T poly-T stretch ensured the highest level of expres-
sion. The most frequent 7T allele was associated with the medium level of
expression (Beyer ef al., 2007). Since this polymorphism is related to the
expression of o-synuclein-126 mRINA, lacking exon 3, it is possible that the
length of poly-T stretch aftects the efficiency of the exon 3 splicing. Frieling
et al. (2007) described a decreased a-synuclein expression in patients with
anorexia nervosa, which was associated with a DNA hypermethylation of
the o-synuclein promoter. These results suggest that o-synuclein may be
also implicated in eating disorders.

A possible association of two SNPs in fi-synuclein gene with PD was
analyzed by Brighina et al. (2007). One of them located in promoter region
of the gene was associated with a delayed age at onset of PD in women.
Therefore, the f-synuclein locus, though not a susceptibility gene for PD,
might modify the age at onset of PD. Since this polymorphism is located in
5'-region, it is tempting to speculate that a differential regulation of fi-
synuclein gene transcription upon interaction with estrogens might account
for the association of polymorphic variant with age at onset in women only.
Two linked polymorphisms in the coding region of the y-synuclein gene
were detected, both in mRINA and exons III and IV of the gene (Ninkina
et al., 1998).
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2.2. Synuclein proteins

2.2.1. Structural properties .

o-Synuclein has a much larger Stokes radius (34 A) but sedimented more
slowly (s20, w = 1.7S) than globular proteins of similar M,, indicating that
the native protein is elongated, rather than globular (Weinreb et al., 1996).
According to MALDI-TOF, its molecular mass is 14,463, which is close to
molecular mass predicted from AA sequence. However, the mobility of
o-synuclein in electrophoresis in polyacrylamide gel in the presence of
sodium dodecylsulphate corresponds to the apparent mass of ~19 kDa,
which can be attributed to the abnormally low binding to SDS of the
unfolded and acidic C-terminal fragment and partially to PTMs.

Analysis of a-synuclein by circular dichroism, ultraviolet, and Fourier
transformed infrared spectroscopy confirmed its natively unfolded (random
coil) secondary structure in aqueous solution (Uversky et al., 2002; Weinreb
et al., 1996). The central hydrophobic region of a-synuclein is critical for
f-sheet formation (Lin ef al., 2006). Both A>T and A3°P mutants undergo
self-association more readily than the wt, that is, at lower protein concen-
tration and more rapidly (Li ef al., 2001). According to far-ultraviolet
circular dichroism method, at neutral pH and physiological conditions, all
three synucleins show spectra typical of an essentially unfolded polypeptide
chain, but adopted identical partially folded conformations under conditions
of acidic pH or high temperature (Li et al., 2002).

While f-synuclein exhibits the properties of a typical random coil, o and
y-synucleins are slightly more compact and structured (Uversky ef al.,
2002). Structurally, a-, -, and y-synucleins share a common design com-
posed of three modular protein domains providing thereby an amphiphilic
triblock polypeptide: (1) Over half of the synuclein molecule comprises a
highly conserved N-terminal lipid-binding o-helix (residues 7-87) with
high content of basic residues. Positively charged N-terminal part contains
recurring 11 residue sequence that includes 7 imperfectly repeated hexamer
(KTKEGV) motifs. This region is very similar in all three members of the
synuclein family (Fig. 6.1). (2) A wvariable internal hydrophobic NAC
domain (residues 61-95) comprises the highly hydrophobic NAC domain,
which is essential for a-synuclein aggregation and by itself can readily form
amyloid fibrils (Giasson ef al., 2001; Yoshimoto et al., 1995). Partial deletion
of the NAC region in fi-synuclein made this protein nonamyloidogenic
(Figs. 6.1 and 6.2). (3) The less-conserved C-terminal region of a-synuclein
(residues 96—140) is characterized by a high content of acidic stretches
residues (Fig. 6.1). This C-terminal part regulates amyloid aggregation
and 1s located on the fibril surface. Residues 109-140 are organized as a
tandem repeat of 16 residues that constitutes specific binding sites for Ca>*,
Cu?*, and other cations (Hoyer ef al., 2004). This part is relatively resistant
to proteolytic degradation.
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The strong fibrillation propensity of o-synuclein is not shared by f5- or y-
synuclein. -Synuclein does not aggregate at all, while y-synuclein can form
amyloid fibrils at much higher concentrations and at a slower rate than
o-synuclein. In addition, both f- and 7y-synucleins inhibit o-synuclein
fibrillation in vitro (Uversky et al., 2002). The structure of a-synuclein allows
the molecule to exist either in a poorly structured conformation or as
an o-helix in the presence of phospholipids (Chandra ef al., 2003;
Perrin ef al., 2000), suggesting highly dynamic changes depending upon
the local cellular milieu. According to recent nuclear magnetic resonance
(NMR) studies, the lipid-binding domain is composed of two o-helices
when bound to phospholipids or synthetic membranes (Ulmer and Bax,
2005; Ulmer et al., 2005).

Amphipathic N-terminal region of a-synuclein bears some similarity in
AA sequence to the lipid-binding class A apolipoproteins A2 and C1-3
involved in lipid transport (Davidson et al., 1998). Like a-synuclein, apoli-
poproteins have a highly unordered structure in the absence of lipids and
adopt an a-helical structure upon lipid binding (Morrisett et al., 1977).
Another similarity between synucleins and apolipoproteins is that both
groups of proteins are prone to form amyloid due to their unfolded structure
(Hatters and Howlett, 2002). Apolipoproteins interact and may colocalize
with amyloid and, similar to a-synuclein, are the components of AD
plaques and LBs (Spillantini ef al., 1997).

NMR and X-ray crystallography studies of synuclein fibrils are limited
because amyloid fibrils are insoluble and noncrystalline. However, the
structure of a-synuclein fibrils can be studied by solid-state NMR spectros-
copy (Heise ef al., 2005; Kloepper ef al., 2007a). This method shows that
o-synuclein fibrils have weak cross-polarization signals at room temperature
due to the local molecular dynamics. Low temperature enhances signal
intensities while retaining high resolution (Kloepper et al., 2007a). Dried
samples of a-synuclein fibrils yield spectra with similar chemical shifts
relative to those of hydrated fibrils, suggesting that an atomic-resolution
structure is unaltered upon dehydration (Kloepper et al., 2007b). At the
same time, spectral sensitivity is enhanced for dehydrated samples because of
the larger quantity of dried protein packed into NMR rotor. Therefore,
water is nonessential to the core structure of o-synuclein fibrils.

2.2.1.1. a-synuclein o-Synuclein is an abundant acidic neuronal protein
that is composed of 140 AAs in human and rodents (Fig. 6.1), and 143 in
S. canaria (Jakes et al., 1994; Spillantini ef al., 1997, 1998a). It has been
estimated to account for as much as 0.1% of the protein in the homogenate
(Shibayama-Imazu et al., 1993) or 1% of the total protein in soluble
cytosolic brain fractions (Iwai ef al., 1995). o-Synuclein is extremely heat-
resistant and natively unfolded. The human and rodent sequences are 95.3%
identical. One of the only six AA differences is at position 53, which is
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normally an alanine in humans and threonine in rodents. Interestingly, it is
the same substitution, Ala-53-Thr, that was observed in some familial cases
of PD (Fig. 6.5) (Polymeropoulos et al., 1997). The mouse and rat o-
synuclein proteins difter by a single AA at position 121. The synuclein
orthologue in zebra finches-synelfin protein is 86.7% and 85.3% identical to
the human and rodent o-synucleins, respectively. The amphipathic
N-terminal and the hydrophobic NAC regions are highly conserved
between species, whereas the C-terminal region is highly variable in size
and sequence (Davidson ef al., 1998; George, 2002).

2.2.1.2. B-synuclein  f-Synuclein proteins are 134 AAs long and are the
most conserved of the synuclein proteins (Fig. 6.1). Importantly, they lack
11 AAs in the region corresponding to the NAC35 peptide found in plaques
of AD patients, which extends from residues 61 to 95 of a-synuclein. Mouse
and rat f-synuclein proteins are identical and share 97.8% identity with
the human f-synuclein. The bovine PNP14 is 97% and 98.5% identical to
the human and rodent fi-synuclein. ~-Synuclein is phosphorylated in the rat
brain, presumably by the Ca?* calmodulin protein kinase II (Nakajo ef al.,
1993). A possible phosphorylation site is the serine residue at position 118,
which is conserved throughout species in the ff-synuclein sequence but not
in the o~ or y-synuclein.

2.2.1.3. y-synuclein The y-synuclein protein is the least conserved of the
synuclein proteins. The human y-synuclein is 127 AAs long (Fig. 6.1), and is
87.7% and 83.8% identical to the mouse and rat proteins, respectively,
which are 4 AAs shorter. As for the o~ and f-synuclein proteins, the region
of highest homology is the N-terminal region. The Torpedo synuclein
protein identified as the first synuclein by Matoteaux et al. (1988) is 143
AAs long, including a central fragment KTKQGVQDAAE absent in the
other synuclein proteins (Fig. 6.1B). This fragment, however, may be a
result of cloning artifact (Yoshida et al., 2006). Besides this duplication, the
Torpedo synuclein is 75.3% identical to the N-terminal portion of
the human y-synuclein. The last 35 AAs have little homology with the
human or rodent y-synucleins.

Despite a strong sequence similarity between the amyloid-forming
regions of o~ and y-synucleins, human y-synuclein has only a weak propen-
sity to form amyloid fibrils (Biere ef al., 2000; Giasson et al., 2001; Serpell
et al., 2000). p-Synuclein has an increased o-helical propensity in the
amyloid-forming region that is critical for a-synuclein fibrillation, suggest-
ing that increased structural stability in this region may protect against
y-synuclein aggregation. Despite a similar AA sequence, there are significant
differences in secondary structure between o~ and y-synucleins. One possi-
ble explanation for this is that disordered regions simply evolve faster
than folded regions due to their reduced tertiary contacts (Marsh et al.,
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2006). y-Synuclein is colocalized with neurofilaments in the axons (Ninkina
et al., 2003) and affects neurofilament network integrity, probably by
increasing the susceptibility of neurofilament-H to calcium-dependent
proteases (Buchman ef al., 1998b).

2.2.1.4. Synucleins are natively unfolded proteins Synucleins have little
or no ordered structure under physiological conditions mainly because of
the electrostatic repulsion between the net negative charges and low intrin-
sic hydrophobicity. Natively unfolded proteins are characterized by a
unique combination of low overall hydrophobicity and large net charge
(Uversky et al., 2000, 2001b; Weinreb ef al., 1996). At the same time,
fibrillar and some prefibrillar oligomeric forms of this protein are highly
structured (Conway ef al., 2000a,b; Li et al., 2001; Volles et al., 2001).
Unfolded proteins, under conditions of extreme pH values or elevated
temperature, can be transformed into more compact, structured conforma-
tions when the net electrostatic repulsion is reduced by the binding of
oppositely charged ions (Uversky et al., 2001b).

2.2.1.5. Lipid and membrane binding Monomeric o-synuclein exists in
equilibrium between free and plasma membrane or vesicle-bound states
(McLean ef al., 2000). The amount of membrane-bound o-synuclein was
calculated to be 15% (Lee et al., 2002a). Both overexpression of ¢-synuclein
and its depletion are accompanied by alterations in membrane properties,
including fluidity and fatty acid (FA) uptake (Castagnet et al., 2005;
Golovko et al., 2005; Sharon et al., 2001).

Due to its structural features and homology to FA-binding protein,
o-synuclein is able to bind FA and participate in FA metabolism and
transport (Sharon et al., 2001). This a-synuclein property may be important
for the fulfillment of its synaptic functions since FA are highly enriched in
synaptic vesicles. a-Synuclein can transfer FA from the aqueous environ-
ment to sites of synaptic vesicle formation, for example, early endosomes or
other intracellular destinations. Cells that either overexpress or entirely lack
o-synuclein have an altered FA composition compared to the normal cells
(Sharon et al., 2003). A disruption of FA uptake and trafficking was detected
in vivo in astrocytes from a-synuclein gene-ablated mice (Castagnet et al.,
2005). However, the analysis of in vitro interactions of a-synuclein with
FA using NMR spectroscopy and electron microscopy suggests that
o-synuclein is unlikely an intracellular FA carrier (Liicke et al., 2006).

o-Synuclein could also modulate the turnover of polyunsaturated FA
acyl groups, which have been implicated in clathrin-mediated endocytosis.
After binding to synthetic vesicles containing polyunsaturated FA acyl
groups, o-synuclein multimerizes and adopts a ff-rich structure (Perrin
et al., 2001). By binding to synaptic vesicles and stabilizing their lipid and

protein fine structure, o-synuclein may tune neurotransmission, regulate
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synaptic vesicle recycling at the nerve terminal, and transfer FA to mem-
brane compartments where vesicles are formed (Chandra et al., 2005;
Nuscher et al., 2004). In lipidosis, o-synuclein and sometimes f-synuclein
accumulate in neurons and glial cells in places of lipid storage (Suzuki
et al., 2007).

2.2.1.6. Mechanism of o-synuclein aggregation, fibrillation, and
toxicity A natively unfolded protein, o-synuclein, can adopt different
conformational states and different aggregated morphologies, including
small aggregates, oligomers, spherical and linear protofibrils, and fibrils.
The aggregation process initially forms oligomeric species that are relatively
soluble; these oligomers might then self-assemble into fibrillar structures
that are insoluble (Conway et al., 1998; Giasson et al., 1999). The small
oligomeric aggregates and prefibrillar oligomers rather than the mature
fibrils have been shown to be particularly toxic (Emadi et al., 2007,
Lashuel ef al., 2002; Takeda et al., 2006; Volles and Lansbury, 2003).
Another viewpoint suggests that protofibrils and/or protofibril rings are
actually the pathogenic species, whereas fibrils are innocuous (or less toxic)
(Bucciantini ef al., 2002; El-Agnaf et al., 2003, 2004). The cellular mem-
branes are the primary targets injured by protofibrils (Furukawa et al., 2006).
Several mechanisms for a-synuclein aggregation have been proposed, that is
those involving the ubiquitin proteasome system (UPS) and oxidative stress
have gained the most prominence now.

Aggregated o-synuclein can undergo sequestration and form proteina-
ceous inclusions [LBs in PD, glial cytoplasmic inclusions (GCI) in MSA],
the role of which in the pathogenesis of NDDs is a matter of discussion.
According to one point of view, neurons with LB are more compromised
and the presence of inclusion bodies leads to cell dysfunction and death
(Beyer and Ariza, 2007; Lu et al., 2005). As an example of a negative role of
LB in neurons, Lu et al. (2005) report that LB-positive DA neurons are
sicker than their LB-negative counterparts. Alternatively, these inclusions
may protect the cell from toxicity of soluble misfolded proteins (Tompkins
et al., 1997). It 1s also possible that LB formation is an epiphenomenon,
induced by neuronal death. Finally, it is possible that LB are inert product.

Wt-o-synuclein and its mutated forms (A>*T and A3“P) produce differ-
ent amyloid fibrils in the course of self-aggregation (Wood et al., 1999).
Several differences in the aggregation behavior of the PD-linked mutants
and the wt-protein have been documented. Monomeric a-synuclein
aggregates in vitro are able to form stable fibrils via a metastable oligomeric
(i.e., protofibril) state (Volles and Lansbury, 2002). The protofibrillization
rate of A>T and A®'P mutants is higher than that of wt- protein; the
fibrillation rate is lower in AP and higher in A>T (Conway et al.,
2000a,b). a-Synuclein is more fibrillogenic than f- and y-synucleins and
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Figure 6.6 Filaments from cingulate cortex of patients with DLB labeled with anti-o-
synuclein Ab. The gold particles conjugated to the second Ab appear as black dots.
(A and B) Small clumps of labeled a-synuclein filaments. (C) A labeled a-synuclein
filament and an unlabeled paired helical filament (arrow). The labeled filaments have
various morphologies, including 5-nm filament (D); 10-nm filament with dark stain-
penetrated center line (E); twisted filament showing alternating width (F); 10-nm
filament with slender 5-nm extensions at ends (G, also C). [Scale bar =100 nm (C).]

cannot cross-seed its homologues; - and y-synucleins inhibit o-synuclein
fibril formation (Biere ef al., 2000; Uversky et al., 2002).

Analysis of synuclein aggregation and fibrilization. Filaments containing
o-synuclein as a major component can be detected in the brain of patients
with NDDs by immunolabeling with anti-a-synuclein antibody (Ab) with
the subsequent treatment by gold particles conjugated to the second
Ab (Fig. 6.6). These filaments are 50-700 nm long and have various
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morphologies, including a 5-nm straight filament and 10-nm filaments both
straight and twisted (Spillantini ef al., 1998a).

o-Synuclein amyloid fibrils can be detected by fluorescence emission of
specific fluorescent probes. The benzothiazole dye Thioflavin T and sulfo-
nated azo dye Congo Red or its derivatives are most commonly used (Naiki
et al., 1989). Recently, a new fluorescent probes with higher emission
intensity and selectivity to aggregated o-synuclein were developed suitable
for detection of fibrillar a-synuclein (Volkova et al., 2007). The study of
full-length a-synuclein fibrillation by atomic force microscopy (AFM)
demonstrated initial formation of protofilaments, two of which interact to
form a protofibrils and two protofibrils assemble into mature fibrils
(Khurana et al., 2003).

Sequence determinants for fibrillogenesis of a-synuclein. A key role in the
process of o-synuclein fibrillation is played by a 35-AA fragment that
comprises the hydrophobic core of the protein (Iwai ef al., 1995), originally
isolated from brain tissue of AD patients (Uéda et al., 1993). However, the
study of fibril structures by physicochemical methods demonstrated that the
core region of a-synuclein involved in the fibril core is approximately two
times longer (Heise ef al., 2005; Zibaee et al., 2007). Qin ef al. (2007)
digested o-synuclein fibrils by trypsin and endoproteinase GluC and ana-
lyzed the morphology of the fibril remnants. They also used N- and
C-terminal truncated forms of o-synuclein for fibril formation and investi-
gation of their structure by AFM. The results allowed to identify o-synu-
clein region located between AA 32 and 102 that is involved in the assembly
of the f-rich core of the protofilaments. The two terminal regions did not
participate in the assembly of the protofilament core, but play a role in the
interactions between protofilaments necessary for fibril maturation.

Zibaee et al. (2007) investigated the importance of different determinants
in synuclein molecule for amyloid fibrillogenesis and confirmed previously
published data (Biere et al., 2000; Giasson ef al., 2001; Serpell et al., 2000;
Uversky et al., 2002) about lower fibrillogenic propensity of f-synuclein
compared to o-synuclein. They found that the deletion of AA residues
73-83 from a-synuclein did not abolish filament formation. Interestingly, a
chimera composed of f-synuclein with a-synuclein (73—83) inserted had
significantly lower fibrillogenic propensity than the wt-o-synuclein. There-
fore, the presence of AA residues 73—83 in a-synuclein is not sufficient
to explain the difference in fibrillogenic propensity between o- and
p-synucleins. Deletion of AA residues 71-82 from a-synuclein abolished
fibril assembly pointing to the important role of V’'T’2 in a-synuclein
assembly into fibrils. Corresponding position in f-synuclein is occupied
by F’'S72 and in y-synuclein by V’1S72. Another important region of -
synuclein for fibril assembly is located near AA 45—46. Analysis of fibrillo-
genesis of different chimeras shows that the presence of the C-terminal
region of f-synuclein aftects the lag time, but is not sufficient to account for
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the low fibrillogenic propensity of f-synuclein. These results suggest the
existence of a correlation between fibrillogenic propensity and overall AA
composition (Zibaee et al., 2007). In other studies, the importance of AA
residues 61-95 and 27-58 in o-synuclein aggregation was found (Tartaglia
et al., 2005). The filament morphologies of o-synuclein mutants and
chimeras were different depending on AA sequence.

A central hydrophobic region of a-synuclein facilitates self-association
and aggregation. The C-terminal tail of a-synuclein, on the other hand,
inhibits aggregation, and a truncated form of the molecule is more
aggregation-prone. Both the A>T (Conway ef al., 1998) and the E*K
(Greenbaum et al., 2005), but not the A>°P mutation, significantly promotes
protofibril formation. a-Synucleinopathic lesions contain a large amount of
phosphorylated a-synuclein. Furthermore, phosphorylation of a-synuclein
at Ser'?® promotes fibril formation in vitro (Fujiwara et al., 2002). When
o-synuclein is overexpressed, most of the proteins end up as cytoplasmic
inclusions rather than making their way to the cell membrane. Two distinct
types of aggregates are observed, first the large juxtanuclear inclusion bodies
(containing o-synuclein fibrils) and the other smaller, nonfibrillar spherical
o-synuclein aggregates that are scattered throughout the cytoplasm (Lee and
Lee, 2002).

2.2.1.7. a-synuclein forms pore-like structure or ion channels Detergent-
resistant o-synuclein oligomers are a consistent pathological hallmark of PD
and other a-synucleinopathies (Campbell et al., 2001; Pountney ef al., 2004).
Annular o-synuclein oligomer formation immediately precedes filament
growth. In vitro, a-synuclein oligomers may acquire spherical, chain-like, or
annular morphologies depending on the condition of incubation and the
presence of mutations (Conway et al., 2000b; Ding ef al., 2002; Lashuel et al.,
2002). Mutant o-synuclein A3°P and A>°T have an increased propensity to
form annular oligomers, which topologically resemble bacterial pore-forming
toxins. They are able to disrupt lipid bilayers ( Jo ef al., 2002) and increase the
permeability of lipid membranes and can be released from pathological
inclusion bodies (Ding ef al., 2002; Lashuel et al., 2002; Pountney et al.,
2004; Volles et al., 2001).

o-Synuclein is able to form discrete annular oligomeric species in the
presence of divalent cations, the size of which depends on the nature of the
cation (Lowe et al., 2004). Cobalt (II) and calcium (II) give frequent annular
oligomers, 70-90 nm in diameter with calcium (II) and 22-30 nm in diame-
ter with cobalt (II). Copper (II), iron (III), and nickel (II) yield 0.8—4 nm
spherical particles, similar to a-synuclein incubated without metal ions.
Magnesium (IT), cadmium (II), and zinc (II) give larger, 5-8 nm spherical
oligomers. In the absence of metal ions, annular oligomers ranging 45—
90 nm in diameter are observed after 10 days incubation of a-synuclein
lacking the C-terminal 15 AAs. After 3 weeks of incubation, short bran-
ched structures emerge in the samples and if the incubation continued
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for an additional 2-3 months, extended filaments are formed. Truncated
o-synuclein (1-125), lacking the C-terminal 15 AAs, did not form annular
oligomers upon calcium addition, indicating the involvement of the calcium-
binding domain in the formation of such oligomers (Lowe ef al., 2004).

o-Synuclein protofibrils permeabilize synthetic vesicles and form pore-
like assemblies on the surface of brain-derived vesicles (Rochet et al., 2004.
DA reacts with o-synuclein to form a covalent adduct that slows the
conversion of protofibrils to fibrils. This finding suggests that cytosolic
DA in dopaminergic neurons (DAN) promotes the accumulation of toxic
o-synuclein protofibrils, which might explain why these neurons are most
vulnerable to degeneration in PD.

Helical a-synuclein can form highly conductive ion channels (Zakharov
et al., 2007). a-Synuclein binding to membranes containing anionic lipid is
driven by electrostatic interactions between the basic (pI = 9.7) N-terminal
segment of the protein and the negatively charged membrane surface.
Furthermore, monomeric wt-o-synuclein and two mutants, A>T and
E*K, but not AP, can form ion channels in planar bilayer membranes
containing anionic and curvature-inducing lipids. A trans-negative poten-
tial is required for channel activity, suggesting that in vivo a-synuclein may
form active channels only in membranes that have been depolarized. Thus,
intracellular, helical a-synuclein may form ion channels in synaptic mem-
branes in response to an action potential. Channel formation may be a part
of the normal function of a-synuclein that could result in modulation of ion
movements related to the process of depolarization/repolarization. o-Synu-
clein forms ion channels with well-defined conductance in membranes
containing 25-50% anionic lipid and 50% phosphatidyl-ethanolamine,
which is present in neuronal membranes. Hypothetically, secreted extracel-
lular a-synuclein could also form helical channels and induce cytotoxicity
by dissipating the potential across the plasma membrane. Channels formed
by extracellular o-synuclein could target either neuronal or glial cells con-
taining phosphatidylethanolamine in their plasma membrane, inducing
neurodegeneration or glial activation.

2.2.1.8. Posttranslational modifications PTMs may regulate normal
synuclein functions, fulfill a role of switch from normal to pathological
functions, and direct synucleins to different cellular compartments. Further-
more, PTMs of o-synuclein could promote the formation of LB and other
inclusions. Analysis of the chemical composition of LB from patients has
uncovered different forms of modified a-synuclein, including phosphory-
lated, nitrated, and mono-, di-, or tri-ubiquitinated forms of a-synuclein
(Fujiwara et al., 2002; Giasson et al., 2000; Tofaris ef al., 2003).
Phosphorylation. Phosphorylation of a-synuclein at C-terminal residues,
including Tyr!?® and Ser!?”, by several kinases appears to regulate synaptic
function, ability to bind synaptic vesicles, and regulate protein—protein
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interactions (Ellis et al., 2001; Nakamura et al., 2002; Okochi et al., 2000).
Extensive a-synuclein phosphorylation is also an important pathogenic
event and may be a prerequisite for LB formation (Liu ef al., 2007). Most
of the a-synuclein accumulated in LBs in brains with synucleinopathy is
phosphorylated at Ser'? (Fujiwara et al., 2002; Kahle et al., 2002; Okochi et al.,
2000). Only 4% of normal soluble a-synuclein is phosphorylated, whereas
in brain of patients with synucleinopathies, more than 90% of insoluble
o~synuclein is phosphorylated (Chen and Feany, 2005; Liu ef al., 2007).
Blocking phosphorylation by replacement of Ser'?” on alanine reduces
inclusion formation in neuronal cell cultures overexpressing o-synuclein
(Lee et al., 2004; Smith ef al., 2005). Furthermore, the phosphorylation of
o-synuclein at Ser!2? promotes fibril formation in vitro (Saito et al., 2003).

All three members of the synuclein family can be phosphorylated by G-
protein-coupled receptor kinases (GRKs) (Pronin et al., 2000). GRK2
preferentially phosphorylates the a- and f-isoforms, whereas GRK5
uses preferentially a-synuclein as a substrate. GRK-mediated phosphoryla-
tion of synucleins is activated by factors that stimulate receptor phosphory-
lation, such as lipids (all GRKs) and Gfy subunits (GRK2/3), suggesting
that G—protein-coupled receptor activation may regulate synuclein phos-
phorylation. a-Synuclein is the best substrate for all GRKs, whereas
y-synucleins are phosphorylated significantly slower. Other kinases can
also phosphorylate synucleins, for example, casein kinases 1 and 2 (CK1
and CK2) phosphorylate a-synuclein, while CK2 can eftectively phosphor-
ylate y-synuclein but not f-synuclein. GRKs phosphorylate a single site in
the C-tail of synucleins (Ser'?? in o-, Ser''® in fi-, and Ser!?* in y-synuclein)
(Pronin et al., 2000).

Takahashi et al. (2007) used tetracycline-oft (TetOft)-inducible trans-
fectant of neuronal lineage overexpressing human wt-a-synuclein to study
oxidative stress-induced phosphorylation. FeCl, exposure of such trans-
fectants promoted accumulation of Ser'?*~-phosphorylated monomers. This
accumulation was accompanied by a-synuclein truncation, oligomerization,
and formation of inclusions.

Nitration. The C-terminus of o-synuclein contains three Tyr residues in
an Asp- and Glu-rich environment that can be nitrated. Moreover, Tyr
residues may be oxidized to form dityrosine that cross-links the protein to
form SDS and urea-stable dimers and oligomers (Souza et al., 2000a).
Monoclonal Abs were raised that recognize nitrated a-synuclein or nitrated
and oxidized o-synuclein (Duda ef al., 2002; Giasson ef al., 2000).

Ubiquitination. Early immunocytochemical studies of LB and other intra-
cellular protein inclusions showed that they are ubiquitinated. Later the target
for ubiquitination was identified as a-synuclein in depositions of patients with
PD, DLB, and MSA (Fig. 6.4) (Fujiwara et al., 2002; Hasegawa ef al., 2002;
Spillantini et al., 1998a,b; Takeda et al., 1998). The ubiquitin Ab stains mostly
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the halo of the LB, while a-synuclein Ab stains both the halo and the core
(Fig. 6.4A—C) (Spillantini et al., 1998a). a-Synuclein is a substrate for mono-,
di-, and tri- rather than polyubiquitination. Interestingly, accumulation of
ubiquitinated o-synuclein is not invariably associated with significant
impairment of proteasome function (Tofaris et al., 2003). Ubiquitination
of a-synuclein is not required for inclusion formation and the assembly of
o-synuclein into fibrillar aggregates may precede their ubiquitination in
o-synucleinopathies (Sampathu et al., 2003). Protein-sequence analysis
revealed that Lys?!, Lys??, Lys®2, and Lys** within the repeats in the
N-terminal half (Figs. 6.1 and 6.2) are liable to ubiquitination in wvitro
(Nonaka et al., 2005). A>T and A3P mutations and phosphorylation of o~
synuclein at Ser!?” had no significant effect on ubiquitination. Interestingly,
assembled, filamentous a-synuclein is less ubiquitinated than the soluble form
and the major ubiquitination sites in filamentous o-synuclein are different
compared with the soluble protein and are localized to Lys®, Lys'’, and Lys'?
(Nonaka et al., 2005).

Sumoylation. Small ubiquitin-like modifiers (SUMO) display similarities
to ubiquitin. Diglycine motifs at the C-terminus are responsible for the
formation of an isopeptide bond between a SUMO glycine and a target
substrate glycine. For a-synuclein, a sumoylated species has M, 36 kDa that
is modified primarily by SUMO1, and to a lesser extent, by SUMO2 and
SUMO3 (Dorval and Fraser, 2006). Lys!?? is one sumoylation target in o-
synuclein that contributes to this process, while other targets are lysine
residues dispersed within the protein sequence.

O-Glycosylation. Shimura et al. (2001) identified 22-KDa glycosylated
form of a-synuclein (alphaSp22) in a protein complex present in a normal
human brain and containing E3 ubiquitin ligase and ubiquitin-conjugating
enzyme (UbcH?7). In an in vitro ubiquitination assay, alphaSp22 could be
modified by parkin into polyubiquitinated, high M, species (Shimura et al.,
2001). f-Synuclein can also contain ff-N-acetylglucosamine linked to
hydroxyls of serines or threonines (O-GlcNAc) according to proteomic
analysis (Cole and Hart, 2001).

Cross-linking by tissue transglutaminase. Tissue transglutaminase catalyzes
o-synuclein cross-linking, leading to the formation of high M, aggregates
both in vitro and in cellular models (Jensen ef al., 1995; Junn et al., 2003).
The formation of these aggregates was enhanced in the presence of
the calcium ionophore A23187 and prevented by the inhibitor cystamine.
IHC studies on postmortem brain tissue revealed the presence of tissue
transglutaminase-catalyzed (y-glutamyl) lysine cross-links in the halo of LBs
in PD and DLB, colocalized with a-synuclein (Junn ef al., 2003).

Modification of a-synuclein by acrolein. Shamoto-Nagai ef al. (2007) described
a new form of a-synuclein PTM in the DA neurons of the SN¢ of PD
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patients. This PTM is a modification by acrolein, an aldehyde product of lipid
peroxidation. Modification of a-synuclein by acrolein enhances its oligomer-
ization. In addition, acrolein inhibits 20S proteasome activity. Thus, acrolein
may initiate vicious cycle of modification and aggregation of o-synuclein and
impair proteolysis system causing neuronal death in PD and other NDDs.

Methionine oxidation. Since o-synuclein lacks Trp and Cys residues, its
mild oxidation in vitro with H,O, selectively converts all four methionine
residues to the corresponding sulfoxides. Interestingly, the fibrillation of
o-synuclein at physiological pH is completely inhibited by methionine
oxidation. Furthermore, the Met-oxidized protein also inhibits fibrillation
of unmodified o-synuclein. However, the presence of metals can
completely overcome the inhibition of fibrillation of the Met-oxidized
o-synuclein (Glaser et al., 2005). Since o-synuclein oligomers may be
cytotoxic, it is evident that both oxidative stress and environmental metal
pollution may play a role in the aggregation of a-synuclein due to these
mechanisms. In brain cells, the level of Met-oxidized o-synuclein may be
controlled by methionine sulfoxide reductase and by proteasomes.

Truncated forms of synuclein. In 1993, Uéda and coauthors described
relatively short peptides corresponding to the central part of a-synuclein
molecule (Fig. 6.2, Chapter I, B) and showed that such peptides are
associated with AD brain amyloid. Two peptides isolated after formic
acid, CNBr, and protease treatment of AD brain amyloid are termed
NAC. They were shown to correspond to residues 61-80 and 81-95
localized in the middle of a larger precursor termed NACP. The cDNA
for NACP was subsequently cloned by PCR and cDNA library screening
(Uéda et al., 1993) and found to be a human homologue of the Torpedo ray
synuclein. NAC peptide has a strong tendency to form a f-sheet
configuration like f-amyloid. NAC may therefore be a comparatively
protease-resistant core of the protein that is prone to aggregation (El-
Agnaf et al., 1998a,b; Iwai ef al., 1995).

The importance of the truncated forms of synucleins became evident
when a high proportion of such species was found in protein deposits and
inclusions (Baba et al., 1998; Campbell ef al., 2001; Liu ef al., 2005a) and
when their role as inducers of full-length a-synuclein aggregation was found
(Crowther et al., 1998; Li et al., 2005; Serpell et al., 2000; Withers ef al.,
1997). Truncation of the C-terminus removes o-synuclein charge repulsion
and thereby strongly enhances aggregation (Murray ef al., 2003).

The expression of mutant human o-synuclein is associated with higher
cellular accumulation of truncated forms. Coexpression of truncated
o-synuclein with full-length protein increases cell vulnerability to oxidative
stress in dopaminergic SH-SY5Y cells (Liu ef al., 2005a). These results point
to the role of truncated o-synuclein species in the formation of aggregates of
disease-linked full-length a-synuclein.
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o-Synuclein cleavage. The caspase-like activity of the 20 S proteasome
produces truncated fragments similar to those found in patients and animal
models from degradation of unstructured o-synuclein. According to one
model, incomplete degradation of a-synuclein, especially under overloaded
proteasome capacity, produces highly amyloidogenic fragments that rapidly
induce the aggregation of full-length protein (Liu et al., 2005a). These
aggregates in turn reduce proteasome activity, leading to further accumula-
tion of fragmented and full-length o-synuclein, creating a vicious cycle of
cytotoxicity. The data suggests a precipitating role of truncated synucleins in
PD pathogenesis and demonstrates that the proteasome can produce
truncated species via the degradation of a-synuclein not bound to mem-
branes. The issue about the role of proteasomes in a-synuclein degradation
is controversial with some publications confirming the importance of pro-
teasome in this process (Tofaris ef al., 2001) and others contradict this data
(Paxinou et al., 2001).

Proteolytic cleavage of a-synuclein can also be catalyzed my matrix
metalloproteinases (MMPs), which are activated by oxidative stress. Most
efficiently a-synuclein is cleaved by MMP-3, generating a 6.5 kDa major
fragment; however, other enzymes were also active in the digestion, that is
MMP-14, MMP-2, MMP-1, and MMP-9. a-Synuclein is gradually broken
down by MMP-3 from its C-terminal end in positions Ala’8|GIn”?,
GIn”?|Lys®", Ala®! | Thr®2, and Gly??|Phe®* (Sung et al., 2005). In addition
to MMPs and proteasomes, o-synuclein may be degraded by catepsin D,
lysosomal proteases that may play a role in producing truncated a-synuclein
for oligomer assembly (Takahashi et al., 2007).

Serine protease neurosin (kallikrein-6) degrades o-synuclein and colo-
calizes with pathological inclusions, that is LB and GCI. Upon cellular
stress, neurosin is released from mitochondria to the cytosol, which resulted
in the increase of degraded o-synuclein species. Downregulation of neuro-
sin causes accumulation of a-synuclein in cultured cells (Iwata et al., 2003).

2.2.1.9. Synuclein endo- and exocytosis When recombinant a-synu-
clein is added to the culture medium, it is transported into the intracellular
cytoplasm, inducing death of H19-7 cells (Sung ef al., 2001). On the other
hand, when a-synuclein is transiently expressed in dopaminergic neuroblas-
toma SK-N-BE cells, it is secreted into extracellular space (Sung et al.,
2005). The data about secretion of a-synuclein from cells explain its pres-
ence in human plasma (El-Agnaf et al., 2003), cerebrospinal fluid (CSF)
(Borghi et al., 2000), extracellular LBs (Spillantini and Goedert, 2000),
postsynaptic areas, and synaptic clefts (Liicking and Brice, 2000), and
detection of its 61-95 fragment (NAC) in extracellular deposits in the
brain of AD patients (Iwai ef al., 1995; Uéda et al., 1993). Moreover,
another member of the synuclein family, y-synuclein, is overexpressed in
infiltrating breast carcinoma ( Jia ef al., 1999) (Chapter IV, B).
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2.2.2. Proteins interacting with «-synuclein

Consistent with having chaperone function, the synucleins are known to
participate in a large number of interactions. Numerous proteins have been
identified that interact with a-synuclein (Dev et al., 2003; Woods ef al.,
2007; Zhou et al., 2004), so here we will mention only those that possess
important effect on synuclein structure or functions. In addition to proteins
binding to soluble o-synuclein, more than 70 proteins have been identified
that become sequestered in LB where a-synuclein is a major component
(Wakabayashi et al., 2007). Recently, Woods et al. (2007) devised a novel
bacteriophage display screen to identify protein-binding partners of helical
o-synuclein. The authors have identified 20 proteins with roles in diverse
cellular processes related to membrane trafficking, ion channel modulation,
redox metabolism, and gene regulation.

2.2.2.1. Synphilin  There are several forms of synphilin originating from
the SNCAIP gene with different exon organization and initial reading
frame. Synphilin-1 is present in LB and may enhance the ability of
o-synuclein to aggregate and form intracellular inclusions (Engelender
et al., 1999; Eyal et al., 2006). The two proteins were found to interact
in vivo and, when coexpressed, caused the formation of eosinophilic cytoplas-
matic inclusions (Engelender et al., 1999). Synphilin-1 is ubiquitinated by the
E3 ubiquitin ligase SIAH, which is present in LB of PD patients. When
synphilin-1 and SIAH are coexpressed in cells and proteasomal function is
inhibited, ubiquitinated synphilin-1 inclusions are found in the majority of
the cells (Liani et al., 2004). Recently identified new synphilin isoforms,
synphilin-1A is toxic to neurons and aggregation prone and recruits both
o~synuclein and synphilin-1 into inclusions (Szargel ef al., 2007).

2.2.2.2. B- and y-synucleins Both ff- and y-synucleins bind to a-synu-
clein and may inhibit a-synuclein fibril formation (Hashimoto ef al., 2001;
Park and Lansbury, 2003). Complete inhibition of a-synuclein fibrillation
was observed at 4:1 molar excess of fi- and y-synucleins (Uversky et al.,
2002).

2.2.2.3. Tubulin For the first time, colocalization of one of the synuclein
members with tubulin was described in 1999. A filamentous form of
y-synuclein was colocalized with tubulovesicular structures along micro-
tubules suggesting that y-synuclein participates in vesicular trafficking
(Surguchov et al., 1999).

Later Alim et al. (2001) identified tubulin as one of the o-synuclein-
binding/associated proteins. Furthermore, o-synuclein was copurified with
microtubules. Double-labeling immunofluorescence revealed that tubulin
colocalized with o-synuclein-positive pathological structures such as LBs,
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LN in PD and DLB, and GCIs in MSA. Tubulin initiates the polymeri-
zation of a-synuclein, resulting in the formation of o-synuclein fibrils.
Some epigenetic elements (e.g., drugs, chemicals, additives in food, or
environmental toxins) may affect the assembly/disassembly equilibrium of
microtubules. Thus produced abnormally increased free tubulin may trigger
o-synuclein fibril formation. If so, those microtubule-disrupting elements
can be risk factors for a-synuclein-associated degenerative diseases.

2.2.2.4. Cysteine-string protein-o. a-Synuclein interacts with cysteine-
string protein-o (CSPa), a synaptic vesicle protein possessing a cochaperone
activity. After such interaction, a-synuclein binds to phospholipids and
cooperates with N-ethylmaleimide sensitive factor (Bonini and Giasson,
2005; Chandra et al., 2005). This interaction on the presynaptic membrane
interface may play a protective role for the nerve terminals against different
injuries. According to recent studies, a-synuclein’s interaction with CSPa
may play a key role in synaptic function.

2.2.2.5. 14-3-3 High-molecular-weight complexes immunoreactive for
both a-synuclein and 14-3-3 have been detected in the SNc¢ of PD patients
(Xu et al., 2002). This, together with the presence of 14-3-3 proteins in LB,
may suggest an attempt of these molecular chaperones to sequester aberrant
forms of a-synuclein in diseased nigral neurons.

2.2.2.6. Rab a-Synuclein interactions with members of the Rab family
are not surprising because of their association with synapse and synaptic
vesicles. Pull-down experiments have shown that o-synuclein from the
mutant human A3°P transgenic (Tg) mice interacts with Rab3a, Rab5,
and Rab8 (Dalf6 et al., 2004). Rab3a has also been shown to bind a-
synuclein in human samples of MSA (Dalfé and Ferrer, 2005). Rab3
binding to a-synuclein mediated by rabphilin is an early event preceding
inclusion body formation. This interaction was not found in a normal brain,
while in MSA, this binding has been shown in GClI-rich cerebellum and
pons as well as in cerebral cortex.

2.2.2.7. Agrin  Agrin binds to a-synuclein, inducing conformational
changes, and enhances in3olubility of o-synuclein. Furthermore, agrin
accelerates the formation of protofibrils by o-synuclein and decreases the
half-time of fibril formation. Thus, agrin may contribute to the etiology of
PD by modulating the aggregation state of o-synuclein in DAN (Liu et al.,
2005c¢).

2.2.2.8. Histones Association of a-synuclein with histones in the nucleus
affects their acetylation and promotes neurotoxicity (Goers et al., 2003;
Kontopoulos ef al., 2006).
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2.2.2.9. Chaperones o-Synuclein interacts with several chaperones,
including Hsp27, Hsp70, Hsp90, and aB-crystallin (Outeiro et al., 2006),
and is colocalized with them in LB. The interaction of o-synuclein with
Hsp-70 and endogenous C-terminus of Hsp70-interacting protein may play
an important role in the fate of a-synuclein in a cell. C-terminus of Hsp70-
interacting protein is a dual-function protein being a cochaperone and E3
ubiquitin ligase. Importantly, the C-terminus of Hsp70-interacting protein
can mediate a-synuclein degradation by two discrete mechanisms, protea-
somal or lysosomal degradation pathways. The C-terminus of Hsp70-inter-
acting protein also plays a role in a-synuclein aggregation and is colocalized
with o-synuclein and Hsp70 in LB (Shin et al., 2005).

2.2.2.10. Tau o-Synuclein interacts with tau and induces its fibrilization.
Alternatively, both tau and o-synuclein synergistically effect the polymeri-
zation of each other into fibrillar amyloid lesions (Giasson et al., 2003b). It is
possible that a limited amount of amyloidogenic a-synuclein fibrils can serve
as seeds to initiate tau fibrillization. The initiation step most likely involves
the formation of amyloid-like a-synuclein polymers. Another explanation
of these results is that a-synuclein may act as a pathological chaperone for
tau fibrilization.

3. SYNUCLEIN FUNCTIONS

The physiological role of a-synuclein is debated. While its aggregation
is considered linked to neuropathology, its normal major function may be
related to fundamental processes of synaptic transmission and plasticity. In
addition to this, major function a-synuclein is implicated in other physio-
logical processes.

3.1. Synaptic maintenance

The high concentration of synucleins in presynaptic terminals and a grow-
ing body of experimental evidence obtained by difterent approaches sug-
gests that they play a major role in the maintenance of synaptic vesicle pools
and maintenance of presynaptic function (Cabin et al., 2002; Chandra ef al.,
2004; Murphy et al., 2000), activity-dependent DA release (Abeliovich
et al., 2000; Perez et al., 2002), and as a chaperone for the assembly of
soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complexes that drive vesicle fusion with plasma membrane
(Chandra et al., 2005).

o-Synuclein might be an important presynaptic regulator of the vesicle
cycle, involved in synaptic vesicle recycling. o-Synuclein can bind both
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brain-derived and synthetic phospholipid vesicles via its N-terminal
conserved repeat region. This binding induces a dramatic alteration in
o-synuclein secondary structure from “unfolded” to o-helical (Davidson
etal., 1998; Jensen et al., 1998). Vesicle binding is greatly enhanced by acidic
phospholipids such as phosphatidic acid, but not by neutral phospho-
lipids such as phosphatidylcholine (Davidson ef al., 1998). Because of
o-synuclein’s ability to interact with lipids and their association with synap-
tic vesicles, it has been suggested that synucleins might be involved in
intracellular vesicular trafficking (Lavedan, 1998).

A recent study by Larsen et al. (2006) confirms the role of a-synuclein in
the regulation of DA release. The authors used stable phosphatidyl choline
12 cell lines that expressed relatively low nontoxic level of wt- or A3“P
o-synuclein. This level of a-synuclein did not affect cell morphology and
viability, but reduced stimulation-dependent DA release. These results are
complementary to the increase in evoked DA found in a-synuclein knock-
out (KO) mice by Abeliovich ef al. (2000). In further experiments, Larsen
et al. (2006) investigated the mechanism of the regulation of DA release by
o-synuclein. They found that a-synuclein inhibits “priming,” a reaction
that transfers morphologically docked vesicles to a fusion-competent state.
This causes SNAR Epin formation. When SNAR Epin assembly achieves a
critical state, it becomes able to catalyze bilayer mixing, but is frozen by
regulatory factors that preclude membrane fusion until Ca?* entry (Jahn and
Scheller, 2006).

3.2. Inhibition of phospholipase D and kinase activity

o-Synuclein has a high affinity for acidic phospholipids such as phosphatidic
acid and acts as a feedback regulator of phosphatidic acid synthesis by
inhibiting phospholipase D (PLD)2 (Davidson et al., 1998). p- and
y-Synucleins as well as mutant A3°P and A33T a-synuclein are also effective
inhibitors of PLD2 (Payton et al., 2004). Interestingly, this function of
o-synuclein is modulated by phosphorylation, catalyzed by intracellular
kinases. Phosphorylation of a-synuclein by GRKs reduces phospholipid
binding and decreases the level of PLD2 inhibition by o-synuclein
(Pronin et al., 2000). PLD2 inhibition by a-synuclein is mediated by a
lipid-stabilized a-helical structure in exon 4 as well as by residues within
exon 6 (Payton et al., 2004). Both a- and f-synucleins are also selective
inhibitors of another form of phospholipase, PLD1 (Ahn et al., 2002; Jenco
et al., 1998). Inhibition of PLD by synucleins may be important because
PLD activity is increased in the brain of patients with NDDs.

For studying the effect of a-synuclein on PLD activity, stable clones of
human embryonic kidney-293 cells overexpressing wt-a-synuclein and two
mutant forms (A>T and A®'P) were generated (Ahn ef al., 2002). The
comparison of PLD activity in these clones after stimulation of PLD by
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pervanadate or phorbol 12-myristate 13-acetate showed that both activators
stimulated PLD activity less in wt, A3°P, or A>*T a-synuclein cell lines than
in the control cell line.

Globular a-synuclein oligomers significantly inhibit in vifro autopho-
sphorylation of p21-activated kinase (PAK4) compared to treatment with
monomeric o-synuclein or f-synuclein. In A3°P Tg mice, a significant
decline in phosphorylation of LIM kinase 1, a physiological substrate of
PAK4, was found. Thus, suppression of PAK activity may represent a
downstream mechanism for oligomeric a-synuclein and a potential thera-
peutic target in PD (Danzer ef al., 2007).

3.3. Regulation of proteasomal function

The proteasomes play an important role in both inclusion body formation
and DAN death. Proteasomal inhibition may have an impact on the DAN
that seems to be particularly vulnerable to the stress of unfolded proteins
(Lindersson et al., 2004; Petrucelli et al., 2002). Recent studies indicate that
synucleins regulate proteasomal function. Three members of the synuclein
family possess different effects on proteasomes and for a-synuclein, the
effect depends on the level of its aggregation.

o-Synuclein especially in aggregated form displays a strong inhibitory
activity toward the proteasome in vitro (Petrucelli ef al., 2002; Tanaka ef al.,
2001). Aggregated but not monomeric a-synuclein binds efficiently to the 20 S
proteasome part of the 26 S proteasome. The proteasome binding results in an
efficient and selective noncompetitive inhibition of the chymotrypsin-like
proteasomal activity of the 20 S proteolytic particles (Lindersson ef al., 2004).
Aggregated o-synuclein inhibits 26 S proteasomal activity with an IC50 ~
1 nM that is more than 1000-fold lower than that of monomeric a-synuclein
(16 uM) (Snyder et al., 2005). Monomeric a- and ff-synucleins inhibit the 20 S
and 26 S proteasomal activities only weakly, but monomeric y-synuclein
strongly inhibits ubiquitin-independent proteolysis. The IC50 of monomeric
y-synuclein for the 20 S proteolysis is 400 nM (Snyder et al., 2005). Thus, the
o- and f-synucleins regulate proteasomal function and ff-synuclein acts as a
negative regulator of o-synuclein.

3.4. Synucleins as chaperones

All three members of the synuclein family possess chaperonic activity both
in vitro and in vivo (Ahn ef al., 2006; Souza et al., 2000b). a-Synuclein
inhibits the aggregation of model substrates and protects the catalytic activ-
ity of alcohol dehydrogenase and rhodanese during heat stress, as well as
esterases. In addition, o-synuclein suppresses the aggregation of reduced/
denatured lysozyme on the refolding pathway. Deletion of the C-terminal
regions abolishes chaperone activity, although largely unstructured
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conformations are maintained (Ahn et al., 2006; Kim et al., 2002; Park et al.,
2002a,b,c).

Interestingly, the N-terminal part of «-synuclein shares 40% AA homol-
ogy with molecular chaperone 14-3-3 (Ostrerova et al., 1999), suggesting
that the two proteins could subserve the same function. «-Synuclein inter-
acts with 14-3-3 (Ostrerova et al., 1999), and the interaction between the
two proteins produces a 54—83 kDa protein complex in PD brain, which is
selectively increased in SNc¢ (Xu ef al.,, 2002). Thus, o-synuclein may
sequester 14-3-3, leading to a reduction in the amount of 14-3-3 protein
available to inhibit apoptosis and rendering the cells more susceptible to
cellular stresses (Xu et al., 2002). Both 14-3-3 and a-synuclein bind to
tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine
synthesis (Chapter V,C), with divergent consequences: activity 1is
stimulated by 14-3-3 but inhibited by o-synuclein (Jenco et al., 1998). -
and y-Synucleins protect cultured ocular cells from the accumulation of
mutant aggregation prone opsin, which occurs in retinitis pigmentosa
(Surgucheva et al., 2005) being potential candidates for gene therapy of
this ocular disease.

3.5. Protective effect of synucleins

Although in many studies, overexpression of o-synuclein caused toxic
effect, under certain conditions, o-synuclein as well as two other members
of the family may be protective. The precise proapoptotic versus antiapop-
totic roles in specific types of neurons remain to be delineated more clearly.
The effect may depend on the level of Tg synuclein expression, types of
cells, the presence of chaperones, and low M, substance, for example DA
and other factors. For example, mice with Tg expression of wt- and mutant
human o-synuclein developed neurodegeneration with age with partial
penetrance, whereas Tg expression of the murine gene does not result in
neurodegeneration (Chandra et al., 2005). Even overexpression of human
o-synuclein had been shown to protect against paraquat-induced neurode-
generation (Manning-Bog ef al., 2003).

o-Synuclein delivered by protein transduction using the TAT sequence
was also shown to be protective against oxidative stress and other cellular
injuries (Albani ef al., 2004; Choi et al., 2006). In both cases above,
o-synuclein’s protective effect may result from its ability to activate Hsp70
and the structural similarity between a-synuclein and small Hsp (Kim ef al.,
2004). Therefore, there is an apparent dissociation between a-synuclein
deposition and neurodegeneration, and this suggests that its involvement in
human neurodegenerative processes may arise not only from a gain of toxic
function but perhaps also from a loss of protective function.

Stidhof and coworkers have been studying synaptic vesicle protein,
CSPa, which contains a DNA-] domain characteristic of Hsp40 chaperones
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(Chandra et al., 2005). CSPa-deficient mice develop an age-dependent,
progressive and fatal sensorimotor disorder, with degeneration of neuro-
muscular junctions and Calyx synapses with death at 2 months of age
(Fernandez-Chacén et al., 2004). CSPa acts as a presynaptic chaperone
that maintains continued synaptic function. Interestingly, Tg a-synuclein
prevents this lethal neurodegeneration of CSPa-deficient mice and rescues
their motor impairment phenotype. Expectedly, the CSPo-deficient phe-
notype is exacerbated in a background of o/f-synuclein double KO.
o-Synuclein does not, however, function as a cochaperone of CSPa. The
two proteins do not interact with each other and a-synuclein does not
stimulate Hsc70 activity like CSPa. a-Synuclein may therefore not func-
tionally replace CSPa-deficiency, but may rescue the detrimental conse-
quence of the deficiency in a cell autonomous manner. This rescue activity
apparently requires the membrane-bound form of a-synuclein, and is lost in
the AP mutant that is deficient in phospholipids binding. These findings
highlighted a potential dual role of a-synuclein in neurodegeneration
(Chandra et al., 2005).

o-Synuclein silencing by antisense oligonucleotides in primary cultures of
cerebellar granule cells may cause widespread death of neurons (Monti et al.,
2007). Therefore, a-synuclein represents prosurvival functions and its normal
expression is essential for the viability of primary neurons. Treatment of
these neurons by a neurotoxin 6-hydroxydopamine caused a reduction
of o-synuclein and neuronal death. In addition, 6-hydroxydopamine reduced
o-synuclein synthesis and stimulated its monoubiquitination and nuclear
translocation (Monti ef al., 2007). Nuclear targeting of a-synuclein has been
recently demonstrated to promote toxicity by direct binding to histones and
inhibition of histone H3 acetylation. Importantly, a-synuclein toxicity can be
reversed by histone deacetylase inhibitors, suggesting that these inhibitors are
potential therapies for synucleinopathies (Kontopoulos ef al., 2006).

Wt-a-synuclein, but not its mutant forms (A>T, A3°P), protects CNS
dopaminergic cells from toxin 1-methyl-4-phenylpyridinium (MPP).
However, no protective effect was found against 6-hydroxydopamine,
H,O,, or fi-amyloid peptide (Jensen et al., 2003). Protection from MPP*
was directly correlated with the preservation of mitochondrial function.
The authors consider o-synuclein as a neuroprotectant, preventing
mitochondrial dysfunction.

In a series of publications, Alves da Costa and coworkers used TSM1
neurons stably overexpressing wt-o-synuclein or A3>*T mutant form (Alves
da Costa et al., 2000, 2002, 2003). In the early article (2000), the authors
showed that under basal conditions, caspase activity was reduced in
wt-o-synuclein-expressing cells compared to neurons expressing the mutant
protein. This inhibitory control of the caspase response was abolished by A33T
mutation. Thus, the wt-a-synuclein exerted an antiapoptotic effect in neurons
that was abolished by the A>T mutation.
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Later Alves da Costa et al. (2002) demonstrated that o-synuclein induced
reduction of caspase 3 immunoreactivity and activity was accompanied by
lower DNA fragmentation, reduced number of dUTP nick end labeling
(TUNEL)-positive neurons, and diminished p53 expression. Antiapoptotic
function of a-synuclein is not expressed in neurons treated with 60HDA.
The authors speculated that the 60OHDA abolished the antiapoptotic
phenotype by triggering a-synuclein aggregation. These antiapoptotic
properties of a-synuclein can be restored by another member of the family,
p-synuclein (Alves da Costa et al., 2003). Thus, o-synuclein can display a
physiological antiapoptotic phenotype abolished in the pathology. Among
possible cellular mechanisms underlying the antiapoptotic function of
o-synuclein, the authors discuss its chaperoning activity that can be realized
during the interaction of o-synuclein with cellular intermediates of the
apoptotic pathways (Alves da Costa et al., 2000). o-Synuclein protective
properties can be abolished or reversed as a result of a mutation, aggregation,
or PTMs.

Since o-synuclein aggregates present in axonal terminals precede the
formation of LB in DLB (Marui ef al., 2002), some investigators assume that
LB are formed by an aggresome-related process as a general cytoprotective
measure, in which smaller a-synuclein aggregates are sequestered from the
neuronal periphery by active retrograde transport on microtubules
(McNaught et al., 2002). Presynaptic terminals in neurons are the loci of
o-synuclein aggregate formation (Kramer and Schulz-Schaeffer, 2007).

3.6. Axonal transport

The knowledge of the mechanism of o-synuclein axonal transport is impor-
tant for the understanding why it accumulates as protein deposits in synu-
cleinopathies. The failure of axonal transport has been implicated in the
development of several NDDs.

Transfected rat cortical neurons can be used as a model to investigate
o-synuclein axonal transport (Saha et al., 2004). o-Synuclein is actively
transported from its site of synthesis in the cell body along axons to synaptic
termini. Metabolic labeling of neuronal proteins in the rat optic nerve has
shown that most o-synuclein (76%) moves in the slow component of axonal
transport (Jensen ef al., 1998, 1999; Utton ef al., 2002). A proportion of
o-synuclein also binds to vesicles and is moved in the fast component of
axonal transport. Binding of A3P a-synuclein to vesicles is reduced com-
pared with the wt-protein, suggesting that this mutation might compromise
the fast axonal transport of a-synuclein (Jensen ef al., 1998; Jo et al., 2002).
It is conceivable that defective a-synuclein transport could lead to less
o-synuclein exiting from the cell body along the axon and effectively
cause local overexpression of o-synuclein in the perikaryon. Such over-
expression might alter the normal cellular localization of a-synuclein and
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affect its folding and/or association with other proteins, and increase its local
concentration leading to its accumulation as LB. Phosphorylation of serine
residues in a-synuclein diminishes its affinity for vesicles (Okochi et al.,
2000; Pronin et al., 2000), suggesting that phosphorylation state of
o-synuclein might regulate its axonal transport. Tyrosine phosphorylation
(Ellis ef al., 2001; Nakamura ef al., 2002) may also affect a-synuclein axonal
transport (Saha et al., 2004). Mutant forms of a-synuclein, either associated
with PD (A3°P or A>T) or mimicking defined serine, but not tyrosine
phosphorylation states exhibit reduced axonal transport in cultured neurons
(Saha et al., 2004). Furthermore, transfection of A3°P, but not wt-, o~
synuclein results in accumulation of the protein proximal to the cell body.
These results suggest that the reduced axonal transport exhibited by the PD-
associated a-synuclein mutants might contribute to perikaryal accumulation
of a-synuclein and hence LB formation and neuritic abnormalities in
diseased brain.

A possible mechanism for the reduced rates of transport of A3‘P
o-synuclein at early time points might be related to the inhibition of its
interaction with lipid membranes and vesicles. This in turn might slow the
rate at which o-synuclein associates with components involved in neuronal
transport (Jensen ef al., 1998; Jo et al., 2002; Perrin et al., 2000). However,
another group did not detect any effects on slow axonal transport in
peripheral nerves of Tg mice expressing human A3P  o-synuclein
(Li et al., 2004a). The rate of association and/or dissociation of a-synuclein
with the motor and/or accessory proteins involved in its initial transport
may be a crucial rate-determining step in its axonal transport (Saha
et al., 2004).

Transport of o-synuclein depends on an intact microtubule, but not
actin-cytoskeleton. a-Synuclein moves at overall slow rates of transport and
nocodazole inhibits o-synuclein axonal transport (Utton et al., 2005). Par-
ticulate structures containing o-synuclein travel rapidly when moving along
axons but spend the majority of the time paused. These structures have
similar characteristics to those previously observed for neurofilaments. The
motile particles containing o-synuclein colocalize with the fast-transporting
molecular motor kinesin-1 in neurons. This data suggests that o-synuclein
transport in neurons may involve both kinesin and dynein motor proteins.
Although both tau and a-synuclein are most probably transported through
fast motors, there are clear differences between the mechanisms of their
interactions with such motors, with tau being capable of directly binding
to kinesin-1, whereas o-synuclein requires other accessory proteins to
form a motile complex. Thus, the overall slow rate of axonal transport of
o-synuclein may be mediated through fast transport motors, including
kinesin and dynein. Abnormal axonal transport rates of a-synuclein, such
as may occur in NDD, could result in the formation of intracellular
aggregates and eventual cell death in affected neurons.
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3.7. Synucleins in drug and alcohol addiction

o-Synuclein gene maps to a quantitative trait locus for alcohol preference,
and expression of a-synuclein in different brain areas is increased in rats whose
alcohol preference is inbred (Liang ef al., 2003). The difterential regulation
of rat a-synuclein gene expression contributes to alcohol preference. The a--
synuclein gene is expressed at higher levels in alcohol-naive, inbred alcohol-
preferring (iP) rats than in alcohol-nonpreferring (iNP) rats (Liang and Carr,
2006). The differential expression of a-synuclein observed between the iP
and iNP strains may be mediated by polymorphic site located downstream of
the gene in the 3’-UTR. An SNP in position +679 of the UTR differentially
affects the half-life of iP mRINA compared with iNP mRINA. Recently,
evidence has been presented that o-synuclein levels are elevated in midbrain
DAN of chronic cocaine abusers (Mash ef al., 2003). Interestingly, an
increased expression of a-synuclein mRNA in patients with alcoholism has
been detected, which correlates to craving in addicted patients with alcohol-
ism (Bonsch et al., 2004).

o-Synuclein mRNA is increased in alcohol-dependent patients within
withdrawal state. This increase is associated with craving, especially obses-
sive craving. Recent analysis of two polymorphic repeats within the
o-synuclein gene showed highly significant frequency of longer alleles of
NACP-REP1 in alcohol-dependent patients compared with healthy con-
trols (Bonsch ef al., 2005). Furthermore, these lengths significantly correlate
with levels of expressed a-synuclein mRINA. Overall this data suggests that
synucleins may be implicated in the development of different forms of
addiction. These studies point to a novel approach for a genetic determina-
tion of craving, a key factor in the genesis and maintenance not only of
alcoholism but also of addiction in general. In a screening for genes differ-
entially expressed after high-dose cocaine exposure, Brenz Verca et al.
(2003) found y-synuclein as a major upregulated candidate in the tegmen-
tum (7.16 times upregulation), while o-synuclein upregulation was more
modest (1.96-3.5 in different brain regions).

3.8. Synucleins in song learning

George ef al. (1995) identified synuclein homologue in zebra finches Tae-
niopygia guttata and called it synelfin. Using confocal immunofluorescence
microscopy, the authors detected synelfin immunoreactivity in presynaptic
terminals. Its expression is increased early in this critical period in a brain
nucleus specifically implicated in song learning, lateral MAN. Thus, synelfin
may serve a novel function critical to the regulation of vertebrate neural
plasticity (Jin and Clayton, 1997).
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3.9. Models organisms and systems used to investigate
synuclein functions

The complexity of disease etiology of genes in mammalian systems often
necessitates the use of simpler model systems for their studies, the advantages
of which are established methods of genetic manipulation (Lee and Price,
2001). The disadvantage of such model systems, for example, yeast and
Drosophila, is the lack of endogenous a-synuclein. Therefore, these organ-
isms may be deficient in the machinery that normally limits the tendency of
this protein to aggregate in vivo.

In the majority of cases, the model organisms are used to overexpress
o-synuclein and its mutant forms and to compare the effect of overexpres-
sion on different physiological functions. The results of such experiments
demonstrate that whatever is the model organism, the excess accumulation
of a-synuclein leads to cellular toxicity (Klucken ef al., 2004; Lee and
Trojanowski, 2006; Moore et al., 2005). In general, the results obtained
with these Tg animals are in agreement with the data obtained with cell
cultures demonstrating that a-synuclein overexpression is obviously detri-
mental (Kirik et al., 2002; Outeiro ef al., 2006). One of the examples of
successful application of model systems is the findings in yeast, Drosophila,
and Caenorhabditis elegans that o-synuclein accumulation specifically inhibits
endoplasmic reticulum (ER) to Golgi vesicular traffic. Below are other
examples of the successful applications of model systems in synuclein
studies.

3.9.1. Yeast model
The use of yeast allowed identification of flavonoids as potential drugs for
the treatment of synucleinopathies (Griffioen et al., 2006). Furthermore,
catechins from the bioactive green tea extracts possess protective effects
against o-synuclein toxicity (Ono and Yamada, 2006; Williams ef al., 2007).

o-Synuclein expressed in yeast is targeted to the plasma membrane, and
can form cytoplasmic inclusions, as it does when expressed in mammalian
cells. The expression of a-synuclein in yeast affects vesicular trafficking
(particularly endocytosis), inhibits PLD, and causes the formation of lipid
droplets. A screen for genes that if mutated are lethal only when expressed
together with overexpressed a-synuclein revealed genes encoding compo-
nents of the vesicular trafficking machinery (Outeiro and Lindquist, 2003;
Willingham et al.,, 2003). In other studies, o-synuclein impaired
proteasome-mediated protein degradation, altered proteasome composi-
tion, and reduced the ability of yeast cells to withstand stationary phase
aging (Chen ef al., 2005; Sharma ef al., 2006).

Recently, an interesting approach to determine synuclein toxicity in
yeast was used by Volles and Lansbury (2007). These authors screened a
library of random point mutants to find variants with different phenotypes.
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Screening of 59 synuclein mutants in vitro allowed to find two double-point
mutants that fibrillized slowly relative to wt, A3°P, and A>T o-synucleins.
No correlation between the yeast toxicity and fibrillization rate was found,
suggesting that fibrillization is not necessary for synuclein-induced toxicity.
Furthermore, fi-synuclein was of intermediate toxicity to yeast and
y-synuclein was nontoxic. In a second screen, 25 nontoxic a-synuclein
sequence variants were isolated, most of which contained a mutation to
either proline or glutamic acid that caused a defect in membrane binding.
The authors hypothesize that yeast toxicity is caused by synuclein binding
directly to membranes at levels sufficient to nonspecifically disrupt
homeostasis.

3.9.2. Drosophila as a model
o-Synuclein is toxic to DAN when expressed in Drosophila (Feany and
Bender, 2000). Overexpression of a-synuclein caused an adult-onset, selec-
tive loss of DAN associated with progressive motor dysfunction and with
the presence of filamentous intraneuronal inclusions containing o-synuclein
(Auluck et al., 2002, 2005; Dawson et al., 2002). Hsp70 had a dramatic
rescue effect to maintain dopaminergic neural numbers and prevent the
degeneration of DAN (Auluck et al., 2002; Bonini, 2002), suggesting a
potential therapeutic approach to enhance neuron survival in PD.
Another protein that has a protective effect against a-synuclein toxicity in
Drosophila model is Rab1 (Auluck et al., 2002). Rab1 coexpression rescued
TH-positive neuron loss, and suppression of a-synuclein toxicity by Rab1
is as efficient as that of Hsp70 (Auluck et al., 2002; Cooper et al., 20006).

3.9.3. C. elegans as a model

The Tg worms that overexpressed wt- or mutant human o-synuclein in
DAN exhibited accumulation of a-synuclein in the cell bodies and neurites
of DAN (Kuwahara et al., 2006). Importantly, Tg worms expressing A3'P
or A>T a-synuclein showed lower neuronal DA and failure in modulation
of locomotory rate in response to food, a function attributed to DAN.
These Tg worms also exhibited neuron-specific dysfunction caused by
accumulation of a-synuclein, but not f-synuclein. A strong rescue effect
of DAN loss by Rab 1 again was observed, which is comparable to torsin A
(Cao et al., 2005).

3.9.4. Mice and rats overexpressing human o-synuclein

Overexpression of human wt-, mutant A>T, A3°P, or truncated a-synu-
clein in mice results in variable neuropathological and behavioral pheno-
types, and expression level varies in the range of 0.5- to 30-fold compared
with endogenous a-synuclein. The most significant phenotypic alterations
are consistently observed in the highest expressing lines, regardless of the
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promoter used to drive the transgene. This supports the idea that expression
level plays a significant role in the disease progression and manifestation
(Fleming et al., 2005).

a-Synuclein under the control of the human PDGF-f§ promoter, which
targets expression to the SNc, exhibited a considerable loss of dopaminergic
terminals in the striatum and a decrease in motor performance (Masliah
et al., 2000) as well as reduced neurogenesis and lysosomal pathology
(Rockenstein et al., 2005; Winner et al., 2007). In mice overexpressing
A53T mutant driven by the Thyl promoter, a-synuclein was expressed in
nonnigral tissues, especially the spinal cord. Such expression caused dener-
vation of neuromuscular junctions, subsequent degeneration of motor
axons, and severe locomotor deficits (van der Putten et al., 2000).
Tg mice overexpressing the A3'P a-synuclein driven by the Thy1 promoter
also develop many of the properties of the LB disease, for example, resis-
tance to proteinase K, neuritic pathology, and formation of a-synuclein
inclusions (Neumann et al., 2002). Finally, Tg mice overexpressing Thyl-
driven wt-a-synuclein showed more chronic and age-progressive pheno-
types. They revealed reduced hind limb stepping early on and significantly
increased slipping in a beam walking test (Fleming et al., 2004).

Opverexpression of wt- and mutant o-synuclein under prion protein
promoter caused its expression in SNc¢ (Giasson ef al., 2002; Lee et al.,
2002b). Despite aberrant accumulation of a-synuclein in the mid-
brain, nigral DAN did not display any neuropathological abnormalities.
Mice overexpressing A>T a-synuclein, but not the wt- or A3'P protein,
exhibited age-dependent motor impairments associated with neuropatho-
logy in spinal cord and other nonnigral brain regions. This pathology was
accompanied by axonal degeneration of motor neurons.

Rat TH promoter ensures the accumulation of a-synuclein within DAN
bodies (Matsuoka et al., 2001). Two lines overexpressing A>T or A3'P
o-synuclein in the SNc did not display LB, nigral cell loss, reductions in
striatal DA, or behavioral impairment (Matsuoka et al., 2001). However,
overexpression of o-synuclein containing both the A>T and A%°P muta-
tions resulted in impaired locomotor activity, reductions in striatal DA,
and morphological abnormalities in nigral axons (Richfield et al., 2002).
In addition, Tg mice with such double-mutant a-synuclein expressed
strong sensitization to the DA neurotoxic effects of the pesticides paraquat
and maneb (Thiruchelvam et al., 2004). Furthermore, combining two
mutations (A°P and A33T) in one protein did not increase neurotoxicity
of o-synuclein. Adeno- or lentiviral-mediated models have been used to
analyze the effect of a-synuclein in the SNc rat neurons. In these studies,
overexpression of either wt- or mutant protein led to cellular and axonal
pathology associated with loss of nigral neurons, decrease in striatal
DA levels, and significant motor impairment but no fibrillar inclusions
(Kirik et al., 2002; Lo Bianco et al., 2002).
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An inventive approach to overexpress a-synuclein using its own pro-
moter is to use 145 kB P1 artificial chromosome containing the entire
human gene including 34 kB of upstream sequences (Gispert et al., 2003).
This upstream region contains all currently known regulatory elements for
this gene (Touchman ef al., 2001). The use of artificial chromosome in Tg
mice ensured whole-brain overexpression levels comparable with the level
of expression of A>T a-synuclein under PrP promoter. However, in PAC
mice, fewer neurons with somal a-synuclein accumulation were observed
(Gispert et al., 2003).

Another pioneering approach in mouse Tg models was crossbreeding of
different mouse lines to detect genes modifying toxic effect of a-synuclein.
A Tg mouse line with PDGFf-driven expression of o-synuclein was
crossbred with a double-mutant amyloid precursor protein mouse line
with high plaque load (Masliah ef al., 2001). In such bigenic mice, the
rotarod deficit develops at younger age and was accompanied by a higher
amount of o-synuclein-positive inclusions. Surprisingly, breeding of Tg
mice with A33T-a-synuclein driven by PrP promoter with parkin KOs
did not cause an aggravation of o-synuclein phenotype (von Coelln ef al.,
2006). When a mouse line expressing wt- human o-synuclein driven
by PDGEFf promoter was crossbred with another Tg line expressing
p-synuclein driven by Thy1 promoter, a significant reduction of the num-
ber of a-synuclein inclusions and improvement of locomotor function were
observed (Hashimoto et al., 2001).

Thus, Tg mouse studies suggest that a-synuclein is important for axonal
and synaptic integrity, but surprisingly catechol-aminergic neurons are not
particularly sensitive to mutant o-synuclein. a-Synuclein Tg mice fail to
display any significant DA neuron abnormalities, particularly in comparison
with pathological changes observed in Drosophila DA neurons and the DA-
dependent o-synuclein toxicity seen in human neuronal cell cultures
(Kahle, 2007; Xu et al., 2002). These results may be explained by higher
resistance of murine cells to mutant forms of o-synuclein.

3.9.5. Mammalian cell cultures
Overexpression of a-synuclein in human dopaminergic SH-SY5Y cells
caused its aggregation. The aggregates were immunopositive for ubiquitin,
nitrotyrosine, and dityrosine and also contained y-tubulin and chaperones.
They formed aggresome-like intracellular structures and after reactive oxy-
gen species (ROS) exposure, caspase 3 was activated in such cells. Ferric
iron played a key role in the aggregation of a-synuclein and the authors
assumed that the aggregate formation was protective against various cellular
insults including oxidative stress (Furukawa et al., 2006; Takeda et al., 2006).
Overexpression of A33T o-synuclein using adeno-associated virus (AAV)
leads to the formation of distorted neurites, intraneuritic swellings, and
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granular perikaryal deposits in cultured neurons. These cell culture models
may correspond to an early phase of PD reflecting pathological neuritic
alterations before significant neuronal cell loss occurs (Zach et al., 2007).

A promising approach was recently used by Schneider et al. (2007) who
overexpressed wt, A33T, and A3'P isoforms of o-synuclein in expanded
populations of fetal cortical progenitors. The expressed o-synuclein was
localized in the nucleus and around microvesicles. Only mutant A>T
protein was acutely toxic, pointing to a high vulnerability of such progeni-
tor cells to this mutation. Constitutive overexpression of wt-e-synuclein
impaired the innate ability of progenitors to switch toward gliogenesis at
later passages. When o-synuclein was overexpressed in terminally differen-
tiated neuroectodermal cultures derived from human embryonic stem cells,
it induced acute cytotoxicity and specifically reduced the number of neu-
rons expressing TH or y-aminobutiric acid. Thus, a-synuclein overexpres-
sion in neural embryonic cells causes a pattern of degeneration that is similar
to some features of PD.

4. LOCALIZATION OF SYNUCLEINS

4.1. Intracellular localization

In early studies, it was established that a-synuclein localizes mostly in the
cytosol and synaptic terminals (George ef al., 1995; Iwai ef al., 1995; Jakes
et al., 1994; Maroteaux et al., 1988; Murphy et al., 2000; Withers ef al.,
1997). f-Synuclein shows a nearly identical subcellular localization, as it is
also enriched in presynaptic nerve terminals and displays extensive coloca-
lization in both mouse and human brain (Clayton and George, 1998).
o-Synuclein can be detected in nerve terminals and in different subcellular
fractions as well as in CSF, blood plasma, platelets, and lymphocytes. While
o-synuclein is abundant in nerve terminals during adulthood, it has been
found in the perikarya during development (Galvin et al., 2001b). This
change in intracellular localization suggests that a-synuclein function may
evolve as neural differentiation and maturation progress.

4.1.1. o-synuclein nuclear localization

The indication about possible nuclear localization of synucleins appeared in
the very first article about these proteins (Maroteaux ef al., 1988). In some
later publications, the nuclear localization was criticized as an artifact of
using for staining of nonpurified synuclein antiserum and synuclein was
detected mostly in cytoplasm (Bennett, 2005; Iwai ef al., 1995). Neverthe-
less in several later studies, synucleins were detected in the nuclei (Schneider
et al., 2007; Yu et al., 2007). The contradiction between these results might
be explained by the fact that synucleins may have dynamic localization and
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some triggers, for example stress can cause translocation of synucleins from
the cytoplasm to the nucleus (Surgucheva et al., 2006).

Nuclear translocation of a-synuclein is induced by monoubiquitination
(Monti et al., 2007) and oxidative stress (Sangchot ef al., 2002; Xu et al.,
2006). Another member of the synuclein family, y-synuclein, also exhibits
nucleocytoplasmic shuttling in response to stress. In photoreceptor cell
culture 661 W, most of y-synuclein is present in the cytoplasm and peri-
nuclear area in the form of particles (dots). However, under stress condi-
tions, a translocation of y-synuclein to the nucleus occurs (Fig. 6.7)
(Surgucheva et al., 2006), which may be connected with its role in the

Figure 6.7 Immunolocalization of y-synuclein in photoreceptor cells 661W. (A-D)
Localization of y-synuclein (black) and o-tubulin (gray). (A, C) Control cells; (B, D)
cells incubated at 42 °C. y-Synuclein localizes in the cytoplasm and perinuclear area in
the form of dots or particles (arrows) under normal conditions (A, C) and is partially
relocated to the nucleus at elevated temperature (B, D). (From Surgucheva et al., 2006.)
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regulation of transcription (Surgucheva ef al., 2003). y-Synuclein can also be
translocated by cytokinesis to the midbody, the cytoplasmic bridge linking
the two daughter cells (Surgucheva et al., 20006).

In a recent publication, Schneider et al. (2007) confirmed the nuclear
localization of a-synuclein in progenitors derived from the human fetal
cortex. Kontopoulos et al. (2006) reported about o-synuclein immunoreac-
tivity in the nuclei of transiently transfected SH-SY5Y cells and also found
endogenous o-synuclein in the nuclei of DAN in wt-mice. Importantly,
o-synuclein promotes neurotoxicity when targeted to the nucleus.
Conversely, sequestering o-synuclein in the cytoplasm does not yield
significant toxicity.

4.1.2. a-Synuclein and mitochondria

Mitochondria play a pivotal role in neuronal cell survival or death because
they are regulators of both energy metabolism and apoptotic pathways. It is
well established that oxidative stress in the mitochondria is associated
with the pathogenesis of NDDs and aging. However, a possible role of
o~synuclein in this process came in the focus of investigation only recently.
Currently, controversial results exist about the interrelationship between
o-synuclein and mitochondria. Some group of investigators explain the
effect of a-synuclein on mitochondrial functions as secondary, while others
assume that a-synuclein exerts its effect on mitochondrial functions being
a component of mitochondrial membrane.

o-Synuclein KO mice display resistance to MPTP-induced degenera-
tion of DAN, and this resistance appears to result from an inability of the
toxin to inhibit complex I (Dauer et al., 2002). Furthermore, the mice with
overexpression of o-synuclein treated with MPTP have significantly greater
mitochondrial abnormalities than those seen in either of the saline-treated
controls or the MPTP-treated wt-mice (Song ef al., 2004). Moreover, there
is evidence that overexpression of o-synuclein impairs mitochondrial func-
tion, produces morphological changes in mitochondria, and promotes
oxidative stress (Hsu et al., 2000). Orth et al. (2004) demonstrated the fall
in mitochondrial membrane potential in cells overexpressing wt- or A>T
o-synuclein. Phosphatidyl choline 12 cells inducibly expressing a-synuclein
show mitochondrial depolarization and induction of mitochondria-
dependent cell death (Smith et al., 2005; Tanaka et al., 2001).

Although these studies are consistent with each other and with the
concepts about a role of mitochondria in synuclein toxicity, the problem
in interpreting them is that there is little evidence that a-synuclein affects
mitochondria directly. However, recent studies demonstrate that o-synu-
clein may be a component of the outer mitochondrial membrane. Tg mice
overexpressing A>T synuclein develop mitochondrial pathology. Mito-
chondrial complex IV activity was reduced and mitochondrial DNA was
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damaged. Subsets of mitochondria contained human a-synuclein and were
shrunken, swollen, or vacuolated (Martin et al., 2006a).

A physical link between o-synuclein and mitochondria was also found
by Li et al. (2007).These investigators detected a-synuclein in the fraction of
purified mitochondria. As shown by confocal microscopy, ¢-synuclein
colocalizes with subunit IV of cytochrome oxidase (COX IV). Beal
(2004) put forward a hypothesis that a-synuclein could be transported
into mitochondria through translocation mechanisms.

4.2, Extracellular localization

Synucleins do not have signal peptides or ER targeting signal sequences and
for a long time, they were considered as exclusively intracellular proteins.
However, a growing number of experimental data indicated that they can
be secreted from cells and be present in CSF, blood plasma, platelets, and
lymphocytes.

4.2.1. Presence in CSF and plasma

Full-length o-synuclein was identified in CSF suggesting that it can be released
by neurons in the extracellular space. Since the amount of o-synuclein in CSF
does not significantly vary in PD and normal cases, o-synuclein is not consid-
ered a peripheral marker of PD (Borghi et al., 2000). Later El-Agnaf et al.
(2003) detected o-synuclein in conditioned culture media from human neu-
roblastoma cells, as well as in human CSF and blood plasma. Therefore, cells
normally secrete a-synuclein into media, both in vitro and in vivo. Later the
same group developed ELISA method that detects only oligomeric “soluble
aggregates” of a-synuclein and found significantly elevated levels of oligo-
meric forms of ¢-synuclein in plasma samples from PD patients compared with
controls (El-Agnafet al., 2006). This approach may offer new opportunities for
developing diagnostic tests for PD and related diseases. The method can also be
used for testing therapeutic agents aimed at preventing or reversing the
aggregation of a-synuclein.

4.2.2. Presence in platelets and lymphocytes

Hashimoto ef al. (1997) studied the patterns of a- and f-synuclein expres-
sion in a megakaryocyte-platelet system. In this hematopoietic cell line,
o-synuclein expression was upregulated during megakaryocytic difterentia-
tion, while f-synuclein was downregulated. The authors concluded that
o-synuclein but not f-synuclein was abundantly expressed in platelets.
Later Park and coauthors (2002) showed that a-synuclein may function as
a specific negative regulator of o-granule release in platelets. Platelets
contain full-length o-synuclein, its 6 and 12 kDa fragments, as well as
y-synuclein. However, the levels of both proteins in PD patients and
normal controls were not different, indicating that they are not suitable
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peripheral diagnostic markers for PD (Li ef al., 2002). Altered expression of
o-synuclein in peripheral lymphocytes may induce apoptosis in PD patients
(Kim ef al., 2004).

4.3. Synucleins in ocular tissues

The first synuclein from retina cDNA library was cloned by yeast two-
hybrid system and initially called synoretin. Its coexpression with different
trans-activator proteins demonstrated that it activated some signaling path-
ways presumably by binding to a transcription factor (Surguchov et al.,
1999). More detailed analysis demonstrated that this was a bovine ortholo-
gue of y-synuclein (Surguchov ef al., 2001a) and in further publications, the
authors switched to more conventional nomenclature.

Later two other members of the synuclein family were detected in the retina
(Surguchov et al., 2001a). The majority of a-synuclein is localized in the inner
plexiform layer (IPL); while f-synuclein is present in the IPL and the
inner nuclear layer and y-synuclein in retinal ganglion cells (RGC) and the
neurofiber layer (NFL). a-Synuclein is also present in the outer segments of
photoreceptors and in their axon terminals (cone pedicles and rod spherules) in
the outer plexiform layer of the retina. a-Synuclein is found in rod and cone
bipolar cells, as well as in GABAergic and glycinergic amacrines, distributing
along a complex plexus throughout the IPL (Martinez-Navarrete et al., 2007).
y-Synuclein is the second largest R GC cluster after tubulin (Farkas ez al., 2004).
Due to such specific localization, y-synuclein may be considered as a marker
of RGC (Surgucheva ef al., 2008). Synuclein ocular pathology was found in
some eyes diseases and NDDs (Chapter V, H).

5. SYNUCLEIN PATHOPHYSIOLOGY

o-Synuclein toxicity may be expressed through several different
mechanisms, which sometimes are interconnected. Although not certain,
the prevailing thought is that protein aggregation, especially the formation
of small oligomeric species, is important in pathogenesis. This hypothesis is
difficult to accurately test, since there is currently no established method to
selectively remove partially aggregated synuclein. Other mechanisms con-
sider formation of pore forming structures that cause the rupture of cellular
membranes and neurotransmitter leakage, inhibition of axonal transport and
protein turnover via the ubiquitin-proteasomal or chaperone-mediated
autophagic systems, ER trafficking deficit, and damage to mitochondria.
In addition to aggregation, several other mechanisms may switch o-synuclein
into vicious molecule, for example the presence of a pathologic mutation,
oxidative and nitrosative stress, phosphorylation, and other PTMs.
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Mitochondrial and proteasomal dysfunction as well as DA can influence
aggregation and folding of a-synuclein into a variety of forms including
protofibrils, fibrils, and filaments. The processing of a-synuclein and cleav-
age at its C- terminus by “synucleinases” (Li ef al., 2005) correlate with
disease severity and with its propensity to oligomerize. It appears that the
protofibrils and oligomeric species are the most toxic forms, and the gener-
ation and stabilization of these forms by mutation or cellular milieu may be a
central pathological mechanism.

A very different aspect of o-synuclein toxicity is related to its effect on
membrane traffic. Recent reports indicate that mutant or simply overex-
pressed a-synuclein could cause damage by interfering with particular steps
of neuronal membrane traffic. a-Synuclein selectively blocks ER -to-Golgi
transport, thus causing ER stress (Cooper et al., 2006; Ogburn and
Figueiredo-Pereira, 2006).

5.1. Synuclein aggregation and its toxicity

5.1.1. Aggregation of a-synuclein in the brain
The conversion of a-synuclein from soluble monomers to aggregated,
insoluble forms in the brain is a key event in the pathogenesis of PD and
related NDDs. Development of synucleinopathies appears to be linked to
processes that increase the rate at which a-synuclein forms toxic aggregates.
These processes include elevation of protein concentration (via increased
expression or reduced degradation) and formation of altered forms of
o-synuclein (mutant, truncated, or chemically modified).

o-Synuclein accumulates in hallmark inclusions in neurons, such as LB
and LN in PD (Forno, L. S. (1996); Kriiger et al., 1998; Mezey et al., 1998;
Polymeropoulos et al., 1997) and DLB (Spillantini ef al., 1998b). Aggregates
of a-synuclein are also present in brain of 60-70% of AD cases (Hamilton,
2000; Mukaetova-Ladinska et al., 2000). Furthermore, o-synuclein is asso-
ciated with pathological lesions in other NDDs, sometimes involving non-
neuronal cells, such as the GCIs found in MSA (Arima et al., 1998;
Wakabayashi et al., 1998).

5.1.2. Factors affecting synuclein aggregation and toxicity
Aggregation of o-synuclein and filament formation can be induced by
mono- and polyvalent ions, elevated temperature, small amines, heparin
and other glycosaminoglycans, oxidative and nitrative stresses, and different
environmental insults (Bennett, 2005; Hoyer et al., 2002; Uversky et al.,
2001a).

Transition metals differentially affect the level of a-synuclein aggrega-
tion, for example iron promotes and magnesium inhibits aggregation (Golts
et al., 2002). The apparent affinity of a-synuclein for magnesium is strong
enough to allow interaction of a-synuclein with magnesium in living cells,
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where the average intracellular concentration of magnesium is about
0.5 mM. This suggests that this interaction could have physiological signifi-
cance. Although the concentration of free iron in the cell is lower
(<1.5 uM), which is below the affinity of a-synuclein for iron (173 uM)
determined in vitro, a-synuclein interacts with iron in the living cell. It is
possible that cofactors increase the affinity of o-synuclein for iron sufficient
to allow a physiological interaction (Golts ef al., 2002). Although binding of
magnesium appears to introduce a conformation that promotes binding of
iron, this same conformational change inhibits aggregation of a-synuclein.
This data suggests that magnesium either changes the conformation of
o-synuclein to one that resists aggregation or induces dimerization to a
structure that resists aggregation.

5.1.3. Role of DA in synuclein aggregation and toxicity
Metabolism of DA and o-synuclein are tightly interrelated. For example,
DA modulate a-synuclein aggregation, while a-synuclein regulates DA
biosynthesis, storage, and release. Both DA and a-synuclein are involved
in synaptic vehicles recycling and priming. The interaction of o-synuclein
with DA may explain high susceptibility of DAN to a-synuclein expression.
DA can bind to the a-synuclein monomer and alter the kinetics of its
aggregation. The DA-o-synuclein adducts stabilize toxic protofibrils and
inhibits fibrillation (Conway et al., 2001; Rochet et al., 2004; Moussa et al.,
2007). A>T mutation drastically increases the propensity of a-synuclein to
aggregate in the presence of DA, thereby contributing to PD pathogenesis.

On the other hand, a-synuclein overexpression may regulate DA bio-
synthesis, acting on several enzymes that play different roles in this process.
The activity of TH, the enzyme catalyzing the rate-limiting step in the
biosynthesis of catecholamines, is negatively modulated by a-synuclein
either interacting directly with the enzyme (Perez et al., 2002) or decreasing
its gene expression (Baptista et al., 2003). These results point to a key role for
o-synuclein in the regulation of DA synthesis. A loss in o-synuclein function
consequent to its aggregation or decreased expression, as occurs in PD, may
selectively disrupt DA homeostasis and negatively affect DAN survival
(Perez et al., 2002).

o-Synuclein can also directly couple to the carboxyl tail of the dopamine
transporter (DAT). The o-synuclein—-DAT protein complex formation
accelerates DAT-mediated cellular DA uptake and DA-induced cellular
apoptosis. Parkin, an E2-dependent E3 protein ubiquitin ligase associated
with recessive early onset PD, exerts a protective effect against DA-induced
o-synuclein-dependent cell toxicity. Parkin impairs the a-synuclein/DAT
coupling by interacting with the C-terminus of the DAT and blocks the
o-synuclein-induced enhancement in both DAT cell surface expression and
DAT-mediated DA uptake (Moszczynska et al., 2007). a-Synuclein mod-
ulates DAT function, and disruption of this modulatory process may cause
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an increased reuptake of high levels of intracellular DA by DAT, leading to
neurotoxicity (Sidhu ef al., 2004).

Defects in synaptic vesicle recycling could play a pathogenic role in the
development of PD. In this case, o-synuclein role in the disease mechanism
may be connected with regulation of vesicle recycling via its inhibition of
PLD2 and/or its ability to bind FAs. Since DA is a highly cytotoxic
neurotransmitter, its improper sequestration could potentially lead to
DA-dependent DAN neurodegeneration.

Mutant a-synuclein may increase levels of cytoplasmic DA and may be
important for DA storage (Lotharius and Brundin, 2002b). Lentivirus-
mediated overexpression of A>T a-synuclein led to a decrease in the levels
of vesicular monoamine transporter protein (VMAT?2), reduced DA release
in response to high potassium stimulation, and enhanced release in response
to amphetamine (Lotharius ef al., 2002). Mutant cells also exhibited higher
levels of cytoplasmic DA and increased production of superoxide radicals.
These results suggest that A>T o-synuclein may cause impaired vesicular
DA storage, culminating in cytosolic DA accumulation, and oxidative stress.
Apoptosis induced in mesencephalic neurons by overexpression of A>T
o-synuclein can be blocked by depleting cells of intracellular DA. Thus, the
expression of the pathogenic properties of mutant o-synuclein may depend
on DA (Xu et al., 2002).

o-Synuclein can affect intracellular DA by other mechanisms, for exam-
ple, through interactions with proteins that regulate DA synthesis and
uptake. For example, binding of a-synuclein to the DAT enhances extra-
cellular DA uptake by increasing the number of functional transporters at
the cell surface (Lee ef al., 2001). Importantly, a-synuclein direct binding to
TH inhibits its enzymatic activity (Perez et al., 2002).

Although DA itself may not be toxic at physiologically relevant doses,
DA metabolites may play a role in a-synuclein aggregation (Galvin, 2006).
Overexpression of a-synuclein mutants could disrupt the ATP-dependent
vesicular proton gradient, diminish pH of chromaftin vesicles, and lead to
increased cytosolic species of catecholamines. Interestingly, wt-a-synuclein
is significantly less potent in diminishing vesicular pH than either A3°P or
A53T mutants (Mosharov et al., 2006). DA synthesized in the cytoplasm is
taken up into synaptic vesicles via VMAT?2 transporter, and it is presumably
much more stable in these vesicles. The inhibition of ER-Golgi transport
could result in an inhibition of delivery of VMAT?2 to the synapses and
accumulation of cytosolic DA that might be neurotoxic when metabolized.
As DA helps stabilize protofibril formation by forming a DA-a-synuclein
adduct, this may well cause a vicious circle where DA and a-synuclein
enhance each others’ toxicity. o-Synuclein also regulates catecholamine
release from the synaptic vesicles, and its overexpression suppresses a vesicle
“priming’’ step after secretory vesicle trafficking to docking sites, but before
vesicle membrane fusion (Larsen et al., 2006).
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5.1.3.1. a-Synuclein, DA, and oxidative stress One of the possible
mechanisms of PD is connected with the accumulation of toxic DA deri-
vatives, causing oxidative stress and death of DAN (Lotharius et al., 1999).
In the presence of molecular oxygen, DA can undergo spontaneous autoxi-
dation, generating toxic DA-quinones, superoxide free radicals, and H,O,
(Graham et al., 1978). Oxidized catechols interact with o-synuclein AA
sequence '>YEMPS'? and the cleavage of this C-terminal fragment
deprives the ability of oxidized catechols to inhibit a-synuclein aggregation
(Mazzulli ef al., 2007). Thus, inappropriate C-terminal cleavage of o-synu-
clein, which occurs in PD brains, may cause its accelerated aggregation,
inclusion formation, and dopaminergic neurodegeneration. Decline of
intracellular catechol level may have similar consequences.

The metabolism of DA in nigral neurons produces ROS and other
highly reactive chemical species that can cause oxidative stress, mitochon-
drial dystunction, and cell death. Overexpression of a-synuclein, especially
its mutant forms, increases the vulnerability of neurons to DA-induced cell
death through an excessive generation of intracellular ROS (Junn and
Mouradian, 2002). The dopaminergic specificity of a-synuclein neurotox-
icity is related to endogenous DA production and R OS generation, because
inhibition of DA synthesis by TH inhibitor o-methyl-p-tyrosine prevents
o-synuclein-induced apoptosis in cultured DAN (Xu et al., 2002). Oxidants
may cause o-synuclein aggregation and initiate formation of toxic intermediate
oligomers (Goldberg and Lansbury, 2000).

5.2. a-synuclein and microglia

Astrocytes do not synthesize ¢-synuclein, but take up a-synuclein produced
and released by nerve cells (Braak ef al., 2007; Mori ef al., 2002; Tanji et al.,
2001). It is conceivable that the secretion of a-synuclein from neurons and
absorption by glial cells is accompanied by some degree of its modifications,
for example change of conformation or PTMs. In MSA, a-synuclein
inclusions in the form of filamentary aggregates of about 25 nm in diameter
are found most commonly in glia of oligodendrocytic origin (Tu ef al.,
1998; Wakabayashi et al., 1998).

5.2.1. Microglia activation

One of the important features of several NDDs is the accumulation of
activated microglia (Croisier et al., 2005). Microglia are the resident immune
cells in the brain and activation links inflammation and neurodegeneration in
PD (Hirsch et al.,, 2003, Kim and Joh, 2006). a-Synuclein could activate
microglia through a direct interaction or indirectly. Treatment of different
cell cultures with exogenous a-synuclein or overexpression of a-synuclein in
MNBO9D cell line causes microglial activation (Su et al., 2007; Zhang et al.,
2005). These results are in a good agreement with the data demonstrating the
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role of a-synuclein in microglial inflammation in SNc (Croisier et al., 2005;
Kim and Joh, 2006). Recent data suggest that a-synuclein-mediated micro-
glial activation occurs through the class B scavenger receptor CD36 and
downstream kinases (Su et al., 2007). In vivo o-synuclein may exert this effect
after its release from cells via ER/Golgi-independent exocytosis (Lee ef al.,
2005b). Interestingly, another protein implicated in NDDs, amyloid f, also
activates microglia through CD36 receptor (El Khoury ef al., 2003).

5.2.2. a-synuclein-containing inclusions in glial cells
o-Synuclein-immunoreactive inclusions in glial cells have received much
less attention than similar inclusions in neurons. In the majority of studies on
glia, the abnormal protein aggregation is detected in oligodendroglial cells
(Braak ef al., 2007; Wakabayashi ef al., 2000a).

Oligodendroglial cytoplasmic inclusions of a-synuclein are diagnostic
for MSA (Arima et al., 1998; Spillantini ef al., 1998b; Wakabayashi et al.,
1998). a-Synuclein accumulation and aggregation in oligodendroglia may
be explained by its impaired degradation or selective upregulation in glial
cells (Miller ef al., 2005). An alternative explanation is the accumulation in
glial cells of a-synuclein released by dying neurons (Wakabayashi and
Takahashi, 2006; Wenning and Jellinger, 2005).

When o-synuclein is expressed in Tg mice driven by oligodendrocyte-
specific myelin proteolipid protein promoter (PLP promoter), it is accu-
mulated in the form of half~moon shaped and triangular inclusions similar to
inclusions in MSA patients (Lantos, 1998). CNP-promoter (2’,3'-cyclic
nucleotide 3’-phosphodiesterase)-driven a-synuclein expression causes
neurodegeneration after administration of oxidized stress (Stefanova et al.,
2005) or upon aging (Yazawa et al., 2005). However, in this Tg model, no
GCI have been observed (Giasson et al., 2003a).

Oligodendroglial overexpression of a-synuclein may induce neuroin-
flamation and neurodegeneration in MSA. Neuropathological studies have
demonstrated an association of microglial activation and oligodendroglial
o-synuclein burden in specific neuroanatomic systems affected in MSA.
Aggregated a-synuclein, released or secreted from dying oligodendroglia,
may induce microglial activation and thereby enhance the rate of neurode-
generation in MSA (Stefanova ef al., 2007).

5.3. Overlapping pathways in several human diseases

The most frequent sporadic forms of AD and PD are associated with an
abnormal accumulation of Af and a-synuclein, respectively (Spillantini
et al., 1997; Takeda et al., 1998). Human cases with clinical and neuropath-
ological features of both AD and PD raise the possibility that these diseases
involve overlapping pathways. Approximately 25% of patients with AD
develop features of PD (Galasko ef al., 1994), and a-synuclein-
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immunoreactive LB-like inclusions develop in many cases of sporadic AD
and familial AD, as well as in Down syndrome (Hamilton, 2000; Lippa ef al.,
1999). Moreover, LB in addition to o-synuclein usually contain APP (Arai
et al., 1991). The possible pathogenic interactions between Af and a-
synuclein suggest that drugs aimed at blocking the accumulation of o-
synuclein or Aff a-synuclein might benefit a broader spectrum of NDDs
than previously anticipated.

o-Synuclein is also expressed in differentiating brain tumors as well as
various peripheral cancers and is involved in the regulation of tumor
differentiation (Bruening et al., 2000; Fung et al., 2003; Kawashima ef al.,
2000). Recent studies demonstrated that a-synuclein, but not f-synuclein,
stimulates diftferentiation of osteosarcoma cells (Fujita ef al., 2007). o-Synu-
clein downregulates proteasome activity, which is regulated by alteration of
PKC signaling activity and autophagy-lysosomal pathway. The mechanism
of o-synuclein regulation of tumor differentiation overlaps that of
neurological effects of a-synuclein (Fujita ef al., 2007).

5.4. [3- and y-synucleins in NDDs
5.4.1. f-synuclein

p-Synuclein plays a dual role in the neurodegeneration. Beneficial effects of
p-synuclein are described in Chapter VII, Al. It has been reported that in
addition to o-synuclein-containing LBs and LNs, the development of PD
and DLB is accompanied by the appearance of nonfilamentous ff-synuclein-
positive aggregates in axon terminals of the hippocampus (Galvin ef al.,
1999). This implicates f-synuclein, in addition to o-synuclein, in the
progression of PD and DLB.

p-Synuclein pathology was also detected in a rare disease, neurodegen-
eration with brain iron accumulation, type 1 characterized clinically by
Parkinsonism, cognitive impairment, and pseudobulbar features. -Synu-
clein immunoreactivity was detected in spheroids but not in LB-like or glial
inclusions in the brains of such patients (Galvin et al., 2000). Pathological
role of —synuclein in NDDs may be associated with its ability to stimulate
Ap-aggregation in vitro (Jensen et al., 1997) and with its possible autoimmu-
nity that might play an inflaimmatory role in the pathogenesis of neurode-
generation (Mor et al., 2003).

5.4.2. y-synuclein

y-Synuclein-positive inclusions have been found in axon terminals of the
hippocampus (Galvin ef al., 1999). y-Synuclein immunoreactivity was also
detected in spheroids but not in LB-like or glial inclusions (Galvin et al.,
2000). The role of y-synuclein in glaucoma and other ocular pathology is
discussed in the Chapter V, H.
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5.5. y-synuclein in cancer

y-Synuclein was initially identified as breast cancer-specific gene 1 because
of its high expression in some forms of breast cancer (Ji ef al., 1997). Later
the involvement of y-synuclein in ovarian, liver, bladder cancer, and
pancreatic adenocarcinoma was demonstrated (Iwaki ef al., 2004; Lavedan
et al., 1998b; Li et al., 2004b; Ninkina et al., 1998; Zhao et al., 2006).
Since expression level of y-synuclein is well correlated with the metastatic
lesions, the conclusion is drawn that y-synuclein regulates tumor invasive-
ness and metastasis (Jia et al., 1999; Liu et al., 2005b). y-Synuclein stimulates
cell proliferation by increasing estrogen receptor-mediated signaling in
breast cancer cells (Jiang et al., 2003). In a later publication, Jiang et al.
(2004) showed the role of a chaperone activity of y-synuclein in the Hsp-
based multiprotein chaperone complex for stimulation of estrogen recep-
tor-o signaling.

Further studies showed that y-synuclein interacts with a mitotic spindle
checkpoint protein, BubR 1, reducing checkpoint function and tumor
progression (Gupta ef al., 2003; Inaba et al., 2005). y-Synuclein strongly
stimulates the ligand-dependent transcriptional activity of estrogen recep-
tor-o. in breast cancer cells. The aberrant expression of y-synuclein and
BubR 1-mediated interference with the spindle assembly checkpoint com-
plex together may play an inhibitory role to the action of antimicrotubule
drugs.

A strong correlation between y-synuclein expression and metastasis is
observed regardless of the cancer type (Liu et al., 2005b). The aberrant
expression of y-synuclein and BubR 1-mediated interference with the spin-
dle assembly checkpoint complex together may play an inhibitory role to
the action of antimicrotubule drugs (Fung ef al., 2003; Zhou et al., 2006).

To determine if y-synuclein is a biomarker for prognosis of breast
cancer, Guo ef al. (2007) generated a panel of monoclonal antibodies
(mAbs) against y-synuclein and correlated y-synuclein expression in clinical
breast cancer specimens with clinical outcome. Expression of y-synuclein
was strongly correlated with the stage, lymph node involvement, metastasis,
tumor size, and Her-2 status. According to Cox multivariate analysis,
y-synuclein has independent prognostic significance above and beyond
conventional variables (Guo et al., 2007, Wu et al., 2007). The authors
conclude that y-synuclein is a new unfavorable prognostic marker for breast
cancer progression and a potential target for breast cancer treatment. Other
investigators found that expression of y-synuclein was associated with tumor
grade but not with clinical outcome of patients with breast cancer (Martin
et al., 2006b).

Further evaluation of the prognostic power of y-synuclein may provide
information as to the drug resistance status of tumors and influence
the clinical management and therapeutic approaches for cancer patients.
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p-Synuclein was also tested as a diagnostic tool and possible target in
hepatocellular carcinomas (Zhao et al., 2006). y-Synuclein expression
in primary tumors is a strong indicator of distant metastasis. Demethylation
of y-synuclein CpG island is an early sign of genetic abnormality in liver
cirrhosis preceding hepatocarcinogenesis.

Important results for the understanding of the mechanism of y-synuclein
involvement in tumorgenesis were obtained by the methods of biochemistry
and cell biology. In retinoblastoma cells, y-synuclein is a centrosome-
associated protein (Fig. 6.8) that regulates MAPK and Elk-1 pathways
(Surguchov et al., 2001b). y-Synuclein has a dynamic intracellular localiza-
tion and may translocate by cytokinesis to the midbody in astrocytoma and
melanoma cell lines. Importantly, stress induces 7J-synuclein shuttling
between nucleus and cytoplasm (Fig. 6.7) (Surgucheva et al., 2006).

Figure 6.8 Immunofluorescence microscopy demonstrating colocalization of y-synu-
clein with centrosome markers in retinoblastoma Y79 cells. (A, D, G) Staining with
y-synuclein Ab. (B, E, H) Centrosome markers. (B) y-Synuclein staining, (E) CTR-453
staining, (H) centrin 2 staining. (C, F, I) Merged images. (From Surguchov et al., 2001b.)
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5.6. Synuclein pathology in ocular tissues

Abnormal synuclein localization was detected in the retina and in the optic
nerve for o~ and y-synucleins using IHC methods. In the retina of Tg mice
overexpressing o-synuclein under thy-1 or PDGF-b promoters, a-synuclein
accumulates in a subset of cells located in the inner nuclear layer and
ganglion cell layer. A weaker staining was found in the inner segment of
photoreceptor cells (Surguchov et al., 2001a). In the optic nerve of Tg mice
overexpressing o-synuclein, the accumulation of the protein deposits
immunopositive for o-synuclein (Fig. 6.9) was detected (Surguchov ef al.,

Figure 6.9 Immunohistochemical staining of optic nerve from Tg mouse overexpres-
sing o-synuclein (A) and wild-type mice (B). a-Synuclein-immunopositive deposits
were detected using DAB reagent (peroxidase; black); tissues were counterstained with
hematoxylin (gray). Scale bar = 50 um. (From Surguchov et al., 2001a.)
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2001a). The presence of similar deposits containing o-synuclein in the brain
tissues is considered to play a causative role in NDDs (George, 2002;
Goedert, 1999).

y-Synuclein immunopathology was found in the retinas of AD patients.
IHC staining for y-synuclein revealed a partial loss of immunoreactivity in
the NFL and the appearance of immunopositive staining in a subset of photo-
receptor cells and cells of outer plexiform layer (Surguchov ef al., 2001a).
The accumulation of y-synuclein-positive inclusions also occurs in the glial
cells of the optic nerve in glaucoma patients (Surgucheva et al., 2002). Interest-
ingly, y-synuclein interacts with myocilin—a protein that is genetically linked
with glaucoma inhibiting myocilin secretion and preventing the formation of
high M, forms of myocilin (Surgucheva et al., 2005). Abnormality in )-
synuclein localization is also described in retinas of patients with retinoblas-
toma. Intensive immunoreactivity in NFL of control individuals almost dis-
appears in the patient’s retina with its strong accumulation in a subset of the
RGC (Surgucheva et al., 2008). Synuclein redistribution and cytoskeletal
reorganization is also detected in the retina of patients with DLB (Maurage
et al., 2003).

6. SYNUCLEIN KO

Mice with the deletion of one or two synucleins are viable and exhibit
little phenotypic changes in the majority of studies (Abeliovich et al., 2000;
Cabin et al., 2002; Chandra et al., 2004; Ninkina ef al., 2003; Surgucheva
et al., 2005). However, sometimes the results with KO mice generated by
different approaches varied considerably. In a-synuclein KO mice, brain
development and neuronal architecture, including the synapse, appeared
normal and synaptic vesicle pools were normal, whereas some functional
abnormalities in the dopaminergic system were found (Abeliovich ef al.,
2000). The mutant mice did demonstrate a more rapid recovery of DA
release after the second pulse in a paired stimulus depression paradigm.
Behavioral studies were consistent with this observation that o-synuclein
KO mice showed blunting of the increase in locomotor activity induced
by amphetamines. Thus, a-synuclein may normally act to regulate the
readily releasable pool of DA-containing vesicles negatively (Abeliovich
et al., 2000).

Cabin et al. (2002) generated o-synuclein-deficient mice by partially
deleting the a-synuclein gene in embryonal stem cells and observed a
dramatic loss of reserve vesicles and an increase in synaptic depression in
o-synuclein KO mice. Electron microscopy of hippocampal sections and
cultured hippocampal neurons showed a marked decrease in the pool of
undocked synaptic vesicles in mice homozygous for the mutation. The
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synaptic responses to prolonged, lower-frequency stimulation that would be
expected to deplete reserve vesicle pools were significantly impaired in the
mutant compared with the wt-mice. These results support the hypothesis
that a-synuclein is required for the genesis, localization, and/or mainte-
nance of at least some subset of vesicles that make up the reserve or resting
pools of presynaptic vesicles.

Chandra et al. (2004) found that deletion of a- and —synucleins in mice
does not impair basic brain functions or survival. No significant changes in
the ultrastructure of synuclein-deficient synapses, in short- or long-term
synaptic plasticity, or in the pool size or replenishment of recycling synaptic
vesicles were observed. Synaptic parameters, such as release of neurotrans-
mitters and mobilization of synaptic vesicles were not impaired, but selec-
tive alterations in two synaptic signaling proteins complexins and 14-3-3
were found. Thus, synucleins may not be essential components of the basic
machinery for neurotransmitter release but may contribute to the long-term
regulation and/or maintenance of presynaptic function.

The study of glutamate release in KO mice demonstrated the weaker
paired-pulse facilitations and the absence of frequency facilitation. These
results suggest that lack of a-synuclein impairs mobilization of glutamate
from the reserve pool. Thus, a-synuclein may play an important role in
presynaptic mobilization of reserve pool neurotransmitter vesicles, not only
for DA but also for glutamate (Gureviciene et al., 2007).

Several studies showed that o-synuclein-deficient mice were resistant to
MPTP neurotoxicity. The initial study suggested that a lack of a-synuclein
interfered with the ability of MPP* to block complex I, by increasing
monoamine vesicular transport (Dauer et al., 2002). Mice lacking o-synu-
clein had an attenuated loss of DA but no loss of striatal VMAT?2 (Drolet
et al., 2004). In mice lacking a-synuclein, MPTP induced metabolic activa-
tion, but behavioral symptoms and loss of DA neurons were almost
completely abrogated. Thus, normal o-synuclein functions may be important
to DA neuron viability and their alterations may modify the vulnerability
of DA neurons to an environmental toxin.

Ellis et al. (2005) found that deletion of a-synuclein gene caused signifi-
cant mitochondrial abnormalities. In mice lacking o-synuclein (Snca="7),
total brain steady-state mass of the mitochondria-specific phospholipid,
cardiolipin, is reduced and its acyl side chains show a considerable increase
in saturated FAs. The abnormalities in mitochondrial membrane properties
were associated with a 15% reduction in linked complex I/III activity of
the electron transport chain. These findings suggest a relationship between
o-synuclein’s role in brain lipid metabolism, mitochondrial function, and PD.

Klivenyi ef al. (2006) found that a-synuclein-deficient mice are resistant
to MPTP-induced degeneration of DAN. There was dose-dependent pro-
tection against loss of both DA in the striatum and DAT-immunoreactive
neurons in the SNc. These results suggest that a-synuclein plays a role of a
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modulator of oxidative damage, which has been implicated in neuronal
death produced by MPTP and other mitochondrial toxins.

Theretore, in spite of small phenotypic alterations in the majority of KO
mice, they brought important information about synucleins. The absence of
very clear phenotype in single and double KOs under basal conditions
suggests that they may perform subtle regulatory functions and might
become essential only under specific conditions of stress or malfunction,
as shown, for example, by Chandra ef al. (2005) who found an essential
function for a-synuclein in CSPa-deficient mice (Chapter II, B and
Chapter 111, E).

7. APPROACHES TO REDUCE PATHOLOGICAL ACTION
OF SYNUCLEINS

7.1. a-synuclein

Based on the knowledge of a-synuclein biochemistry and molecular biol-
ogy, different methods are considered to inhibit its pathogenic properties.
They include methods to inhibit a-synuclein aggregation by reducing its
expression, increasing its degradation, impairing the formation of toxic
aggregates, or inhibiting its truncation. A number of different strategies
have been proposed to control o-synuclein aggregation and toxicity
in vivo and in vitro. They include the use of f-synuclein (Hashimoto et al.,
2001; Tsigelny et al., 2007), Hsp70 (Klucken et al., 2004), flavonoids (Zhu
et al., 2004), short antiaggregational peptides, vaccination (Masliah ef al.,
2005), magnesium (Golts et al., 2002), substance affecting proteasomal/
autophagosomal clearance mechanisms, and some other agents.

7.1.1. The beneficial effect of -synuclein

p-Synuclein is often considered to be a nonamyloidogenic member of the
synuclein family since it lacks the nonamyloidogenic component domain
(Fig. 6.2) thought to make a-synuclein prone to aggregation (El-Agnaf
and Irvine, 2000; Jensen et al., 1995). The beneficial effect of f-synuclein
may be due to its ability to inhibit a-synuclein aggregation (Hashimoto
et al., 2001; Park and Lansbury, 2003), block the formation of o-synuclein
dimers with subsequent inclusion into the membrane and organization into
cation channels (Tsigelny et al., 2007), or regulate Akt activity (Hashimoto
et al., 2004).

Alves da Costa et al. (2003) using stable clones of TSM1 neurons
overexpressing this protein showed antiapoptotic effect of f-synuclein.
p-Synuclein lowers the number of TUNEL-positive cells and DNA
fragmentation and diminishes both caspase 3 activity and immunoreactivity.
p-Synuclein also triggers a drastic reduction of p53 expression at a
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posttranscriptional level. Thus, fi-synuclein protects neurons from caspase
activation in a p53-dependent manner. The authors speculate that f-synu-
clein could complement o-synuclein deficiency at least in the first stages of
PD neuropathology.

In the cortex of mice overexpressing i-synuclein, a marked reduction in
o-synuclein protein expression was observed without affecting its RINA
levels (Fan et al., 2006). This reduction in o-synuclein protein expression
was not accompanied by decreases in o-synuclein mRNA expression.
Overexpression of f-synuclein prevented the progression of impaired
motor performance, reduced a-synuclein aggregation, and extended mice
survival. The authors discuss their results with the downregulation of
o-synuclein protein expression by f-synuclein is an appealing treatment
option for synucleinopathies.

Although experiments with fi-synuclein were important for understand-
ing the mechanisms of a-synuclein toxicity, the initial enthusiasm about
possible therapeutic use of f-synuclein is diminished, since according to
Mor et al. (2003), it can induce autoimmune diseases. The authors found
that immunization with f-synuclein peptide induced experimental autoim-
mune encephalomyelitis and uveitis in immunized rats. Autoimmunity to
f-synuclein might play an inflammatory role in the pathogenesis of neuro-
degeneration (Mor ef al., 2003). Another reason reducing the enthusiasm
about full-length f-synuclein use as a therapeutic agent concerns its intra-
cellular concentration. A molar excess of i~synuclein is required to prevent
fibrilization of very abundant o-synuclein, which can be problematic for a
protein which should be present in brain cells.

7.1.2. Peptides preventing a-synuclein aggregation

El-Agnaf et al. (2004) used a library of overlapping seven-mer peptides
spanning the entire o-synuclein sequence, and identified AA residues
64—100 of a-synuclein as the binding regg3 ion responsible for its self
association. Modified short peptides containing a-synuclein AA sequences
from part of this binding region (residues 69—72) were found to interact with
full-length o-synuclein and block its assembly into both early oligomers and
mature amyloid-like fibrils. Based on these findings, the authors developed a
cell-permeable inhibitor of a-synuclein, using the polyarginine peptide
delivery system. Amer et al. (2006) found several new peptides and identified
small molecules that can inhibit o-synuclein oligomerization and toxicity
in vitro. These compounds could serve as lead compounds for the design of
new drugs for the treatment of PD and related disorders in the future.

Abe et al. (2007) used a method of silico panning and genetic algorithm
to screen peptides able to bind to hydrophobic central region of a-synuclein
and affect its aggregation. They selected an 11-mer peptide GAVVTGV-
TAVA that is a part of NAC central hydrophobic region as a docking target.
For the screening of binding peptides, the authors selected tetramer peptides
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consisting of hydrophobic and polar AA that tended to form hydrogen
bonds. After performing the binding analysis by surface plasmon residues
measurements, the top peptides were found QSTQ, GSQQ, SQTQ, and
AQTQ. These peptides bound to a-synuclein with low dissociation con-
stants (Kp = 19 uM for QSTQ and AQTQ) and promoted a-synuclein
fibrillation (Abe et al., 2007). Since these peptides accelerate a-synuclein
aggregation and fibrillation, they might be able to decrease a-synuclein
cytotoxicity by decreasing the protofibrils amount.

7.1.3. Other substances reducing o-synuclein toxicity

A potent inhibitor of a-synuclein aggregation is flavonoid baicalein, the
main component of a traditional Chinese herbal medicine Scutellaria baica-
lensis (Zhu et al., 2004). o-Synuclein has one binding site with baicalein with
K4 of 500 nM. Low micromolar concentrations of baicalein, and especially
its oxidized forms, inhibit the formation of a-synuclein fibrils. Furthermore,
existing fibrils of a-synuclein are disaggregated by baicalein. The product of
the inhibition reaction is predominantly a soluble oligomer of a-synuclein,
in which the protein molecules have been covalently modified by baicalein
quinone to form a Schiff base with a lysine side chain in a-synuclein.
According to AFM data, the disruption of the o-synuclein fibrils occurs
not only from the ends of the fibril, as might be expected, but also from
internal regions. Thus, baicalein causes both exo- and endodisaggregation
of the fibrils.

Catechins from the bioactive green tea extracts possess protective effects
against a-synuclein toxicity. One of the derivatives of catechins effectively
inhibits o-synuclein filament formation with IC5, = 9.8 M and is able to
destabilize preformed fibrils (Ono and Yamada, 2006; Williams ef al., 2007).
A cell-based method for screening compounds with therapeutic potential of
PD was recently developed (Zhao et al., 2007). The authors used human
dopaminergic neuroblastoma cells SH-SYSY stably transfected with mutant
A>T human o-synuclein and analyzed cell viability in the presence of
MPP™ and exogenous DA. Twelve compounds with therapeutic potential
were found that decreased DA-induced cytotoxicity.

A valuable tool both as a diagnostic and for passive vaccination for
treating PD may be a single chain Ab fragment against oligomeric o-synu-
clein (Emadi et al., 2004, 2007). The importance of such Ab is in its
specificity since Ab binds only to oligomeric form of a-synuclein and may
neutralize the neurotoxic aggregates without interfering with beneficial
functions of monomeric a-synuclein. Single chain Ab fragments (scFvs)
were isolated from a phage-displayed Ab library against the target antigen
using a novel biopanning technique. This method is based on AFM to image
and immobilize specific morphologies of a-synuclein. scFv binds to dimmer,
tetramer, and probably other oligomeric forms of o-synuclein and inhibits
fibril formation and extracellular toxicity. The authors suggest that scFv
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inhibits a-synuclein toxicity and formation of fibrils not by inhibiting
nucleation sites or protein folding conformation but rather by specifically
binding to an oligomeric form of a-synuclein preventing further aggregation
to fibrils and blocking interactions of oligomers with the cell membrane.
Thus, scFv Ab may have therapeutic value reducing a-synuclein misfolding
and aggregation and preventing membrane damage (Emadi et al., 2007).

The ability to reduce a-synuclein toxicity was detected for sirtuin
inhibitors, which are members of the histone deacetylase family of proteins
participating in a variety of cellular functions. Inhibition of SIRT?2 rescued
o-synuclein toxicity and modified inclusion morphology in a cellular model
of PD (Outeiro et al., 2006). Parkin may protect against the toxicity
associated with mutant o-synuclein (Petrucelli et al., 2002). Parkin gene
therapy is considered as a possible treatment for a subset of PD patients who
have mutations in the a-synuclein gene (Mochizuki, 2007).

Another approach based on the overexpression of proteins that enhance
ER-to-Golgi transport may be also beneficial in synucleinopathies (Lashuel
and Hirling, 2006). An unusual method has been recently proposed to
reduce a-synuclein-mediated toxicity (Bodner et al., 2006). The authors
identified a compound B2 that promotes inclusion formation in cellular
models that amazingly reduced a-synuclein-mediated toxicity. Hypotheti-
cally, B2 may alter some aspect of protein quality control. Thus, compounds
that increase inclusion formation may actually lessen cellular pathology,
suggesting a therapeutic approach for diseases caused by protein misfolding.
These results support growing evidence for the protective effects of protein
inclusions. o-Synuclein toxicity can be rescued by nonspecific inhibition
of the caspases and RINAi knockdown of caspase-12 (Cappai et al.,
2005). Additionally, it also possible to abrogate a-synuclein toxicity with
coexpression of Hsp70 (Yu et al., 2005).

7.1.4. Potential application of the acidic tail of a-synuclein

The introduction of a peptide derived from the C-terminal acidic tail of
o-synuclein (ATS) into different therapeutic proteins increases their stability
and solubility (Lee ef al., 2005a). In other experiments, ATS protected a
heat-labile protein, GST, from aggregation induced by different conditions
or agents, that is elevated temperature, pH, and the presence of metals (Lee
et al., 2005a; Park ef al., 2004). The introduction of ATS peptide into the
N-terminal antigenic portion of the nucleocapsid proteins of the viruses
renders recombinant fusion proteins that are heat resistant and more conve-
nient for diagnostic tests and seroepidemiological studies (Park and Kim,
2007). The results of these experiments suggest that ATS may be used to
improve physicochemical properties of many medically important proteins
that have low solubility or prone to aggregate. C-terminal fragments of
other synucleins may also be used in peptide fusion technology for
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preparing soluble, heat-resistant forms of different proteins used for the
treatment and diagnostic of human diseases.

7.1.5. Autoantibodies to synucleins

Papachroni et al. (2007) examined the presence of autoantibodies (AAbs)
against synuclein family members in the peripheral blood serum of PD
patients and control individuals. Presence of AAb against ff-synuclein or
y-synuclein did not showed association with PD. At the same time, multi-
epitopic AAb against a-synuclein were detected in 65% of all patients tested
and their presence strongly correlated with an inherited mode of the disease.
The frequency of the presence of AAD in patients with sporadic form of PD
was not significantly different from the frequency in the control group.
However, very high proportion (90%) of patients with familial form of the
disease was positive for AAb against o-synuclein, suggesting that these AAb
could be involved in pathogenesis of the inherited form of PD.

7.1.6. Inhibition of synuclein expression

The finding that the higher gene dosage may cause PD suggests that
pharmacological manipulations affecting o-synuclein expression level, for
example antisense oligonucleotides, sSRINA;, might be considered as thera-
peutic or preventive strategies in susceptible individuals. Fountaine and
Wade-Martins (2007) using siRINA to o-synuclein in human dopaminergic
cellular model achieved 80% protein knockdown. Knockdown conferred
resistance to the DAT-dependent MPP Y, decreased DA transport, reducing
the maximal uptake velocity V (max) of DA and the surface density of its
transporter by up to 50%. Therefore, RNAi-mediated o-synuclein knock-
down alters cellular DA homeostasis in human cells and may suggest a
mechanism for the increased survival in the presence of MPP™.

7.2. y-synuclein as a target for the development of
anticancer drugs

y-Synuclein is considered by some investigators as a key therapeutic target
in the development of anticancer drugs due to its prominent role in the
spindle assembly checkpoint pathway through its interaction with BubR.
As briefly discussed in Chapter V, G, y-synuclein expression is elevated in
the advanced stages of many difterent types of solid tumors. Furthermore, in
breast carcinoma, where y-synuclein was first identified, it has been linked
to stimulated proliferation, increased cell invasion, and metastasis. It is
causatively linked to drug resistance in breast cancer. The aberrant
expression of y-synuclein and BubR1-mediated interference with the
spindle assembly checkpoint complex together may play an inhibitory role
to the action of antimicrotubule drugs. Based on this role of y-synuclein in
cancer, it is considered as a potential therapeutic target for an adjuvant
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therapy through its inhibition by an ankyrin-based peptide. A novel peptide
(ANK) based on an ankyrin-repeat domain binds to and inhibits y-synuclein
activity (Singh and Jia, 2008; Singh et al., 2007).

The peptide conferred approximately three and a half times higher
sensitivity to y-synuclein positive drug-resistant cancer cells to antimicro-
tubule drugs. Development of a cell permeable version of this peptide
(ANKtide) based on its attachment with HIV-TAT peptide is currently in
progress (Singh and Jia, 2008).

8. CONCLUDING REMARKS

Twenty years of synuclein studies brought considerable progress in the
understanding of their role in different human diseases and more modest
progress in elucidation of their normal physiological functions. These
studies brought exciting ideas about possible pharmacological approaches
for the treatment of synucleinopathies. One of the examples of a promising
translational research is the development of the single-chain Ab fragment
against oligomeric a-synuclein.

The data presented in this chapter show that synucleins are very dynamic
proteins, having the ability to adopt distinct structures under different
conditions and easily change their intracellular localization. This feature
may play an important role in their biological functions and sometimes
explain conflicting results received by different investigators. Synuclein’s
involvement in NDDs and cancer may provide insights into the pathologi-
cal processes implicated in these two groups of debilitating diseases, and
present the possibility to use them as potential targets for early diagnosis and
treatment.

Since the data on triple synuclein KOs are not yet available and single
and double KOs of a-, -, and y-synucleins are viable and usually exhibit
little phenotype, one can hypothesize about synuclein functions based on
the current knowledge and waiting for triple KO results. «-Synuclein may
be involved in the regulation of DA release and modulate a releasable pool
of vesicles at the synapse (Larsen ef al., 2006). Recent results suggest that an
essential function of o-synuclein is its ability to inhibit “priming,” a reaction
that transfers morphologically docked vesicles to a fusion-competent state.

The manifestation of the physiological or pathological role of a-synu-
clein may depend on its local intracellular concentration and can be regu-
lated by PTMs. a-Synuclein expressed at physiological level may function as
a negative regulator of vesicle fusion and neurotransmitter release at the
synapse. At the same time, when a certain level of a-synuclein is exceeded,
this may lead to an inappropriate deployment of this function at the synapse
(Gitler and Shorter, 2007). A new emerging area in synuclein studies is the
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investigation of their role in the formation of ion channels (Conway et al.,
2000b; Ding et al., 2002; Lashuel et al., 2002; Quist et al., 2005).

Opverall, the studies of synucleins have enhanced our understanding of
the pathogenesis of synucleinopathies, have led to the improvement of
diagnostic tools for genetic forms of these diseases, and have opened new
frontiers for the purposeful consideration of novel therapeutic targets.

Evidently, it is important for the normal function of a-synuclein to be
better defined in order to understand the role of synucleins in pathology.
A promising area in synuclein translational studies is the use of peptides to
inhibit o-synuclein toxicity and the development of antitumor treatment
based on y-synuclein studies.

In summary, we believe that research in the third decade after the
discovery of the first synuclein will bring a breakthrough in the pharmaco-
logical methods for the treatment of synucleinopathies. As a result, thera-
peutic interventions that halt or reverse the progression of these diseases will

be developed.
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Abstract

There are more than 70 known unisexual species of fishes, amphibians, and
reptiles. They are all-female populations of interspecific hybrid origin that
reproduce without sex via altered gametogenetic mechanisms. They are either
sperm independent as in parthenogenesis or sperm dependent as in gynogen-
esis or hybridogenesis, which causes clonal (or hemiclonal) inheritance. The
first two modes of reproduction produce species composed of genetically
isolated clones. In many previous papers, origin and ancestry, clonal diversity
based on allozyme or mitochondrial DNA variation, ecology and evolution of
unisexual vertebrates were discussed. This chapter reviews the role of
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mutations in genome diversity of some unisexual vertebrates revealed by DNA
fingerprinting and/or by locus-specific PCR. It also describes recent data on
molecular structure of unstable microsatellite loci and their allelic variants in
parthenogenetic lizard species. The available data demonstrate that microsat-
ellite mutations as well as point mutations in flanking regions make significant
contribution in genome diversity of, at least some, clonaly reproduced
vertebrates.

Key Words: Unisexual vertebrates, Genome diversity, Microsatellites,
Mutations, Allelic variants, DNA fingerprinting, PCR.  © 2008 Elsevier Inc.

1. INTRODUCTION

Unisexual vertebrates are of general interest because “‘being abnormal,
they provide a unique perspective on what is normal” (Dawley, 1989).
Biologists have always tried to understand the significance of sexual pro-
cesses. Why in most species up to 50% of population consists of males which
seem only to waste natural resources while the numerical strength of
offspring is determined by females. There are many hypotheses on what
makes bisexual species advantageous at the population level due to sexual
reproduction and genetic changes it causes (Barton and Charlesworth,
1998; Hurst and Peck, 1996; Kondrashov, 1993; Otto and Lenormand,
2002). However, the lack of data, in particular, on deleterious mutation
rates and on the amplitudes of fluctuations of selection in these species limits
our understanding. The nature gives remarkable examples of all-female
unisexual populations well adapted to various habitats. Unisexual verte-
brates recognized first in 1932 (Hubbs and Hubbs, 1932) represent exciting
cases of wild populations consisting of predominantly or exclusively
females. According to Dawley (1989), they share four features: (1) they
are of interspecific hybrid origin, (2) they are exclusively female or nearly so,
(3) they reproduce via an aberrant gametogenetic mechanism (meiotic or
premeiotic) that inhibits genetic recombination and causes clonal inheri-
tance, and (4) they often include polyploids. Unisexual vertebrates are
rather rare, compared with the total number of vertebrate species. The
absence of genetic variation via recombination constitutes an evolutionary
constraint on these populations. At present, there are more than 70 known
unisexual vertebrate species and forms of fishes, amphibians, and reptiles
(Table 7.1), distributed on five continents (Grebelnyi, 2005; Vasil’eva and
Vasil’ev, 2000; Vrijenhoek et al., 1989). The list of the best known uni-
sexual taxa including their ploidy, ancestry, and reproductive mode was
presented by Vrijenhoek et al. (1989). The hybrid nature of most uni-
sexual vertebrates is shown by various means (Vrijenhoek ef al., 1989).



Genome Diversity in Unisexual Vertebrates 321

Table 7.1 Animal groups in which vertebrate unisexual species

were found

Pisces Amphibians Reptiles

Atherinidae Ambystomatidae Agamidae

Cobitidae Ranidae Chameleonidae

Cyprinidae Gekkonidae

Poeciliidae Lacertidae
Teiidae
Typhlopidae
Xantusiidae

Moreover, such hybridization was reproduced in the laboratory (Hotz ef al.,
1985; Schultz, 1973; Wetherington ef al., 1987). The combination of two
heterospecific genomes may skew the sex ratio in the hybrids toward
females and alters gametogenesis such that hybrid females produce eggs
without a recombination and often without reduction in ploidy founding
clonal lineages. The molecular genetic mechanisms by which hybridizations
altered gametogenesis remain unknown. Understanding these mechanisms
is an important and rewarding task (Templeton, 1982).

Three modes of reproduction can be distinguished within the unisexual
vertebrates whose reproductive mechanisms are understood (Fig. 7.1):
(1) parthenogenesis, in which the hybrid genome is transmitted intact to
the eggs, which develop into genetically identical offspring in the absence of
sperm, (2) gynogenesis, in which sperm from a related bisexual ancestor
activates development of the eggs but syngamy of egg and sperm does not
occur and resulting offspring are genetically identical to their mother and
to each other, and (3) hybridogenesis, in which the part of the hybrid
genome derived from one parental species is inherited clonally, while the
genome from the other parental species is lost and replaced in each genera-
tion through fertilization. Parthenogenetic and gynogenetic taxa are exclu-
sively or predominantly females; hybridogenetic taxa can be of either or
both sexes (Darevsky ef al., 1985). Within the vertebrates, clonal anamniotes
may be either hybridogenetic or gynogenetic, while clonal taxa of reptiles
are exclusively parthenogenetic. This probably reflects the need of ana-
mniote ova for a special nonnuclear contribution from the sperm. It should
be noted that low levels of recombination have been suggested for some
unisexual amphibians (Graf and Polls Pelaz, 1989) and reptiles (Sites ef al.,
1990), and incorporation of subgenomic amount of DNA from a bisexual
host by microchromosomes in a gynogenetic fish has been described
(Schartl et al., 1995).

In unisexual vertebrates, polyploidy is one of the main features (Schultz,
1969). Although it may help to stabilize a unisexual lineage (Moritz ef al.,
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Parthenogenesis Gynogenesis Gybridogenesis

Figure 7.1 Schematic representation of the three unisexual modes of reproduction. In
parthenogenesis, the genome AB is transmitted to the egg without genetic recombina-
tion; the egg develops without sperm into an offspring. In gynogenesis, the genome AB
is transmitted to the egg without genetic recombination, but the egg requires sperm to
stimulate embryogenesis without syngamy of egg and sperm. In hybridogenesis, one
parental genome (A) is transmitted to the egg without genetic recombination, but the
other parental genome (B) is lost and replaced in each generation through fertilization.

1989a,b) and mask deleterious alleles, the overall mutation rate per poly-
ploid genome is higher and should result in higher mutation load in
comparison with diploids (Kondrashov, 1997). Among a variety of clonal
vertebrate taxa, only some are known to be diploid, others are either
triploid or, more rarely, tetraploid. Of the 32 parthenogenetic taxa of
reptiles that have been identified, some 15 forms are diploid, while 13 are
triploid, and for 4, the ploidy is not determined (Darevsky et al., 1985). The
origin of polyploidy in a parthenogenetic system is in principle possible if
unreduced gametes do mate (Fig. 7.2). It presupposes a very rare event,
when sperm from a third bisexual species fertilizes some eggs and forms
trihybrid triploids, which further reproduce parthenogenetically, without
sperm, into clonal triploid offspring. Such triploid unisexual reptiles were
recognized in nature and investigated using karyology, allozyme electro-
phoresis, tissue grafting, and restriction analysis of mtDNA (Darevsky et al.,
1985). In gynogenetic system, where the exposure of eggs to sperm is
necessary to reproduce, syngamy occurs in about 1% of all eggs (Schultz
and Kallman, 1968) and this produces triploids that differ from each other in
third genome added from different bisexuals. Tetraploids are very rare
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Figure 7.2 Schematic representation of origin of triploid unisexual. The unisexual
female (AB) reproduces clonally, the egg (AB) develops into genetically identical off-
spring (AB). Inrare cases, the egg (AB) is fertilized by sperm from a male (CC), yielded
atriploid unisexual (ABC) that also reproduces clonally.

among unisexual vertebrates and they were only recognized in unisexual
Ambystoma, Carassius, and Cobitis (Bohlen and Rab, 2001; Lowcock et al.,
1987; Vasil’ev ef al., 1989; Vasil’eva and Vasil’ev, 2000). This may suggest
some genomic constrains in formation of stable tetraploid state. Up to now,
the question which biological features of unisexual vertebrates depend on
their clonal reproduction and which depend on their hybrid makeup or
ploidy remains unclear.

According to Uzzell (1970), there is no direct correspondence between
reproductive mode and cytological mechanism. For instance, gynogenesis
can result from apomixis or premeiotic endomitosis, and premeiotic endo-
mitosis can provide parthenogenesis or gynogenesis. All three unisexual
reproductive modes suppress effects of genetic recombination, leading to
reduced level of genome diversity in clonal populations. In particular,
parthenogenesis and gynogenesis suppress the effects of crossing over
between homologous chromosomes, random segregation of homologous
chromosomes, and syngamy of egg and sperm pronuclei. In these cases, only
spontaneous mutations and possible chromosomal genes rearrangements
remain main sources of genetic and phenotypic variation. Hybridogenesis
suppresses effects of the only first two forms of recombination. So syngamy
yields additional genetic variation. In apomixes, eggs are produced by
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mitosis, and fertilization by sperm is not necessary (Fig. 7.3A). After pre-
meiotic cells duplication, chromosomal DNA duplicates, but homologous
chromosomes do not pair and mitosis occurs producing an ovum with
somatic ploidy level identical to mother cells.

According to Rasch et al. (1982), apomixis, not endoreduplication as
previously reported by this group (Rasch ef al., 1970), is the cytological basis
of reproduction in Poecilia formoza and its related, triploid biotypes. In some
unisexual vertebrates, meiosis occurs but it involves modified step, called
premeiotic endomitosis (Fig. 7.3B). Prior to meiosis, a chromosomal endo-
duplication occurs, producing pairs of identical chromosomes without cell
division. After DNA duplication, identical chromosomes pair in meiosis I
resulting in the formation of bivalents. Meiosis I then proceeds normally and
the chromosomes reach meiosis II. After two maturation divisions, an ovum
with the somatic ploidy level, identical to mother cells, is formed. Among
unisexual vertebrates, the premeiotic endomitosis is known to occur in the
parthenogenetic triploid lizard Cnemidophorus uniparens (Cuellar, 1971) and
in triploid salamanders of the genus Ambystoma (Sessions, 1982).

At least two cytological mechanisms responsible for hybridogenetic
reproduction mode are known (Fig. 7.3C). They involve premeiotic

A B C
Apomixis Premeiotic endomitosis Genome exclusion
|: ( ‘ ‘ Premeiotic cells duplicated by
| / \ |/ mitosis; parental genome is lost
P o I ~—/Premeiotic cells -'-’
drer;]el;)tl(;: ;e S duplicated by
uplicated by mitosis without /
mitosis cell division Syngamy with Chromosomes duplicated by
g sperm (C1) \j mitosis (C2)
‘. L Reduced egg m

DNA replication;

homologous DNA replication;
h 9 d homologous T DNA replication;
cl :ompsomes o chromosomes pair Diploid ovum identical
T, ot palr \hromosomes pair
YAY
Mitosis Meiosis Meiosis

Syngamy /\
/_ - with sperm u Reduced egg
\UI i
DlpI0|d ovum Diploid ovum \ _/Dlpbld ovum

Figure 7.3 Schematic representation of cytological mechanisms of clonal reproduc-
tion in diploid unisexual vertebrates. (A) Apomixis, described in the gynogenetic fish
Poecilia formosa (Rasch et al., 1982); (B) Premeiotic endomitosis, described in the parthe-
nogenetic triploid lizard Cnemidophorus uniparens (Cuellar,1971); (C) Genome exclusion:
C1, described in the hybridogenetic fish Poecilopsis monacha-lucida (Cimino, 1972a,b);
C2, described in the hybridogenetic diploid amphibian Rana esculenta (Graf and
Muller, 1979).
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exclusion of one parental genome and produce a reduced egg that is
subsequently fertilized and restored the diploid chromosome number. In
diploid Poeciliopsis monacha-lucidia (Cimino, 1972a,b) during mitotic division
prior to meiosis, a unipolar spindle attaches to chromosomes from only one
parental species and draw them to one pole. Only these chromosomes enter
an altered meiosis. The chromosomes from other parental species are lost. In
diploid Rana esculenta (Graf and Muller, 1979), after premeiotic exclusion of
one parental genome, the remaining genome is duplicated by a premeiotic
endomitosis, DNA duplicates, identical chromosomes pair, and enter
an altered meiosis. Cytological mechanisms responsible for unisexual
reproduction were considered in many papers (Cuellar, 1971, 1974;
Dawley, 1989; Grebelnyi, 2005; Monaco et al., 1984; Sessions, 1982;
Uzzell, 1970).

Clonal reproduction and clonal diversity are two features of unisexual
vertebrates that make them useful as model organisms in such areas as
evolutionary ecology, genetics, cellular, and molecular biology (Dawley,
1989; Vrijenhoek, 1994). Indeed (1) they represent greatly simplified sys-
tems for studying adaptive properties of genes; (2) environment effects on
the phenotype or on the genotype fitness can be studied by comparing
phenotypic characters or clonal frequencies over time; (3) captive repro-
duction of some unisexual species allows to control the effects of genetic
variation in experiments; (4) comparison of initial and introduced into a
new habitat unisexual populations can provide some possibilities for study-
ing first stages of genetic divergence; (5) comparative investigations can be
made with unisexual species and closely related bisexual ancestors providing
valuable information on their evolution; (6) genetic dominance can be
investigated by using clonal animals of different ploidy levels; (7) spontane-
ous or experimentally induced mutagenesis, as well as genetically unstable
loci and karyotypes can be more easily detected and investigated in clonal
populations, families, and next generations.

The principal fundamental problems concerning origin and ancestry,
clonal diversity based on allozyme and mitochondrial DNA variation,
ecology, and evolution of unisexual vertebrates were considered previously
in detail (Avise et al., 1992; Darevsky et al., 1985; Fu et al., 2000; Mateos and
Vrijenhock, 2002; Mateos ef al., 2002; Moritz et al., 1989a,b; Schultz, 1969;
Turner, 1982; Vrijenhoek, 1984, 1989, 1994; Vrijenhoek et al., 1989;
Weeks, 1993).

Multiple independent origins of unisexuals are the primary source of
clonal diversity (Butlin ef al., 1999). However, the genetic diversity of the
majority of unisexual vertebrate species is low in comparison with their
sexual progenitors. In this chapter, recent data concerning mutations in
microsatellite-containing loci and their contribution in genome diversity of
clonally reproduced vertebrates are considered.



326 Alexei P. Ryskov

2. DNA FINGERPRINTING IN STUDIES OF
GENOME DIVERSITY

To study clonal and genome diversity in unisexual vertebrate popula-
tions, several approaches including histocompatibility analysis, extensive
surveys of mtDNA and allozyme variations, and in more rare cases, DNA
fingerprinting have been used. Of these techniques, histocompatibility
analysis and DNA fingerprinting were clearly more sensitive. At the same
time, in its present form, the histocompatibility technique is difficult to use
on a survey scale.

2.1. Hypervariable mini- and microsatellites

Tandemly arranged repetitive DINA sequences of different types are widely
represented in eukaryotic genomes. They vary in cluster length and repeat
unit size. Among them, the most polymorphic are mini- and microsatellite
DNAs, whose variability is displayed particularly in allelic variations of the
number of repeat units. Jeffreys ef al. (1985) were first to use the minisatellite
probes 33.6 and 33.15 to detect numerous homologous loci in human
DNA, and have demonstrated the individual-specific pictures of blot hybri-
dizations that were termed DNA fingerprints. Later, the M13 family of
minisatellites was characterized (Ryskov et al., 1988; Vassart ef al., 1987), as
well as a number of microsatellites (Epplen ef al., 1993; Limborska et al.,
1999; Tautz, 1989). It should be emphasized that many features of mini-
and microsatellites and mechanisms of their variability are suggested to be
different (Debrauwere ef al., 1997). In particular, microsatellites are more
numerous and more randomly distributed in genome (Tautz and Renz,
1984; Toth et al., 2000). The participations of recombination mechanisms
has been shown for minisatellite variability (Bois, 2003; Jeffreys, 1997;
Jeftreys et al., 1997; Jurka and Gentles, 2006). The main models of micro-
satellite mutations are based on impaired DNA replication and repair
(Brohede et al., 2002; Debrauwere et al., 1997; Djan, 1998; Ellegren,
2000, 2004; Hancock, 1999; Levinson and Gutman, 1987), although inter-
action of replication slippage and recombination in microsatellite variation
are also discussed (Li ef al., 2002). If so, one can predict that in a clonal
population, which lack effective genetic recombination, different levels of
genomic diversity would be detected by DNA fingerprinting with mini-
and microsatellite probes. At present, DNA fingerprinting is considered
potentially very powerful tool for population studies of species whose
genomes are poorly investigated. The features and possible applications of
DNA fingerprinting were considered in earlier reviews (Jeftreys, 1997,
Ryskov, 1999; Shabrova et al., 2006). To date, only limited number of
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unisexual fish and lizard species were investigated with the use of DNA
fingerprinting.

2.2. Gynogenetic and hybridogenetic fishes

Turner ef al. (1990) were the first to use DNA fingerprinting, based on
microsatellite probes (CAC)s and (GACA),, to assess genetic variation in
samples of two clonal fish species, gynogenetic Poecilia formosa and selfing
hermaphrodite Rivulus marmoratus. The investigated material was taken
from various laboratory lines and field collections. The DNA fingerprints
obtained demonstrated very high levels of genetic variation in natural
populations of both species. For example, a sample of 19 specimens of
P. formosa from one station contained 16 fingerprint phenotypes (presump-
tive clones), while only 3 clones of P. formosa in the entire drainage system
were discerned by allozyme survey (Turner et al., 1983). The technique
clearly differentiated allozymically identical laboratory lines of R. marmoratus
that were previously distinguishable only by histocompatibility analysis
(Vrijenhoek, 1985). At the same time, all fingerprints tested were clonally
stable for at least three generations. To interpret very high level of genome
and clonal diversity detected with DNA fingerprinting, the authors sug-
gested that mutations, subsequent to the founding of clonal lineages, were
important source of variation in investigated populations. They have also
emphasized that the biological significance of the clonal heterogeneity
detected with DNA fingerprinting should be a matter of laboratory and
field comparison, not a priori judgments based on the nature of the finger-
print differences themselves. According to current ecological models, clones
in a particular population have specializations that enable them to exist in
distinct microhabitats (Schultz and Fielding, 1989; Vrijenhoek, 1984;
Weeks, 1993). However, very high levels of genomic and clonal heteroge-
neity revealed by DNA fingerprinting in both species may suggest that
their clonal composition is more strongly determined by stochastic factors,
such as migration, founder effects, population size, and fluctuation, than
particular clonal adaptations.

In extending study of seven Floridian populations of R. marmoratus
(Turner et al., 1992), DNA fingerprinting with an array of microsatellite
[e.g., (CT)y] and minisatellite (e.g., the 33.15 core sequence) probes also
revealed very high genome and clonal diversity. There were 42 clones
among 58 individuals surveyed. One sample of R. marmoratus was analyzed
in more detail. All seven individuals (presumptive clones) could be resolved
readily with probes (CT)o, (GT)o, and 33.15 at high hybridization strin-
gency. Probably, the three hybridization probes, chosen arbitrarily, did not
exhaust the repertoire of divergent bands that separated the clones. Four of
these clones were subsequently fingerprinted with the Drosophila sequence
(AGAGGC); and the mouse sequence (GGGCAGG),, and several
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additional divergent bands could be detected. The interpretation of these
data was that most sympatric clones studied differed by multiple and inde-
pendent mutational steps, and that regular mixing of individuals from
different mutational lineages should exist.

Later, Laughlin et al. (1995) tried to clarify reasons of the extremely high
levels of interclonal variation reported from natural Floridian populations of
R. marmoratus. They investigated the clonal stability of laboratory lineages
with regard to highly polymorphic loci. As a result, practically no mutations
were observed with probes (CAC)s and (CT)y among 62 individuals from
each of generations 19 and 20 (124 total). Only two divergent fragments
were detected with probe (GGCAGG), among the same 124 individuals.
No mutation was observed with probes 33.15, (CTG)s, and (CAG)s. Based
on these data, a maximum mutation rate of 3.5 X 10~* for loci detected by
probe (GCCAGG), was calculated in laboratory lines of R. marmoratus.
These results do not support a hypothesis of clonal diversification of
R. marmoratus, due to mutation alone. So, authors confirmed the previous
suggestion (Turner ef al., 1992) that high levels of migration with lineage
mixing together with mutations might be important explanations for the
very high interindividual variation observed in Floridian populations of this
species. At the same time, critical consideration of these data allows to
suggest that some other, more appropriate probes might be chosen for
mutation detection in the laboratory lineages studied. It should also take
into account that germinal mutations inherited in all offspring will provide
identical fingerprints in population samples. More direct information about
de novo mutations might be obtained from comparison of maternal and
offspring fingerprints on a large-scale family analysis.

The Phoxinus eos/Phoxinus neogaeus hybrid gynogen complex of cyprinid
fishes appears to represent an example of extreme clonal uniformity.
Because gynogenesis is not 100% efficient in the Phoxinus complex, hybrids
exist as diploid clonal lineages and triploid biotypes (Goddart et al., 1989).
mtDNA analysis of limited numbers of individuals from geographically
distinct hybrid populations suggested relatively recent, repeated origination
of these gynogens (Goddart et al., 1989). The fin graft histocompatibility
analysis led Goddart et al. (1989) to suggestion that local populations of
Phoxinus gynogens were composed of only a single clonal lineage. Using
multilocus DNA fingerprinting, Elder and Schlosser (1995) reported defin-
itive evidence of an extreme lack of population genetic variation in this
species/gynogen complex in a north Minnesota stream drainage. Gynogens
were sampled from three habitats in each of four different pond types in a
single drainage. The abundance of gynogens relative to sexual fishes varied
with pond type (from 13.4% to 48.6%). DNA fingerprinting of 464 indi-
vidual gynogens detected only one clone. DNA fingerprint patterns, gen-
erated sequentially by using three probes, (CAC)s5, (GACA),, and 33.15, all
revealed the same unprecedented lack of variation. The authors did not rule
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out the possibility that a more complex community of gynogenetic clones
existed in the described system in the past, and the current presence of only a
single clone could be due to either selective or stochastic forces.

Only 1 clone was recently detected among 20 triploid gynogens of genus
Cobitis (Cobitidae) sampled from the Moscow River (near Zvenigorod) and
fingerprinted with minisatellite probe 33.15 and 7 different microsatellite
probes (Lebedeva et al., 2005). The resulting fingerprints were identical
with all probes used. The authors inferred that monoclonality of this
population might be a result of recent local introduction and reproduction
of a new single individual or selection adaptation of the most fitness clone.

Multilocus DNA  fingerprinting with probes (GGAT),, (GACA),,
(GATA)4, (GAA)g, and (CA)g was also performed for studying two different
laboratory lines and two single broods of P. formosa (Schartl et al., 1991).
The lines were derived from single females and propagated in population
stocks of 40—100 individuals. When individuals from the same line were
compared over several generations, a very similar overall fingerprint pattern
was obtained with subtle differences. Small fingerprint difterences in the
laboratory lines indicated mutations that occurred in microsatellite-
containing loci. Such mutations were seen in succeeding generations and
therefore were clonally transmitted and stable. By analyzing siblings of a
single brood, it was found that all individuals display almost identical
fingerprint patterns. However, with the (GATA), probe, a truly hypervari-
able locus was detected, which gave rise to variable restriction fragment
length. The authors proposed that variable fragments could arise due to
mutations occurred during early stages of embryogenesis. The low level of
mutations observed by these authors in two single broods appears to be not
surprising. The probability to find mutant fingerprint fragment in siblings of
only two families is very low, practically equal to zero. Besides, as it was
pointed out above, de novo mutations might be more effectively detected
by comparing sibling fingerprint patterns with maternal fingerprint on a
large-scale family analysis.

Umino ef al. (1997) examined the frequency of gynogenetic triploid
ginbuna in a total of 118 specimens belonging to the Carassius species
(Carassius langsdorfii), caught in Kurose River, Hirosima. Combining the
results from the cytogenetics, the flow cytometry, and erythrocyte measure-
ments, 96 triploids (81%) and 22 diploids (19%) were detected. In the total
of 77 triploid specimens fingerprinted, 51 (66%), 2 (3%), and 13 (17%)
individuals had identical DNA fingerprints, respectively, and were con-
cluded to be different three clones. The average band sharing index was
relatively low between these clones. This implied that 86% of the triploid
ginbuna in the Kurose River were the clonal progeny of only three females.

Alves et al. (1998) described genetic analysis of the progeny from
diploid and triploid females of the Rutilus alburnoides complex taken from
the Sorraia River of the Tejo Basin and from the Degebe River of the



330 Alexei P. Ryskov

Guadiana Basin. The mechanisms by which difterent R. alburnoides hybrids
are perpetuated in nature are not yet well understood. Preliminary results
obtained with allozyme markers revealed that triploid females from the Tejo
basin mated to Leuciscus pyrenaicus (parental species) males produced diploid
and triploid progeny, which showed evidence of sperm incorporation
(Alves et al., 1996, 1997; Carmona et al., 1997). This suggested that triploid
females might reproduce by hybridogenesis. In a study by Alves ef al. (1998),
diploid and triploid females were experimentally crossed with nonhybrid
and L. pyrenaicus males, and the progeny was fingerprinted with minisatellite
probes 33.6 and 33.15. The results obtained, together with the data of
allozyme analysis, allowed the authors to conclude that the reproductive
modes of diploid and triploid female R. alburnoides cannot be conveniently
placed into the three categories generally recognized for unisexual verte-
brates. Like the gynogenetic vertebrates, diploid females clonally transmit
their hybrid genomes, but sperm is apparently incorporated and expressed in
all oftspring. Triploid females present a modified hybridogenesis (named
“meiotic hybridogenesis”), in which one genome is discarded in each
generation without recombination, but inheritance is not hemiclonal.
Meiosis involved random segregation and recombination between the
homospecific genomes, and genetically distinct haploid and diploid eggs
are produced. Moreover, unlike what happens in hybridogenesis, a sperm
genome that is incorporated into the progeny may remain in the hybrid
lineages longer than one generation—it is clonally transmitted by the
diploid females to their diploid eggs. Thus, in addition to the genotypic
diversity that results from paternal genome incorporation in each genera-
tion, R. alburnoides also possesses genotypic diversity resulting from the
occurrence of meiosis in triploid females. High genetic variability intro-
duced by different reproductive modes of diploid and triploid females may
explain in part the ecological success of R. alburnoides, which is one of the
most abundant and widespread minnows of central and southern Iberian
freshwaters.

Summarizing, one can conclude that genome diversity and clonal com-
position of natural unisexual fish species is determined by mutations
together with mixing of individuals from different lineages and migrating
populations.

2.3. Parthenogenetic lizard populations

Among the amniotes, unisexual species of reptiles are the only vertebrates
known to reproduce by true parthenogenesis. Of the 32 parthenogenetic
species of reptiles that have been at least tentatively identified (Darevsky,
1993; Darevsky et al., 1985), some have been extensively studied, but
almost nothing is known about many. The basic biology including com-
parative anatomy, chromosome cytology, biochemical genetics, ecology,
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and biogeography have been studied in details in some of these species
(Arribas, 1999; Cuellar, 1971, 1974; Darevsky, 1985, 1993; Moritz et al.,
1989a,b, 1993; Parker et al., 1989; Sites et al., 1990; Suomalainen et al.,
1987; Vyas et al., 1990). However, only four diploid parthenogenetic lizard
species of the genus Darevskia and one triploid parthenogenetic species of
the genus Leiolepis were investigated by DNA fingerprinting technique.
Among them, Caucasian rock lizards Darevskia dahli, D. armeniaca,
D. unisexualis, and D. rostombekovi were most extensively studied. Note
that these species were only recently attributed to the newly nominated
taxon Darevskia gen.nov. (Arribas, 1999), and I. S. Darevsky was the first
who recognized them as parthenogenetic species in 1958. Meiotic parthe-
nogenesis dominates in the eggs of such species, producing finally the
diploid chromosome sets (Darevsky et al., 1985). Hence, the progeny
includes only genetically identical females, with clonal inheritance in next
generations. Diploid males with notably decreased fertility appear in popu-
lations rarely and spontaneously [1 male per 1000 females (Darevsky et al.,
1985)]. Previously, some degree of allozyme variation (Fu ef al., 1998, 2000;
MacCulloch et al., 1995, 1997; Murphy et al., 1997) and low variability of
mtDNA (Moritz ef al., 1992) in parthenogenetic Darevskia lizard species
were described. For example, one to seven clones were found in these
species by allozyme electrophoresis. Theoretically, possible sources of such
variations in parthenogenetic populations may be associated with mutations,
rare new hybridization events, some low level of genetic recombination, or
with the plural origin of clones from different pairs of founders (Cole et al.,
1983; Fu et al., 2000; Moritz et al., 1989a,b; Parker, 1979; Parker and
Selander, 1976). However, contribution of these events in overall genetic
variation remains unknown.

Parthenogenetic lizards D. dahli from two populations of Armenia were
first fingerprinted using hybridization probes M13 DNA, (TCC)sy,
(GACA)4, and (CAC)s (Kan ef al., 1998; Tokarskaya et al., 2001). DNA
fingerprints produced by minisatellite probe M13 DNA were practically
identical for all specimens in each population, while some interpopulation
differences were observed. Microsatellite probes also produced species-
specific fingerprints but a number of variable fragments were clearly
detected in both populations. Out of 25 individuals of D. dahli analyzed,
17 (68%) yielded 5 fingerprint phenotypes (clones), represented by 6 (24%),
4 (16%), 3 (12%), and 2 (8%) individuals. The mean index of similarity
(MIS) between these clones, estimated using the overall data matrix for all
probes, was 0.962. The other eight animals did not belong to any of these
clones and differed among themselves by several fingerprint fragments.
Similar analysis was performed with D. armeniaca (Martirosyan et al., 2003;
Tokarskaya et al., 2001) and D. unisexualis (Kan et al., 2000; Ryskov et al.,
2000, 2003; Tokarskaya et al., 2000, 2001) lizards. Out of 36 individuals of
D. armeniaca from three populations of Armenia, 19 (52.7%) were classified
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into 6 clones represented by 5 (13.8%), 4 (11%), 3 (8%), 2 (5.5%), and
2 (5.5%) lizards. The MIS between clones was 0.975. The remaining
17 (47.3%) specimens constituted 17 other clones. The MIS between
these individuals was 0.953. Out of 40 lizards of D. unisexualis from three
Armenian populations analyzed with M13DNA and (GATA), probes,
28 (70%) were assigned to 4 clones consisting of 16 (40%), 7 (17.5%),
3 (7.5%), and 2 (5%) individuals, respectively. The MIS between them
was 0.972. The other 12 individuals (30%) showed more divergent fin-
gerprint patterns (MIS = 0.907). The most polymorphic, practically
individual-specific fingerprints were observed when D. unisexualis popula-
tions were analyzed with the (TCC)sq and (TCT)s5 probes (Ryskov et al.,
2000, 2003) (Fig. 7.4). The MIS value for TCC fingerprints was 0.824.
Interestingly, a number of fragments in the fingerprint patterns detected by
(TCC)s¢ also hybridized with (TCT)s. It means that some variable frag-
ments of D. unisexualis possessed internal structural heterogeneity of micro-
satellite motifs containing both (TCC),, and (TCT),, polypyrimidine clusters
and the possibility exists that observed variability of polypyrimidine-
containing loci is connected with its specific structural organization.
Nevertheless, the reasons of enhanced genomic variability of D. unisexualis
remain unclear. According to one explanation, it may depend on the origin
of unisexual species, namely on interspecies hybridization that combines
two parent genomes. The resulting hybrid karyotypes and genomes in
unisexuals may possess different stability (Kupriyanova, 1999). Another
possible explanation is that D. unisexualis lizards may be deficient in some
enzymatic activities, for example, in some DNA repair activities.

Darevsky et al. (1998) have compared one population of D. armeniaca
from Armenia with D. armeniaca population originated after the introduc-
tion of these lizards from Armenia to Ukraine in 1963. The use of M13
DNA probe could reveal only 1 fingerprint phenotype among 21 lizards of

M13-BsuR | (TCC)50-BsuR | (TCT)6-BsuR |
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Figure 7.4 Typical pictures demonstrating enhanced variability of Darevskia unisexua-
lis DNA fingerprints produced with microsatellite probes [adapted data from Ryskov
et al. (2000) and Tokarskaya et al. (2001)]. Minisatellite probe M13 DNA produces mono-
morphic fingerprint patterns, microsatellite probes (TCC)s, and (TCT)s produce
highly polymorphic fingerprint patterns.
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Armenian population and 2 fingerprint phenotypes differing in 1 fragment
among 11 individuals of Ukrainian population. The authors suggested that
the appearance of the second fingerprint phenotype in the Ukrainian
population was not connected with mutation but might be result of accu-
mulation of a minor variant (present in initial population) in the course of
adaptation of the introduced population to environmental changes.
Variation of mini- and microsatellites-containing loci in populations of
parthenogenetic lizards D. rostombekovi was studied by Martirosyan et al.
(2002). Previously, the allozyme data for 35 loci of D. rostombekovi (sample
of 65 animals from three Armenian populations) did not show any variation
(MacCulloch et al., 1997). Therefore, D. rostombekovi was considered a
monoclonal species. In contrast, DNA fingerprinting with M13 minisatel-
lite, (GATA),4 and (TCC)s, microsatellite probes in samples of 21 animals
from 3 isolated populations of North Armenia and in a sample of 5 animals
from relict population of Sevan Lake indicated that relict population of
Sevan Lake was different from other populations with the interpopulation
MIS about 0.536 (Martirosyan et al., 2002). The authors suggested that
hybrid karyotype of D. rostombekovi generated a series of chromosomal
mutations that might lead to the appearance of a geographically isolated
chromosome clone in the population inhabiting Sevan Lake. This conclu-
sion was also confirmed by data of RAPD (Random Amplified Polymor-
phic DNA) and mitochondrial DNA analysis (Malysheva ef al., 2006a).
Recently, DNA fingerprinting in Southern Asian lizards belonging to
the genus Leiolepis—Dbisexual species L. reevesii and parthenogenetic triploid
species L. guentherpetersi—was first carried out (Malysheva ef al., 2006b).
The genus Leiolepis comprises seven species, including four bisexual diploid
species (L. belliana, L. guttata, L. peguensis, and L. reevesii) and three parthe-
nogenetic species, one of which is diploid (L. boehmei) and two are triploid
(L. guentherpetersi and L. triploida). Morphological and karyological charac-
teristics of the Leiolepis species (Darevsky and Kupriyanova, 1993) as well as
the mitochondrial DNA data (Schmitz et al., 2001) indicated that
L. guentherpetersi was formed as a result of hybrid mating of diploid parthe-
nogenetic mother to the male from diploid bisexual species. The maternal
diploid form was not found in nature and is thought to be extinct. The
presumptive parental form is L. reevesii. DNA fingerprints with probes
(GACA),4, (GGCA),, and (CAC)s produced practically identical patterns
in L. guentherpetersi lizards (MIS = 0.960) (Malysheva et al., 2006a). Unex-
pected results were obtained in this study when the same L. guentherpetesi
samples were fingerprinted with the (GATA), probe (Fig. 7.5). The varia-
bility of (GATA), loci in L. guentherpetersi and L. reevesii was similar
(MIS = 0.460). The nature of high variability of (GATA),-containing
loci in L. guentherpetersi remains obscure. Possible explanation assume that
these loci should be more prone to different mutations and chromosomal
rearrangements, leading to DNA restriction fragment length polymorphism
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Figure 7.5 Typical pictures demonstrating enhanced variability of Leolepis guentherpe-
tersi DNA fingerprints produced with GATA-microsatellite probe [adapted data from
Malysheva et al. (2006b)]. In contrast to other microsatellite probes, the (GATA), pro-
duces highly polymorphic fingerprint patterns. This can suggest enhanced instability of
(GATA),-containing loci in parthenogenetic triploid lizards L. guentherpetersi.

(RFLP) and to diversity of fingerprint patterns. It is evident that instability
of such loci in L. guentherpetersi can be directly demonstrated by further
multilocus and/or single-locus analysis of parthenogenetic families. Adapted
data on genetic variation in some parthenogenetic lizard species are
summarized in the Table 7.2.

It should be mentioned that the biological significance of genetic het-
erogeneity detected by DNA fingerprinting of natural populations of par-
thenogenetic lizards with respect to clonal differentiation remains uncertain.
For example, there are two widespread and equally abundant color varieties
(with pale yellow and bright yellow bellies) in populations of D. dahli.
Neither allozyme data (Murphy et al., 1997) nor fingerprinting assays
(Tokarskaya et al., 2001) can distinguish between these two differently
pigmented clones. Thus, it seems unlikely that fingerprint variability always
coincides with phenotype variation and clonal differentiation in morpho-
logical and/or physiological characters. It is more likely that the observed
fingerprint variability illustrates the process of spontaneous mutagenesis at
the unstable loci and initial stages of clonal differentiation.
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Table 7.2 Genetic variation in some parthenogenetic lizard species based on DNA
fingerprinting data®

Number of
Species specimens Probes MIS
Darevskia dahli 25 M13 DNA 0.943
25 (TCC)sg 0.973
25 (GACA), 0.969
25 United 0.962
D. armeniaca 36 M13 DNA 0.974
36 (TCC)s¢ 0.967
36 (GACA), 0.944
36 United 0.966
D. unisexualis 40 M13 DNA 0.992
40 (TCC)sq 0.825
40 (GATA), 0.862
40 United 0.952
D. rostombekowi 21 M13 DNA 0.981
21 (TCC)s¢ 0.962
21 (GATA)4 0.901
21 United 0.875
Leiolepis guenterpetersi 6 (GACA), 0.950
6 (GGCA), 0.980
6 (CAC)s 0.970
6 United 0.960
6 (GATA), 0.350

* Adapted data from Kan ef al. (1998), Tokarskaya ef al. (2000, 2001), Martirosyan et al. (2002, 2003),
Ryskov et al. (2000, 2003), and Malysheva et al. (2006b).

2.4. Parthenogenetic lizard families

To date, only parthenogenetic families of D. armeniaca and D. unisexualis
consisting of mother and their progeny of first generation were investigated
by multilocus DNA fingerprinting. Malysheva et al. (2007) have finger-
printed 43 D. armeniaca families (131 siblings) using (GACA)4, (GGCA),,
(GATA)4, and (CAC),, probes, and revealed mutant fingerprints in 4 families
(16 siblings) that differed from their mothers in several restriction DNA
fragments. It is interesting that some mutant fingerprint fragments detected
in siblings were also observed as polymorphic ones in fingerprints of
population samples. One can infer that mutant fingerprint fragments are
fixed, forming overall population polymorphism of fingerprint spectra.
Mutation rate for new restriction fragment length estimated by these probes
varied from 0.8 X 1072 to 4.9 x 1072 per fragment/sibling. As a rule,
identical mutant fingerprints were observed in all siblings of one family.
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It means that the most variations, detected as RFLPs, had germ line origin,
but somatic changes of (CAC),, fingerprints were also found.

In similar experiments, rather high intrafamily variation of (GATA),,
(TCT),, and (TCC),, containing DNA fragments was shown for cogeneric
parthenogenetic species D. unisexualis (Kan et al., 2000; Ryskov ef al., 2003;
Tokarskaya et al., 2003, 2004). For instance, mutation rate for new
(GATA),~containing fragments, revealed in 25 families (overall 84 siblings),
was as high as 0.9 x 1072 per fragment/sibling. The case of somatic
variation of (GATA), detectable loci in adult D. unisexualis lizards was
also described (Tokarskaya et al., 2003, 2004). Typical pictures of intrafam-
ily variability of DNA fingerprints are shown in Figure 7.6.

It is clear that differences in fragment size detected as RFLP appear to
be too large to reflect microsatellite repeat number variation and seem likely
to reflect mutations and/or epigenetic modifications in restriction sites, or
other kinds of genomic alterations, which may occur during somatic devel-
opment. Theoretically, instability of the hybrid karyotype characteristic
of parthenogenetic species of the genus Darevskia (Kupriyanova, 1997)
may also lead to chromosomal rearrangements resulting in the observed
population and intrafamily variability of DNA fingerprints.

(GATA), - BsuRI (GGCA), - Mva |

Figure 7.6 Typical pictures demonstrating intrafamily variability of DNA finger-
prints: (A) Darevskia unisexualis; (B) Darevskia armeniaca [adapted data from Malysheva
et al. (2007) and Tokarskaya et al. (2004)]. Intrafamily variation detected by microsatellite
probes as restriction fragment length polymorphism can reflect mutations in restriction
sites or various genomic alterations in loci containing these microsatellites. Triangles
show mutant restriction fragments in siblings.
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Summarizing, DNA fingerprinting studies provide some indirect evi-
dence for existing unstable regions in parthenogenetic genomes detectable
with microsatellite probes. To obtain more direct information about insta-
bility and molecular structure of microsatellite-containing loci in clonal
species, new molecular approaches such as DNA cloning and sequencing

should be applied.

3. CHARACTERIZATION OF INDIVIDUAL
MICROSATELLITE LocCl IN PARTHENOGENETIC
LizARDS

Despite the continued accumulation of data on mutation rate and
sequence organization of microsatellite-containing loci in various species
(Cleary et al., 2002; Colson and Goldstein, 1999; Neff and Gross, 2001;
Orti et al., 1997), the general picture of their instability remains largely
unclear. Recent studies have shown that different processes are actually
involved in the creation of microsatellite-containing loci variability. Among
such processes, there are sister chromatid exchange, asymmetry and polarity
in the distribution of mutations, single nucleotide substitutions, deletions
and insertions in flanking regions, and genesis of mobile elements (Ellegren,
2000, 2004; Goldstein and Pollock, 1997; Li et al., 2002; Wilder and
Hollocher, 2001). It is evident that DNA cloning and sequencing of allelic
variants of microsatellite-containing loci may give detailed information on
the nature of their variability. At present, very limited information is
available concerning structural organization and allelic polymorphism of
individual microsatellite loci in unisexual vertebrates.

3.1. Organization and polymorphism of individual
microsatellite loci

Wilmhoft et al. (2003) have cloned and sequenced 16 variable dinucleotide
microsatellite loci to quantify genetic variation in the parthenogenetic
gecko, Lepidodactylus lugubris. The genetic diversity at these loci, analyzed
by locus-specific PCR, was unusually high for an asexual species. Subsets of
individuals produced identical genotypes across all loci. Substantial genetic
differences were detected among subgroups, indicating the presence of
distinct clonal lineages. Some individuals produced triploid haplotypes at
two or more loci, in agreement with previous reports of triploid karyotypes
in L. lugubris (Moritz et al., 1993). Individual loci revealed differences
between observed and expected heterozygosity, indicating the presence of
null alleles.
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Gardner ef al. (2004) have isolated and sequenced six successtully ampli-
fied polymorphic loci containing (AAC), and (AAG),, microsatellites from a
triploid parthenogenetic form of the Australian lizard Menetia greyii.
Observed heterozygosity for two populations ranges from 0.171 to 0.917
with an average of 0.609. Only one locus showed significant heterozygous
difference indicating that most of the loci show no evidence for null alleles.
A test of linkage disequilibrium within the populations was not significant,
thus indicating the loci segregate independently. Authors reported the
potential use of these loci across various sexual species within the M. greyii
complex. However, in these two studies, the nucleotide sequences of the
allelic variants were not investigated.

3.2. Variability of allelic variants of microsatellite loci

The more extensive information was followed from our studies of parthe-
nogenetic Darevskia lizards. Korchagin et al. (2007) have cloned and
sequenced a number of (GATA), microsatellite loci of D. unisexualis.
Among several loci analyzed in detail, two (Du 215 and Du 281) were
polymorphic. Three and six allelic variants were detected among 65 lizards
investigated for Du 215 and Du 281, respectively. Sequencing the PCR
products amplified from these variants showed that allelic differences at the
polymorphic loci were caused by variation in a number of tandem repeats
and point mutations in microsatellite cluster as well as point mutations in the
flanking regions. Comparison of polymorphic and monomorphic
(GATA),~containing loci showed that the monomorphic ones contained
more point mutations in microsatellite clusters as well as degenerative
(GATA),-like sequences in the vicinity of these clusters or large insertions
of (GACA),, in the middle of (GATA), cluster. These data are consistent
with the view that loci containing less perfect microsatellites are more stable
and vice versa. Authors carried out cross-species analysis of polymorphic
Du 215 and Du 281 and monomorphic Du 323 indicating that the PCR
priming sites at the D. unisexualis were conserved in other parthenogenetic
and bisexual species of genus Darevskia. Using these locus-specific primers,
8 allelic variants at Du 215 and 3 allelic variants at Du 281 among 26
individuals of D. dahli were found (Davoyan et al., 2007). High interpopu-
lation differences revealed in D. dahli probably reflected some differences in
environmental conditions in which isolated populations were existed. Sim-
ilar analysis revealed only 3 allelic variants at Du 215 among 127 specimens
of D. armeniaca (Malysheva et al., 2007). Sequencing of these allelic variants
showed that they differed from each other by the size and composition of
microsatellite cluster and by single nucleotide substitutions in flanking
DNA. In several cases, significant differences among orthologues were
found. For example, Du 215 in D. armeniaca contained not only (GATA),,
but also (GACA), cluster, which was absent in D. unisexualis (Table 7.3).



Table 7.3 Microsatellites in the allelic variants of orthological loci of some Darevskia
lizard species®

Species,
allelic
variants
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Locus, microsatellite cluster

Du281
(GATA)o(GAT)(GATA)(TA)
(GATA)
(GATA)((GAT)(GATA)
(TA)(GATA)
(GATA),(GAT)(GATA)
(TA)(GATA)
(GATA)»(GAT)(GATA)
(TA)(GATA)
(GATA),,(TA)(GATA)
(GATA)((TA)(GATA)

Du281
(GATA)s_1o(GAT)(GATA)
(TA)(GATA)

Du281
(GATA)s-12

Du281

(GATA)o(GAT)(GATA)
(GGTA)»(GAT)(GATA),

(GATA),,

(GATA)g

Du215
(GAT)(GATA)4(GAT)
(GATA);(GCAA),
(GAT)(GATA)((GCAA),
(GAT)(GATA)o(GCAA),

Du215

(GAT)(GACA)
(GATA)3(GACA)s(GATA)
(GCAA)

(GAT)(GACA)
(GATA);(GACA)s(GATA)
(GCAA)

(GAT) (GATA)s

Du323

(AC)4~(GATA);(GAT)
(GATA)>-(GA),

Haplotype

(continued)
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Table 7.3 (continued)

Species,

allelic Allelic

variants size (bp) Locus, microsatellite cluster Haplotype

D. dahli Du323

1 215 (AC)6-(GATA){1(GAT) C-T
(GATA),-(GA),

2 211 (AC)6-(GATA)1((GAT) C-T
(GATA)>-(GA)4

3 184 (AC)s-(GATA)(GGT) A-C
(GATA)3(GAT)(GATA)-
(GA)4

“ Data adapted from Korchagin ef al. (2007), Davoyan ef al. (2006), Malysheva ef al. (2007), and Vergun
et al. (2007).

The haplotypes were also identified among the allelic variants of Du 215,
Du 281, and among their orthologues in the parental species D. raddei
and D. valentini providing new evidence for the cross-species origin of
D. unisexualis (Davoyan et al., 2006, 2007; Korchagin et al., 2007,
Malysheva et al., 2007).These haplotypes were further used as specific allelic
markers in studies of inheritance of these alleles as well as in detection of
mutant alleles in parthenogenetic progeny of D. unisexualis.

3.3. Microsatellite mutations in parthenogenetic
lizard progeny

Badaeva et al. (2006) have analyzed 217 lizards representing 49 families (168
siblings) by monolocus PCR. Among them, mutant alleles were revealed in
the progeny of four families (15 siblings) at Du 281 locus. A comparison of
cloned and sequenced alleles of the mother and two offspring of one such
family showed that the mutations lead to changes in the size of microsatellite
clusters (insertion of the GATA monomer), with mutant alleles being
identical in both siblings. This is apparently indicative of a greater probabil-
ity of such mutations to emerge in the germ line cells. By the example of the
family analyzed, the results demonstrate that the variability of alleles in the
parthenogenetic offspring is limited by the microsatellite cluster and does
not extend to the flanking regions. This means that it is the errors that arise
owing to DNA polymerase slippage at microsatellite sites in DNA during
replication that lead to the appearance of mutant alleles and that may be one
of the factors that determine clonal and genetic diversity of unisexual
populations. According to Badaeva (personal communication), similar
mutations (deletion or insertion of one GATA monomer in Du 281
microsatellite clusters) were observed in the mutant alleles of the siblings
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from three other D. unisexualis families analyzed. Microsatellite mutations
found in D. unisexualis progeny of first generation fits well with the stepwise
mutation model (Ohta and Kimura, 1973), which assumes that all mutation
events involve a change in a single microsatellite repeat. At the same time,
new data in favor of two phase model (Di Rienzop et al., 1994) may be
obtained in further studies of de novo mutant microsatellite alleles. In any case,
the above-considered data provide first direct information on the contribu-
tion of mutations in genome diversity of parthenogenetic lizard populations.

4. CONCLUDING REMARKS

There are a variety of unisexual all-female vertebrates that display
remarkable diversity in their genetic features, modes, and cytological
mechanisms of reproduction, population structures, ecological adaptation,
and perpetuation of clonal lineages. Clonal reproduction and clonal diver-
sity are two features of unisexual vertebrates that make them exceptionally
useful as model organisms in genetic and ecological studies. Although the
questions concerning genetic variation and factors determining clonal and
genomic diversity of unisexual vertebrate populations have received con-
siderable attention, data obtained remain insufficient and conflicting. In fact,
precise origin of many variant clones recognized by various means in many
such species is unknown. This may depend on undetected complexity of
some unisexual systems and nonadequate analyzing methods applied. Thus,
the DNA fingerprinting method reveals much higher level of genome
variation in true clonal populations (gynogenetic and parthenogenetic) in
comparison to allozyme and mtDNA analysis. It seems that high genome
diversity revealed in various clonal populations by DNA fingerprinting
associated with different factors, including the plural origin of clones from
different pairs of founders, outcrossing events, some low level of genetic
recombination, and mutations. The clonal diversity that is arisen due to
different hybrid combinations of ancestral egg and sperm or as a conse-
quence of new outcrossing events must be a matter of additional laboratory
and field comparisons. The DNA fingerprinting method is exceptionally
powerful tool that can be used strategically to complement less conclusive
results obtained from other data. In particular, this method is useful for
revealing small genomic variation in clonal populations, detecting de novo
mutations in next generations, and unstable loci in hybrid genomes. Popu-
lation variability of both minisatellite- and microsatellite-derived finger-
prints in gynogenetic fishes implies that not only mutations but also plural
clonal origin as well as some levels of migration with lineage mixing may be
responsible for overall genomic variation. The data on intrapopulation
identity of minisatellite-derived fingerprints in parthenogenetic lizards of
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genus Darevskia are not consistent with plural origin of their clones. On the
other hand, population variability of microsatellite-derived fingerprints in
the same lizard samples would mainly reflect mutational diversity of their
genotypes. Whether such mutations are fixed providing new clonal lineages
and thus higher clonal diversity remains unclear and needs further study of
the fate of unstable loci in the second and next generations. While limited,
recent data on molecular nature of mutations and composition of allelic
variants of polymorphic loci in parthenogenetic lizards of genus Darevskia
directly show that microsatellite mutations as well as point mutations in
flanking regions make significant contribution in genome diversity of these
populations. Although this may involve substantial work, continued char-
acterization of different unisexual vertebrates with various techniques
should greatly facilitate our knowledge about genome and clonal diversity
of these species.
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Glycosylphosphatidylinositol (GPI), 153

Gly—Gly motif, 55

GM 7373 cell-associated plasminogen activator
activity, 205

Golgi-localized, gamma-ear-containing,
ARF-binding proteins (GGAs), 160

Gp96-deficient mice, 15

Green fluorescent protein (GFP)-MotB, 61

GTPase dynamin, 150

H

Haploid female gametophyte, 96
Hfq protein, 7
Histones, 256, 261
Histones modifications and gene expression, 22
H>0O5-induced acclimation, 123
Hook-associated proteins (HAPs), 45
Host-selective toxins, 102
Hpt homologue, 17-18
HupC permease, 18
Hybridogenesis, 321, 323, 330
Hydrogen peroxide, 112, 114, 123
signaling network, 125-127
Hydron, 196
Hydroxyl radicals, 112
Hyperosmotic effect, 204
Hypersensitive response (HR), to pathogens, 90
Hypoxia, 105, 193

InlA gene, 11

InlB protein, 13—14

InlC gene, 24

InlGHE gene, 24

Inl] gene, 24

Interferon gamma (IFN-y), 194
Internalin, 11-13

Invasive listeriosis, 3

In vitro angiogenesis assays, 182—-183
In vivo angiogenesis assays, 183

K
14-kDa phosphoneuroprotein (PNP14), 231, 244

L

LAN-5 cells, 193
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Lysosomal sorting signals, 165-167
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Madin-Darby canine kidney (MDCK) cells, 153
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Meiotic parthenogenesis, 331

Membrane microdomains, 153

Meningoencephalitis, 2

Met, activation of, 14

Methyl-accepting chemotaxis proteins
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Met signaling pathway, 13
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Microtubules, 158

Millipore discs, 197

Mitogen-activated protein kinase (MAPK), 92
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Mn2+—dependent serine-threonine
phosphatase, 7

MnSOD, of L. monocytogenes, 18-19

MogR, 6
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functions, in flagellum
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See also Torque generation, of flagellum

MotX and MotY proteins, 51

Mpl gene, 16
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MprF protein, 23
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NF-kB pathway, 16
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Noninvasive gastrointestinal listeriosis, 2
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IOZV biological effects of, 92
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OppA transporter, 9
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and expression of Bax, 106
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signal pathway, 108
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Protein trafficking
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vesicle docking and fusion, 148-149
Protochlorophyllide, 92
Pseudomonas aeruginosa, 66, 68
Pseudomonas syringae, 93, 111

R

Rab family, 256
Rana esculenta, 325
Reactive oxygen species (ROS)
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S
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S. typhimurium, 66
S1-CAGUG3' motif, 236
SecA2 protein, 21
Self-incompatibility, of plants, 97
Septicemia, 2
Serine palmitoyl transferase (SPT), 127-128
Serine-threonine phosphatases (Stp), 7
Sigma B regulon, 5
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cross-linking by tissue transglutaminas, 252
in CSF and plasma, 272
Down’s syndrome, role in, 232
in drug and alcohol addiction, 263264
endo-and exocytosis, 254
exons, 235-236
fibrilization of, 246—248
helical, 250
human, 235-236
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Olivier Dussurget, Figure 1.2 Vero cells infected with L. monocytogenes EGD
(left panel) or its isogenic actA mutant (right panel). Cells were processed for triple
fluorescence microscopy 5 h after infection. Bacteria were labeled with a polyclonal
anti-Listeria antibody (black), actin with FITC-phalloidin (dark gray), and nuclei with
DAPI (light gray). Actin accumulates around the parental strain EGD, leading to the for-
mation of typical comet tails. In cells infected with the act4 mutant, bacteria are unable
to induce actin polymerization and multiply in the cytoplasm forming perinuclear
microcolonies.



Olivier Dussurget, Figure 1.4 Noninvasive bioluminescence imaging of listeriosis in
BALB/c mice. Bioluminescent splenic signals corresponding to bacterial replication
foci were detected 48 h after intravenous inoculation of 8 x 10% 4 x 10*, 2 x 10%,10%, and 5 x
10 L. monocytogenes from left to right.



