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CHAPTER ONE

PHYSIOLOGICAL ROLES OF RIBOSOMAL
PROTEIN S6: ONE OF ITS KIND

Oded Meyuhas*
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The phosphorylation of ribosomal protein S6 (rpSé), which occurs in response
to a wide variety of stimuli on five evolutionarily conserved serine residues, has
attracted much attention since its discovery more than three decades ago.
However, despite a large body of information on the respective kinases and
the signal transduction pathways, the role of this phosphorylation remained
obscure. It is only recent that targeting the genes encoding rpSé, the phosphor-
ylatable serine residues or the respective kinases that the unique role of rpS6
and its posttranslational modification have started to be elucidated. This review
focuses primarily on the critical role of rpS6 for mouse development, the
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2 Oded Meyuhas

pathways that transduce various signals into rpSé phosphorylation, and the
physiological functions of this modification. The mechanism(s) underlying the
diverse effects of rpS6 phosphorylation on cellular and organismal physiology
has yet to be determined. However, a model emerging from the currently
available data suggests that rpS6 phosphorylation operates, at least partly,
by counteracting positive signals simultaneously induced by rpSé kinase, and
thus might be involved in fine-tuning of the cellular response to these signals.

Key Words: Ribosomal protein S6, S6 kinase, RSK, mTOR, Protein synthesis,
TOP mRNAs, Cell size, Cell proliferation, Glucose homeostasis. © 2008 Elsevier Inc.

1. INTRODUCTION

The higher eukaryotic ribosomes are composed of two subunits that
are designated as 40S (small) and 60S (large) subunits. The mammalian 40S
subunit is composed of a single RNA molecule, 18S ribosomal (r) RNA,
and 33 proteins, whereas the 60S subunit has three RNA molecules: 5S,
5.8S, and 28S rRINAs, and 46 proteins (Wool et al., 1996). Of all ribosomal
proteins, it is ribosomal protein S6 (rpS6) that has attracted much attention,
since it is the first, and was for many years the only one, that has been shown
to undergo inducible phosphorylation.

The ribosome biogenesis takes place in the nucleolus and starts with the
synthesis of 5S and 45S pre-rRNA by distinct RNA polymerases and
requires the import of ribosomal proteins from the cytoplasm. A complex
pathway that involves both endo- and exonucleolytic digestions enables the
release of mature rRNAs from the pre-rRNA. Concomitantly, rRNAs
are extensively modified and bound by the ribosomal proteins before the
assembled pre-40S and pre-60S subunits are exported separately to the
cytoplasm (Fromont-Racine ef al., 2003; Zemp and Kutay, 2007). High-
resolution cytological analysis has recently disclosed the fate of rpS6 from its
biosynthesis site in the cytoplasm to the pre-40S subunit. Thus, rpS6 enters
the nucleus of HeLa cells, reaches, via Cajal bodies, the nucleolus, where it
is assembled with other proteins and rRINA into pre-40S subunit. The latter
is then released to the nucleoplasm prior to its export through the nuclear
pores to the cytoplasm (Cisterna ef al., 2006). Interestingly, the nuclear
import, as well as the nucleolar localization of human rpS6 and yeast rpS6A,
rely on motifs, whose number, nature, and position are evolutionary
conserved (Lipsius ef al., 2005; Schmidt ef al., 1995).

The phosphorylation of rpS6 has attracted much attention in numerous
labs since its discovery in 1974 (Gressner and Wool, 1974b). However, it is
only recently that the role of ipS6 and its posttranslational modification has
started being disclosed by genetic targeting of the mpS6 gene and of the



Roles of Ribosomal Protein S6 3

respective kinases. Hence, this review includes a brief account on the
evolutionary conservation of rpS6, as well as the enzymes that conduct,
and the cues that affect its phosphorylation, and a comprehensive discussion
on the critical role of rpS6 for mouse development, pathways that transduce
various signals into rpS6 phosphorylation, and the physiological role of this
modification.

2. GENERAL BACKGROUND

2.1. Evolutionary conservation of rpS6

rpS6 is an evolutionary conserved protein that spans 236—253 residues in
species as remote as yeast, plants, invertebrates, and vertebrates (Fig. 1.1),
yet no homology with any ribosomal protein in E. coli or archebacteria has
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Figure 1.1 The phylogenetictree of sequences of rpS6 orthologsindifferent eukaryotic
species. Alignments and the tree were generated using the ClustalW program (http://
www.ebi.ac.uk/Tools/clustalw/index.html).
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been detected (Wool et al., 1996). Interestingly, rpS6 with C-terminal
extensions, ranging in length from 81 to 190 amino acids and enriched for
lysine and alanine, is widespread among the Culicomorpha (an infraorder of
Nematocera that includes mosquitoes and black flies) (Fallon and Li, 2007).
The C-terminal extensions on rpS6 from the mosquitoes Aedes aegypti and
Aedes albopictus are 42—49% homologous with histone H1 proteins from
other multicellular organisms (Hernandez et al., 2003).

2.2. rpSé6 is an indispensable ribosomal protein

The role of rpS6 was first addressed by conditional knockout of the respec-
tive gene in adult mouse liver (Volarevic et al., 2000). Hepatocytes that
lacked mpS6 gene failed to synthesize the 40S ribosomal subunit and conse-
quently to proliferate following partial hepatectomy. This failure to progress
through the cell cycle correlated with a block in expression of cyclin E gene.
Nonetheless, the expression of rpS6 gene was not required for liver growth
when starved mice were refed. Moreover, the relative engagement of liver
ribosomes in translation, as exemplified by their polysomal association, was
indistinguishable between rpS6-containing and -lacking hypertrophying
livers (Volarevic et al., 2000).

The critical role of rpS6 is not confined to the regenerating liver, as
thymus-specific knockout of 1pS6 gene, but not conditional deletion of one
allele, had devastating effect on the gland development (Sulic et al., 2005).
pS6 heterozygosity (rpS6™del), however, had a remarkable effect on the
number of mature T cells in peripheral lymphoid organs (spleen and lymph
nodes). The deficiency of one rpS6 allele led to a proportional diminution in
the abundance of rpS6 and ribosome contents in purified rpS6™* 4! T cells,
yet with no effect on their total protein content or their ability to undergo
normal stimulated cell growth (Sulic ef al., 2005). Likewise, 30—-50% reduc-
tion in rpS6 content of Hela cells by siRINA only mildly affected global
protein synthesis (Montgomery et al., 2006). Nevertheless, while wild-type
T cells progressed in vitro through several divisions upon mitogenic stimu-
lation, their rpS6™*9¢! counterparts failed to proliferate, as a result of a block
at the G1/S checkpoint of the cell cycle, and partially due to increased
apoptosis. Interestingly, deletion of both p53 alleles almost completely
resumed the proliferative capacity of stimulated rpS6*"/4! T cells. These
observations strongly support the notion that impaired ribosome biogenesis,
associated with rpS6 deficiency, activates a p53-dependent checkpoint to
eliminate defective T cells (Sulic et al., 2005).

rpS6™Ydel embryos died during gastrulation at day 8.5. However, already
at day 6.5, their cells failed to show dephosphorylation and activation of
Cdk1 and to enter mitosis. Moreover, the embryonal death was preceded by
induced apoptosis. The fact that p53 gene knockout enabled rpS6EWt/del
embryo to develop past gastrulation stage, suggests that rpS6 heterozygosity
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triggers a p53-mediated checkpoint during gastrulation. Interestingly, ribo-
some biogenesis is defective in rpS6VY el /P53=/~ embryo, as well as in the
corresponding mouse embryo fibroblasts (MEFs). However, while neither
cell cycle progression nor cell growth is impaired in rpS6“Ydel/ P53/~
MEFs, compromised cell proliferation was observed in the liver from
pS6™Ydel/P53=/= embryo. This decreased in hepatic proliferation might
be explained by the relative deficiency of cyclins D1 and D3, observed in
this organ (Panic et al., 2006).

Lesions in Drosophila rpS6 gene expression, due to insertion of P element
upstream of the transcription initiation site, had a mixed response: hyper-
plasia of lymphglands on the one hand and growth inhibition of most larval
organs on the other hand (Stewart and Denell, 1993; Watson ef al., 1992).

The critical role of rpS6 is underscored by the fact that it is the only
ribosomal protein, for which it has been shown, so far, that heterozygosity
leads to early embryonal lethality (Panic ef al., 2006). Thus, pL24~/~ mice
die before E9.5, yet the heterozygotes are viable, even though exhibiting
dysmorphic feature and reduced somatic growth (Oliver ef al., 2004).
Similarly, pS19 null mutation is lethal prior to implantation, whereas
rpS197/~ mice have normal growth and organ development (Matsson
et al., 2004). Unlike rpS6, rpL29 seems to be a dispensable ribosomal
protein, as mice with disruption of both rpL29 alleles suffer of global growth
deficiency, yet they are viable (Kirn-Safran ef al., 2007). Similarly, it has
recently been shown that efficient depletion (2% residual activity) of rpL13a
in human monocytic cells by short hairpin RINA had no significant effect on
global protein synthesis, translational fidelity, or cell proliferation. These
results suggest, therefore, that rpL.13a is dispensable for canonical ribosome
function (Chaudhuri et al., 2007).

3. PHOSPHORYLATION OF rpSé6

3.1. Stimuli inducing rpS6 phosphorylation

A pioneer study conducted by David Kabat has shown that a 33-kDa
protein, termed F protein, which resided in the small ribosomal subunit
undergoes phosphorylation in rabbit reticulocytes (Kabat, 1970). Later,
it has been identified as rpS6, and that it is the only ribosomal protein that
undergoes phosphorylation during rat liver regeneration (Gressner
and Wool, 1974b). A flood of subsequent reports has demonstrated that
rpS6 is subject to phosphorylation in response to numerous physiological,
pathological, and pharmacological stimuli (see Table 1.1). Notably, this
modification can be detected in both the cytosol and the nucleus (Pende
et al., 2004).
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Table 1.1 rpSé is phosphorylated by multiple

Treatment Organism/cell Phosphorylation References
(A) Mitogenic stimulation
(a) Liver regeneration Rat T Gressner and
Wool (1974b)
(b) Growth factors and cytokines
(1) Serum, IGF Chick embryo T Haselbacher
fibroblasts et al., (1979)
(2) EGF Mouse Swiss T Thomas et al.,
3T3 cells (1982)
(3) NGF Rat PC12 cells T Halegoua and
Patrick (1980)
(4) PDGF Mouse Swiss T Nishimura and
3T3 cells Deuel (1983)
(5) Interleukin 2 Mouse T T Evans and Farrar
lymphocytes (1987)
(B) Hormones
(a) Insulin Mouse 3T3-L1 T Smith et al.,
cells (1979)
(b) Glucagon Rat liver T Gressner and
Wool (1976)
(c) Progesterone Xenopus oocyte T Nielsen et al.,
(1982)
(d) Estrogen Rooster I Cochrane and
hepatocytes Deeley (1984)
(e) PTTH Tobacco T Song and
hornworm Gilbert (1997)
(f) Juvenile hormone  Flesh-fly I Itoh et al.,
(1987)
(C) Nutrients
(a) Amino acids Human I Tang et al.,
HEK?293 cells (2001)
(b) Leucine Rat L6 T Kimball ef al.,
myoblasts (1999)
(c) Glucose Mouse MIN6 T Gleason et al.,
P-cells (2007)
(D) Lipid compounds
(a) Diacyl glycerol Mouse T I Evans and Farrar
lymphocytes (1987)
(b) Prostaglandin F,,  Mouse Swiss T Thomas et al.,
3T3 cells (1982)
(E) Viral infection
(a) Vaccinia virus Human Hela T Kaerlein and
cells Horak (1976)
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Table 1.1 (continued)

Treatment Organism/cell Phosphorylation References
(b) Pseudorabies Hamster T Kennedy ef al.,
fibroblasts (1981)
(c) Polyoma virus Hamster T Kennedy and
fibroblasts Leader (1981)
(d) Simian virus Hamster T Kennedy and
fibroblasts Leader (1981)
(e) Avian sarcoma Chick embryo T Decker (1981)
virus fibroblasts
(f) AMLV Mouse NIH T Maller et al.,
3T3 (1985)
fibroblasts
(g) Alphavirus Human U Montgomery
HEK?293 et al., (2006)
(F) Stresses
(a) Hypoxia Human U Arsham et al.,
HEK?293 cells (2003)
Maize root tips U Williams et al.,
(2003)
(b) Heat shock Drosophila U Glover (1982)
Human HelLa U Kennedy et al.,
cells (1984)
Tomato cell U Scharf and
suspension Nover (1982)
(c) Hyperosmolarity ~ Mouse myeloma U Kruppa and
Clemens
(1984)
(G) Pharmacological agents
(a) Translation inhibitors
(1) Cycloheximide Rat liver T Gressner and
Wool (1974a)
(2) Puromycin Rat liver T Gressner and
Wool (1974a)
(b) Transcription inhibitors
(1) d-Galactosamine  Rat liver T Gressner and
Greiling
(1977)
(2) DRB Human HelLa T Duncan and
cells McConkey
(1984)
(c) Energy depletion
(1) 2-Deoxyglucose Human U Inoki et al.,
HEK293 (2003)

(continued)
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Table 1.1 (continued)

Treatment Organism/cell Phosphorylation References
(2) 5-Thioglucose Mouse embryo (X Hahn-
fibroblasts Windgassen
et al., (2005)
(d) Phorbol esters Rat hepatoma T Trevillyan ef al.,
cells (1984)

Notes: 1}, increase; |}, decrease; AMLV, Abelson murine leukemia virus; DRB, dichlororibofuranozyl
benzimidazole; EGF, epidermal growth factor; IGF, insulin-like growth factor; NGF, nerve growth
factor; PDGEF, platelet-derived growth factor; PTTH, prothoracicotropic hormone.

3.1.1. Evolutionary conservation of rpSé6 phosphorylation sites

The phosphorylation sites in rpS6 in mammals and Xenopus laevis have been
mapped to five clustered residues: S23>, S236 §240 244 and S247 (Bandi
et al., 1993; Krieg et al., 1988; Wettenhall et al., 1992), whose location at the
carboxy terminus of higher eukaryotes is evolutionarily conserved
(Table 1.2). It has been proposed that phosphorylation progresses in an
ordered fashion, with Ser236 as the primary phosphorylation site (Flotow
and Thomas, 1992; Wettenhall et al., 1992). A similar organization of
phosphorylation sites, relative to the carboxy terminus was described for
Drosophila melanogaster rpS6 (Radimerski ef al., 2000 and Table 1.2).

Maize (Zea mays) rpS6 appears to be encoded by two genes and the
resulting proteins are identical except for two amino acid substitutions. The
relative location of the five phosphorylation sites is comparable with that of
vertebrate rpS6, yet this set of sites is not confined to serines, as it include
also a threonine residue (Williams ef al., 2003 and Table 1.2).

The first report on the phosphorylation of rpS6 (S10 according to an
older nomenclature) in Saccharomyces cerevisiae lagged behind that of its
mammalian counterpart (Hebert ef al., 1977). Yeast rpS6 is phosphorylated
after transfer of a stationary culture to fresh nutrient medium, as well as at an
early stage of germination, and as in other eukaryotes, the protein is dephos-
phorylated during heat shock (Jakubowicz, 1985; Szyszka and Gasior,
1984). However, yeast rpS6, unlike higher eukaryotes, bears only two
phosphorylatable serine residues (Ser232 and Ser233) that correspond to
Ser235 and Ser236 in the mammalian protein.

3.1.2. S6 kinase (S6K1 and S6K?2)

Characterization of an S6 kinase at a molecular level was first achieved in
Xenopus oocytes wherein the dominant form of S6 kinase detected after
mitogenic stimulation had been purified as a 90-kDa polypeptide (Erikson
and Maller, 1985), later termed as p90 ribosomal protein S6 kinase (RSK,
also known as p90®SK), Purification of the avian and mammalian major
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Table 1.2 Sequences of the carboxy-terminus of rpSé6 from different eukaryotes

Organisms

Yeast

Saccharomyces
cerevisiae (baker
yeast)

Schizosaccharomyces
pombe (fission
yeast)

Plants

Zea mays (corn)

Arabidopsis thaliana
(thale cress)

Brassica napus (rape)

Glycine max
(soybean)

Invertebrates

Caenorhabditis
elegans

Aplysia californica

Artemia franciscana

Branchiostoma
belcheri (Japanese
lancelet)

Aedes aegypti
(yellow fever
mosquito)*

Anopheles gambiae
(malaria
mosquito)”

Bombyx mori
(domestic
silkworm)

Manduca sexta
(tobacco
hornworm)

Drosophila
melanogaster
(fruit fly)

Vertebrates
Oncorhynchus mykiss
(rainbow trout)

Phosphorylated serine residues

AEKAEIRKRRASSLKA23¢

QKREVVKARRASSLKK?*

KRRSKLS-AAAKASAATSA>!
KKR SRLSSAAAKPSV-T-AZ"

KKRSRLSSAAAKPSV-T-A%*¥
KRR SKLSSAAKAAV>*

RRRSSASHHSESEVKKTSKK?*

REKRSNSRSKGDSIRESTSKK?*
RRRSASVRSAGH?*
KRR SSARESSLRESK SKA2#

RRRSRLSSMRDSRSSVGEER 2+

RRHSRLSSIRDSRSSLTSEK>#*

RRR SASMRDSKSSSQSAPQK?3

RRR SASMRD SKSSNQSAPQK?53

RRRSASIRESKSSVSSDKK?#®

RRRLSSLR ASTSKSESSQK?>*

NCBI accession
number

NP_015235

NP_592833

AAG02240
AF034217

AAP46142
AAS47511

QYNENG6

AAG60623
ABS18359
ABK32076

AF154067

BN000162

NP_001037566

AAB06459

AAB05982

AADO01429

(continued)
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Table 1.2 (continued)

NCBIl accession

Organisms Phosphorylated serine residues number

Solea senegalensis RRRLSSLRASTSKSESSQK?* BAF45894
(sole)

Xenopus laevis RRRLSSLRASTSKSESSQK?* AAC38014
(African clawed
frog)

Gallus gallus RRRLSSLRASTSKSESSQK?>° NP_990556
(chicken)

Rattus norvegicus RRRLSSLRASTSKSESSQK?* NP_058856
(rat)

Mus musculus RRRLSSLRASTSKSESSQK?* NP_033122
(mouse)

Canis familiaris RRRLSSLRASTSKSESSQK?2+ XP_531949.1
(dog)

Bos taurus (cattle) RRRLSSLRASTSKSESSQK?* NP_001015548

Homo sapiens RRRLSSLRASTSKSESSQK?2* NP_001001
(human)

Notes: Bold letters, identified phosphorylation sites; italic letters, putative phosphorylation sites based on

complete sequence conservation among closely related species. Alignments in metazoans and plants

assume conservation of a stretch of three basic residues preceding the first phosphorylated serine.

@b These proteins contain a C-terminal extension and span a total of 306 and 346 amino acids,
respectively.

rpS6 kinases recovered 65—70 kDa polypeptides (Blenis ef al., 1987; Jeno
et al., 1988) that are currently referred to as S6K.

Mammalian cells contain two forms of S6K, S6K1, and S6K2 (also
known as S6Ko and S6Kp, respectively), which are encoded by two
different genes and share a very high level of overall sequence homology.
S6K1 has cytosolic and nuclear isoforms (p70 S6K1 and p85 S6K1, respec-
tively), whereas both S6K2 isoforms (p54 S6K2 and p56 S6K2) are primarily
nuclear (Martin et al., 2001 and references therein) and partly associated
with the centrosome (Rossi et al., 2007). Analysis of 1pS6 phosphorylation
in mouse cells, deficient in either S6K1 or S6K2 suggests that both are
required for full S6 phosphorylation, with the predominance of S6K2
(Pende et al., 2004). Notably, the phosphorylation of the evolutionary
conserved sites of Drosophila rpS6 (Table 1.2) is carried out by dS6K that
is encoded by a single gene (Watson et al., 1996).

Two putative S6K homologs, originally named atpk1/ATPK6 and
atpk2/ATPK19, sharing 87% sequence homology were identified in
Arabidopsis (Mizoguchi et al., 1995; Zhang et al., 1994). They were later
referred to as atSO6K 1 and atS6K2, respectively (Turck ef al., 1998), of which
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S6K2 was suggested to be an ortholog of the mammalian S6Ks, because this
kinase, and not atS6K 2, was able to phosphorylate the rpS6 (Zhang et al., 1994).

Phosphorylation of yeast rpS6 is known for three decades (Hebert et al.,
1977), yet the identity of the respective kinase is still obscure. It should be
noted, however, that Loewith and colleagues (Urban et al., 2007) have
recently suggested that Sch9 kinase might be the long sought for yeast S6K.
This notion has been supported by several lines of circumstantial evidence:
(a) Sch9, but not catalytically inactive Sch9, efficiently phosphorylated rpS6
in vitro; (b) a mutant rpS6, which contains two amino acid substitutions
(S232A and S233A) previously shown to abolish phosphorylation of rpS6
in vivo (Kruse et al., 1985), was not phosphorylated by Sch9; and (c) Sch9
seems to undergo phosphorylation by the yeast orthologs of the mammalian
kinases that are known to phosphorylate S6K.

3.1.3. 90-kDa ribosomal protein Sé kinase (RSK1-RSK4)

RSKs are central mediators of extracellular signal-regulated kinase (ERK;
for further details on this pathway, see Section 3.2.1.2) in regulation of
cellular division, survival, and differentiation via phosphorylation of numer-
ous intracellular proteins (Diimmler et al., 2005 and references therein).
Four RSK genes (RSK1-RSK4) have been identified in mammals, and
RSK orthologs have been described in Drosophila melanogaster and C. elegans,
but not in yeast and plants (Hauge and Frodin, 2006).

The discovery that S6K is the predominant rpS6 kinase in somatic cells
(Ballou et al., 1991; Chung et al., 1992) has led to a widely accepted belief
that RSK, despite its name, is physiologically irrelevant for rpS6 phosphor-
ylation. However, recent observations have challenged this dogma. Thus,
phosphorylation of rpS6 at Ser235 and Ser236 can still be detected, albeit at
a much lower level, in cells lacking both S6K1 and S6K2. This phosphory-
lation is abolished by treatment by either U0126 [a mitogen-activated
protein (MAP) and ERK kinases (MEK) inhibitor] or PD184352 (an
ERK inhibitor), indicating the involvement of a MEK/ERK-dependent
kinase (Pende et al., 2004). Likewise, a recent study with HEK293E cells has
shown that Ser235 and Ser236 remained partly phosphorylated in cells
treated with rapamycin, that completely inhibits mammalian target of
rapamycin (mTOR) and thereby its downstream target S6K, indicating
the presence of an mTOR-independent pathway leading to rpS6 phos-
phorylation at these sites. Moreover, it has been shown that this phosphor-
ylation is carried out, both in witro and in wvivo, by RSK, which
phosphorylates rpS6 exclusively at Ser235 and Ser236 in a response to
serum, growth factors, tumor-promoting phorbol esters, and oncogenic
Ras (Roux et al., 2007).

The consensus recognition sequences of S6K and RSK are similar,
RxRxxS and R/KxRxxS, respectively, where x represents any amino
acid and the carboxy terminal S is the phosphorylated serine residue
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(Flotow and Thomas, 1992; Hauge and Frodin, 2006). Notably, however,
the sequence context of serine 236 in rpS6 is the only one, among the
phosphorylatable serine residues, that conforms to the consensus recognition
sequence of these enzymes.

3.1.4. rpS6 dephosphorylation

The steady-state level of 1pS6 phosphorylation is the product of a dynamic
equilibrium between the activities of the respective kinases (S6Ks and
RSKs) and the opposing phosphatases. Nonetheless, the fluctuations in
rpS6 phosphorylations have been attributed, in nearly all the relevant
reports, to parallel changes in the kinase(s) activity. In a few cases, however,
the phosphorylation status of rpS6 has been primarily ascribed to the
activity of a phosphatase rather than a kinase. Thus, Rous sarcoma virus-
transformed chick embryo fibroblasts show attenuated dephosphorylation
of rpS6 during mitosis and a parallel decrease in the activity of the protein
phosphatase type 1 (PP1). This observation suggests that it is the PP1
activity that might control rpS6 phosphorylation under these circumstances
(Belandia ef al., 1994). Conversely, rpS6 phosphorylation is not detectable
in murine erythroleukemia or other hematopoietic cells and this constitu-
tive dephosphorylation state appears to be due to the action of a phosphatase
that is likely to act directly on rpS6 (Barth-Baus et al., 2002). Notably,
unlike the relatively detailed picture that has been generated regarding rpS6
phosphorylation and the respective kinases, the involving phosphatase(s) has
yet to be identified. Clearly, unequivocal establishment of the physiologi-
cally relevant phosphatase will require the demonstration that its knockdown
and/or conditional knockout renders rpS6 constitutively phosphorylated in
cultured cells or a specific organ.

3.1.5. Other phosphorylated ribosomal proteins

Following many years, during which rpS6 “‘starred” as the only ribosomal
protein that is phosphorylated in response to changes in the physiological
milieu, it has recently been demonstrated that also rpL13a undergoes
inducible phosphorylation. Thus, rpL13a is completely released from the
ribosome upon 24-h interferon-y treatment of monocytic cells. This release
is associated with phosphorylation of the entire cellular pool of rpL13a that
consequently assembles into a complex that operates as a translational
repressor of ceruloplasmin mRNA (Mazumder et al., 2003). Interestingly,
rpL13a is the first, and so far the only, case of ribosomal protein that can
leave completely the organelle and assemble in a different functional multi-
component complex.

Finally, the large ribosomal subunit in eukaryotic cells contains three
acidic ribosomal proteins: PO, P1, and P2, whose constitutive phosphorylation
is required for their assembly into the 60S subunit (Wool et al., 1996 and
references therein).
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3.2. Signaling to rpS6 phosphorylation

Following the initial wave of descriptive reports on rpS6 phosphorylation,
much effort has been invested in an attempt to establish the pathways that
transduce various signals into activation or inhibition of the respective
kinases. It should be noted, however, that at least for one stimulus, heat
shock, there is a discrepancy between the apparent decrease in rpS6 phos-
phorylation (Glover, 1982; Kennedy ef al., 1984) and the lack (Vries et al.,
1997), or even opposite, eftect on S6K1 activity (Jurivich ef al., 1991; Lin
etal., 1997). Hence, pathways discussed below are only those that have been
documented to exert a parallel effect on both rpS6 phosphorylation and the
activity of the respective kinase.

3.2.1. Growth factors

3.2.1.1. PI3K/Akt/TSC/Rheb/TORC1/S6K pathway Signaling to S6 phos-
phorylation by growth factors starts by activation of the respective receptor
tyrosine kinase (RTK, Fig. 1.2). This, in turn, leads to activation of class I
phosphatidylinositol 3-kinase (PI3K), either through direct binding to the

Growth factor
(insulin/IGF)

46

( Protein synthesis )

Figure 1.2 Pathways transducing signals emanating from growth factors to rpS6 phos-
phorylation. Growth factors are represented by insulin of insulin-like growth factor
(IGF). Arrows represent activation and bars inhibition. See text for details.
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phosphorylated receptor or through tyrosine phosphorylation of scaffolding
adaptors, such as insulin receptor substrate (IRS), which then binds and
activates PI3K (Cantrell, 2001). PI3K converts the lipid phosphatidylinosi-
tol-4,5-P2 (PIP2) into phosphatidylinositol-3,4,5-P3 (PIP3), in a reaction
that can be reversed by the PIP3 phosphatase PTEN (phosphatase and fensin
homolog deleted from chromosome 10) (Leslie and Downes, 2002). PIP3
recruits both 3-phosphoinositide-dependent kinase 1 (PDK1) and Akt [also
known as protein kinase B (PKB)] to the plasma membrane (Brazil and
Hemmings, 2001; Lawlor and Alessi, 2001), and PDK1 phosphorylates and
activates Akt at T308 (Belham et al., 1999). Activated Akt phosphorylates at
multiple sites tuberous sclerosis complex 2 (TSC2), within the TSC1-TSC2
tumor suppressor dimmer (Inoki et al., 2002; Manning et al., 2002; Potter
et al., 2002). This phosphorylation blocks the ability of TSC2 to act as a
GTPase-activating protein (GAP) for Rheb (Ras-homolog enriched in
brain), thereby allowing Rheb—GTP to accumulate and to operate as an
activator of the rapamycin-sensitive TOR complex 1 (TORC1) (Avruch
et al., 2006). The latter is consisting of target of rapamycin (TOR), Raptor
(regulatory-associated protein of TOR), and LST8 (also known as GfL)
(Bhaskar and Hay, 2007; Yang and Guan, 2007). Since it is TORCI1 that
conveys signals to S6Ks and rpS6, it will be mentioned in the remainder of
this review, rather than mTOR, when transduction of signals is discussed.
Akt can also activate TORC1 independently of TSC1-TSC2 by phosphor-
ylating PRAS40, thereby relieving the PRAS40-mediated inhibition of
TORCI1 (Sancak ef al., 2007; Vander Haar et al., 2007). Finally, it has
been suggested that Akt can activate TORC1 not only by direct phosphor-
ylation of TSC2, but also by elevating cellular energy (Hahn-Windgassen
et al., 2005). According to this model, Akt maintains a high ATP level that
causes a decrease in the AMP/ATP ratio and thereby inhibits AMP-depen-
dent kinase (AMPK)-mediated phosphorylation and activation of TSC2
(for further details on AMPK and TORCI, see Section 3.2.3).

Active TORC1 phosphorylates two translational regulators, S6Ks and
eukaryotic initiation factor 4E (eIF-4E)-binding protein (4E-BP1, 2, and 3)
(Hay and Sonenberg, 2004). Activation of S6Ks requires also phosphoryla-
tion by PDK1 in a reaction that does not need binding of PDK1 to PIP3
(Alessi ef al., 1998). Finally, activated S6K phosphorylates rpS6, as well as
many other substrates (Ruvinsky and Meyuhas, 2006).

3.2.1.2. Ras/Raf/MEK/ERK/RSK pathway Activation of the second family
of rpS6 kinases, the RSKs involves a distinct signaling pathway, even
though it might share the same initial event, namely the ligand binding,
with the PI3K/Akt/TORC1 pathway. Since RSK seemed to be a minor
rpS6 kinase, the pathway leading to its activation is only very briefly
described here. Thus, binding of insulin, as well as many other growth
factors, to their receptors induces the activation of the small GTPase Ras
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and consequently the recruitment of Raf to the membrane for subsequent
activation by phosphorylation. Raf activates MAP kinase kinases 1 and 2
(MEK1/2), which in turn phosphorylates and activates ERK1 and ERK2.
Activated ERKs phosphorylate and activate a vast array of substrates loca-
lized in all cellular compartments such as the RSK family [see Fig. 1.2 and
refer to the following reviews for a more comprehensive picture
(McCubrey et al., 2007; McKay and Morrison, 2007)].

Interestingly, TSC2 is repressed by the Ras/MAPK pathway in addition
to its downregulation by the PI3K/Akt pathway, as evidenced by the
observation that activated Erk1/2 directly phosphorylates TSC2 at sites
that differ from the Akt target sites, thereby causing functional inactivation
of the TSC1-TSC2 complex (Ma et al., 2005). Moreover, the MAPK-
activated RSK1 also phosphorylates TSC2 at a unique site. This RSK1-
mediated phosphorylation inhibits the TSC1-TSC2 complex and thereby
increases TORC1 signaling toward S6K1 (Roux et al., 2004).

3.2.2. Amino acid availability

Amino acid starvation, unlike serum starvation, fails to downregulate PI3K
or PKB (Hara et al., 1998; Wang et al., 1998), yet it results in a rapid
dephosphorylation of S6K1 and rpS6. Furthermore, readdition of amino
acids restores the phosphorylation of these targets in a TORC1-dependent
(rapamycin-sensitive) fashion (Tang et al., 2001 and references therein). The
requirement of the TSCI1-TSC2 complex for amino acid-induced rpS6
phosphorylation was first suggested by showing that overexpression of
TSC1 and TSC2 blocks amino acid-induced activation of S6K (Tee et al.,
2002). However, studies using TSC2-deficient mouse cells have yielded
conflicting results, proposing that amino acids activate TORC1 in both a
TSC1-TSC2-dependent (Gao ef al., 2002) and TSC1-TSC2-independent
(Nobukuni et al., 2005; Smith ef al., 2005) manner (Fig. 1.3).

Several lines of evidence suggest that Rheb mediates the effect of amino
acids on TORCI1 activity: (a) overexpression of Rheb in mammalian
(Garami et al., 2003) and Drosophila (Saucedo et al., 2003) cells allows
TORCT1 signaling in the absence of amino acids; (b) knockdown of Rheb
with siRNA greatly decreased TORC1 activation by amino acids
(Nobukuni et al., 2005); and (¢) GTP-bound Rheb dissociated from
mTOR upon depletion of amino acids. It should be noted, however, that
others failed to detect amino acid-regulated binding of Rheb to mTOR
(Smith et al., 2005). Moreover, it is not yet clear how Rheb-mTOR
interaction is controlled, as the GTP charging of Rheb is independent of
amino acids (Long ef al., 2005; Smith ef al., 2005; Zhang ef al., 2003a).

Another mechanism whereby amino acids could affect TORC1 activity
is via hVPS34 (vacuolar protein sorting 34). This class IIT PI3K (converts
phosphatidylinositol to phosphatidylinositol-3-phosphate) has been shown
to transduce the signal of amino acid sufficiency to TORC1 independently
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Figure 1.3 Amino acid signaling to rpS6 phosphorylation. Arrows represent activa-
tion, bars inhibition, and dotted lines putative links. See text for details.

of the TSC1-TSC2/Rheb axis (Byfield et al., 2005; Nobukuni et al., 2005).
Nevertheless, the mechanism by which hVPS34 regulates mTOR is
unknown.

A third mechanism for controlling TORC1 activity by amino acids
suggests a direct effect on TORC1 integrity. Thus, withdrawal of amino
acids in mammalian cells alters the binding of raptor to mTOR (Kim ef al.,
2002). Clearly, the mechanism(s) by which amino acids sufficiency is
transduced to TORC1 activation and thereby to rpS6 phosphorylation
requires further studies.

3.2.3. Energy balance

Glucose starvation of mammalian cells or treating them with glycolytic
[e.g., 2-deoxyglucose (2-DG)] or mitochondrial (e.g., valinomycin, anti-
mycin A, oligomycin) inhibitors, depletes cellular energy and causes a
concomitant decrease in TORC1 activity (Dennis et al., 2001; Inoki
et al., 2003; Kim et al., 2002). The prevailing model (Fig. 1.4) to explain
how energy levels couple to the regulation of mTOR is via activation of
AMP-activated protein kinase (AMPK) (Fig. 1.4). AMPK acts as a sensor
of cellular energy status and is activated by increases in the cellular AMP:
ATP ratio caused by metabolic stresses that either interfere with ATP
production (e.g., deprivation for glucose or oxygen) or that accelerate
ATP consumption (e.g., muscle contraction). Activation in response to
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| Low energy | | Hypoxia|

E

Figure 1.4 Pathways transducing energy balance and hypoxic signals to rpS6
phosphorylation. Arrows represent activation, bars inhibition, and dotted lines putative
links. See text for details.

increases in AMP involves phosphorylation by an upstream kinase, the
tumor suppressor LKB1 (Towler and Hardie, 2007), as AMPK activation
in response to low energy conditions is blocked in LKB1 null cells
(Corradetti et al., 2004). Furthermore, LKB1 mutant cells exhibit hyperac-
tive TORC1 signaling (Corradetti ef al., 2004; Shaw et al., 2004). Activa-
tion of AMPK by 5-aminoimidazole-4-carboxyamide (AICAR), an AMP
analog, inhibits TORC1-dependent phosphorylation of S6K1 (Bolster
et al., 2002). Likewise, expression of an activated form of AMPK decreases
S6K1 phosphorylation, whereas a dominant-negative form of AMPK
increases S6K1 phosphorylation (Kimura et al., 2003).

AMPK phosphorylates several targets to enhance catabolism and suppresses
anabolism in response to low energy, and exerts this effect by directly phos-
phorylating and activating TSC2, and thereby downregulates TORC1 (Inoki
et al., 2003). Thus, the phosphorylation of S6K1 is more resistant to glucose
deprivation in TSC27/~ cells or cells whose mutant TSC2 cannot be
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phosphorylated by AMPK (Inoki et al., 2003). It appears, therefore, that
energy depletion is sensed by AMPK and relayed to TORC1 through the
TSC1-TSC2 complex (Fig. 1.4). However, it seems that cells can convey
energy stress signals to TSC2 also through upregulation of the mRNA
encoding REDD1 (Regulated in Development and Damage Responses 1,
also known as RTP801). REDD1, like AMPK, activates TSC2 to inhibit
Rheb, and this in turn leads to inhibition of TORC1 signaling to S6K1 (Sofer
et al., 2005). Yet, the fact that TORCI is refractory to energy starvation in
REDD1~/~ cells, despite normal activation of AMPK and AMPK-dependent
activation of TSC2, suggest that the effect of REDD1 on TSC2 is predomi-
nant over that of AMPK. This notion is further supported by the observation
that overexpression of REDD1 can suppress TORCI1 activity even in the
presence of dominant-negative AMPK (Sofer et al., 2005). Taken together,
these results imply that REDD1 may act in parallel with, or downstream of
AMPK toward TSC2. It should be noted, however, that conflicting results
have shown that acute treatment of TSC2~/~ with 2-DG leads to inactivation
of S6K1 (Smith ef al., 2005), suggesting that signals from energy starvation
might be transduced into suppression of TORCI1 also in a TSC1-TSC2
complex-independent fashion.

3.2.4. Oxygen supply

Hypoxia has a prominent inhibitory effect on TORC1 activity, which is
mediated in part by REDD1 (Fig. 1.4), as REDD1~/~ mouse cells are
defective in hypoxia-mediated inhibition of S6K activation (Brugarolas
et al., 2004). This effect, however, relies on an intact TSC1-TSC2 complex,
as S6K phosphorylation is refractory to hypoxic treatment of TSC1~/~ or
TSC2~/~ mouse cells (Brugarolas ef al., 2004). Transcriptional activation of
REDD1 gene under conditions of hypoxia (Shoshani et al., 2002) is mediated
by HIF-1, the master regulators of oxygen homeostasis (Brahimi-Horn et al.,
2007). Hypoxia can also inhibit TORC1 independently of REDD1 via the
induction of energy stress, possibly due to reduced oxidative phosphorylation.
AMPK is upregulated under these conditions, thereby activates TSC2
and inhibits TORC1 (Liu et al., 2006). It should be noted, however, that
prolonged exposure to low oxygen leads to a reduced mTORCI1 activity
independently of TSC2 by an unknown mechanism (Liu ef al., 2006).

3.2.5. Osmolarity

An increase in the concentration of solutes outside the cell relative to that
inside is termed as hyperosmotic stress. Such a stress causes water to diffuse
out of the cell, resulting in cell shrinkage, which can lead to DNA
and protein damage, cell cycle arrest, and ultimately cell death (Burg et al.,
2007). Hyperosmotic stress that is induced by treating cells with
either sorbitol (Kruppa and Clemens, 1984) or high salt concentration
(Naegele and Morley, 2004) elicits reversible dephosphorylation of rpS6
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in mammals. A closer look at the sorbitol effect has suggested the involve-
ment of a phosphatase, as calyculin A, a phosphatase inhibitor, was able to
prevent sorbitol-induced suppression of S6K (Parrott and Templeton,
1999).

Hyperosmotic-dependent S6K inhibition has been shown also in
mannitol-treated tobacco leaves. Downregulation of S6K activity appears to
have a protective effect against sustained osmotic stress, as Arabidopsis plants
expressing high levels of S6K were hypersensitive to mannitol treatment
(Mahfouz et al., 2006; Williams et al., 2003).

4. PHYSIOLOGICAL ROLES OF rpS6
PHOSPHORYLATION

4.1. Global protein synthesis

Numerous early studies showing temporal correlation between rpS6 phos-
phorylation and initiation of protein synthesis following mitogenic or
nutritional stimuli (Kruppa and Clemens, 1984) set the ground for the
claim that rpS6 phosphorylation is involved in regulation of protein synthesis.
This model has been further supported by UV cross-linking experiments
that have localized rpS6 to the interface between the two ribosomal subunits
and demonstrated its interaction with tRINA, initiation factors, and mRNA
(reviewed in Nygard and Nilsson, 1990). However, attempts to establish a
causal relationship between rpS6 phosphorylation and efficiency of protein
synthesis have yielded conflicting results. Thus, analyses of the distribution
of rpS6 have shown that polysomes have a higher percentage of the
phosphorylated rpS6 than subpolysomal fractions, suggesting that the 40S
subunit with the highest proportion of phosphorylated rpS6 has a selective
advantage in mobilization into polysomes (Duncan and McConkey, 1982;
Thomas et al., 1982). To the contrary, later studies have provided evidence
that increased rpS6 phosphorylation by itself is not sufficient to enhance the
mobilization of 40S subunits into protein synthesis (Kruppa and Clemens,
1984; Montine and Henshaw, 1990; Tas and Martini, 1987). An early
attempt to directly address this issue by genetic manipulation has disclosed
that substitution of the two phosphorylatable serine residues in yeast rpS6 to
alanine had no detectable effect on yeast growth, under a wide variety of
nutritional conditions (Johnson and Warner, 1987). This observation
implies that rpS6 phosphorylation, at least in yeast, has no obvious role in
protein synthesis or other cellular functions. However, this conclusion
could not be extrapolated to higher eukaryotes that have five, rather
than two phosphorylatable serine residues.

Recently, the role of rpS6 phosphorylation in regulation of protein
synthesis in mammalian cells has been explored using a knockin mouse
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(rpS6Y~7), in which all phosphorylatable serine residues in rpS6 were sub-
stituted by alanines (Ruvinsky et al., 2005). The rates of global protein
synthesis (incorporation of radio-labeled amino acids) and of the accumula-
tion of steady state levels of protein were significantly increased in MEFs
derived from knockin mice, relative to those measured with wild-type MEFs
(Ruvinsky ef al., 2005). It appears therefore, that protein synthesis, at least in
this cell type, 1s downregulated by rpS6 phosphorylation. Although slightly
faster elongation rate was determined in rpS6Y~~ MEFs, the augmentation in
overall protein synthesis in these cells is mainly attributable to enhanced
translation initiation by an as yet unknown mechanism. A lack of stimulatory
effect of rpS6 phosphorylation on global protein synthesis has also been
shown in mouse liver. Thus, monitoring the relative proportion of ribosomes
engaged in translation (associated with polysomes) has demonstrated a similar
proportion in the liver of both rpS6Y~~ and wild-type mice. Furthermore,
this similarity was apparent even in regenerating liver, in which rpS6 under-
goes extensive phosphorylation only in the wild-type (Ruvinsky ef al., 2005).
Clearly, these results indicate that rpS6 phosphorylation is dispensable for
efficient polysomal recruitment of liver ribosomes.

In assessing the physiological significance of rpS6 phosphorylation to
global protein synthesis, one should take into account that in addition to
rpS6, activated S6K phosphorylates two other proteins that might affect the
rate of protein synthesis, elongation factor 2 (EF2) kinase (Wang et al.,
2001), and initiation factor elF4B (Raught et al., 2004). The phosphoryla-
tion of the former leads to its inactivation and thus to dephosphorylation
and derepression of EF2 (Wang ef al., 2001). Likewise, S6K1-dependent
phosphorylation of elF4B promotes its recruitment to the eIF3:40S ribo-
somal subunit preinitiation complex (Holz et al., 2005). It has been specu-
lated that this brings eIF4B into close proximity with eIF4A, which can
then fully exert its helicase activity for efficient translation of mRNAs with a
long structured 5’ untranslated region. Taken together, S6K seems to
operate two opposing mechanisms: upregulation of global protein synthesis
through phosphorylation of EF2 kinase and/or eIF4B, on the one hand,
and its downregulation through rpS6 phosphorylation (Fig. 1.2). This,
seemingly futile effect of rpS6 phosphorylation might turn out to be a
mechanism for fine-tuning the activation of protein synthesis following
mitogenic or nutritional signals, in order to ensure balanced protein synthesis,
and thus to restrain energy wastage.

4.2. Translational control of TOP mRNAs: The rise and
fall of a myth

The synthesis of many proteins, associated with the translational apparatus of
higher eukaryotes (ribosomal proteins, elongation factors, and poly(A)-
binding protein, etc.), is selectively regulated by mitogenic and nutritional
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signals, at the translational level (Hornstein ef al., 2001). The corresponding
mRNAs are characterized by the presence of a 5’ Terminal OligoPyrimi-
dine tract (5"TOP) and therefore are referred to as TOP mRNAs. This
structural motif comprises the core of the translational cis-regulatory ele-
ment of these mRNAs (Meyuhas, 2000). The translational control of TOP
mRNAs is manifested by their selective recruitment into polysomes when
resting cells are induced to grow (increase in their mass) or to proliferate, or
when amino acid starved cells are refed (Stolovich ef al., 2002; Tang et al.,
2001). Activation of S6K and consequently rpS6 phosphorylation closely
correlate, under some physiological circumstances, with translational upreg-
ulation of TOP mRNAs (reviewed in Meyuhas, 2000). Furthermore,
inhibition of rpS6 phosphorylation with rapamycin, a specific inhibitor of
mTOR, was shown to repress the translational activation of TOP mRNAs
upon mitogenic stimulation of at least some cell lines (reviewed in
Hornstein et al., 2001). These correlative data has led to the hypothesis
that rpS6 phosphorylation increases the affinity of ribosomes for TOP
mRNAs and thus facilitates the initiation of this class of mRNAs (Jefferies
et al., 1994).

The proposed model has been widely accepted and is still frequently
referred to in the scientific literature. However, subsequent biochemical and
genetic studies with cultured cells have disproved the causal relationship
between rpS6 phosphorylation and translation efficiency of TOP mRNAs:
(a) Hyperphosphorylation of rpS6 by overexpression of RSK2 or inhibition of
rpS6 phosphatase by calyculin A failed to relieve the translational repression
of TOP mRNAs in amino acid-starved cells (Tang ef al., 2001). (b) The
translation of TOP mRNAs is constitutively repressed in dividing lympho-
blastoids, even though their S6K1 is active and rpS6 is phosphorylated
(Stolovich et al., 2005). (c) TOP mRNAs are translationally activated by
serum refeeding or amino acid replenishment in S6K~/~ ES cells (Stolovich
et al., 2002; Tang et al., 2001) or in mouse erythroleukemia cells (Barth-Baus
et al., 2002), even though their rpS6 is constitutively unphosphorylated or
dephosphorylated, respectively. (d) Mistargeting of upstream signals by over-
expression of a kinase-dead S6K1 mutant, completely abolished any S6K
activity and rpS6 phosphorylation without a concomitant inhibitory eftect
on translation of TOP mRNAs (Tang ef al., 2001). (e) LiCl can alleviate the
translational repression of TOP mRNAs in quiescent HEK293 and P1798
cells, even though S6K remains inactive and rpS6 is unphosphorylated in these
cells (Stolovich ef al., 2005). (f) Rapamycin completely blocks S6K activity
and rpS6 phosphorylation, yet it exerts only a minor or no repressive effect on
the translational activation of TOP mRNAs in several cell lines (Stolovich
et al., 2002 and references therein). (g TOP mRNAs are unloaded from
polysomes upon hormone-induced Xenopus oocyte maturation (Hyman and
Wormington, 1988) and during gastrulation (Pierandrei-Amaldi ef al., 1982),
yet rpS6 becomes increasingly phosphorylated during these developmental
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stages (Nielsen ef al., 1982; Schwab ef al., 1999). Consistently, it has been
shown that the translation of TOP mRNAs is normally regulated in hepato-
cytes from mice lacking both S6K1 and S6K2 (S6K1-/~/S6K2~/~) (Pende
et al., 2004). However, rpS6 in these mice was still phosphorylated at Ser235
and/or Ser236, most probably by RSK, and therefore, it could be argued
that this residual phosphorylation is essential and/or sufficient for efficient
translation of TOP mRNAs. Nevertheless, polysomal analyses of TOP
mRNAs in regenerating liver and serum stimulated MEFs from mice lacking
any phosphorylatable serine residue (rpS6'~"), and from wild-type mice,
showed a similar translational activation of these mRINAs (Ruvinsky et al.,
2005). Collectively, all these observations indicate that TOP mRNAs are
translationally controlled in an S6K- and rpS6 phosphorylation-independent
fashion.

4.3. rpS6 phosphorylation as an effector of TORC1 in
determining cell size

Previous reports have demonstrated that the TOR C1 pathway is an integral
cell growth regulator (reviewed in Lee et al., 2007). Thus, treatment of
mammalian cells by rapamycin decreases their size. This mTOR -dependent
regulation of the cell size involves its downstream targets, SOK1 and 4E-BP
(Fingar ef al., 2002; Ohanna et al., 2005). Indeed, S6K has been implicated
as an important positive regulator of cell and body size. Thus, most dS6K
null Drosophila exhibit embryonic lethality, with the few surviving adults
having a severely reduced body size, due to a decrease in cell size rather than
a decrease in cell number (Montagne et al., 1999). S6K1~/~ mice are
significantly smaller at birth, due to a proportional decrease in the size of
all organs (Shima ef al., 1998). A smaller cell size in these mice was reported
for pancreatic fi-cells (Pende ef al., 2000) and myoblasts (Ohanna et al.,
2005). In contrast, the birth weight of SOK2~/~ mice, as well as the size of
their myoblasts, are similar to those of wild-type mice (Ohanna ef al., 2005;
Pende ef al., 2000). In accordance with the phenotypes of each of these
mutant mice, the embryonic and postnatal growth, as well as the size of
myoblasts of the double knockout mice, S6K17~/~/S6K2~/~, are similar to
those of S6K1~/~ mice (Ohanna et al., 2005; Pende et al., 2004). The fact
that mammalian cell size is predominantly determined by S6K1 and not
S6K2 posed a question regarding the effector(s) of S6K1 involved in this
mode of regulation.

Of the known multiple substrates of S6K1, it 1s rpS6 phosphorylation
that has been shown to be directly involved in the control of cell size. Thus,
a wide variety of cell types derived from rpS6”~~ mice are significantly
smaller than their wild-type counterparts. These include pancreatic ff-cells,
interleukin 7-dependent cells derived from fetal livers, MEFs (Ruvinsky
et al., 2005), muscle myotubes, and hepatocytes (I. Ruvinsky, M. Katz,
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Y. Bolkier, and O. Meyuhas, unpublished results). It appears, however, that
the small cell phenotype is not ubiquitous, as acinar cells in the pancreas
display a similar size regardless of the absence of SOK1 (Pende et al., 2000) or
phosphorylatable serine residues in rpS6 (Ruvinsky ef al., 2005).

Several studies have demonstrated that cell cycle progression and cell
growth are separable and are therefore distinct processes, at least in some
mammalian cells (reviewed in Conlon ef al., 2004; Fingar and Blenis, 2004).
Thus, overexpression of S6K1 or initiation factor 4E (eIF-4E) resulted in
increased cell size, due to augmented cell growth and not from delayed cell
cycle progression (Fingar et al., 2002). Likewise, overexpression of c-Myc in
serum-starved B cells or aphidicolin treatment of Schwann cells accelerated
their growth independent of cell division (Conlon et al., 2001; Schumacher
et al., 1999). Conversely, the decreased cell size observed upon overexpres-
sion of 4E-BP1 resulted from decreased cell growth and not from accelerated
cell cycle progression (Fingar ef al., 2002).

The apparent small size of rpS6”~~ MEFs is accompanied by accelerated
division (Ruvinsky ef al., 2005), yet several lines of evidence lend support to
the notion that the small cell size phenotype reflects impaired growth, rather
than being a by-product of enhanced cell division: (a) rpS6P~~ MEFs
remained smaller then their wild-type counterparts, even when progression
through the cell cycle was arrested by aphidicolin, an inhibitor of DNA
polymerase-o. (b) The size of immortalized rpS6”~~ MEFs is increased to
the extent that it equalize with that of rpS6P+/+ MEFs. Nevertheless, this
increase was not accompanied by lengthening of the doubling time, as
would be expected if the size was inversely proportional to the division
rate (Ruvinsky ef al., 2005). (c) rpS6P+/~ primary MEFs are still smaller than
and rpS6P’T/T MEF, even though they have a similar doubling time
(M. Katz and O. Meyuhas, unpublished results).

Interestingly, rapamycin treatment decreased the size of rpS6” ™ MEFs,
whereas the size of rpS6”~~ MEFs remained unchanged (Ruvinsky et al.,
2005). The rapamycin resistance displayed by the latter is reminiscent of that
exhibited by S6K17/~ myoblasts (Ohanna et al., 2005), implying that cells
already displaying a small size phenotype, due to deficiency of S6K1 or of
phosphorylatable serine residues in rpS6, are not further affected by rapa-
mycin. Furthermore, it seems that rpS6 phosphorylation is a critical effector
of mTOR in regulation of cell growth and that its absence is equivalent to
inhibition of mTOR. Notably, the small size of S6K1~/~ myoblasts is
apparent, even though their rpS6 is still phosphorylated, most probably by
S6K2 (Ohanna et al., 2005). It is likely, therefore, that this small cell size
phenotype reflects a reduced activity of yet another S6K1-specific effector(s),
which is involved in this mode of regulation, such as SKAR (Richardson
et al., 2004). Alternatively, if S6K2 is inactive during muscle differentiation
in early embryo, then it is possible that S6K1 deficiency is indeed equivalent
to the lack of phosphorylatable serine in rpS6. If the latter is the case, then it
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should be assumed that once the growth of a specific cell lineage is blocked
by a temporary deficiency of rpS6 phosphorylation, as a result of S6K1
deficiency, the small size is maintained thereafter, regardless of the later
phosphorylation of tpS6 by a difterent kinase (S6K2, for example).

4.4, Cell proliferation

The puzzling observations of a similar birth weight of rpS6F~'~ and rpS6¥*/+
mice, despite a smaller size of rpS6P~~ embryonic cells (MEFs and interleukin
7-dependent cells), have been reconciled by the findings that rpS6¥~~
newborns contain a higher DNA content, which reflects a higher cell number
(Ruvinsky et al., 2005). It is conceivable, therefore, that a faster proliferation
compensates for the smaller size of embryonic rpS6P~~ cells. Indeed, this
possibility has been further supported by the apparent shorter population
doubling time of rpS6Y~~ MEFs, as well as the faster protein and nucleic
acids accumulation in this cells. This accelerated cell division reflects primarily
a shortening of the G1 phase in rpS6Y~~ MEFs (Ruvinsky ef al., 2005).
Notably, the deficiency of both S6K1 and S6K2, unlike the mutation in all
phosphorylatable serine residues in rpS6°~~, had no effect on the doubling
time of MEFs or primary myoblasts (Ohanna ef al., 2005; Pende ef al., 2004).
This difference might reflect the fact that rpS6 in S6K1~/~/S6K2~/~ is still
phosphorylated at Ser235/236.

4.5. Glucose homeostasis

It has previously been shown that insulin secretion closely correlates with
the size of f-cells (Giordano et al., 1993; Pende et al., 2000). Mice deficient
for S6K1 exhibited impaired glucose homeostasis, due to insufficient insulin
secretion in response to glucose load. The reason for this defect was
proposed to be the small size of f-cells in S6K17/~ mice (Pende et al.,
2000). This phenotype is recapitulated in rpS6Y~~ mice, which show a
twofold reduction in both circulating levels and pancreatic content of
insulin, in addition to a higher and prolonged hyperglycemic response
after glucose challenge, relative to wild-type mice (Ruvinsky et al., 2005).
Interestingly, the apparent glucose intolerance in rpS6°~/~ and S6K 1/~
mice is reminiscent of impaired glucose tolerance observed in offspring of
rats that were undernourished during pregnancy, or in adult human beings
after prenatal exposure to famine (Ravelli et al., 1998 and references
therein). Moreover, low protein diet during pregnancy leads to reduction
of pancreatic cell proliferation, islet size, islet vascularization, and insulin
content in the fetal rat (Dahri ef al., 1991). Possibly, malnutrition during
pregnancy leads to insufficient signals through mTOR, an integrator of
nutritional signals (Dann ef al., 2007; Proud, 2007), which in turn leads to
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reduced activation of S6K1 and hypophosphorylation of rpS6 during a
critical stage of pancreatic development and consequently to impaired
pancreatic function in the adult organism. It should be pointed out, how-
ever, that the effect of perinatal famine on the size of f-cells, a hallmark of
rpS6P~/~ and S6K1~/~ mice, is currently unknown.

Notably, the similarity in the phenotypic manifestations associated with
glucose homeostasis in both rpS6”~/~ knockin and S6K1~/~ knockout mice
(Pende et al., 2000; Ruvinsky ef al., 2005), strongly suggests that it is the
failure to phosphorylate rpS6 that can account for the common defects in
both types of mutants. Nevertheless, verifying this hypothesis should await
the availability of data on the phosphorylation status of rpS6 in S6K1~/~
f-cell. It should be stressed, however, that S6K1~/~ mice, unlike rpS6°~~
mice, also display an in utero developmental defect manifested in smaller
birth size (Shima et al., 1998) and the disruption of both S6K1 and S6K2
leads to decreased viability due to perinatal lethality (Pende ef al., 2004).
Clearly, these phenotypes attest to the involvement of S6K targets other
than rpS6, in normal in utero development.

4.6. rpS6 phosphorylation as a diagnostic marker

The usage of phospho-rpS6(Ser235/236) as a biomarker for activation of
the PI3K/TORC1/S6K pathway in tissue samples from tumor biopsies
(Robb et al., 2006, 2007) or transplants (Lepin ef al., 2006) has recently been
proposed. However, these sites can also be phosphorylated by RSK (Roux
et al., 2007), and therefore, their phosphorylation cannot be used as an
indication for therapeutic strategy involving blockage of PI3K/TORC1/
S6K signaling. Indeed, it has recently been shown that phosphorylation of
Ser235/236 might be upregulated in tumors with activation of the Ras/
Raf/ERK pathway, rather than activation of the PI3K/TORC1/S6K
pathway (Chow et al., 2006; Ma et al., 2007). Hence, future differential
diagnosis of the activated pathway may depend on the use of specific
biomarkers such as phospho-rpS6(Ser240/244) for the PI3K/mTOR/
S6K pathway and phospho-ERK or phospho-RSK for the Ras/Rat/
MEK pathway.

5. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The preceding sections have shown that rpS6 is an indispensable
ribosomal protein that undergoes phosphorylation in response to a wide
variety of stimuli, and that this modification plays a critical regulatory role in
multiple cellular and organismal processes. However, despite extensive
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experimental work, many questions remain unresolved, including the
following major ones:

a. What is so unique about rpS6 that heterozygotic embryos (rpS6™*/d<))
exhibit lethal haploinsufficiency (Panic ef al., 2006), whereas all other
examined ribosomal proteins exhibit a modest to sever phenotype only
after knocking out both alleles (Kirn-Safran ef al., 2007; Matsson ef al.,
2004; Oliver et al., 2004)? One plausible explanation assumes that rpS6
plays a key role during assembly of the 40S ribosomal subunit, and
therefore heterozygosity leads to a reduction by half of the number of
ribosomes. This might have a devastating consequence at a critical
developmental stage when maximal ribosome dosage is required. Con-
trarily, ribosome assembly and function are not strictly dependent on any
of the other examined ribosomal proteins. Clearly, verification of this
model needs further information regarding the order at which individual
ribosomal proteins are assembled into the mammalian 40S ribosomal
subunit.

b. Whatis the physiological meaning of rpS6 phosphorylation in response to
each of the many stimuli that up- or downregulates it? A closer look at the
multiple stimuli detailed in Table 1.1 poses a puzzling question regarding
the role of the up- or downregulated rpS6 phosphorylation in physiolog-
ical consequences exerted by these stimuli. Thus, growth factor and
nutrients that support cell proliferation induce rpS6 phosphorylation,
whereas, signals, like hypoxia, energy depletion, heat shock, and hyper-
osmolarity, that are expected to block cell proliferation, lead to rpS6
dephosphorylation. However, the study with rpS6”~/~ cells has clearly
shown that rpS6 phosphorylation is inversely, rather than directly corre-
lates with cell proliferation (Ruvinsky et al., 2005). A likely explanation
assumes that rpS6 phosphorylation is required for restraining cell prolif-
eration, most probably by diminishing the rate of protein synthesis
(see Section 4.1). Thus, when cells are induced to proliferate they operate,
in addition to the machinery that initiates and sustains cell cycle progression,
a “brake” system that involves rpS6 phosphorylation, in order to limit the
rate of proliferation. Accordingly, blocking cell cycle progression by stress
signals will lead to release of the “‘brake” and to rpS6 dephosphorylation.

c. What is the mechanism(s) underlying the role of rpS6 phosphorylation in
regulating processes as diverse as global protein synthesis, cell prolifera-
tion, cell growth, and glucose homeostasis. Several testable models can
be proposed to account for these unique physiological functions of rpS6
phosphorylation: (i) rpS6 might be one of the many bifunctional ribo-
somal proteins, that can carry out extraribosomal tasks often unrelated to
the mechanics of protein synthesis (Wool, 1996). Thus, rpS6 can be
detected in association with the chromatin of primary hepatocytes and
undergoes hormone-dependent phosphorylation within the nucleus
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(Franco and Rosenfeld, 1990). This suggests that rpS6 might be involved
in a nuclear function, as has been shown for Drosophila rpS3, which is
tightly associated with the nuclear matrix where it is engaged in DNA
repair (Wilson ef al., 1994). (ii) The phosphorylation of rpS6 within, or
outside, the ribosome might affect the translation efficiency of specific
mRNAs as precedented by rpL13a and rpL26 (Mazumder et al., 2003;
Takagi et al., 2005). An unbiased search for mRINAs whose abundance
(through transcriptional regulation) or translatability is affected by rpS6
phosphorylation, should be greatly aided by genome-wide transcrip-
tional and translational profiling of total and polysomal RNAs, in com-
bination with proteomics analyses. (iii) Phosphorylated rpS6 does not
affect protein synthesis, but instead interacts with cellular protein(s),
which consequently becomes active or inactive, and thus affects the
cell physiology. Thus, the extraribosomal association of L11, L5, and
L23 with HDM2, which prevents the ubiquitination and degradation of
P53 and thereby induces p53-dependent cell cycle arrest (Dai and Lu,
2004; Dai et al., 2004; Zhang et al., 2003b), and the ability of phos-
phorylated rpL13a to operate outside the ribosome (Mazumder ef al.,
2003) exemplify this possibility. Furthermore, several extraribosomal
proteins have been reported to be coimmunoprecipitated with rpSe6,
suggesting an in vivo interaction, either directly or indirectly with these
proteins. The latter include heat-shock protein 90 (Kim et al., 2006),
alphavirus nonstructural protein (Montgomery ef al., 2006), and death-
associated protein kinase (DAPK) (Schumacher ef al., 2006). Clearly, any
future attempt to establish the mechanistic base for the complex physio-
logical roles of rpS6 phosphorylation will also require the verification of
its potential extraribosomal function.
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Abstract

The salt secretory cell has two distinct patterns of plasma membrane develop-
ment. First, the basolateral surface forms a tubular labyrinth. It contains the
subunit alpha-2 of the Na™-K*-ATPase bound together with a beta subunit for
structural attachment within the lipid bilayer. Second, the apical plasma mem-
branes form a multiple array of extending tufts. These tufts contain the subunit
alpha-1 of the Na*-K*-ATPase bound together with a beta subunit for structural
integrity within the lipid bilayer. The presence of an active transporter
for chloride remains as an open question. It has been taken as preliminary
evidence from brine shrimp cystic fibrosis toxicity that a cystic fibrosis trans-
membrane conductance regulator chloride channel could be present in
the apical region. The presence of cytoskeletal elements being involved in the
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construction of a hypo-osmoregulatory apparatus is supported by the homeobox
gene products derived from APH-1 m RNA found in the salt gland.

Key Words: Artemia, Salt secretory cell, Chloride cell, Crustacean salt gland,
Glandular epithelium.  © 2008 Elsevier Inc.

1. INTRODUCTION

The ultrastructural features and functional activity of the surface
epithelium forming the crustacean larval salt gland in naupliar stage-1 of
the brine shrimp (Artemia) was reviewed earlier by Conte (1984). That data
formed the physiological foundation which established that the larval epi-
thelium performed the task of salt secretion. Since that date, a great deal more
information on the cytoarchitectural components involved in ion transport
has been revealed (Clegg and Trotman, 2002). The purpose of the present
chapter is to integrate the current biochemical, genetic, transcriptional, and
translational data with the past mechanisms that were proposed to be or are
taking place within the glandular epithelium. These mechanisms provide
for the movement of sodium (Na') and chloride (Cl7) ions from the
hemolymph to the extracellular environment. It is hoped that this review
will also offer a refined view on the ultrastructural and spatial arrangements
of the molecular domains that form the hypo-osmoregulatory apparatus in
the developing epithelial cells of stage-1 naupliar larval salt gland.

2. EPITHELIUM

Epithelium lines both the inner and outer surfaces of multicellular
organisms and forms the border between the external and internal environ-
ments. [t is a tissue composed of cells tightly bound to each other. There are
specializations of the plasma membrane that play an important role in
maintaining the integrity of the tissue. The functions of epithelium are
many and varied but have been conveniently divided into two major
categories: metabolic and protective. Metabolic functions of epithelium
include metabolite exchanges; for example, the passing of electrolytes
between the outer and inner environments as described in active ion
transport. Another example is the passing of glandular secretions from the
specialized epithelial cells of the gland to the outer environment. Spatial
polarity is another architectural feature of epithelial cells that plays an
important role in its function. Polarized cells display different morphologi-
cal areas of the surface plasma membrane in which apical, lateral, and basal
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entities can be shown to occur. These structural modifications are unlike
other tissues, where structural polarity is not found. At the present time, the
crustacean larval epithelium can be classified as a simple metabolic epithelium
composed of a single layer of homogenous cells demonstrating a unique
spatial polarity related to its functional role of ion transport (Hootman and
Conte, 1975).

2.1. Chloride cell or salt cellyac

The pioneering work of Copeland (1967) on the ultrastructure of the salt
secretory cell of the adult brine shrimp metepipodite established the fact
that the cell was laden with large numbers of mitochondria surrounded by
various configurations of plasma membranes. These extremely close asso-
ciations with flattened mitochondria led Copeland to postulate the exis-
tence of a “mitochondrial pump system’ as the possible site of active ion
transport but there was little physiological evidence to support this hypoth-
esis. Probably what was most important was his interpretation that the use of
AgNO; and its reduction to free silver aided in the location of excess
chloride as postulated by Koch (1938) and Wigglesworth (1938) for aquatic
invertebrates. Therefore, these cells were similar in function to the “chloride”
cells postulated earlier in fish gill. Since that time, ion-transporting cells were
termed chloride cells despite the fact that there was no physiological or
biochemical evidence supporting active transport of chloride ions. Therefore,
for the ion-secretory cell to be called a chloride cell is “a half~truth of a
misnomer.”” [ propose the use of the term “‘salt cell” with subscript to indicate
what ions that can be shown to be actively transported by an identifiable carrier
molecule (including channel-type molecules).

2.2. Toxins to ionic regulation (cf. Conte, 1984)

2.2.1. Sodium—potassium transporter

It was found that ouabain, a specific inhibitor of Nat-K*-activated ATPase,
inhibited naupliar osmotic and ionic regulation of the hemolymph in the
stage-1 nauplius. Isolation and purification of the enzyme from the developing
embryo, nauplius—stage-1, and the isolated salt gland took place subsequently
in our laboratory (Conte ef al., 1977; Lowy and Conte, 1985a,b; Peterson
etal., 1978a,b). Our findings of two isoforms of the Nat-K*+-ATPase enzyme
was the first for this enzyme and was substantiated by the continuation and the
improvement of the purification protocol by Peterson et al. (1982a,b). There-
fore, the finding of two forms of the alpha and beta subunit gave us opportu-
nity to look for spatial arrangements of the subunits in the plasma membrane of
these polar cells. If one found either alpha-1 or alpha-2 subunit restricted to
either the apical or basal-lateral domains, it would provide a breakthrough in
understanding of vectorial ion and solute transport in many types of polar
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epithelial tissues. As will be described below, this avenue of investigation
became the major focus of Hokin and coworkers.

2.2.2. Chloride transporter/carrier

It was found that acetazolamide, a specific inhibitor of chloride—bicarbonate
exchange, also inhibited naupliar osmotic and ionic regulation of the
hemolymph in the stage-1 nauplius. At this time, our laboratory pursued
the isolation and purification of carbonic anhydrase (CA) which had been
postulated to catalyze the exchange reaction (Maetz, 1971). After an
exhaustive search, the naupliar tissue was found to have very little CA
(Conte, 1984). Therefore, it was felt that CA was not responsible for
movement of chloride ion needed to maintain osmotic and ionic balance.
The major puzzle at this time was the trans-epithelial potential found across
both the intact and isolated salt gland epithelium indicating active transport
for both sodium and chloride.

2.2.3. Cystic fibrosis toxins/osmoregulation

Shortly after it was found that the amount of naupliar CA could not account
for the active transport of chloride (Conte, 1984), cystic fibrosis (CF) toxins
became of interest. This was due to the reports that blood serum or saliva
taken from CF patients contained factors that would arrest the movement of
ciliated epithelia cells, such as those found in oyster gills (Bowman et al.,
1969, 1970). Therefore, it seemed possible that CF fluids would interact
with naupliar brine shrimp and in some way alter their behavior. Similar to
our earlier pharmaceutical techniques of mixing enzyme inhibitors with
various salines, we mixed CF patient saliva and control (non-CF patient)
saliva into different concentrations of salines. The results showed that some
unknown CF-factor not found in normal saliva was altering naupliar
behavior. In many ways, the CF-factor was similar to ouabain and acet-
ozolamide toxicity in that it showed both salinity/dose dependency. How
to interpret the way that the saliva was affecting nauplii became a problem
due to complexities of shrimp behavior. In normal conditions, when nauplii
emerge from the cyst stage, they show swimming motility, phototaxis
which can be both positive and negative, and osmotic and ionic regulation.
When early emerged nauplii (24-h old) are placed in a CF-saliva saline mix,
they become nonmotile within a short period of time (4 h), but remain
positively phototactic by staying at the surface near the light source. How-
ever, they begin to show a loss of buoyancy (6 h) and gradually sink to
the bottom. We devised a technique called “‘the submarine assay’’ (Fig. 2.1).
In preliminary tests, we used a white porcelain chemical spot plate to
observe shrimp behavior. Later we devised the test tube assay. In a large
test tube (15 X 180 mm), we covered the entire tube with aluminum foil.
At the top, we opened a small slit to allow light to shine at the top for
positive phototactic attraction and to allow observation as to motility or lack
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Figure 2.1 Submarine assay using naupliar stage-1 brine shrimp for detection of cystic
fibrosis (CF). See text for details.

of it. Near the bottom of the tube, on the opposite darkened side, a small slit
was made to detect the nonmotile and sunken shrimp which we considered
to have lost osmoregulatory ability. The goal of the “‘submarine assay’” was
to distinguish not only the presence of CF but to determine whether the
parents were homozygous or heterozygous. The “submarine assay”” proved
to be successful in the hands of numerous medical technicians using nauplii
as described above but the results of the genetic evaluation showed the assay
was a failure. However, the “‘submarine assay” was neither better nor
cheaper than the sweat test and thus the novel technique was dropped and
forgotten.

As I will elaborate later, it appeared possible that the CF-toxicity,
observed in all the CF assaying laboratories, was the result of an unknown
CF-saliva-carrying inhibitor that blocks osmoregulation through some type
of interference with active chloride transport. At that time (1979), there was
no evidence for the existence of any type of active chloride molecular
complex or channel. Later, Kerem et al. (1989) published a paper on the
genetic analysis of CF which showed the identity of CF gene as being
responsible for encoding the cystic fibrosis transmembrane conductance
regulator (CFTR). The function of CFTR is now well established
(Dawson and Smith, 1997). As yet there has been no experimental evidence
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identifying the cause of CF-toxicity in nauplii nor has the presence or
absence of CFTR been confirmed in the naupliar stage-1 brine shrimp.

2.3. Spatial arrangements of polar epithelium

The research pursued in late 1980s and early 1990s was to unravel the
unique structural configurations of the plasma membrane in the epithelial
cells. It depended upon the use of distinct molecular probes. As stated
earlier, the finding of subunits for the sodium—potassium ion-transport
enzyme gave us an important tool in that endeavor.

2.3.1. Sodium—-potassium ion-transporter subunits

In 1982, Hokin’s group under the guidance of Peterson and Hokin, focused
on four aspects dealing with the two isoforms of the Nat-K"-ATPase
enzyme:

1. The new and improved purification protocols (Churchill, 1984a,b;
Churchill et al., 1984; Peterson et al., 1982a,b) provided for clarity as
to molecular weight of both subunits and to the holoenzyme.

2. Fisher et al. (1984, 1986) established the sites of Nat-KT-ATPase
mRNA synthesis. They harvested 16 h whole nauplii and extracted
RNA from isolated membrane-bound and free polysomes. The poly-
somal RNA (mRNA) was translated, the proteins isolated by immuno-
precipitation and resolved on SDS-polyacrylamide gels. The results
showed two distinct sites of synthesis occurring for alpha versus beta
subunits. Membrane mRNA provide two distinct alpha subunits,
whereas the nonmembrane (free) mRINA translated into a single beta
subunit. Subsequent investigation on the temporal pattern of the
mRNAs showed that messages were present in the cysts and early
gastrula stage but not translated or synthesized. Emergence of naupliar
stage brought about large increases in mRNA and synthesis of alpha-1
and alpha-2 subunits. However, regulation of mRNA and the rate of
protein synthesis of the two alpha units are quite difterent suggesting that
other cytoskeletal mechanisms must be involved in the formation and
insertion of the ion-transport enzyme.

3. Baxter-Lowe ef al. (1989) provided the first information on genetic
construction of the brine shrimp Na*-K*+-ATPase by focusing on the
molecular cloning of the alpha subunit. In this study, 18-h brine shrimp
were used to provide total RNA. The polyadenylated RINA was reverse
transcribed to form a cDNA library. Details of the library and its use of
expression vectors and sequencing were described by Baxter-Lowe ef al.
(1989). The results showed that the brine shrimp strain (A. franciscana)
alpha subunit contains 996 amino acids with a molecular mass of
111 kDa. This sequence contains five potential glycosylation sites.
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Since the alpha subunit of the brine shrimp has nearly 70% conformity
with reported sequences of other species, the conserved regions may be
useful for the identification of structural components needed in the
formation and insertion of the enzyme into the plasma membrane.
Bhattacharyya et al. (1990) continued this type of exploration by focusing
on the molecular cloning of the beta subunit. Since the holoenzyme
consisted of equimolar amounts of the catalytic alpha subunit and the
structural (?) glycosylated beta unit, it was worth pursuing screening of
cDNA libraries for the beta subunit. Details of the library and its use of
expression vectors is describe in Bhattacharyya ef al. (1990). The results
showed the beta subunit of the same strain of brine shrimp contains a
polypeptide of 315 amino acids with a molecular mass of 36 kDa, which
is in agreement with other molecular weights of beta subunit of other
species. This sequence contains only three potential glycosylation sites.
The functional significance of the beta subunit or the existence of more
than one isoform was not elaborated.

4. Sun et al. (1991) using the avidin—biotin—peroxidase complex immunos-
taining technique revealed the location of the alpha subunits in tissue
cells in the various stages of brine shrimp development. Unfortunately,
both active and inactive isoforms of the alpha subunit will show positive
staining. The alpha subunit was not detected in the gastrula stage or early
emergent stage (0 and 12 h). In late emergence (16 h) and naupliar-1
stage (24 h), as seen in the photographs (Fig. 2.2A—C), there was positive
staining found to be located in epidermal cells lining the mandibular
(brain) region and the mesenchymal cells of the prospective region of the
antennal gland. The epithelial cells of the salt gland showed positive
staining. In naupliar-2 stage (36 h) through stage-3 (48 h), the positive
staining increased in the salt gland epithelium, epidermal cells, mesen-
chymal cells of the labrum region, and midgut mucosal cells. When
immunostaining technique was used to locate the beta subunit presence
in embryonic tissue, the findings matched the alpha-subunit pattern.
Therefore, the developmental pattern of both alpha and beta subunits
matched the pattern found by earlier investigations using intact enzyme.
In addition, these data support the hypothesis that the switch from the
passive, glycerol-mediated transport of water to sodium-mediated trans-
port processes occur somewhere in the pre-naupliar stage (Conte ef al.
1977). Unfortunately, this investigation did not use isolated salt glands
(Lowy and Conte, 1985a,b) which contains only homogenous epithelial
cells and would have given a greater degree of clarity in regard to the
position of the enzyme in the spatial domains of the plasma membrane.
Is the alpha subunit located on the basal-lateral domains? Does the beta
subunit have a different location, such as apical domain? D.Y. Sun ef al.
(1992) took a different perspective in the problem of localization of the
NaT-KT-ATPase transport complex. They used in situ hybridization
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Figure 2.2 In situ localization of alpha subunit mRNA by immunocytochemical
technique. Viewed by light microscopy (dark stain). Salt gland (SG), epidermal cells
(EP), mesenchyme cells (MC). Taken from Sun et al. (1991).

histochemistry which utilized oligonucleotide probes to localize the
mRNAs encoding the alpha-1 and alpha-2 subunits and beta subunit.
Details of the preparation of probes and specificity of probes together
with the in situ hybridization techniques are found in Sun ef al. (1992).
The results using alpha-1 mRNA (5.1 kb) which could not hybridize
with alpha-2 probe using mRNA (3.5 kb) was thought to be the main
subunit found in later developmental stages in which the antennal gland
and leg metepipodites are formed and become the main osmo-
regulatory tissues in the adult. The alpha-2 mRNA was absent in early
embryos (0—6 h) but the beta mRNA was low in abundance. After
emergence (16 h) and into the naupliar-1 stage (24 h), the increase in
both alpha-2 and beta mRINA was phenomenal. The autoradiographic
localization in microscopic sections showed the major sites were in the
epithelial layer of the salt gland, presumptive gut mucosa, and epidermal
cells (Fig. 2.3). Later naupliar stage-3 (36 h) showed similar pattern but a
decline of intensity of grain count. The author’s interpretation of the data
was to suggest that in the early emergent stages, the epidermal cells
perform an initial role in osmoregulation and later after emergence, the
salt gland takes over the osmotic and ionic balance together with the
epidermal cells. This poses the question as to “how do these two tissues
coordinate the functional duties?”” It is equally clear that alpha-2 subunit
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Figure 2.3 In situ localization of alpha-2 subunit mRNA by immunochemical and
autoradiographic techniques. Light field microscopy (dark grains) and dark field
microscopy (light grains). Salt gland (SG), epidermal cells (EP), gut mucosa (GT), mid-
gut (MG), and the brainregion (BR ). Taken from Sun et al. (1992).

together with an appropriate beta subunit are joined at the baso-lateral
region in formation of the active transport system. It still remains unclear
as to whether alpha-1 subunit and other beta subunits are present. This
latter problem was resolved by Escalante et al. (1994, 1995) using in situ
hybridization analyses of Na™-KT-ATPase subunits during larval devel-
opment. In the earlier paper, Escalante’s group showed that the alpha-1
and alpha-2 subunits had different temporal patterns of mRINA expres-
sion coming from two different cDNA clones. One ¢cDNA clone
(pArATNal136) yielded a probe that specifically hybridized to a 4.5-kb
mRNA and was termed to be an alpha-1 subunit probe. The alpha-2
probe hybridized to a 3.6-kb mRNA. The expression of the two alpha
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probes on naupliar-1 stage embryo is shown in (Fig. 2.4). The main sites
of expression were the salt gland, the analog of the antennal gland and the
midgut. The pattern of expression is that both alpha-1 and alpha-2 together
with the beta subunits are all expressed in the salt gland at all stages of
development (2462 h), Thus, salt celly,c differentiation involves the
synthesis of both alpha subunits and the beta subunit. If the alpha-2 is
located in the basolateral region, does this finding infer that the alpha-1 is
located in the apical region, possibly in alignment with a chloride channel.
Again, I must emphasize the use of isolated salt glands in this type of
investigation would aid in answering the polarity problem.

Figure 2.4 In situ localization of alpha-1 subunit mRNA as seen in (A, B, E, F) and
alpha-2 subunit mR NA as seen in (C, D) by immunocytochemical technique as detailed
by Escalante et al. (1995). Sections were viewed by light or ultraviolet microscopy (dark
stain). Salt gland (SG), antennal gland (AG), and midgut (G).



Crustacean Salt Gland 49

2.3.2. Chloride transmembrane channel

Unlike the abundance of information on proteins involved in sodium ion
transport, there is a paucity of information on any kind of macromolecule
responsible for chloride movement across any type of secretory epithelium
in larval brine shrimp. Toxins have played major role in elucidating the
function of anion permeation in vertebrate tissue. The discovery that in the
human disease of CF, the loss of a chloride channel referred to as the cystic
fibrosis transmembrane conductance regulator (CFTR) is responsible for
the disease. Sheppard and Welsh (1999) reviewed the structure and function
of the CFTR chloride channel. CFTR is located in the apical membrane of
epithelia. The chloride channel requires phosphorylation via ATP to open.
The phosphorylation is accomplished by a cytosolic cAMP-dependent
protein kinase. The CFTR is composed of five domains: two membrane-
spanning domains (MSDs), two nucleotide-binding domains (NBDs), and a
regulatory (R) domain. The MSDs for the channel pore complex, phos-
phorylation of the R domain determines channel activity, and ATP hydro-
lysis by the NBDs control channel gating. The CFTR is a unique member
of the family of ATP binding cassette (ABC) ATP binding cassette trans-
porters. The CFTR has been isolated from the amphibian, Xenopus laevis by
PCR amplification. The mRNA of 4455 bp sequence encoded a polypep-
tide of 1485 amino acids which had an overall homology of 77% for the
amino acids to those found in human CFTR. Unfortunately, while search-
ing CFTR literature, I found no citation which identified a CFTR isolated
from invertebrates. Genetic probes designed to detect CFTR in brine
shrimp would certainly prove useful in establishing the existence or
nonexistence of a chloride channel.

3. PoLAR DomAINS

3.1. Cytoskeleton associated with polar domains

The cytoskeleton is an intracellular network of fibers that traverse the
cytosol linking various macromolecular complexes which have been or
are being inserted into lipid bilayer of the plasma membrane. Research on
the multifunctional protein CFTR found in vertebrate epithelial tissue has
given a great deal of new insights in the regulation of membrane traftic and
spatial polarization. The summations by Jilling and Kirk (1997) and Van der
Wouden ef al. (2003) reveal the fact that many ion-transporter molecules
and other ion channels are surrounded by actin filaments, actin-binding
proteins, microtubules, all associated with frans-Golgi network. These
structural complexes are vital for the secretory epithelial cell in maintaining
vectorial ion movement, that is, from intracellular to extracellular
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environments. Invertebrate epithelial tissues, especially the epithelial lining
of the larval salt gland, have not been investigated for this aspect of regula-
tion of spatial distribution of polar domains. If CFTR is detected in naupliar
brine shrimp, the cytoskeleton interaction with chloride channels would
yield fruitful information on this aspect of the problem.

3.2. Genetic regulation of spatial distribution
of polar domains

An important class of developmental regulators is transcription factors that
control cell- or tissue-specific gene expression (Verrifzer and Van der Vliet,
1993). Many of these factors belong to evolutionary conserved protein
families. One of these families is the homeodomain family in which belong
the POU domain proteins. In 1999, Chavez et al. (1999) screened the brine
shrimp (A. franciscana) genome for the presence of POU genes. Using POU
domain sequences from established POU genes, probes were made by PCR.
technique and used as a hybridization probe of a cDNA library from stage-3
nauplius. The results gave a fragment identical to a sequence of POU domain
and termed APH-1 for Artemia POU homeogene and belongs to the class I11
POU homeoproteins. Interestingly, only two other type Class III POU
proteins have been found in arthropods, Cfl-a in the fruit fly (Drosophila)
by Johnson and Hirsh (1990) and the POU-M1 in the silkworm
(Bombyx mori) by Fukuta et al. (1993). The latter is thought to control
transcription of the silk protein genes. The developmental and spatial expres-
sion of APH-1 gene was determined by RT-PCR assays at each larval stage for
APH-1 mRNA and its tissue location for spatial distribution by whole-
mount in situ hybridization. The pattern of APH-1 mRNA was that low
levels of mRINA were found just before emergence and increased dramati-
cally during naupliar stage-1 through stage-4 and were undetectable in
adulthood. The probes used to locate APH-1 mRINA were labeled with
digoxigenin for microscopic visualization (Fig. 2.5 is taken from Chavez
et al., 1999). A strong signal was observed in both the developing salt gland
of pre-naupliar stage and osmoregulating salt gland of stage-2 nauplius. It
has been suggested by these investigators that the APH-1 gene plays an
important role in the formation of the osmoregulatory apparatus in the
epithelial salt cell n,c-

3.3. Death of larval salt gland

Prior to the onset of establishing an adult osmoregulatory apparatus within
the leg segments, the larval salt gland is destroyed. The mechanism of cell
death (apoptosis) by which the ion-secretory epithelium is destroyed is
entirely unknown. Recently, studies on the molecular mechanisms of
apoptosis induced by a variety of physical forces have been summarized
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Figure 2.5 Pattern of APH-1POU domain in pre-nauplius (A, B) and nauplius stage-1
(C, D). Positive APH-1 mR NA probe (A, C) while control antisense probe was negative
(B, D). Taken from Chavez et al. (1999).

by Hsieh and Nguyen (2005). It has been shown that physical forces act
through receptor-like molecules found in the cytoskeleton. These mole-
cules in turn activate a limited number of protein kinase pathways which
amplify the signal and activate caspases that promote apoptosis. Interest-
ingly, Steve Hand and his colleagues who have been studying cellular stasis
in the dormant brine shrimp embryo for a long period, began to investigate
how apoptosis is avoided in the dormant stages. Evaluation of hydrated
diapaused embryo extracts (nauplii and shells are discarded) revealed that
caspase-9 and caspase-3 were present (Menze and Hand, 2007). However,
the caspase enzymes were not activated by cytochrome ¢ (other proapoptotic
factors of mitochondrial origin were not evaluated). But an array of nucleo-
tides, such as ADP, ATP, and GTP caused an inhibition of the caspases
activity. It was concluded that multiple mechanisms may be in place to
suppress apoptosis under limited nucleotide energy pools. Since naupliar
extracts were not investigated, it would be interesting to compare caspases
activity in isolated naupliar stage-1 larval salt glands to later naupliar stages as it
metamorphs into the adult form (without the presence of salt gland). These
observations would certainly give insight into the programmed death of the
larval salt gland.
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3.4. Model of larval salt gland: Polar domains of ion
transporter (Na,K) and channel (Cl) in salt cellyac

The mature salt secretory cell, when functional, has two distinct allomor-
phic patterns of plasma membrane growth. First, the basolateral plasma
membranes form a tubular labyrinth. It is derived from invagination of
basolateral surfaces and this infolding is closely associated with mitochon-
dria. Second, the apical surfaces form numerous irregularly shaped tufts
which are not associated with mitochondria and lie beneath the cuticular
shell. The apical surface membrane is separated from the basolateral mem-
brane by extensive septate junctions. Additionally, the entire epithelial
complex is devoid of being structural supported by a basal lamina. The
large nucleus with prominent nucleoli I is located in the central area of the
elongated cell (Conte, 1984).

3.4.1. Molecular domains of the apical membrane tufts

The presence of ion transporters in the apical region for the outward
sequestration of intracellular sodium is supported by the evidence of finding
the isoform subunit alpha-1 of the Na™-K*-ATPase and beta isoform for
structural attachment. In addition, the site location of mRNA for the
subunits of the Na™-K*-ATPase supports this view. However, the presence
of an ion transporter for chloride being in the apical region is only hypothe-
sized since there is no data to substantiate the presence of CFTR. Taking
the preliminary evidence that CF-toxicity of naupliar brine shrimp points in
the direction of a CFTR chloride channel being present, then its location
would be in the apical membrane. Figure 2.6 shows how these polar
domains might appear in the apical tufts. The involvement of cytoskeletal
elements being involved in the formation of the completely functional
sodium chloride osmoregulatory system is supported by the homeobox
gene products derived from APH-1 mRNA found in the salt gland.

3.4.2. Molecular domains of the basolateral membrane labyrinth

The presence of ion transporters in the basolateral labyrinth for the inward
movement of intracellular sodium is supported by the evidence of finding
the isoform subunit alpha-2 of the Na*-K"-ATPase and beta isoform for
structural attachment. In addition, the site location of mRINA for the
subunits of the Nat-K*-ATPase is supportive. Inward movement of chlo-
ride is open to question since CFTR is only found in apical regions of
epithelial cells. However, Covi and Hand (2007) have recently postulated
that V-ATPases perform both the role of maintaining acidification of
the intracellular compartment and possibly in maintaining energization of
the plasma membrane in the absence of membrane Nat-Kt-ATPases
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Figure 2.6 Drawing oflarval salt gland with cytoarchitecture of established metabolic
complexes. Enlargement of apical tufts in the insert showing existing molecular
domains for ion transport.

(Covi and Hand, 2005; Covi et al., 2005). Since these V-ATPases are
associated with the intracellular nucleotide pool, they may be called upon
to respond at later naupliar stages to changing levels of high energy demands
brought about by increasing levels of ion pumping by Nat-K+t-ATPase or
CFTR. Could these metabolic interactions be the mitochondrial—pump
system that was postulated many years ago by Copeland? Figure 2.7 shows
how these polar domains might appear in the basolateral labyrinth. Like the
suggestion of cytoskeletal elements being involved in this aspect of forming
the glandular osmoregulatory system, the homeobox gene products of
APH-1mRNA are needed.
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Basolateral tuft membrane molecular domains
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Figure 2.7 Drawing oflarval salt gland with cytoarchitecture of established metabolic
complexes. Enlargement of basolateral tufts in the insert showing existing molecular
domains for ion transport.

4. CONCLUDING REMARKS

The crustacean (Artemia) salt gland has proven to be a very useful
model in our understanding of biogenesis in epithelial ion transport. The
spatial localization of the two isoforms of the sodium transporting enzyme
has been a major achievement. Alpha-2 subunit is shown to be located on
the basolateral surfaces, while alpha-1 subunit is at the apical surface. It



Crustacean Salt Gland 55

remains to be seen if presence of the APH-1 m RNA in the salt gland
indicates that additional proteins are involved in building the cellular
osmoregulatory apparatus. Thus, the finding of homeobox genes in this
transient structure may portend a more important role of other cytoskeletal
proteins in the evolution of salt secretory cells.
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NATRIURETIC PEPTIDES IN VASCULAR
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Abstract

Four major natriuretic peptides have been isolated: atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), C-type natriuretic peptide (CNP), and
Dendroaspis-type natriuretic peptide (DNP). Natriuretic peptides play an impor-
tant role in the regulation of cardiovascular homeostasis maintaining blood
pressure and extracellular fluid volume. The classical endocrine effects of natri-
uretic peptides to modulate fluid and electrolyte balance and vascular smooth
muscle tone are complemented by autocrine and paracrine actions that include
regulation of coronary blood flow and, therefore, myocardial perfusion; modu-
lation of proliferative responses during myocardial and vascular remodeling;
and cytoprotective anti-ischemic effects. The actions of natriuretic peptides are
mediated by the specific binding of these peptides to three cell surface recep-
tors: type A natriuretic peptide receptor (NPR-A), type B natriuretic peptide
receptor (NPR-B), and type C natriuretic peptide receptor (NPR-C). NPR-A and
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NPR-B are guanylyl cyclase receptors that increase intracellular cGMP concen-
tration and activate cGMP-dependent protein kinases. NPR-C has been pre-
sented as a clearance receptor and its activation also results in inhibition of
adenylyl cyclase activity. The wide range of effects of natriuretic peptides might
be the base for the development of new therapeutic strategies of great benefit in
patients with cardiovascular problems including coronary artery disease or heart
failure. This review summarizes current literature concerning natriuretic pep-
tides, their receptors and their effects on fluid/electrolyte balance, and vascular
and cardiac physiology and pathology, including primary hypertension and
myocardial infarction. In addition, we will attempt to provide an update on
important issues regarding natriuretic peptides in congestive heart failure.

Key Words: ANP,_,g, ATP, Renal glomeruli, ATPyS, Hypertensive rats, Wistar
Kyoto (WKY) rat.  © 2008 Elsevier Inc.

ABBREVIATIONS

AAPH 2,2'-Azobis (2-amidinopropane) dihydrochloride

ANP atrial natriuretic peptide

BNP brain natriuretic peptide

CNP C-type natriuretic peptide

CHEF congestive heart failure

DNP Dendroaspis-type natriuretic peptide
NPR natriuretic peptide receptor

SHR spontaneously hypertensive rats
SOCE store-operated calcium entry
TNFo tumor necrosis factor o

1. INTRODUCTION

Natriuretic peptides are a family of cardiac- and vascular-derived hor-
mones that play a relevant role in cardiovascular homeostasis mainly through
the regulation of blood volume and pressure. In the second half of the 1950s,
electron microscopy revealed the presence of secretory granules in cardiac
atrial cells. Later, in the 1980s, de Bold et al. reported that injection of atrial
myocardial extracts into rats was able to induce natriuresis and consequently a
decrease in blood pressure (de Bold et al., 1981), suggesting the existence of
a hormone that was identified in 1983 as the atrial natriuretic peptide
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(ANP; Kangawa and Matsuo, 1984). Although the endocrine function of
the heart has long been recognized, the physiological activities of natriuretic
peptides go beyond their classical endocrine effects regulating blood volume
and pressure. Natriuretic peptides also exert autocrine and paracrine effects
within circulation in normal and pathological conditions, regulate renin secre-
tion, progesterone release, endothelin secretion, and vasopressin secretion
(Anand-Srivastava, 2005).

The mammalian family of natriuretic peptides consists of ANP, brain
natriuretic peptide (BNP), C-type natriuretic peptide (CNP), and the
recently identified Dendroaspis-type natriuretic peptide (DNP). BNP was
isolated in 1988 from porcine brain (Sudoh et al., 1988), although the major
source of circulating BNP are cardiac ventricles (Saito et al., 1989), and
showed a similar biological activity to ANP. Two years latter, another
structurally related peptide from porcine brain, CNP, was isolated and
identified (Sudoh et al., 1990). DNP was isolated in the first half of the
1990s from the venom of the green mamba (Dendroaspis angusticeps)
(Schweitz et al., 1992) and its physiological role was suggested by the
observation of DNP immunoreactivity in human plasma (Schirger et al.,
1999). These peptides are encoded by different genes but the mature active
forms of all the natriuretic peptides possess a characteristic 17-amino acid
ring structure, which contains several invariant amino acids (Fig. 3.1).
Three natriuretic peptides, ANP, BNP, and CNP, have been shown to
regulate cardiovascular homeostasis by the occupation of three membrane
receptors; two are guanylyl cyclase-coupled receptors, known as natriuretic
peptide receptor type A (NPR-A) and natriuretic peptide receptor type B
(NPR-B), while natriuretic peptide receptor type C (NPR-C) lacks
enzymatic activity (Potthast and Potter, 2005; Potter ef al., 2006). NPR-A
shows high affinity and is activated by ANP and BNP (Nakao ef al., 1992b),
NPR-B is activated by CNP (Koller ef al., 1991) and, finally, the NPR-C
binds all natriuretic peptides (Anand-Srivastava, 2005).

2. NATRIURETIC PEPTIDES AND THEIR RECEPTORS

2.1. Natriuretic peptides

2.1.1. Atrial natriuretic peptide

ANP is a 28-amino acid peptide released in physiological state by the cardiac
atria in response to wall stretch resulting from blood pressure and volume
loading, as well as to physical exercise (Lang ef al., 1985; Vuolteenaho et al.,
1985). The human ANP gene encodes a preprohormone that contains 151
amino acids (Oikawa ef al., 1984), which is posttranslationally modified to
obtain a 126-amino acid proANP that is stored in secretory granules in the
atrial myocytes (Vuolteenaho ef al., 1985). During the secretory process,
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Figure 3.1 Natriuretic peptide signaling and peptide selectivity. Mature active forms
of natriuretic peptides show a common 17-amino acid ring formed by disulfide bond for-
mation between two cysteine residues. Variable C-terminal and N-terminal tails are
present in ANP, BNP, and DNP, while CNP lacks the C-terminal tail. NPR-A and
NPR-B are activated by ANP, BNP, CNP, and DNP, as indicated, and occupation of
these receptors results in the stimulation of cGMP generation leading to physiological
responses. The third type of natriuretic peptide receptor, NPR-C is involved in peptide
internalization and clearance, and is also coupled to adenylyl cyclase through a Gi pro-
tein. ANP, BNP, and CNP have been reported to interact with NPR-C and inhibit ade-
nylyl cyclase activity, which results in a decrease in intracellular cAMP concentration.

proANP is cleaved by the transmembrane cardiac serine protease called
corin to the biologically active 28-amino acid mature C-terminal ANP
(ANPgg_126) (Yan et al., 2000). Alternative processing of proANP by a
protease in the kidney generates a 32-residue peptide named urodilatin,
which is important in regulating sodium and water excretion.

The expression of ANP is low in the ventricles in the physiological state
and that it is increased in a number of cardiovascular disorders, such as left
ventricular hypertrophy and upon volume and pressure overload (D’Souza
et al., 2004; Ruskoaho, 1992). Hormones such as endothelin (Stasch et al.,
1989), angiotensin (Soualmia et al., 1997), and arginine—vasopressin (Lachance
et al., 1986) stimulate ANP release (Thibault et al., 1999), as well as water
immersion (Ogihara et al., 1986) and head down posture (Hollister et al.,
1986). Plasma levels of ANP in normal patients are ~10 fmol/ml and
are elevated 10- to 30-fold in patients with congestive heart failure (CHF)
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(Cody et al., 1986; Mukoyama et al., 1991; Potter et al., 2006). ANP circulates
in the blood reducing vascular tone and promoting diuresis/natriuresis to
lower blood volume and pressure (Ahluwalia et al., 2004).

2.1.2. Brain natriuretic peptide

BNP was initially purified from porcine brain extracts (Sudoh et al., 1988).
BNP is a polypeptide that contains 32 amino acids and is mainly secreted by
cardiac atria and ventricles (Weber and Hamm, 2006), although, in contrast
to ANP, that is predominantly secreted in the atria, the cardiac ventricle is
the major site of synthesis and secretion of BNP (D’Souza et al., 2004;
Ogawa et al., 1991). As for ANP, the human BNP gene encodes a
132-amino acids preprohormone that is posttranslationally modified to the
108-amino acids prohormone (BNP;_;qg). The proBNP is subsequently
cleaved resulting in an inactive 76-residue amino-terminal fragment and a
32-amino acid C-terminal fragment, which is the mature biologically active
peptide (Sudoh ef al., 1989).

In the cardiac atria, BNP is stored with ANP in granules; however, BNP
is not stored in granules in the ventricles. Instead, ventricular BNP produc-
tion is transcriptionally regulated by cardiac wall stretch (Potter et al., 2005).

BNP is expressed in response to venous volume and/or blood pressure.
BNP expression has been found to be constant during chronic cardiac
overload, although its levels are increased in hypertrophied heart. Healthy
individuals have plasma BNP concentrations of ~1 fmol/ml (3.5 pg/ml) or
approximately one-tenth that of ANP (Potter, 2005). In contrast, plasma
BNP concentrations of patients with CHF are elevated between 200- and
300-fold. The enormous range of plasma BNP concentrations between
healthy subjects and patients with heart failure and the rapid induction of
BNP expression in response to acute overload has been widely used as an
indicative of elevated myocardial loading and cardiac stress (Mukoyama
et al., 1991; Tokola et al., 2001). Other stimuli that induce BNP secretion
are hypoxia, ischemia, and states of nephrosis and cirrhosis that are asso-
ciated to an increase in central blood volume (D’Souza and Baxter, 2003;
Toth et al., 1994; Wong and Blendis, 1994).

2.1.3. C-type natriuretic peptide

CNP is the third member of the natriuretic peptide family identified. CNP
is mainly expressed in the nervous system and vascular endothelial cells
(Ogawa et al., 1991; Woodard et al., 2002a). Small amounts of CNP have
been found in the cardiac tissue or circulating in blood (Yandle, 1994);
however, in the nervous system the most abundant form of natriuretic
peptide 1s CNP (Yandle, 1994). In addition, expression of CNP has also
been found in the vascular endothelium, where it might exert its autocrine/

paracrine roles in vascular tone and muscle cell growth (Komatsu et al.,
1992; Woodard et al., 2002a); in fact, CNP has been shown to be more
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potent than ANP inducing smooth muscle relaxation but shows a weaker
effect on natriuresis and diuresis (Sudoh et al., 1990). The cardiovascular
effects of CNP are more likely mediated by local effects on blood vessel or
by central actions on vasopressin and adrenocorticotropine release (Fowkes
and McArdle, 2000; Komatsu et al., 1992).

CNP is expressed and stored as a preprohormone that consists of 103
amino acids, which is then converted to two fragments of 22- and 53-amino
acids through a multistep process involving a “‘pro-protein convertase”
named furin (Wu ef al., 2003). The 22-amino acid fragment is the mature
and more active CNP form (Ogawa ef al., 1992).

In contrast to ANP and BNP, which contains 5- and 6-amino acid
residues in the C-terminal tail, respectively, CNP completely lacks this tail
(Fig. 3.1). CNP gene expression is induced in response to a number of
physiological and pathological vasoactive mediators including interleukin
13, vascular endothelial growth factor (VEGF), transforming growth factor
(TGF), tumor necrosis factor o (TNFa) (Suga ef al., 1992, 1993; Woodard
et al., 2002a), as well as by shear stress (Chun ef al., 1997), and is suppressed
by insulin (Igaki ef al., 1996).

2.1.4. Dendroaspis-type natriuretic peptide

DNP is a recently isolated 38-amino acid peptide that shares structural and
functional properties with the other members of the natriuretic peptide
family. DNP immunoreactivity has been reported in human plasma,
although purification of DNP from human plasma has not yet been
achieved (Schirger et al., 1999). The source of DNP has not been clearly
identified although DNP-like immunoreactivity has been reported in rat
aorta, carotid artery, and renal vasculature and tubules. DNP-like immuno-
reactivity was found to be regulated by endothelin-1, angiotensin II, and
sodium nitroprusside but not by TGF-f (Woodard et al., 2002b).

DNP binds to the ANP and BNP NPR-A (see Section 2.2), inducing
vasorelaxation (Best et al., 2002). In addition, DNP has been reported to
elicit a marked inhibitory effect on DNA synthesis in culture rat aortic
vascular smooth muscle cells (Woodard et al., 2002b).

2.1.5. Other natriuretic peptides

In addition to ANP, BNP, CNP, and DNP, other peptides have been
reported to exert a similar effect in mammalians. Urodilatin is a peptide
obtained by alternative cleavage of the C-terminal 32 amino acids of
proANP in the distal tubules of the kidney, where it exerts its natriuretic
effect (Schulz-Knappe et al., 1988). This peptide is synthesized by the same
gene that synthesizes ANP, but in the kidney, in contrast to all other tissues
that have been investigated, the ANP prohormone is processed differently,
resulting in the formation of urodilatin rather than ANP (Levin ef al., 1998;
Nakao et al., 1992a; Schulz-Knappe et al., 1988).
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The intestinal epithelium expresses two peptides, guanylin and urogua-
nylin, which are involved in water absorption in the gut (Beltowski, 2001).
Guanylin and uroguanylin participate in the prevention of hypernatremia
and hypervolemia after salty meals. Ingestion of a salty meal induces secre-
tion of both peptides into the intestinal lumen, where they inhibit Na™t
absorption and induce CI~, HCO3, and water secretion. In addition, these
hormones have been shown to stimulate renal electrolyte excretion by
inducing natriuresis, kaliuresis, and diuresis (Fonteles et al., 1998; Forte
et al., 2000).

A peptide with similarity to natriuretic peptides was identified by two
separate groups in bone and muscle cells; for this reason, this peptide is
currently referred to as osteocrin/Musclin (Nishizawa et al., 2004; Thomas
et al., 2003). This peptide binds with high affinity to NPR-C, but not to
NPR-A or NPR-B, in a manner that is competitive with ANP; therefore,
in cells expressing NPR-A and NPR-C osteocrin/Musclin increases ANP-
dependent cGMP generation, presumably by blocking NPR-C mediated
ANP clearance. Although the physiological role of osteocrin/Musclin is not
completely understood, its expression in human skeletal tissue, particularly
in osteoblasts in developing human neonatal bone and at sites of bone
remodeling, such as in iliac crest bone biopsies from adults, suggests a role
for this protein in bone formation (Bord ef al., 2005).

2.2. Natriuretic peptide receptors

Natriuretic peptides exert their physiological effects by the occupation of
three membrane receptors. Two subtypes are membrane-associated guany-
lyl cyclase-coupled receptors, known as NPR-A and NPR-B, which medi-
ate most of the physiological actions of natriuretic peptides. Both receptors
are particulate guanylyl cyclases, different from the soluble guanylyl cyclase,
heterodimeric heme-containing cytosolic enzyme of monomers with
molecular masses of 70 and 80 kDa activated by nitrovasodilators, nitric
oxide, and free radicals. The NPR-C lacks guanylyl cyclase activity and
among other functions acts as a clearance receptor.

2.2.1. Natriuretic peptide receptors-A and -B

NPR-A and NPR-B are single-transmembrane receptors with a similar
basic structure. NPR-A is an ~120-kDa glycoprotein that contains a
variable extracellular natriuretic peptide-binding region, a conserved intra-
cellular kinase homology domain (KHD), which has been reported to be
essential for the regulation of NPR-A activity and receptor sensitivity, and a
guanylyl cyclase domain with enzyme activity (Hamad et al., 2003). NPR-A
shows high affinity and is activated by ANP, BNP, and DNP (Best ef al.,
2002; Nakao et al., 1992b; Schweitz et al., 1992), but BNP is approximately
tenfold less potent than ANP. In contrast, CNP does not increase guanylyl
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cyclase activity of NPR-A. NPR-B is activated only by CNP and neither
ANP nor BNP increase guanylate cyclase activity in NPR-B expressing
cells (Ogawa et al., 1992; Yandle, 1994). The study of the regulation of
guanylyl cyclase activity of NPR-A revealed that the enzymatic activity of
purified NPR-A cannot be stimulated solely by ANP,_ 55 (Kuno ef al.,
1986), suggesting that accessory mechanisms likely involving ATP, as well
as a number of cations, including Mg?™, regulate the activation of guanylyl
cyclase in NPR-A (Chang ef al., 1991; Kurose ef al., 1987). ATP has been
reported to regulate NPR-A activity through the interaction with the
receptor KHD (Joubert ef al., 2005) or the involvement of an ATP-
regulated module, which represses the catalytic activity of NPR-A (Duda
and Sharma, 2005).

Occupation of these receptors by natriuretic peptides induce cellular
responses through the elevation of intracellular cGMP levels, which has
been demonstrated in all tissues and cells that express NPR-A and NPR-B
upon stimulation with natriuretic peptides. The increase in intracellular
cGMP concentration following the occupation of NPR-A or NPR-B
leads to the activation of a cGMP-dependent protein kinase (PKG) that
transfers a phosphate from ATP to a serine of threonine residue in a target
protein, which, in turn, mediate a specific physiological function. cGMP-
mediated signaling is terminated by c¢cGMP phosphodiesterases, which
modulate the intracellular concentrations of cGMP and the duration and
magnitude of the responses (D’Souza et al., 2004).

2.2.2. Natriuretic peptide receptor-C
NPR-C is a transmembrane receptor with an extracellular domain of ~440
amino acids that shares ~30% homology with NPR-A and NPR-B, a
transmembrane domain, and a 37-amino acid cytosolic domain (Porter
et al., 1990). Two different cDNAs encoding NPR-C have been identified
(Murthy et al., 1998). Consistent with this two vascular NPR-C of ~67 and
77 kDa have been reported (Kato ef al., 1991), suggesting the existence of
two subtypes of NPR-C (Savoie ef al., 1995; Trachte ef al., 1995).
NPR-C is the most abundant NPR in most tissues. NPR-C is widely
distributed in several cells and tissues including vascular smooth muscle cells,
renal glomeruli and collecting ducts, adrenals, platelets, lungs, cerebral
cortex, and cardiac purkinje fibers (Anand-Srivastava, 2005; Porter et al.,
1990). NPR-C binds ANP, BNP, and CNP with high affinity, although its
affinity is higher for ANP and CNP than for BNP (Bennett ef al., 1991).
NPR-C has been involved in peptide clearance. It has been reported
that NPR-C removes ANP and BNP from the circulation (Maack et al.,
1993). In addition, it has also been suggested that NPR-C may be involved
in other biological effects of natriuretic peptides through second messengers
different from cGMP, such as the adenylyl cyclase/cAMP pathway (Murthy
et al., 2000). The adenylyl cyclase/cAMP system is one of the best
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characterized signal transduction mechanisms and mediates the physiologi-
cal actions of a variety of hormones. This pathway is composed of three
elements: a receptor; a cyclase with enzymatic activity; and a stimulatory or
inhibitory guanine nucleotide regulatory protein, the G proteins, which act
as transducers and in the presence of guanine nucleotides communicates the
signal from the membrane hormone receptor to the cyclase, resulting in an
increase (if a Gs is involved) or decrease (when the transducer is a Gi) in the
generation of cAMP. Natriuretic peptides have been reported to inhibit
cAMP synthesis in a number of tissues, an effect that is dependent on the
presence of guanine nucleotides, suggesting the involvement of a G protein
in the NPR -adenylyl cyclase transduction system (Anand-Srivastava, 2005).
The functional coupling between NPR-C and adenylyl cyclase was con-
firmed by the use of the ring deleted analog of ANP des[Glu'®, Ser!?, GIn?",
Leu?!,Gly?*?]ANP,_»3-NH, (C-ANP,_,3) that binds specifically to NPR-C.
C-ANP, 53 has been reported to inhibit cAMP generation in a number of
tissues including aorta, adrenal cortical membranes, vascular smooth muscle
cells (Anand-Srivastava ef al., 1990), and renal glomeruli (Woodard ef al.,
2004a, 2005). We have recently provided evidence that the 77 kDa protein
is involved in peptide internalization and clearance, whereas the 67 kDa
NPR-C-like protein inhibits adenylate cyclase activity; therefore, both
NPR-C-like proteins are involved in the regulation of cardiovascular
physiology (Woodard ef al., 2002c).

3. FuNcCTIONS OF NATRIURETIC PEPTIDES

3.1. Vascular effects of natriuretic peptides

In addition to the effects of natriuretic peptides on nonvascular cells,
involving actions on renal tubular and mesangial cells, inhibition of renin,
vasopressin or aldosterone release, which are important for their diuretic
and natriuretic actions, a number of relevant systemic actions ascribed to
natriuretic peptides are mediated to the reduction in total peripheral resis-
tance. This effect might be achieved by direct effect on the vessel wall, such
as the effect of natriuretic peptides inducing dilation of the renal afferent
arterioles, which induces an increase in glomerular filtration and subse-
quently diuresis. In addition, the vascular effects of natriuretic peptides
might be mediated by regulation of the sympathetic tone and catecholamine
release from peripheral sympathetic neurons.

The direct vasorelaxant actions of natriuretic peptides are mediated by
the activation of PKG. This enzyme regulates the opening of ion channels
in vascular smooth muscle cells inducing hyperpolarization and, therefore,
vascular relaxation (Dora ef al., 2001). In addition, cGMP decreases cyto-
solic free Ca?* concentration by a mechanism that is likely mediated by
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PKG (Rosado et al., 2001). The effects of cGMP on intracellular Ca>*
homeostasis include a reduction in Ca%' release from intracellular stores,
reduced Ca®" entry, and an increased Ca?* removal from the cytosol either
by promoting Ca®* sequestration into the internal stores or increasing Ca>™
extrusion through the plasma membrane (Geiger ef al., 1992). Finally, natri-
uretic peptides might induce vasorelaxation through the activation of cGMP-
regulated phosphodiesterases (D’Souza ef al., 2004). Natriuretic peptides
increase the cellular levels of cGMP that activates phosphodiesterase-II,
which is expressed in heart, platelets, liver, and adrenals. Activation of
phosphodiesterase-II results in the decrease of intracellular cAMP concentra-
tion and thus impairs cAMP-mediated responses (Whalin et al., 1991).

The vascular smooth muscle can regulate itself in the absence of endo-
thelium and can provide a braking mechanism to the cellular proliferative
effects common to disease and injury to the lumen of the arterial wall.
Recent studies have shown that CNP is expressed in mammalian vascular
smooth muscle independent of endothelial cells (Kelsall ef al., 2006;
Mendonca et al., 2006; Woodard et al., 2002a). This expression could be
modulated by cytokines expressed by immune cells and platelets as demon-
strated in vascular smooth muscle cells treated with PDGF (Mendonca et al.,
2006), basic fibroblast growth factor (bFGF) (Mendonca et al., 2006;
Woodard et al.,, 2002a), and TGF- (Mendonca et al., 2006; Woodard
et al., 2002a). Indeed, serum addition (10% fetal bovine serum) after 48 h
serum starvation of human aortic vascular smooth muscle cells shows a
greater than 60-fold induction of CNP-transcript levels after only 8 h
(Mendonca et al., 2006). Interestingly, human aortic endothelial cells
show a much lower response in CNP-transcript level to serum addition,
reaching a level of only threefold control value at 3 h and declining toward
time-matched control values at 8 and 24 h after serum addition (Mendonca
et al., 2006). This positive effect of serum treatment on CNP mRNA was
significantly reduced or abolished in the presence of genistein, a tyrosine
kinase inhibitor, as tyrosine kinase is a known downstream effector of most
serum-derived growth factors such as bFGF, PDGF, and VEGF. Likewise,
the most profound effect of serum stimulation of CNP seemed to work
through protein kinase C activation (PKC; Mendonca et al., 2000).

Gene therapy using an adenoviral construct of CNP in vascular smooth
muscle cells has also been shown to have a profound reduction in vascular
smooth muscle cell proliferation and restenosis following balloon angio-
plasty (Pelisek ef al., 2006). This is not surprising considering very high
levels of NPR-C have been found in neointimal vascular smooth muscle
cells up to 9 months after percutaneous coronary intervention (Naruko
et al., 2005).

A recent study has reported that the bioactive lipid sphingosine-1-
phosphate (S1P) to have a strong but acute inhibitory effect on NPR-B
activity, as measured by cGMP, in A10 vascular smooth muscle cells
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(Abbey-Hosch et al., 2004). A different study suggested that the CNP-
induced inhibitory effect on smooth muscle cell intimal proliferation might
be somehow mediated by the regulation of the oj-adrenoreceptor and IP;
receptor (Xiaohong et al., 2000).

3.2. Natriuretic peptides in cardiac physiology and pathology

ANP and BNP have been reported to show either negative or no eftects on
cardiac contractility when administered exogenously and even in the same
species the findings are conflicting. ANP has been shown to have no effect
in isolated rat cardiomyocytes or in isolated rat, feline or canine heart
(Burnett et al., 1987; Hirose et al., 1998; MacDonell and Diamond, 1997,
Yanagisawa et al., 1987); however, ANP exerts a negative inotropic effect
on avian cardiomyocytes or rat ventricular trabeculae (Stone et al., 1990;
Vaxelaire ef al., 1989). The inotropic effects of CNP are not less inconsistent
and contradictory, and both positive and negative effects have been
reported (D’Souza et al., 2004). The reason of these conflicting results is
still not clear but evidences suggest a possible concentration-dependent
effect of natriuretic peptides on cardiac contractility. According to this
hypothesis, low concentrations of natriuretic peptides might have positive
inotropic eftects while high concentrations of natriuretic peptides, sufficient
to get micromolar concentrations of cGMP might induce negative inotro-
pic effects due to inhibition of intracellular Ca?™ mobilization, especially
Ca?* entry through voltage-dependent channels and therefore by interfer-
ing with the cardiac contractile mechanism (Massion and Balligand, 2003).
In any case, the clinical benefits of natriuretic peptides due to their negative
inotropic effects have been considered insignificant compared to the
cardiovascular eftects observed due to their diuretic and natriuretic actions.
For instance, nesiritide, a recombinant form of human BNP, may offer
tolerability and clinical advantages over currently used vasodilators, inodi-
lators, and inotropes; specially, nesiritide does not exert proarrhythmic
effects. Nesiritide is effective and well tolerated in patients receiving con-
comitant f-blocker therapy or with renal insufficiency, which suggests
nesiritide as a suitable first option for the treatment of patients with acutely
decompensated CHF (Keating and Goa, 2003).

All the natriuretic peptides investigated have been shown to induce vasor-
elaxant effects in the coronary circulation, based on the effect of blockade of
the guanylyl cyclase-coupled receptors NPR-A and NPR-B with the antag-
onist HS-142-1 (Supaporn et al., 1996). Most studies have been focused on the
administration of ANP, which exerts a concentration-dependent vasodilator
action in canine and feline coronary arteries in vivo (Chu and Cobb, 1987;
Yanagisawa et al., 1987). The vasodilator actions of ANP are especially
relevant in the epicardial coronary arteries (Adachi et al., 1989). Similar effects
have been reported for BNP in humans; although little effect of BNP on the
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coronary resistance vessels have been demonstrated (Okumura et al., 1995).
The eftects of ANP are endothelium independent and resistant to inhibitors of
the soluble guanylyl cyclase in both canine and feline coronary arteries
(Matsumoto et al., 1999; Yanagisawa et al., 1987). Although there are evi-
dences supporting that ANP stimulates nitric oxide synthase in human renal
proximal tubular cells (McLay ef al., 1995), its relevance in coronary vasodila-
tation remains unclear.

CNP has also been shown to induce vasorelaxant eftects in porcine and
human coronary arteries (Wei et al., 1994; Wiley and Davenport, 2001).
Although the mechanism mediating the coronary vasorelaxant actions of
CNP are not completely understood, recent studies have suggested a role
for nitric oxide synthase and soluble guanylyl cyclases (Brunner and
Wolkart, 2001a,b). In addition, CNP has been presented as an
endothelium-derived hyperpolarizing factor via activation of NPR-C and
the opening of a G-protein-gated inwardly rectifying K* channel (Chauhan
et al., 2003). Likewise, vascular smooth muscle hyperpolarization elicited by
CNP/EDHEF depends on inwardly rectifying K (KIR) channels and Na*/
K*-ATPase (blocked by Ba?' and ouabain, respectively; Chauhan et al.,
2003). The hyperpolarizing effects of CNP provide new insight for the
development of therapeutic strategies to alter perfusion of isolated vascular
beds (Ahluwalia ef al., 2004). Recent studies have reported that the actions
of CNP on vascular tone are not limited to its hyperpolarizing eftects and
includes other vascular actions that mimics some of the anti-atherogenic
actions of nitric oxide and prostaglandin I, thus CNP is an important
regulatory factor for coronary blood flow and provide a cardioprotective
effect preventing myocardial injury during ischemia/reperfusion (Chauhan
et al., 2003; Hobbs et al., 2004).

Myocardial ischemia is one of the main causes of death in developing
societies. Acute occlusion of an epicardial coronary artery following ath-
erosclerotic plaque rupture is a primary cause of myocardial ischemia, which
leads to myocyte loss and the development of a wave of necrosis and
infarction of the ischemic tissue (D’Souza et al., 2004). The consequences
of myocardial infarction depend on the duration of the ischemia, and,
therefore, the extent of the ischemic territory. The regulation of the
cardiovascular function by the neurohormonal response to myocardial
infarction has recently been widely investigated and special attention should
be taken to the effect of natriuretic peptides. BNP concentration increases
rapidly in the early phase of acute myocardial infarction. The plasmatic
concentration of BNP increases within hours of the onset of acute myo-
cardial infarction to reach a concentration that might be more than 100
times the physiological concentration (Morita et al., 1993). Experimental
studies have demonstrated that after left ventricle ischemia, BNP concen-
tration in the ventricle increased about twofold in the first 12 h and fivefold
at day 1 compared to the physiological levels. The concentration of BNP in
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the coronary effluent was found to be dependent on the duration of the
ischemia (D’Souza and Baxter, 2003). In addition, BNP expression was
demonstrated in the ischemic and non-ischemic areas of the left ventricle as
well as in the right ventricle (Hama ef al,, 1995). ANP mRNA and
concentration has also been shown to increase immediately after myocardial
infraction (Galipeau ef al., 1988; Kleber ef al., 1992). These findings provide
evidence that BNP, and probably ANP, are sensitive markers of acute
myocardial infarction than ANP.

Rapid BNP release in response to experimental coronary artery occlu-
sion has also been demonstrated in rat hearts (Toth ef al., 1994). The same
authors reported that ANP and BNP secretion was stimulated by hypoxic
perfusion, independently of myocardial damage, which suggests that natri-
uretic peptide release is associated to hypoxia and, subsequently, to a
decrease in the cellular energy state due to impairment of the oxidative
metabolism (Toth et al., 1994).

Rapid release of natriuretic peptides following infarction has been sug-
gested to provide a protective action on the ischemic myocardium, as well
as other mediators of vascular, myocardial, and neuronal origin, including
bradykinin, adenosine, and endogenous opioids (D’Souza et al., 2004).
Experiments carried out in rat hearts perfused with BNP prior and during
coronary artery occlusion have demonstrated that BNP significantly reduces
infarct size in a concentration-dependent manner (D’Souza et al., 2003a).
The protective eftects of BNP are associated to an increase in myocardial
cGMP concentration and are impaired by Kap channel blockers and
inhibition of nitric oxide synthase and soluble guanylyl cyclase, suggesting
that activation of nitric oxide-dependent soluble guanylyl cyclase is some-
how involved in the cardioprotective effects of BNP over infarction size
(D’Souza et al., 2003b).

3.3. Antiproliferative effects of natriuretic peptides

Proliferation of vascular smooth muscle cells is an important response of
arteries to several vascular injuries, and is involved in a number of cardio-
vascular pathologies such as atherosclerosis, restenosis after angioplasty,
hypertensive left ventricular hypertrophy, postinfarction myocardial remo-
deling, cardiac failure, or ventricular dilatation. Cytokines and growth
factors, released by the injured vascular wall and activated platelets, stimulate
proliferation of the vascular smooth muscle cells (Clowes et al., 1983).
Natriuretic peptides have been reported to inhibit cell proliferation in
several cell types, such as vascular smooth muscle cells through the genera-
tion of cGMP. In support of this hypothesis, nitric oxide, a cGMP-elevating
agent, elicits antiproliferative effects in vascular smooth muscle cells (Garg
and Hassid, 1989). ANP and BNP have been reported to modulate cell
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growth and proliferation in smooth muscle cells and cardiac myocytes and
fibroblasts, preventing the secretion of extracellular matrix (Abell ef al.,
1989; Horio et al., 2000; Tsuruda et al., 2002). In vascular smooth muscle
cells, CNP, which is commonly referred as an endothelium-derived relax-
ing factor (Brown et al., 1997), has been presented as the most potent
inhibitor of growth and proliferation, an effect mediated by the occupation
of the guanylate cyclase-coupled NPR-B (Porter ef al., 1992). Consistent
with this, CNP has been shown to inhibit arterial intimal thickening in vivo,
most likely through the inhibition of vascular smooth muscle proliferation
induced by vascular injury (Brown et al., 1997). The presence of transcripts
of ANP, and predominantly CNP, as well as mRINAs coding for all three
NPRs in cultured rat vascular smooth muscle cells has been reported
(Woodard ef al., 2002a). The production and secretion of CNP in vascular
smooth muscle cells are stimulated by TGF-f while bFGF plays an inhibi-
tory role, suggesting that ANP, and mainly CNP, are coexpressed with the
NPRs in rat vascular smooth muscle cells, providing evidence for a vascular
natriuretic peptide autocrine system of physiological relevance in these cells
(Woodard et al., 2002a). Recent studies have reported that small peptide
fragments containing 12 amino acids irrespective of the region of the
cytoplasmic domain of NPR-C inhibit proliferation induced by vasoactive
peptides, such as angiotensin II, endothelin-1, and arginine vasopressin,
through G;, protein and MAP kinase/phosphatidylinositol 3-kinase/AKT
pathways, which demonstrate the antiproliferative eftects of NPR-C
(Hashim ef al., 2006).

3.4. Natriuretic peptides and hypertension

Primary hypertension is a genetically determined disorder affecting the
homeostatic systems that normally regulate blood pressure that is modulated
by superimposed environmental factors. These control systems include
endocrine, renal, vascular, cardiogenic, and neurogenic mechanisms that
interact in order to achieve blood pressure homeostasis. Among those
control systems, the interaction between blood pressure and the kidney is
especially relevant and kidney might both play an essential role in the
pathogenesis of hypertension and equally be a prime target of damage
caused directly or indirectly by hypertension. Kidney is extremely sensitive
to changes in blood pressure and responds in several ways to maintain
circulatory homeostasis (Raine, 1994). In addition, several renal function
abnormalities, such as increased renal vasoconstriction, increased renin and
aldosterone secretion, or altered activity of monovalent ion transporters play
an important role in the genesis of human hypertension (Otlov ef al., 1999;
Van Hooft ef al., 1991). Among the potential pathogenic factors involved in
hypertension, ANP is an obvious candidate due to its relevant effects of
natriuresis, diuresis, and hypertension itself. In spontaneously hypertensive



Natriuretic Peptides in Vascular Function 73

rats (SHR)), where hypertension is a polygenic trait and both autosomal and
sex-linked genes have been suggested to influence blood pressure (Hilbert
et al., 1991), an exaggerated natriuretic and diuretic response to exogenous
ANP has been reported compared to normotensive strains (Pollock and
Adrendshorst, 1990). Consistent with this, renal glomerular NPR-A shows
a higher affinity for ANP;_»g and lower maximal binding capacity in SHR.
compared to age-matched normotensive rats at all ages investigated
(Woodard et al., 2004b). In addition, ANP, »g induced a higher cGMP
production rate in renal glomeruli from SHR than in age-matched normo-
tensive Wistar Kyoto rats, both in young (3-week-old rats before the
development of hypertension in SHR) and in adult rats (Woodard et al.,
2004b). The abnormality in NPR-A-mediated signaling is unlikely
mediated by hypertension itself since adult (12-week old) DOCA-salt
hypertensive rats, which showed the same or even higher blood pressure
as age-matched SHR, failed to show a significant difference either in basal
or ANP; sg-stimulated cGMP production compared with their control
Wistar Kyoto rats (Woodard et al., 2004b). In addition, we have reported
that expression of NPR-A and NPR-C in isolated glomerular membrane
homogenates in normotensive and DOCA-treated hypertensive rats is
similar (Woodard et al., 2006). Therefore, the high rate of cGMP produc-
tion in SHR occurs before the development of hypertension, indicating its
primary role in the pathogenesis of hypertension.

Abnormalities in NPRs in other structures have been reported in hyper-
tensive subjects. It is well known that several brain structures play an
important regulatory role in blood pressure via peripheral or central neuro-
genic and neurohormonal mechanisms. Several studies have reported an
increase in ANP content in the hypothalamus and the olfactory bulb after
stimulation with several hormones, including catecholamines, or ethanol,
which is probably involved in the modulation of the increases in blood
pressure (Bastos ef al., 2001; Guillaume ef al., 1997). In addition, the number
of ANP-binding sites has been shown to be reduced in all the areas of the
brain investigated in SHR compared to normotensive rats (Brown and
Czarnecki, 1991; Saavedra ef al., 1986; Tang et al., 1993; Woodard ef al.,
2003), together with a higher rate of cGMP production in NPR-A from
olfactory bulb and hypothalamus in SHR (Woodard et al., 2003).

3.5. Natriuretic peptides and oxidative stress

Oxidative stress is the result of an imbalance between the production of
oxidants and the ability of the antioxidant systems to neutralize the radicals
and to prevent or repair the damage. Among the mechanisms involved in the
enhanced endogenous production of ROS are specially relevant the mito-
chondria, xanthine oxidase, superoxide-dismutase, the activation of arachi-
donic acid metabolism, the metabolism of phosphoinositides, and the
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activity of NADH/NADPH oxidase (luliano ef al., 1997; Li et al., 2002;
Seno et al.,, 2001; Tsutsui, 2004). Oxidative stress is associated with the
accumulation of reactive species, such as reactive oxygen species (ROS),
reactive nitrogen species, reactive nitrogen oxygen species, as well as
unbound metal ions (Davis ef al., 2001). ROS include oxygen radicals such
as superoxide radical, hydroxyl radical, as well as non-radical derivatives of
oxygen including hydrogen peroxide (H,O,). Reactive nitrogen species
include nitric oxide radical, and reactive nitrogen oxygen species include
the highly reactive oxidant species peroxynitrite, which is a derivative of the
reaction between nitric oxide and the superoxide radical. These reactive
species are highly oxidizing and potently damaging to redox-sensitive intra-
cellular proteins and DNA (Aschner et al., 2007). In addition, they are also
associated to peroxidation of membranes and to premature aging.

ROS, such as H,O5, have also been presented as intracellular messengers
required for the activation of a large number of signal transduction mechan-
isms, especially those mediated by tyrosine kinases (Salmeen et al., 2003;
Yada et al., 2003). In this context, a large number of physiological agonists
have been reported to stimulate H>O, production in several cell types
(Frank et al., 2000; Kimura et al., 1995; Redondo et al., 2005; Rosado
et al., 2004; Seno et al., 2001). ROS induce the activation of a number of
tyrosine kinase proteins, such as proteins of the MAPK pathway, proteins of
the Src family, and focal adhesion proteins (Abe ef al., 1997; Ben Mahdi
et al., 2000; Finkel, 1998). The latter are involved in the reorganization of
the actin cytoskeleton (Rosado ef al., 1998), another major target of ROS
that has been shown to contribute significantly to the inherent sensitivity of
cells to oxidative stress (Haarer and Amberg, 2004; Rosado et al., 2002).
Consistent with this, H,O, (10 uM) has been shown to induce a temporal
reorganization of the actin cytoskeleton in platelets, similar to that induced
by agonists on actin microfilaments and microtubules (Bouaziz et al., 2007;
Redondo et al., 2006). This actin remodeling consists of an initial net
depolymerization followed by a net increase in the actin filament content
(Redondo et al., 2004a). Our observations are consistent with the involve-
ment of ROS in the activation of the de novo conformational coupling
between the type II IP; receptor in the endoplasmic reticulum and hTRPC1
channels in the plasma membrane, which has been proposed to mediate
store-operated Ca?* entry (SOCE) in human platelets (Ben-Amor et al.,
2006; Lopez et al., 2006; Rosado and Sage, 2000, 2002; Rosado et al., 2005;
Woodard et al., 2007), where cortical actin filaments prevent constitutive
SOCE activation blocking the approach of portions of the ER to the PM
(Rosado and Sage, 2001; Rosado et al., 2000). The correlation between Ca?*
release and entry and actin reorganization induced by H,O, suggests that low
concentrations of H,O, might act as physiological molecules in human plate-
lets, as previously reported (Rosado et al., 2004; Seno et al., 2001). However,
ROS have also been found to exerts a biphasic concentration-dependent
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effects on intracellular Ca®>* homeostasis, so that at high concentrations
H,0O, induces Ca3t release from mitochondrial and non-mitochondrial
Ca?* stores most likely through the inhibition of the sarcoendoplasmic
reticulum Ca?* ATPase, the sensitization of IP3 receptors and the inhibition
of Ca?™ extrusion mechanisms, which leads to an abnormally elevated basal
cytosolic Ca?* concentration (Redondo et al., 2004b; Suzuki and Ford,
1992).

Although free radicals are known to play a physiological role in optimal
cell function, excessive oxidative stress has been involved in a variety of
cardiovascular disorders. It has been reported that increased production of
ROS has been associated with the development of hypertension, an effect
that might be associated to elevated methylglyoxal level, which, in turn,
might induce generation of ROS (Chang and Wu, 2006). A number of
studies support the role of oxidative stress in the pathogenesis of hyperten-
sion. In hypertensive animal models such as SHR and DOCA-salt induced-
hypertension, supplementation with the antioxidants vitamin C or vitamin E
reduced blood pressure and vascular remodeling (Chen et al., 2001). Con-
sistent with the role of oxidative stress in hypertension, overexpression of
superoxide dismutase, which neutralizes superoxide ions, and catalase,
which decomposes H,O,, reduces hypertension and increases NO avail-
ability in different models of experimental hypertension (Chu et al., 2003).
In addition, tempol (a superoxide dismutase mimetic) decreases blood pres-
sure; increases NO bioavailability; and improves endothelium-dependent
relaxation, kidney damage, and glomerular filtration in SHR and DOCA-
salt hypertensive rats (Chen et al., 2001; Kawada et al., 2002; Kojsova et al.,
2000).

Oxidative stress also contributes importantly to the pathophysiology of
inflammation in the cardiovascular system. ROS play a key role in regulation
of matrix metalloproteinases and the development of apoptotic events in
smooth muscle cells (Yuan ef al., 2007). Recent evidences suggest that ROS
and reactive nitrogen species are associated with abdominal aortic aneurysm
formation in several experimental models and humans (McCormick ef al.,
2007). Furthermore, it is well known that oxidative stress is involved in
cardiac hypertrophy and in the pathogenesis of cardiomyopathies, ischemic
heart disease, and CHF. ROS have been reported to be able to induce
cellular damage and acceleration of cell death through apoptosis and necrosis,
which is especially relevant in advanced heart failure (Suematsu ef al., 2003).
Moreover, ROS can impair cellular energetics through actions on mito-
chondrial enzymes in the heart, a tissue that is remarkably sensitive to oxygen
deprivation (Solaini and Harris, 2005). A large body of evidence suggests
a role for increased ROS production in the processes underlying left ven-
tricular hypertrophy, left ventricular remodeling, and heart failure. In
isolated cardiomyocytes, hypertrophy induced by a number of agonists,
including catecholamines, angiotensin II, endothelin-1, or TNFo has
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been shown to involve enhanced ROS generation (Hirotani et al., 2002;
Nakamura et al., 1998; Pimentel et al., 2001). In addition, enhancement of
superoxide by inhibition of superoxide dismutase results in cardiomyocyte
hypertrophy and apoptosis, which further supports a role for oxidative stress
in the pathogenesis of myocardial remodeling and failure (Siwik et al., 1999).
Enhanced ROS production has also been shown to be involved in left
ventricular remodeling resulting from experimental myocardial infarction
or chronic CHF, which can be prevented by ROS scavengers such as by
long-term administration of dimethylthiourea, a hydroxyl radical scavenger
(Kinugawa ef al., 2000), or by treatment with the antioxidant probucol (Sia
et al., 2002), which exert multiple beneficial morphological effects including
better left ventricular function, reduced neurohumoral activation, and pres-
ervation of renal function. In addition to cardiomyocyte hypertrophy,
enhanced production of ROS has been shown to induce reexpression of
fetal gene programs (Hare, 2001; Kono ef al., 2006).

It has been reported that oxidative stress is increased in most of the body
regions, including the myocardium, in patients with heart failure (Mallat
et al., 1998). There is also a good correlation between oxidative stress,
myocardial dysfunction, and the progression and severity of heart failure
in CHF patients, (Hornig et al., 1998; Mallat et al., 1998; McMurray et al.,
1993). Oxidative stress has been shown to be increased in ischemic and non-
ischemic CHF, a process where neutrophils may play an important role.
Short- but mainly long-term administration of vitamin C reduces oxidative
stress, decreases neutrophil superoxide anion generating capacity, and
increases flow-mediated dilation (Ellis et al., 2000). Among the different
sources of ROS, the NADPH oxidases, which are specifically activated by
several stimuli such as angiotensin II, cytokines, and mechanical forces, have
been suggested to be especially important in modulating redox-sensitive
signaling pathways that might underlie the development of cardiomyocyte
hypertrophy and ventricular remodeling (Cave ef al., 2005).

In bovine carotid artery endothelial cells, treatment with 0.5 and
1 mmol/1 H,O, resulted in nine- and tenfold increases of CNP concentra-
tion in the media. Further RT-PCR analysis reported that CNP mRINA
expression in these cells was rapidly enhanced within 1 h with 1 mmol/l
H,O,, reaching a peak at 3 h to show a tenfold increase. These findings
suggest that H>O, augments endothelial secretion of the endothelium-
derived relaxing peptide CNP, which might be an endothelial response
under oxidative stress to compensate the impaired nitric oxide-dependent
vasorelaxation in hypertension and atherosclerosis (Chun ef al., 2000).

Recent studies have reported that infusion of human ANP (carperitide),
in addition to its known effects improving hemodynamics in patients with
heart failure, shows antioxidant actions, reducing the level of superoxide in
cardiomyocytes induced by addition of H,O, (Shono et al., 2007). Due to
the expression of NPR-A throughout the body, it is expected that
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carperitide exerts its effects in many organs, such as the kidneys, blood
vessels, and heart. However, treatment of isolated cardiomyocytes with
exogenous ANP at low concentration (107% mol/l or 10~ mol/]; compa-
rable with the therapeutic dose of carperitide), rapidly and strongly sup-
pressed the expression of thioredoxin, a multifunctional protein that
contains a redox-active dithio/disulfide in the active site and exerts cyto-
protection against oxidative stress (Hare, 2001), which suggests that infused
carperitide shows a direct antioxidant action on the failing heart in vivo
(Shono et al., 2007). The antioxidant efficiency of ANP has been reported
in neonatal rat cardiomyocytes, where the hypertrophic response of the
heart to stimuli such as angiotensin II, consisting of increase in cardiomyo-
cyte size, f-myosin heavy chain and fos expression, superoxide genera-
tion, and gp91phox expression, was significantly reduced by ANP. These
effects have been shown to be mimicked by the superoxide dismutase
mimetic, tempol. ANP, as well as tempol, also significantly inhibited
endothelin-1-induced cardiomyocyte hypertrophy and superoxide anion
generation. Altogether, these findings demonstrate that the antihyper-
trophic actions of ANP are accompanied by a reduction in the cellular
levels of superoxide (Laskowski ef al., 2006), suggesting that an antioxidant
action contributes to the well known antihypertrophic effects of ANP.
The protective effects of ANP against oxidant-induced injury have also
been reported in rat aortic smooth muscle cells. In these cells, treatment
with the water-soluble 2,2'-Azobis (2-amidinopropane) dihydrochloride
(AAPH), a free radical generating system, induces a significant increase in
cytosolic free Ca?>* concentration and phospholipase D (PLD) activity as
well as a decrease in intracellular pH due to the activity of the Ca?>*/H™T
exchanger, that operates the efflux of Ca?* coupled to H" influx. Pretreat-
ment of rat aortic smooth muscle cells with pharmacological ANP concen-
trations have been reported to attenuate the effects of AAPH, although no
effects were observed with physiological ANP concentrations, suggesting
a possible role of the natriuretic peptide as protective effector against early
events of the oxidative stress (De Vito et al., 2003). In these cells, lysopho-
sphatidic acid has been reported to induce cell growth and ROS produc-
tion. Both effects were impaired by physiological concentrations of ANP,
without having any significant effect on lysophosphatidic acid receptors
expression. The effect of lysophosphatidic acid on cell growth and ROS
production has been suggested to be mediated by activation of the lipid
kinase, phosphatidylinositol 3-kinase, and its substrate Akt, since ANP-
induced inhibition of lysophosphatidic acid-activated responses was
mimicked by cell treatment with wortmannin, an inhibitor of phosphati-
dylinositol 3-kinase, and physiological concentrations of ANP reduced the
activation of Akt by lysophosphatidic acid. These findings also point out
that the pathway phosphatidylinositol 3-kinase/Akt might be a target for
ANP-induced regulation of cell proliferation (Baldini et al., 2005a).
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In Hep G2 cells and human monocytes or macrophages, ANP has been
shown to regulate ROS production through either the recruitment of a
signal pathway involving an increase in p38 MAPK phosphorylation, down-
regulation of mMRINA NHE-1 expression, and regulation of phospholipase D
activity or the involvement of diacylglycerol and phosphatidic acid (Baldini
et al., 2003, 2005b), pointing to ANP as a modulator of ROS production.

4, FURTHER ASPECTS OF NATRIURETIC PEPTIDES IN
CARDIOVASCULAR MEDICINE

CHEF, a condition in which the heart cannot pump enough blood to
the organs, leading to tissue congestion and affecting the ability of the
kidney to dispose of sodium and water and increasing edema, affects a
large number of patients. Only in the United States, nearly 5 million people
suffer from this pathology. Among the cardiac risk factors involved in the
development of CHF smoking, high cholesterol, high blood pressure,
diabetes, and obesity are especially relevant. Current medications for the
treatment of CHF include diuretics, inotropes, vasodilators, and f§ blockers,
which are designed to overcome the alterations on single components of the
diverse pathways contributing to CHEF. For instance, diuretics help the
kidneys to eliminate excess fluid, thereby reducing blood volume and
heart workload, vasodilators facilitate blood flow through the peripheral
arteries and f§ blockers slow the heart rate and reduce blood pressure by
blocking the effects of catecholamines. Despite the treatment of CHF with
multiple drugs, almost all CHF patients experience one or several episodes
of acute CHF that require hospitalization. A major factor leading to the less
than optimal treatment of CHF is its focus on the symptoms of the pathol-
ogy rather than addressing the underlying cause. In most CHF cases, the
inability of the heart to pump blood efficiently is the result of other medical
conditions, such as high blood pressure or reduced kidney function.

It has been reported that patients with heart disease show attenuated
natriuretic peptide response, which might be attributed to the recently
described downregulation in the density of NPR-A in heart and coronary
artery of patients with ischemic heart disease (Singh ef al., 2006).

As previously mentioned, BNP has several physiological effects, such as a
vasodilatation, or the increase in the excretion of sodium (natriuresis) and
fluid (diuresis). When the heart is unable to pump blood efficiently, BNP is
produced and its actions work in concert on the vessels, heart, and kidney to
decrease the fluid load on the heart, allowing the heart to function better
and improving cardiac performance (Fig. 3.2). Recent studies have reported
evidence supporting that adjunctive therapy with nesiritide (human recom-
binant BNP; hBNP) may be beneficial for patients with advanced heart
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Figure 3.2 Proposed roles of natriuretic peptides in congestive heart failure. In
response to cardiac failure endogenous or exogenous administered ANP and BNP
enhanced natriuresis and diuresis and induce local vasodilatation. CNP reduces the
development of cardiac remodeling and attenuates vascular smooth muscle cell prolifer-
ation. The net result of these actions is a decrease in blood pressure and circulatory vol-
ume, thus reducing cardiac workload.

failure and renal insufficiency (Yancy and Singh, 2006). In patients hospi-
talized with decompensated CHF, nesiritide improves hemodynamic func-
tion and their clinical status (Colucci et al., 2000). The major hemodynamic
effects of hBNP reported includes decrease in cardiac preload and systemic
vascular resistance, improvement of cardiac output without increasing heart
rate, and a reduced plasma norepinephrine and aldosterone levels; therefore,
hBNP has been presented as a pharmacologically active peptide with
potential in the therapy for decompensated heart failure (Abraham et al.,
1998), and compared with dobutamine, a pharmacological tool commonly
used as a means of treating decompensated CHF, nesiritide is a safer short-
term treatment for patients with decompensated CHF (Burger et al., 2002).

Recombinant human ANP (carperitide) has also been shown to be
useful for management of acutely decompensated CHF. Carperitide has
been approved for the clinical management of acute decompensated CHF
in Japan since 1995 (Chen and Burnett, 2006). Investigation of the cardio-
vascular effects of carperitide reported that this compound has a negligible
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effect on coronary perfusion pressure or heart rate, but attenuated the
contractile force in isolated guinea pig hearts. Intravenous infusion of
carperitide decreased arterial blood pressure and total peripheral resistance
in the anesthetized and conscious dogs. In addition, intravenous carperitide
reduced pulmonary capillary wedge pressure, pulmonary pressure, and right
atrial pressure in dogs with CHF induced by coronary artery occlusion and
saline loading, suggesting that carperitide can improve the hemodynamic
alterations in animals with acute experimental heart failure (Fig. 3.2)
(Hidaka et al., 1993).

As recently found, an increase in the plasma levels of CNP of myocardial
origin and of its precursor was observed in CHF, suggesting that CNP is
produced in the heart during cardiac failure where it may elicit important
compensatory physiological effects on ventricular remodeling (Fig. 3.2) (Del
Ry et al., 2006a; Kalra et al., 2003). Continuous administration of CNP in
rats with experimental myocardial infarction has shown that CNP improved
left ventricular dysfunction and reduced the development of cardiac remo-
deling due to its potent antifibrotic and antihypertrophic actions (Soeki et al.,
2005). CNP may represent an important new local autocrine and endocrine
antiremodeling mediator in CHF (Del Ry et al., 2006b).

CNP has also been shown to attenuate the development of restenosis, a
significant clinical problem limiting the long-term therapeutic success of
balloon dilation or stent implantation. Recent studies investigating the
therapeutic effects of periadventitial liposome-mediated CNP gene transfer
in vivo reported a significant long-term reduction of neointimal formation
without compromising endothelial repair. The therapeutic eftect of CNP
gene transfer was better than single CNP administration. The advantages of
CNP based therapy during angioplasty are its physiological origin and the
simultaneous inhibition of vascular smooth muscle cell proliferation while
promoting re-endothelialization (Fig. 3.2) (Pelisek et al., 2006). Therefore,
the inclusion of CNP in drug-eluting stents might be used to reduce the
risk of restenosis, providing a considerable improvement to cardiovascular
treatments so that future adverse coronary events can be averted.

5. CONCLUDING REMARKS

In addition to its mechanical function, the heart is an endocrine organ
that upon cardiac stretch and overload releases natriuretic peptides, which,
in turn, exert a variety of beneficial actions to the cardiovascular system,
including vasodilation, natriuresis, and diuresis. Cardiac-derived natriuretic
peptides, mostly BNP, have emerged as useful biomarkers for the diagnosis
and prognosis of patients showing heart failure. In fact, the inactive amino-
terminal fragment of the BNP prohormone (NT-proBNP), which is more
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stable than mature BNP, has been presented as a tool for the diagnosis of
cardiac dysfunction and elevated NT-proBNP plasma concentrations have
been reported to be predictive of poor prognosis in a variety of cardiovascu-
lar diseases (Costello-Boerrigter and Burnett, 2005). In addition to cardiac-
secreted natriuretic peptides, CNP, synthesized and released by vascular
endothelial cells shows strong antiproliferative effects, inhibiting arterial
intimal thickening through the inhibition of vascular smooth muscle prolif-
eration induced by vascular injury. A number of studies have provided
evidence supporting that adjunctive therapy with nesiritide (human recom-
binant BNP) or carperitide (human recombinant ANP) may be beneficial for
patients with advanced heart failure and renal insufficiency due to their
effects modulating fluid and electrolyte balance, vascular smooth muscle
tone, and the regulation of coronary blood flow, myocardial perfusion and
proliferative responses during myocardial and vascular remodeling; although
further clinical studies are necessary to evaluate risks and benefits, safety, and
comparative efficacy of the use of natriuretic peptides with other treatments.
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Abstract

Insects do not possess ciliated epithelia, and cilia/flagella are present in the
sperm tail and—as modified cilia—in mechano- and chemosensory neurons.
The core cytoskeletal component of these organelles, the axoneme, is a
microtubule-based structure that has been conserved throughout evolution.
However, in insects the sperm axoneme exhibits distinctive structural features;
moreover, several insect groups are characterized by an unusual sperm axo-
neme variability. Besides the abundance of morphological data on insect sperm
flagella, most of the available molecular information on the insect axoneme
comes from genetic studies on Drosophila spermatogenesis, and only recently
other insect species have been proposed as useful models. Here, we review the
current knowledge on the cell biology of insect axoneme, including contribu-
tions from both Drosophila and other model insects.
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1. INTRODUCTION

Several reasons underlie the growing interest for insect biology. First,
insects constitute the largest living animal group: They have colonized
almost all possible ecological niches, attaining specific and efficient adapta-
tions to a variety of life styles, and several species are currently studied as
useful indicators for altered environmental conditions. Second, research on
insect biology has important implications in agriculture and biomedicine.
Third, some insects can be easily grown as laboratory strains, and the
availability for some species of a sound genetic background and of the
possibility to produce and manipulate mutants, has allowed to overcome
many of the evident difficulties that insects pose for traditional biochemical
researches. As a matter of fact, studies on Drosophila melanogaster, currently
one of the most established model organisms, have provided fundamental
contributions to our present knowledge of animal cell biology. Finally, the
whole genome sequence has been either established or is currently being
assembled for as many as 50 insect species.

In the last decade, much attention has been paid to the study of ciliary
assembly, function, and organization. This has been mainly due to the
discovery that cilia and flagella, beside being motile organelles, are involved
in sensory perception and cell signaling processes; as such, they play a
crucial role in the development of living organisms and—when altered—
are responsible for several important genetic diseases (Bisgrove and Yost,
2006; Davis et al., 2006; Marshall and Nonaka, 2006; Satir and Christensen,
2007; Scholey and Anderson, 2006). The basic organization of the cilium
has been conserved during evolution. This organelle is based on a
membrane-enveloped core cytoskeletal structure—the axoneme—which
is commonly formed by nine microtubular doublets arranged around two
central singlet microtubules, a disposition that is usually referred to as the
“94-2” pattern. The outer doublets are connected to each other by series of
projections—the nexin links and the outer (ODAs) and inner (IDAs) dynein
arms—and to the central microtubules by the so-called radial spokes. Such
an organization is found in motile cilia and flagella of most eukaryotic phyla;
on the other hand, a 94-0 pattern, that is, with no central pair, is a common
feature of sensory and primary cilia. The possible evolutionary origin of this
complex and peculiar microtubular array has been the subject of a long-
standing debate (see e.g., Cavalier-Smith, 1982; Li and Wu, 2005; Mitchell,
2004; Satir et al., 2007).
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Among insects, cilia/flagella are present in sperm cells, in sensory cells as
modified cilia, and in epidermal secretory units as transient cilia; the absence
of any ciliated epithelium is a peculiar feature that, along with moulting,
groups insects and nematods in Ecdysozoa. The abundance of morphologi-
cal data available on insect sperm flagella has shown that they generally share
the basic 94-2 axonemal organization, but also that some peculiar features
have been added during the evolution of pterygotans, and that a variety of
unusual axoneme patterns has been achieved by several insect orders (Dallai
et al., 2006; Jamieson et al., 1999).

While the detailed knowledge of the ultrastructure of insect sperm
axonemes has provided significant phenotypic features that proved to be
useful for the study of phylogenetic relationships among different insect
orders, the molecular data available on insect axonemes have essentially
derived, over the last 30 years, from observations carried out on Drosophila
mutants, and only recently other species have been proposed as suitable
experimental models.

Here, we review the current information on the cell biology of the
insect axoneme, with the aim to report about the contribution that
studies on insect models can provide toward the general comprehension
of axoneme biology.

2. STRUCTURAL ORGANIZATION OF THE AXONEME
IN INSECT CILIA AND FLAGELLA

2.1. Flagellar axoneme: From 9-2 to various
axoneme models

In insect sperm flagella, the 94-2 axoneme pattern is present only in the basal
wingless Collembola, and, as a derived condition, in a few pterygotan orders
(Dallai et al., 2006). Most insects are in fact characterized by a peculiar
synapomorphic feature, that is, a crown of nine microtubules—the accessory
tubules—which encompass the central 94-2 axoneme, so that the common
model is the so-called 94-94-2 pattern (Fig. 4.1A—C). During spermiogene-
sis, accessory tubules originate from each microtubular doublet as a
short projection, which extends from a definite point of the B-subtubule
in a direction opposite to dynein arms, progressively grows and finally
detaches from the doublet giving rise to an independent complete microtu-
bule (Cameron, 1965; Dallai and Afzelius, 1993); later, an electron
dense material is accumulated in the space between two adjacent accessory
tubules.

A considerable diversity has been described in the structure of the
accessory tubules, which is genetically determined (Raff ef al., 1997; see
Section 3.1.1); most commonly, they consists of 16 protofilaments, but
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Figure 4.1 (A and B) Cross sections of insect sperm tails showing the most common
94942 axoneme pattern found among insects: The accessory tubules are formed by
16 protofilaments. (A) The coleopteran Ptilophorus dufouri (from Jamieson et al., 1999)
and (B) the basal nematoceran Diptera Macrorhyncus ancae (from Dallai et al., 1995).
(C) Cross section through the spermatozoon of the brachyceran Diptera Ramphomyia
sp.: The accessory tubules are provided with 13 protofilaments (from Dallai et al.,1993).
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different protofilament numbers can be found in some groups, varying from
13 up to the exceptional number of 40 protofilaments recently described in
the atypical spermatozoa of the neuropteran Perlamantispa perla (Dallai et al.,
2000).

Although the 94942 axoneme pattern is the common insect model,
several taxa express a modified sperm tail structure, which can vary from the
“simple” absence of a given axoneme component, to very odd axoneme
organizations. Interestingly, in different insect evolutionary lineages, the
first affected structure is most often the central pair, which may be either
modified or absent; this first event is then followed by—or is concomitant
with—either the loss of dynein arms, and/or alterations in the number and
disposition of microtubular doublets. Thus, it seems that during insect
evolution, alterations of the central complex would have led to an increased
“evolutionary instability” of the sperm axoneme. Such a morphological
variability of the insect sperm tail has been recently reviewed by Jamieson
et al. (1999) and by Dallai et al. (2006).

Examples of this trend can be found in the wingless Protura and primi-
tive paleopteran order Ephemeroptera, in which the lack of the central pair
is concomitant with the loss of the ODA (Dallai et al., 1992), or in the
immotile spermatozoa of the trichopteran Annulipalpia, in which the
central pair is either absent or consists of three or seven microtubules
arranged in a regular array, and both dynein arms are absent (Fig. 4.2A).
Supernumerary outer microtubules also characterize the sperm tail of these
insect groups. Protura contain a number of axonemal doublets varying from
12 to 16 in the different genera examined. Similarly, the sperm axoneme of
the trichopteran Wormaldia copiosa consists of 13 doublets, devoid of dynein
arms and surrounding a central vesicle (Fig. 4.2A), while in the trichopteran
family Hydropsychidae, which also lacks the central complex, supernumer-
ary doublets are assembled ex novo at different levels along the axoneme with
an assembly process that does not involve the basal body (Dallai ef al., 1995;
Friedlinder and Morse, 1982) and are localized in finger-like appendages of
the sperm cell (Fig. 4.2B).

The greatest sperm variability has been described in the dipteran subor-
der Nematocera. Here, the tendency toward an increased number of
doublets is maximally expressed in the two closely related families: Sciaridae
and Cecidomyiidae, which are characterized by highly aberrant axonemes.
In the former family, Sciara and Rhynchosciara possess a sperm axoneme that
is devoid of the central apparatus and consists of a spiral composed, respec-
tively, by 60-90 and 350 doublets, each one associated with its own
accessory tubule and still endowed with dynein arms. An interesting series
of progressive variations of the axoneme patterns has been described within
Cecidomyiidae. In the members of the most primitive subfamily Porricon-
dylinae, the central apparatus is either formed by one, two, or three micro-
tubules, or is absent. Then in all the species belonging to the subfamily
Lestreminae, the axoneme lacks the central apparatus and comprises an
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Figure 4.2 (A) Cross section through the Wormaldia copiosa spermatozoon. The
axoneme is provided with 13 microtubular doublets and lacks the central complex
(from Dallai et al., 1995). (B) SEM micrograph of the caddisfly Hydropsyche pellucidula
spermatozoon; note the numerous appendages that are present along the sperm (from
Dallai et al., 1995). (C) Cross section through the spermatozoa of the lestremiid Diptera
Anaretella cincta. The flagellar axoneme consists of 20 microtubular doublets surrounding
an axial mitochondrion (m) (from Dallai et al., 1996).

increasing number of microtubular doublets that are arranged around a
central axial mitochondrion [e.g., Heterogenella (Fig. 4.3C) and Anaretella
(Fig. 4.2C)], or are disposed in two antiparallel rows, containing up to 150
microtubules. Both subfamilies still retain their dynein arms. The evolution
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Figure 4.3 (A) SEM micrograph of the gall midge dipteran Allocontarinia sorghicola
spermatozoon; note the flattened flagellar axoneme (from Dallai et al., 1993). (B) Cross
section through the flattened sperm flagellar axoneme of the gall midge dipteran
Myricomyia mediterranea. The single microtubular doublets devoid of arms are hosted in
pockets of the plasma membrane (from Dallai ef al., 1993). (C) Cross section through
Heterogenella sp. spermatozoa. The axoneme is provided with 9 microtubular doublets
and lacks the central complex (from Dallai et al.,1996).

of the more advanced subfamily Cecidomyiinae is characterized first by the
appearance of highly aberrant axonemes consisting of a huge number of
doublets (up to 2500 in Asphondylia ruebsaameni) arranged in a single or in a
double parallel spiral and provided with the ODAs only (Lupetti et al., 1998;
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Mencarelli et al., 2001) (Fig. 4.8); successively, along the evolution of
Cecidomyiinae, both dynein arms disappear and the immotile flagellum
becomes a flattened structure, with the doublets hosted in small outpockets
of the plasma membrane (Fig. 4.3A and B).

Quite often the central pair is replaced by other axial structural elements.
In an axoneme cross section, these can appear as a ring of dense material—as
in Ephemeroptera, in the nematoceran Diptera Bibio and in some gall
midges, for example, Bryomyia and Xylopriona—or as a compact rod, as in
Culicidae (Dallai et al., 2006, 2008).

The oddness of some insect sperm models concerns not only the axo-
neme structure, but also the number of axonemes. The mature spermato-
zoon of thrips (Thysanoptera) has a bizarre flagellar axoneme consisting
of 27 microtubule elements, which derive from three amalgamated 94-0
axonemes (Paccagnini et al., 2007). A multiflagellate spermatozoon was also
described by Baccetti and Dallai (1978) in the isopteran Mastotermes
darwiniensis, with each flagellum consisting of a 940 axoneme.

How the variety of unconventional sperm axoneme models that has
been realized during insect evolution might have occurred and maintained
their viability is a puzzling and still unsolved question. In particular, the
frequency of modifications affecting the central apparatus raises several
questions, given the important regulatory role that this structure plays in
9+2 axoneme motility (Kamiya, 2002). Further contributions from both
genetic and molecular analyses as well as new studies on insect reproductive
biology and phylogeny are necessary to answer this question.

2.2. Ciliary axoneme

2.2.1. Primary cilium

The occurrence of primary cilia as a widespread feature of most vertebrate
cells, and their crucial role as organelles able to transduce a variety of both
mechanical and chemical extracellular stimuli has been firmly established
over the past years by many studies (Davis ef al., 2006; Marshall and Nonaka,
2006; Pan and Snell, 2007; Quarmby and Parker, 2005). But still, informa-
tion on primary cilia in insects is extremely limited. The modified chemo-
and mechanosensory cilia are considered as derived from primary cilia of the
sensory neurons, and they show the 94-0 axoneme model that is typical of
the primary cilium. Besides these structures, primary cilia have been till now
reported only in the primary spermatocytes of some insect species belonging
to different orders, that is, the heterometabolic locust (Daub and Hauser,
1988) and a few holometabolic insects, the lepidopterans Bombyx mori
(Friedlinder and Wahrman, 1970; Holm and Rasmussen, 1980), Euproctis
chrysorrhea (Leclercq-Smekens, 1978), Spodoptera littoralis (Godula, 1985),
and Calpodes ethlius (Lai-Fook, 1982), the trichopteran Potamophylax rotun-
dipennis (Wolf and Klein, 1995), and the dipteran Dermatobia hominis
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(Quagio-Grassiotto and de Lello, 1996). In these species, the spermatocyte
shows four short cilia, located at the cell pole and directed toward the cyst
lumen; the apex of each cilium is swollen (Fig. 4.4A and B). According to
Friedlinder and Wahrman (1970), the occurrence of four cilia marks the
primary spermatocyte in the early meiotic profase, while the two secondary
spermatocytes are provided each with a pair of cilia. In P. rotundipennis, the
cilium originates from a basal body possessing the typical triplets only in its

Figure 4.4 (A) SEM micrograph showing the primary cilia of the primary spermato-
cytes of the moth Spodoptera littoralis; note the swollen cilium tip (from Godula, 1985).
(B) TEM micrographs of two consecutive longitudinal sections of primary cilia from
the primary spermatocytes of the caddisfly Potamophylax rotundipennis; the cilium lacks
the central microtubules and shows a swollen tip (from Wolf and Klein, 1995).
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most distal region, close to the transition zone, and ends in a swollen apical
region containing electron transparent material and only a few dense gran-
ules (Fig. 4.4B). The primary cilia are supposedly reabsorbed at the end of
the meiotic process and, during spermiogenesis, spermatids assemble the
sperm flagellum ex novo.

A peculiar ciliary structure that is typical of insect species and that might
be related to the primary cilium is the ephemeral cilium expressed during
epidermal gland morphogenesis (Fig. 4.5). These glands—defined as glands
of the 3rd type—possess a quite complex ontogenetic process, which has

Figure 4.5 (A) Crosssection through the extracellular cistern (ci) where the secretion
is stored. Note the microvilli (mv) bordering the cistern lumen and the efferent duct
(ef) (from Dallai and Burroni, 1981). (B) Schematic drawing of the ontogenesis of the
epidermal secretory cells of 3rd type. Explanation in the text: cl, ephemeral cilium; mt,
moulting fluid; ¢, cuticle (from Quennedey, 1998).
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been well described by Sreng and Quennedey (1976). Gland formation
involves four cells, enwrapping one another (Fig. 4.5B). The innermost cell
of each glandular unit assembles a ciliary process, and progressively invagi-
nates to form a sort of muff around the basal part of the cilium, whereas the
three other cells form the efferent duct; the invaginated part of the ciliated
cell will contribute to form the secretory canal. Successively, the cilium is
reabsorbed and the cells undergo a degeneration process, except one cell
located beneath the external cuticle, that will become the duct-forming
cell, and an inner cell, that will increase in size and form the secretory cell
(Fig. 4.5A and B). In apterygotans, which continue to moult even when
they have reached the adult stage, the ciliary cells are still present in the
adult, and the cilium is partly reabsorbed at each moult (Bitsch, 1981; Bitsch
and Palévody, 1976). As it is noted below, the development of the 3rd type
gland is somehow reminiscent of the development of sensory organs,
which, in its simplest cases, also implicates a tetrad of cells.

2.2.2. Modified cilium of insect sensory cells

In insects, the transmission of mechanical and chemical stimuli is mediated
by a series of specialized Type I sensory organs which—though showing a
series of structural adaptations—all share a common feature: The sensory
cell 1s always a ciliated bipolar neuron and the ciliated dendrite is the site
of transduction. Type II sensory cells are instead single, nonciliated
multidendritic neurons.

Type I organs can be further subdivided into chordotonal organs and
external sensory organs, which include bristle (either olfactory or mechano-
sensory) and campaniform sensilla (for a detailed description of the structural
organization of these organs, see Hallberg and Hansson, 1999; Keil, 1992,
1997; Yack, 2004). The bipolar neuron is always surrounded by specialized
supporting cells, which form a large subcuticular cavity around the dendrite,
the receptorlymph space (Fig. 4.6A and B). The neuron and the supporting
cells originate from the same stem cell through a series of asymmetric
divisions; this morphogenetic process is schematized in (Fig. 4.6D). The
first division produces two secondary precursors: One cell will further
divide into the so-called tormogen and trichogen cells, which will be
implicated in the formation of the bristle shaft and the socket; the other
cell will first divide into a small cell and another precursor cell, which will
finally divide to produce the sensory neuron and the thecogen cell, impli-
cated in the secretion of an electron dense sheath around the outgrowing
dendrite. All Type I sensilla arise from variations on this lineage (Bardin
et al., 2004; Kernan, 2007). The ciliary structure—the so-called connecting
cilium—subdivides the sensory cell into an inner and an outer segment.
Within the cilium, the axoneme always exhibits a 9+0 organization
(Fig. 4.7A) and a typical basal body; a ciliary rootlet extends into the inner
segment of the cell.
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Figure 4.6 (A—C) Schematic drawings of sensilla: (A) mechanoreceptor, (B) olfactory
sensillum, (C) chordotonal organ. In (A), the apical end of the dendrite forms the “tubular
body” (tb); in (B), the ciliary dendrite prolongs into the lumen of the seta. to, tormogen cell;
pd, primary dendrite; tr, trichogen cell; ax, axon; nl=th, neurilemma=thecogen cell; ep,
epidermal cell; tb, tubular body; jm, joint membrane; sc, sensory cell; orl, receptorlimph
cavity; od, outer dendritic segment. Note the perforated cuticular wall in the olfactory
sensillum. (C) In the chordotonal organ, a scolopidium provided with the scolopale cap
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In mechanosensory bristles (Fig. 4.6A) and in campaniform sensilla, the
ciliary outer segment contacts the base of the bristle or of the cuticular dome,
respectively. The cilium is highly modified; a very short connecting cilium with
a 9+0 axoneme pattern soon expands into the distal part of the outer segment,
which contains many tightly packed singlet microtubules—the tubular body:
embedded in an electron dense matrix. The effective stimulation is thought to
occur when a local deformation of the cuticle compresses the ciliary membrane
between an extracellular dentritic cap and the tubular bundle. In olfactory
sensilla, instead, a long cilium extends within a porous bristle shaft (Figs. 4.6B
and 4.7B-D); depending on the type of sensillum, the outer segment may or
may not divide into several terminal dendritic branches, each containing singlet
microtubules extending from the tubular body.

Chordotonal (or scolopidial) organs are tension receptors attached under
the cuticle, with no visible external sensillum (see Yack, 2004). In each
sensory unit—the scolopale—a fluid-filled capsule, formed by the scolopale
cell, encloses the long cilium of 1-3 sensory neurons (Fig. 4.6C). The cilium
retains the 94-0 axoneme structure for most of its length; approximately in
the distal third of the axoneme, doublets bulge out to form a dilation that
encloses an electron dense inclusion with a tubular or paracrystalline sub-
structure, the function and composition of which are unknown. The ciliary
tip is covered by an extracellular tube-shaped dendritic cap, required for the
transmission of stimuli, which is secreted by the scolopale cell.

Interestingly, while in external sensory organs the 940 axoneme is
devoid of both inner and outer arms, both dynein arms are instead present
on the doublets of the modified cilium in the chordotonal organs
(Fig. 4.7A) (Boo and Richards, 1975; Corbiere-Tichané, 1971), suggesting
the occurrence of a distinct functional mechanism for the cilium in the two
types of organs (see below).

3. MOLECULAR COMPOSITION OF THE
INSECT AXONEME

In the last decade, comparative genomic analyses and proteomic
studies have provided significant information on the molecular composition
of cilia and flagella, evidencing that these organelles are far more complex
than previously thought (Avidor-Reiss ef al., 2004; Broadhead et al., 2006;
Inglis et al., 2006; Li et al., 2004a; Ostrowski et al., 2002; Pazour et al., 2005;

(Scc) embedding the ciliary dendrite (cd), is present. ct, cuticle; cc, cap cell; Scc, scolopale
cap; Sc, scolopale; cd, ciliary dendrite; Sco, scolopale cell. (D) Schematic drawing of
the origin of a sensillum complex. Explanation in the text. to, tormogen cell; nl, neuri-
lemma = thecogen cell; ac, accessory cell; pd, primary dendrite; trs, tricogen cell sprout; ax,
axon (A, B, D from Keil and Steinbrecht, 1984).
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Figure 4.7 (A) Cross section through the antennal scolopidium of the beetle Speophyes
lucidulus. Note the two outer dendritic ciliated segments, with a 94-0 axoneme; the axo-
nemal doublets are provided with dynein arms (from Corbiére-Tichané, 1971). (B-D)
Cross section through the distal region of an olfactorium sensillum to show the distal
ends of two outer dendritic segments and the slender pore tubule in the cuticle (arrow-
heads), through which the odor molecules reach the dendrite membrane (from Keil and
Steinbrecht, 1984).
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Smith et al., 2005). Most recently, the proteomic analysis of whole sperm
cells from D. melanogaster identified 381 proteins, most of which have been
found to have orthologs in Amnopheles gambiae (Dorus et al., 2006). Both
searching of the genome for homologues of known axoneme proteins
(Goldstein and Gunawardena, 2000) and the analysis of the sperm proteome
(Dorus et al., 2006) have identified in Drosophila several known axoneme
components, including o and f§ tubulins, tektins, radial spoke proteins, and
dynein subunits. Among the unknown proteins identified in the fly sperm
proteome, several appear to be evolutionarily conserved, since they possess
orthologs in cilia from other model organisms, ranging from protists to
mammals (Inglis et al., 2006); however, a certain degree of organism-
specific variation in the protein complement is expected, reflecting the
known structural differences among flagella of evolutionarily divergent
organisms. Comparing different Drosophila sp., the sperm proteome, as a
whole, appears to be evolving quite conservatively (Dorus ef al., 2006); this
is in contrast with the rapid protein divergence rate that characterizes other
parts of the Drosophila reproductive apparatus, for example, male accessory
glands (Mueller et al., 2005; Swanson ef al., 2001), and suggests the occur-
rence of strong evolutionary constraints on sperm structure and function.

Besides these contributions, most part of the current molecular informa-
tion on the insect axoneme derives from the genetic analysis of spermato-
genesis in D. melanogaster, which allowed to explore extensively the
relationship between tubulin structure and axoneme assembly and function.
Recently, some unconventional insect sperm flagella have also been pro-
posed as interesting models relevant for other aspects of axoneme biology,
namely, the analysis of tubulin posttranslational modifications (PTMs) and
the molecular architecture of the ODA.

3.1. Structural features of axonemal tubulins

Notwithstanding the high level of sequence conservation exhibited among
widely distant organisms, o and f§ tubulins—the main components of micro-
tubules—are characterized by a substantial degree of structural heterogeneity.
Tubulin diversity can arise at the gene level, through the expression of
multiple isotypes encoded by a multigene family, and can be further elaborated
by an extensive array of reversible PTMs (Kierszenbaum, 2002; Luduena,
1998; Westermann and Weber, 2003). While the conserved sequence features
are thought to reflect structural constraints imposed by the basic microtubule
function, the expression of different tubulin isotypes and of different sets of
tubulin modifications has been related to the specificity of microtubule struc-
ture and function in a given cellular context, thus reflecting structural protein
adaptation for specialized microtubule arrays.
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Most part of tubulin variability, either due to primary structure differ-
ences or PTMs, concerns its highly acidic, highly heterogeneous carboxy-
terminal region, which is located on the outer surface of the microtubule
and is therefore well positioned to modify the properties of the polymer and
to mediate interactions with other proteins. In fact, this domain is not
required for assembly of microtubules per se and has been implicated in
binding to microtubule-associated proteins (Sackett, 1995). The carboxy-
terminus has been conserved in corresponding tubulin isoforms in different
species, and is therefore considered an isotype-defining domain determining
the functional microtubule specificity (Sullivan, 1988). Comparative sequence
analyses have also identified the internal variable sequence comprised between
amino acids 33 and 57 as a second isotype-defining region (see Sullivan, 1988).

We summarize first the valuable information that studies on Drosophila
sperm axonemes have contributed to the identification of the tubulin pri-
mary structural features that are essential for the proper assembly of the
axoneme; then, we analyze the available data on the expression of tubulin
PTMs in either conventional or aberrant insect sperm axonemes.

3.1.1. Primary structural requirements for axonemal tubulin

Most of the present knowledge on the tubulin structural features required
for the assembly of a 94-2 axoneme comes from the ultrastructural analysis
that Raff and colleagues performed on the spermatogenesis of transgenic
flies carrying different lesions in the testis-specific  tubulin molecule. These
studies have revealed that axoneme function is strongly dependent on the
intrinsic properties of the constituent f-tubulin isotype, and that a high
degree of stringency has occurred during eukaryotic evolution in the
structure—function relationship between f-tubulin sequence and axoneme
morphogenesis.

D. melanogaster possesses four genes coding for o tubulin and four genes
for f§ tubulin; however, all the microtubule-mediated processes occurring
during spermatogenesis are mediated by a single tubulin heterodimer con-
sisting of the testis-specific 2 isotype paired with the predominant « isotype
(x84B), that is constitutively expressed also in other tissues (Raff, 1994).
f2 tubulin is first synthesized in mature primary spermatocytes and is then
required for all subsequent sets of microtubules, including meiotic spindle,
cytoplasmic microtubules responsible for nuclear shaping and mitochon-
drial derivative elongation, and axonemal microtubules, with the only
exception of the basal body, which is completed in earlier stages of sper-
matogenesis and is therefore constituted by a different f§ isotype, i1 tubulin.

Spermatogenesis is strictly dependent on the expression of 52: when this
was hampered by mutations altering 2 stability, spermatogenesis failed
(Fackenthal ef al., 1993, 1995). Moreover, gene replacement experiments
have shown that the divergent 83 isotype (Hoyle and Raff, 1990) and even
the highly similar (95% identity) f1 isotype (Raff et al., 2000), which are not
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normally expressed in the male germ line, cannot functionally replace 2. 3
can support only a subset of the multiple functions normally performed by
p2, that is, the assembly of microtubules involved in mitochondrial deriva-
tive elongation, but neither meiosis, nor nuclear shaping and axoneme
assembly, indicating that the different spermatogenic microtubule arrays
impose different structural requirements on f tubulin (Hoyle and Raff,
1990). Although sharing with 2 a higher degree of sequence conservation,
p1is also unable to assemble a correct axoneme, and allows the assembly only
of 9+0 axonemes, which distally lose their integrity (Raft et al., 2000). This
phenotype is coherent with the role that f1 normally plays in the assembly of
the short 94-0 axonemes of sensory cilia (Dettman et al., 2001).

These data indicated that the information for the construction of a motile
9+2 axoneme resides in some primary structural features of the tissue-
specific f2-tubulin isotype, and that small sequence differences between
isotypes, like those existing between 1 and 2, can mediate large differences
in microtubule assembly capacity. In this respect, it is interesting to note that
p1 and f3 affect the axoneme structure in different aspects and to a different
level.

A deeper insight into the structural relationship between the axoneme
and its constituent 2 tubulin was provided by the analysis of a series of
stable, partially functional tubulin variants, each altered in a different region
of the molecule; this mutational analysis showed that the two isotype-
defining variable regions, that is, the internal region between residues 33
and 57, and the last carboxyterminal 15 amino acids, are indeed critical for
f2 function in axoneme assembly.

In the B2t° mutant, which carries an amino acid substitution at position
56, the axoneme is normally assembled but, as far as its maturation proceeds,
an electron dense luminal filament appears in the A subfibers of doublet
microtubules, that normally occurs only in the singlet microtubules, that is,
in the central pair and in the accessory tubules (Fackenthal et al., 1995).
Thus, this phenotype reflects some 2 sequence requirements for the
specification of doublet morphology. Interestingly, an almost reciprocal
phenotype was observed when the predominant 084B subunit, normally
expressed during spermatogenesis, was replaced by the «85E subunit,
a minor isotype present in a restricted set of somatic cells (Hutchens ef al.,
1997); only the singlet microtubules of the axoneme were affected, and
both the central pair and accessory tubules were characterized by the
absence of the internal luminal filament. So, different subsets of axoneme
microtubules have separable requirements for a- and f-tubulin structures.

The crucial role of the 2 carboxyterminus was initially suggested by the
analysis of transgenic flies expressing f2 A C, a truncated /2 molecule lacking
the terminal 15 amino acids (Fackenthal et al., 1993, 1995). This tubulin
variant is unable to support the assembly of the proper axoneme architecture,
and only unorganized clusters of microtubules with presumptive axonemal
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identity, that is, microtubules with shared walls and microtubules with
electron dense filling, occur in the spermatid cytoplasm. Spokes and any
other microtubule connecting structures are also absent. Thus, the 2 car-
boxyterminus is essential for the proper organization of microtubules into a
functional higher-order 942 structure with all its associated nontubulin
components.

Although the 2 A C and B2t° variants affect different aspects of axoneme
morphogenesis—specification of microtubule identity and organization
of microtubules in a motile axoneme—they do not complement each
other for proper axonemal morphology (Fackenthal et al., 1995). This
finding suggested that the two isotype-defining regions are both required
for f2 function, and it was proposed that they interact to form a 3D structure
necessary for proper axoneme assembly (Fackenthal ef al., 1995).

If the C-terminus is essential for the correct organization of doublets and
singlets into the axoneme, then the replacement of this domain in the 3
molecule with that of 2 should confer on the former isotype new func-
tional capabilities. Starting from this hypothesis, Hoyle ef al. (1995) con-
structed a gene encoding for the chimeric protein f352C, with a 3/
B2 fusion at the position corresponding to amino acid 344 of the 2 mole-
cule. Although still not equivalent to 2, this chimeric protein indeed
possesses additional functions. In particular, even if an overall complete
9+2 axoneme is still not formed, some suprastructural features are never-
theless present, namely, doublets exhibit architecturally complete linkers
and spokes, and morphologically normal accessory tubules are also assem-
bled. The occurrence of these elements even on incomplete arrays of
doublets provided evidence that their assembly and the addition to their
specific-binding sites is a process occurring independently at each doublet,
and strictly dependent on sequence information located in the 2 carboxy-
terminus. The involvement of this domain in the regular positioning of
nontubulin components along the axoneme was then confirmed by the
analysis of transgenic flies coexpressing f2AC along with the endogenous
p2 (Hoyle et al., 2001); incorporation of f2AC disrupts the longitudinal
repeat of radial spokes and central pair components. The 52 carboxytermi-
nus is therefore crucial in conferring to the doublet microtubules the
capacity to associate with other axoneme structural components.

Comparative sequence analyses on f§ tubulins from different organisms
and tissues identified a sequence motif that is specifically present in the
C-terminus of axonemal f§ tubulins (Raff et al., 1997). This motif consists of
the consensus sequence EGEF(E/D); and has been evolutionarily con-
served throughout different taxa, but is not present in f tubulins from
organisms that lack motile cilia and flagella (Luduena, 1998). An extended
version of this consensus sequence—EGEF(E/D),_sG/A—was successively
proposed by Duan and Gorovsky (2002). Some indications about the role
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that this sequence plays in axoneme morphogenesis came from the analysis
of a series of chimeras constructed from 1 and 2 tubulin (Nielsen et al.,
2001). As reported above, f1-mediated axonemes have a 940 architecture.
It was found not only that the replacement of the whole 1 carboxyterminal
15 amino acid sequence with the corresponding 2 sequence allows the
assembly of 942 axonemes, but also that even the substitution of just the
two amino acids that are required to introduce the axoneme motif into
the f1 C-terminus, rescued the assembly of the central pair complex
(Nielsen et al., 2001). However, axonemes assembled by these chimeras
did not maintain their full-length integrity, and additional changes introduc-
ing ff2-specific residues in the internal variable region (amino acids 55-57),
did not significantly improve axoneme integrity.

This set of data indicated that the short axoneme motif'in the 2 carboxy-
terminus carries information for the assembly of the central microtubules
and is presumably required to mediate critical protein interactions. A trun-
cated f2-tubulin variant missing the seven amino acids carboxyterminal to
the core axoneme motif s still able to support the assembly of an apparently
normal axoneme (Popodi et al., 2005). Thus, only the proximal eight
residues of the carboxyterminus—which still contain sites for PTMs
(see below)—appear to be essential for the interaction properties of this
protein domain. However, these data indicated also that other features of the
f2 molecule are necessary to form an axoneme stable over its whole length;
this is suggested also by the phenotype of the B2t” mutant, which carries an
amino acid substitution at position 144 and expresses axonemes devoid of
one or both the central microtubules, which fray apart within a few microns
from the basal body (Fuller ef al., 1988). This is likely to be also the reason
why the 2 carboxyterminus did not rescue the capability to assemble
the central pair complex when inserted in the context of the more divergent
B3 molecule (see above).

Besides the sequence features required to build a motile 9+2 axoneme—
which are broadly conserved—the testis-specific ~tubulin isotype should
also contain some aspects responsible for species-specific structural features,
which are conserved over a more restricted phylogenetic range; the latters
include, for example, structural features that are characteristic of a given
insect order. This was suggested by the analysis of transgenic flies in which
f2 was replaced by the Heliotis virescens ortholog, Hvft (Raff et al., 1997).
The moth f tubulin is unable to support any spermatogenetic microtubule
array when expressed as the sole f-tubulin isotype in the postmitotic male
germ line, but supports the assembly of partial axonemes when coexpressed
with f2. Interestingly, when Hvfit comprises more than 6% of the total
p-tubulin pool, it imposes on the accessory tubules the 16-protofilament
structure that is typical of moths, while Drosophila accessory tubules are
normally formed by 13 protofilaments. The finding that only the accessory
tubules are affected, and not doublets or central pair singlets, is likely to
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reflect their peculiar morphogenetic process. So, the testis-specific i~tubulin
sequence appears to contain also structural information for axoneme
species-specific features.

Overall, these studies revealed that the testis-specific f2 tubulin exerts a
considerable control over different levels of microtubule organization
within the axoneme, and that several features of this organelle—including
microtubule identity, the assembly of the central pair, the regular position-
ing of binding sites for spokes and linkers, up to the general organization of
the axoneme—are specified by definite structural aspects of this tubulin
isotype. This means that use in axoneme assembly has strictly constrained
f2-tubulin evolution, and, indeed, f§ tubulins used in motile axonemes fall
among the most conserved f-tubulin sequences. Nielsen and Raff (2002)
suggested the occurrence of intramolecular cooperative interactions and the
assembly of the central pair as the main features that have contributed to this
stringent structure/function relationship. The general occurrence of a 9+2
array in motile axonemes would thus reflect a positive selection for molec-
ular mechanisms—mediated by the central apparatus—that are able to
provide a fine tuning of the beating and hence a more efficient motility.
As a matter of fact, several motile flagellar models are known that exhibit
unconventional axoneme geometries—most of them among insects—
but they are all characterized by a poor motility.

Interestingly, the mutation rate of testis-specific ff tubulin seems not to be
the same when different insect groups are considered over comparable times of
evolutionary separation, as it emerged from the analysis of testis-specific
f-tubulin sequences from two lepidopteran and two dipteran species
(Nielsen et al., 2006). In the same study, an almost complete stasis in 2 evolu-
tion was shown in the genera Drosophila and Hirtodrosophila, which was related
to the presence of special constraints, unique to this clade and possibly related
to requirements imposed on the 52 sequence by the assembly of the very long
sperm axoneme (up to 5.8 cmlongin D. bifurca) that characterizes these insects.
Surprisingly, residues evolving more rapidly in lepidopterans with respect to
dipterans are those involved in longitudinal contacts with o tubulin—both
inter- and intradimers—and in lateral contacts between protofilaments, while
the most slowly evolving residues are those of the carboxyterminus, which do
not play an actual structural role in microtubule assembly. Such a difference in
f2 evolution rate between dipterans and lepidopterans has been suggested to
be related to the absence of a testis-specific o-tubulin isotype in Drosophila and
to its presence in Bombyx (Kawasaki et al., 2003; Nielsen ef al., 2006); use of
both o and f§ testis-specific isotypes might have released testis tubulin evolu-
tion, allowing a mutation rate greater than when the o subunit of the dimer has
multiple function, as occurs in Drosophila, which uses the same major a isotype
for both somatic and axonemal functions.

The above reported study is based on the analysis of quite a limited
number of species. The two dipterans used for this mutational rate analysis,
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D. melanogaster and A. gambiae, belong respectively to Brachycera and
Nematocera, the two dipteran suborders. We note here that, while brachy-
cerans are characterized by an absolute conservation of the 94-9+2 pattern,
a trend toward increasingly aberrant axoneme architectures, up to some of
the most amazing ever described, occurred in nematocerans (see Dallai ef al.,
2006; Jamieson ef al., 1999). Having a basal phylogenetic position within
this dipteran group, Anopheles still maintains the circumferential organiza-
tion of the nine doublets and the related accessory tubules, though it has
already lost the central pair complex. Therefore, it would be interesting to
obtain sequence data on testis-specific f tubulin from higher nematoceran
species that possess highly modified axonemes.

3.1.2. Posttranslationally modified tubulin isoforms

A conserved axoneme feature is the presence of a high tubulin polymor-
phism, which is essentially contributed by a series of PTMs (Verhey and
Gaertig, 2007; Westermann and Weber, 2003). Such a molecular complex-
ity of axonemal tubulin is likely to be correlated with the great number of
protein interactions occurring in the 942 structure and to the requisite
organization of specific anchoring sites on the microtubular lattice.

With the exception of acetylation of Lys*’ on o tubulin, all axoneme
PTMs occur in the tubulin carboxyterminal domain. These include the
tyrosination/detyrosination cycle and the removal of the terminal glutamyl—
tyrosine dipeptide on the o tubulin, and two polymodifications that are
common to both o and f tubulins, that is, polyglutamylation and poly-
glycylation, which consist in the addition, respectively, of several glutamate
(up to 20) or glycine (up to 34) residues onto the lateral chain of specific
glutamic residues in the tubulin C-terminal domain, thus forming poly-
glutamate or polyglycine side chains. Polymodifications provide major
contributions to axonemal tubulin heterogeneity, due to variations in the
length and structure of the added side chain (Bré et al., 1998; Redeker ef al.,
1991, 1998; Vinh et al., 1999; Wollff et al., 1994).

All tubulin PTMs have been detected in axonemes from phylogeneti-
cally distant species, from protists to mammals, and in insects as well
(Bobinnec et al., 1999; Bré et al., 1996; Bressac et al., 1995; Mancini et al.,
2005; Mencarelli et al., 2000a, 2004, 2005; Taddei et al., 2000). Such a
widespread distribution is suggestive of a relevant role for tubulin PTMs
during axoneme morphogenesis and function, but the specific contribution
provided by each modification has not yet been definitely established.

PTMs are unlikely to affect microtubule stability directly; rather, they
seem to biochemically distinguish different microtubule sites and to adapt
them for specific functions. Glutamylation and glycylation could allow to
modify to a different extent the structure and the charge properties of the
C-terminus—where their modification sites partially overlap with the
axoneme motif (see Popodi ef al.,, 2005 and references therein)—and to
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differentially modulate its capability to interact with other axonemal compo-
nents. The structural variability of the added side chains could provide a
differentiated scaftold for multiple protein interactions. Evidence supporting
this hypothesis has been accumulating during the last years. The involvement
of glutamylation in regulating the interaction between microtubules and
microtubule-associated or motor proteins has been demonstrated in vitro
(Bonnet et al., 2001; Boucher et al., 1994; Larcher et al., 1996; Okada and
Hirokawa, 2000); both polyglycine and polyglutamate side chains have been
implicated in the interaction of flagellar dynein with the B-tubule during its
mechanochemical cycle (Bré et al., 1996; Gagnon et al., 1996; Million ef al.,
1999).

Further observations correlate with a role of polymodifications in specify-
ing microtubule-binding properties. First, in metazoans, glycylation is mostly
restricted to axonemal microtubules, and in protists, only monoglycylation
occurs on cytoplasmic microtubules, while the longer polyglycine side chains
are restricted to the hyperstable axonemal array (Bré ef al., 1998). Second,
axoneme morphogenesis is characterized by a developmentally regulated
expression of glycylation—monoglycylated isoforms occur in newly assem-
bled microtubules while longer polyglycine side chains mark the end of sperm
maturation (Iftode et al., 2000; Tomini et al., 1998; Kann et al., 1998). Third, in
axonemes from protists, echinoderms and mammals, polymodifications have
been found to be differentially distributed among the different kinds
of axonemal microtubules (Johnson, 1998; Multigner et al., 1996), among
different doublets (Fouquet et al., 1996; Kann et al., 1998; Prigent et al., 1996)
and also along the axoneme (Bré ef al., 1996; Huitorel et al., 2002; Lechtreck
and Geimer, 2000).

Recently, the analysis of Tetrahymena mutant strains carrying alterations
of the glycylation sites has shown that a certain threshold level of microtu-
bule glycylation is required for both cell viability and correct axoneme
morphogenesis (Redeker ef al., 2005; Thazhath et al., 2002, 2004; Xia
et al., 2000). Glycylation deficiencies were shown to result in the failure
to initiate the construction of the central pair, and in the capability to
assemble only short-size 94-0 immotile cilia; furthermore, the overall struc-
tural integrity of the axoneme is compromised. On the basis of these results,
it was proposed a function for tubulin glycylation during axoneme mor-
phogenesis; possibly, shorter or even monoglycylated side chains could be
required during the early stages of assembly, while longer chains could
be involved in distinct functions occurring later during axoneme matura-
tion, for example, motility. PTMs could specifically recruit proteins impli-
cated in central pair assembly. The above described mutant phenotypes,
however, could be due to a defect of both glycylation and glutamylation,
since it has been shown that the two polymodifications are coordinated
(Redeker et al., 2005); in fact, mutations in the glycylation sites of either o
or f tubulin modify the level of glutamylation along with glycylation on the
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mutated tubulin molecule, and also affect the levels of both polymodifica-
tions on the nonmutated subunit of the tubulin dimer.

The axonemal defects of Tetrahymena glycylation mutants resemble some
of the phenotypes described in Drosophila mutants with an altered f-tubulin
isotype. Up to now, tubulin PTMs have been studied only in the sperm
flagella of a limited number of insect species, mainly by the use of isoform-
specific monoclonal antibodies. Bressac ef al. (1995) and Bré et al. (1996)
analyzed the expression of glycylated isoforms during Drosophila spermato-
genesis, and found that glycylation is developmentally regulated, occurring
at the end of spermatogenesis and marking the end of sperm maturation.
The presence of glutamylated o and f tubulin in Drosophila testis was
reported by Bobinnec et al. (1999).

A more detailed analysis of tubulin isoform content and distribution was
carried out by Mencarelli ef al. (2000a) in the 94942 sperm axoneme of the
hymenopteran Apis mellifera. In this species, an enhanced stability of acces-
sory versus axonemal microtubules allowed the separation and comparative
analysis of the two classes of microtubules. The results of this study evidenced
a specific compartmentalization of tubulin isoforms within the honeybee
sperm axoneme. Tubulin heterogeneity is overall much higher in axoneme
than in accessory tubules, with significant differences occurring between the
two classes of microtubules. First, the tubulin tyrosination extent of accessory
tubules is far lower than that of axonemal microtubules, whereas the reverse
is observed for detyrosination. This finding confirms at the molecular level
the origin of accessory tubules as outgrowths from the B-tubules of outer
doublets, which contain a much higher amount of detyrosinated tubulin than
the A-tubules (Johnson, 1998; Multigner et al., 1996). This result was
confirmed by Taddei ef al. (2000), who reported a preferential occurrence
of tyrosinated o tubulin on axonemal doublets in the sperm tail of Bacillus
rossius. Similarly, accessory tubules resemble the B-tubules also by containing
glycylated variants which—in other organisms—have been reported to be
specifically located in the B-subfiber (Multigner ef al., 1996). Second, tubulin
polyglutamylation occurs differentially, and a higher amount of f-tubulin
molecules are modified in axonemal than in accessory microtubules. Third,
the most acidic variants, likely to be those with longer polyglutamate side
chains, are restricted to axonemal microtubules.

Thus, the structural and functional organization of the honeybee sperm
tail is based on a finely tuned differentiation of the two microtubular
assemblies, which is at least in part created by the intrinsic properties of
tubulin in each system. The different stability of axoneme and accessory
microtubules is, however, unlikely to be generated by their tubulin content,
but rather is more probably contributed by diftferent and specific sets of
associated proteins. Hence, the differential distribution of PTMs may be
related to specific structural requirements imposed by the different interac-
tions that the two microtubular systems need to establish during axonemal
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morphogenesis. In this view, the higher level of heterogeneity exhibited by
axoneme microtubules might be due to the more complex protein inter-
actions they are involved in and to the more specialized functions they have
to perform in axonemal motility.

No information is currently available about the mechanisms that generate
such microtubule differentiation during insect spermatogenesis. The knowl-
edge on the enzymes responsible for microtubule PTMs is still limited
(Verhey and Gaertig, 2007), and the question of how axoneme microtubules
can be differentially modified still remains a central issue.

In a successive series of experiments, Mencarelli ef al. (2004, 2005)
analyzed the content of tubulin PTMs in a group of unconventional
axonemes. The models selected for this study included (i) three species—
the ephemeropteran Ecdyonurus and the dipterans Bibio and Anopheles—
characterized by axonemes devoid of the central pair microtubules, which
are substituted by central axial elements of unknown nature and (i) two
species—the cecidomids Monarthropalpus and Asphondylia—the sperm axo-
nemes of which have lost not only the central pair/radial spokes complex,
but also the IDAs and even the ninefold symmetry of the conventional
axoneme (Fig. 4.8) (Lupetti et al., 1998; Mencarelli et al., 2000b, 2001).
Hence, these axonemes are aberrant both in their assembly mechanism and
in their motility (see below), and all recall Tetrahymena glycylation site
mutants for the absence of the central pair microtubules. The authors
found that such axonemal alterations are concomitant with a strong reduc-
tion in tubulin molecular heterogeneity, which results from extremely low
levels of glycylation and glutamylation on both o and f tubulins (only
Asphondylia 8 tubulin—which also is not significantly glycylated—still
retains a certain level of glutamylation), or even from the lack of both
polymodifications, as occurs in Bibio. This common feature is unlikely to
be due to evolutionary relationships, given the unrelated positions of the
analyzed species in the insect phylogenetic tree. In fact, Anopheles belongs to
a dipteran superfamily (Culicoidea) difterent from that of the other dipterans
(Bibionidae); moreover, dipterans have strongly diverged from the more
primitive order Ephemeroptera, to which Ecdyonurus belongs (Jamieson
et al., 1999). So, in these insects, a correlation appears to exist between
alterations in axonemal pattern—namely the absence of the central pair—
and a reduced expression of the two polymodifications.

The nature of the molecular defect/s concomitantly underlying the
unusual axoneme architecture and PTMs deficiencies has not yet been
established. The finding of a contemporary reduction of both polymodifi-
cations on both tubulin subunits fits well with the above reported observa-
tions by Redeker et al. (2005), on the existence of a coordinate expression of
glycylation and glutamylation.

It is remarkable that, while removal of f-tubulin glycylation is lethal in
Tetrahymena, and cilia and flagella of other organisms have always been
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Figure 4.8 (A). Transverse section through the sperm tail of Monarthropalpus flavus.
In this species of gall midge fly, the axonemes are made of cartwheel oriented laminae
of microtubular doublets connected by outer dynein arms only (original unpublished).
(B) Transverse section through mature spermatozoa of the gall midge Asphondylia
ruebsaameni. In this species, outer dynein arms are visible connecting microtubular
doublets that are arranged in double parallel spirals (see inset in this figure) around an
axial stack of mitochondria (original unpublished). (C) Metal replica of demembra-
nated, rapidly frozen, cryofractured sperm axonemes of Monarthropalpus flavus. The
axoneme was fractured parallel to the longitudinal axis of the sperm thus showing many
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reported to be enriched at least in one polymodification, in these insects
neither sperm viability nor its capability to beat are affected. This raises the
question of how this condition has been allowed and maintained during the
evolution of these species. With respect to protists, insects could have been
less affected by alterations in tubulin PTMs since they express a testis-
specific f-tubulin isotype, while in Tetrahymena only one o and one
f-tubulin isotype (see Xia et al., 2000) are responsible for the assembly of
all the multiple microtubular arrays of the cell, so that mutations in the
tubulin molecule and the ensuing PTMs are expected to interfere with
multiple vital functions. Alternatively, this discrepancy might be related to
the different process underlying axoneme assembly in insect sperm flagella
and in Tetrahymena cilia. In Tetrahymena, as in most organisms, axoneme
morphogenesis depends on intraflagellar transport (IFT); polymodifications
have been proposed to affect IFT (Pathak et al., 2007; Redeker et al., 2005).
During insect spermatogenesis, on the contrary, axoneme assembly occurs
in the spermatid cytoplasm, and does not require IFT (Han ef al., 2003;
Sarpal ef al., 2003; Witman, 2003). Therefore, if polymodifications are
indeed required for the interactions between IFT motors and microtubules,
then the peculiar way that insects use to build their sperm axoneme might
allow them to more easily tolerate a decrease in the polymodifications level.
This hypothesis is supported by the observation that, while axonemes
depending on IFT are characterized by an early onset of monoglycylation
and by a delayed polyglycine side chain lengthening (Iftode ef al., 2000;
Kann ef al., 1998), in Drosophila spermatogenesis both mono- and poly-
glycylations occur only in mature spermatozoa (Bré ef al., 1996).

A detailed analysis of the distribution of glutamylated tubulin isoforms
was carried out in Asphondylia spermatozoa (Mencarelli ef al., 2004). This
highly aberrant axoneme does not originate from a conventional basal body,
but it is formed by a very peculiar assembly process, in which doublets
originate in the postnuclear region, from aggregates of dense fibrous mate-
rial and membranous cisternae (Mencarelli et al., 2000b). In the mature
sperm tail, the highest level of glutamylation is localized in the very

dynein outer arms intercalated among parallel rows of microtubules (original unpub-
lished). (D) Same preparation as in (C) but from mature spermatozoa of Asphondylia
ruebsaameni. Also in this case, the fracture plane was parallel to the longitudinal axis of the
sperm tail and many outer dynein arms are visible in rows intercalated among parallel
microtubules (original unpublished). (E) 3D surface rendering model from a fourier-
filtered double tilt tomographic map of Monarthropalpus spermatozoa prepared like that
shown in (C) (original unpublished). (F) 3D surface rendering of two neighboring outer
arm dyneins. The model was obtained by single particle analysis performed on a tomo-
gram from Monarthopalpus sperm axoneme like that shown in (C). The ring presumably
corresponding to the distal head heavy chain is visible after this strategy of image analysis.
SK, stalk; dH, distal head; pH, proximal head; St, stem; DC1 and DC2, docking complex
(original unpublished).
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proximal region of axonemal doublets, close to the nucleus. Such a high
level of glutamylation is commonly observed in basal bodies of cilia and
flagella of a variety of species (Lechtreck and Geimer, 2000; Péchart ef al.,
1999), and tubulin glutamylation has been shown to be crucial for microtu-
bule stabilization in centrioles (Bobinnec ef al., 1998). So, tubulin glutamy-
lation could be required for the stabilization of the nascent shared-wall
microtubules per se, independently from the supramolecular architecture
of the axoneme.

Along the Asphondylia sperm axoneme, glutamylated epitopes exhibit a
uniform distribution, rather than the differential distribution in a proximo-
distal gradient that characterizes all the till now analyzed 9+2 axonemes
(Bré et al., 1996; Fouquet ef al., 1996; Huitorel ef al., 2002; Kann et al.,
1998, 2003; Lechtreck and Geimer, 2000; Mencarelli et al., 2000a; Prigent
et al., 1996). The gradient distribution of tubulin isoforms has been related
to the differential distribution of the various IDA isoforms along the 9+2
axoneme—more specifically, to the need of providing a scaftold of differ-
entiated, specific-binding sites along the axoneme. Thus, it is notable that in
Asphondylia, the absence of a gradient distribution of tubulin glutamylated
isoforms is concomitant with the lack of IDAs (Mencarelli et al., 2001). The
inhibition exerted on the motility of reactivated sperm flagella by an anti-
glutamylated tubulin antibody (Mencarelli ef al., 2001) indicates, however,
that this PTM is still involved in the peculiar motility of this aberrant
axoneme, which is based on the activity of the ODA only.

The above reported data on insect axonemes emphasize the view that
polymodifications are involved in the establishment and/or stabilization of
the 942 architecture. Thus, not only precise sequence features but also
PTMs of the tubulin carboxyterminus are strictly required for axoneme
construction, and, as a part of a tightly constrained developmental system,
tubulin PTMs are likely to be also subjected to evolutionary constraints and
to coevolutionary adaptive changes.

3.2. Dynein

Axonemal dyneins are minus end-directed molecular motors connecting
microtubular doublets in motile axonemes of cilia and flagella. Most ultrastruc-
tural and molecular information about axonemal dyneins has been obtained
in studies of the biflagellate green alga Chlamydomonas reinhardtii, the ciliate
Tetrahymena pyriformis and sea urchin spermatozoa, while only limited work
has been performed in insects. All the dynein isoforms that have been identified
biochemically are large multisubunit proteins with a mass of 0.6—2 million
daltons, composed of 1-3 heavy chains (MW ~ 530 kDa) as well as of a
number of intermediate (MW 60—135 kDa) and light (MW < 25 kDa) chains
(Mitchell, 1994; Porter, 1996). The heavy chains correspond to morphologi-
cally identifiable heads, each containing a molecular motor domain with the
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hydrolytic site for ATP; they bind to microtubules in an ATP-dependent
manner and allow dynein arms to force neighboring doublets to slide against
each other (Summers and Gibbons, 1971; Warner et al., 1989).

Several dynein gene products and at least five biochemically defined
forms of dynein can be found in a given type of flagellum (Hook and Vallee,
2006). The spatially and temporally coordinated activity of different dynein
isoforms arranged on doublets in two longitudinal rows of ODAs and IDAs
is usually necessary for ciliary and flagellar motility (Asai and Wilkes, 2004;
Kamiya, 2002; Porter and Sale, 2000).

After the complete sequencing of Drosophila euchromatic genome
(Adams et al., 2000; Rubin ef al., 2000), 12 dynein heavy chain genes
could be identified; among them most appeared to be axonemal isoforms
and 3 appeared to be new genes (Goldstein and Gunawardena, 2000).

Correlating dynein genes with specific dynein structures in the axoneme
and understanding the functional morphology of axonemal dyneins is a
long, challenging, but very important process. The first details about the
molecular morphology of isolated dynein complexes were obtained by
quick freeze-deep etch (QF-DE) microscopy of molecules adsorbed onto
mica (Goodenough and Heuser, 1982, 1984; Sale ef al., 1985) and later by
negative stain and image analyses on purified minimal motor domains
(Burgess ef al., 2003, 2004). These studies showed that each heavy chain
forms a ring-shaped head domain, from which two other domains emerge:
A slender stalk, which is able to bind to the B-tubule in an ATP-dependent
manner and an elongated tail domain, which binds to the A-tubule. The
ODA has three heads (motor domains) in protozoans but only two are
retained in metazoans. The IDAs are two- and one-headed and are arrayed
in a repeating pattern along the microtubule (Goodenough and Heuser,
1984). Information on dynein arm organization in sifu has come initially
from the analysis of metal replicas of quick-frozen deep-etched axonemes of
Chlamydomonas flagella (Goodenough and Heuser, 1982, 1984).

Successively Burgess ef al. (1991) introduced the use of computer-aided
image analyses of metal replicas and studying 9+2 axonemes of domestic
towl produced the first tentative 3D models for ODAs, showing the
positioning of the head domain, the B-link (stalk), and the stem (tail) in
both the rigor and relaxed mechanochemical states of the complex.

The first studies on the molecular structure of outer arm dyneins in
insect spermatozoa were performed on sperm axonemes of asphondyliid
and cecidomid gall midges (Lupetti ef al., 1998; Mencarelli ef al., 2001).
Spermatozoa of these insects are motile but their axonemes show a very
peculiar ultrastructure characterized by the presence of many microtubular
doublets arranged in spirals and connected by ODAs only (Fig. 4.8A and B)
(Dallai, 1988; Dallai and Mazzini, 1980). IDAs, central pair complex, radial
spokes, and nexin links: All the structures involved in the regulation of
flagellar beating in normal 942 axonemes are missing, while ODAs are
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clearly functional in these axonemes and able to support microtubule sliding
in an ATP-dependent fashion (Mencarelli ef al., 2001). Among the many
hundred existing species of gall midges, the molecular composition of
axonemal dynein was analyzed comparatively in A. ruebsaameni (supertribe
Asphondyliidi) and Monarthropalpus flavus  (supertribe Cecidomyiidi)
(Lupetti et al., 1998; Mencarelli ef al., 2001). In the first species, dynein
possesses the typical metazoan composition comprising two different heavy
chains, while in the genome of Monarthropalpus only one functional gene
codifying for an axonemal dynein heavy chain could be identified, and a
closely-related additional sequence was proposed to be a pseudogene
(Lupetti ef al., 1998; Mencarelli ef al., 2001). Interestingly, all the outer
arm dynein molecules analyzed so far comprise different heavy chains that
are thought to play different functional roles. It was therefore speculated
that both heavy chain genes were originally expressed, as it still occurs in the
heterodimeric outer arm of Asphondylia, but that an incorrect excision of an
intron from one gene led to its loss of function in Monarthropalpus, thus
giving rise to the unusual homodimeric ODA of this species (Lupetti et al.,
1998; Mencarelli et al., 2001). These data indicate the occurrence in the
cecidomid family of a progressive evolutionary trend toward simplification
of the dynein heavy chain. The early loss of all the regulatory structures for
the dynein activity occurred in the sperm axoneme of these insects would
have allowed accumulation of mutations leading to a progressive loss of
dynein heavy chain gene function in cecidomids. The ultrastructural analysis
performed by QF-DE on in situ ODAs confirmed the presence of two heads
in both species but with some morphological differences (Fig. 4.8C and D).
An additional globular domain was identified in Asphondylia in close vicinity
of the ODAs connection with A-tubule. A single B-link was identified
projecting obliquely from the proximal head. Treatment of demembranated
sperm cells with ATP and vanadate induced conformational changes in the
dynein outer arms that were interpreted as the result of rotation of the
dynein head with respect to what observed in ATP depleted axonemes
(in rigor condition) (Lupetti et al., 1998; Mencarelli et al., 2001).

Electron tomography was applied to study metal replicas obtained by
QEF-DE from rigor sperm axonemes of M. flavus (Lupetti et al., 2005). The
several microtubular laminae composing these axonemes proved to be
sufficiently planar to allow the visualization of many doublet microtubules
with their dynein complexes within the same fracture face. This structural
feature allowed to recover a significant number of equivalent objects and to
improve the signal to noise ratio of the dynein reconstruction by applying
advanced averaging filtration protocols (Fig. 4.8E). The 3D model obtained
by this strategy showed the following interesting structural features: First,
the two head domains of each ODA are almost parallel to each other and are
obliquely oriented with respect to the longitudinal axis of microtubules.
The two heads are, therefore, positioned at different distances from the
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surface of the A-tubule. Second, each head domain consists of a series of
globular structures that are positioned on the same plane. Third, a stalk
domain originates as a conical region from the proximal head and ends with
a small globular domain that contacts the B-tubule. Fourth, the tail region
presents two distinct points of anchorage to the surface of the A-tubule.
Finally, and most importantly, contrary to what has been observed in
isolated dynein molecules adsorbed to flat surfaces, the stalk and the stem
domains are not in the same plane as the head. This implies that the force
generated during the power stroke would only act along the longitudinal
axis of microtubules if a substantial rearrangement occurred in the stalk-head
orientation (Lupetti ef al., 2005).

After this study, Nicastro et al. (2005, 2006) presented a comprehensive
analysis of the molecular architecture of ODA and IDA complexes in situ in
Chlamydomonas cilia and sea urchin spermatozoa performed by cryo electron
tomography. The densities corresponding to heavy chain rings were iden-
tified and interdynein linkers that may provide wiring to coordinate motor
action were shown between neighboring ODA:s.

Further and even better resolved details have been obtained by cryoe-
lectron microscopy and single particle average of outer arm dynein com-
plexes in Chlamydomonas flagella (Ishikawa ef al., 2007). The comparative
analysis of flagella from wild-type cells and ODA11 mutant (which lacks
alpha-heavy chain) allowed to localize this domain in wild-type ODAs; the
links with A-tubule were also resolved; two alternative models for the
spatial distribution of gamma heavy chain have been proposed together
with some hypotheses about the mechanism for the generation of power
stroke (Ishikawa et al., 2007).

We are currently performing double tilt axis tomography on metal
replicas from cecidomid sperm axonemes followed by single particle analysis.
The preliminary data we have obtained so far allowed to resolve additional
and important structural details like the heavy chain rings in the proximal
head of rigor ODAs (Fig. 4.8F).

Molecular data obtained on axonemal dynein from Chlamydomonas indi-
cate that heavy chains are tightly associated with one or more light chains that
may directly regulate motor function (King and Patel-King, 1995); more-
over, the base of the outer arm dynein particle consists of an additional
subcomplex formed by two closely-related intermediate chains that contain
WD repeats. At least one of these two chains is involved in the ATP-
independent binding of the arm to the A-tubule. Additionally, several light
chains—some of which are shared between different dynein classes and are
essential for dynein assembly—are found at the base of the outer arm dynein
(Bowman ef al., 1999). Among these, Roadblock (robl) is a 97-amino acid
polypeptide identified in Drosophila that is 70% similar to the 105-amino acid
Chlamydomonas outer arm dynein-associated protein LC7. Both robl and LC7
have homology to several other genes from fruit fly, nematodes, and
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mammals (Bowman et al., 1999). Evidence has been obtained that Road-
block/LC7 family members may modulate specific dynein functions; LC7a,
for example, has been shown in Chlamydomonas to stabilize both the outer
arms and the inner arm I1, while both LC7a and LC7b are involved in
multiple intradynein interactions within both dyneins (DiBella et al., 2004).

As to the molecular evolution of insect dyneins, it is worth to mention
that evidences have been obtained about the recent evolutionary origin in
D. melanogaster of Sdic, a chimeric gene coding for an axonemal dynein
intermediate chain originated by events involving the genes coding for an
annexin and for an intermediate chain of cytoplasmic dynein, through a
process of duplication and gene fusion accompanied by the recruitment of
new promoter elements and the formation of a new exon encoding the
amino-terminus of the polypeptide chain (Nurminsky et al., 1998; Ranz
et al., 2003); Sdic has only recently been created—it is not found in closely
related species that diverged from D. melanogaster within the last 1-3 million
years—and is apparently still in the process of evolving. From what we have
discussed so far it appears that, though maintaining a quite conserved molec-
ular organization, dynein subunits seem to evolve at a different rate with
respect to structural components like tubulins. Additional evidences from
molecular genetic studies are needed to corroborate and further discuss the
implications for this hypothesis.

3.3. Other axonemal components

Other proteins have been implicated in difterent aspects of Drosophila sperm
tail motility or integrity, but their precise localization and function has not
yet been established. A group of proteins specifically expressed in the male-
germ line has been identified as components of the sperm tail that have been
evolutionarily conserved among Drosophila sp. (Schifer ef al., 1993). These
proteins are encoded by the Mst(3)CGP gene family, and are characterized
by the presence of multiple copies of the CysGlyPro (CGP) motif. It has
been proposed that in Drosophila, these proteins are constituents of the
so-called satellites (accessory tubules and the associated intertubular mate-
rial), and that they might stiffen the axoneme or provide it with elastic
properties, but their precise localization has not yet been determined.

Homologues of some mammalian sperm tail components have also been
identified in Drosophila by amino acid sequence comparison; these include
the highly insoluble Shippol protein, characterized by the occurrence of
several Pro-Gly-Pro repeats (De Carvalho et al., 2002), and the members of
the Spef family of proteins (Chan ef al., 2005). While in mammals, these
proteins appear to be mainly associated with the structural elements sur-
rounding the axoneme, that is, the outer dense fibers and the fibrous sheath,
their localization in fruit fly sperm tail is unknown.
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4, ASSEMBLY OF THE INSECT AXONEME

The mechanisms of ciliogenesis have been investigated both in sensory
cilia and motile flagella from several model organisms obtaining evidences
that cilia formation begins when the basal body, a centriole-related structure,
serves as a template for the assembly of the axoneme. It has also been
demonstrated that the formation of cilia and flagella can be achieved by
two different mechanisms. In most motile and sensory cilia, the process starts
with docking of basal body to the plasma membrane, the axoneme is then
assembled beneath the plasma membrane, and the cilium grows progres-
sively, projecting out from the cell body surrounded by its own plasma
membrane. Characteristic of such mechanism of ciliogenesis is that axoneme
and plasma membrane are assembled concurrently as a separate compartment
from the cell body; for this reason, the process has been described as
“compartmentalized ciliogenesis” (Avidor-Reiss et al., 2004). Another
mechanism, alternative to compartmentalization and indicated as cytosolic
biogenesis, has been demonstrated in the sperm cells of Drosophila (T okuyasu
et al., 1975) and in the flagellated stage of malaric plasmodia (Sinden ef al.,
1976). In these cells, the complete axoneme is first assembled inside the
cytosol and then it is either extruded or matures into a flagellum. During
compartmentalized ciliogenesis, the assembly process—which starts from
the basal body and takes place at the growing distal tip of the axoneme—is
performed by the motility process called IFT. Flagellar precursors produced
in the cell soma are bound to protein complexes (IFT particles) comprising at
least 18 polypeptides, and are then transported to the flagellar tip by kinesin
II. When ciliary assembly is complete, a dynamic trafficking is maintained at
the tip of the axoneme: Flagellar components are continuously added and
released, then bound to retrograde IFT complexes and carried back by
cytoplasmic dynein 1b to the cell body for recycling (Cole, 2003; Qin
et al., 2004; Rosenbaum and Witman, 2002). The whole process occurs in
the space between the flagellar membrane and outer doublets (Kozminski
et al., 1995), and is required for both the assembly and maintenance of the
eukaryotic cilium.

In insects, compartmentalized cilia are found only in chemo- and mechano-
sensory neurons. These cells are characterized by the expression of a specific
group of proteins that are thought to be involved in cilia mophogenesis
and axoneme assembly, but are not found during spermatogenesis (Avidor-
Reiss et al., 2004). These include IFT proteins, Bardet-Biedl syndrome
(BBS)-related polypeptides, C2 domain-containing proteins, small G
proteins, and a novel family of proteins (OSEGs: outer segments) containing
structural features—WD- and TPR-like repeats—which are involved in
reversible protein—protein interactions (Avidor-Reiss ef al., 2004). OSEGs
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are thought to function as ciliary transport proteins and to be required for
the assembly of the outer segment in mechano- and chemosensory neurons,
as 1s suggested by the phenotype of ose¢g? and oseg2 mutants, which possess
normal basal body and connecting cilium but show defects in the structure
of the tubular body and the outer segment (Avidor-Reiss et al., 2004).
These results also suggest that the assembly of the outer segment is a process
independent of the assembly of the connecting cilium.

The assembly of the axoneme is strictly dependent on IFT in sensory
cilia, but not in spermatids. Mutants in the protein NOMPB, the Drosophila
homologue of Chlamydomonas IFT88, fail to form sensory cilia in chordo-
tonal organs and sensory sensilla; on the contrary, they produce motile
sperm (Han et al., 2003). A similar phenotype was observed in Drosophila
mutants with defects in the kinesin-associated protein DKAP, which plays
an essential role in kinesin II function; however, the flagellar assembly in
spermatids is not affected (Sarpal et al., 2003).

Spermatogenesis has been well characterized at the ultrastructural level in
Drosophila (Fuller, 1993). Centrioles do not replicate during meiosis, so that
each spermatid possesses a single centriole, but, starting from the primary
spermatocyte, they undergo a series of ultrastructural modifications that will
finally lead to a substantial increase in length (Gonzales ef al., 1998). How
conserved this pathway is among insects is not known. Difterently from what
occurs in compartmentalized ciliogenesis, the centriole/basal body migrate
and strictly associate with the nuclear membrane of the spermatid. A
pericentrin-like protein (D-PLP)—which is not strictly required for mito-
sis—has been reported to be instead essential in maintaining the structural
integrity of this large centriole, which often partially fragment during sper-
matogenesis in d-plp mutants (Martinez-Campos et al., 2004). How a centri-
ole is reconfigured as a ciliogenic basal body is essentially unknown. An early
role in this process has been proposed for the protein product of the unc
(uncoordinated) gene (Baker et al., 2004). Mutations in this protein were
initially identified as aftecting the function of ciliated mechanosensory neu-
rons (Eberl et al., 2000; Kernan et al., 1994), and later found to result also in
male sterility (Baker ef al., 2004); thus, unc mutations identify a general
feature common to both compartmentalized and cytosolic ciliogenesis in
Drosophila. In these mutants, sensory cilia are either absent or truncated, with
the distal basal body also disrupted, and the spermatids show nuclei detached
from basal bodies and disorganized flagellar axonemes. In the elongating
spermatid, the UNC protein has been localized at a position corresponding
to the so-called centriole adjunct, a mass of electron dense material that
surrounds the basal body; at this site, y-tubulin is also present (Wilson et al.,
1997). Consistently with the presence of the UNC protein in the early
spermatocyte, in unc mutants the centriolar structure is already defective in
mature spermatocytes, prior to meiosis, though the cellular consequences of
unc mutations are not seen until spermatid elongation. The specific function
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of this protein is unknown, but it has been proposed to be an early marker for
the conversion of the centriole to a basal body.

The close apposition of the basal body and the nuclear membrane has
been shown to implicate also cytoplasmic dynein and the Grip75 and
Grip128 proteins.

A male-sterile null mutant for the 14 kD light chain (tctex-1) subunit of
cytoplasmic dynein is characterized by a disrupted linkage between the
nucleus and the flagellar basal body (Li et al., 2004b). In wild-type early
spermatids, cytoplasmic dynein is concentrated to form a hemispherical
nuclear cap that lies juxtaposed to the associated basal body, resembling the
arrangement of a second nuclear membrane that assembles limited to the
nuclear side adjacent to basal body; the dynein cap is missing in the mutant. It
has been proposed that this nuclear-associated dynein cap interacts with the
cytoplasmic microtubules surrounding the centriole prior to its anchoring to
the nucleus, thus facilitating its attachment and the morphogenesis of the basal
body. The lack of sperm motility occurring in this null mutant is probably due
to a concomitant impairment of axonemal dyneins, given that this light chain
in Drosophila is a component of both cytoplasmic and axonemal dyneins.

Grip75 and Grip128 proteins are components of the y-tubulin ring com-
plex, an essential template for microtubule nucleation in vivo (Gunawardane
et al., 2000). In wild-type spermatids, y-tubulin is localized at the junction
between the nucleus and elongating flagellum (Wilson et al., 1997); in Grip75
and Grip128 mutants this association is lost—the axoneme is correctly assem-
bled, but its basal body is no longer associated with the nucleus (Vogt ef al.,
2006).

In Trypanosoma, the assembly of central pair and of outer doublet micro-
tubules has been shown to pose different requirements for microtubule
nucleation (McKean ef al., 2003). While formation of the outer doublets is
a y-tubulin independent process that requires only the preexisting template
of the basal body triplets, the de novo nucleation of the central pair micro-
tubules is absolutely dependent on y-tubulin, possibly located in a central
structure at the basal body transition zone (McKean et al., 2003). In Drosoph-
ila, y-tubulin has been localized in the electron dense material forming the
so-called centriole adjunct (Wilson ef al., 1997), but no information is
available on its possible occurrence in the core of flagellar basal bodies.
Also, mutations that disrupt centrosomin function in Drosophila aftect not
only the meiotic spindle organization and cytokinesis, but also axoneme
morphogenesis (Li ef al., 1998). While the outer doublets, the associated
radial spokes, and the accessory tubules are not affected, the central pair is
frequently missing. This suggests that centrosomin is associated with the basal
body, and may affect its internal organization, possibly by recruiting other
proteins, including y-tubulin.

Once the central pair is assembled, specific factors appear to be required to
maintain its structural integrity, as is suggested by the phenotype of dfmr
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mutants. In fact—besides affecting neuronal synaptogenesis—mutations in the
fruit fly homologue of the mammalian fragile X mental retardation 1 gene (dfmr,
also known as dfxr) cause highly specific defects in late spermatids, that is, the
central pair is gradually lost, due to a lack of stability, while the outer doublets
show no discernable defects (Zhang et al., 2004). The cause of this specific loss
is unknown. The protein product of the dfmrgene is a widely expressed RINA-
binding translational regulator. A proteomic approach has identified a limited
number of proteins whose expression is affected in the spermatogenesis of dfinr
mutants; interestingly, among these are the chaperone proteins: Hsp60B,
Hsp68, and the Hsp90-related protein TRAP1, which have been previously
implicated in microtubule stability and in Drosophila spermatogenesis
(Timakov and Zhang, 2001; Yue et al., 1999).

Occasionally, the central pair of microtubules is reported missing also in
the Drosophila whirligig mutants, along with the accessory tubules; the
product of this gene is unknown, but it has been supposed to interact
with microtubules (Green ef al., 1990). Mutant phenotypes are character-
ized by the frequent appearance of triplets instead of doublets in the
axoneme, suggesting that the wrl gene product might be involved in
the transition from the basal body (triplets) to the axoneme organization
(doublets plus accessory tubules).

The whole body of data we have herein summarized indicates the
central pair microtubules as the most frequently affected components of
Drosophila sperm axoneme, and suggests that their assembly is a critical step
for axoneme stability, which is regulated independently from the assembly
of the outer doublets and implicates the coordination of several protein
interactions and processes. It is interesting to underline how this evidence
parallels what is suggested by the phylogenetic analysis of sperm ultrastruc-
ture in insects (see Section 2), which indicates the occurrence of a defect in
the central apparatus as the first one of the series of successive events leading
in several insect lineages to a disorganization of the axoneme and to
unorthodox axoneme patterns.

A very limited information is available on the assembly mechanism of
insect unconventional axoneme models, and this derives only from ultra-
structural studies. A giant basal body has been described in Sciara (Phillips,
1967); it consists of several dozens of short singlet microtubules and forms
from a 9-membered centriole during spermatogonial divisions; this giant
centriolar structure is usually associated with a region of dense fibrous
material. An apparently similar electron dense material has been found
associated with the 18-doublets basal body of the cecidomid Mycodiplosis
(Dallai and Mazzini, 1980) and in A. ruebsaameni (Mencarelli et al., 2000b).
In the latter species, no discernible basal body structure occurs in spermatids,
but rather the hundreds of axoneme doublets are assembled from laminae of
singlet microtubules which are embedded in a felt of dense fibrous material
associated with membranous cisternae in the postnuclear region. How these
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microtubular structures are formed during the previous stages of spermato-
genesis—whether they originate from a modified centriole, as in Sciara, or
whether they form de novo—is not known. Recent data have provided
evidence of'a dual mode of centriole/basal body assembly, either templated
or de novo, in diverse cell types including spermatogenic cells (Beisson and
Wright, 2003; Dawe et al., 2007). In Asphondylia, the fibrous material
associated with membranes in the spermatid postnuclear region appears to
act as a potent nucleation center, which is morphologically similar to the
noncentrosomal microtubule nucleating centers described in other cell
systems (Mogensen and Tucker, 1987).

The morphogenesis of thrips (Thysanoptera) sperm flagella has been
recently shown to be characterized by a striking basal body instability
(Paccagnini et al., 2007). In these species, the early phases of spermiogenesis
lead to a spermatid endowed with three centrioles, each one of them forming
a distinct 940 axoneme; later, the three axonemes disorganize and amalgam-
ate, implicating a substantial rearrangement of either the basal body and/or
the connecting region between the basal body and the axoneme.

In both protists and vertebrates, the sequential assembly of doublets and
triplets in the basal body requires specific members of the tubulin superfam-
ily, 0 and ¢ tubulins (Marshall and R osenbaum, 2003; McKean et al., 2001).
The Chlamydomonas mutants, bld2—1 and uni3, characterized respectively by
reduced levels of ¢ tubulin or by the absence of ¢ tubulin, form centrioles
containing singlets or doublets instead of triplets. The exact role of these
tubulin isoforms is not known, but it is probable that they play a stabilizing
role in the centriole. Neither ¢ nor ¢ tubulins are expressed in Drosophila;
the absence of these specific tubulin isoforms is, however, circumvented in
the fruitfly spermatid, which assembles its flagellum from a triplet-
containing basal body. We do not know whether the absence of 0 and ¢
tubulins is a general feature of insects, and whether this absence may result,
or not, in a somehow less stable basal body structure.

5. AXONEME FUNCTION

5.1. Flagellar motility

Current knowledge on the mechanisms of insect sperm motility is limited,
being hampered by the small amount of material available and by the
difficulties intrinsic to in vivo studies. Information on this aspect of insect
sperm biology is, however, of relevance, not only for possible contributions
to the control of insect reproduction, but also for the elucidation of the
evolutionary processes underlying the wide diversity of insect sperm struc-
ture. It appears in fact reasonable that selective pressures acting on sperm
function—either through a sperm competition process and/or through the
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interaction with specific fertilization environments—have been important
in the evolutionary divergence of insect sperm morphology.

How does the peculiar organization of the insect 9+94-2 sperm axo-
neme aftect its function? How and to which extent is motility altered in the
variety of aberrant axoneme models occurring among insect spermatozoa?
And how could these modifications of the basic axoneme organization and
function—some of which absolutely astounding—have been accepted dur-
ing insect evolution and divergence? These are just some of the main still
unsolved questions we have to face in the analysis of insect sperm axoneme
function.

In the conventional insect axoneme model, the central 942 microtubule
array is not only encircled by the nine accessory tubules and their associated
intertubular material, but is also associated, along almost its entire length,
with mitochondrial derivatives and accessory bodies. The available bio-
chemical information on these structures is very limited, but all of them
appear to be highly insoluble components (Baccetti ef al., 1977; Mencarelli
et al., 2000a, and our unpublished results). Thus, it appears conceivable that
they might act to strengthen the insect axoneme against mechanical damage
and/or as elastic elements that passively transmit and amplify the mechanical
power generated by microtubule sliding. As a matter of fact, while the 942
flagellum of the insect Ctenocephalus canis forms an almost planar wave, the
sperm 9+94-2 flagellar axonemes of the few species till now analyzed all
exhibit a complex, 3D helicoidal beating pattern, consisting of a major wave
superimposed to a minor wave (Dallai ef al., 2006). A double-wave pattern
is maintained also in the backward motility exhibited by the spermatozoa of
some species, which are able to reverse the direction of wave propagation
(Baccetti et al., 1989; Curtis and Benner, 1991). It has been proposed that
the minor wave is actively generated by doublet sliding, while the major
wave would result from mechanical restrictions imposed by the passive
components of the flagellum. In this regard, it is interesting to note that
the so-called 949417 sperm flagellum of the mosquito Aedes notoscriptus—
which possesses accessory tubules but is devoid of the central regulatory
complex—still maintains a double-wave motility (Swan, 1981).

Such a structural reinforcement for the function of insect sperm axo-
neme might have been required by the peculiarities of insect reproductive
organs; in fact, spermatozoa commonly occur in a bent, rolled up configu-
ration both in the male and female narrow reproductive ducts and storage
organs. Other structural components have been implicated in the mechani-
cal stabilization of the very long sperm tail of Drosophila sp. characterized by
giant spermatozoa. First, the small family of Dhmst101 proteins, which is
specifically expressed during the spermatogenesis of D. hydei, is likely to
possess elastic properties due to the molecular structure and the occurrence
of a high percentage of disulfide cross-links; these components have been
localized to the outer sheath (Neesen ef al., 1999). Second, Drosophila sp.
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with very long spermatozoa possess an external membrane specialization,
known as “zipper line,” which has been proposed to act as a reinforcing
structure during sperm bending and torsion within seminal vesicles and
female spermatheca (Dallai er al., 2008).

In the study of insect sperm motility, it is important to bear in mind that
the observations carried out in vitro may not reproduce the conditions in
which sperm function in vive, not only for possible differences in parameters
like pH, osmolarity, and molecular composition of the medium, but also for
the peculiar hydrodynamic conditions that result both from the interaction
of the spermatozoa with the surrounding fluid and from the structure of
male and female reproductive apparatus. This consideration could explain
the absence of a progressive motility observed in vitro in the 94-94-2 sperm
flagella of some species, though they are able to beat in vitro and are fully
motile both within the male and female storage organs (Drosophila sp.,
Bressac et al., 1991; Megaselia scalaris, Curtis and Benner, 1991). Sperm of
the rove beatle Drusilla canaliculata are similarly characterized by weak
motility and no progressive motion when observed in vitro, but exhibit
vigorous beating when constrained within the narrow spermathecal duct,
and it has been proposed that spatial restriction might contribute to
enhanced motility within the female (Werner et al., 2007).

Alternatively, the ability to perform a robust progressive movement could
not be strictly required in some insect groups, for example, dipterans, in which
female processes are likely to contribute to the sperm transfer within the
spermatheca, and active sperm motility seems to play only a minor role
(Arthur ef al., 1998; Linley and Simmons, 1981; Simmons et al., 1999).

The latter condition might have been—at least in some instances—
one of the factors that made acceptable some of the oddest axoneme
organizations during the evolution of insect sperm. This is well exemplified
by the two cecidomid species: M. flavus and A. ruebsaameni, whose sperm
flagella constitute the only till now described axoneme models endowed
with the ODAs only (Lupetti ef al., 1998; Mencarelli ef al., 2001). While
mutant strains of the protist Chlamydomonas lacking the IDAs are immotile
(Huang et al., 1979), the sperm flagella of these insect species appear to be
motile within both the male deferent ducts and the female spermatheca,
where they are stored rolled up and are involved into a continuous train of
bends. When released in vitro upon dissection, however, they become
immediately immotile except from those that are maintained in a bent
configuration by some mechanical constraints (e.g., by having some tracts
attached to the glass, or still entrapped into the reproductive ducts), which
keep undergoing a helicoidal beating (Lupetti ef al., 1998; Mencarelli et al.,
2001). In these species, the female reproductive apparatus is characterized by
the presence of a very short spermathecal duct. This anatomical feature might
have contributed to render these odd axonemes functional, since it would
not require the sperm to move any long distance, but simply allows them to
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contact the egg as soon as it descends through the oviduct and faces the
opening of the spermatheca. Thus, the evolution of this peculiar model of
axoneme organization and function is likely to have occurred concomitantly
to the development of a peculiar configuration of the female reproductive
apparatus.

Interestingly, the analysis of these aberrant cecidomid axonemes have
provided also some clues on the mechanisms that regulate dynein activity.
In the 9+2 axoneme, dynein activity is controlled by the transmission of
chemical signals from the central pair/radial spoke system through the
dynein regulatory complex associated to the IDAs, so that flagella from
mutant organisms lacking any of these components are immotile (Sakato
and King, 2004). However, other observations have suggested the existence
of a second mechanism of dynein activation, based on external mechanical
stimuli (Hayashibe et al., 1997; Morita and Shingyoji, 2004). Paralyzed
mutant flagella lacking most of the IDAs are actually able to display tempo-
rary beating when stimulated by an external force, while mutants lacking
the ODAs are not able to propagate preformed bends and remain immotile.
It has been therefore suggested that the axoneme contains two motor
systems, subjected to different mechanisms of activation, one mainly based
on chemical signals—the IDAs—and the other based on the mechanical
state of the axoneme—mainly based on the ODAs. In Asphondylia and
Monarthropalpus, only the latter motor system seems to be present, since
flagellar motility depends on the presence of an external force that imposes a
bend onto the axoneme and activates ODAs bringing some adjacent doub-
lets closer one to each other. A similar mechanism of dynein activation
seems to be required also by the highly aberrant axoneme of thrips sperma-
tozoa (see Section 4) (Paccagnini et al., 2007).

Interestingly, the redundant doublet number and the loss of both IDAs
and the central apparatus that characterize Asphondylia and Monarthropalpus
sperm flagella are concomitant with a progressive simplification of the
axoneme molecular composition, since both the dynein heavy chain com-
plement (Lupetti et al., 1998; Mencarelli et al., 2001) and the molecular
heterogeneity and differential localization of posttranslationally modified
tubulin isoforms (Mencarelli ef al., 2004, 2005) appear to be reduced. An
earlier loss of IDAs and/or of the central apparatus, occurred in insect taxa
basal to cecidomids (Dallai et al., 2006), and would have been followed by a
successive simplification of the motility process as well as of the underlying
molecular components.

5.2. Role of the axoneme in sensory cilia

Sensory function depends on the integrity of the modified cilium expressed
in sensory neurons, as has been indicated by the analysis of a series of
Drosophila mutants exhibiting alterations in hearing, touch insensitivity or
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severe proprioception defects, and uncoordination. Several genes and their
related products have been implicated in different steps of the process of
sensory perception (Caldwell and Eberl, 2002; Kernan, 2007), including
both membrane proteins—ion channels and proteins required for the
attachment of the ciliary tip to the extracellular dentritic cap—and proteins
involved in the correct assembly and function of the axoneme. Among the
latters are the above mentioned proteins UNC (Baker et al., 2004) and
D-PLP (Martinez-Campos et al., 2004). Defective sensory function has
been demonstrated also in mutants with an affected IFT, either anterograde,
like in the nompB, Klp64D, and KAP mutants (Han ef al., 2003; Sarpal ef al.,
2003), or retrograde, like in ose¢g? and btv mutants (Eberl ef al., 2000).
Mutants defective in components of the anterograde transport lack sensory
cilia and mechanosensory responses; those defective in the Osegl protein
(the homologue of the IFT122 subunit of the Chlamydomonas retrograde
complex A) have reduced outer segments (Avidor-Reiss ef al., 2004).
IFT is presumably required not only for axoneme assembly, but also to
convey membrane proteins and receptors to their correct localization in the
ciliary membrane, as has been demonstrated in other model systems
(Qin et al., 2005).

‘While these data clearly indicate that the integrity of the ciliary apparatus
is required for sensory function, they do not provide any information about
the mechanisms that integrate the activity of membrane proteins with
matrix and cytoskeletal elements of the cilium to transduce and transmit
stimuli. Is the axoneme required only as a framework for the transport
machinery to correctly build the transducing components of the sensory
cilium or it may play a more active role in stimulus transmission?

The only piece of information that is available concerns chordotonal cilia.
It has, in fact, been demonstrated that in the femoral chordotonal organ of
the grasshopper Melanoplus bivittatus, a pronounced bend at the base of the
sensory cilia occurs after stimulation, thus suggesting that these sensory cilia
are able of active movement (Moran et al., 1977). This observation is
coherent with the presence of dynein arms in axonemes of the chordotonal
organs. Given that the chordotonal cilium is immobilized at both its base and
tip, an active stroke would induce an axoneme coiling and thus a shortening
of the cilium; the resulting increase in tension would activate other compo-
nents of the sensory apparatus, thus transmitting and amplifying the mechan-
ical stimulus. A speculative model for the chordotonal organ function has
been proposed, which implicates such an active role for the ciliary axoneme
(Todi et al., 2004). It has also to be noted here that, while mutations in genes
like unc and nompB affect both external and chordotonal organs, other
mutations (btv and tilB) specifically affect only chordotonal organs and,
moreover, are characterized by male sterility due to defects in the sperm
axoneme (Eberl ef al., 2000); interestingly, #ilB sperm axonemes are devoid
of both dynein arms and often split.
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6. PERSPECTIVES

‘While Drosophila has been proved to be a valuable model for the study
of several aspects of spermatogenesis and for the analysis of the structure/
function relationship between the axoneme and its components, the peculiar
unconventional sperm axonemes of some insects have been recently pro-
posed as models useful to approach other aspects of axoneme biology.
Interestingly, some of the ultrastructural features found in mutant axonemes
of transgenic flies are reminiscent of the unconventional axoneme patterns
exhibited by some insect species, which can thus be considered as a sort of
“natural” mutants. Studies on these unconventional models might be helpful
to clarify not only aspects of insect evolution and reproduction, but also
more general questions concerning axoneme structure and function.
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Abstract

Mitochondria are surrounded by a double membrane system that forms four
intra-organelle compartments: the outer membrane, inner membrane, inter-
membrane space, and matrix. Each of the two membranes contains a unique
set of proteins defining specific functions of that membrane. The vast majority
of mitochondrial proteins including those of the mitochondrial membranes are
nuclear encoded and synthesized as precursor proteins in the cytosol. Subse-
quently, they are targeted to the mitochondria and become sorted to the correct
submitochondrial destination. A small portion of the mitochondrial inner mem-
brane proteins is encoded by the mitochondrial genome. These proteins are
synthesized on mitochondrial ribosomes and are inserted by dedicated machin-
ery into the inner membrane. This chapter summarizes our current knowledge
of the signals that target mitochondrial membrane proteins to their correct
intracellular location, and describes the mechanisms by which mitochondrial
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translocation machineries recognize precursor proteins and mediate their
insertion into mitochondrial membranes.

Key Words: Membrane insertion, Mitochondria, Oxa1, Protein import, TIM
complex, TOB/SAM complex, TOM complex. © 2008 Elsevier Inc.

1. INTRODUCTION

Inner and outer mitochondrial membranes difter considerably in their
functions, protein to lipid ratio, lipid composition, and structural character-
istics. The mitochondrial outer membrane is a subcellular compartment that
mediates numerous interactions between the mitochondrial metabolic and
genetic systems and the rest of the eukaryotic cell. This membrane harbors a
diverse set of proteins such as components of the preprotein translocation
machinery, enzymes, translocators of soluble metabolites, pore structures,
regulators of programmed cell death, and proteins regulating the morphol-
ogy of the organelle. The inner membrane is the place where the oxidative
phosphorylation takes place and thus this membrane is the center of energy
production for the whole eukaryotic cell. In addition, mitochondrial inner
membrane proteins mediate various metabolic processes and are pivotal for
the dynamic morphology of the organelle.

The outer membrane has a high content of lipids and the lipid composi-
tion is similar to that of the endoplasmic reticulum (ER). Currently ~40
different proteins are estimated to reside in the mitochondrial outer mem-
brane of fungi (Schmitt ef al., 2006; Zahedi ef al., 2006). In contrast, proteins
make up ~80% of the mass of the inner membrane and just 20% are lipids.
This makes the inner membrane one of the protein-richest membranes of
the eukaryotic cell. Among the 1000-1500 estimated proteins in mamma-
lian mitochondria, several hundreds are part of the inner membrane
(McDonald ef al., 2006). The lipid composition of the inner membrane is
unique: It is characterized by significant amounts of cardiolipin which is only
found in small amounts in the outer membrane and not present in other
membranes of the cell. Many protein complexes of the inner membrane
contain cardiolipin in their quaternary structure (Mileykovskaya et al.,
2005). For some of these complexes, cardiolipin functions as a structural
stabilizer. Furthermore, cardiolipin might contribute directly to the catalytic
activity of some membrane-embedded enzymes. Although cardiolipin and
other lipids are much more than just structural grease between the mem-
brane proteins, our knowledge on the molecular functions of specific lipids
is strongly limited, mainly due to lack of the required methodology to study
these functions.

The outer membrane appears to be quite homogeneous in its micro-
scopic structure. In contrast, the inner membrane can be subdivided into
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two regions: the inner boundary membrane which is adjacent to the outer
membrane, and the cristae membrane forming the invaginations of the
inner membrane that protrude into the interior of the organelle. Recent
studies suggest that both areas of the inner membrane differ in their protein
composition and hence might exhibit different functions: Whereas the
protein translocases and presumably also other transporters might be pre-
dominantly found in the inner boundary membrane, the cristae appear to
resemble areas that are specialized on the electron transport processes of
respiration (Vogel ef al., 2006; Wurm and Jakobs, 2006).

2. THE PROTEIN IMPORT MACHINERY OF
MITOCHONDRIA

Mitochondria are extremely complex organelles. Even in simple
organisms like baker’s yeast, ~800-1000 different proteins need to be
targeted to mitochondria (Mootha et al., 2003; Sickmann et al., 2003).
These proteins are recognized on the mitochondrial surface by receptors
and imported into the different subcompartments of mitochondria: the outer
membrane, the intermembrane space, the inner membrane, and the matrix.
These translocation reactions are facilitated by a small number of membrane-
embedded translocases: the translocase of the outer mitochondrial mem-
brane (the TOM complex) and two translocases of the inner mitochondrial
membrane (the TIM22 and the TIM23 complexes). Moreover, a fourth
protein complex, the Oxal translocase is involved in the insertion of proteins
into the inner membrane. These four translocases operate in a sequential but
concerted manner using the membrane potential across the inner membrane
and/or the hydrolysis of ATP to drive protein translocation. The transloca-
tion machinery was primarily studied in baker’s yeast and in the following
mainly the yeast system will be described. However, recent studies in
mammalian and plant cells suggest that the translocases and their mode of
function are largely conserved among eukaryotes (Millar et al., 2006).

2.1. Translocation across and into the outer membrane

2.1.1. Structure and functions of the TOM complex
The translocase of the outer membrane of mitochondria mediates the initial
steps of the import of preproteins into the organelle. The TOM complex is
involved in the import of almost all mitochondrial precursor proteins
characterized so far. It has the capacity to promote insertion of outer
membrane proteins into the lipid bilayer or to translocate precursors destined
for other compartments across the outer membrane.

The TOM holo complex in fungi is composed of seven different sub-
units. Tom20 and Tom70 are the primary receptors whereas the subunits
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Tom40, Tom22, Tom7, Tom6, and Tom5 form the stable TOM core
complex also called the general insertion pore (Ahting ef al., 1999; Dekker ef al.,
1998; Kiinkele et al., 1998). The TOM holo complex was estimated by size
exclusion chromatography to have a molecular mass of 490-600 kDa. In
contrast, the TOM core complex has an estimated molecular weight of
400-450 kDa according to size exclusion chromatography and blue native
PAGE. Electron microscopic analysis of the holo complex revealed the
presence of two to three pores. Removal of Tom20 and Tom70 by
detergent or isolating the TOM complex from a Tom?20-deficient strain
result in a complex that forms mainly two pores (Ahting ef al., 1999; Model
et al., 2002). The size of these pores was estimated to be 20-25 A based on
electron microscopy (Kiinkele et al., 1998; Model et al., 2002), conductance
through TOM-related ion channels (Hill ef al., 1998; Kiinkele et al., 1998),
and size exclusion studies (Schwartz and Matouschek, 1999).

Except of Tom40, all Tom components are anchored to the outer
membrane by a single a-helical transmembrane segment (TMS). Theoreti-
cal predictions and secondary structure determinations suggest that Tom40
traverses the mitochondrial outer membrane as a series of antiparallel
p-strands which form a f-barrel (Ahting et al., 2001; Hill et al., 1998;
Mannella et al., 1996). The native basic structural unit of Tom40 is a
dimer (Dekker ef al., 1998; Rapaport et al., 1998). Upon in vitro reconstitu-
tion, both purified native Tom40 and recombinant Tom40 form ion
channels in lipid bilayers (Ahting ef al., 2001; Hill et al., 1998), strongly
suggesting that Tom40 forms the protein conducting channel of the TOM
complex. The importance of Tom40 for the biogenesis of mitochondria is
underscored by its requirement for the viability of yeast and N. crassa cells.

The Tom22 subunit connects the primary receptors to the core complex
and functions itself as a receptor (van Wilpe et al., 1999). Although Tom22
is essential in N. crassa (Nargang et al., 1995), it has been reported that under
special genetic conditions a Afom22 yeast strain is viable, however, with
severe growth defects (van Wilpe ef al., 1999). All the other Tom subunits
are not essential for viability in yeast or N. crassa although combinations of
double deletions lead often to synthetic lethality.

Tom6 and Tom?7 are two small subunits that play a structural role in the
organization of the TOM complex. Tom6 forms the link between Tom40
and Tom?22, while Tom?7 destabilizes the association of the various subunits
of the TOM complex (Alconada ef al., 1995; Honlinger ef al., 1996).

2.1.2. Topologies of mitochondrial outer membrane proteins

Proteins of the outer membrane span the lipid bilayer once, twice, or as
multispanning proteins. Based on their membrane topology, the outer
membrane proteins can be subdivided into several groups. One group
includes those containing a single TMS at their N-terminus, like Tom?20,
Tom?70, and OM45 (Fig. 5.1, example 1). These signal-anchored proteins are
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present in the outer membrane in an orientation, where the bulk of the
polypeptide is exposed to the cytosol and only a small N-terminal segment
crosses the outer membrane. Tail-anchored proteins such as Fis1, Tomb5, and
VAMP-1B form another distinct group of outer membrane proteins
(Fig. 5.1, example 2). These proteins have a single membrane insertion
sequence at their C-terminus and display their large N-terminal portion to
the cytosol (Wattenberg and Lithgow, 2001). Mim1/Tom13 and Tom?22
represent yet another group of proteins (Fig. 5.1, example 3), namely those
that span the membrane once and expose an N-terminal domain to the
cytosol and a soluble C-terminal domain to the intermembrane space.
Representatives of the fourth group are characterized by more than one
TMS (Fig. 5.1, examples 4 and 5). Fzo1 is currently the only known example
of a protein which spans the outer membrane twice (Fig. 5.1, example 4).
This protein exposes both termini to the cytosol and has only a small loop in
the intermembrane space (Fritz ef al., 2001; Rojo et al., 2002). Ugo1 was
recently demonstrated to transverse the outer membrane at least three times
(Fig. 5.1, example 5) (Coonrod ef al., 2007). Finally, the outer membrane
harbors proteins which are predicted to traverse the outer membrane as a
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«Tom70 <« Geml ¢ Tom22

*OM45 «VAMP-1B «Miml  *Fzol * Ugol * Porin
e Tom40
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Figure 5.1 Topologies of proteins residing in the outer membrane of mitochondria.
The outer membrane proteins can be subdivided into six groups based on their mem-
brane topology. Group 1 contains the signal-anchored proteins while group 2 is com-
posed of the tail-anchored proteins. Mim1 and Tom22 which belong to group 3 span
the membrane once and expose an N-terminal domain to the cytosol and a soluble
C-terminal domain to the intermembrane space. The fourth and fifth groups are those
spanning the outer membrane twice or at least three times, respectively. Finally,
the outer membrane harbors proteins which traverse the membrane as a series of
antiparallel f-strands which form a membrane-embedded f-barrel structure (group 6).
The N- and C-termini of the proteins are presented as N and C, respectively.
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series of antiparallel f-strands which form a membrane-embedded f-barrel
structure (Fig. 5.1, example 6) (Mannella ef al., 1996). Prominent members
of this latter group are Tom40, Tob55/Sam50, and porin (also called
voltage-dependent anion channel, VDAC, in mammalian cells).

All these proteins, like the vast majority of mitochondrial proteins, are
encoded by nuclear DNA and synthesized on cytosolic ribosomes. How-
ever, in contrast to most matrix proteins, all proteins of the outer membrane
contain noncleavable targeting and sorting signals. In the following sections,
we summarize the current knowledge on the signals which target mito-
chondrial outer membrane proteins to their correct intracellular location.
Furthermore, the mechanisms by which these signals are decoded by the
mitochondria and by which the proteins are inserted into the membrane are
discussed.

2.1.3. Targeting and membrane insertion of signal-anchored
proteins

A number of mitochondrial outer membrane proteins is characterized by one
single transmembrane segment at their N-terminus. They are called ‘signal-
anchored” proteins since their TMS together with its flanking regions serve
both as an intracellular sorting signal and as an anchor to the membrane
(Fig. 5.1, example 1). The known members of this group are Tom20,
Tom?70, OM45, and the outer membrane isoform of Mcrl. Tom20 and
Tom70 function as receptor proteins that recognize precursor proteins on
the surface of mitochondria. Tom?20 is involved in the recognition of most
protein precursors, in particular those with N-terminal targeting signals
(Harkness ef al., 1994; Lithgow et al., 1995), whereas Tom70 forms a binding
site for a more restricted set of preproteins, most notably the mitochondrial
carrier family (Brix et al., 1999; Schlossmann et al., 1994). OM45, another
member of this group, is a very abundant protein in the yeast mitochondrial
outer membrane whose function, however, is unknown (Yaffe et al., 1989).
The outer membrane isoform of Mcr1 functions as a cytochrome b5 NADH-
dependent reductase (Hahne ef al., 1994).

These proteins do not share any sequence similarity in their signal-
anchor domain. Thus, their targeting information is encoded probably in the
structural characteristics of the signal-anchor domain rather than in a spe-
cific primary sequence. Initial results have revealed that the targeting infor-
mation in yeast Tom?70 lies in a linear sequence that includes the predicted
TMS (residues 11-29), together with amino acid residues 1-10 which
comprise a hydrophilic, positively charged segment (Shore ef al., 1995).
The TMS is required for both targeting to mitochondria and membrane
anchoring (a “‘signal-anchor” function) while the positively charged resi-
dues cooperate with the TMS to increase the overall rate of import
(McBride ef al., 1992).
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Studies with Tom20 and Tom?70 as substrate proteins revealed that
signal-anchor sequences need to be of moderate hydrophobicity and flanked
by positively charged residues in order to be inserted into the mitochondrial
outer membrane. When these positive charges are removed or when the
hydrophobicity of the TMS is increased, the proteins are mistargeted to the
ER (Kanaji et al., 2000; Suzuki ef al., 2002; Waizenegger ef al., 2003).

The mechanisms by which these signals are deciphered by the mitochon-
dria are only partially understood. The targeting of precursors of both Tom20
and Tom70 to mitochondria was found to be independent of protease-
accessible surface receptors (Schlossmann and Neupert, 1995; Schneider
et al., 1991; Suzuki ef al., 2002). Similarly, the membrane insertion of the
outer membrane isoform of Mcr1 does not require import receptors (Meineke
et al., 2008). In addition, antibodies against the receptors Tom20 and Tom70
did not inhibit the membrane integration of newly synthesized Tom20
molecules (Schneider ef al., 1991). Therefore, the import receptors are obvi-
ously not essential for the biogenesis of signal-anchored proteins.

In contrast to the receptor subunits, Tom40 is critical for the import of
Tom?20. However, currently it is unresolved at which stage Tom40 interacts
with precursor molecules of Tom20. Tom40 may contribute to the initial
recognition of precursors of Tom20 whereas the insertion step per se could
be unassisted. Independently of this putative recognition function, Tom40
can interact with precursor molecules of Tom20 upon their (partial) inser-
tion into the membrane thereby trapping them within the membrane. An
unassisted membrane insertion could be followed by a trapping step within
the membrane. Such a putative trapping step would ensure the complete
insertion of precursors of Tom20 and would prevent backsliding out of the
membrane.

Mim1 is another outer membrane protein which is required for the
membrane insertion of Tom20 (Waizenegger ef al., 2005). Mim1 is not a
member of the TOM or TOB/SAM complexes and its role in the biogen-
esis of Tom20 is ill-defined. Further experiments are required to dissect the
membrane integration process of this protein.

Tom?20 is a component of the TOM complex and as such may follow a
unique pathway. Thus, the involvement of Tom40 and Miml in the
biogenesis of Tom20 does not have to apply to other N-terminally
anchored proteins. A recent study with the outer membrane isoform of
Mecrl suggests that both Tom40 and Mim1 are not involved in the mem-
brane insertion of this signal-anchor protein (Meineke ef al., 2008). Hence,
the TOM complex seems to be not generally involved in the import of
signal-anchored proteins. The mechanism of insertion of the outer mem-
brane isoform of Mcrl into the membrane can be based on a trapping
process which could be mediated by interactions with lipids or with
other, yet unknown, proteins.
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2.1.4. Membrane integration of mitochondrial
tail-anchored proteins

Tail-anchored (T'A) proteins have a single membrane insertion sequence at
their C-terminus and expose their large N-terminal portion to the cytosol
(Fig. 5.1, example 2) (Borgese et al., 2007; Wattenberg and Lithgow, 2001).
All TA proteins are imported post-translationally from the cytosol into their
corresponding organelle by a mechanism which is not well resolved. The
mitochondrial outer membrane harbors a distinct set of TA proteins. Among
them are the three small subunits (Tom5, Tom6, Tom?7) of the TOM
complex (Allen et al., 2002; Beilharz et al., 2003), Fis1 which promotes the
fission of mitochondria (Mozdy et al., 2000), regulators of apoptosis belong-
ing to the Bcl-2 family (Cory and Adams, 2002), the mitochondrial isoform
of cytochrome b5 (D’Arrigo ef al., 1993), an alternatively spliced isoform of
the vesicles-associated membrane protein, VAMP-1B (Isenmann ef al.,
1998), and a synaptojanin-binding protein, OMP25 (Nemoto and De
Camilli, 1999). At least for some of these proteins it was demonstrated that
the tail-anchor domain is necessary and sufficient for targeting to mitochon-
dria (Allen et al., 2002; Beilharz et al., 2003; Dembowski ef al., 2001; Egan
et al., 1999; Kemper et al., 2008; Nguyen ef al., 1993). Similar to the signal
anchor domains in ‘‘signal-anchored” proteins, the tail regions of TA
proteins are of moderate hydrophobicity and flanked by positive charges.
It seems that the relative contribution of each of these two structural features
varies from protein to protein (Borgese ef al., 2007; Rapaport, 2003).

The mechanisms by which the TA proteins are recognized at the mito-
chondrial surface and subsequently inserted into the membrane are still largely
unresolved. Conflicting reports exist regarding the requirements for surface
receptors, external energy, and cytosolic chaperones (Fig. 5.2). On the one
hand, the targeting of VAMP-1B was reported to rely on surface receptors
(Lan et al., 2000), and the import of B¢l-2 precursor into yeast mitochondria
was proposed to involve the import receptor Tom20 (Motz et al., 2002). On
the other hand, mitochondrial targeting of tail-anchored proteins in mam-
malian cells was proposed recently to be independent of protease-sensitive
proteins and of the TOM complex (Setoguchi et al., 2006). Importantly,
these authors reported that mitochondrial targeting and integration of the
analyzed TA proteins shared a common pathway that did not depend on the
hydrolysis of cytosolic ATP (Setoguchi ef al., 2006). Similarly, a recent study
on the insertion pathway of the yeast tail-anchored protein, Fis1, revealed that
the TOM complex seems not to be involved in the membrane integration
process (Fig. 5.2) (Kemper et al., 2008). The role of cytosolic factors in
delivering the TA proteins to the surface of mitochondria remains to be
investigated. Another open question is whether the membrane integration
of the TA proteins is mediated by proteins in the outer membrane (Fig. 5.2,
option 1) or if they are inserted directly into the membrane in an unassisted
manner (Fig. 5.2, option 2).
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Figure 5.2 Membrane insertion of tail-anchored proteins. The precursors of tail-
anchored proteins are inserted without an apparent involvement of the TOM complex.
It is yet an open question whether other membrane-embedded proteins (depicted here
as ‘“‘unknown insertase’’) are promoting the process (option 1) or the membrane
integration occurs directly into the lipid bilayer in an unassisted manner (option 2).

2.1.5. Biogenesis of ff-barrel membrane proteins

Mitochondria and chloroplasts contain f-barrel proteins in their outer
membranes (Gabriel et al., 2001; Rapaport, 2003; Schleift et al., 2003).
These proteins cross the outer membrane by multiple antiparallel f-strands
consisting each of 9-11 amino acid residues (Wimley, 2003). The only
other biological membrane known to harbor f-barrel proteins is the outer
membrane of Gram-negative bacteria (Tamm ef al., 2001; Wimley, 2003).
This situation is believed to reflect the evolutionary origin of mitochondria
and chloroplasts from endosymbionts that belong to the class of Gram-
negative bacteria. Despite their central role in bacterial and organelle
biogenesis very little is known about how newly synthesized f-barrel
proteins are sorted within the cell, integrated into lipid bilayers and assembled
into oligomeric structures.

In the case of mitochondria, two f-barrel membrane proteins have been
known for a long time, porin and Tom40, both channel-forming oligo-
meric proteins. More recently discovered f-barrel mitochondrial mem-
brane proteins are Mdm10 and Mmm2 which have a role in the
maintenance of the morphology of mitochondria (Sogo and Yaffe, 1994;
Youngman et al., 2004). Another f-barrel membrane protein is Tob55/
Sam50, the key component of the TOB/SAM complex (Fig. 5.1, example 6).
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The biogenesis of ff-barrel proteins was studied in detail only in recent
years. Precursors of these proteins are initially recognized by the import
receptors Tom20 and Tom70. They are then translocated via the general
import pore of the TOM complex (Fig. 5.3, step 1) (Krimmer et al., 2001;
Model et al., 2001; Rapaport, 2002; Rapaport and Neupert, 1999; Schleiff
et al., 1999). From the TOM complex, fi-barrel precursors are transferred to
the TOB/SAM complex which mediates the topogenesis of these proteins
in the outer membrane (Fig. 5.3, steps 2 and 3). On their way from the
TOM to the TOB/SAM complex, fi-barrel precursors are exposed to the
intermembrane space where they were reported to interact with small Tim
components residing in this compartment (Fig. 5.3, step 2) (Hoppins and
Nargang, 2004; Wiedemann et al., 2004). In the following sections, we will
discuss the various stages in the biogenesis of these proteins in more detail.

2.1.5.1. The targeting information of mitochondrial 3-barrel proteins The
targeting information of f-barrel proteins, such as porin and Tom40, is spread
throughout different regions of the sequence. In the case of N. crassa Tom40,
deletion of the N- or the C-terminus did not affect protein targeting to

B-barrel
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TOM complex (- Cytosol
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Small Tim
proteins %

Outer membrane

Intermembrane space

[ Inner membrane}

Matrix

Figure 5.3 The biogenesis of mitochondrial f-barrel membrane proteins. The pre-
cursors of f-barrel proteins are probably attached to cytosolic chaperones before their
recognition by import receptors of the TOM complex (step 1). The precursor proteins
are subsequently translocated across the outer membrane and passed on to the TOB/
SAM complex. Small Tim chaperones in the intermembrane space facilitate the transfer
of the precursor from the TOM complex to the TOB/SAM machinery (step 2). Finally,
the f-barrel precursors are inserted into the outer membrane by the TOB/SAM
complex (step 3). The numbers refer to the respective subunits of the translocases.
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mitochondria, indicating that the termini do not carry the necessary targeting
information (Rapaport and Neupert, 1999). Studies on yeast porin demon-
strated that deletions of various segments in the N-terminal half of the protein
abrogate the import process (Hamajima et al., 1988; Smith ef al., 1995). The
import efficiency is also decreased when specific lysine residues are mutated to
a neutral or negatively charged amino acid (Smith ef al., 1995). In contrast, it
appears that N. crassa porin contains targeting, import, and/or assembly
information at its C-terminus, rather than at the N-terminus (Court ef al.,
1996). In the case of yeast Tob55/Sam50, the deletion of the N-terminal
domain did not affect the targeting and assembly of the precursor (Habib ef al.,
2007). Taken together, these studies suggest that the targeting information in
p-barrel proteins is not included in a linear sequence but rather may be
encoded by a structural element that is composed of different regions of the
protein (Rapaport, 2003).

2.1.5.2. Structure and function of the TOB/SAM complex After crossing
the outer membrane via the TOM complex, precursors of -barrel proteins
are engaged by the TOB/SAM complex. The major component of the
TOB/SAM complex is Tob55/Sam50 (Gentle et al., 2004; Kozjak et al.,
2003; Paschen et al., 2003). Its sequence is similar to that of the highly
conserved bacterial protein Omp85/YaeT, which was proposed to mediate
the insertion of f-barrel proteins into the bacterial outer membrane (see
below) (Voulhoux et al., 2003; Wu et al., 2005). Furthermore, Tob55/
Sam50 apparently has homologous proteins throughout the entire eukary-
otic kingdom and was found to be essential for viability in yeast and N. crassa
cells (Hoppins et al., 2007). Depletion of Tob55/Sam50 or the growth of
a conditional mutant at nonpermissive temperature leads to reduced levels
of f-barrel membrane proteins in mitochondria. Furthermore, isolated
mitochondria with reduced amounts of Tob55/Sam50 or harboring a
mutated Tob55/Sam50 are unable to import ff-barrel membrane proteins.
Taken together, Tob55/Sam50 plays a specific role in the biogenesis of
mitochondrial f-barrel membrane proteins.

Tob55/Sam50 is a 55-kDa protein which is composed of two parts:
the membrane-integrated f-barrel domain in its C-terminal region and
the predicted hydrophilic N-terminal domain which is exposed to the
intermembrane space. The N-terminus contains a POTRA (polypeptide-
transport-associated) domain which is assumed to have a chaperone-like
function (Gentle et al., 2005; Pfanner et al., 2004; Sanchez-Pulido et al.,
2003). Recently, this domain was shown to interact with f-barrel precur-
sors thereby facilitating their transfer from the TOM complex to the TOB/
SAM machinery (Habib ef al., 2007).

Tob55/Sam50 is the main component of a complex of ~250 kDa,
termed TOB/SAM complex. The TOB/SAM complex in yeast contains
two further proteins, Mas37/Sam37/Tom37 and Tob38/Sam35/Tom38
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(Ishikawa et al., 2004; Milenkovic et al., 2004; Waizenegger et al., 2004,
Wiedemann ef al., 2003). These latter two components are associated with
Tob55/Sam50 at the cytosolic side of the outer membrane. The role of
Mas37/Sam37/Tom37 in the biogenesis of mitochondrial f-barrel mem-
brane proteins has not yet been identified. Mas37/Sam37/Tom37 is essen-
tial for viability of yeast cells only at elevated temperatures. In its absence, a
functional TOB/SAM core complex is present, yet imported f-barrel
precursors accumulate as TOB/SAM-bound species (Paschen et al., 2003;
Wiedemann et al., 2003). A recent study points to a possible function
of Mas37/Sam37/Tom37 in the release of f-barrel precursors from the
TOB/SAM complex (Habib et al., 2005).

Tob38/Sam35/Tom38 is, like Tob55/Sam50, an essential component
for the viability of yeast. It is tightly bound to Tob55/Sam50 and the levels
of Tob38/Sam35/Tom38 are strongly reduced in Tob55/Sam50-depleted
cells. Thus, Tob38/Sam35/Tom38 is most probably anchored to mito-
chondria via Tob55/Sam50. The depletion of Tob38/Sam35/Tom38 has a
severe effect on the import of fi-barrel precursors, but not on the import of
precursor proteins destined to other mitochondrial subcompartments.
Together with Tob55/Sam50, Tob38/Sam35/Tom38 forms a functional
TOB/SAM core complex even in the absence of Mas37/Sam37/Tom37.
Since the extraction of Tob38/Sam35/Tom38 destabilizes the structure of
the membrane-embedded Tob55/Sam50 (Habib et al., 2005), it was con-
cluded that Tob38/Sam35/Tom38 is required for the stability and assembly
of the TOB/SAM complex. A subcomplex of Mas37/Sam37/Tom37 with
Tob55/Sam50 on depletion of Tob38/Sam35/Tom38 was not detected.

A further protein which was suggested to be a component of the TOB/
SAM complex is Mdm10. This outer membrane protein is predicted to be a
p-barrel protein and uses the TOB/SAM complex for its topogenesis
(Paschen et al., 2003; Wiedemann et al., 2003). It was demonstrated to
play an important role in mitochondrial division and morphology (Sogo and
Yafte, 1994). A fraction of Mdm10 was found in association with the TOB/
SAM complex and a function in the import of Tom40 precursor was
proposed (Meisinger et al., 2004). Recently, also the TOM component
Tom7 and the morphology proteins, Mdm12 and Mmm/1, were suggested
to play such a dual role (Meisinger ef al., 2006, 2007).

2.1.5.3. The assembly of the TOB/SAM complex The TOB/SAM com-
plex is composed of both, membrane-embedded and membrane-associated
subunits. The import pathway of Tob55/Sam50 shares in principle the
conserved route of other f-barrel proteins. Initially, Tob55/Sam50 is
recognized by the mitochondrial surface receptors Tom70 and Tom?20.
Then, it is translocated via the general import pore of the TOM complex
and transferred to the TOB/SAM complex. The small Tim protein
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complexes Tim8-Tim13 and Tim9-Tim10 seem to be involved in this
process. The TOM complex was shown to be involved in the import of
most mitochondrial proteins analyzed so far. In contrast, Mas37/Sam37/
Tom37 was shown to follow a unique association pathway, where it is
directly recognized by and assembled into the TOB/SAM core complex
(Habib et al., 2005). Since Tob38/Sam35/Tom38 is also peripherally
attached to the TOB/SAM complex, it presumably associates with the
outer membrane in a similar way as Mas37/Sam37/Tom37. Upon depletion
of Tob55/Sam50 from yeast cells, significantly reduced amounts of Tob38/
Sam35/Tom38 were detected in the mitochondria and no accumulation of
Tob38/Sam35/Tom38 in the cytosolic fractions was observed (unpublished
data). This observation suggests that Tob55/Sam50 is most likely the dock-
ing site on the outer membrane for newly synthesized Tob38/Sam35/
Tom38 molecules. In the absence of this docking site Tob38/Sam35/
Tom38 molecules were degraded in the cytosol.

2.1.5.4. How does the TOB/SAM complex mediate its function? At pres-
ent, one can only speculate how the TOM/SAM complex might function.
Tob55/Samb50 is predicted to be a 12-stranded f-barrel with an N-terminal
extension in the intermembrane space. This domain, the POTRA domain,
is suggested to have chaperone-like qualities. The POTRA domain of
Tob55/Sam50 is involved in recognition and binding of the unfolded
p-barrel precursors which emerge from the TOM complex. At this stage,
the precursors might already start to fold and are accessible to different
folding catalysts of the intermembrane space (Fig. 5.3, step 2). In the absence
of this domain, the translocation across the TOM complex and the
subsequent membrane integration of f-barrel precursors is impaired
(Habib et al., 2007). Thus, it appears that the translocation of f-barrel
precursor proteins across the outer membrane and their recognition by
the TOB/SAM complex are coupled processes. Currently, the molecular
mechanism of this coupling is not clear.

Electron microscopy analysis of recombinant and purified Tob55/
Sam50 revealed ring-shaped assemblies with an outer diameter of ~15 nm
and an inner diameter of ~7-8 nm. The central pore measured ~4-5 nm
and should be large enough to accommodate a ff-barrel of 16-22 f-strands
(Paschen et al., 2003). Therefore, two possibilities for TOB/SAM-mediated
membrane insertion seem likely: (1) the TOB/SAM-mediated membrane
integration of f-barrel proteins involves initial insertion of newly synthe-
sized precursors into the pore and then lateral release into the lipid phase of
the membrane; (2) the Tob55/Sam50 subunit serves as a scaffold for the
p-barrel precursors. In such a mechanism, assembly can follow a concerted
partitioning of the bulky f-barrel into the membrane. As the first mecha-
nism would require major structural rearrangements of the f-barrel and
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disruption of many hydrogen bonds (Gabriel et al., 2001), we favor the
second alternative.

Why is the biogenesis of the f-barrel proteins so complex? When the
amino acid sequence of Tob55/Sam50 was determined, it became imme-
diately clear that there are homologues of Tob55/Sam50 in Gram-negative
bacteria. Depletion of the bacterial homologue, Omp85 in N. meningitides
and later in E. coli led to accumulation of f-barrel membrane proteins in the
periplasm and loss of cell viability (Voulhoux et al., 2003; Wu ef al., 2005).
Thus, Omp85 appears to be essential for the insertion of f-barrel proteins
into the bacterial outer membrane. This function has apparently been
conserved during evolution of mitochondria from bacteria. In bacteria,
p-barrel membrane proteins are first secreted by the Sec machinery into
the periplasm and then inserted into the outer membrane. In mitochondria,
these proteins are produced in the cytosol as their genes have been trans-
ferred from the endosymbiont’s genome into the nucleus. Therefore, these
precursors see the mitochondrial outer membrane from the “wrong’ side.
Thus, they have to be translocated first to the other side of the outer
membrane from which they can be inserted by the TOB/SAM complex
that has been inherited from the prokaryotic ancestors. Membrane insertion
of these fi-strand proteins into lipid membranes represents a protein folding
reaction of considerable complexity which was likely optimized during
evolution of prokaroytic life. Apparently, it was easier during evolution to
make the precursors use the TOM translocation machinery rather than to
develop a novel insertion pathway starting at the cytosolic surface. Thus, the
insertion pathway of f-barrel proteins is an example of “conservative
sorting’” and a reflection of the evolutionary origin of the mitochondria.

2.1.5.5. Topogenesis of the mitochondrial 3-barrel protein Tom40 The
import pathway of Tom40 has been studied in some detail. It can serve as a
paradigm since its topogenesis can be followed up to its assembly into the
well-characterized TOM complex. The initial steps of import of precursors
of Tom40 involve the TOM complex (Keil ef al., 1993; Model ef al., 2001;
Rapaport and Neupert, 1999). Recent studies allowed the dissection of the
complex import pathway into different stages like targeting, translocation,
and membrane insertion. It was demonstrated that the Tom40 precursor
traverses the TOM complex via the general import pore after interaction
with both import receptors. For example, blocking the TOM channel by
arresting matrix-targeted precursors within the TOM translocation pore,
impaired the import of f-barrel proteins suggesting that both types of
precursor proteins compete on the same TOM elements (Paschen et al.,
2003; Wiedemann ef al., 2003). Next, the precursor of Tom40 is released
into the intermembrane space before it is passed on to the TOB/SAM
complex. Evidence for a passage through the intermembrane space was
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obtained among others by demonstrating the involvement of the small Tim
protein complexes, Tim9-Tim10 and Tim8—Tim13, in the biogenesis of -
barrel proteins (Habib er al., 2005; Hoppins and Nargang, 2004;
Wiedemann et al., 2004). These small proteins were suggested to function
as general chaperones for precursors of the hydrophobic carrier proteins on
their passage from the TOM complex to the TIM22 complex in the inner
membrane (see below). It is envisaged that the small Tim proteins play a
similar role in the biogenesis of f-barrel proteins by guiding them through the
intermembrane space.

Although f-barrel precursors are exposed to the intermembrane space
on their insertion route, when these proteins were imported into Tob55/
Sam50-depleted mitochondria, they did not accumulate as import inter-
mediates in the intermembrane space. This suggests that the translocation
across the outer membrane via the TOM complex is probably coupled to
the interaction with the TOB/SAM complex. Furthermore, it was shown
that the interaction of f-barrel precursor proteins with the TOM complex
is required for their proper and efficient recognition by the TOB/SAM
complex. (Habib ef al., 2007).

The import of Tom40 involves a number of further intermediate stages
after transfer into the intermembrane space. These were characterized by
the determination of their apparent native molecular masses, their kinetics
of appearance and disappearance, and subunits composition (Model et al.,
2001; Rapaport and Neupert, 1999). The discovery of the TOB/SAM
complex allowed detailed characterization of these intermediates. An early
intermediate of the fully imported Tom40 has an apparent molecular
mass of around 250-300 kDa and represents a Tom40 precursor interacting
with the TOB/SAM complex. Comparable intermediates were also shown
for other f-barrel proteins (Hoppins et al., 2007; Ishikawa et al., 2004;
Milenkovic ef al., 2004; Paschen et al., 2003; Waizenegger et al., 2004;
Wiedemann et al., 2003). Mim1/Tom13, a small integral outer membrane
protein, was shown to be involved in the assembly process of the Tom40
precursor in a step downstream of the 250 kDa intermediate. Mim1/
Tom13 was found to be required after the interaction of the Tom40 pre-
cursor with the TOB/SAM complex (Ishikawa ef al., 2004; Waizenegger
et al., 2005). The 250 kDa intermediate is followed by an intermediate of
~100 kDa, which probably consists of a Tom40 dimer and may also contain
Tom5 (Model et al., 2001). This intermediate apparently has undergone
insertion into the lipid bilayer of the outer membrane and appears to be an
assembly intermediate that eventually leads to the formation of a new TOM
complex. Mdm10 appears to play an undefined role in the subsequent
assembly stages of Tom40 precursor (Meisinger ef al., 2004). The final
assembly stages of Tom40 involve interactions with Tom6, Tom?7,
Tom?22, and Tom?20 but these steps have not been resolved so far.
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2.2. Translocation across and into the inner membrane
2.2.1. The TIM23 complex

The TIM23 complex is one of two import complexes of the inner mem-
brane and the major translocase for precursor proteins. It facilitates mito-
chondrial import of presumably all matrix proteins and of most inner
membrane proteins. The TIM23 complex consists of two different parts:
(1) four membrane-embedded subunits which are critical for the recognition
of precursor proteins and the formation of a membrane potential-triggered
translocation pore; (2) a number of matrix proteins which are more or less
tightly associated with the translocation pore and which constitute the
import motor that drives protein translocation in an ATP-dependent
process.

2.2.1.1. The membrane sector of the TIM23 complex The membrane
sector of the TIM23 complex is composed of four subunits: Tim17, Tim21,
Tim?23, and Tim50. Tim17 and Tim23 are multispanning membrane pro-
teins which form the central translocation pore of the TIM23 complex.
Tim21 and Tim50 are anchored to the inner membrane and expose soluble
domains into the intermembrane space which are critical for the interaction
with the TOM complex and with incoming preproteins (Emtage and
Jensen, 1993; Geissler et al., 2002; Maarse et al., 1994; Mokranjac ef al.,
2003a; Ryan ef al., 1998; Yamamoto et al., 2002).

Tim23 consists of a hydrophobic core domain embedded in the inner
mitochondrial membrane and an N-terminal hydrophilic domain localized
in the intermembrane space. This intermembrane space domain comprises
roughly 100 amino acid residues and features a bipartite structure. The
N-terminal half of this hydrophilic domain was found to penetrate the
outer membrane (Donzeau ef al., 2000) thereby positioning the TIM23
complex in close proximity to the outer membrane (Vogel et al., 2006). The
C-terminal half of the intermembrane space domain of Tim23 was shown
to be responsible for the dimerization of Tim23 and for the recognition of
presequences (Bauer et al., 1996). The hydrophobic region of the protein
consists of four membrane spanning domains and has the ability to form
voltage-gated pores in artificial membranes (Truscott ef al., 2001). Tim?23 is
essential for the formation of the translocation channel which presumably
consists of a twin pore structure of two equally sized pores which open and
close cooperatively (Lohret ef al., 1997; Martinez-Caballero et al., 2007).

Tim23 is directly associated in a 1:1 stoichiometry with Tim17 via
hydrophobic interactions (Blom ef al., 1995; Moro et al., 1999; Ryan
et al., 1998). Within their hydrophobic domains, Tim23 and Tim17 share
46% sequence identity but despite this high degree of sequence conserva-
tion, these domains are not functionally exchangeable. Whether Tim17 is
directly involved in channel formation is not clear but it plays an essential
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role in the regulation of the pore (Martinez-Caballero ef al., 2007). Ionic
interactions between charged residues on the intermembrane space side of
Tim17 appear to control pore opening (Meier et al., 2005a). It was specu-
lated that binding of positively charged residues in mitochondrial prese-
quences interferes with these ionic interactions and thereby triggers the
opening of the translocation channel.

Like Tim17 and Tim?23, Tim50 is essential for viability in yeast. Tim50
does not directly contribute to the formation of the import channels but is
critical for their regulation (Chacinska ef al., 2003; Geissler et al., 2002;
Meinecke et al., 2006; Mokranjac et al., 2003a; Yamamoto et al., 2002).
Upon fractionation of mitochondria, only a fraction of Tim50 can be
recovered with the TIM23 complex suggesting a dynamic association of
Tim50 with the other subunits of the TIM23 translocase. Tim50 exposes a
large C-terminal domain into the intermembrane space which is critical for
the interaction of the TIM23 translocase with the TOM complex
(Chacinska et al., 2003) and for the closure of TIM23 channels in the
absence of preproteins (Meinecke et al., 2006). Thus, Tim50 might serve
as regulator of the import channel which allows the dynamic formation of
import pores as soon as presequences emerge from the TOM channel.

The fourth component of the membrane sector, Tim21, was only
recently identified (Chacinska et al., 2005; Mokranjac et al., 2005). Like
Tim50, Tim21 contains an N-terminal membrane anchor and a soluble
domain in the intermembrane space. It dynamically interacts with the
TIM23 complex and with the Tom22 subunit of the TOM complex. It
was proposed that Tim21 thereby is critical for the communication between
both translocases and serves as an important regulator of the translocation
machinery of both membranes. The deletion of Tim21, however, does not
cause significant growth defects and Tim21 therefore is dispensable for
protein translocation per se. In addition, Tim21 might interact with the
bc; complex of the respiratory chain. The recruitment of this proton
pumping enzyme might ensure a high local membrane potential at the
import site to allow efficient translocation even under nutrition-limiting
conditions (van der Laan et al., 2006).

2.2.1.2. The import motor The membrane sector of the TIM23 complex
forms a voltage-gated pore which, in principle, is sufficient for the translo-
cation of positively charged presequences across the inner membrane in a
strictly membrane potential-driven process (van der Laan et al., 2007).
However, the translocation of most matrix and inner membrane proteins
requires the activity of the import motor. The import motor complex is
composed of at least six subunits: Tim44, Tim16/Pam16, Tim14/Pam18,
Pam17, mtHsp70, and Mgel.

The yeast mtHsp70 is essential for cell viability. It was linked to the
mitochondrial import machinery almost two decades ago when the protein
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was shown to transiently bind precursor proteins (Craig ef al., 1987; Kang
et al., 1990; Manning-Krieg et al., 1991; Scherer et al., 1990). mtHsp70
recognizes incoming polypeptides as soon as they emerge on the matrix side
and its binding prevents their backsliding across the inner membrane. The
binding to substrates releases mtHsp70 from the TIM23 complex so that the
Brownian motion of the incoming polypeptides promotes their further
translocation into the matrix. Sequential rounds of mtHsp70 binding will
finally complete the import reaction. It was speculated that mtHsp70 might
undergo a conformational switch in order to actively pull the polypeptides
in but evidence for this “pulling hypothesis™ is still lacking (Neupert and
Brunner, 2002).

A tight association of mtHsp70 with the TIM23 complex is essential for
efficient trapping of the incoming polypeptides. The recruitment of
mtHsp70 to the TIM23 complex is mediated by the Tim44 subunit. This
membrane-associated matrix protein functions as a docking site for
mtHsp70 on the TIM23 complex (Horst ef al., 1993; Maarse et al., 1992;
Scherer et al., 1992; Schneider et al., 1994).

Substrate binding and release by Hsp70 chaperones is regulated by DnaJ-
like proteins (Walsh et al., 2004). The substrate binding of Tim44-bound
mtHsp70 is regulated by a DnaJ subunit of the import motor, Tim14/Pam18
(D’Silva et al., 2003; Mokranjac ef al., 2003b; Truscott ef al., 2003). Tim14/
Pam18 forms a subcomplex together with Tim16/Pam16, the second DnaJ-
like subunit of the import motor. In contrast to Tim14/Pam18, Tim16/
Pam16 lacks the essential histidine-proline-aspartate signature of the active
center and therefore is unable to stimulate the ATPase activity of mtHsp70
(D’Silva et al., 2005; Frazier et al., 2004; Kozany et al., 2004). Tim14/
Pam18 and Tim16/Pam16 form a 1:1 complex in which both subunits
might alternatively interact with mtHsp70 and thereby switch between an
activating and inhibiting state. The relevance of the inhibiting state induced
by Tim16/Pam16 is not clear but it was speculated that Tim16/Pam16
prevents the unproductive idling of the import motor (Mokranjac et al.,
2006; Slutsky-Leiderman et al., 2007).

Another essential component of the import motor is Mge1, a soluble
matrix protein which transiently binds to mtHsp70. Mgel functions as
nucleotide exchange factor which stimulates the release of ADP from
mtHsp70 to allow its conversion into the ATP-bound state (Bolliger
et al., 1994; Tkeda et al., 1994; Laloraya ef al., 1994). The most recently
identified subunit of the import motor is Pam17. Pam17 is not essential for
protein import and its functional role in the import process is not clear yet.

Five of the subunits of the TIM23 complex were only discovered during
the last five years (Tim50, Tim21, Tim16/Pam16, Tim14/Pam18, and
Pam17) and it seems likely that more subunits which interact permanently
or transiently with the TIM23 translocase will be identified in the next
years.
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2.2.1.3. The mechanism of TIM23-mediated translocation The TIM23
complex is responsible for the translocation of proteins with matrix-
targeting sequences. These sequences are initially recognized by receptors
of the TOM complex and transported through the TOM pore across the
outer membrane after which they interact with the intermembrane space
domains of Tim50 and Tim23. Tim21 presumably facilitates the release
from binding sites at the TOM complex (Fig. 5.4, step 1). Thereby precur-
sor proteins are directed to the translocation pore formed by Tim17 and
Tim23. Concomitantly, the positively charged presequences interact with
Tim17, which is responsible for the voltage gating of the translocation pore
of the TIM23 complex. This interaction triggers the opening of the
protein-conducting channel followed by the translocation of the prese-
quences across the inner membrane in a membrane potential-dependent manner
(Fig. 5.4, step 2). Following its translocation into the matrix, the

Step 1 Step 2 Step 3
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Figure 5.4 TIM23-mediated protein translocation across the inner mitochondrial
membrane. In a first step, incoming polypeptides contact the intermembrane space
domains of the TIM23 complex and are directed to the protein-conducting channel
(step 1). This triggers the opening of the voltage-gated TIM23 pore and initiates the
translocation of presequences in a membrane-potential (AW)-dependent manner
(step 2). Following passage of presequences across the TIM23 channel, sequential
ATP-dependent interactions with mtHsp70 chaperones drive the translocation of the
entire preprotein into the matrix. The presequences are cleaved by the mitochondrial
processing peptidase (MPP) and the mature proteins can fold into their native functional
conformations (step 3). Membrane subunits of the TIM23 complex are depicted in
medium gray. Components of the motor complex are shown in dark gray. The TOM
complex is depicted as a light gray box.
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presequences are bound by mtHsp70 which is positioned at the protein-
conducting channel by Tim44. The DnaJ-like subunits, Tim16/Pam16 and
Tim14/Pam18, coordinate the binding of the polypeptides by mtHsp70.
mtHsp70 is maintained at the TIM23 complex in the ATP-bound form
which represents the open state that allows efficient binding to incoming
polypeptides. Upon precursor binding, mtHsp70 dissociates from Tim44
and ATP is converted to ADP leading to a tight association of the chaperone
to substrates. The bound chaperone prevents the backsliding of polypep-
tides in the import pore whereas it can move inward due to the Brownian
motion. Subsequent cycles of binding and release of mtHsp70 then lead to
the complete translocation of the polypeptide chain into the matrix in an
ATP-dependent manner (Fig. 5.4, step 3). Concomitantly with the translo-
cation of the polypeptide chains, the presequences are cleaved by the
mitochondrial processing peptidase (MPP). The nucleotide exchange factor
Mgel stimulates the exchange of ADP for ATP in mtHsp70 and thereby
causes the opening of the substrate-binding cleft of the chaperone. Thus,
upon release of the mtHsp70 proteins, the imported proteins can fold into
their final conformations.

2.2.2. Insertion pathways of inner membrane proteins

The inner membrane harbors a large number of integral membrane proteins
of different topologies. These proteins are inserted basically via three distinct
pathways which are sketched in Fig. 5.5:

The Stop-Transfer Pathway: Most single spanning membrane proteins
reach the inner membrane by the stop-transfer route which is a deviation
of the TIM23-mediated import pathway. These proteins are first arrested in
the TIM23 complex (stop) and then laterally released into the lipid bilayer
of the inner membrane (transfer).

The Conservative Sorting Pathway: Multispanning membrane proteins can
be inserted via the conservative sorting pathway which also employs the
TIM23 complex. In this case, however, the proteins are initially imported
into the matrix and insert from the matrix into the inner membrane. Since
the direction of protein insertion resembles that in the prokaryotic ancestors
of mitochondria, this route is called conservative.

TIMZ22-Mediated Insertion Pathway: Members of the carrier proteins and
some Tim subunits have pairs of transmembrane domains which are inserted
in a loop-like fashion into the inner membrane by the TIM22 translocase.
The insertion takes place from the intermembrane space and appears to be
restricted to substrates which are not of prokaryotic origin.

2.2.3. Insertion via the TIM23 complex—The Stop Transfer Pathway

2.2.3.1. Import of single-spanning membrane proteins of N;,—C,u:
topology All inner membrane proteins that are synthesized with matrix-
targeting signals are targeted to the TIMZ23 complex. Substrates of the
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Figure 5.5 Topogenesis of inner membrane proteins. Proteins are directed to the
inner membrane via three distinct pathways. The Stop-Transfer Pathway: Many single-
spanning inner membrane proteins are imported by matrix-targeting signals and deviate
from the general import pathway at the level of the TIM23 complex. Members of this
group can adopt both N;,—C,,; and N,,~C;, topologies (examples 1 and 2, respec-
tively). The Conservative Sorting Pathway: Complex polytopic inner membrane proteins
can also be synthesized with matrix targeting signals. These direct the proteins initially
into the matrix from where they integrate into the inner membrane (examples 4 and 5).
This integration step resembles the membrane insertion in bacteria. The TIM22-
Mediated Insertion Pathway: Carrier proteins (example 6) and some Tim subunits (exam-
ple 7) do not contain matrix targeting signals and are imported by an alternative inner
membrane translocase, the TIM22 complex. Insertion occurs from the intermembrane
space in a membrane-potential-dependent manner.

Stop-Transfer Pathway contain one internal transmembrane domain which
is arrested at the level of the TIM23 translocase and inserted into the inner
membrane (Daum et al., 1982; Van Loon and Schatz, 1987). Most substrates
of this mode of protein insertion are inner membrane proteins with an N;—C,
topology (Fig. 5.5, example 1). The import process of a number of stop-transfer
proteins was studied in some detail and the presumably best characterized
example is subunit 5a of the cytochrome oxidase (Cox5a) of Saccharomyces
cerevisiae. Like matrix-targeted proteins, Coxba has a presequence and is
imported by the cooperative action of the TOM and the TIM23 complexes.
Coxba is inserted into the inner membrane during protein import, a process
which was found to depend on its hydrophobic TMS (Glaser et al., 1988, 1990;
Meier et al., 2005b). The import of Cox5a depends on the membrane potential
and successive cycles of mtHsp70 binding and release driven by ATP hydrolysis,
basically like that of soluble matrix proteins. When the matrix domain of Cox5a
was deleted so that the TMS followed shortly after the matrix-targeting
sequence, mtHsp70 and ATP became dispensable for import and insertion of
Cox5a (Miller and Cumsky, 1993). In this case insertion might irreversibly
trap the protein in the inner membrane, efficiently preventing a backsliding
out of the mitochondria. It is assumed that lateral movements of the polypeptide
driven by Brownian motion finally pull the C-terminal domain completely
into the intermembrane space. However, experimental evidence for such a
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sliding-driven import reaction is still lacking. Further examples of stop-
transfer proteins of N;—C,, topology are Cbp4, Cox11, Cyc2, DId1, Hem14,
the MIWFE subunit of complex I, Mia40, Oms1, Tim21, Tim50, Ymel,
and YmeZ2.

2.2.3.2. Sorting signals in stop-transferred proteins Not all hydrophobic
stretches serve as arresting signals since conservatively sorted proteins are
translocated into the matrix of mitochondria despite the presence of hydro-
phobic transmembrane domains. Detailed analysis of the arrested and trans-
ferred membrane proteins suggested that at least three different characteristics
of these proteins are responsible for their respective sorting at the level of the
TIM23 complex.

First of all, the length and hydrophobicity of the transmembrane segments
plays a critical role for protein sorting. Detailed experiments with variants of
D-lactate dehydrogenase (D1d1) showed that shortening of the TMS favors a
mis-sorting of this stop-transferred protein into the matrix, whereas an
extension improved the arrest of the protein (Rojo et al., 1998). Moreover,
the insertion of hydrophilic residues into hydrophobic arresting signals
strongly perturbs their sorting by the TIM23 complex (Beasley et al.,
1993). In comparison to conservatively sorted proteins, transmembrane
domains arrested at the level of the inner membrane show in general a
higher degree of hydrophobicity which contributes to a stop in protein
translocation (Meier et al., 2005b). It should be noted that transmembrane
domains of conservatively sorted proteins are still uncharged and hydropho-
bic; two crucial requirements in order to be tolerated in the lipid bilayer
of the inner membrane. However, they are enriched in moderately
hydrophobic residues like alanine, glycine, or serine and show a relative
low content of valine, leucine, and isoleucine residues (Meier et al., 2005b).

Second, proteins sorted by the stop-transter mechanism often have
clusters of charged amino acid residues C-terminally to their hydrophobic domain.
These charged clusters were initially found for DId1 but are also present in
Scol, Sco2, and Cox5a which are also inserted into the inner membrane
by the stop-transfer mechanism (Rojo ef al., 1998). In the case of DId1,
these charges are essential to arrest the translocation of the imported
protein. Whether these clusters are recognized by the TIM23 complex or
physically slow down the translocation due to their stronger hydration is not
known.

The third determinant for a stop-transfer signal is the absence of proline
residues in the transmembrane domain. Many hydrophobic domains of
conservatively sorted proteins contain proline residues which were shown
by mutation experiments to actively counteract their insertion by the
TIM23 translocase (Meier et al., 2005b). The TIM23 complex might have
a preference to insert straight helical structures into the inner membrane
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which are not formed when proline residues are placed in central regions of
the hydrophobic domain.

2.2.3.3. Import of single-spanning membrane proteins of Ny,~Ci,
topology Some membrane proteins of N,,—C;, topology (Fig. 5.5,
example 2) also use the stop-transfer mechanism to integrate into the
inner membrane. Experimentally characterized examples are Bes1, Tim14/
Pam18, and Mdj2 (Folsch et al., 1996; Mokranjac et al., 2003b; Westermann
and Neupert, 1997). Bes1 is an AAA ATPase with one transmembrane span
and a large N-terminal domain exposed to the intermembrane space. The
integral membrane domain is C-terminally followed by a short positively
charged, amphipathic segment which was found to function as an internal
mitochondrial targeting signal. It was suggested that the internal targeting
signal together with the TMS forms a hairpin-like loop which mimicks the
structural features of a matrix-targeting sequence with one hydrophobic and
one positively charged side. This signal integrates into the TIM23 translo-
case and upon further translocation of the C-terminal hydrophilic segment,
the protein acquires its N, —C;,, topology (Folsch et al., 1996). Thus, these
proteins presumably are imported by the same principles as stop-transferred
proteins which expose their N-termini to the matrix.

2.2.4. Insertion via the Conservative Sorting Pathway

Presumably as a consequence of their prokaryotic origin, mitochondria
insert many proteins from the matrix into the inner membrane in a process
which resembles protein insertion in bacteria (Fig. 5.5, examples 3—5) (Hartl
et al., 1986). Well-characterized examples that employ the conservative
insertion pathway are Oxal (Herrmann ef al., 1997) and Cox18/Oxa2
(Funes et al., 2004) (Fig. 5.5, example 3), subunit 9 of the FoF{-ATPase of
N. crassa (Rojo et al., 1995, 1999) (Fig. 5.5, example 4), and Mrs2 and Yta10
(Baumann et al., 2002) (Fig. 5.5, example 5). These proteins are synthesized
with matrix-targeting signals. They reach the inner membrane in a two-step
process: First, they are imported into the mitochondrial matrix through the
protein-conducting channels of the TOM and TIM23 complexes. Some of
the proteins even accumulate transiently in the matrix as sorting intermedi-
ates which are bound by mtHsp70. The association with this chaperone
prevents the aggregation of these hydrophobic polypeptides. In a second
step, the proteins are inserted from the matrix side into the inner membrane
(Fig. 5.6A). The process by which these proteins integrate into the mem-
brane is not well understood. Efficient insertion of some proteins requires
the inner membrane protein Oxal which plays a crucial role in membrane
insertion of mitochondrial translation products (see below). However,
Oxal is dispensable for a number of conservatively sorted proteins like
Mrs2 or YtalO and it is completely unclear how these proteins make
their way into the inner membrane. The insertion reaction appears to be
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Figure 5.6 Oxal-dependent protein insertion. The Oxal complex of the inner mem-
brane facilitates the insertion of two groups of inner membrane proteins. First, nuclear
encoded proteins that use the Conservative Sorting Pathway can embark on an Oxal-
mediated insertion route to insert from the matrix into the inner membrane in a post-
translational manner (Part A). Second, mitochondrial translation products interact with
the Oxal complex and are integrated by Oxal into the inner membrane in a
co-translational insertion reaction (Part B). Oxal not only facilitates the membrane
insertion of nascent chains but also directly recruits ribosomes to the insertion sites at
the inner membrane. The membrane association of mitochondrial ribosomes is further
stabilized by additional tethering factors like Mbal, Mdm38, and Cox11. In addition,
the binding of mitochondrial mRNAs to membrane-associated translational activators
might contribute to the recruitment of translation complexes to the inner membrane.
Substrates of the post-translational and co-translational insertion adhere to the “‘positive
inside rule,” and especially negatively charged regions are translocated to the inter-
membrane space side of the membrane. For simplicity, the TOM and TIM23 com-
plexes are depicted as light gray boxes.

driven by the membrane potential and relatively high potentials are required for
efficient insertion. For example, under moderate membrane potential
values, like when protein import reactions are carried out in vifro in the
absence of NADH, conservatively sorted proteins are still efficiently
imported into the matrix but accumulate there until the membrane poten-
tial is further increased (Herrmann et al., 1995, 1997). The domains which
are translocated from the matrix into the intermembrane space show con-
sistently a negative net charge and the translocation reaction therefore is
presumably driven by an electrophoretic effect (Herrmann and Bonnefoy, 2004).
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2.2.5. Insertion via the TIM22 complex

The TIM22 translocase represents the second protein import complex in
the inner membrane. This complex is responsible for the insertion of a
number of polytopic membrane proteins, namely of members of the carrier
family and of Tim subunits (Fig. 5.5, examples 6 and 7). It does not mediate
the import of proteins into the matrix of mitochondria. Substrates of this
pathway do not carry matrix-targeting signals but rather more complex
targeting signatures that are scattered along the entire sequence.

2.2.5.1. The architecture of the TIM22 complex The TIM22 complex
consists of the three membrane proteins Tim22, Tim54, and Tim18 and of
the three hydrophilic intermembrane space proteins Tim9, Tim10, and
Tim12 (Fig. 5.7). Tim22 is sequence related to Tim17 and Tim23
(Sirrenberg et al., 1996). It represents the essential core of the complex
that can mediate the insertion of carrier proteins even in the absence of
Tim54 and Tim18 although at strongly reduced levels. Tim22 forms oli-
gomers, presumably dimers, which function as voltage-activated and signal-
gated channels (Kovermann et al., 2002). These Tim22 channels are “twin
pores,” that is, they consist of two neighboring pores which might merge to

Step 1

Step 2 Step 3

z

Hsp70

\

70| TOM complex (70
Cytosol
Outer membrane

Small Tim
Intermembrane space proteins

{ Inner membrane

Matrix

TIM22 complex

Figure 5.7 TIM22-mediated protein insertion. Carrier proteins as well as several Tim
subunits are synthesized in the cytosol. They are recognized by chaperones (Hsp70,
Hsp90) and escorted to the import receptor Tom70 of the TOM complex (step 1). The
precursor proteins traverse the TOM pore presumably in a hairpin-like conformation
(step 2). Bound by small Tim proteins, the carrier proteins are further transported to the
TIM22 complex which mediates their final insertion into the inner membrane in a
reaction which depends on the membrane potential (AY) (step 3). For simplicity, the
TOM complex is depicted as a light gray box.
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one joint channel during the translocation process. How this channel
mediates the lateral insertion of its substrates is not known.

Tim54 and Tim18 are important, though not essential, components of
the TIM22 complex and their precise functions are not clear (Kerscher et al.,
1997, 2000; Koehler et al., 2000; Kovermann et al., 2002).

A hexameric complex consisting of the Tim9, Tim10, and Tim12 is
permanently tethered to the intermembrane space side of the TIM22
complex and might play an important role in the perception of the hydro-
phobic substrate proteins (Murphy et al., 2001; Sirrenberg et al., 1998).
Tim9, Tim10, and Tim12 belong to the “‘small Tim proteins,” a family of
chaperone-like factors which usher the substrates of the TIM22 complex
across the intermembrane space. For more details see recent reviews

(Koehler, 2004b; Tokatlidis et al., 2000; Wiedemann et al., 2006).

2.2.5.2. Sorting signals in TIM22 substrates Proteins that employ the
Tim22 complex significantly differ from other inner membrane proteins by
the fact that they lack matrix-targeting signals and comprise always pairs of
transmembrane domains which insert from the intermembrane space side in
loop-like modules. Examples of TIM22 substrates are members of the solute
carrier family (Fig. 5.5, example 6) and the polytopic Tim subunits Tim17,
Tim?22, and Tim23 (Fig. 5.5, example 7).

Members of the solute carrier protein family mediate the transport of
metabolites, nucleotides, and ions across the mitochondrial inner mem-
brane. Even in the simple eukaryote S. cerevisiae, more than 30 different
carrier proteins exist in the inner membrane. They are related in sequence
and share a common architecture. All members consist of three pairs of
transmembrane segments forming sequence-related internal repeats or
modules (Endres et al., 1999; Pebay-Peyroula et al., 2003; Wiedemann
et al., 2001). The regions around the hydrophobic transmembrane domains
are preferentially recognized by the outer membrane receptor Tom70 (Brix
et al., 1999, 2000) and by the small Tim proteins in the intermembrane
space (Curran et al., 2002; Vasiljev et al., 2004). Each of the modules appears
to contribute to these two initial recognition events, and each module
might in principle contain the necessary information to be targeted into
mitochondria (Brandner ef al., 2005; Endres ef al., 1999). However, only
certain modules appear to contain by themselves sufficient information
which allows them to interact productively with the TIM22 complex so
that they are inserted into the inner membrane. The molecular nature of the
insertion signals that are recognized by the TIM22 complex are only
partially known.

2.2.5.3. TIM22-mediated protein insertion The import of carrier pro-
teins into mitochondria was studied in great detail and is covered by a
number of excellent review articles (Koehler, 2004a; Neupert and
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Herrmann, 2007; Pfanner and Geissler, 2001; Rehling ef al., 2004, 2003).
The import reactions comprise a series of consecutive steps. Initially, pre-
cursors of carrier proteins are targeted to the Tom70 receptor of the TOM
complex with help of cytosolic chaperones, namely of Hsp90 (in mammals) and
Hsp70 (in mammals and fungi) (Young et al., 2003, 2004) (Fig. 5.7, step 1).
The precursor proteins further traverse the TOM complex as loops which
are bound by hexameric complexes of small Tim proteins in the intermem-
brane space (Fig. 5.7, step 2). Small Tim proteins are polypeptides
of 8-12 kDa which are characterized by a central “twin cysteine-XXX-
cysteine” motif, that is, two short stretches each comprising a pair of
cysteine residues which are separated by three amino acid residues. Six of
these small proteins form together structures of ~70 kDa in size which form
a ring-like core surrounded by the 12 flexible a-helical termini of the
subunits (Lu et al., 2004; Vergnolle et al., 2005; Webb et al., 2006). They
resemble jellyfish-like structures with 12 flexible tentacles. It was suggested
that these arms accommodate the hydrophobic regions of carrier proteins in
the intermembrane space thereby shielding them from unproductive
interactions (Webb et al., 2006).

After the precursors reached the membrane-embedded TIM22 complex, they
are inserted into the inner membrane in a membrane potential-dependent
reaction (Fig. 5.7, step 3). The insertion into the inner membrane is not
well understood. Electrophysiological analyses of recombinant Tim22 as
well as of purified TIM22 complexes revealed the presence of hydrophilic
voltage-dependent channels that respond to the addition of peptides
corresponding to internal targeting signals as they are found in carriers.
Whereas reconstituted Tim22 on its own forms only one channel, two
coupled channels are present in the endogenous TIM22 complex (Peixoto
et al., 2007). In agreement with the presence of two channels, electron
microscopy of negatively stained TIM22 complexes showed two stain-filled
centers. Successful reconstitution experiments with purified TIM22 com-
plexes might path the way to study this insertion process at high spatial and
temporal resolution.

3. MITOCHONDRIALLY ENCODED PROTEINS

Mitochondria contain a strongly reduced genome which encodes a
small set of proteins. The number of genes on the mitochondrial genome
varies between different eukaryotes: The most complex mitochondrial gen-
omes are found among plants and protists where up to 67 protein-encoding
genes are present. The most reduced genomes are present in mitochondria
of some parasites like Plasmodium where the mitochondrial genome encodes
for not more than three proteins (Gray ef al., 1999; Lang et al., 1997).
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In most animals and fungi, a characteristic set of about one dozen of proteins
is encoded in mitochondria which are almost without exception hydropho-
bic membrane-embedded core subunits of complexes I, III, IV, and V of the
respiratory chain. The human mitochondrial genome contains 13 protein-
coding genes, that of S. cerevisiae only 8 due to the complete loss of complex I
in this fungus (Attardi, 1981; Borst, 1977; Borst and Grivell, 1978). It appears
likely that the high tendency of these polypeptides to form insoluble aggre-
gates in aqueous environment forced the cell to maintain a translation system
that allows their co-translational insertion into the inner membrane. It was
indeed shown that at least some of these proteins cannot be imported into
mitochondria as they misfold in the cytosol and clog the import channels
(Claros et al., 1995).

3.1. Insertion via the Oxal complex

Seven of the eight proteins encoded by the mitochondrial genome of
S. cerevisiae are highly hydrophobic inner membrane proteins (Cox1,
Cox2, Cox3 of the cytochrome oxidase, cytochrome b of the bc; complex
and Atp6, Atp8, and Atp9 of the F{Fy-ATPase). All seven proteins show a
characteristic charge distribution: the matrix-exposed segments contain
predominately positively charged residues while domains exposed to the
intermembrane space carry a negative net charge (Gavel and von, 1992).
The same charge distribution was found for proteins of the bacterial inner
membrane and—though not as strictly—for the ER (Higy et al., 2004; von
Heijne, 1989; White and von Heijne, 2004). In contrast to bacteria and to
the ER, membrane insertion in mitochondria is not facilitated by the Sec
translocase. Rather, the inner membrane contains a relatively simply
structured “‘protein insertase,” the Oxal complex.

Oxal (for Oxidase assembly mutant 1) was initially identified in two
independent genetic studies as a component involved in the assembly of
cytochrome oxidase in S. cerevisiae (Bauer ef al., 1994; Bonnefoy ef al., 1994).
The protein is conserved throughout the prokaryotic and eukaryotic kingdoms
(Yenetal.,2001). All members of the so-called YidC/Oxa1/Alb3 protein family
are implicated in the insertion of membrane proteins and share a conserved
hydrophobic core domain consisting of five transmembrane domains.

The yeast Oxal has a molecular mass of 36 kDa. It is an integral protein
of the inner membrane with an N_,—C;, topology which forms homo-
oligomeric complexes (Herrmann ef al., 1997). Upon solubilization with
mild detergents, the Oxal complex migrates in size exclusion chromatog-
raphy with an apparent molecular mass of 200-250 kDa. Taking into
account the contribution of the detergent molecules this size is compatible
with a homotetrameric structure (Hell et al., 1998; Nargang et al., 2002).
Since the contribution of bound lipids is not known, also a smaller, for
example, dimeric nature of the Oxal complex is possible.
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Oxal is nuclearly encoded and the protein is sorted into the inner
membrane via a conservative sorting route employing the TOM and
TIM23 complexes. The insertion of Oxal precursor into the inner mem-
brane is strongly stimulated by preexisting Oxal complexes in the mem-
brane and, at least in vitro, Oxal-deficient strains fail to insert newly
imported Oxal protein into the inner membrane (Herrmann et al., 1997).

Oxal plays a pivotal role in membrane insertion of mitochondrial
translation products (Fig. 5.6 B). In oxa1 mutants, newly synthesized mem-
brane proteins accumulate unproductively in the matrix and are rapidly
degraded (Fiumera et al., 2007; He and Fox, 1997; Hell et al., 1997, 2001;
Preuss et al., 2001). However, even in the absence of Oxal a basic insertion
capacity is still retained, indicating that Oxal is not absolutely essential for
membrane insertion. How Oxal catalyses the insertion of proteins into lipid
bilayers is not known. Biochemical studies with the purified bacterial
homologue of Oxal, YidC, showed an activity as “insertase’” which even
in the absence of other components stimulates membrane insertion of
simple membrane proteins (Serek ef al., 2004; van der Laan ef al., 2004).

The synthesis and membrane insertion of mitochondrial translation
products are kinetically, and presumably also functionally, coupled. Mito-
chondria lack signal recognition particles which facilitate co-translational
protein insertion in the cytosol of eukaryotes and bacteria and in chloro-
plasts. Instead, mitochondrial ribosomes are physically and, at least in yeast,
permanently tethered to the inner membrane. Membrane binding of mito-
chondrial ribosomes is achieved by several membrane-associated interacting
partners of the ribosome. One of these is Oxal which binds with its
C-terminus the large subunit of the ribosome in close proximity to the
polypeptide exit tunnel (Jia et al., 2003; Szyrach ef al., 2003). This binding is
important to position the site of protein synthesis near the site of membrane
insertion, and in addition might facilitate efficient translocation of newly
synthesized polypeptides across the membrane by a “ribosomal pushing”
effect. Direct experimental evidence for such a ribosomal pushing of nascent
chains does not exist. However, in contrast to the post-translational inser-
tion of conservatively sorted proteins, the co-translational insertion of
nascent chains does not depend on the presence of a membrane potential
and therefore must be driven by another energy source. Thus it seems
reasonable, that ongoing protein translation generates a kind of pushing
force which contributes to the translocation of nascent polypeptides chains
across the inner membrane.

In addition to its interaction with Oxal, the ribosome 1s bound to the
inner membrane by Mba1, a membrane-associated matrix protein (Ott ef al.,
2006; Preuss et al., 2001; Rep and Grivell, 1996). Mbal also binds to the
large subunit and can be efficiently crosslinked to even very short nascent
chains. Mbal collaborates with Oxal in the insertion of membrane proteins
and the simultaneous deletion of Mbal and the ribosome-binding domain
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of Oxal causes severe synthetic defects. Thus, Oxal and Mbal may act in
concert to bind and position the ribosome and hence the nascent chain to
the site of protein insertion (Ott et al., 2006).

Recently two further membrane anchors of mitochondrial ribosomes
were identified, Mdm38 (Frazier et al., 2006) and Cox11 (Khalimonchuk
et al., 2005). Whether these proteins play a direct role in membrane
integration of nascent chains is not known, but they might also contribute
to the positioning of mitochondrial ribosomes at the inner membrane.

In addition to its role in membrane insertion, Oxal presumably facil-
itates the folding and/or assembly of membrane proteins. For example, Oxal
forms a complex with newly synthesized Atp9 and stimulates its assembly
into the F{Fy ATPase (Jia ef al., 2007). In humans, Oxal might even be
permanently associated with the ATPase complex (Stiburek ef al., 2007). An
assembly role was most convincingly shown for the bacterial Oxal homo-
logue YidC which contributes to the post-translational assembly of lactose
permease (Nagamori ef al., 2004).

Mitochondria contain a close relative of Oxal, named Oxa2 or Cox18,
which might be specialized in a post-translational assembly of the cyto-
chrome oxidase complex (Funes et al., 2004; Saracco and Fox, 2002; Souza
et al., 2000). Oxa2/Cox18 lacks the C-terminal ribosome-binding domain
and interacts with newly synthesized translation products after they were
integrated into the inner membrane by Oxal (Funes ef al., 2004). The
precise molecular function of Oxa2/Cox18 is not yet clear.

3.2. Alternative insertion routes

The Oxal complex is critical for the insertion of a number of proteins from
the matrix side of the inner membrane. However, several lines of evidence
point towards an alternative, Oxal-independent route for the insertion of
other proteins from the matrix side of the inner membrane. First of all,
residual activities of the cytochrome bc; complex and of the ATPase are still
retained in oxal-deficient cells. This observation is in agreement with the
fact that only the insertion of Cox2 is strictly Oxal dependent, whereas the
remaining six mitochondrially encoded inner membrane proteins are
inserted even in the absence of Oxal, albeit less efficient (Hell ef al.,
2001; Herrmann and Bonnefoy, 2004). In addition, some nuclear encoded
proteins like Mrs2 and Ytal0 are conservatively sorted even in the absence
of Oxal (Baumann et al., 2002). Moreover, the subunit Atp8 of the F,F-
ATPase can be inserted into inverted inner mitochondrial membrane vesi-
cles in vitro. As Atp8 was found to integrate into these vesicles even after
protease treatment, it was suggested that Atp8 can insert into the inner
membrane even in a “‘spontaneous,” protein-independent manner (Ii and
Mihara, 2001). Finally, several Oxal suppressor mutants have been identi-
fied that rescue a functional respiratory chain in Oxal deletion strains
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(Hamel et al., 1998; Lemaire ef al., 2000, 2004; Saint-Georges ef al., 2001).
Therefore, Oxal can be considered as important but not essential for mem-
brane insertion. Currently, it is not known how this Oxal-independent
protein insertion is mediated and whether so far unidentified insertion
components are involved in these reactions.

4. FUTURE PERSPECTIVES

Despite the considerable progress in our understanding of the biogen-
esis of mitochondrial membrane proteins, many open questions remain.
The subproteomes of the two mitochondrial membranes are still only
partially known. Future studies will be necessary to identify further com-
ponents of the import machinery, gain detailed insights on the targeting of
known substrates, and for the identification of novel substrate proteins.
Such knowledge in turn will definitely help us to analyze the various
biogenesis pathways of these proteins. In addition, a main current problem
is the lack of information on the atomic structures of the translocases which
are involved. Determination of these structures will provide an essential
foundation for future studies and will allow us to design and perform
experiments which will unravel the molecular mechanism of these protein
machineries. Much more emphasis has to be attributed to the understanding
of the interplay between the mitochondrial proteins and the lipid molecules
in which they are embedded. Specifically, it will be important to address the
relevance of the specific lipid composition of the mitochondrial membranes
for protein targeting and topogenesis. As currently close to nothing is
known about the regulation of the targeting and insertion processes, efforts
should be made to unravel how cells can adapt the rate of protein transloca-
tion into mitochondria to their physiological needs. Finally, future experi-
ments will probably extend our understanding on the correlation between
post-translational modification of mitochondrial membrane proteins and
their biogenesis.
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Abstract

Gibberellins (GAs), a large family of tetracyclic, diterpenoid plant hormones,
play an important role in regulating diverse processes throughout plant devel-
opment. In recent years, significant advances have been made in the isolation of
GA signaling components and GA-responsive genes. All available data have
indicated that DELLA proteins are an essential negative regulator in the GA
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signaling pathway and GA derepresses DELLA-mediated growth suppression by
inducing degradation of DELLA proteins through the ubiquitin-26S proteasome
proteolytic pathway. Identification of G/D1, a gene encoding an unknown pro-
tein with similarity to hormone-sensitive lipases, has revealed that GID1 acts as
a functional GA receptor with a reasonable binding affinity to biologically active
GAs. Furthermore, the GID1 receptor interacts with DELLA proteins in a GA-
dependent manner. These results suggest that formation of a GID1-GA-DELLA
protein complex targets DELLA protein into the ubiquitin-26S proteasome
pathway for degradation.

Key Words: Plant hormone, Gibberellin, DELLA protein, GID1 receptor,
SCFSYY/6I02 yhiquitin ligase.  © 2008 Elsevier Inc.

1. INTRODUCTION

Bioactive gibberellins (GAs) are plant hormones that modulate a wide
range of processes involved in plant growth, organ development, and
environmental responses. These include seed germination, stem elongation,
leat expansion, flowering time, and the development of flowers, fruit, and
seeds (Davies, 2004). The perception of GA and its signal transduction
pathway convert the GA signal into alternations in gene expression and
plant morphology. Significant progress has been made so far in identifying
upstream GA signaling components and transcription factors that directly
regulate downstream GA-responsive genes. These studies have revealed that
GA-regulated growth is governed by the GA-dependent derepression of a
growth-repressive factor (DELLA protein) and that GA-dependent prote-
olysis of the DELLA protein is a core molecular mechanism in the GA
signaling pathway.

Recently, one of the longstanding issues in GA signaling has been solved.
A GA receptor, GIBBERELLIN INSENSITIVE DWARF1 (GID1), was
identified by a combination of biochemical and genetic techniques
(Ueguchi-Tanaka et al., 2005). The biochemical properties of GID1 are
very attractive and greatly improve our understanding how GA triggers
changes in gene expression. This review highlights the newly discovered
molecular mechanism of GA perception by GID1, GA-dependent proteol-
ysis of DELLA protein, and additional factors that regulate transcription of
GA-responsive genes in higher plants.

2. DELLA PROTEIN, A REPRESSOR OF GA SIGNALING

2.1. What is DELLA protein?

DELLA protein is an evolutionally conserved protein that acts as a negative
regulator of GA signaling. Genes encoding DELLA proteins have been
isolated from various plant species including Arabidopsis (GAI, RGA,
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RGL1, RGL2, RGL3; Lee et al., 2002; Peng et al., 1997; Silverstone ef al.,
1998; Wen and Chang, 2002), rice (SLR1; Ikeda ef al., 2001), barley (SLN1;
Chandler ef al., 2002), maize (d8; Peng et al., 1999), wheat (Rht; Peng et al.,
1999), and grape (VvGAIL Boss and Thomas, 2002). The DELLA family
members are categorized as a subfamily of the GRAS family of proteins based
on their sequence similarities. The GRAS family of putative transcription
factors is a plant-specific protein family. Within the completed Arabidopsis
genome sequence, over 30 GRAS family members have been identified. All
of the GRAS members contain some conserved motifs in the C-terminal
portion, namely, leucine heptad repeats (LHR), VHIID, PFYRE, and SAW
(Pysh et al., 1999). However, the N-termini of GRAS family members are
highly divergent, probably because of their distinct roles in difterent cellular
pathways. The DELLA proteins contain two conserved and unique domains,
DELLA (hence its name) and TVHYNP, both near the N-terminus
(Fig. 6.1). Several studies using GFP fusion proteins have demonstrated that
DELLA proteins are localized in plant cell nuclei (Dill ef al., 2001; Gubler
et al., 2002; Itoh et al., 2002; Olszewski et al., 2002; Sun and Gubler, 2004).
However, since DELLA proteins do not have a clearly identified DNA-
binding domain, it has been speculated that they function as coactivators or
corepressors by associating with other transcription factors.

The biological function of DELLA protein has been deduced from
genetic studies based on mutants. Dominant mutations at the Arabidopsis
GIBBERELLIN INSENSITIVE (GAI), wheat Reduced height (Rht-B1/
Rht-D1), and maize Dwarf8 (D§) loci confer a dwarf phenotype with a
GA-unresponsive nature (Harberd and Freeling, 1989; Koornneef ef al.,
1985; Winkler and Freeling, 1994). Molecular cloning of Arabidopsis GAI
first demonstrated that GAI acts as a repressor in GA signaling and showed
that an in-frame deletion of the N-terminal DELLA domain occurs in the
gai-1 mutant (Peng ef al., 1997). On the basis of their results, Peng et al.
(1997) proposed that the GAI product represses GA-regulated growth and
that repression of GAI can be relieved by the GA signal. In this context,
gai-1 product lacking an N-terminal DELLA domain acts as a constitutive

Poly-S/T/V NLS

DELLATVHYNP LHR VHIID RFYRE SAW
GA-signal GRAS-conserved domain
perception domain (repression domain)

Figure 6.1 Schematic representation of DELLA proteins. Each domain is indicated by
different shading. GA signal perception and GR AS-conserved (repression) domains are
indicated by underlines. Poly-S/T/V, homopolymeric Ser/Thr-rich domain; LHR, Lue
heptad repeat; NLS, nuclear localization signal.
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gain-of-function repressor that cannot be derepressed by GA. Sequence
analysis of wheat Rht-1B/Rht-1D and maize DS alleles confirmed that their
N-terminal deletion or truncation leads to a GA-insensitive dwarf pheno-
type in those species (Peng ef al., 1999). If the repressive function of DELLA
protein is essential for GA-regulated growth in plants, a loss-of-function
mutant of GAIshould show a GA-overdosed slender phenotype even in the
absence of GA. However, gai-t6, a T-DNA insertion allele of gai-1, did not
show an obvious GA-related phenotype under normal growth condition
(Peng et al., 1997). The importance of the repressive function of DELLA
protein in the GA signaling pathway has been demonstrated by the isolation
of rice slr1 and barley sln1 mutants. The loss-of-function alleles of rice
SLENDER RICE1 (SLR1) show a constitutive GA-responsive slender
phenotype. The slr1 mutation completely masks the effect of a GA biosyn-
thetic inhibitor on leaf and stem elongation. Also, GA-induced a-amylase
production occurs constitutively in embryoless half seeds of the s/r1 mutant,
with or without GA application. Moreover, the s/r mutant has a reduced
level of bioactive GA in comparison to that of wild-type rice (Ikeda et al.,
2001). A loss-of-function allele of barley SLENDER1 (SLNT) also showed
a constitutive GA-overdosed slender phenotype similar to the rice slr1
mutant (Chandler et al., 2002). Thus, the phenotype of the loss-of-function
mutants of DELLA genes in monocots clearly demonstrates that DELLA
proteins act as an essential repressor for GA-regulated growth in plants.
These results also indicate that GA functions to trigger derepression of
DELLA protein.

Why did the loss-of-function gai-t6 allele not show any significant GA-
overdose phenotypes? Subsequent genetic analyses demonstrated that the
step regulated by DELLA protein is governed redundantly in Arabidopsis.
There are four additional members of the DELLA gene family in the
Arabidopsis genome (see above), and they are highly related to each
other. For example, Repressor of gal—3 (RGA) shares 82% identity with
the amino acid sequence of GAI Loss-of-function rga alleles partially
suppress the dwarf phenotype conferred by GA-deficient mutation ga1-3,
except for seed germination and flower development (Silverstone ef al.,
1997, 1998). Genetic analyses using double, triple, and quadruple combina-
tions of null alleles in each DELLA gene have demonstrated the overlapping
and distinct functions of these genes in GA-regulated growth in Arabidopsis.
RGA and GAI act as repressors for GA-induced stem elongation, leaf
expansion, and floral initiation (Dill and Sun, 2001; King et al., 2001).
RGA-Like2 (RGL2) is the predominant negative regulator of GA-
promoted seed germination. RGL2 transcript levels increase transiently
during imbibition of dormant seeds, although GAI, RGA, and RGL1 also
have minor roles (Cao et al., 2006; Lee et al., 2002; Tyler ef al., 2004; Wen
and Chang, 2002). In addition, RGA and RGL2 have been reported to act
dominantly in floral development, and RGL1 functions as a minor repressor
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(Tyler et al., 2004; Yu et al., 2004). In contrast to the functional redundancy
reported in Arabidopsis, the complete rice genome sequence has revealed
that rice has only one gene encoding a protein orthologous to GAI/RGA/
RGLs in its genome (Itoh ef al., 2002); consequently, the rice slr1 mutants
provide clear genetic evidence of the critical role of DELLA protein in GA
signaling.

2.2. GA-dependent degradation of DELLA protein is a key
event in GA signaling

As described above, genetic analyses of gain- and loss-of-function mutants
of DELLA family genes have indicated that the GA signal somehow sup-
presses the repressive function of DELLA proteins. To investigate this
molecular mechanism, similar analyses were performed using Arabidopsis
RGA and rice SLR1. These proteins were each fused with GFP and
expressed in transgenic plants. In the absence of GA, the GFP-fused RGA
and SLR 1 were localized in nucleus. However, after treatment with GA,
these fusion proteins rapidly disappeared from the nucleus and GA response
occurred (Dill et al., 2001; Gubler et al., 2002; Itoh et al., 2002; Silverstone
et al., 2001). These results strongly suggest that the GA signal triggers rapid
degradation of DELLA protein to relieve the repressive state of downstream
GA response.

The finding of GA-dependent degradation of DELLA proteins led us to
speculate that DELLA proteins possess at least two domains for the expres-
sion or regulation of its function: one that functions as a repression domain
against the GA response and another that functions in GA signal perception.
The uniqueness of the N-terminal DELLA motif leads us to speculate that
the region might be involved in perception of upstream GA signals. Several
lines of evidence demonstrate that the DELLA motif acts as the GA signal
perception domain to trigger DELLA protein degradation in response to the
GA signal, and that deletion of this motif confers a GA-insensitive dwarf
phenotype through resistance to GA-induced proteolysis. First, as described
above, the gain-of-function gai-1 allele contains an in-frame deletion in the
GALI gene, which results in the loss of 17 amino acids encompassing the
DELLA motif (Peng ef al., 1997). Second, artificially introduced in-frame
deletions (rga-A 17 and ADELLA-SLR1) of DELLA domains in Arabidopsis
R GA and rice SLR 1, respectively, or spontaneous point mutation of barley
SLN1, sinld, confer a GA-insensitive severe dwarf phenotype (Chandler
et al., 2002; Dill et al., 2001; Tkeda et al., 2001; Itoh et al., 2002). In this
context, rga-A17 and ADELLA-SLR1 mutant proteins were stably loca-
lized in nucleus even in the presence of GA, although wild-type RGA and
SLR 1 were degraded in response to GA (Dill et al., 2001; Itoh et al., 2002).
Functional domain analysis of SLR1 revealed that another N-terminal
conserved region located near the DELLA motif, TVHYNP, also functions
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as a part of the GA signal perception: Transgenic plants overexpressing
a mutated DELLA protein with an in-frame deletion of the TVHYNP
region also showed a GA-insensitive dwarf phenotype (Itoh et al., 2002).
Functional domain analysis of SLR 1 also revealed several functional modules
that are essential for SLR1 to be a functional repressor of GA signaling.
For example, a homopolymeric Ser, Thr, and Val (poly S/T/V) domain
located just behind the N-terminal GA signal perception domain may
function as a regulatory domain for repressor activity of SLR1 (Itoh et al.,
2002). Glycosylation and phosphorylation might be involved in this type of
regulation because the target sites for known kinase or glycosidase were
observed in this region (see below; Silverstone ef al., 1998). The LHR,
which may mediate protein—protein interaction, is essential for repressive
function of SLR1- and GA-induced degradation. The other C-terminal
regions such as the VHIID, RFYRE, and SAW domains, which are shared
with other GRAS family genes, are essential for the suppression function of
SLR1 (Itoh et al., 2002).

2.3. 26S proteasome-dependent degradation of DELLA
protein is targeted by SCFGD2/SLY1 E3 ybiquitin ligase

Rapid degradation of specific protein through the ubiquitin-26S protea-
some-mediated proteolytic pathway plays a critical step in cellular signaling
pathways in yeast and mammals. The involvement of 26S proteasome-
mediated proteolysis in GA-dependent degradation of DELLA protein
was first suggested by the observation that the degradation of barley SLN1
protein by GA application was blocked by the presence of a 26S proteasome
inhibitor, MG-132 (Fu et al., 2002).

Recessive mutations of GIBBERELLIN INSENSITIVE DWAREF2
(GID2) in rice and SLEEPY1 (SLY1) in Arabidopsis confer GA-insensitive
dwarf phenotypes, indicating that the wild-type genes normally act as
positive regulators of GA signaling (Sasaki ef al., 2003; Steber et al., 1998).
The gid2 and sly1 mutants accumulate much higher levels of the SLR 1 and
R GA proteins, respectively, and the accumulated DELLA proteins do not
disappear upon application of GA. The slr1 mutation completely suppresses
the gid2 dwarf phenotype in the slri—11 gid2—1 double mutant, indicating
that the elevated DELLA protein levels caused the GA-insensitive dwarf
phenotype of these mutants and, furthermore, that DELLA proteins func-
tion downstream of GID2 and SLY1 in the GA signaling pathway. Posi-
tional cloning of these mutated genes revealed that GID2 and SLYT are
orthologous genes that encode F-box containing proteins (McGinnis et al.,
2003; Sasaki et al., 2003). F-box proteins occur widely throughout the
eukaryote kingdom, in organisms ranging from yeast to humans, and they
function as receptors that recruit proteins as substrates for ubiquitin-26S
proteasome proteolysis (Deshaies, 1999; Hershko and Ciechanover, 1998).
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Figure 6.2 Key steps in the pathway of polyubiquitination by the SCF E3 ubiquitin
ligase complex. The SCF-E3 complex (Skpl, CUL, F-box protein, and Rbx1) catalyzes
the transfer of ubiquitin (Ub) from E2 ubiquitin-conjugating enzyme to the target
protein. Formation of a polyubiquitin chain (Ubn) on the target protein directs it for
degradation by the 26S proteasome.

F-box proteins associated with Skp1, Cullin (CUL), and Rbx1 proteins
form an E3 ubiquitin ligase, known as the SCF complex, through interac-
tion between the F-box domain and Skpl proteins (Bai et al., 1996;
Deshaies, 1999). The SCF complex promotes the transfer of ubiquitin
from an ubiquitin-conjugating enzyme (E2) to a target protein (Fig. 6.2).
Co-immunoprecipitation experiments using transgenic plants overexpres-
sing a hemagglutinin (HA)-tagged GID2 gene demonstrated that GID2
associated with OsSkp15 (a rice ortholog to Arabidopsis Skpl) and
OsCULI1 to form a SCFCIP2 complex in vivo (Gomi et al., 2004). Comple-
mentary data showing the importance of the F-box domain of GID2 in SCF
complex formation comes from the result that a mutant version of GID2
with an internal deletion of the F-box domain is unable to restore the gid2
mutant phenotype when it is overexpressed in rice plants (Gomi et al.,
2004). Domain analysis of GID2 also revealed that C-terminal conserved
motifs (GGF and LSL) between GID2 and SLY1 are necessary to express its
function. In Arabidopsis, there is one homolog of SLY1 in its genome named
SEEZY (SNZ). Overexpression of SNZ can rescue the sly1—10 dwarf
phenotype and restore normal RGA protein level, indicating that the
SNZ F-box protein can replace SLY 1 function in GA-induced proteolysis
of RGA (Strader ef al., 2004). Rice also has SNZ-related sequence in its
genome, suggesting that the function of SNZ may be conserved among
dicots and monocots. However, the biological function of the SNZ homolog
in rice has not been elucidated.

Physical interaction between SLY1 and RGA or GAI has been demo-
nstrated by yeast two-hybrid (Y2H) and pull-down assays using GST
fused-SLY1 recombinant protein (Dill ef al., 2004; Fu et al., 2004). The
interaction between GID2 and SLR 1 in rice also has been demonstrated by
in vitro pull-down assays with GST-GID2 (Gomi et al., 2004). Dill et al.
(2004) and Fu et al. (2004) also demonstrated that interaction between GAI
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and SLY1 requires the GRAS domain of GAI, suggesting that GA signal
perception in the DELLA domain may induce conformational change of
DELLA protein enabling the SCFCIPZ/SLYD complex to recognize the
DELLA protein as a substrate. In addition, the GAR2 gene, which had
been identified as a suppressor of the dwarf phenotype of the gai-1 mutant,
was isolated. It was revealed that the dominant gar2 mutation is a gain-of-
function allele of SLY1, which results in a single amino acid substitution in
one of conserved motifs, LSL. This mutation causes a reduction in the levels
of wild-type and degradation-resistant versions of DELLA protein by an
increased affinity between the gar2 F-box protein and its substrates (DELLA
proteins), leading to increased ubiquitination and subsequent degradation
by the 26S proteasome (Dill ef al., 2004; Fu et al., 2004).

Studies of SCF-mediated signaling in yeast and mammals have shown
that posttranslational modifications of substrate proteins, such as phosphor-
ylation, glycosylation, and hydroxylation, trigger the interaction with the
SCF complex (Deshaies, 1999; Ivan ef al., 2001; Yoshida et al., 2003). There
are some observations to support that phosphorylation of DELLA proteins is
required for its GA-dependent degradation. Treatments with protein Tyr
kinase inhibitors, such as genistein and tyrophostin B46, blocked the GA-
induced degradation of SLN1 in barley seedlings and heterologously
expressed Arabidopsis RGL2 in tobacco BY2 cells (Fu et al,, 2002;
Hussain ef al., 2005). In rice gid2 seedlings, the level of phosphorylated
SLR1 increased in response to GA, and phosphorylated SLR 1, isolated by
means of gel filtration chromatography, could bind to recombinant GST—
GID2 (Gomi et al., 2004; Sasaki et al., 2003). On the other hand, more
recent observations suggest that phosphorylation of DELLA proteins is not
directly involved in GA-dependent degradation (Itoh ef al., 2005). Rice
callus cells contain a very low level of bioactive GA and represent a suitable
system for studying GA signaling. SLR 1 protein exists in both phosphory-
lated and nonphosphorylated forms in wild-type callus and both forms are
degraded by GA treatment with a similar half-life (Itoh et al., 2005).
In addition, both phosphorylated and nonphosphorylated SLR 1s are able
to interact with GST-GID2 (Itoh et al., 2005). Furthermore, when the
function of SPY, another negative regulator of GA signaling (see below), is
suppressed by transformation with RINAi or an antisense construct, the
phosphorylation state of SLR1 is altered without any change in the total
amount of SLR1 (Shimada ef al., 2006). This finding supports the idea that
the amount of SLR1 is not regulated by its phosphorylation state. Another
experiment shows that Ser/Thr phosphatase inhibitors eftectively block
RGL2 degradation in tobacco BY2 cells, but Ser/Thr kinase inhibitors
have no detectable effect, suggesting that dephosphorylation of serine/
threonine may constitute a prerequisite step for degradation of RGL2 via
the 26S proteasome pathway (Hussain ef al., 2005). To make sense of these
conflicting observations, the phosphorylated residue(s) in the DELLA
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protein must first be identified. It must then be determined whether phos-
phorylation (or dephosphorylation) occurs in response to GA. However,
since the stability of DELLA protein is affected by other plant hormone
signaling and environmental stimuli including auxin, ethylene, and salinity
(Achard et al., 2003, 2006; Fu and Harberd (2003)), it is possible that the
phosphorylation (or dephosphorylation) status of DELLA protein might be
affected at a secondary or tertiary levels by kinase or phosphatase that is
activated in GA-independent manner. This possibility means that regulation
of phosphorylation of DELLA protein could be independent from the
interaction between GID2/SLY1 and DELLA protein, an idea supported
by the finding of GID1 (see Section 3.1).

3. IDENTIFICATION OF A GA RECEPTOR, GID1

3.1. Characterization of gid1 mutants in rice reveals the
function of GID1

The loss-of-function gid1 alleles do not exhibit any GA-responsive pheno-
types such as elongation of the second leaf sheath or induction of «-amylase
activity in seeds. Another characteristic of GA-insensitive mutants is that
they overaccumulate bioactive GA because GA signaling homeostatically
inhibits GA biosynthesis and promotes GA catabolism. GA;, a major
bioactive GA of vegetative tissue in rice, accumulates in gid1 mutants up
to over 100-fold the level of GA; in wild-type plants. The gid1-1 slr1—1
double mutant exhibits the slri—1 phenotype, indicating that GID1 and
SLR1 function in the same GA signaling pathway and that GID1 acts
upstream of SLR1. Immunoblot analysis and microscopic observation of
SLR1 and SLR1-GFP fusion protein also revealed that GA treatment does
not diminish the amount of SLR1 and that SLR1-GFP stably localizes in
the nucleus of gid1-1 plants (Ueguchi-Tanaka et al., 2005).

Although the phenotype of gid1 is a typical feature of GA-insensitive
mutants, the dwarfism produced by gid1 is more severe than that by seen in
gid2 mutants. Interestingly, in contrast to their phenotypic similarity, the
amount of SLR1 protein in gid1 mutants is much less than in gid2 mutants.
Because it is expected that the interaction between DELLA proteins and
GID2/SLY1 F-box protein requires GA signal perception of DELLA
protein (Dill ef al., 2004; Sasaki ef al., 2003), these contradicting results led
us to speculate that GID1 may act to trigger GA-dependent SLR 1 degrada-
tion via the SCFCIP2/SLYT complex. This idea was supported by the obser-
vation that gid1 mutants resemble the phenotype of a GA-deficient ¢ps
mutant (defective in the gene for copalyl diphosphate synthase gene, an
enzyme catalyzing an early step of GA biosynthesis) (Sakamoto et al., 2004),
except that bioactive GA overaccumulates in the gid1 mutant.
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The GID1 gene was cloned by positional cloning and encodes an
unknown protein with similarity to hormone-sensitive lipases (HSL).
GID1 contains motifs conserved in HSL, namely HGG and GXSXG
(Osterlund, 2001). The importance of the GXSXG motif is highlighted
by the fact that a single amino acid substitution of the first G to D in the
motif of gid1—1 causes the severe dwarf phenotype. Although three con-
served amino acids are essential to form the catalytic triad in the HSL family,
GID1 lacks one of these conserved residues, His, and a recombinant GID1
protein does not hydrolyze an artificial substrate for HSL. Consequently,
GID1 is not considered to be a lipase. GID1-GFP fusion protein is localized
mainly in nuclei, and its localization is not affected by GA treatment
(Ueguchi-Tanaka ef al., 2005).

3.2. GID1 protein has GA-binding activity and
forms complexes with DELLA protein in a
GA-dependent manner

GID1 binds to *H-labeled 16,17-dihydro-GA, in a saturable manner. The
ligand specificity of GID1, which is estimated by competition assays
between *H-labeled 16,17-dihydro-GA, and GAs with differing biological
activity, is generally consistent with the physiological activity. That is,
biologically active GAs have at least tenfold higher activity than inactive
GAs. These results strongly indicate that GID1 is a functional GA receptor.
However, in this assay, GID1 preferentially binds to GA, (Kg: 1 X 1077 M)
in comparison with GA3 (Ky: 4 X 107> M), although the physiological
activity of GA, in the rice second-leat-sheath elongation assay is lower than
that of GA; (Ueguchi-Tanaka et al., 2005). Further analysis indicates that
the discrepancy could be due to stability of these GAs in vivo. The GA-
dependent degradation of DELLA protein occurs within 30 min or less after
GA application (Gubler ef al., 2002; Sun and Gubler, 2004; Ueguchi-
Tanaka et al., 2007; Zentella et al., 2007). In this response, GA4 treatment
effectively triggers GA-dependent degradation of SLR1 at a lower concen-
tration than does GAj; (Ueguchi-Tanaka ef al., 2007), and this selectivity
corresponds to the GA selectivity predicted by biochemical analysis. The
result also suggests that GA,4 is not the most eftective GA for leaf sheath
elongation because, compared to GAj3, GA, is preferentially metabolized by
GA-inactivating enzymes in vivo (Sakamoto ef al., 2001).

On the other hand, the preferential binding of rice GID1 receptor to
GA, is curious since GA, is not the major bioactive GA in every plant
species. While quantitative analysis of GA compounds in Arabidopsis
demonstrated that Arabidopsis synthesizes GA4 as a major bioactive GA
throughout its life cycle, there are two types of bioactive GAs in rice, and
their biosynthesis is differentially regulated in a developmental stage-
dependent manner (Itoh ef al., 2001; Kobayashi et al., 1988). GA; is the
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major bioactive GA during the vegetative stage in rice; however, the
amount of endogenous GA, is temporally and spatially regulated during
the reproductive stage. Because the timing of GA, synthesis in rice coin-
cides with dramatic GA requirements, such as for the rapid elongation of
internodes and pollen tubes that occurs during the reproductive stage, rice
may use the most effective GA at this stage and use GA; for ordinary GA-
regulated growth at the vegetative stage.

The first evidence that the GID1 receptor is directly involved in
DELLA-mediated GA signaling was obtained from a GA-dependent inter-
action between GID1 and SLR1 in a Y2H assay (Ueguchi-Tanaka ef al.,
2005). The GA-dependent interaction between GID1 and SLR1 in planta
has also been demonstrated by co-immunoprecipitation assays of rice callus
cells overexpressing GID1-GFP and bimolecular fluorescence complemen-
tation (BiFC) experiments in Nicotiana benthamiana (Ueguchi-Tanaka et al.,
2007). Further domain analysis of SLR 1 using various deletion constructs in
Y2H assays revealed that the N-terminal DELLA and TVHYNP domains,
which together have been defined as the GA signal perception domain, are
essential and sufficient for the GA-dependent interaction between GID1
and SLR1 (Ueguchi-Tanaka ef al., 2007). Thus, these results clearly dem-
onstrate that direct protein—protein interaction between GID1 and DELLA
proteins directs DELLA proteins to rapid degradation via SCEGIP2/SLYT
Studies on Arabidopsis GID1 and DELLA proteins (GAI and RGA) have
also shown that DELLA—GID1 interaction requires an N-terminal GA
signal perception domain in the DELLA proteins (Griffiths et al., 2006).
However, analysis of interacting domain(s) of the Arabidopsis DELLA
proteins with AtGID1a using Y2H leads to a different conclusion. In
RGA, both DELLA and VHYNP (the same region as TVHYNP in rice)
domains are necessary for interaction with AtGID1a (Griftiths et al., 2006),
whereas the VHYNP domain is not essential for the interaction between
GAI and AtGID1a (Willige et al., 2007). Although further studies, including
in vitro and in vivo binding assays, will be necessary to verify the domain(s) of
DELLA protein required for GID1 interaction in Arabidopsis, it is interesting
that there might be two different types of DELLA proteins in plants: a one-
motif requirement type (GAI) and a two-motif requirement type (RGA
and SLR1).

A molecular model for the formation of the GA-dependent GID1-
SLR1 complex has been proposed (Fig. 6.3; Ueguchi-Tanaka et al.,
2007). By analyzing many different mutant versions of GID1 (such as the
spontaneous mutants of GID1, N- or C-terminal truncated GID1 as well as
artificially mutagenized GID1 proteins with conserved amino acids replaced
with Ala), the important motifs or amino acids for GA binding and SLR 1
interaction have been mapped. The amino acid residues that are important
for SLR1 interaction completely overlap the residues required for GA
binding that are scattered throughout the GID1 molecule. The predicted
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Figure 6.3 Model for formation of the GID1-GA-SLR1 complex. GID1 binds GA
within the binding pocket in cooperation with two lid structures. Both the lids and
the binding pocket holding GA are necessary for interaction with SLR1. As a result of
SLR1 binding, the GID1-GA complex is stabilized.

secondary structure of GID1 is quite similar to the structure of AFEST
(Archaeoglobus fulgidus esterase), whose secondary and tertiary structure has
been characterized by X-ray diffraction analysis (De Simone et al., 2001),
indicating that GID1 has the canonical o/ hydrolase fold with lid structures
similar to HSL-group proteins. The amino acid residues important for GA
binding and SLR 1 interaction are positioned around the region corresponding
to the substrate-binding pocket and lid region in HSL. Similar to the mecha-
nism for substrate binding in other HSLs, the distribution of important amino
acid residues indicates that GID1 binds GA within the binding pocket with the
aid of the lid, and SLR 1 interacts with the GA-bound GID1 at its N-terminal
DELLA and TVHYNP domains (Fig. 6.3). Since the GA-binding activity of
recombinant GID1 is enhanced approximately threefold in the presence of
SLR1 in an in vitro binding assay (Ueguchi-Tanaka et al., 2007), the interaction
of SLR1 with GA—GID1 might close the lid, thereby ensuring that GA will
be held in the substrate pocket. The stabilized complex of GA, GID1, and
SLR 1 might be recognized by GID2, an F-box protein, leading to its degra-
dation by 26S proteasome through ubiquitination catalyzed by the SCFSP2
complex. Recent results from Y3H assays demonstrated that the GA-GID1
complex promoted the interaction between an Arabidopsis DELLA protein,
RGA, and an F-box protein, SLY1 (Griffiths et al., 2006), supporting the
above idea.

3.3. GID1 is a common GA receptor in two model plants:
Rice and Arabidopsis

In Arabidopsis genome, there are three GID1 homologous genes, desig-
nated GID1a, GID1b, and GID1c (Nakajima et al., 2006). When these
genes were expressed in Escherichia coli, all three Arabidopsis GID1 proteins
bound to biologically active GAs with affinities similar to rice GID1
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protein. In Y2H assays, these three GID1s interacted with five members of
the Arabidopsis DELLA protein family in a GA-dependent manner. Fur-
thermore, overexpression of individual Arabidopsis GID1 genes rescued the
GA-insensitive dwarf phenotype of the rice gid1 mutant, implying that a
common GA signal transduction pathway operates in rice and Arabidopsis
(Nakajima et al., 2006).

The existence of three homologous genes for GID1 in Arabidopsis
indicates that they perform functionally redundant roles, and indeed they
show overlapping expression profiles (Griftiths et al., 2006; Nakajima et al.,
2006). The functional redundancy of Arabidopsis GID1 proteins was
defined by characterizing T-DNA and transposon insertion mutants for
each gene. Although only the gid1b single mutant showed a reduced
germination rate when treated with a GA biosynthetic inhibitor, unicona-
zol, during imbibition and chilling (Iuchi et al., 2007), none of the single
mutants exhibit pronounced phenotypic defects when grown under stan-
dard growth conditions. However, combinations of mutants show that
there are some functional differences among the three GID1s. For example,
gidla gid1c double mutants have a dwarf phenotype with reduced silique
length. The gid1a gid1b double mutants have a lower yield of seeds per
silique than the other mutants. Since artificial self-pollination can restore the
defect observed in gid1a gid 1b double mutants, this suggests that the reduced
yield of seeds in gid1a gid1b is not caused by lower pollen fertility, but is
probably due to a defect in filament elongation (Griftiths ef al., 2006; Tuchi
et al., 2007; Willige et al., 2007). Also, in gidla gid1b double mutants, the
hexagonal pattern of the seed surface is severely disarranged similar to GA-
deficient mutants, gal—3 and ga3ox knockout line, indicating that GID1a
and GID1b have roles for GA perception primarily at the seed maturation
stage (Iuchi et al., 2007). None of the double mutants displayed an obvious
defect in root growth and seed germination, suggesting that these develop-
mental processes are regulated by the trio of GID1 proteins.

The gidla gid1b gid1c triple mutant displays a dwarf phenotype more
severe than that of the extreme GA-deficient mutant ga1—3 (Griftiths ef al.,
2006; Tuchi et al., 2007). Triple-mutant Arabidopsis plants showed complete
insensitivity to GA at various GA-regulated growth stages, including seed
germination, root and stem elongation, leaf expansion, and flowering
time, indicating that GID1 receptors are responsible for all aspects of
GA-regulated growth in Arabidopsis. Similar to the rice gid1 mutant, the
Arabidopsis triple gid 1 mutant is completely GA insensitive to GA-regulated
gene expression. For example, feedback regulation of the GAjox gene by
GA is not observed (Griffiths et al., 2006; Tuchi et al., 2007). In addition,
global expression analysis with the Arabidopsis ATH1 gene chip demon-
strates that expression of the 148 genes regulated by GA in gal-3 is not
affected by GA treatment in the triple mutant (Willige et al., 2007). GA
insensitivity in the triple mutant is tightly linked to the level of RGA, and
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GA-dependent degradation of RGA is completely blocked. The rga-28
gid1a gid1b gid1c quadruple mutant suppresses many of the growth defects
of the gidla gid1b gid1c triple mutant including stem elongation and leaf
expansion (Griffiths ef al., 2006; Willige et al., 2007), demonstrating
that three GID1s are responsible for promoting GA-regulated growth in
Arabidopsis through their regulation of GA-dependent degradation of
DELLA proteins. It is likely that the developmental defects still observed
in the rga-28 gidla gid1b gid1c mutant are caused by the accumulation of
other DELLA members (GAI, RGL1, RGL2, and RGL3) in Arabidopsis.
However, in the case of GAI, GA-mediated degradation of GAI is
completely blocked in the triple mutant, whereas accumulation of GAI is
not observed (Willige ef al., 2007). Although further analysis will be needed
to clarify whether this is also the case for the other RGL members, some
members of the Arabidopsis DELLA gene family may be under the control
of feedback regulation through the repressive state of GA signaling in cells.

3.4. Is GID1 the only GA receptor in higher plants?

Although phenotypic analysis of rice gid 1 mutant plants indicates that GID1
could be the only GA receptor, controlling all aspects of GA-regulated
response in rice, previous genetic and molecular biological analyses have
suggested that a plasma membrane-bound GA receptor is involved in GA-
inducible a-amylase expression in cereal aleurone layers.

Genetic evidence suggesting the involvement of a membrane-bound
GA receptor has come from the analysis of rice dwarf1 (d1) mutant plants.
The rice D1 gene encodes the o-subunit of heterotrimeric G protein
(Ashikari et al., 1999; Fujisawa et al., 1999). Although d1 mutant plants
show pleiotropic defects throughout the rice life cycle, the loss-of-function
d1 allele clearly results in lower expression of the GA-inducible a¢-amylase
gene in endosperm than is found in wild-type endosperm. Genetic analysis
using d1 slr1 double mutants demonstrates that D1 acts upstream of SLR 1 in
the regulation of GA-inducible o-amylase expression (Ueguchi-Tanaka
et al., 2000). Since G-protein signaling is activated by the binding of ligand
to plasma membrane-bound G-protein-coupled receptor (GPCR) in ani-
mal systems (Gilman, 1987), we can hypothesize a membrane-bound GA
receptor in aleurone cells responsible for GA signal transduction mediated
by heterotrimeric G-protein. Cell biology experiments have supported the
idea that membrane-bound GA receptor is required for GA-inducible
o-amylase expression. For example, GA covalently bound to Sepharose
beads induces the expression of a-amylase genes in oat aleurone protoplasts
but not in cells with an intact wall (Hooley et al., 1991). Further, GA
microinjected into barley aleurone cells did not trigger GA responses,
whereas extracellular applied GA did (Gilroy and Jones, 1994).
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Can we incorporate the above results into the GID1 system? The same
question has been asked by Hartweck and Olszewski (2006). It is unlikely
that GID1 is a plasma membrane-associated protein since GID1-GFP fusion
protein expressed in rice cells was localized mainly in the nucleus (Ueguchi-
Tanaka et al., 2005). This finding indicates that GA would interact with the
GID1 receptor intracellularly to activate a-amylase gene expression. To
date, a plausible explanation has not been made for the identity of the
membrane-associated protein. However, studies using aleurone protoplast
cells might give us a clue to the answer. One of the reported rapid GA
responses is an increase in the concentration of cytosolic calcium, [Ca®™];,
which is initiated within 2-5 min of GA stimulation in wheat aleurone
protoplasts (Bush, 1996; Sun and Gubler, 2004). DELLA protein degrada-
tion cannot be required for this response because the GA-dependent degra-
dation of SLN1 in barley aleurone cells occurs at 5-10 min after GA
treatment (Gubler ef al., 2002). In this context, the precise relationship
between the kinetics of calcium fluxes and disappearance of DELLA
protein, the role (if any) of GID1 in the early [Ca?"]; change stimulated
by GA, are the next important questions to address.

4. ADDITIONAL REGULATORS OF GA SIGNALING

4.1. O-GlcNAc transferase is involved in GA signaling

The spindly (spy) mutant was originally identified from screening for
mutants that germinate even in the presence of the GA biosynthetic inhibi-
tor pacrobutrazol (Jacobsen and Olszewski, 1993). Additional spy alleles
have been isolated as suppressors of the extreme GA-deficient mutant ga -3
and the GA-insensitive mutant gai-1 (Jacobsen and Olszewski, 1993; Peng
et al., 1997, Silverstone ef al., 1997). The spy mutant alleles partially rescue
the nongerminating, male-sterile dwart phenotype of ga1—3 and the dwart
phenotype of gai-1, indicating that SPY acts as a negative regulator of GA
signaling. All the known spy mutant alleles exhibit some of the phenotypes
seen in wild-type plants repeatedly treated with GA, including pale-green
foliage, fewer leaves, and early flowering (Jacobsen and Olszewski, 1993).
However, additional phenotypes observed in spy mutant plants, such as
cotyledon movement and altered phyllotaxy, are not associated with the
GA-overdosed phenotype. Recent biochemical and genetic studies show
that SPY regulates the circadian clock and cytokinin signaling (Greenboim-
Wainberg et al., 2005; Tseng et al., 2004). Thus, SPY plays an important role
not only in GA signaling but also in various cellular signaling pathways in
Avrabidopsis. There is another SPY-related gene in the Arabidopsis genome,
SECRET AGENT (SEC). Although the single sec mutant has no obvious
phenotype, analysis of spy sec double mutants indicate that these proteins
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have overlapping functions during gametogenesis and embryogenesis
(Hartweck et al., 2002, 2006).

The negative regulation of SPY in GA signaling has also been investi-
gated in barley and rice. HvSPY, a SPY ortholog in barley, can repress GA-
induced a-amylase expression when transiently expressed in GA-treated
barley aleurone cells (Robertson ef al., 1998). In rice, a reverse-genetics
approach has been taken to obtain plants suppressing OsSPY function by
using RNAI or antisense constructs of OsSPY (Shimada et al., 20006).
Although suppression of OsSPY function did not cause any GA-overdosed
phenotype in a wild-type background, it partially rescued the dwarf pheno-
type of the extreme GA-deficient ¢ps and GA-insensitive mutants gid 1 and
gid2. The elevated expression of the GA,0-oxidase gene ordinarily observed
in GA-related mutants is canceled in the partially rescued transgenic plants,
indicating that inhibition of OsSPY function released the strongly sup-
pressed state of GA signaling in these mutants (Shimada et al., 2006).
Thus, all available data indicates that SPY has an evolutionarily conserved
role for GA signaling pathway in higher plants and that SPY acts as a
negative regulator upstream of the DELLA proteins. In addition to the
GA-related phenotypes, OsSPY antisense and RINAi plants show increased
lamina joint bending [a brassinosteroid (BR)-related response in rice], and a
low but detectable increase in both BR and sterol levels is detected in
OsSPY RNAI plants (Shimada et al., 2006). As described previously, it is
possible that SPY function may act as an important mediator at the cross-
talk point between GA, BR, and cytokinin signaling.

SPY encodes a protein with similarity to O-linked N-acetylglucosamine
(GlecNAC) transferase (OGT) from human, rat, C. elegans (Jacobsen et al.,
1996), and SPY heterologously expressed in insect cells possesses OGT
activity (Thornton et al., 1999). Like other OGT proteins reported in
animals, SPY contains the tetratricopeptide repeats (TPRs) near its
N-terminus and a catalytic domain at its C terminus. TPR motifs are highly
degenerate 34-amino acid repeats with eight loosely conserved residues,
these motifs mediate interaction with a number of proteins (Blatch and
Lassle, 1999). The TPR repeats of SPY mediate protein—protein interac-
tions that are thought to be important for both substrate specificity and
enzyme assembly. Ectopic expression of the SPY TPR domain alone
confers a spy-like GA-overdosed phenotype in transgenic Arabidopsis and
petunia, suggesting that overexpression of TPRs alone may inhibit SPY
function by preventing active homodimerization of SPY and/or by captur-
ing the target proteins of SPY (Izhaki et al., 2001; Tseng et al., 2001).
Furthermore, recent phenotypic characterization of 12 spy alleles reveals
that mutations in TPRs 6, 8, and 9 affect GA signaling in floral induction
and fertility (Silverstone ef al., 2007). Thus, protein interaction at specific
TPR domains is likely to be important for GA signaling.

OGTs transfer a GIcNAc monosaccharide in O-linkage to Ser or Thr
of a target protein (Love and Hanover, 2005). In animal systems,
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O-GIcNAc modification aftects the nuclear localization, protein stability,
and/or activity of target proteins (Thornton et al., 1999; Wells ef al., 2001).
As described above, loss-of-function spy alleles suppress the repressive state
of DELLA protein in GA signaling, suggesting that SPY may activate the
DELLA protein by O-GlcNAc¢ modification. The DELLA proteins con-
tain sequences that are rich in Ser and Thr residues, predicted as target sites
for O-GlcNAc modification, between the GA signal perception domain
and the LHR, supporting the hypothesis that the DELLA protein may be
an O-GlcNAc protein in plants. Furthermore, this region in DELLA
protein was predicted to be a regulatory domain of its repressive activity,
because plants overexpressing a ApolyS/T/V-SLR1 gene had more severe
dwart phenotypes than those overexpressing the intact form of SLR1 even
though no changes were seen in GA-dependent degradation (Itoh et al.,
2002). Until now, there has been no experimental demonstration of
O-GIcNAc modification of DELLA proteins by SPY; however, recent
studies have suggested that SPY may enhance the repressive activity of
DELLA protein by competing with kinase. Antagonistic regulation of
protein activity by O-GlcNAc modification and phosphorylation has
been demonstrated in some cellular signaling pathways in animal systems
(Comer and Hart, 2001; Love and Hanover, 2005; Slawson and Hart,
2003; Wells et al., 2001). Phosphorylation of DELLA proteins has been
shown in rice SLR1 and Arabidopsis GAI and RGL2 (Fu et al.,, 2004;
Hussain et al., 2005; Itoh et al., 2005; Sasaki et al., 2003). Especially in rice,
expression of ApolyS/T/V-SLR1 in gid2 mutants indicates that the homo-
polymeric Ser/Thr stretch contains the primary target sites for phosphory-
lation of SLR1 (Itoh ef al., 2005). Importantly, differences in the
phosphorylation status of SLR1 were observed between gid2 plants and
OsSPY RNAi/gid2 plants having a mild dwarf phenotype. Analysis by 2-D
gel electrophoresis reveals that SLR1 in the OsSPYRNAI plants was more
acidic than that in nontransgenic plants, indicating that suppression of
OsSPY causes a pl shift in SLR1 through an increase in its phosphorylation
status (Shimada et al., 2006). These results indicate that O-GIcNAc modi-
fication of the poly-S/T/V region by SPY may activate (or maintain) the
repressive activity of DELLA proteins. Thus, if SPY function is lost, the
sites of O-GlcNAc modification would be phosphorylated by an unknown
kinase; as a result, the repressive function of DELLA protein would be
reduced. Another example of the effect of spy mutations on the physical
state of DELLA protein is the case of RGA in Arabidopsis. When rga-A 17 is
expressed in plants, an extra protein band (designated form II) with a
slower mobility than nascent rga-A17 (form I) is detected. This additional
band has the characteristics of a phosphorylated protein (Dill et al., 2001;
Silverstone ef al., 2007). Although the nature of the modification has not
been identified, form II increases dramatically in spy mutants (Silverstone
et al., 2007).
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4.2. Transcription factors directly regulate GA-responsive
gene expression

4.2.1. Myb transcription factor (GAMyb)

GA-regulated o-amylase in cereal aleurone cells is one of the best-
characterized GA-regulated responses in higher plants. In germinating cereal
grains, the aleurone layer functions to synthesize and secrete hydrolytic
enzymes to digest the starchy endosperm reserves (Sun and Gubler, 2004).
GA triggers the expression of genes encoding various hydrolytic enzymes.
Importantly, the aleurone layer itself does not synthesize bioactive GA at all:
The GA response in aleurone cells is triggered by GA provided by the
embryo. Thus, GA-regulated response in the cells of isolated aleurone layers
is totally dependent on exogenously applied GA. Taking advantage of this
dependency, a transient assay using isolated aleurone protoplasts has been
established to explore molecular mechanisms of GA-inducible gene expres-
sion. These studies identified a cis-regulatory element, GA-response element
(GARE), that confers GA responsiveness to a minimal 35S promoter
(Skriver ef al., 1991). GARE is the critical element in the GA-response
complex (GARC), which consists of GARE in combination with other cis-
regulatory elements including the pyrimidine box, the TATCCAC box, the
CAACTC box, and the Box1/02S-like element (Gubler and Jacobsen,
1992; Lanahan et al., 1992). The coupling of GARE with other regulatory
elements is thought to quantitatively and qualitatively regulate GA-induc-
ible hydrolase gene expression in aleurone cells.

GAMYB is a GA-regulated MYB transcription factor whose expression
is rapidly increased by GA treatment in barley aleurone layers (HvGAMYB;
Gubler et al., 1995). HvGAMYDB binds specifically to the TAACAAA
element, a highly conserved sequence within GARE in the hydrolase
gene, and activates o-amylase and other GA-responsive hydrolase gene
promoters in the absence of GA (Gubler et al., 1995, 1999). Further
expression analysis using the barley sln1 mutant has demonstrated that
HvGAMYRB is a positive regulator of GA signaling acting downstream of
the DELLA protein SLN1. Reporter gene expression of the HvGAMYB
promoter fused with a GUS gene is higher in loss-of-function s/n1a mutant
aleurone cells than in wild-type cells (Gomez-Cadenas ef al., 2001). Con-
versely, GA-induced HvGAMYB expression is repressed in the gain-of-
function sln1d mutant (Gubler ef al., 2002). In addition to SLN1-dependent
transcriptional regulation by GA, posttranslational regulation of HvGA-
MYB protein, such as protein stability and phosphorylation, has also been
suggested (Gubler et al., 2002; Woodger et al., 2003).

GAMYB is an evolutionally conserved protein. Orthologous proteins
have been identified not only in other grasses including rice, wheat, and
Lolium temulentum, but also in Arabidopsis (Gubler et al., 1997, Kaneko et al.,
2004; Millar and Gubler, 2005; Murray et al., 2003; Tsuji et al., 2006).
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Expression analysis of GAMYB and GAMYB-like genes from Arabidopsis,
rice, and barley shows similar expression patterns that are specifically high in
seeds (aleurone cells) and flowers but moderate in meristematic regions
(Kaneko et al., 2004; Millar and Gubler, 2005; Murray et al., 2003; Tsuji
et al., 2006). Recent genetic analyses using knockout mutants of OsGA-
MYB in rice and AtMYB33 and AtMYB65 in Arabidopsis highlighted an
important role of GAMYB in floral organ development. In addition to the
expected lack of GA-inducible a-amylase expression in aleurone cells, rice
osgamyb mutants showed varying levels of floral abnormalities that might
depend on physical (environmental) conditions, and they consistently pro-
duce shrunken anthers without pollen grains. Anatomical analysis of osgamyb
anthers showed that microspore mother cells are not in contact with the
tapetal layers at an early stage of anther development. As a result, microspore
mother cells start degenerating at the premeiotic cell division stage and
expansion of the tapetal cells occurs at a later stage (Kaneko ef al., 2004).
These observations indicate that OsGAMYB is essential for the adherence
of microspore mother cells to the tapetal layer and the subsequent meiotic
division of these cells during anther development. AtMYB33 and AtMYB65
are two of three GAMYB-like genes of Arabidopsis and they are able to
substitute for HYGAMYDB in transactivating the a-amylase promoter in
barley aleurone cells (Gocal et al., 2001). Double-knockout mutants of
AtMYB33 and AtMYB65 show a developmental arrest of the microspore
mother cells just before meiosis, and the tapetum undergoes hypertrophy
(Millar and Gubler, 2005). Therefore, the role of GAMYB in anther
development appears to be highly conserved between rice and Arabidopsis.

A new layer of transcriptional regulation of GAMYB and GAMYB-like
genes, via a microRINA-regulated pathway, has recently been proposed.
MicroRNAs can regulate gene expression by directing cleavage or inhibit-
ing translation of target transcripts (Llave et al,, 2002). MiR159 is an
evolutionally conserved sequence in Arabidopsis, rice, tobacco (Nicotiana
benthamiana), and barley (Achard et al., 2004, Tsuji et al., 2006). The
miR 159 sequence is also complementary to an internal region of several
GAMYB mRNAs from Arabidopsis, rice, barley, wheat, and L. temulentum.
The cleavage of mRNA of the GAMYB-like, AtMYB33 by miR 159 has
been demonstrated using an Agrobacterium-mediated delivery system to
coexpress miR159 and AtMYB33 target mRNA in N. benthamiana leaf
tissue (Achard et al,, 2004). The involvement of GAMYB-like genes in
plant development has been illustrated by phenotypic characterization of
transgenic plants overexpressing miR 159 in Arabidopsis and rice. For exam-
ple, in Arabidopsis, in contrast to the phenotypic abnormalities observed in
myb33 myb65 double-knockout mutants, the developmental arrest of
anthers observed in 35S:miR15%a lines occurs at a different stage and the
resultant anther morphology also differ. In addition, the flowering time of
358:miR15%9a lines is specifically delayed under short-day conditions
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(Achard et al., 2004; see below). In rice, although osgamyb mutants show
only the developmental arrest of flowers, transgenic plants overexpressing
miR 159 have severely-blocked elongation of the topmost internode, and
some flowers do not develop stamen and pistil primordia (Tsuji ef al., 2006).
Although it has been suggested that GA regulates miR 159 levels via the
DELLA-dependent GA signaling pathway in Arabidopsis, recent studies on
rice miR 159 and Arabidopsis MYB33, one of three target genes of miR 159,
indicates that developmental regulation of miR159 expression maybe
largely independent of GA signaling. Expression of mMYB33, a cleavage-
resistant version of AfMYB33, induces various growth-retarding effects that
appear contradictory to the proposed role in mediating GA signals (Millar
and Gubler, 2005). Furthermore, miR 159 expression in rice is not aftected
by GA application during flower development but it is developmentally
downregulated as flower development proceeds (Tsuji et al., 2006). Since
miR 159 expression is undetectable in rice aleurone cells, microRINA-
mediated transcriptional regulation of GAMYB and GAMYB-like gene
expression could be required at a stage later than germination. For example,
it has been reported that the GA-dependent degradation of SLN1 and
subsequent induction of HvGAMYB gene expression occurs in barley
anthers (Murray et al., 2003). Thus, it will be very interesting to further
understand how GA signaling and microRINA-mediated pathways integrate
to regulate anther development through the regulation of GAMYB and
GAMYB-like gene expression.

Tsuji et al. (2006) reported, based on microarray analysis, that almost all
of the genes regulated by GA in aleurone cells are regulated by SLR1-
OsGAMYB pathway (Fig. 6.4). Furthermore, comparative study of the
gene expression between aleurone cells and anthers reveals that OsGAMYB
regulates different sets of genes in a tissue-specific manner, indicating that
OsGAMYDB might require different cooperator(s) to confer its tissue-
specific function. In fact, in silico analysis of the OsGAMYB-dependent
genes expressed in anthers revealed that conserved sequences such as the
pyrimidine box and TATCACC box (located around the GARE region in
the hydrolase gene promoter, which is expressed in aleurone layers) are not
found in the promoter region of the OsGAMYB-dependent genes
expressed in anthers. To support the above hypothesis, further studies are
necessary to identify the factor(s) that cooperate with OsGAMYB and the
cis-acting elements of OsGAMYB-regulated genes in anthers.

In addition to the possible biological functions of GAMYDB in aleurone
cells and anthers, some studies have suggested that GAMYDB may also be
involved in floral initiation. The promoter of the Arabidopsis gene LEAFY
(LFY), a floral integrator, is GA responsive. Analysis of the LFY promoter
indicates that the regulatory sequence conferring GA responsiveness con-
tains a MYB protein target sequence (Blazquez and Weigel, 2000; Blazquez
et al., 1998). Furthermore, in the long-day plant L. temulentum, LtGAMYB
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Figure 6.4 Model of OsGAMYB function in rice. OsGAMYB regulates the
expression of almost all GA-regulated genes in aleurone cells (left). In later growth
stages, OsGAMYB and OsGAMYB-likel genes are essential for flower development.
At this stage, miR159 begins to be expressed, which downregulates OsGAMYB
and OsGAMYB-likel expression in a GA-independent manner (right). Dashed lines
represent unclear relationships.

expression is induced in the shoot apex in response to GA and long-day
treatment (Gocal ef al., 1999). In addition to the perturbation of anther
development, transgenic Arabidopsis plants overexpressing miR159a are
delayed in flowering under a short-day photoperiod that is also associated
with a reduction in the levels of LFY transcripts (Achard ef al., 2004). These
results suggest that GA-dependent floral transition, mediated by the LFY
product under short-day conditions, is activated by GAMYB-like protein.

4.2.2. Transcription factors involved in the feedback regulation of
GA homeostasis

The function of the GA-response pathway is tightly linked to the feedback
regulation controlling GA biosynthesis and catabolism (Hedden and Phillips,
2000; Olszewski et al., 2002). GA,0-oxidase (GA,00x) and GAj-oxidase
(GA;0x) are enzymes that catalyze the penultimate and last steps for synthesis
of bioactive GA, respectively, while GA,-oxidases are responsible for GA
deactivation (Hedden and Phillips, 2000). The concept of feedback regula-
tion of GA biosynthesis via its signaling pathway has come from expression
analyses of GA biosynthetic genes in GA-response mutants. In constitutive
GA-response mutants such as rice slr1, barley sln1, and Arabidopsis rga gai-t6,
bioactive GAs and/or transcripts encoding GA biosynthetic enzymes
(GA00x and/or GAjso0x) are detected at lower levels than in wild-type
plants (Croker ef al., 1990; Dill ef al., 2001; Ikeda ef al., 2001). In contrast,
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GA-insensitive dwarf mutants, including rice gid1 and gid2, maize D8, and
Arabidopsis gai-1 and sly 1, accumulate significantly higher amounts of bioac-
tive GAs and have higher GA,00x and GAz;0x mRNA levels (Fujioka ef al.,
1988; McGinnis et al., 2003; Peng et al., 1997; Sasaki et al., 2003; Ueguchi-
Tanaka et al., 2005). Recently, two transcription factors that bind to the
promoter regions of GAjzox genes have been identified (Dai ef al., 2007;
Matsushita ef al., 2007). Overexpression of the rice YABBY1 (YABI1) gene
causes a semidwarf phenotype, an increased level GA,g, and reduced level of
GA; (Dai et al., 2007). Further analyses show that OsGA0x2 expression is
specifically reduced in the YABI-overexpressing plants and that YAB1
protein binds to a promoter region of OsGAjzox2. These results suggest
that YAB1 directly represses OsGA ;0x2 gene expression; curiously, how-
ever, this effect is only seen in an indica rice background (Dai et al., 2007).
The observed effect of rice YABT on OsGA 30x2 expression may be due to a
neomorph derived from seven amino acid sequence differences between
japonica and indica YAB1. A second recently identified factor is AGF1, an
AT-hook protein in Arabidopsis. AGF1 was identified from yeast one-hybrid
screening using a regulatory sequence for feedback regulation in the
AtGAsox1 promoter (Matsushita et al., 2007). AGF1 binds a cis-regulatory
sequence that is necessary for the induction of ArGAjzox1 expression under
GA-deficient conditions. Since constitutive expression of AGF1 conferred
both hyper upregulation of AfGAjox1 under reduced GA levels and resis-
tance to downregulation of AtGAjsox1 by excess GA, AGF1 could be a
transcriptional activator specific to GA-negative feedback. Demonstration
that AGF1 binds the AtGA,00x promoter would be necessary to show its
general role in GA negative-feedback regulation.

In contrast to the factors described above, DELLA proteins are strong
candidates for the master controllers of feedback regulation of GA biosyn-
thetic genes by GA. This idea 1s further supported by the report that two
Arabidopsis GRAS proteins, SHR and SCR, are associated with the pro-
moter sequences of their target genes in vivo (Cui et al., 2007; Levesque et al.,
2006). The strength of feedback regulation of GAzox and GA,0ox is tightly
correlated with the amounts of DELLA proteins in the nucleus (McGinnis
et al., 2003; Sasaki ef al., 2003; Ueguchi-Tanaka ef al., 2005). In the ga1-3
mutant, RGA accumulates in nuclei, and transcript levels of AtGAjox1 and
AtGA,00x2 are also high. After GA treatment, the levels of AtGAsox1
and AtGA,00x2 transcripts rapidly decrease, and changes are noticeable
in as early as 15 min, under these same GA treatment conditions, —“90% of
the RGA protein disappears within 10 min (Zentella ef al., 2007). Further-
more, transcript levels of AtGAjzox1 and AtGA,0ox2 accumulated in a
DEX-dependent manner when the degradation-resistant mutant rga-A17
was expressed under the control of a DEX-inducible promoter. These
results indicate that AfGAjzox1 and AtGA,00x may be direct target genes
of DELLA proteins. The requirement of additional DELLA-associated
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transcription factor(s) for DELLA-dependent regulation in the expression of
GA biosynthetic genes has also been suggested by Zentella ef al. (2007),
because of the lack of significant enrichment of AtGA,00x2 and AtGAjzox1
promoters detected using ChIP-qPCR analysis.

In addition to the feedback regulation of GA biosynthetic gene expres-
sion, recent studies in Arabidopsis have revealed that expression of GID1 (GA
receptor) genes is also under feedback regulation. Transcripts of all three
Arabidopsis GID1 genes are decreased upon GA treatment (Griffiths et al.,
2006). In addition, GID1 transcript levels are accumulated in ga1-3 and
Prca:(rga- A 17) transgenic plants. In the gal rga gai triple and ga1 rga gai rgl1
1¢l2 quintuple null mutants, transcript levels are similar to those in wild-type
plants (Cao ef al., 2006; Griffiths et al., 2006). Direct association of DELLA
protein and the GID1a and GID1b promoter regions has been demonstrated
by ChIP-qPCR assays using RGA—TAP as bait (Zentella et al., 2007). Thus,
DELLA proteins modulate GA homeostasis by upregulating expression of
GA biosynthetic genes and GA receptor genes at the same time.

5. A MODEL OF GA SIGNALING

A revised model of the GA signaling pathway in plants is shown in

Fig. 6.5. This model is constructed mainly from molecular genetic studies of
model plants (rice and Arabidopsis) and molecular biological studies using
transient assays of cereal aleurone cells. All available data indicates that the
repressive function of DELLA proteins is the center of the GA signaling
pathway. Once GID1 binds to GA, GID1-GA directs DELLA protein to
SCFCIP2/SLY _mediated proteolysis via direct protein—protein interaction
between GID1-GA and DELLA proteins. Since GA-binding ability of
GID1 is enhanced in the presence of SLR1 (Ueguchi-Tanaka et al.,
2007), this interdependent association of GID1-GA-DELLA protein may
minimize undesirable deactivation of DELLA protein in the absence of GA.
Based on the genetic analysis of spy mutants in Arabidopsis, SPY may
catalyze the O-GlcNAc modification of DELLA proteins. So far, it has been
proposed that the O-GlcNAc¢ modification of DELLA protein increases its
repressive activity and that O-GlcNAc modification competes with phosphor-
ylation, similar to the mechanism reported in mammalian systems (Comer and
Hart, 2001; Love and Hanover, 2005; Slawson and Hart, 2003; Wells et al.,
2001). It has also been suggested that O-GIcINAc modification could facilitate
nuclear localization or increase protein stability in mammalian systems
(Thornton et al., 1999; Wells et al., 2001), but molecular biological study of
R GA protein indicates that such regulation is not the case for DELLA proteins
(Silverstone ef al., 2007). Furthermore, a competition model of O-GIcNAc
and phosphorylation has been supported by the observation that the
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Figure 6.5 Model of GA-dependent degradation of the DELLA protein and GA signal-
ing. Under GA-deficient conditions (left), DELLA protein stably represses GA responses.
Genetic analysis suggests that DELLA protein is modified with O-GlcNAc by SPYand
that this modification increases the repressive activity of DELLA protein. O-GlcNAc
modification might compete with phosphorylation by an unknown kinase to reduce the
repressive function of DELLA protein. Once GA is received by GID1, GA binding of
GID1 is stabilized by subsequent interaction with DELLA protein. Formation of the
GID1-GA-DELLA protein complex triggers recruitment of DELLA protein to the
SCFCIPZSYL complex, leading to degradation of DELLA protein by 26S proteasomes.

phosphorylation status of SLR 1 is dramatically promoted when OsSPY func-
tion is suppressed by RNAI in rice plants (Shimada et al., 2000).

The transcriptional factor GAMYB is a positive regulator of GA signal-
ing that acts downstream of DELLA protein in cereal aleurone cells to
induce the expression of almost all of the GA-induced genes (Tsuji ef al.,
2006). Genetic analyses using the knockout mutant of osgamyb in rice and
the atmyb33 atmyb65 double mutant of Arabidopsis has highlighted the
function of GAMYB in anther development (Kaneko et al., 2004; Millar
and Gubler, 2005; Tsuji ef al., 2006). Because GA-dependent induction of
GAMYB expression is observed in barley anthers, it is possible that the
DELLA-GAMYB pathway controls GA-regulated anther development.
However, it should be noted that GAMYB-mediated anther development
is also under the control of a miR 159-mediated RNA interference pathway
probably independent of GA signaling (Fig. 6.4, Achard et al., 2004; Millar
and Gubler, 2005; Tsuji ef al., 2006).

Additional elements also need to be incorporated into the GA signaling
model. ChIP-qPCR assays using RGA-TAP indicate that transcriptional
regulation of GAjox and GA,0ox in feedback regulation is mediated by
R GA-associated protein with DNA-binding activity (Zentella et al., 2007).
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Based on transient assays using barley aleurone cells, it has been hypothesized
that there is an intermediate repressor protein downstream of DELLA protein
and upstream of GAMYB because there is a time lag (=70 min) between the
GA-dependent degradation of DELLA protein and the induction of GAMYB
by GA (Sun and Gubler, 2004). Further, it has also been suggested that the
antagonistic effect of ABA on a-amylase induction by GA may target a
repressor acting downstream of DELLA protein (Gubler ef al., 2002; Zentella
et al., 2002). Genetic analysis of the rice d1 mutant leads us to postulate a
membrane-bound GA receptor in GA signaling of aleurone cells; this question
must be answered to explain why mutation of the intracellular GID1 receptor
leads to shut-down of GA-dependent a-amylase expression in the same cell.

6. CONCLUDING REMARKS

Identification of the GA receptor GID1 has greatly improved our
understanding of how GA induces the transcription of its target genes.
However, there are still missing elements in our current model of the GA
signaling pathway. These elements include possible roles for a membrane-
bound GA receptor, an unidentified kinase, and transcriptional regulators
with DNA-binding activity. Whole-genome expression profiling and pro-
teomic technology will be powerful tools to facilitate the identification of
such elements. In addition to building up the complete picture of GA
signaling pathway, X-ray and NMR analyses of GID1 will be important
for understanding the 3D structure of the GA receptor. The 3D-structure of
GID1, alone and interacting with GA, will provide clues to the molecular
mechanism of GID1-GA-SLR 1 complex formation.
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The oocyte is a unique and highly specialized cell responsible for creating,
activating, and controlling the embryonic genome, as well as supporting basic
processes such as cellular homeostasis, metabolism, and cell cycle progression
in the early embryo. During oogenesis, the oocyte accumulates a myriad of

* Fels Institute for Cancer Research and Molecular Biology, Temple University School of Medicine,

Philadelphia, PA 19140

T Department of Biochemistry, Temple University School of Medicine, Philadelphia, PA 19140

International Review of Cell and Molecular Biology, Volume 268 © 2008 Elsevier Inc.

ISSN 1937-6448, DOI: 10.1016/S1937-6448(08)00807-1 All rights reserved.

223



224 Namdori R. Mtango et al.

factors to execute these processes. Oogenesis is critically dependent upon
correct oocyte—follicle cell interactions. Disruptions in oogenesis through envi-
ronmental factors and changes in maternal health and physiology can compro-
mise oocyte quality, leading to arrested development, reduced fertility, and
epigenetic defects that affect long-term health of the offspring. Our expanding
understanding of the molecular determinants of oocyte quality and how these
determinants can be disrupted has revealed exciting new insights into the role
of oocyte functions in development and evolution.

Key Words: Oocyte quality, Epigenetics, Oogenesis, Maternal mRNA, Mito-
chondria, Preimplantation embryo, Meiosis. © 2008 Elsevier Inc.

1. INTRODUCTION

The traditional Korean Um-Yang concept of nature posits the exis-
tence of opposite and complimentary forces that, when in balance, provide
for harmonious existence. The feminine, or Um, component is associated
with the properties of combining or gathering to establish functionality.
This concept applies very well to the oocyte. The oocyte is uniquely
endowed with the ability to combine its own components with those of
the incoming sperm, and direct the creation of a functional embryo. The
oocyte is a highly differentiated, molecularly complex product of gameto-
genesis, despite its outwardly simple morphological appearance. During
oogenesis, the oocyte must accumulate the components that are needed
to support early embryo metabolism and physiology, as well as components
needed to complete meiosis, initiate cell cycle progression, and direct early
developmental events, such as the establishment of the primary embryonic
body axes in many species. The oocyte must combine the two haploid
genomes into a single embryonic genome, activate transcription of that
genome at the correct time, and activate the appropriate array of genes to be
transcribed. Additionally, the oocyte must maintain essential epigenetic
information, while simultaneously remodeling chromatin and modifying
certain other kinds of epigenetic information. In short, the successtul
development of all embryos is predicated upon correct and efficient execu-
tion of many crucial processes by the oocyte to create a functional embryo.

In this review, we will discuss key aspects of oogenesis, oocyte biology,
and oocyte components that are responsible for creating a healthy, func-
tional embryo. We will also discuss situations where these processes are
disrupted, resulting in poor quality oocytes that are deficient in supporting
correct embryo development. Indeed, it is becoming increasingly clear that
the phenotype of offspring is largely defined by the quality of the oocytes
from which they are derived. This applies to adult phenotypes as well as
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embryonic characteristics, and indeed both maternal and grandmaternal
effects on development and phenotype can be realized. Accordingly, the
review will encompass recent discoveries that link maternal nutrition to
defects in organogenesis and physiology in adult stage offspring.

2. OOGENESIS

2.1. Stages of oogenesis

There are five stages of oogenesis in mammals, beginning with primordial
germ cell (PGC), colonization of the developing gonad and continuing
through formation of oogonia, primary oocytes, secondary oocytes, and
mature eggs (Fig. 7.1). PGCs are diploid precursors of eggs and sperm, and
exist transiently in the embryo before establishing close associations with
the somatic cells of the gonad (Hogan, 2001). They can be visualized by
alkaline phosphatase staining at 4 weeks of gestation in human embryos.
In the mouse embryo, the PGCs are first detectable at day 7.25 postcoitum
(dpc) as a small population of alkaline phosphatase-expressing cells in the
extraembryonic mesoderm near the base of the allantois (Chiquoine, 1954;
Ginsburg et al., 1990). Over several days, the PGCs proliferate and migrate
to the genital ridge, the gonadal anlage. By 13.5 dpc in the mouse, PGC
proliferation is complete (Chiquoine, 1954; Mintz and Russell, 1957;
Ozdzenski, 1967; Tam and Snow, 1981). Upon arrival in the female genital
ridge, germ cells, now referred to as gonocytes, give rise to oogonia. The
population of oogonia expands through a predetermined, species specific,
number of mitotic divisions until the cells enter meiosis and become oocytes
(Gosden and Bownes, 1995). For example, oogonia in the mouse ovary
undergo ~4 mitotic cycles before entering meiosis between days 14 and 16
of a 20-day gestation period. In comparison, for humans as for other large
mammalian species, there are many more rounds of mitotic division over a
period of several months until shortly before birth (reviewed by Picton,
2000). In humans, the oogonia begin to differentiate in the 9th week of fetal
life (Motta et al., 1995, 2003). Clusters of oocytes or “nests” will break
down, some oocytes will degenerate (apoptosis), and primordial follicles
will form (Barnett ef al., 2006, for an in-depth review of genetic regulation
of this process). The oocytes remain arrested in prophase I of meiosis until
the female becomes sexually mature.

The primary oocytes synthesize an extracellular coat and cortical gran-
ules. Within a few days after birth in rats and mice, the primordial stage
oocytes are surrounded by a single layer of flattened cells, also known as
pregranulosa cells (Fortune, 2003; Fortune et al., 2000). During the transi-
tion from the primary to the tertiary follicle, the granulosa cells (GCs)
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Figure 7.1 The stages of mouse oogenesis. Primordial germ cells (PGCs) migrate to
the genital ridge during fetal development and form oogonia. Oogonia proliferate by
mitotic divisions, transitioning to primary oocytes as the first meiotic division initiates,
and primordial follicles form with one layer of squamous granulosa cells (GCs) before
or shortly after birth. Ploidy (n) is defined here on the basis of centromere number.
DNA content is indicated as ‘c” After birth, primary oocytes remain meiotically arrested
at prophase I and primary follicles form, with oocytes surrounded by cuboidal GCs.
Secondary follicle formation proceeds with theca cells and multiple layers of GCs. The
stages through secondary follicle formation are Gonadotropin independent. Oocytes
continue to grow, synthesizing cortical granules (CGs), zona pellucida (ZP) and
mRNA production. After puberty, under the influence of Gonadotropins, secondary
follicles proceed to tertiary follicles. At this stage, antrum and cumulus oophorus forma-
tion occurs. Cells stop differentiation. Meiosis resumes and nuclear and cytoplasm mat-
uration occurs. Secondary (mature) oocytes extrude the first polar body (PB), which
has the haploid number of chromosomes (n). Meiosis arrests at metaphase II (MII), wait-
ing for fertilization. Upon fertilization, oocyte activation occurs and meiosis is com-
pleted with extrusion of the second polar body.

undergo a transition from a flattened epithelial to a cuboidal epithelial cell
morphology, and with further proliferation produce a multilayered collec-
tion of cells surrounded by an outer layer of thecal cells and a basal
membrane. In vivo, follicles with some flattened and some cuboidal GC
are frequently observed, and can be very prolonged (Fortune et al., 2000).
An extensive network of gap junctions is established, which is essential for
folliculogenesis (Ackert ef al., 2001). The formation of an antrum inside the
GCs leads to the formation of an antral follicle. Within the antral follicle, the
oocyte is surrounded by specialized cumulus cells. The antrum is lined by
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the follicular epithelium. The whole follicle is shaped by the surrounding
connective tissue. The layer of GCs does not contain blood vessels. The
next step in oocyte development occurs when the oocyte is stimulated by
hormones to resume meiosis as a prelude to ovulation. At this stage, several
events occur such as chromosome condensation, nuclear envelope break-
down, and formation of the first polar body and large secondary oocyte. In
mammals, oocyte maturation proceeds to metaphase II and then arrests until
fertilization.

2.2. Oocyte—follicle cell interactions

The interaction between oocyte and follicular cells has been investigated
extensively. Complex bidirectional communication between the oocyte
and its surrounding somatic cells is essential for the coordinated develop-
ment of both germ cell and somatic cell compartments (Fig. 7.2). The
oocyte plays an active role in cumulus expansion (Epigg, 2001). The growth
and development of the oocyte and the somatic components of the follicle
occur in a highly coordinated manner. Previously it was thought that the

Ooplasm  Maternal factors ~ ertilization and Zona pellucida Oocyte—somatic cell

actlvatlon l interactions
/ Prevents polyspermy
A Pronucleus formation

Maternal mRN
Maternal proteins

Regulate genome l Embryonic genome function

gula Physiolo

act|vat|qn Maturation Me);aboliggn
Pronucleus formation Activation Meiotic regulation
Genome regulation Fertilization

Nuclear maturation

Gene regulation Epigenetic changes
Translational control

Figure 7.2 Determinants of oocyte quality. The processes affecting oocyte quality are
outlined. Ooplasm affects pronucleus formation and embryonic genome activation.
Factors in the ooplasm, such as maternal mR NA and proteins, regulate genome activa-
tion in the absence of transcription. Bidirectional oocyte—somatic cell interactions help
in the proper early development of the oocyte by affecting physiology, metabolism,
nuclear maturation, and meiotic regulation.
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somatic components of the follicle control the oocyte and its development.
Pincus and Enzmann (1934) found that fully grown oocytes removed from
antral follicles underwent a spontaneous, gonadotropin-independent
resumption of meiosis in culture, and concluded that follicular somatic
cells maintain oocytes in meiotic arrest. But recent experiments indicate
that the oocyte orchestrates follicular development. Oocytes regulate their
own maturation and also affect the functions of the neighboring somatic
cells (e.g., cumulus cell expansion) and ovulation rate (Juengel and
McNatty, 2005). Follicular somatic cells in turn regulate oocyte transcrip-
tion (De La Fuente and Eppig, 2001) and promote oocyte competence to
undergo fertilization and preimplantation embryogenesis (cytoplasmic mat-
uration) (Buccione et al., 1990). GCs participate in the global suppression of
transcription in oocytes that occurs before nuclear maturation. This highly
coordinated development requires constant intercommunication between
the oocyte and somatic cells. During follicular development, factors from
GCs such as Kit ligand (KITL) promote oocyte development, whereas
factors from the oocyte influence GC development and function. These
interactions, in concert with gonadotropins and other factors, promote the
transition to antral follicle. In antral follicles, oocyte-derived factors, such as
growth differentiation factor 9 (GDF9), promote the development of the
cumulus cell phenotype by suppressing expression of the mural granulosa
cell MGCQC) phenotype (Elvin et al., 2000; Eppig, 2001; Matzuk ef al., 2002;
McNatty et al., 2003). GDF9 in culture can promote many of the changes in
GC gene expression brought about by oocytes. Interestingly, the oocyte
influence is developmentally regulated, with growing oocytes more able to
promote GC development than fully grown oocytes (Latham ef al., 2004).
Bone morphogenetic protein 15 (BMP15), another oocyte-derived factor,
is mitogenic for somatic cells and stimulates GC proliferation (Di Pasquale
et al., 2004; Otsuka et al., 2000; Shimasaki ef al., 2004). Oocytes regulate
cumulus cell metabolism (Sugiura ef al., 2005) and BMP15 and fibroblast
growth factors (FGFs) cooperatively promote increased glycolysis rates in
cumulus cells (Sugiura et al., 2007). BMP15-deficient mice demonstrate
reduced ovulation, fertilization and developmental potential (Yan et al.,
2001). Humans demonstrate a mutation in Bmp15 that leads to hypergona-
dotropic ovarian failure in women (D1 Pasquale ef al., 2004), indicating an
important role of BMP15 in follicular development and ovulation. Oocytes
also secrete a potent mitogenic factor that promotes mural granulosa and
cumulus cell DNA synthesis and cell proliferation (Li ef al., 2000; Gilchrist
et al., 2001, 2003). Oocytes modulate follicle stimulating hormone (FSH)-
induced progesterone and estradiol synthesis by mural and cumulus GCs (Li
et al., 2000) and suppress FSH-induced luteinizing hormone receptor
(Lhegr) mRINA expression (Eppig et al., 1997). They also regulate the
differentiation of the GCs toward the cumulus cell phenotype, which is
markedly distinct from the MGC phenotype. The cumulus cells have very
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low Lhcgr expression compared to MGCs, and possess the capacity to secrete
hyaluronic acid and undergo mucification/expansion while MGC do not
(Eppig et al., 1997; Li et al., 2000). Mucification of the cumulus cells is
needed for fertilization to be successtul. With the microsurgical removal of
the oocytes from the cumulus—oocyte complex (COC), the cumulus cells
display a phenotype similar to MGC, evidenced by less DNA synthetic
activity and increased secretion of progesterone (Buccione ef al., 1990).
Culture of the oocytectomized complex with denuded oocytes restores
cumulus cell characteristics. The oocyte also enables cumulus cell expansion
in response to epidermal growth factor (EGF) (Diaz ef al., 2006). Oocyte-
mediated signaling via MAPK1/3 (ERK1/2) and SMAD2/3 within cumu-
lus cells promotes the cumulus cell phenotype (Diaz ef al., 2007; Su et al.,
2003).

The development of the oocyte and the somatic cells occurs simulta-
neously and this is responsible for ensuring an ovulated oocyte ready for
fertilization. Disruption of this communication will result in oocyte devel-
opmental failure. Oocytes can regulate the rate of development of the
somatic cells. This was demonstrated by a set of elegant experiments con-
ducted by Eppig et al. (2002). Oocytes from 12-day-old mice were com-
bined with somatic cells from newborn mouse ovaries. Upon grafting,
oocytes were surrounded by one or two layers of GCs typical of primary
to secondary follicle development. Nine days after grafting, large antral
follicles were formed, whereas in the control, which contained oocytes
and cumulus cells both from neonatal ovaries, follicles developed at the
normal rate, that is, 19—20 days. The rate of development of the follicles was
approximately doubled by the presence of later stage oocytes. This demon-
strated that oocytes coordinate the development of mammalian ovarian
follicles and that the rate of follicular development is based on a develop-
mental program intrinsic to the oocyte (Eppig et al., 2002). Follicles are also
regulated by extraovarian factors such as gonadotropin hormones, and
require FSH and receptor to become large antral preovulatory follicles
(Dierich et al., 1998; Kumar et al., 1997).

2.3. Relevance to oocyte quality

2.3.1. In vitro culture effects on oocyte quality

Changes in oocyte development are normally coordinated with follicular
differentiation. This coordination, however, can be changed abruptly by
accelerating follicular development with exogenous gonadotropins, or
other factors. Early recruitment of small antral follicles into the pool of
preovulatory follicles results in the ovulation of oocytes incapable of normal
maturation, fertilization, or embryogenesis (Eppig et al., 1992a; Hunter,
1998; Schramm and Bavister, 1996a). Many studies in oocyte growth and
development in vitro were done by the laboratory of John Eppig, employing
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cultures of oocyte—GC complexes isolated from the preantral follicles of
12-day-old mice (mid-growth phase) by collagenase digestion. Theca cells
were removed and the basal lamina enclosing the GCs and oocytes was
degraded. The oocytes at this stage were incompetent to resume meiosis
without further development. Between 200 and 300 oocyte—GC com-
plexes were cultured on a collagen-impregnated membrane for 10 days, a
period that spans the time of antrum formation and the acquisition of
competence to resume meiosis and undergo fertilization and preimplanta-
tion development by oocytes in vivo. Initially 5% fetal bovine serum was
used (Eppig and Schroeder, 1989), and this was later replaced by the serum
protein fetuin, which was able to reduce zona hardening (Eppig ef al.,
1992b, 1996). Serum-free culture medium was supplemented with insulin,
transferrin, and selenium (ITS) to promote healthy development of
the complexes (Eppig et al., 1992b). The culture system yielded oocytes
that could undergo maturation, be fertilized, and develop, but with lower
rates compared to in vivo oogenesis. Thus, oocyte growth in vifro was not
equivalent to growth in vivo (Eppig and O’Brien, 1996; Eppig and Schroeder,
1989), and some important follicular factors were missing, thus compromising
oocyte quality.

Oocytes were also grown in vitro from the primordial stage. In the initial
studies, the success rate was very low (0.5%) and the first mouse produced
from these oocytes displayed abnormal adult characteristics (Eppig and
O’Brien, 1996). Two dimensional protein gel analysis revealed a number
of proteins altered in expression in GCs and cumulus cells by in vitro culture
(Latham et al., 1999). Additional effects of FSH and insulin were also seen,
and these effects may contribute to differences in oocyte quality and devel-
opmental competence. Cultured oocyte—GC complexes fail to undergo
appropriate transcriptional regulation (De La Fuente and Eppig, 2001),
further indicating the importance of the correct follicular environment for
establishing the correct oocyte phenotype. Subsequently, these and other
observations were employed to develop a revised culture protocol, differing
in the duration of treatment with FSH, and this yielded much greater
success in the production of developmentally competent oocytes (O’Brien
et al., 2003). This success highlights the critical and dynamic nature of
oocyte—somatic cell interactions and the importance of follicular environ-
ment in the production of high quality oocytes that can support
development and yield healthy offspring.

Other evidence for the importance of these oocyte—follicle cell interac-
tions in establishing oocyte quality comes from studies in the rhesus monkey
using in vitro oocyte maturation protocols. In rhesus monkeys, in wvitro
maturation remains very inefficient, and has not led to the birth of live
young. In unprimed monkeys, oocytes subjected to in vifro maturation
(IVM) and in vitro fertilization (IVF) form blastocysts at an efficiency of
less than 1% (Schramm and Bavister, 1996a). Prior stimulation with FSH
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elevates the blastocyst formation rate to as high as 40% (Schramm and
Bavister, 1996b; Schramm ef al., 1994). Interestingly, co-culture of matur-
ing oocytes from nonstimulated females with GCs from FSH stimulated
females enhances blastocyst formation by more than tenfold (Schramm and
Bavister, 1996a).

2.3.2. Genetic control of oocyte quality

Estrogens extend the action of FSH on GCs by promoting their prolifera-
tion and increasing their expression of FSH receptors (Ireland and Richards,
1978). Estrogen signaling is mediated via binding to estrogen receptors
(ESRs), which are ligand-dependent transcription factors. Two ESR sub-
types exist in humans, ESR1 (ERa) (Menasce et al., 1993; Walter ef al.,
1985) and ESR2 (ERf) (Enmark et al., 1997; Mosselman et al., 1996),
coded by ESR1 and ESR2 genes, respectively. In the ovary, ESR 1 is mostly
located in the thecal layer, whereas ESR2 can be found in GCs of growing
follicles at all developmental stages (Pelletier and El-Alfy, 2000). ESR1, is
most abundant, and found in all human reproductive tissues. Studies on
male and female Esr? knockout (ERKO) mice showed complete infertility
(Matthews and Gustafsson, 2003). A study by Altmie ef al. (2007) deter-
mined the associations between genetic variations in estrogen receptor
ESR1 and ESR2 genes and etiology of female infertility. They analyzed
the influence of these variations on controlled ovarian hyperstimulation
(COH) outcome—the quantity and quality of oocytes retrieved. ESR1
Poull T/C (rs2234693) and Xbal A/G (rs9340799) single-nucleotide poly-
morphisms (SNPs) and (TA), microsatellite polymorphism, as well as ESR2
Rsal G/A (rs1256049) SNP and (CA),, microsatellite polymorphism were
determined in 159 IVF patients. Their results suggested that variations in the
ESR1 gene, in addition to the age of a woman, may predict the COH
outcome in IVF.

Follistatin plays an important role in female physiology, regulating FSH
levels through blocking activin actions. Failure to regulate FSH correctly
has been implicated as a potential cause of premature ovarian failure.
Follistatin has been associated with polycystic ovary syndrome (PCOS) in
women through genetic linkage studies (Urbanek et al., 2000). PCOS is an
endocrine disorder characterized by reduced fertility, hyperandrogenism,
and chronic anovulation (Calvo et al., 2001; Liao et al., 2000; Urbanek et al.,
1999, 2000). Ovarian failure in women may be diagnosed by high con-
centrations of the gonadotropins, FSH and luteinizing hormone (LH), and a
low concentration of estradiol. A rise in FSH is the most sensitive and the
best early marker for ovarian failure (Conway, 2000). Mice lacking follista-
tin show a drastic reduction in the number of follicles, a reduction in the
pool of available oocytes, poor oocyte quality, a failure to ovulate, and
increased FSH levels, indicating premature ovarian failure (Jorgez et al.,
2004). Women with premature ovarian failure who undergo attempts to
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induce ovulation using different regimens have reduced ovulation rates
(Johnson and Peterson, 1979; Nelson ef al., 1992; van Kasteren ef al., 1995).

A long list of genes has been experimentally demonstrated by mutations
in mice to control folliculogenesis and oocyte quality. Mice homozygous
for a null allele at the Gdf9 locus (Dong et al., 1996) or for a hypomorphic
Kitl allele (Donovan and de Miguel, 2001) exhibit female infertility as a
result of blocks in follicular development preceding formation of secondary
follicles. Females deficient in pentraxin-related gene 3 (Ptx3~/7) are sub-
fertile due to defects in the integrity of the cumulus cell-oocyte complex
that are reminiscent of Bmp15~/~/Gdf9"/~~ double mutant and BMP type
IB receptor mutant mice. The zona pellucida plays an important role in
oocyte—cumulus cell communication as well as controlling sperm penetra-
tion and providing physical protection to the embryo. Mice lacking ZP2
and ZP3 proteins are deficient in early antral and preovulatory follicle COC
formation and ovulation, and blastocysts from their eggs fail to complete
development after transfer to the pseudopregnant mice (Rankin et al., 1996,
2001; Zhao and Dean, 2002). Gap junctions are important for oocyte—
granulosa cell communication. Defects in meiotic maturation are evident in
mice lacking the GC oocyte junction protein GJA4 (connexin 37)
(Carabatsos et al., 2000).

Collectively, these observations further highlight the importance of
oocytes in promoting GC proliferation and differentiation (Eppig, 2001),
with the oocyte in turn depending on somatic cells to support its growth
and development (Brower and Schultz, 1982), regulate meiosis (Chesnel
et al., 1994), and modulate global transcriptional activity in the oocyte
genome (De La Fuente and Eppig, 2001). The genetic studies to date reveal
a wide array of genes that control oogenesis, emphasizing the complexity of
the process and the many opportunities for genetic disruption of oocyte
quality and subsequent effects on embryogenesis.

2.3.3. Environmental factors affecting oocyte quality

Environmental factors that disrupt follicular function also affect oocyte
quality. The potential effects on reproduction by chemicals with hormone-
like activity is a growing concern. A number of chemicals in the environment
are estrogenic and can disrupt the endocrine system of wildlife and humans by
binding to and activating the ESR. These environmental estrogens have the
potential to perturb sensitive hormone pathways that regulate reproductive
function. Most phytoestrogens and synthetic compounds bind to estrogen
receptor ESR1 and ESR2 with relatively low affinity (Kuiper et al., 1997).
Diethylstilbestrol (DES) is a synthetic estrogen. It has been used as an estrogen
supplement before its carcinogenic effect was recognized (Herbst et al.,
1971). In mouse oocytes, DES interferes with centrosomes and microtubule
dynamics (Can and Semiz, 2000).
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Another important endocrine disruptor is bisphenol A (4,4'-isopropyli-
dene-2-diphenol; BPA). This is a high-volume diphenylalkane used for the
production of polycarbonate plastics, epoxy and phenolic resins, polyesters,
and polyacrylates, which have wide industrial applications including the
manufacture of plastic wares, dental resins, and food can lining. It is
proposed to have estrogenic activity (Krishnan ef al., 1993; Kuiper et al.,
1998; Metcalfe et al., 2001; Welshons ef al., 2006). BPA is a widespread
contaminant of the aquatic environment (Kawahata et al., 2004; Vethaak
et al., 2005). Fish exposed to BPA show testes growth inhibition and
maturation delay, altered male sex cell types, lower semen quality, reduced
percentage of ovulation in females, altered ovulation timing, and occur-
rence of ovo-testes (Hassanin ef al., 2002; Kang ef al., 2002; Lahnsteiner
et al., 2005; Mandich et al., 2007; Sohoni et al., 2001; Tabata et al., 2001;
Tokumoto et al., 2005). In mice, BPA effects on the oocyte have been
revealed by Hunt ef al. (2003), including a sudden, spontaneous increase in
meiotic disturbances, such as aneuploidy coinciding with the accidental
exposure of animals to an environmental source of bisphenol (Hunt et al.,
2003). In a recent study by Susiarjo ef al., (2007), the effect of BPA on
meiosis of fetal ovaries was assessed by exposing pregnant mice in their mid-
gestation stage to BPA. Oocytes from exposed female fetuses displayed gross
aberrations in meiotic prophase, while in mature females BPA exposure
increased aneuploidy in oocytes and embryos. In another study (Can ef al.,
2005), BPA induced cell cycle delay and altered centrosome and spindle
microtubular organization in oocytes during meiosis.

The endogenous metabolite of 17f-estradiol (E,), 2-methoxyestradiol
(2-ME), is a natural component of follicular fluid produced by the GCs
(Dehennin ef al., 1984; Hammond et al., 1986; Spicer et al., 1987). Con-
centrations of 2-ME can be increased by exposure to environmental pollu-
tants that activate the expression of enzymes in the metabolic pathway from
17 f-estradiol to 2-ME. Exogenous estradiol does not affect maturation,
whereas its metabolite 2-ME impairs the acquisition of full developmental
competence (Lattanzi et al., 2003). There are marked alterations in the
spindle assembly of oocytes exposed to 2-ME during maturation, leading
to gross chromosomal aberrations after fertilization and subsequent devel-
opmental arrest at the morula stage (Lattanzi ef al., 2003). Another recent
study by Eichenlaub-Ritter ef al. (2007) found that a high concentration of
2-ME produces a minor increase in GV-arrested dictyate-stage oocytes,
blocked progression from first to second meiotic metaphase, caused delays
in the formation of a typical bipolar spindle at meiosis I, induced severe
spindle abnormalities and aberrant spindle pole organization at metaphase II,
disrupted centrosome integrity, and induced nondisjunction and aneu-
ploidy. Other chemicals, such as triclorofon (Cukurcam et al., 2004; Yin
et al., 1998), chloral hydrate (Eichenlaub-Ritter and Betzendahl, 1995),
nocodazole (Eichenlaub-Ritter and Boll, 1989; Everett and Searle, 1995;
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Shen et al., 2005; Sun et al., 2005), mancozeb (Rossi ef al., 2006), diazepam
(Sun et al., 2001), okadaic acid (de Pennart et al., 1993; Zernicka-Goetz and
Maro, 1993), and taxol (Mailhes ef al., 1999), affect the meiotic spindle as
well. Such effects on the oocyte can affect embryonic development by
compromising genome integrity.

3. OOCYTE ACTIVATION

Immediately after fertilization, egg activation leads to a complex series
of events associated with blocks to polyspermy and additional downstream
events that culminate in cleavage and eventually activation of gene transcrip-
tion to complete the oocyte to embryo transition. The activation stimulus
normally arises via actions of sperm-derived components (Fujimoto et al.,
2004; Stice and Robl, 1990). Artificial activation of oocytes can be achieved
through a variety of treatments, including brief ethanol treatment, exposure
to calcium ionophores, electrical pulses, treatment with strontium chloride,
and treatment with the protein phosphorylation inhibitor 6-Dimethylamino
purine (DMAP). Artificial oocyte activation is an essential component of
experimental procedures such as nuclear transfer (NT) and parthenogenesis
to produce potentially useful stem cell lines, and may also be advantageous in
combination with clinical procedures involving subnormal sperm. Consid-
erable interest has thus arisen in understanding oocyte activation and how it
relates to embryo quality. An optimized activation protocol could enhance
reprogramming of N'T embryos, and could enhance the quality of embryos
obtained by artificial activation.

3.1. Molecular mechanisms

Egg activation is a complex process involving multiple mechanisms. One
key mechanism is calcium signaling. At fertilization, a massive increase in
intracellular calcium abundance occurs in the egg, which leads to the
formation of pronuclei and resumption of cell divisions (Miyazaki and Ito,
2006). Calcium is released from the endoplasmic reticulum by the 1,4,5-
triphosphate receptor (Miyazaki, 2006). This calcium wave starts at the site
of sperm entry and travels across the whole egg, thus activating it. Swann
(1994) injected sperm head extract into eggs, which resulted in oocyte
activation. This led to the hypothesis that there is a factor called Ca?*
oscillation-inducing protein (COIP) in the sperm responsible for egg acti-
vation. Phospholipase C (PLC) family members have been prime candidates
for this factor. Most PLCs fail to induce calcium oscillations upon injection.
Saunders ef al. (2002) found that PLC-zeta, which is specifically expressed in
sperm, induces calcium oscillations upon injection of its mRNA into
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oocytes, implicating it as a putative COIP protein. Fujimoto et al. (2004)
demonstrated that PLC-zeta is a sperm-borne oocyte activation factor
associated with the perinuclear matrix in the postacrosomal region. Once
oocyte activation is initiated by the sperm, additional activation-associated
processes are executed by the egg in response to oscillations in intracellular
free calcium ion.

3.2. Comparative effects of natural and artificial activation on
development

While the sperm provides the natural stimulus for oocyte activation, a
variety of artificial stimuli can trigger oocyte activation and initiate devel-
opment. The occurrence of one or more transient increases in free calcium
ion is the key trigger of meiotic resumption during fertilization, and a wide
range of procedures for artificial oocyte activation have been established
to elicit calcium transients, including mechanical, chemical, and physical
stimuli that elicit one or several Ca®" transients in the oocyte. Chemical
activation can be induced by exposure to the Ca?* ionophore (Kline and
Kline, 1992), ionomycin (Loi et al., 1998), 7% ethanol (Presicce and Yang,
1994), strontium chloride (Cuthbertson et al., 1981), phorbol ester, and
thimerosal. lonophore A23187 promotes the release of intracellular Ca?*
stores but also facilitates the influx of extracellular Ca?* ions (Kline and
Kline, 1992). When a combination of calcium ionophore A23187 and
puromycin is used, the activation rate is ~90% and the proportion of
parthenotes displaying one pronucleus with extrusion of the second polar
body is ~80% in mouse oocytes and human aged oocytes (Nakagawa et al.,
2000; Sengoku ef al., 2004; Yamano ef al., 2000). lonomycin is another
potent Ca?* ionophore currently used in NT protocols (Cibelli et al., 1998;
Wells et al., 1999). It mobilizes intracellular Ca®>* from Ca?* stores. Iono-
mycin has been used widely with human intracytoplasmic sperm injection
(ICSI) as well as in bovine NT experiments. Exposure of matured oocytes
to 7% ethanol for 5-7 min induces successful activation and pronucleus
formation by promoting the formation of inositol triphosphate (IP3) and the
influx of extracellular Ca®>* (Presicce and Yang, 1994). Strontium chloride
induces multiple Ca®* transients, probably by displacing bound Ca?™ in the
oocyte (Whittingham and Siracusa, 1978), but also by inducing intracellular
Ca?* release (Kline and Kline, 1992). Strontium chloride has been used
successfully to activate mouse oocytes after NT (Chung et al., 2002; Gao
et al., 2003, 2004; Vassena et al., 2007a,b; Wakayama et al., 1998). Phorbol
ester, which mimics endogenous diacylglycerol, activates the calcium- and
phospholipid-dependent protein kinase C (Nishizuka, 1984) and induces
calcium oscillations and pronucleus formation in mouse oocytes
(Cuthbertson and Cobbold, 1985). However, the activation rate is lower
when compared to calcium ionophore (Uranga et al., 1996). This compound
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has not been used in other mammalian oocytes. Thimerosal, a sulthydryl-
oxidizing agent that induces repetitive Ca’* oscillations, has been used
successfully for the activation of bovine oocytes (Fissore et al., 1992, 1995).
However, the peak and the duration of the calcium oscillations induced by
thimerosal are shorter than those of the first rise induced by spermatozoa
during fertilization (Nakada and Mizuno, 1998). Electrical stimulation is an
alternative to chemical activation to induce Ca®* influx through the forma-
tion of pores in the plasma membrane. The success of this procedure depends
on the size of the pores formed and the ionic content of the medium.
Moreover, the time to restore membrane integrity depends on the tempera-
ture, which affects the fluidity of lipids and proteins in the plasma membrane
(Zimmermann et al., 1985). Periodically repeated electrical stimulation
mimics the pattern of oscillations observed during fertilization (Ozil, 1990).
The single Ca>" rise recorded after electrical stimulation is dependent on the
presence of extracellular Ca?" ions. However, when rabbit oocytes are
pulsed in the presence of lithium (which prevents the production of IP3),
oocyte activation is inhibited (Ozil, 1990). This suggests that electrical
stimulation induces the production of IP3 that leads to intracellular Ca®*
release. Electroporation of IP; in a calcium- and magnesium-free medium
followed by incubation in 6-DMAP has been used to activate parthenoge-
netic and NT rabbit embryos (Mitalipov et al., 1999). Another physical
stimulus used for oocyte activation is the exposure of oocytes to room
temperature before NT (Stice ef al., 1994).

The number and pattern of calcium oscillations control essential early
processes, such as cortical granule exocytosis, cell cycle resumption, and
gene transcription (Ducibella ef al., 2002, Ozil et al., 2005). The pattern of
calcium oscillations affects gene expression and developmental potential
(Ozil et al., 2006). Too few oscillations can alter expression of 20% of
genes analyzed, preferentially affecting the expression of mRINAs related
to transcription and mRNA processing. Hyperstimulation has a much lesser
effect on gene expression, but is associated with effects on progeny growth.
Thus, the mode of oocyte activation can have long-term consequences on
embryo development.

4, OocYTE COMPONENTS CONTROLLING EARLY
DEVELOPMENT

The oocyte contains a rich supply of macromolecules and organelles
that collectively support and regulate vital processes in the early embryo.
This includes processes such as ion homeostasis, metabolism, cell cycle
progression, DNA repair, apoptosis, transcriptional activation of the embry-
onic genome, epigenetic modifications and reprogramming of the genomic
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material, and in some species early cell fate determinative events that control
subsequent morphogenesis and difterentiation.

4.1. Spindle formation and function

The establishment ofa bipolar spindle is essential for the accurate segregation
of chromosomes during mitosis and meiosis. In somatic cells, a centrosome,
consisting of a pair of centrioles surrounded by proteins called pericentriolar
material (PCM), determines both the location of the microtubule organizing
center and the polarity of microtubule arrays with their growing plus ends
extending away from the microtubule organizing center. During the S
phase, the centrosome is duplicated, and just before mitosis the duplicated
centrosomes are separated to enable them to serve as two mitotic spindle
poles. Microtubules, which are nucleated from the centrosomes, alternate
rapidly between growing and shrinking phases, until some are captured and
stabilized by interactions with kinetochores through a “search and capture”
mechanism of mitotic spindle formation (Kirschner and Mitchison, 1986).
Thereafter, a centrosome together with an accompanying set of chromo-
somes is distributed into each daughter cell at the end of mitosis, thus
ensuring that both the centrosome and chromosome number are accurately
conserved through successive cell generations (Mazia, 1987). Meiotic spin-
dles in mammalian oocytes (with the exception of rodents) lack centrioles,
which are present only up to the pachytene stage during oogenesis (Szollosi
etal., 1972), and have to be inherited from fertilizing sperm (Schatten, 1994).
In mouse oocytes, antibodies to PCM react with the acentriolar meiotic
spindle poles as well as in the cytoplasm (Maro et al., 1985).

The faithful transmission of chromosomes during both meiosis and
mitosis is fundamental to the survival and reproduction of all living organ-
isms. Errors during this process result in aneuploidy. Whereas sister chro-
matids segregate from each other during anaphase in mitotic cells,
homologous chromosomes do so at the equivalent stage of the first meiotic
division. Incorrect segregation of chromosome 21 during human meiosis is
the cause of Down’s syndrome, whereas that of other chromosomes is the
cause of many spontaneous fetal abortions (Hassold and Hunt, 2001).
Aneuploidy during mitotic divisions is associated with many forms of
human cancer (Sen, 2000). Studies of human embryos have revealed that
chromosomal aneuploidies are common (Angell ef al., 1986, Magli et al.,
2001; Munne et al., 1993; Plachot et al., 1986; Wolstenholme, 1996). The
greater the fraction of aneuploid cells, the lower the developmental poten-
tial of the embryo (Baltaci et al., 2006; Bielanska ef al., 2002). Interestingly,
aneuploid cells may be excluded from the inner cell mass (ICM) (Johnson
et al., 1993), or cells may lose supernumerary chromosomes (Munne ef al.,
2005). Aneuploidy rates increase with maternal age (Fujimoto ef al., 1978).
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Thus, one component of decreased oocyte quality is disruption in spindle
function, which can affect long-term embryo development.

The spindle can also control embryo genotype and phenotype by parti-
cipating in meiotic drive processes. Meiotic drive is a process wherein
chromosome segregation occurs in a nonrandom fashion. It is mediated
by genetic elements, called segregation distorters that actively bias segrega-
tion, resulting in transmission of itself and linked chromosome material to
more than half of the functional gametes. The most studied examples affect
gamete viability, including Segregation Distorter in Drosophila melanogaster
(fruit fly), the ¢ haplotype in Mus musculus (mouse), and spore killer (sk) in
Neurospora sp. (fungus) (Lyttle, 1991; Ripoll et al., 1985; Turner and
Perkins, 1979). Segregation distorters that are present in sexual chromo-
somes (e.g., the X chromosome in several Drosophila species; Atlan et al.,
2004) are denominated sex-ratio distorters, as they induce a sex-ratio bias in
the offspring of the carrier individual. Selective death of subsets of gametes
involves two tightly linked loci, a “Killer” locus and a “Target” locus. The
segregation distorter set is composed of a “Killer” allele and “Resistant”
allele, while its rival set is composed of “Non-killer” and “Non-resistant”
alleles. In Drosophila, sperm receiving sensitive alleles of Responder (Rsp) on
chromosome 2 are subject to dysfunction (Houtchens and Lyttle, 2003).
The Segregation Distorter locus (also on chromosome 2) has been discovered
to encode a mutant RanGAP protein that is mislocalized to the nucleus,
diminishing nuclear RanGTP and disrupting nuclear RAN pathway signaling
(Kusano et al., 2001).

With respect to spindle function, meiotic drive can also occur by a
process that does not involve gamete destruction, but rather relies upon
an asymmetry of meiosis in females: the driving allele ends up in the oocyte
instead of in the polar bodies with a probability greater than one half. This is
termed true meiotic drive, as it does not rely on a postmeiotic mechanism.
This form of drive is unique to female meiosis wherein a single functional
gamete 1s produced from amongst the four meiotic products, thereby
providing a mechanism whereby nonrandom segregation can direct
enhanced transmission via the oocyte. One example of this is the DDK
mouse strain. In this system, segregation distortion in favor of DDK alleles
of the Om locus is due to nonrandom segregation of chromatids at the
second meiotic division (Wu et al., 2005). Additionally, nonrandom segre-
gation of Robertsonian translocations occurs during the first meiotic divi-
sion in humans (Pardo-Manuel de Villena and Sapienza, 2001b,c,d), and
during the second division of murine meiosis (Pardo-Manuel de Villena
et al., 2001a,b). This is likely a key process contributing to speciation and
genome evolution toward predominantly acrocentric or metacentric chro-
mosomes (Pardo-Manuel de Villena and Sapienza, 2001a). Such nonran-
dom chromosome segregation in the oocyte requires asymmetry in the
meiotic spindle and in the manner in which chromosomes associate with
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the spindle. Nonrandom chromosome segregation can affect oocyte quality
by biasing inheritance of specific alleles of genes linked to the distorter locus.

Spindle defects may play a special role in limited success of cloning by
somatic cell nuclear transfer (SCNT). During SCNT, the second meiotic
spindle is removed from the ovulated oocyte and replaced with a donor cell
nucleus. Western blot analysis revealed that some proteins are depleted slightly
by this procedure, but recover in abundance within a matter of hours (Miyara
et al., 2006). Despite this, the spindle that forms anew in the oocyte after
SCNT is deficient in specific proteins, and this same deficiency is recapitulated
at mitotic divisions in the embryo (Miyara et al., 2006). Examination of cloned
blastocysts revealed increased rates of aneuploidy and tetraploidy (Booth et al.,
2003; Nolen et al., 2005; Shi et al., 2004); however, the fraction of abnormal
cells is small, indicating that mitotic errors are not obligatorily coupled to the
earliest cleavage divisions. Rather, the spindle deficiencies likely create an
enhanced risk of aneuploidy at each cell division.

4.2. Maternal mRNAs

During oogenesis, a high rate of gene transcription leads to the accumula-
tion and storage of mRINAs as message-ribonucleoprotein (mRNP) com-
plexes for use during oocyte maturation and early development. These
maternal mRNAs can be released from the mRNP compartment and
recruited for translation in a stage-specific manner, thereby providing for
a changing array of proteins produced in the embryo during a period of
transcriptional quiescence (Fig. 7.2).

4.2.1. Diversity of the maternal mRNA population

The maternal mRNA population is highly diverse, and supports a range of
different functions during oocyte maturation and after fertilization. The
maternal mRINA population also changes extensively during these periods.
During murine oocyte maturation, the total amount of mRINA bearing
long poly(A) tails diminishes greatly, as actively translating mRINAs become
either degraded or deadenylated (Bachvarova et al., 1985; Paynton et al.,
1988). Following fertilization, the amount of poly(A) mRNA in the cell
increases dramatically, detectable by a rapid incorporation of radioactive
ATP into poly(A) mRNA (Clegg and Piko, 1982, 1983a,b; Piko and Clegg,
1982) as stored maternal mR NAs undergo elongation of their poly(A) tails.
This increase in poly(A) mRNA content is insensitive to transcription
inhibitors, emphasizing the role of maternal mRINA polyadenylation. The
overall effect of this maternal mRNA recruitment is an extensive shift in the
protein synthesis pattern during the first cell cycle. Over half (60%) of the
proteins being synthesized during the 1-cell stage change by twofold or
more (27% by more than fourfold) in rates of synthesis during this period
(Latham et al., 1991). This represents a vast amount of change in the protein
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synthetic activity, and exceeds the amount of difference observed between
such extreme situations as proliferating versus quiescent fibroblast cultures.
Moreover, a microarray analysis of polysomal mRINA populations before
and after fertilization revealed that 29% of the detected mRNAs undergo
twofold or greater changes in translation during this transition (Potireddy
et al., 2006). Thus, the recruitment, translation, and degradation of maternal
mR NAs after fertilization are major processes that lead to profound changes
in the array of proteins being produced in the cell.

The vast change in maternal mRINA recruitment is not chaotic, but
rather seems to follow a very carefully orchestrated pattern wherein large
groups of maternal mRINAs may be coordinately recruited, translated, and
degraded at specific times during the first cell cycle. Cluster analysis of
individual protein synthesis patterns (sampling at 3 h time intervals using
synchronized groups of embryos) revealed four major patterns of synthesis
(Latham et al., 1991). One group represents proteins that cease to be
produced, most likely encoded by maternal mRINAs that are degraded.
A second group includes proteins that increase in rates of synthesis from the
mid 1-cell to late 1-cell stage onward, and most likely reflects maternal
mRNAs that are recruited. A third class of proteins peak in synthesis at
the mid 1-cell stage, also most likely representing recruited maternal
mRNAs that are recruited and then degraded. The fourth class represents
proteins that diminish in rates of synthesis progressively until the very end of
the 1-cell stage, when they display a transient and dramatic reappearance.
This class includes the 32K complex of proteins encoded by Spin, a gene
that produces multiple transcript variants that are recruited at specific stages
and under the control of different combinations of cis regulatory elements
(Oh et al., 1997, 1998, 2000).

Evidence that maternal mRINA recruitment during the first two cell
cycles is critical for early development has come from studies to elucidate
the requirements for transcriptional activation. Cycloheximide treatment at
the late 1-cell stage prevents the major genome activation event (Wang and
Latham, 1997). Similarly, treatment with cordycepin, a chain terminating
analogue that blocks maternal mRNA polyadenylation also prevents
genome activation, affecting a wide range of housekeeping genes as well
as stage-specific transiently induced genes (Aoki ef al., 1997, 2003). Taken
together, these observations indicate that maternal mRINAs are recruited for
translation at multiple stages after fertilization, that this is essential for
development, and that recruitment is carefully orchestrated, most likely in
coordination with the cell cycle (Hara et al., 2005).

4.2.2. Functions of maternal mRNAs

One key role played by maternal mRINAs in many species relates to early
cell fate determination, with key mRNAs localized to specific regions of
oocytes either before or after fertilization. This is seen in a wide range of
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vertebrates (e.g., amphibians) and invertebrates (e.g., nematodes, mollusks,
insects). Localized messenger ribonucleoprotein complexes contain proteins
or mRNAs that encode protein determinants of the germ lineage, such as
P granules in Caenorhabditis elegans and polar plasm in Drosophila and other
insects (Amikura et al., 2005; Dworkin and Dworkin-Rastl, 1990; Hird
et al., 1996; lllmensee and Mahowald, 1974; Micklem, 1995; Olesnicky and
Desplan, 2007; Schisa ef al., 2001; Semotok ef al., 2005; Strome and Wood,
1982; Strome et al., 1994; Tadros and Lipshitz, 2005; Warn, 1975). In other
cases, localization of maternal mRNAs during oogenesis is progressively
translated into axial patterning during embryogenesis. This occurs as a result
of the localized production of proteins to generate molecular gradients,
which in turn define downstream gene expression programs. An ideal
example of this is seen with regulation of the hunchback (hb) gene in
Drosophila. The maternally produced bicoid mRNA must be localized at
the anterior tip of the oocyte, from where translation produces a bicoid
protein concentration gradient. Above a certain concentration, bed activates
embryonic transcription of the hb gene, whilst below that concentration
transcription is inhibited (Struhl et al., 1989; Tautz, 1988). Additional
proteins, particularly nanos and torso, inhibit hb expression posteriorly
thereby sharpening the gradient (Irish ef al., 1989; Struhl, 1989). Recent
studies indicated that in Drosophila embryos, concentration gradients of
morphogens are established by an mRINP complex, the Nos Response
Element (NRE) complex which includes Nanos, Pumilio, and Brain
tumor proteins and interacts with the NRE in the 3’ untranslated regions
(3'UTRs) of hb and caudal mRNA (Cho et al., 2006). d4EHP, a cap-binding
protein is involved in repression of caudal and hb mRNA translation. The
same protein is also involved in the translation inhibition of hb mRINA by
interacting with the mRNA 5’ cap structure and brain tumor. Another
excellent example is the localization of a variety of mRNAs (e.g., V'G1,
VEGT) at the vegetal pole in Xenopus embryos (White and Heasman,
2008).

Maternal mRINAs encode a wide range of essential proteins other than
determinants of cell fate, too numerous to be covered in a single review. Of
particular note amongst the essential functions regulated by maternal
mRNAs are control of the cell cycle and control of embryonic genome
activation. An excellent example of cell cycle control is regulation of
appearance of the protein MOS. In Xenopus laevis, the production of
MOS protein in response to hormonal stimulation is essential for germinal
vesicle breakdown and initiation of meiosis (Sagata ef al., 1988), and MOS
also controls meiotic progression in the mouse oocyte (Paules ef al., 1989), a
process that occurs via activation of mitogen-activated protein kinase
(MAPK) in a positive regulatory loop (Matten et al., 1996). A protein called
Musashi (which otherwise functions as a neural stem cell regulator) is
involved in translational control of MOS production. The Musashi protein
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interacts with the MOS mRNA. Inhibition of Musashi by a dominant
inhibitory form prevents meiotic cell cycle progression. Early Musashi-
dependent translation of MOS mRNA is required for late cytoplasmic
polyadenylation-dependent (CPE) temporal regulation of maternal
mRNAs (Charlesworth et al., 2006).

Maternal mRNA translation is also likely to provide a key timing
mechanism to control transcriptional activation of the embryonic genome.
The ability of an embryo to undergo the process of gene transcription arises
after fertilization. In the mouse embryo, this occurs during the second half
of the 1-cell stage, as evidenced by endogenous gene transcription, trans-
gene expression, and the acquired ability to transcribe genes in transplanted
cleavage stage nuclei (Latham, 1999). Despite this early acquisition of the
ability to transcribe genes, the actual rate of gene transcription can remain
quite low until after one or more cleavage divisions. Transcriptional activa-
tion is not a single, discrete event, but rather occurs in periodic waves.
In rodents, the major embryonic genome activation event occurs at the late
2-cell stage, whereas in other mammalian species this occurs at the 6- to
8-cell stage. This delay in embryonic genome activation is likely attributable
to the stage-specific synthesis of transcription regulatory factors encoded by
maternal mRNAs. The genome activation event is protein synthesis depen-
dent, and can be inhibited with cycloheximide (Wang and Latham, 1997).
Moreover, enhancers first become required for a high rate of transcription
at the 2-cell stage (Henery et al., 1995), and a maternal mRINA encoding at
least one enhancer-binding protein (TEAD?2) is recruited specifically at that
stage (Kaneko et al., 1997, 2004; Wang and Latham, 2000). In addition to
providing for stage-specific production of essential transcription factors like
TEAD2, maternal mRNAs encode chromatin regulators and factors that
regulate RNA polymerase II (Zheng ef al., 2004). In fact there appears to be
a significant transition in chromatin regulatory proteins encoded by mater-
nal versus embryonic transcripts (Zheng et al., 2005), such that changes in
the level of gene transcription and the array of genes being transcribed could
be driven by a transition in utilization of these two populations of mRNAs.

An in-depth microarray-based analysis of mouse maternal polysomal
mRNAs that are recruited for translation either before or after fertilization
(Potireddy ef al., 2006) revealed substantial differences in the biological
functions supported by proteins being produced at the two stages. The
mRNAs enriched in the polysomes of ovulated eggs were predominantly
related to homeostatic processes, whereas those enriched on 1-cell poly-
somes were predominantly related to metabolism and biosynthesis. This
latter group has many mRNAs- encoding transcription factors, again point-
ing to regulated maternal mRINA recruitment as playing a key role in
controlling transcriptional activation in the early embryo. Interestingly,
this transition in the polysomal mRINA population is mirrored at the level
of total cellular mRNA (Zeng ef al., 2004), indicating that as the relevant
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maternal mRNAs are recruited for translation they also become degraded,
so that the overall mRINA population changes dramatically.

The correct control of maternal mRNAs is crucial for development. In
the rhesus monkey, incorrect regulation of maternal mRNAs is associated
with poor oocyte quality and arrested embryo development (Zheng et al.,
2005). In vitro maturation of oocytes from small antral follicles appears to be
associated with precocious recruitment and then degradation of many
maternal mRNAs, with the result that cleaving embryos produced by
in vitro fertilization of these oocytes are deficient in these mRNAs. Cell
cycle regulatory mRNAs appear to be particularly susceptible to this mode
of disruption, possibly accounting for the early cleavage arrest (Mtango and
Latham, 2008).

Another intriguing example of how disruptions in maternal mRNA
regulation may compromise development is seen with cloned embryos
produced by SCNT. A detailed array analysis of the transcriptomes of
mouse 2-cell stage cloned, fertilized, and parthenogenetic embryos revealed
that cloned embryos display either aberrant persistence or precocious loss of
hundreds of maternal mRNAs (Vassena et al., 2007b). The predominant
effect is the persistence of maternal mRINAs, suggesting that many maternal
mRNAs are simply not recruited and degraded as required. This is an
interesting observation, as it indicates a role for the nucleus in controlling
maternal mRINA translation after fertilization, a role that is not readily filled
by a somatic cell genome.

It is worth noting that translational control of maternal mRNAs is a
widespread and essential component to early development in a wide range
of multicellular plants and animals (Benoit et al., 2005; Caldwell and
Emerson, 1985; Crosby et al., 1988; Dworkin ef al., 1985; Grainger and
Winkler, 1987; Harris and Dure, 1978; Kuligowski ef al., 1991; Lieberfarb
et al., 1996; Lublin and Evans, 2007; Rosenthal and Ruderman, 1987).
Thus, understanding how this regulation is achieved is an important question
in developmental biology.

4.2.3. Mechanisms of translational regulation

Our understanding of the molecular mechanisms regulating maternal
mRNA translation in oocytes and embryos has increased greatly in recent
years. The mechanisms can best be considered by examining two principal
components: molecular mechanisms that promote silencing and storage of
mRNAs, and the regulation of interactions between factors binding to the
5" and 3’ regions of mRNAs that regulate formation of the translation
initiation complex.

Maternal mRNAs are stored in mRNP particles in the oocyte until they
are translated. This protects the mRNAs until they are recruited for transla-
tion at specific stages. The RINA-associated protein LSM14A, aka RAP55,
is localized to mRNP cytoplasmic foci in oocytes, where it also associates
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with the protein YBX2 (aka FRGY2, MSY2), a principal component of
mRNP particles along with mRNP3, and with other associated proteins
including DEAD-box ATPase Xp54, and the protein arginine methyltrans-
ferase PRMT1 (Murray et al.,, 1992; Sommerville and Ladomery, 1996;
Tafuri and Wolfte, 1990, 1993; Tanaka ef al., 2006; Yang et al., 2006).
Other components of mRNPs, include embryonic poly(A)-binding pro-
teins, ePAB and ePABP2 (Cosson ef al., 2004; Good et al., 2004; Ladomery
et al., 1997; Voeltz, et al., 2001; Weston and Sommerville, 2006). The
RAP55 protein also localizes to processing bodies (P bodies) and stress
granules in somatic cells under stress conditions (Yang et al., 2006). The
Y-box proteins like YBX2 are responsible for the packaging of mRINAs
into mRNPs (Matsumoto et al., 2003; Skabkin et al., 2004). The mRINP
material, or nuage, in mammalian oocytes also includes the homologues of
Drosophila germ cell marker VASA (DEAD/H Box 4, DDX4) and the
maternal effect gene product Tudor, specifically Tudor repeat domain
proteins 1, 6, and 7 (TDRD1, 6, and 7) (Hosokawa et al., 2007). Mice
deficient in TDRD1 display only male infertility, even though TDRD
proteins localize to the nuage (intermitochondrial cement) in both male
and female germ cells, indicating that, while some aspects of mRINP
formation are essential and conserved between male and female gametes
(e.g., YBX2), other components provide for sex-specific functions in germ
cells (Chuma et al., 2006; Hosokawa et al., 2007).

XP54 and its human homologue R CK repress translation in vitro and in
oocytes (Coller and Parker, 2005; Minshall et al., 2001). XP54 interacts
with cytoplasmic polyadenylation element-binding protein (CPEB) in
oocytes (see below), associates with nascent transcripts in the nucleus, and
is involved in the assembly of storage mRNPs (Smillie and Sommerville,
2002). Furthermore, yeast genetic studies demonstrated that Dhh1p, which
is the yeast homologue of XP54, is involved in general translational repres-
sion (Coller and Parker, 2005). In aged C. elegans, large ribonucleoprotein
foci form if fertilization is delayed because of lack of internal sperm. These
foci contain RINA-binding proteins and nuclear pore proteins, and maintain
the integrity of the oocytes until fertilization (Jud et al., 2007). Recently,
Buchet-Poyau et al. (2007) demonstrated that human MEX3A and MEX3B
colocalize with decapping enzyme DCP1A and EIF2C1 (AGO1) proteins
in the P bodies. Mutation in the MEX3B prevents the accumulation of the
mRNAs in the P bodies, indicating that interaction with the above protein
is necessary for the localization of the mRNAs, where nontranslated tran-
scripts will be degraded or sequestered (Buchet-Poyau et al., 2007).

Stored mRNAs are maintained in an untranslated state by preventing
formation of a translation initiation complex. A widely held model of how
translation is initiated is the closed loop model, in which the 5’ and 3" ends
of the mRNA are believed to make a contact via respective binding
proteins. In this model, the poly(A) tail has a major role in circularizing
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the mRNA. The interaction between the 5’ and 3’ ends is mediated by
EIF4G and the poly(A)-binding protein, PABP, which binds to the poly(A)
tail. This interaction facilitates binding of EIF4G to EIF4E, which is
associated with the 5 mRINA cap. The interaction between EIF4G and
EIF4E is critical for forming the translation initiation complex (Hernandez
and Vazquez-Pianzola, 2005), and can be regulated by a combination of
elF4E phosphorylation and binding of the inhibitory EIF4E binding
proteins EIF4EBP1 and EIF4EBP2 (Clemens, 2004; Feigenblum and
Schneider, 1996; Fingar and Blenis, 2004; Fingar ef al., 2002; Haghighat
et al., 1995; Hernandez and Vazquez-Pianzola, 2005; Huang ef al., 1987,
Jagus et al., 1992; Mader et al., 1995; Salaun et al., 2003, 2005; Zhou et al.,
2005). Circularization is likely also helpful in reinitiating the translation
process on the same mRNA once the translation is terminated at the 3’ end
and also in protecting the mRINA from degradation (Gingras et al., 1999;
Mazumder et al., 2001).

In general, stored mRNAs have short poly(A) tails, and extending the
poly(A) tail leads to activation of translation by recruiting PABP molecules
and promoting interaction with the 5 end of the mRNA. Decreasing
the length of the poly(A) tail has the opposite effect. Maternal mRNAs
are synthesized in the nucleus and polyadenylated under the influence of the
nuclear polyadenylation signal AAUAAA. Once the synthesis is completed,
they are transported into the cytoplasm where they become deadenylated
and stored for later use, or polyadenylated further for immediate translation.

Two elements in mRNAs have well-documented roles in regulating
polyadenylation. The cytoplasmic polyadenylation element, CPE, resides in
the 3'UTR and regulates which mRNAs are polyadenylated and when this
occurs. The CPE function is provided by a diverse array of sequences
identified amongst amphibians and mammalian mR NAs that are recruited
during oocyte maturation (Oh et al., 2000). The second element is the
polyadenylation signal, or hexanucleotide, of the consensus AAUAAA.
The CPE and AAUAAA are required for polyadenylation. In developing
Xenopus oocytes, deadenylation is a default mechanism occurring in the
absence of a CPE (Varnum and, Wormington, 1990; Fox and Wickens,
1990). EDEN, the embryonic deadenylation element (Bouvet ef al., 1994),
is a cis acting element that can promote deadenylation (Paillard ef al., 1998).
In Xenopus oocytes, the AU-rich element (ARE) regulates mRINA dead-
enylation. The embryonic poly(A)-binding protein (ePAB) binds to the
ARE and to the poly(A) tail, and immunodepletion of ePAB accelerates
ARE-mediated default deadenylation, with subsequent mRINA degrada-
tion, indicating its role in deadenylation and accumulation of maternal
mRNAs (Voeltz et al., 2001). SMAUG, a multifunctional posttranscriptional
(translational) regulator is conserved from yeast to humans. In Drosophila,
maternal mRINA regulation by smaug triggers the translational repression
and deadenylation of maternal mR NAs by independent mechanisms, and the
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yeast homologue V#s1 stimulates degradation of mRNAs containing the
smaug recognition element (SRE) (Baez and Boccaccio, 2005).

The 3UTRs exert critical control over the translation of maternal
mRNAs. The 3'UTR plays a role in a number of processes, including
polyadenylation of the mRINA, temporal regulation of mRNA translation
by stage-specific polyadenylation, mRINA deadenylation, and mRINA sta-
bility. The 3UTRs contain elements for regulating maternal mRNAs
during maturation. Evidence for the role of 3UTR in translation came
from antisense-mediated truncation studies of the 3'UTR, which prevented
mRNA activation (Strickland et al., 1988). Two elements of the 3’UTR are
involved: one that directs the selective polyadenylation, and the AAUAAA
hexanucleotide, which functions as a cleavage and polyadenylation signal in
the processing of nuclear transcripts (Proudfoot and Brownlee, 1976;
Wickens and Stephenson, 1984). In mammals, the presence of the poly
(A) tail is sufficient for mRINA translation (Vassalli ef al., 1989). Polyade-
nylation of tPA mRINA requires active protein synthesis during the first
hours after GVBD (Huarte et al., 1987), indicating that synthesis of a new
protein is necessary, which could be a poly(A) polymerase or another
protein involved in recognition of the mRINA by the polymerase.

Identification of the CPE led to the discovery of the CPE-binding
protein, CPEB. CPEB is a 62-kDa protein that contains two RNA recog-
nition motifs, and within this region, it is 62% identical to orb, an oocyte-
specific RNA-binding protein from Drosophila (Hake and Richter, 1994).
CPEB is involved in oocyte maturation and is degraded by prophase of
meiosis [ in Xenopus (Mendez et al., 2002). Injection of a nondegradable
form of CPEB into Xenopus oocytes interferes with translation of cyclin
B1 mRNA and progression to meiosis II (Mendez et al., 2002). CPEB binds
to the CPE and also interacts with the protein maskin, which binds to
eIF4E. The binding of maskin to eIF4E prevents elF4E—eIF4G interaction,
thereby suppressing translation (Barnard ef al., 2004, 2005; Cao and
Richter, 2002; de Moor and Richter, 1999; Groisman et al., 2002;
Richter, 1999; Richter and Sonenberg, 2005; Stebbins-Boaz et al., 1999).
In response to specific stimuli to induce oocyte maturation, phosphoryla-
tion of both maskin and CPEB promote polyadenylation and translation of
maternal mRNAs. MAPK phosphorylates CPEB on four residues (T22,
T164, S184, S248), but not on S174, a key residue for activating CPEB
function (Keady et al., 2007) (Fig. 7.3). MAPK may prime CPEB phos-
phorylation, but the activation of CPEB by phosphorylation of S174 is
achieved by another kinase, EG2 (current symbol AURKC, aka Aurora A,
AIE2, AIK3, STK13, IPL1-like kinase), which also phosphorylates maskin
(Hodgman et al., 2001; Mendez et al., 2000). This induces the recruitment
of the cytoplasmic form of cleavage and polyadenylation-specific factor,
CPSF (comprised of three subunits of 30, 100, and 160 kDa) to the hexa-
nucleotide. Associated with the CPSF is poly(A) polymerase (PAP), which
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Figure 7.3 Translational regulation of maternal mRNAs. Schematic of the various
regulator proteins controlling the translational recruitment. Ringo, a cell cycle regula-
tor binds to the cyclin-dependent kinase inhibitor 1B (CDKNI1B, aka p27/Kipl) needed
for cytoplasmic polyadenylation element-binding protein (CPEB)-mediated transla-
tion. Pumilio 2 protein binds to the Pumilio-binding element in the 3'UTR of RINGO
mRNA leading to the repression of its translation. RINGO activates mitogen-activated
protein kinase (MAPK), leading to the phosphorylation of CPEB. Activation of CPEB
is through phosphorylation by EG2 kinase. EG2 also phosphorylates Maskin, leading to
its release from CPEB. Cleavage and polyadenylation specificity factor (CPSF) binds to
the AAUAAA and interacts with CPEB on the CPE. This interaction recruits poly(A)
polymerase (PAP), leading to polyadenylation of the mRNA. The poly(A) tail is bound
by poly(A)-binding protein (PABP), which interacts with the 5 end of the mRNA,
recruiting the various translation initiation factors, including EIF4E, EIF4G, and ribo-
somes, as EIF4E-binding protein (EIF4EBP) is released. Once translated, the mR NA is
degraded.

catalyzes poly(A) tail elongation (Fox et al., 1992). This polyadenylation
event results in the translation of MOS mRINA, which in turn activates
CDC2 kinase to phosphorylate CPEB at multiple sites (Mendez et al.,
2000). This leads to dissolution of maskin-EIF4E, which permits binding
of EIF4E to EIF4G and the translational activation of CPE-containing
mRNAs (Stebbins-Boaz et al., 1999).

RINGO (rapid inducer of G2-M in oocytes)/SPY (speedy) protein, is
an activator of cyclin-dependent kinases (cdks), and is required for CPEB-
directed translation (Padmanabhan and Richter, 2006). Overexpression of
RINGO/SPY induces MOS synthesis, MAPK and MPF activation, and
oocyte maturation. RINGO/SPY binds to CDKs and associates with
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CDKNI1B (p27), a CDK inhibitor, indicating a role in cell cycle regulation
(Dinarina et al., 2005; Karaiskou et al., 2001; McAndrew et al., 2007; Porter
et al., 2003). RINGO/SPY translation precedes maturation and is required
tor polyadenylation and translation of Mos mRNA and also for all CPEB-
mediated processes (Padmanabhan and Richter, 2006) (Fig. 7.3). In imma-
ture oocytes, Pumilio 2 (PUM?2) binds to the PUMZ2-binding elements
(PBE) within the RINGO/SPY mRNA 3'UTR and represses its transla-
tion. PUM2 also interacts with other proteins, such as deleted in
azoospermia-like (DAZL) (Cooke and Elliott, 1997), and embryonic
PABP (Voeltz et al., 2001). PUM2 dissociates from the RINGO/SPY
mRNA when its translation is activated upon maturation, while DAZL
and ePAB still interact with RINGO/Spy mRNA. PUM?2 inhibits ePAB
activity (Collier et al., 2005) and this impacts EIF4G, EIF4B, or poly(A)
interacting protein (PAIP). PUM2 may affect the interaction of EIF4E with
EIF4G (Cao and Richter, 2002; Stebbins-Boaz et al., 1999), or EIF4E with
the cap (Cho et al., 2005). Irrespective of the mechanism, PUM2-mediated
repression of RINGO/SPY RNA during maturation is necessary for
controlling translation.

Other elements exist in the 3UTR to control translation. Cyclin B1
(CCNB1) mRNA is regulated by maturation promoting factor signaling
(de Moor and Richter, 1997; Howard et al., 1999). In contrast to cyclin B1,
MOS mRNA translation can be stimulated by the MAPK pathway inde-
pendently of CDC2 activity (Howard et al., 1999). Aside from the require-
ment for the CPE in MOS mRNA translation (Mendez et al., 2000),
another regulatory element exists distinct from CPE. This element links
MAPK signaling to the early progesterone-stimulated induction of MOS
mRNA translation, and is named the PRE, for polyadenylation response
element (Charlesworth ef al., 2002). Charlesworth ef al. (2002) reported that
the initial translation of the Mos mRINA is mediated by the PRE. In Mos,
even though this element overlaps the CPE, the two elements have different
roles, so that MAPK signaling targets PRE-directed mRINA translation,
whereas cdc2 activation promotes the later CPE-directed mRINA
translation.

The scenario outlined above for the regulated deadenylation, storage,
polyadenylation, and translation of maternal mRNAs is likely incomplete.
Most of what has been learned of maternal mRNA regulation has come
from studies of events that occur during oocyte maturation. As described
above, however, many maternal mRNAs are likely recruited for translation
after fertilization to meet early, stage-specific demands of the embryo.
Oocyte maturation requires the synthesis of new proteins (Uzbekova
et al., 2008). This new protein synthesis is achieved by the translational
recruitment of stored mRNAs in a stage-specific manner, compensating for
an absence of transcription. This requires mechanisms to prevent recruit-
ment of subpopulations of maternal mRINAs during oocyte maturation, and
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additional mechanisms to promote stage-specific recruitment. Comparison
of the mRINA populations undergoing translation at the egg and the zygote
stage indicated dramatic differences in the 3'UTRSs of the transcripts being
preferentially translated at the two stages. Sequence analysis indicates that
CPEs are prevalent in transcripts translated preferentially at the MII oocyte
stage, with 84% containing known CPEs in the 3'UTRs. By contrast, only
41% of the mRNAs enriched on polysomes at the 1-cell stage possessed
known CPEs (Potireddy ef al., 2006). This indicates that other novel motifs
likely control the process of stage-specific recruitment of maternal transcripts.
Additionally, multiple genes encoding CPEBs exist, raising the possibility of
further diversity in function and complexity in mRNA translational
regulation.

Micro RNAs (miRNAs) and small RNAs (sSRINAs) also regulate mater-
nal mRNAs. In zebrafish embryos, miRINAs play a major role in regulating
the maternal mRINA pool. Murchison et al. (2007) reported that elimina-
tion of the oocyte supply of DICER results in arrest during meiosis I,
indicating its critical role in eliminating a group of maternal mRNAs that
must be degraded in order to accomplish this critical transition (Su et al.,
2007). Schier and Giraldez (2006) developed transgenic embryos lacking
the enzyme DICER, which is involved in synthesizing miR NAs, so that the
embryos are devoid of the miRNAs. In the absence of miRNAs, the
embryos showed morphogenetic defects. But with the addition of
miR 430, maternal mRNAs are subjected to decay through deadenylation.
Giraldez et al. (2006) also reported that maternal mRNAs are subjected to
degradation by the miR 430 in zebrafish. This degradation is not the result of
nonproductive translation, as repression of translation of the reporter gene
with morpholino antisense oligonucleotides does not result in the decay to
the same extent as the miR NA-mediated decay. MiR 430 is expressed at the
onset of zygotic transcription and accelerates the deadenylation and decay of
a large set of maternal mR NAs in zebrafish. Lack of miR430 does not block
development but results in a mixed maternal-zygotic state. This suggests
that miR430 facilitates the developmental transition from maternal to
zygotic states. In contrast, however, of 1000 Drosophila oocyte proteins
examined, only a minor fraction (4%) of maternal mRNAs was increased
in the dicer mutants (Nakahara et al., 2005).

Another small RNA involved in early development is the PIWT inter-
acting piRNA. Polar granules contain the piRNA-binding protein, PITWI
(Megosh et al., 2006). Depleting the levels of PIWTI leads to defects in pole
plasm maintenance and PGC formation. The mouse PIWI homologue,
MIWI, associates with DICER, piRNAs, and mRNAs resident either on
polysomes or within mRNPs (Grivna et al., 2006). It is suggested that small
RNAs likely play diverse roles in regulating the maternal mRNA popula-
tion at the level of translation and mRNA stability, contributing to overall
oocyte quality.
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4.3. Maternal proteins

The foregoing discussion of maternal mR NA regulation makes it clear that the
oocyte 1s endowed with a rich supply of maternal mR NAs to direct a changing
array of proteins being synthesized, as well as a network of regulatory proteins
to control the translation of these mRNAs in coordination with transit
through the cell cycle. The oocyte also contains a vast array of proteins that
provide key regulatory functions, such as transcriptional activation, cell cycle
control, and many other regulatory processes, as well as proteins to support
basic cellular homeostasis and metabolism (Fig. 7.2). The importance of many
of the regulatory proteins has been revealed by spontaneous mutations and
gene targeting, yielding classical maternal effect phenotypes.

4.3.1. Maternal effect mutations

Many maternal proteins regulate gene transcription. One such maternal factor
is tripartite motif containing protein 24 (TRIM24, aka transcription interme-
diary factor 1o, TIF1A). This protein translocates from the cytoplasm into
pronuclei enriched with chromatin remodelers SMARCA4 (BRG1) and
SMARCAS5 (SNF2H). Inhibition of TRIM?24 expression by RINA interfer-
ence leads to developmental arrest of the embryos at 2- to 4-cell stage (Torres-
Padilla and Zernicka-Goetz, 2006). TRIM24 plays a major role in remodeling
of the chromatin during the first major wave of transcription. SMARCA4 is
also an important maternal factor involved in chromatin remodeling. Condi-
tional mutation of mouse Smarca4 results in oocytes that completed meiosis
and undergo fertilization normally, but yields embryos that arrest at the 2-cell
stage and show reduced transcription in 30% of expressed genes (Bultman
et al., 2006). NLRP5 (aka MATER, for Maternal Antigen that Embryos
Require), first identified in mouse, is distributed in the cytoplasm, and is
required for the oocyte—embryo transition. Even though the function of
NLRPS5 still needs to be established, a decrease in transcription in embryos
lacking NLRP5 indicates a role of this protein in transcription and the
resulting oocyte—embryo transition (Tong et al., 2000). Nlp5 null females
ovulate normally but produce no litters, whereas homozygous null males and
heterozygous females have normal fertility. Fertilization is normal in null
females, but the embryos arrest at the 2-cell stage and degenerate. Zygote
arrest 1 (Zar1) is another maternal effect gene, and is expressed in oocytes and
embryos. ZAR1 decreases in abundance by the 2-cell stage and is absent
thereafter. Most Zarl null embryos arrest at the 1-cell stage, and show
suppression of genome activation (Wu ef al., 2003). A mouse homolog of
Xenopus nucleoplasmin (nucleoplasmin 2, NPM2) is also critical for develop-
ment. Embryos from NpmZ2-null females have defects in nuclei and nucleolar
organization specifically evident in the loss of heterochromatin from these
organelles (Burns ef al., 2003). Although some embryos are able to proceed
through the 2-cell stage and some offspring are born to null females, most
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embryos show reduced cleavage to the 2-cell stage. Another recent maternal
effect factor identified is Dppa3 (developmental pluripotency-associated 3, aka
Stella). Embryos from DPPA3-deficient oocytes progress to the 4-cell stage but
are defective in further cleavage and in preimplantation development (Bortvin
et al., 2004; Payer et al., 2003).

Maternal proteins also provide for correct epigenetic modifications of
the embryonic genome. The DNA (cytosine-5)-methyltransferase,
DNMTT, is responsible for maintenance of DNA methylation. RINA
silencing of the Dnmt1 leads to activation of the zygotic genome two cycles
earlier than normal in Xenopus embryos (Stancheva and Meehan, 2000).
The methylation patterns in the embryonic genome are programmed and
depletion of the DNMT1 leads to disruptions in the programmed changes
of the promoter regions. This leads to altered gene expression in the
embryos (Stancheva et al., 2002). Another critical role for DNMT1 in the
early embryo is maintenance of genomic imprints. Mammalian oocytes
possess a specific oocyte form of the protein, termed DNMT 10, and express
only very slight amounts of the somatic form (DNMT1s) during preim-
plantation development (Ratnam et al., 2002). Deficiency for DNMT 10
leads to embryonic lethality and loss of genomic imprinting information,
even in wild-type nuclei transferred to mutant ooplasm (Howell ef al.,
2001). Interestingly, cloned embryos produced by SCNT display reduced
nuclear localization of DNMT1o, and this correlates with imprinting
defects (Chung et al., 2003).

Maternal proteins also play a role in repackaging chromatin. An oocyte-
specific form of histone H1, called H1IFOO, displays enhanced binding to
DNA compared to somatic forms. Within as little as 5 min after sperm
injection or SCNT, HIFOO associates with the incoming DNA, and
within an hour can completely displace the incoming chromatin bound
proteins, resulting in a complete replacement of somatic H1 after SCNT
(Gao et al., 2004). The HIFOO is then eliminated by the 2-cell stage in
both normal and cloned embryos. These transitions may involve proteolytic
events (Gao et al., 2005). The ability of the oocyte to mediate these
transitions is developmentally regulated, so that by 2 h after oocyte activa-
tion somatic histone removal is inhibited (Gao ef al., 2004). One curious
aspect of these events is that the mouse 2-cell stage embryo experiences a
period during which histone H1 of any kind is sparse, creating a potential
for promiscuous gene transcription before the somatic forms become fully
assembled on the chromatin (Gao ef al., 2004). This may contribute to a
transient pattern of gene expression at the 2-cell stage.

4.3.2. Elimination of maternal proteins

While both maternal mRINA and protein play critical roles in early devel-
opment, it is just as important to accomplish a successful transition from
maternal to embryonic control of development. This requires degradation of
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maternal mRINAs and proteins. The degradation of the mRNAs is coupled
to translational recruitment, as discussed above. The ubiquitin-proteasome
pathway forms the major channel of degradation of maternal proteins. In
C. elegans, degradation of the MEI1 oocyte protein is tightly regulated by
phosphorylation mediated by the minibrain kinase homolog, MBK2. MBK?2
is tethered to the cortex by EGG3, an oocyte protein required during egg
activation. During meiotic divisions, EGG3 is degraded. This causes MBK2
release from the cortex, leading to MEI1 phosphorylation and degradation.
The phosphorylated MEI1 is recognized by the MEL26/CUL3 (DeRenzo
and Seydoux, 2004). The phosphorylation of MEI1 by MBK2 increases the
affinity of the protein to the MEL26/CUL3. The first hint for involvement
of cullins came from RFL1, a homolog of UBA3 and a member of the
neddylation pathway, which activates cullins. RNAI screening of the cullins
led to the identification of CUL3 as an important factor for degradation of
the MEI1. MBK2 is also involved in phosphorylation of other proteins such
as OMA1, which is degraded after first mitosis with the phosphorylation by
the second kinase (Nishi and Lin, 2005). Loss of MBK2 delays and/or blocks
the degradation of MEI1, OMA1, and CCCH-finger proteins (Pellettieri
et al., 2003; Quintin et al., 2003).

VASA, a regulator of germ cell fate in Drosophila is localized to the
posterior pole by recruitment by Oskar (Hay ef al., 1990; Lasko and
Ashburner, 1990). The ubiquitin pathway plays a role in Vasa localization
to the posterior pole. Localization requires the deubiquitinating enzyme fat
facets and the SOCS-box protein Gustavus. In the absence of the deubiqui-
tinating enzyme, vasa is polyubiquitinated and accumulated at lower levels.
Even though the exact role of SOCS-box protein in the localization of vasa
is not known, in general it functions as a substrate-recruitment factor for E3
ubiquitin ligases (Kile et al., 2002), which bind to specific targets and
stimulate their ubiquitination and degradation.

Correct elimination of maternal proteins is essential for normal develop-
ment. Protein degradation eliminates proteins that are useful early in the
development but are harmful later. For example, CPEB functions early
during oocyte maturation and is degraded later. But use of a nondegradable
form of CPEB interferes with the translation of cyclin B1 and progression to
meiosis II (Mendez et al., 2002). CPEB is a PEST domain containing
protein that is degraded during maturation, and deleting the PEST domain
or use of proteasome inhibitors prevents the degradation of CPEB (Reverte
et al., 2001).

Studies in the rhesus monkey have revealed complex temporal patterns
of regulation of maternal and embryonic mRNAs encoding components of
the ubiquitin-proteasome pathway (Mtango and Latham, 2007). Differ-
ences in expression of these mRINAs between oocytes of different qualities
indicate a role for the ubiquitin-proteasome pathway in determining oocyte
quality and embryo development.
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4.4, Effects of maternal mitochondria

The maternal mitochondrial population constitutes a major determinant of
oocyte quality, via its role in embryonic metabolism and its role in
controlling apoptosis. Apoptosis is the process of programmed cell death,
either as a part of normal tissue differentiation or as a means of eliminating
defective cells. A central regulator and mediator of apoptosis is the caspase
family, which consists of cysteine-dependent aspartate-specific proteases.
These are divided into two groups, initiator caspases such as caspase-8 and
caspase-9 that activate other caspases, and executor caspases such as caspase-3,
-6, and -7 that are responsible for degrading cellular proteins. Three general
mechanisms are known, and their effects may be interrelated: (i) disruption of
electron transport, oxidative phosphorylation, and adenosine triphosphate
(ATP) production; (ii) release of proteins that trigger activation of caspase
family proteases; and (iii) alteration of cellular reduction—oxidation (redox)
potential (Green and Reed, 1998). Mitochondria contain many pro-apoptotic
proteins such as apoptosis-inducing factor (AIF), SMAC/DIABLO, and cyto-
chrome C. These factors are released from the mitochondria following the
formation of pores in the mitochondrial membrane called the permeability
transition, or PT pores (Chipuk ef al., 2006; Lemasters, 2005; Skommera et al.,
2006). These pores are thought to form through the action of the pro-
apoptotic members of the Bd2 family of proteins, which are activated by
apoptotic signals such as cell stress, free radical damage, or growth factor
deprivation. Mitochondria also play an important role in amplifying apoptotic
signals from the death receptors, with receptor-recruited caspase 8 activating
the pro-apoptotic B2 family protein, BID.

Mitochondria distribution and localization in maturing embryos and
oocytes are mediated primarily by microtubules, although there is evidence
for actin-based localization as well (Barnett et al., 1996; Haggeness et al.,
1978; Hales, 2004; Muggleton-Harris and Brown, 1988; Pozo ef al., 1990;
Van Blerkom, 1991). The localization is presumably in response to localized
energy needs. Available data indicate that correct mitochondrial distribution
within the blastomeres is correlated with developmental potential, and
hence oocyte and embryo quality (Barnett et al., 1996). The mechanism
responsible for this relationship is not entirely known, but may relate to
providing local high concentrations of ATP within the cell.

Mitochondrial genome integrity may be sensitive to procedures that
may affect oocyte quality. An increase in the incidence of mitochondrial
mutations was reported for rhesus monkey oocytes produced by assisted
reproduction methods (Gibson et al., 2005). This indicates that unknown
processes may affect maintenance of the mitochondria, and long-term
health of offspring.

The mammalian oocyte and sperm are designed to achieve strictly
matrilineal inheritance of mitochondria. Mitochondria and mitochondrial
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DNA (mtDNA) are transmitted through the female germ line (Birky, 1995,
2001; Giles et al., 1980; Hutchinson et al., 1974). Mitochondria cannot be
made de novo, only elaborated from other mitochondria, and thus derived
from the oocytes (Cummins, 2000; Dawid and Blackler, 1972; Jansen,
2000; Shoubridge, 2000). The spermatozoon introduces up to 100 func-
tional mitochondria into the ooplasm at fertilization; however, these are
degraded rapidly in the preimplantation embryo via a ubiquitin-dependent
process that targets ubiquitinated proteins on the sperm mitochondria
(Nishimura et al., 2006; Sutovsky, 2003; Sutovsky et al., 1999, 2000). The
mandatory destruction of sperm mitochondria may provide an evolutionary
and developmental advantage (Ankel-Simons and Cummins, 1996;
Cummins, 1998, 2000), because the paternal mitochondria and their
DNA (mtDNA) may be compromised by the action of reactive oxygen
species encountered by the sperm during spermatogenesis and fertilization
(Aitken, 1994, 1995; Aitken and Fisher, 1994; Aitken et al., 1999). The
work on mitochondrial inheritance provided an explanation of how the
fertilized egg destroys paternal mitochondrial genes (Sutovsky, 2003;
Sutovsky et al., 1999, 2000; Thompson et al., 2003). As a consequence of
such selective sperm mitochondrion destruction, mitochondria in humans
and other mammals are typically inherited only from the mother. This
inheritance pattern allows scientists to determine the lineage of human
and animal evolution and to calibrate the evolutionary clock.

The destruction of paternal mitochondria should result in homoplasmic
individuals, but there is evidence of sperm mtDNA persistence in human
polyploid IVF-generated blastocysts (St. John ef al., 2000). The surveillance
system that targets paternal mtDINA can apparently be abrogated in inter-
specific crosses, as shown in studies with mice (Gyllensten et al., 1991;
Kaneda ef al., 1995), fruit flies (Kondo ef al., 1990), sheep (Zhao et al.,
2004), and nonhuman primates (St. John and Schatten, 2004).

The coexistence of two or more mtDNA variants within a cell (hetero-
plasmy) can result from sperm transmission, interspecific crosses, or from
supplementation arising through microsurgical procedures such as germinal
vesicle transfer (GVT), cytoplasmic transfer (CT), pronulear transfer (PNT),
or SCNT. The mixing of diverse nuclear and mtDNA fusion partners could
compromise electron transfer channel (ETC) function and be disadvanta-
geous for preimplantation or fetal development, and for survival of the
offspring. Heteroplasmy can change amino acid composition, as shown in
interspecific NT-offspring (Steinborn et al., 2002; St. John ef al., 2005), and
thus potentially alter protein conformation of the components of the ETC.
Furthermore, as both mitochondrial and chromosomal genes contribute
proteins to the ETC, the genetic divergence between the gene products
of these genomes could also aftect ATP output. The mtDNA can be either
inherited from the recipient oocyte only or from both the donor cell and
recipient oocyte (heteroplasmy) in NT. Such transmission has been
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observed in both NT embryos (Lloyd et al., 2006; Steinborn et al., 1998)
and their offspring (Evans ef al., 1999; Hiendleder ef al., 1999; Meirelles
et al., 2001; St. John and Schatten, 2004; Steinborn et al., 2002).

Microsurgical techniques thus contravene the strict mechanism that
regulates mtDNA transmission postfertilization. Intraspecific crosses in
mice eliminate sperm mitochondria by the late 1-cell stage (Kaneda ef al.,
1995; Shitara et al., 2001), and before the 8-cell stage in cattle and rhesus
macaque via a mechanism that requires mitochondrial protein ubiquiti-
nation (Sutovsky et al.,1999). With interspecific crosses, however, the
ubiquitin-mediated proteolysis is avoided and sperm mitochondria persist
at low levels (Gyllensten ef al., 1991; Shitara et al., 1998). In cytoplasm
transfers, successful human births have been achieved, and there is evidence
that infants resulting from “ooplasm transfer” exhibit heteroplasmy (Brenner
etal., 2000; Harvey et al., 2007; Van Blerkom et al., 1998). Furthermore, the
outcome of IVF in couples who underwent ooplasm transfer was poor due
to low oocyte and embryo quality, possibly due in part to mitochondrial
dysfunction (Harvey et al., 2007). Some studies in mice failed to reveal
detrimental effects of heteroplasmy on mouse development (Levron ef al.,
1996; Meirelles and Smith, 1997, 1998; Takeda et al., 2000). A recent study
by Acton et al. (2007), however, screened basic physiological functions for
heteroplasmic mice (NZB mtDNA on a BALB/cBy] background). The
mice were tested for cardiovascular and metabolic function, hematological
parameters, body mass analysis, ovarian reserve, and tissue histological
abnormalities over a period of 15 months, and defects were seen in hetero-
plasmic mice in all tests.

4.5. Effects of the maternal pronucleus

Left unfertilized, oocytes are destined to die. One of the earliest things a
fertilized embryo must do is to divert itself from a pathway of death to a
pathway of life. Failure to suppress apoptotic events after fertilization leads
to blastomere fragmentation, DNA fragmentation, and other typical signs of
apoptosis, and indeed it has been suggested that insufficient suppression of
these processes may constitute an important quality control mechanism to
eliminate abnormal embryos at an early stage (Jurisicova et al., 1998).
Numerous recent studies have reported oocyte or blastomere fragmentation
and/or apoptosis in a number of different mammalian species, including
cow, mouse, and human (Antczak and Van Blerkom, 1999; Bergeron et al.,
1998; Bolton et al., 1989; Brewster et al., 2000; Byrne et al., 1999; Casper
and Jurisicova, 2000; Erenus ef al., 1991; Hardy, 1999; Hardy et al., 1999;
Jurisicova et al., 1995, 1996, 1998; Liu and Keefe, 2000; Moley and
Mueckler, 2000; Morita et al., 1999, 2000; Otoi et al., 1999; Pampfer,
2000; Perez et al., 2000a,b; Van Blerkom and Davis, 1998; Watson et al.,
2000). Clinically, this reduces the number of high-quality embryos available
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for establishing pregnancy of human embryos produced by IVF, >80%
exhibit some degree of cellular fragmentation, and this propensity appears
to be programmed by the 1-cell stage (Jurisicova et al., 1996). The maternal
pronucleus appears to play a commanding role in suppressing apoptotic
processes. Mouse embryos produced with eggs from C3H/He] females
display enhanced rates of blastomere fragmentation as compared to those
made with eggs from C57BL/6 mothers (Han et al., 2005). An extensive
series of maternal pronuclear transfer experiments indicated that a C57BL/6
maternal pronucleus can suppress cytofragmentation regardless of the strain
of origin of the ooplasm or paternal pronucleus, and conversely a C3H/He]
maternal pronucleus can enhance the process (Han ef al., 2005). This is an
interesting discovery, because other studies revealing greater rates of gene
transcription in paternal as compared to maternal pronuclei (Aoki et al.,
1997; Henery et al., 1995) indicated that the paternal pronucleus might
exert a greater level of control over early development than the maternal
pronucleus. However, it appears instead that the maternal pronucleus is
endowed with the very important attribute of controlling apoptosis in early
embryos, which is in fact the earliest documented effect of the embryonic
genome on embryo phenotype. Interestingly, a parental origin effect of the
maternal strain has also been observed (Han et al., 2005; Hawes et al., 2001),
indicating a possible role for genomic imprinting in controlling apoptosis.
This could account for why the maternal pronucleus plays such a predomi-
nant role in this early process, which would also make this the earliest
known effect of imprinting on embryonic phenotype.

4.6. Effects of the ooplasm on paternal pronucleus function

While the maternal pronucleus itself exerts a commanding influence over
early embryo apoptotic processes, a broader effect of the maternal genotype
is seen in the potent influences over the early embryo via the ooplasm,
particularly controlling the paternal genome. The ooplasm plays a key role
in establishing early embryo phenotype by transforming the paternal genome
into an integral component of the embryonic genome. Once fertilization
occurs, the ooplasm directs the breakdown of the sperm nuclear envelope.
The ooplasm then creates a paternal pronucleus (pPN) from the decon-
densed haploid sperm genome. This process involves extensive restructuring
of the chromatin, as histones replace protamines and then subsequently
undergo extensive posttranslational modifications in preparation for the
onset of embryonic gene transcription (Latham, 1999; Latham and Schultz,
2001). Moreover, the paternal pronucleus undergoes enhanced changes in
DNA methylation and histone acetylation, and displays evidence of increased
transcriptional activity of injected transgenes as well as endogenous genes,
relative to the maternal pronucleus (Adenot ef al., 1997; Aoki ef al., 1997;
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Henery et al., 1995; Lepikhov and Walter, 2004; Santos ef al., 2005; Van der
Heijden et al., 2005, 2006; Wiekowski ef al., 1993; Yeo et al., 2005).

The interactions between the ooplasm and the paternal genome are
subject to genetic variation. One example of this is the polar pheno-
type exerted by the Ovum mutant (Om) locus. This locus is responsible
for the peculiar incompatibility between the DDK mouse strain and other
strains, wherein DDK female X non-DDK male crosses produce 95%
lethality by the morula stage, while the reciprocal cross is fully fertile
(Wakasugi et al., 1967). The trait is controlled by the Om locus on chromo-
some 11, and appears to consist of multiple genes, at least one of which is
expressed as an mRNA and/or protein in the oocyte and at least one other
gene that is expressed from the paternal genome and responds to this
ooplasmic constituent to yield a nonviable phenotype (Baldacci et al.,
1992; Bell et al., 2006; Mann, 1986; Pardo-Manuel de Villena et al., 1997;
Renard and Babinet, 1986; Renard ef al., 1994; Sapienza et al., 1992).

Another example of ooplasmic control of paternal genome function is
seen with androgenetic mouse embryos, which are prepared by microsur-
gery to contain two paternal pronuclei and no maternal pronuclei. Such
embryos display differences in developmental potential to the blastocyst
stage depending on the cytoplasm in which the paternal pronucleus forms
(Latham, 1994; Latham and Solter, 1991). This reflects an effect of the
ooplasm on the paternal genome very early during the 1-cell stage, and is
attributed to two independently segregating loci on mouse chromosomes
one and two (Latham and Sapienza, 1998; Latham and Solter, 1991).
Collectively, these observations indicate that the paternal pronucleus under-
goes extensive modifications that affect later paternal genome function and
embryo phenotype, and that this is under the control of genes expressed in
the oocyte.

A third possible instance of this interaction between ooplasm and pater-
nal pronucleus can be seen with certain genetic combinations of mouse
inbred strains C57BL/6 and C3H/HeJ, and outbred strains including CD1.
The rate of cytofragmentation can be higher in simple crosses between these
strains as compared to intrastrain crosses, so that oocytes from one strain will
display enhanced fragmentation when fertilized by the sperm of one strain as
compared to another (Jurisicova ef al., 1998; Han et al., 2005; Hawes ef al.,
2001). The genetic basis for this effect has not been revealed. It is possible
that this relates to differences in sperm function, sperm components, and the
quality of egg activation by the sperm (Ducibella ef al., 1993; Kono et al.,
1996; Moore ef al., 1993; Schultz and Kopf, 1995).

Why do such effects of the ooplasm exist over paternal genome func-
tion? One explanation is that genomic imprinting, like any biological
process, is subject to genetic variation, and so is not identical between
strains (Forejt and Gregorova, 1992). The epigenetic modifications of the
paternal genome may require editing or modification in order to ensure
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complementarity with the maternal strain. Without such editing, embryos
could either over-express or lack expression of imprinted genes. Such eftects
may thus be revealed only in certain genetic combinations wherein the
editing is imperfect, or via the extreme measure of performing pronuclear
transfer to create unusual combinations of ooplasm and pronuclear geno-
types. With respect to clinical practice, one can only speculate whether
certain genetic combinations within couples may create similar incompat-

ibilities, and thereby affect fertility or progeny phenotype.

5. OOCYTE POLARITY AND DEVELOPMENT

Across a wide range of animals, localized molecules in the oocyte
provide information that directly determines cell fate or participates in the
patterning of embryonic axes. Whether such determinants exist in mam-
malian oocytes has recently become an active area of study and subject of
much debate. The mammalian oocyte is indeed polarized, with asymmetric
distributions of microvilli and surface proteins, as well as an asymmetrically
located meiotic spindle (Van Blerkom and Bell, 1986). The question thus
arises whether cleavage occurs in such a way as to distribute materials
unequally between daughter cells and whether this alters subsequent cell
fates. Recent studies in the mouse involving marking the sperm entry point
with lectin, monitoring the relationship between polar body position and
blastocoel location, and marking the zona pellucida with oil droplets have
led to the suggestion that this may occur (Gardner, 1997, 2001; Piotrowska
et al., 2001; Piotrowska and Zernicka-Goetz, 2001). The blastomere inher-
iting the sperm entry point 1s believed to divide first and this is believed to
aftect the fate of cellular progeny (Piotrowska and Zernicka-Goetz, 2001).
Additionally, the sperm entry point and position of polar body are believed
to define an early embryonic axis that provides an early bias affecting the
position of blastocoel formation (Piotrowska and Zernicka-Goetz, 2001).
These observations, while remarkable, have been called into question
(Alarcon and Marikawa, 2003, 2005; Chroscicka et al., 2004; Hiiragi and
Solter, 2004; Louvet-Vallée ef al., 2005; Motosugi et al., 2005). For exam-
ple, upon detailed examination of time lapse videos of immobilized
embryos, the positions of surface lectins and polar bodies are seen to change
dramatically, and moreover the embryo can rotate within the zona pellu-
cida, invalidating oil droplets in the zona pellucida as landmarks (Hiiragi and
Solter, 2004, 2005, 2006). Mechanical forces rather than molecular special-
ization biases formation of the embryonic—abembryonic axis (Motosugi
et al., 2005). Lineage tracing studies in the mouse indicate that both
blastomeres at the 2-cell stage contribute equally to the developing embryo
(Alarcon and Marikawa, 2005; Chroscicka et al., 2004; Motosugi et al., 2005).
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Moreover, twinning by embryo splitting is successful, as is development of
demi-embryos when performed either at early cleavage (2-cell or 4-cell)
stages or at the morula—blastocyst stage (Allen and Pashen, 1984; Johnson
et al., 1995; Matsumoto et al., 1989; Oppenheim et al., 2000; Ozil, 1983;
Papaioannou et al., 1989; Robl and First, 1985; Saito and Niemann,
1991; Seike et al., 1991; Tarkowski, 1959a,b; Tsunoda et al., 1984; Voelkel
et al., 1985; Yanagimachi, 2002). Two-cell stage blastomeres display equiva-
lent developmental capacities in a substantial number of experimentally
separated monozygotic pairs (Mitalipova ef al., 2002; Wildasen, 1979). Pro-
cedures that eliminate one blastomere at the 2-cell stage within the zona
pellucida yield a high efficiency of blastocyst formation (Illmensee et al.,
2006; Tojo and Ogita, 1984). Demi-embryos can regulate their size during
gestation (Lewis and Riossant, 1982; Papaioannou et al., 1989; Rands, 1986;
Tsunoda and McLaren, 1983). These observations that the fates of individual
blastomeres are plastic and can be regulated are inconsistent with the idea that
localized determinants exist in the mammalian oocyte and play an essential
role in controlling early development (Alarcon and Marikawa, 2003).

6. MATERNAL NUTRITION AND DIABETES AFFECTING
OocYTE AND EMBRYO QUALITY

Beyond the need to support early embryogenesis, the importance of
oocyte quality in determining future health of the progeny is becoming
increasingly appreciated. One of the most startling discoveries in recent
years has been that the health and disease status of adult offspring may be
determined by maternal food consumption during a brief period at the time
of conception. A low protein diet (LPD) given to female rats for the brief
period of 4.5 days between fertilization and implantation, followed by a
normal diet thereafter, reduces embryonic cell number, affects birth weight,
and subsequently can lead to compensatory weight gain, hypertension, and
alterations in organ/body weight ratios in adults (Kwong et al., 2000). Peri-
conception LPD (i.e., LPD during the preimplantation period) also can
affect expression of imprinted and nonimprinted genes in progeny liver and
affects the hypothalamo—pituitary—adrenal axis in fetal sheep (Kwong et al.,
2006, 2007). Interestingly, these effects display sex-dependent differences,
suggesting either differential sex-dependent sensitivity or sex-dependent
compensatory mechanisms. These observations collectively suggest that a
range of adult diseases, including hypertension and subsequent kidney and
heart disease, in many cases constitute birth defects arising during the first
few days of life as a result of seemingly innocuous, short-term variations in
maternal diet, a situation that has substantial clinical and societal importance.
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The mechanisms by which maternal diet and the preimplantation
embryo milieu affect long-term development are likely complex. The
best-studied example of this relates to glucose availability. Exposure of
embryos to elevated glucose levels (including via maternal hyperglycemia)
leads to downregulation of glucose transporters and IGF1 receptors, fol-
lowed by reduced glucose uptake, altered carbohydrate metabolism, and
induction of apoptosis via a p53-dependent mechanism involving cell death
effector pathways (Chi et al., 2000a,b, 2002; Gireskog et al., 2007; Keim
et al., 2001; Moley, 1999, 2001; Moley et al., 1996, 1998a,b; Riley and
Moley, 2006). Insufficiency for glucose transporters compromises the ability
of preimplantation stage embryos to cope with hypoxic stress (Heilig ef al.,
2003). Reduced amino acid availability leads to reduced rates of cell division
and later effects on blastocyst quality and stem cell lineages (Lane and
Gardner, 1997). Amino acids are beneficial for blastocyst development
and implantation (Biggers et al., 2000; Devreker ef al., 1998, 2001; Lane
and Gardner, 1997). Peri-conception LPD in the rat leads to a significant
increase in maternal serum glucose and decrease in insulin between days 3
and 4 of treatment, returning to normal values by 2 days after return to
normal diet. Coincidentally, the LPD led to depletion of six amino acids by
day 4 of treatment (Kwong ef al., 2000).

The fact that LPD can both elevate glucose and reduce amino acids in
maternal serum indicates that the embryos of these mothers may be forced to
respond to both adverse conditions. The reduced cell number in both ICM
and trophectoderm (TE) of blastocysts from mothers treated with peri-
conception LPD could be explicable on the basis of either reduced cell
proliferation, increased cellular apoptosis, or a combination of these, might
result from the combined eftects of elevated glucose and reduced amino acid
availability. A slow rate of cleavage is correlated with reduced cell numbers in
blastocysts, and reduced developmental potential, either to term (Gonzales
et al., 1995; Lonergan ef al., 1999; Lundin et al., 2001; Sakkas et al., 1995,
1998; Scott et al., 2007; Wharf ef al., 2004) or for the in vitro production of
embryonic stem (ES) cell lines (Chen et al., 2005). Growth factors that
promote cell proliferation and suppress apoptosis can improve development
of embryos with reduced cell numbers (Glabowski et al., 2005; Kurzawa et al.,
2004; Lin et al., 2003), and can enhance the formation of stem cells (Lin et al.,
2003). Subsequently, the sizes of specific stem cell populations arising from
downstream development of the ICM can affect the formation of specific
organs (Stanger ef al., 2007). Thus, the size of the initial ICM population (the
forerunner of all embryonic lineages) could significantly affect organogenesis
by affecting the numbers of cells available to form critical units (e.g.,
nephrons). Moreover, a small ICM may contribute to fetal growth retarda-
tion and large placenta (Kwong et al., 2000; Lane and Gardner, 1997), so that
early effects on the ICM size can greatly affect fetal development, including
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direct effects on the fetus itself as well as indirect effects via changes in
maternal—fetal waste, nutrient, and oxygen exchange.

Even more striking than the relatively immediate effects of maternal diet
during the preimplantation period is the potential for long-term effects even
transcending generations—a grandmaternal effect. Maternal undernutrition
during pregnancy and lactation can seriously compromise the health of
offspring. Effects include low birth weights, obesity, type 2 diabetes, defects
in organ development, hypertension, vascular and heart disease, and effects
on brain, liver, and muscle function (e.g., Akahoshi et al., 2006; Armitage
et al., 2007; Barker, 1997; Cox et al., 2006; Godfrey et al., 1994; Kelly et al.,
2005; Lau and Rogers, 2004; Orefto ef al., 2003; Ozaki ef al., 2000; Painter
et al., 2006; Patera ef al., 2006; Petry et al., 2006; Pires ef al., 2006; Ravelli
et al., 1998, 2005; Sayer and Cooper, 2005; Symonds et al., 2007; Thone-
Reineke et al., 2006). Alternatively, modulating maternal diet can amelio-
rate genetic predispositions to certain diseases, and dietary antioxidants can
ameliorate some effects of LPD (Cahill et al., 2007; Sankaran et al., 2006).
Maternal diet prior to conception can affect oocyte quality (Adamiak ef al.,
2005; Cambonie ef al., 2007; Hunter et al., 2005). This effect on oocytes
affects embryo quality and potentially fetal development and adult health,
raising the possibility of effects on oocytes in the next generation, possibly
producing further trans-generational effects. The effect of nutrient restric-
tion is also believed to exert transgenerational effects in humans and rodents
(Barker et al., 1994).

7. PERSPECTIVES AND SIGNIFICANCE

The results summarized in this review highlight the truly remarkable
qualities of the oocyte, along with the remarkable and complex oocyte—
somatic cell interactions that endow the oocyte with these qualities. The
oocyte is endowed with a rich legacy of proteins, mRNAs, and other
macromolecules that direct and regulate early development. This legacy
arises through essential biosynthetic processes that are directly affected by
interactions with the follicular environment. Disruptions in these interac-
tions can compromise oocyte quality. The creation of high-quality oocytes
is thus sensitive to genetic and environmental factors. Additionally, the
oocyte and early embryo can respond to exogenous stimuli and stressors,
modulating their phenotype accordingly; however, these responses may
compromise the ability of the oocyte to respond appropriately to the
developmental milieu it encounters at a later stage. Thus, along with genetic
and environmental factors, procedural variables employed for assisted repro-
duction methods in human and nonhuman species have the potential for
long-term eftects on embryo development and health of the offspring.
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Our appreciation is increasing rapidly for the potential long-term eftects of
oocyte quality on embryo developmental capacity and adult health, as well
as potential transgenerational effects that may arise through self-
perpetuating rounds of effects of maternal physiology and oogenesis/oocyte
quality on each other. As our understanding of the molecular mechanisms
that drive early development and control oocyte and embryo responses to
their environments improves, so too should we see increases in our under-
standing of what specific characteristics denote high-quality oocytes, what
specific stimuli or factors compromise or enhance oocyte quality, and how
the availability of high-quality oocytes can be improved for clinical and
applied purposes. The prospects for improved efficiencies in infertility
treatment, contraception, bioengineering of domestic species, and species
preservation of endangered species are therefore quite favorable. From a
basic science perspective, anticipated advances in understanding oocyte
control of nuclear function would yield broadly applicable lessons for
understanding gene regulation, and for achieving new success in the devel-
opment of emerging technologies for stem cell derivation and stem cell-
based therapeutic applications. The oocyte indeed provides the essential
life-generating force for combining gametes to create a new, functional, and
viable individual. Continued improvement in understanding the mecha-
nisms at play should provide us with a much greater appreciation for the
remarkable fact of our very existence, where we came from, and what lies
on the road ahead.
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compartmentalization and heterogeneity,
117-118
glutamylated tubulin isoforms, in
Asphondylia, 120-121
glutamylation and glycylation, 115-117
in group of unconventional axonemes,
models for, 118
IDA isoforms along 9 + 2 axoneme, 121
IDAs and ninefold symmetry, 118
IFT and morphogenisis, 120
polymodifications and microtubule-binding
properties, 116
role of 2 carboxyterminus, 111-112
spermatogenesis and expression of §2 isotype,
110-111
testis-specific f2 tubulin and microtubule
organization, 114
ultrastructural analysis, 110
variability and PTM, 110
Axoneme. See also Insect axoneme
ciliary
insect sensory cells, modified cilium of,
105-107
primary cilium, 102-105
components, 125
flagellar, 97-102
in Ephemeroptera, dipteran nematoceran
and gall midges, 102
9 + 9 + 2 pattern, 98-99
9 + 2 pattern, Collembola and pterygote, 97
in Sciaridae and Cecidomyiidae, 99-102
in Thysanoptera, 102
of trichopteran, 99
function, 130134
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Axoneme. See also Insect axoneme (cont.)
flagellar motility, 130-133
sensory cilia, role in, 133-134

2,2’-Azobis (2-amidinopropane) dihydrochloride
(AAPH), 77

B

Bacillus rossius, 117
p-Barrel proteins, biogenesis of, 155156
targeting information of, 156—157
TOB/SAM complex
assembly of, 158—159
function of, 159-160
structure and, 157-158
TOMH40, pathway of, 160-161
B-Cells in S6K1~" "mice, 24
Bibio, 102, 118
Bisphenol A, 233
Bmp15~/~GdfY 7'~ double mutant, 232
Bmp15 gene, 228
Bombyx mori, 50, 102
Bone morphogenetic protein 15 (BMP15), 228
Brachycera, 98, 115
Brain natriuretic peptide (BNP), 61-64, 66,
6971, 78-81
Big1 protein, 250
Brine shrimp (Artemia)
naupliar stage-1
alpha-2 and beta mRNA, increase in, 46
APH-1POUdomain and caspases
activity, 51
expression of, alpha probes on, 47—48
immunostaining technique, for alpha
subunit, 45
osmotic and ionic regulation, of
hemolymph, 41-42
submarine assay, for detection of CF, 43
naupliar stage-3 (36 h)
grain count, decline of intensity of, 46
naupliar-2 stage through stage-3
APH-1 gene, role of, 50
positive staining, increase of, 45
pre-nauplius stage
pattern of APH-1POUdomain in, 51
Bryomyia, 102
p-Tubulin isotype, 110, 113, 117, 120. See also
Axonemal tubulins

C

Caenorhabditis elegans, 241

Ca%* homeostasis, 75

Ca?" influx, 236

Caenorhabditis elegans, 3, 9, 11, 206, 241,
244, 252

Cajal bodies, 2

Calpodes ethlius, 102

Campaniform sensilla, 105, 107

Ca®" oscillation-inducing protein (COIP),
234-235
Carbonic anhydrase (CA), 42
Carboxy-terminus of rpS6 in eukaryotes,
sequences of, 9-10
Cardiolipin, 148
Cardiovascular homeostasis, 60-61
Carperitide, 7677, 79-81
Catecholamines, 73, 75, 78
Cecidomyiidae, 99
Cecidomyiinae, 101-102
Ceruloplasmin, 12
c¢GMP-dependent protein kinase (PKG),
66—68
c¢GMP-regulated phosphodiesterases, 66, 68
Chlamydomonas IFT88, 127
Chlamydomonas mutants, bld2—1 and uni3, 130
Chlamydomonas reinhardtii, 121
Chloral hydrate, 233
Chordotonal organ, 105-107, 127, 134
c-Myc, overexpression of, 23
Conservative sorting pathway, 166. See also
TIM23 complex
Controlled ovarian
hyperstimulation (COH), 231
Cordycepin, 240
Corin, 62
Crustacean larval epithelium
chloride cell/salt celly,cg, 41
ionic regulation, toxins to, 41
polar epithelium, spatial arrangements of, 44
CFTR chloride channel, 48—49
isoforms of Na™-K"-ATPase, aspects
dealing with, 44—48
Crustacean larval salt gland. See also Brine shrimp
(Artemia)
cytoarchitecture of, 53—54
death of, 50-51
epithelium, indicating active transport, 42
model of (see Polar domains)
apical membrane tufts, 52
basolateral membrane labyrinth, 52-53
positive staining, 45
in situ localization
of alpha subunit mRNA, 46
of alpha-1 subunit mRNA, 48
of alpha-2 subunit mRNA, 47
Ctenocephalus canis, 131
C-terminal extensions, on rpS6, 4
C-type natriuretic peptide (CNP),
61-66, 68-70, 72, 76, 79-81
Culicomorpha, 4
Cullin (CUL), 197
Cultured oocyte—GC complexes, 230
Cumulus—oocyte complex (COC), 229, 232
Cyclin B1 (CCNB1), 248
Cyclin-dependent kinases (cdks), 247
cyclin E gene, 4
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Cyclins D1 and D3, 5
Cycloheximide, 240, 242
Cystic fibrosis (CF)
loss of, chloride channel, 49
submarine assay, 43
toxins, 42
Cystic fibrosis transmembrane conductance
regulator (CFTR), 43—44, 49
Cytoplasmic polyadenylation element-binding
protein (CPEB), 244
Cytoplasmic transfer (CT), 254

D

Deleted in azoospermia-like (DAZL), 248
DELLA protein, 192-195
biological function of, 193-194
GA-dependent degradation of, 195-196
26S proteasome-dependent degradation of,
196-199
Dendroaspis angusticeps, 61
Dendroaspis-type natriuretic peptide (DNP),
61-62, 64-65
Dermatobia hominis, 102
Developmental pluripotency-associated 3
(Dppa3), 251
Diabetes, affecting oocyte and embryo quality,
259-261
Diazepam, 234
DICER enzyme, 249
Diethylstilbestrol (DES), 232
Diuresis, 65, 67, 78
D-lactate dehydrogenase (DId1), 168
DMAP. See 6-methyldaminopurine
DNP-like immunoreactivity, 64
Down’s syndrome, 237
Drosophila, as model for cell biology
of axoneme, 11
analysis of sperm proteome, 109
concomitant impairment of axonemal
dyneins, 128
cytosolic biogenesis, in sperm cells, 126
0 and ¢ tubulins expression, 130
dipterans, for mutational rate analysis, 115
dynein heavy chain genes, 122
genes coding for tubulin, 110
y-tubulin localization, 128
Hsp60B, Hsp68, and Hsp90-related protein
TRAP1, 129
mechanical stabilization, of very long sperm
tail, 131
mono-and polyglycylations, in spermatozoa,
120
mutant, defect in kinesin-associated protein
DKAP, 127
mutants, touch insensitivity/proprioception
defects, 133
mutants with altered f—tubulin isotype, 117

proteins, evolutionarily conserved, 125
proteomic analysis, of whole sperm cells from,
109
13 protofilaments, accessory tubules, 113
robl polypeptide identified in, 124
rpS6 gene expression, lesions in, 5
Sdic gene and, 125
Shippo1 protein, characterization, 125
spermatogenesis and expression of 2, 110111
stasis in 32 evolution, 114
testis-specific a-tubulin isotype, 114
Drosophila melanogaster, 96, 109—110, 115, 125,
238
Drosophila whirligig, 129
Drusilla canaliculata, 132

E

Ecdyonurus, 118

Ecdysozoa, 97

EGG3 protein, 252

elF3:40S ribosomal complex, 20

Electron transfer channel (ETC), 254

Electrophoretic effect, 170

Electroporation, 236

Embryonal lethality, 5

Embryonic poly(A)-binding protein (ePAB), 245

Endothelin, 61-62

Endothelin-1, 64, 72, 75, 77

Energy balance and hypoxic signals, 16-18.
See also Ribosomal protein S6 (rpS6),
phosphorylation

Ephemeral cilium, 104

Ephemeroptera, 99, 102, 118

Epidermal growth factor (EGF), 229

Esr1 knockout (ERKO) mice, 231

17 f-Estradiol (E2), 233

Euproctis chrysorrhea, 102

F

F-box proteins, 196-197

Fibroblast growth factors (FGFs), 228

Fis1 protein, 151, 154

Follicle stimulating hormone (FSH), 228-231
Fzol protein, 151

G

GA homeostasis, transcription factors for,
211-213
gai-1 mutant, 198
GAMYB and GAMYB-like gene
expression, 210
GA negative-feedback regulation, 212
GA3-oxidase (GA3ox), 211
GA20-oxidase (GA200x), 211
GA receptor, identification of
GID1, function of, 199-200
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GA receptor, identification of (cont.)
GID1 in higher plants, 204205
GID1 in rice and Arabidopsis, 202-204
GID1 protein, GA-binding activity and,
200-202
GA-response complex (GARC), 208
GA-response element (GARE), 208, 210
gar2 F-box protein, 198
gar2 mutation, 198
GA signaling
model of, 213-215
GA-dependent degradation of DELLA
protein and GA signaling, 214
regulators of
O-GIcNACc transferase, 205207
transcription factors, role of, 208-213
GC oocyte junction protein, GJA4, 232
Genistein, 68, 198
Germinal vesicle transfer (GVT), 254
Gibberellin. See GA
Gibberellin insensitive dwarfl (GID1), 192, 202,
204-205, 213-215
in Arabidopsis and rice, 202-204
function of, 199-200
GA-binding activity of, 200-202
Gibberellin insensitive dwarf2 (GID2), 196-197,
202
Gibberellin insensitive (GAI), 193
GID1-GA-SLR 1 complex, formation of, 202
gid1-1 plants, 199
GID2/SLY1 F-box protein, 199
Glucose homeostasis, 24-26
in ipS6P ™" “knockin and S6K1~“knockout
mice, 24
Glucose intolerance, in rpS6P7/7and S6K17/~
mice, 24
G1 phase, in rpS6P7/7MEFs, 24
G-protein-coupled receptor (GPCR), 204
Granulosa cells (GCs), 225-226
Growth differentiation factor 9 (GDF9), 228
Growth factors. See also rpS6, phosphorylation
PI3K/Akt/TSC/Rheb/TORC1/S6K
pathway, 13-14
Ras/Raf/MEK/ERK/RSK pathway, 14-15
GTPase-activating protein (GAP), 14
Guanylin, 65
Guanylyl cyclase-coupled receptors, 61
Guanylyl cyclases, 65, 70-71
Gustavus protein, 252

Helicase, 20

Heliotis virescens, 113

Hemagglutinin (HA), 197

Heterogenella, 101

HIF-1, regulators oxygen homeostasis, 17-18
Hirtodrosophila, 114

Hormone-sensitive lipases (HSL), 200
Human ANP. See Carperitide
Human BNP. See Nesiritide
Hunchback (hb) gene, 241

HvGAMYRB gene expression, 210
Hydrogen peroxide (H,O,), 74
Hydropsyche pellucidula, 100
Hydropsychidae, 99

Hypernatremia, 65
Hyperosmotic-dependent S6K inhibition, 19
Hyperplasia, of lymphglands, 5
Hypervolemia, 65

Hypoxia, 18, 26, 71

I

Initiation factor 4E (eIF-4E), 23
Inositol triphosphate (IP3), 235-236
Insect axoneme, 107-109
assembly of, 126-130
centriole/basal body assembly, dual mode
of, 130
centrosomin and y-tubulin, 128
ciliogenesis and compartmentalization, 126
0 and ¢ tubulins, requirement of, 130
dfmr mutants and chaperone proteins, 129
D-PLP and d-plp mutants, 127
Grip75 and Grip128 mutants, 128
IFT in sensory cilia, role of, 127
OSEGs protein, role of, 126
sperm motility in nullmutant and axonemal
dyneins, 128
UNC protein, function in, 127-128
wrl gene product and microtubule, 129
molecular composition of (see Axonemal
tubulins)
Intracytoplasmic sperminjectin (ICSI), 235
In vitro fertilization (IVF), 230-231
In vitro maturation (IVM), 230
Ionomycin, 235
Ionophore A23187, 235
4,4 -Isopropylidene-2-diphenol. See
Bisphenol A

K

Kaliuresis, 65

Kinase homology domain (KHD), 65
Kitl allele, 232

Kit ligand (KITL), 228

L

LEAFY (LFY') gene, 210
Lestreminae, 99

Leucine heptad repeats (LHR), 193
Lhegr expression, 229

Lolium temulentum, 208-210

Low protein diet (LPD), 259
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LSM14A protein, 243
Luteinizing hormone (LH), 231
Luteinizing hormone receptor (Lhcgr), 228

M

Maize (Zea mays), 8
Mas37/Sam37/Tom37 protein, 157-158
Mastotermes darwiniensis, 102
Maternal antigen that embryos require
(MATER), 250
Maternal mitochondria, 253-255
Maternal mRNAs, 239. See also Oocyte (s)
diversity of, 239240
functions of, 240-243
translational regulation of, 247
Maternal nutrition, 259-261
Maternal proteins
elimination of, 251-252
maternal effect mutations, 250-251
Mechanoreceptor, 106
Mechanosensory bristles, 107
Megaselia scalaris, 132
Melanoplus bivittatus, 134
Mesclun, 65
Message-ribonucleoprotein (mnRNP), 239, 241,
243-244, 249
Metazoan, 102, 116, 122—-123
2-Methoxyestradiol (2-ME), 233
6-Methyldaminopurine (DMAP), 234
Micro RNAs (miRNAs), 249
Mitochondria
encoded proteins, 173-174
alternative insertion routes, 176—177
insertion via Oxal complex, 174-176
maternal, 253—255
inner membrane, translocation in
inner membrane proteins, insertion
pathways of, 166
insertion via, conservative sorting pathway,
169-170
insertion via, TIM22/TIM23 complex,
166-173
TIM23 complex, 162-166
topogenesis, of proteins, 167
outer membrane, translocation in
p—Dbarrel proteins, biogenesis of, 155-161
signal-anchored proteins, targeting and,
152-153
Tail-anchored (TA) proteins, membrane
integration of, 154-155
TOM complex, structure and functions of,
149-150
topologies of proteins, 150-152
Mitochondrial processing peptidase (MPP),
165-166, 170
Mitogen-activated protein kinase (MAPK), 74,
241, 246-248

Monarthropalpus, 118, 133
Monarthropalpus flavus, 119, 123, 132
Mouse embryo fibroblasts (MEFs), 5, 20, 22-24
Mouse oogenesis, stages of, 226
mRNAs, maternal. See also Oocyte (s)
diversity of, 239-240
functions of, 240-243
molecular mechanisms of, 243249
M;st(3)CGP gene family, 123
mTOR-dependent regulation, of cell size, 22
Mural granulosa cell MGC), 228-229
Murine erythroleukemia, 12
Musashi protein, 241-242
Mus musculus, 238
Myb transcription factor (GAMyb), 208-211,
214-215

N

NADH/NADPH oxidase, 74
Nat-K"-ATPase enzyme, 41
Natriuresis, 60, 63—-65, 72, 78-79
Natriuretic peptide receptors (NPR), 65-67
NPR-A, 61, 64-66, 69, 73, 76, 78
NPR-B, 61, 65-66, 68—69, 72
NPR-C, 61-62, 6568, 70, 72-73
ring deleted analog, 67
subtypes of, 66
Natriuretic peptides, 61-65
antiproliferative effects of, 71-72
in cardiac physiology and pathology
in congestive heart failure, proposed roles,
79
as endothelium-derived hyperpolarizing
factor, 70
inotropic effects of, 69
during myocardial ischemia, 70-71
natriuretic peptides, action of, 69-70
vasorelaxant effects, 70
in cardiovascular medicine, 78—80
adjunctive therapy with nesiritide, 78-79
carperitide, 79-80
CNP gene transfer, therapeutic effect of, 80
hBNP vs. dobutamine, 79
and hypertension, 72-73
and oxidative stress, 73—78
ANP to regulate ROS production, 78
antioxidant efficiency of ANP, 77
carperitide, action on, 76=77
CNP mRNA expression and H,O, level,
76
protective eftects of ANP, 77
plasma levels of, 62—63
signaling and peptide selectivity, 62
vascular effects of, 67—69
c¢GMP-regulated phosphodiesterases, 68
modulation by cytokines, 68
positive effect of serum treatment, 68
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Natriuretic peptides (cont.)
renal afferent arterioles, dilation of, 67
sphingosine-1-phosphate (S1P), eftect on,
68—-69
vasorelaxant actions and PKG, 605-68
Nematocera, 4, 98-99, 102, 115
Nesiritide, 69, 78-79, 81
Neurospora crassa, 150, 156-157, 169
Neurospora sp., 238
Nicotiana benthamiana, 201, 209
Nocodazole, 233
Nos response element (NRE), 241
Nouclear transfer (NT), 234

o

O-GlcNACc transferase, 205—207
Okadaic acid, 234
Olfactorium sensillum, 106, 108
O-linked N-acetylglucosamine (GlcNAc), 206
O-linked N-acetylglucosamine transferase
(OGT), 206
Oocyte(s)
activation
molecular mechanisms of, 234-235
natural and artificial activation, 235-236
components, controlling early development,
236237
maternal mitochondria, effects of, 253-255
maternal mRNAs, 239-249
maternal proteins, 250-252
spindle formation and function, 237-239
development and polarity of, 258-259
maternal nutrition and diabetes
affect, 259-261
quality determinants, 227
Oocyte—somatic cell interactions, 230
Oogenesis. See also Oocyte(s)
oocyte—follicle cell interactions, 227-229
oocyte quality, 229-234
environmental factors affecting, 232-234
genetic control of, 231-232
in vitro culture effects on, 229-231
stages of, 225-227
Ooplasm
maternal pronucleus function, effects on,
255-256
paternal pronucleus function, effects on,
256-258
OsGAMYB function, in rice, 211
Osmolarity, 1819, 130
Osmoregulation, 42-43, 46. See also Cystic
fibrosis
Osteocrin, 65
Ouabain, 41-42, 70
Ovum mutant (Om), 257
Oxal-dependent protein insertion, 166.
See also Mitochondria

Oxal (Oxidase assembly mutant 1) complex,
174-176
Oxidative stress, 73—78

P

p53 alleles, 4

Paternal pronucleus (,PN), 256-257

p53-dependent cell cycle arrest, 27

p53-dependent mechanism involving cell death,
260

Pericentriolar material (PCM), 237

Perlamantispa perla, 99

Phosphatase type 1 (PP1), 12

Phosphatidylinositol 3-kinase/AKt, 77

Phosphatidylinositol-3,4,5-P3 (PIP3), 14

3-Phosphoinositide-dependent kinase 1 (PDK1),
13-14

Phospholipase C (PLC), 234

Phospho-rpS6(Ser235/236) and-rpS6(Ser240/
244) biomarkers, 25

PI3K/Akt/TORC1 pathway, 14

Plasmodium, 173

p38 MAPK phosphorylation, 78

Polar domains. See also Crustacean larval salt gland

cytoskeleton associated with, 49-50
genetic regulation, 50

Poly(A) interacting protein (PAIP), 248

Poly(A) polymerase (PAP), 246247

Polycystic ovary syndrome (PCOS), 231

Polysomes, 19-21

Polyspermy, 234

Polyubiquitination, 197

Porricondylinae, 99

Potamophylax rotundipennis, 102103

POTRA (polypeptide-transport-associated), 157,
159

Primordial germ cell (PGC), 225-226, 249

Pronulear transfer (PNT), 254

Protein kinase B (PKB), 14-15

Protein translocases, 149

Pterigotans, 97

Ptilophorus dufouri, 98

PUM2-binding elements (PBE), 248

Pumilio 2 (PUM2), 248

R

Ramphomyia sp., 98
RanGAP protein, 238
Rapamyecin treatment
blocking, S6K activity and rpS6
phosphorylation, 21
decreasing mammalian cell size, 22
decreasing size rpS6° " and rpS6” '~ MEFs,
23
repression, translational activation of TOP
mRNAs, 21
Ser235 and Ser236 partly phosphorylated, 11
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Rapid inducer of G2-M in oocytes (RINGO)
protein, 247-248
RAPS55 protein, 243244
Ras-homolog enriched in brain (Rheb), 14-18
Rbx1 protein, 197
Reactive oxygen species (ROS). See Oxidative
stress
Responder (Rsp), 238
Rheb—mTOR interaction, 15
Rhynchosciara, 99
Ribosomal protein S6 (rpS6), 2
evolutionary conservation of, 3
heterozygosity (rpS6™" %), 4-5
as indispensable ribosomal protein, 4-5
knockin mouse (rpS6P ™" 7), for protein
synthesis regulation, 19-20
phosphorylation, 2, 5, 12
dephosphorylation, 12
evolutionary conservation of sites, 8
numerous stimuli, 5-8
ribosomal protein S6 kinase, 11-12
signaling to, 13-19
S6 kinase, 8, 10-11
of yeast rpS6, 11
phylogenetic tree, of sequences, 3
physiological roles, of phosphorylation, 19
in cell proliferation, 24
as diagnostic marker, 25
as effector of TORC1, 2224
global protein synthesis, 19-20
glucose homeostasis, 2425
TOP mRNAEs, translational control of,
20-22
pS19 *F mice, 5
18S Ribosomal (r) RNA, 2
Ribosome biogenesis, 2
RINGO/SPY, expression of, 247-248
Rous sarcoma virus, 12
rpL29 alleles, 5
rpL13a Ribosomal protein
in human monocytic cells, 5
inducible phosphorylation of, 12
and rpL26, 27
rpL247/7 mice, 5
rpS6. See Ribosomal protein S6
pS6 gene, 2
rpS19 null mutation, 5
pS6™4/P537/ “embryo, 5
1rpS()Wt/dCI T cells, 4
RSK1-RSK4 proteins, 11-12

S

Saccharomyces cerevisiae, 8, 167
5S and 45S ere—rRNA, 2
SCFCIP/SLY1 complex, 199
Sciara, 99

Sciaridae, 99

Scolopidial organs, 107
SECRET AGENT (SEC), SPY-related gene, 205
SEEZY (SNZ), homolog of SLY1, 197
Segregation distorter, 238
Sensilla, 105-107, 127
Ser/Thr kinase inhibitors, 198
Shippo1 protein, 125
SHR and DOCA-salt inducedhypertension, 75
Signal-anchored proteins, 151
targeting and membrane insertion of, 152—153
Single-nucleotide polymorphisms (SNPs), 231
S6 kinase. See also Ribosomal protein S6 (rpS6),
phosphorylation
forms, in mammal cell, 10
90-kDa ribosomal protein (see RSK1-RSK4
proteins)
S6K1 and S6K2, characterization of, 8—11
S6K1, overexpression of, 23
SLEEPY1 (SLY1), in Arabidopsis, 196
SLENDER RICE1 (SLR1), in rice, 194
SLENDER1 (SLN1), of batley, 194
Small RNAs (sRNAs), 249
Small Tim proteins, 156, 158, 161, 171-173
SMAUG, posttranscriptional (translational)
regulator, 245
Smaug recognition element (SRE), 246
Sodium nitroprusside, 64
Somatic cell nuclear transfer (SCNT), 239, 243,
251, 254
Spef family of proteins, 125
Speophyes lucidulus, 108
spindly (spy) mutant, 205
Spin gene, 240
Spodoptera littoralis, 102—103
spore killer (sk) in Neurospora sp., 238
SPY (speedy) protein, 205-207, 247
Stop transfer pathway. See also TIM23 complex
import of membrane proteins
of N;,—C,, topology, 166—168
of Ny, —C;,, topology, 169
stop-transferred proteins, sorting signals in,
168-169
Store-operated Ca®>" entry (SOCE), 74
Superoxide dismutase, 73, 75-77

T

Tail-anchored (TA) proteins, 151, 154. See also

Mitochondria
membrane integration of, 154-155

TATCACC box, 210

Tektins, 109

5’ Terminal OligoPyrimidine tract (5’TOP). See
TOP mRNAs

Tetrahymena, 116-117, 120

Tetrahymena pyriformis, 121

Tetratricopeptide repeats (TPRs), 206

Thimerosal, 235-236
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Thysanoptera, 102
TIM22 complex. See also Mitochondria; TOM
complex
architecture of, 171-172
sorting signals in substrates, 172
TIM22-mediated protein insertion, 171-173
TIM23 complex. See also Mitochondria; TOM
complex
in import motor, 163—164
membrane sector of, 162—-163
TIM23-mediated protein translocation,
165-166
TOB/SAM complex, 153—154. See also
Mitochondria
assembly of, 158-159
function of, 159-160
mediating function of, 159-160
structure and function of, 157-158
topogenesis of Tom40, 160-161
Tob38/Sam35/Tom38 protein, 157-158
TOM complex, structure and
functions, 149-150
TOM holo complex, in fungi, 149-150
TOP mRNAs, 20-22
TOR complex 1 (TORC1), 14. See also
Ribosomal protein S6 (rpS6)
pathway, 22
PR AS40-mediated inhibition, 14
Rheb—GTP, activator of rapamycin-sensitive,
14
rpS6 phosphorylation as effector, 22—-24
Toxins, to ionic regulation. See also Crustacean
larval epithelium
acetazolamide, for chloride—bicarbonate
exchange, 42
cystic fibrosis (CF) toxins, 42—44
ouabain, for Na-x"-activated ATPase, 41—42
trans-epithelial potential, 42
Transforming growth factor (TGF),
64, 68, 72
Translational regulation, 243-249
Transmembrane segment (TMS), 150, 152,
168, 172
Triclorofon, 233

Tripartite motif containing protein 24
(TRIM24), 250

Trophectoderm (TE), 260

TSC1-TSC2 complex, 15

Tuberous sclerosis complex 2 (TSC2), 1415,
17-18

Tumor necrosis factor a (TNFa), 64, 75

Tyrophostin B46, 198

Tyrosine kinases, 68, 74

U

U0126 and PD 184352 inhibitors, 11
Ugol protein, 151

Urodilatin, 62, 64

Uroguanylin, 65

v

Vacuolar protein sorting 34
(hVPS34), 15-16

VAMP-1B protein, 151, 154

Vascular endothelial growth factor
(VEGE), 64, 68

w

Wormaldia copiosa, 99-100

X

Xanthine oxidase, 73
Xenopus laevis, 8, 49, 241
Xylopriona, 102

Y

YBX2 protein, 244
Yeast two-hybrid (Y2H), 197, 201, 203

V4

ZP2 and ZP3 proteins, 232
Zygote arrest 1 (Zarl) gene, 250
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