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Abstract X

Abstract

Apoptosis is a critical process to remove the non-functional and redundant cells regulated

by pro- and anti-apoptotic factors. Perturbation of balance between pro- and anti-apoptotic
components is the leading cause of several physiopathological conditions such as
neurodegenerative and cancer malignancies. Here, the pro-apoptotic cellular protein, ARTS as
well as an anti-apoptotic protein, Livin, a family member of inhibitor of apoptosis have been
studied. Results showed that ARTS is not the target of Livin E3 ligase activity in apoptotic cells
co-expressing ARTS and Livin. In turn, Livin was found to undergo cleavage in
ARTS-promoted apoptosis which was independent of its self-ubiquitination activity, normally
observed in healthy cells. The exhaustion of Livin during ARTS-promoted apoptosis could
partially be suppressed by the caspase inhibitors, implying a possible role of caspases
concomitant with high active caspase 7 levels found in ARTS-promoted staurosporine-induced
apoptosis.

Not only Livin, caspase do cleave several important cellular components during apoptosis
and here, | have identified subunit d of V-ATPase as a new target of caspase 3. V-ATPases do
play critical role in health and disease by maintaining proper acid/base balance pH. Additionally,
homogenous protein preparation of yeast subunit d protein was used to determine its first low
resolution shape by small angle X-ray spectroscopy (SAXS), revealing two distinct domains of
6.5 nm and 3.5 nm widths forming a “boxing glove” shape. Using previously solved low
resolution structure of Vo domain as a template, subunit d could be assigned inside the Vo,
allowing its clear localization on the top of Vo domain of V-ATPase. Moreover, biochemical
approaches of fluorophore labeling, tryptic digestion and MALDI-TOF analysis led to the
identification of a cysteine bridge between Cys36 and Cys329. Changes to disulphide formation
have been further studied by fluorescence- and circular dichroism (CD) spectroscopy. Various
truncated forms of subunit d lacking one or more cysteine residues and a C329S substitution
mutant revealed that only domain (dii-329) containing all six cysteine residues was soluble,
underlying the importance of the termini. Furthermore, using fluorescence correlation
spectroscopy and nuclear magnetic resonance, revealed a close proximity of subunit G to subunit
d as well as a very strong interaction between subunits a (Vphlpi.sss) and d, indicative of an
extended peripheral assembly of d inside the enzyme.

Subunit a is not only involved in the proton conduction and regulatory process of reversible
disassembly but has also been recently described as a pH sensor element of V-ATPase, where it
was found to interact with ARNO (ADP-ribosylation factor Nucleotide site Opener), an activator



Abstract Xi

of small GTPase, Arfé (ADP-ribosylation factor 6) in a pH dependent manner. To structurally
characterize this pH sensing elements, an essential region (386-402 aa) of subunit a2 (mouse V-
ATPase) involved in ARNO binding has been studied and its three dimensional solution
structure was determined. Further, 3D NMR structures of the ARNO PB (Poly Basic) domain in
its unphosphorylated and phosphorylated forms at $** have been solved, showing helix-loop-
helix structures, with evident difference between the two forms, giving insights into the reported
phosphorylation dependent binding to subunit a2.
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1.1 Apoptosis and V-ATPase

1.1.1 Overview of apoptosis

Apoptosis is a highly regulated mechanism of cell suicide where cell actively participates
in its own demise. The term “apoptosis” was coined by Kerr et. al. in 1972 to symbolize the
phenomenon of cell death that was associated with the genomic DNA fragmentation (KERR et
al., 1972). Apoptosis is associated with distinct morphological changes such as cell shrinkage,
chromatin condensation, nuclear pykonesis, membrane blebbing, cell rounding, collapse of
cytoskeleton and preservation of cell organelles and membranes (KERR et al., 1972; REED,
2000). Eventually, the cell breaks into small membrane-bound fragments, called as “apoptotic
bodies”, that are rapidly engulfed by the neighboring phagocytes to prevent inflammatory
reaction in the vicinity (WYLLIE et al., 1980; HENGARTNER, 2000) (Figure 1A). Release of
apoptotic bodies inspired the word “apoptosis”, a Greek term which means “to fall away from”
(KERR et al., 1972; HENGARTNER, 2000). The term programmed cell death (PCD) was used
to describe the phenomenon of cell death at specific time and space, especially during the
process of development (ELLIS and HORVITZ, 1986). Since nearly all PCD is apoptotic, the

terms are used interchangeably.

Normal Cell Apoptotic Cell WBC
(terminal stage)

Phagocytosis

Figure 11. A cartoon representation of a cell undergoing apoptosis and being cleared by the phagocytic white
blood cells (WBC). Due to the disruption of normal cell physiology by external or internal cellular insult, cell
undergoes apoptosis. Apoptosis is a well coordinated and controlled phenomenon where the cell is broken into
several membrane fragments known as “apoptotic bodies” that are produced from the membrane blebbings, a
hallmark of apoptosis, without cell injury or inciting any inflammation in the vicinity.

Initially, apoptotic phenomenon was identified in the nematode Caenorhabditis elegans cell
lineage and genetic studies, which distinguished a set of somatic cells that undergo PCD during
normal development (SULSTON and HORVITZ, 1977; SULSTON et al.,, 1983). Such
observations led to the discovery of cell death molecular mechanism and identification of
apoptotic proteins such as CED (cell death abnormal), CED-3, CED-4 and CED-9, where they

were found to function as cysteine protease, pro-apoptotic factor and anti-apoptotic factor,
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respectively (ELLIS and HORVITZ, 1986; HENGARTNER et al., 1992; YUAN and
HORVITZ, 1992; YUAN et al., 1993). Homologs of these proteins have been recognized in

other metazoans including mammals demonstrating apoptosis as a conserved mechanism of

death in the organism. Apoptotic process is also believed to be present in the unicellular
organisms such as budding yeast, Saccharomyces cerevisiae (FROHLICH and MADEO, 2001)
(LUDOVICO et al., 2001). Homologs of pro-apoptotic factors such as caspases have also been
identified in yeast (MADEO et al., 2002) (UREN et al., 2000). Yeast has been used as an
important genetic model in apoptotic studies (HAWKINS et al., 1999; GUNYUZLU et al.,
2000). Apoptosis is regulated by an array of anti- and pro-apoptotic proteins and it is the balance
between these two factors that determines the fate of cell - life or death (O'BRIEN and KIRBY,
2008). The PCD is also a vital genetic program during development and as an asset for the
removal of non-functional cells of body to keep and maintain a state of homeostasis. The death
machinery of cells is an extremely coordinated process with a fine tune and balance between
different sub-programs operating simultaneously (HANGERTON, 2000). Deregulation of
apoptosis results in various diseased conditions from cancers, heart failure to AIDS and
neurodegenerative diseases (MATTSON, 2000; PERFETTINI et al., 2005; NARULA et al.,
2006; ANDERSEN et al., 2008; O'BRIEN and KIRBY, 2008). All pathways of apoptosis,
guided by various pro-apoptotic factors result in the activation of various cysteine protease
family members, called caspases, from their inactive zymogen forms (LI and YUAN, 2008).
Initiator or upstream caspases activate downstream or effector caspases, culminating in the
degradation of structural and functional units of cellular machinery (SALVESEN and DIXIT,
1997; EARNSHAW et al., 1999; LI and YUAN, 2008). Caspases are the enzymes that recognize
and cleave target substrates at aspartate residue (designated as P1) on a tetrapeptide motif
(proximal residue towards N-terminus is designated as P4) (LI et al., 1998; EARNSHAW et al.,
1999; JIANG and WANG, 2004). They can be grouped into initiator (upstream) caspases (for
example, caspase-8 and 9) or effector (downstream) caspases (for example, caspase-3 and 7)
according to the level at which they are activated during apoptotic chain of events. Upstream
caspases activate downstream caspases that trigger cleavage of key cellular component pushing
cell to a no-return point of death (EARNSHAW et al., 1999; REED, 2000; RIEDL and SHI,
2004). Anti-apoptotic proteins prevent apoptosis either by inhibiting the pro-apoptotic proteins or
by directly binding with caspases to block their activation (DEVERAUX and REED, 1999;
HOLLEY et al., 2002; BERGAMASCHI et al., 2003; LISTON et al., 2003).
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Apoptosis signaling is either initiated from outside the cell by extracellular factors such as ligand
fusion to cell surface receptors or from within the cells due to the damage of cellular
components. In either case the final target is the activation of caspases. The activated caspases
produce diverse results depending upon the target substrate, sequence and cleavage site
(HENGARTNER, 2000). In most cases, a loss of function effect is produced such as cleavage of
either a single polypeptide (for example, poly-ADP ribose polymerase) or a macromolecular
assembly (for example, laminin network) (HENGARTNER, 2000). Caspase cleavage may also
result in the gain of function effect, such as caspase 8 mediated cleavage of pro-apoptotic Bid to
generate active truncated-Bid (tBid), removing its inhibitory domain (LI et al., 1998). Caspases
are mainly activated by four different pathways: (i) the cell surface death receptor-mediated
pathway; (ii) the mitochondrial-mediated pathway; (iii) the endoplasmic reticulum (ER)-
mediated pathway; and (iv) the granzyme B-mediated pathway (CREAGH et al., 2003; WANG
et al., 2005).

FasL

TNF

-

FADD

— Wl — 5 otein degradation

\_ L Celldeath J

Figure 12: Extrinsic pathway of caspase activation and cell death. The receptor-mediated pathway, also known
as extrinsic pathway, involves the activation of cell surface death surface by the ligand fusion resulting in the
recruitment of adapter proteins (such as FADD to Fas receptor) which in turn binds to zymogen pro-caspase 8 via
“death effector domain” (DED), resulting in its processing and maturation and initiation of the downstream events
including activation of effector caspases such as caspase 3 culminating in cell death.

-

— Pro-caspase 8

The extrinsic pathway (Figure 12) requires membrane receptors known as “death receptors” and
apoptosis is initiated by the binding of corresponding “death ligand” (ASHKENAZI and DIXIT,
1998). These involve the proteins of TNF (Tumor Necrosis Factor) family of receptors such as
CD95 (also called Fas), TNFR 1 (also called p55) characterized by the presence of an extra-
cellular cysteine-rich domain and a cytosolic “death domain” (DD) (GRUSS and DOWER,
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1995; NAGATA, 1997). After association with death ligand, the receptor undergoes

conformational changes with subsequent binding of adaptor protein, Fas-associated death
domain (FADD) or TNF-receptor associated death domain (TNFAAD) via homotyptic “death
domain” interaction (NAGATA, 1997). Then, pro-caspase 8 is added to this assembly to form
DISC (Death Inducing Signaling Complex) resulting in the generation of active caspase 8, which
subsequently causes processing of caspase 3, the effector enzyme of apoptosis (GRUSS and
DOWER, 1995; ASHKENAZI and DIXIT, 1998). In the second pathway (Figure 13),
mitochondrial residential factors are released during apoptosis resulting in the activation of
caspases (GREEN et al., 1998). In response to neoplastic agents such as exposure to UV light,
growth factor withdrawal and DNA damage, mitochondria become permeable and various
factors residing in its compartments are released into the cytosol. These include cytochrome c,
apoptosis inducing factor (AIF), and others such as Bcl-2 family members (GREEN et al., 1998).
Release of cytochrome ¢ from mitochondria leads to the formation of caspase activation
complex, known as, apoptosome (CREAGH et al., 2003; MARTIN and ELKON, 2004; WANG
et al., 2005). Apoptosome recruits pro-caspase 9, converting it into an active form, which causes
activation of downstream caspases 3, and 7 (GREEN et al., 1998).

Mitochondria

Caspase 3 _ | = — Apaf-1

\ F ~ A*e AA’I’P
\ Caspase 9 \ DB Pro-caspase 9 /

Figure 13. The mitochondrial-mediated or the intrinsic pathway of apoptosis. The mitochondrial pathway is
initiated by internal cellular insults such as DNA damage and cell cycle arrest that leads to the permeablization of
mitochondrial member, release cytochrome ¢ and other polypeptides into the cytosol. Cytochrome c together with
Apaf-1 (apoptotic protease activating factor-1) and pro-caspase 9 in presence of dATP promotes assembly of a
macromolecule complex “apoptosome”. Apoptosome activates caspase 9, which is capable of activating
downstream effector caspases. Amplification of caspase cascade results in cellular apoptosis.

The third pathway of ER-mediated activation of caspases has been identified in response to ER
stress, namely, accumulation of misfolded proteins in the ER, loss of calcium homeostasis,
inhibition of N-glycosylation or ER/Golgi transport (FERRI and KROEMER, 2001; WANG et

al., 2005). Studies have shown activation of caspase 12 during ER stress, in a manner which was
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independent of death receptor and mitochondrial pathways (NAKAGAWA et al., 2000)

concomitant with the release of cytochrome to activate cell death (WANG et al., 2005). A new
Bcl-2 family member, Bcl2/cb5 has been shown to inhibit the ER-stress mediated release of
cytochrome ¢ from the mitochondria (HAICKI et al., 2000). However, ER pathway is less clear
and is being actively studied to demonstrate its role in the progression of apoptosis. The fourth
pathway is the granzyme B mediated activation of caspase 3. Granzyme B is a serine protease,
which is injected by phagocytes into target cells infected with virus or tumor cells to initiate the
processing and activation of pro-caspase 3 to its active form, that leads to cell death (TRAPANI
and KWANG, 1998). However, it has been reported that granzyme B alone may not be able to
fully mature caspase 3 and may require cytochrome ¢ and other factors such as Smac/DIABLO,
which are released from the mitochondria (SUTTON et al., 2003).

1.1.2 ARTS role in programmed cell death

ARTS for “Apoptosis Related protein in TGF- Signaling pathway”, is a septin-like protein
product of the human septin H5/PNUTL2/CDCrel2b gene, identified in a retroviral insertional
mutagenesis screen in TGF-3 mediated apoptosis (LARISCH et al., 2000). This unique splice
variant transcript of H5 septin gene encodes a protein of 32 kDa with a unique C-terminal 27
residues domain. Septin is a class of proteins that was first identified in the budding yeast
associated with cytokinesis and cell division events (WEIRICH et al., 2008). Septins are P-loop
(Phosphate-loop) GTPases having conserved GTP binding domain, G1 (GxxxxG(S)K(T)),
G3 (DxxG) and G4 (NKxD) motifs (BOURNE et al.,, 1991; PAN et al., 2007), with the
exception of group 1A (found in mammals and close related to fungal septins), a predicted
coiled-coil domain at the C-terminal and have been shown to form heteropolymeric complexes in
vitro (FIELD and KELLOGG, 1999; WEIRICH et al., 2008). In addition to the actively dividing
cells, septins are also found in cell types such as neurons, thus this family of proteins may have
diverse functions aside from the established role in cell shape modeling (via directly associating
with the actin and membranes) (FATY et al., 2002; WEIRICH et al., 2008). More importantly
ARTS retains a G1 motif (Walker A box or P-loop motif; GXSGXGKST) (SARASTE et al.,
1990), which is conserved in septin family as well as in other apoptotic proteins such as Apaf-1
(Apoptotic protease activating factor 1) and CED-4 (Cell Death abnormal) of drosophila (YUAN
and HORVITZ, 1992) (HU et al., 1998). Of the other two motifs (G3 and G4) common to most
GTPases and other spetins, only G3 is preserved in ARTS. As demonstrated most recently,

ARTS is the only septin family protein that localizes to mitochondria in healthy cells, and is
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released into cytosol when apoptosis is triggered (LARISCH et al., 2000; LARISCH, 2004).
Released ARTS is capable of enhancing apoptosis and caspase activation in TGF-f treated cells,
via mostly unknown mechanisms (LARISCH et al., 2000; LARISCH, 2004). Pro-apoptotic
activity of ARTS was found to be dependent on its P-loop motif and a mutation in this domain
(GKS to ENP) failed to induce apoptosis in response to TGF-[3 treatment (LARISCH et al.,

2000). Its pro-apoptotic activity was also demonstrated by the reduced apoptotic response to
TGF-p in the cells, where endogenous ARTS was knocked-down by anti-sense ARTS construct
(LARISCH et al., 2000). In the cells induced to undergo apoptosis by TGF-f treatment, a
mitochondria-to-nucleus translocation of ARTS was seen which was absent in the P-loop
mutant, thus the P-loop has been assumed essential for its apoptogenic activity (LARISCH et al.,
2000). In a later study by Yossi el. al., (2004) it was found that ARTS is capable of promoting
apoptosis in diverse cell types (for example, HeLa, COS-7, HL-60, K562, A549 and NRP154) in
response to various pro-apoptotic stimuli (for example, staurosporin, etoposide, arabinoside, and
Fas) (YOSSI et al., 2004) and was not restricted to TGF-3 induction only as reported previously
(LARISCH et al., 2000). ARTS is also known to interact and target XIAP, a member of IAP
family of proteins but the role of this interaction is not completely defined yet (YOSSI et al.,
2004). It has been found that ARTS release from the mitochondria is a caspase independent
event (YOSSI et al., 2004). Thus, release of ARTS from the mitochondria is an upstream process
which occurs well before the release of Smac/DIABLO and cytochrome ¢ like apoptogenic
factors (YOSSI et al., 2004). A remarkable downregulation in the levels of XIAP was observed
in ARTS-promoted apoptosis, and therefore a function of ARTS homologous to the IAP
antagonists Grim, Hid, and Reaper of Drosophila has been proposed (YOSSI et al., 2004). ARTS
is short lived protein and is kept at low levels through constant ubiquitin-mediated degradation in
healthy cells (LOTAN et al., 2005). On the other hand, in the cells induced to undergo apoptosis,
ARTS levels are increased by the inhibition of its ubiquitin-mediated loss (LOTAN et al., 2005).
ARTS protein has been reported to be lost in majority of childhood acute lymphoblastic
leukemia (ALL) patients and proposed as a tumor suppressor protein in childhood ALL
(ELHASID et al., 2004). Also a critical role has been assigned to ARTS as an important protein
for late spermatogenesis in mice, supporting its important physiological role in caspase
regulation through IAP inhibition (KISSEL et al., 2005).
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1.1.3 Role of anti-apoptotic IAPs in apoptosis

IAPs, on the other hand, is a group of anti-apoptotic proteins called as Inhibitors of
Apoptosis Proteins. Besides, XIAP and LIVIN other members of IAP family are Survivin, c-
IAPL, c-1AP2 etc. All members of this family are characterized by the presence of one to three
tandem baculovirus 1AP repeats (BIR) motifs and some of them including Livin possess a
COOH terminal RING (Really Interesting New Gene) domain. The ~70 amino acid baculovirus
IAP repeat was initially reported in the baculovirus genome, which caused suppression of
apoptosis by a mechanism that involved modulation of the host apoptotic machinery (CROOK et
al., 1993). IAP family of proteins has been found conserved from single cell species of
Saccharomyces cerevisiae to mammals characterized by the presence of atleast one BIR domain
and apoptosis inhibitory effect (UREN et al., 1998) (DEVERAUX and REED, 1999). IAPs have
been shown to bind caspases in vivo to inhibit their activities (DEVERAUX et al., 1997; ROY et
al., 1997; DEVERAUX et al., 1998; DEVERAUX and REED, 1999). 1APs are the first known
endogenous caspase inhibitors (DEVERAUX et al., 1999).
IAP family members have been implicated in several physiological disorders where spinal
muscular atrophy (SMA, a motor neuron degenerative disorder) was the first disease associated
with the genetic deletion of NIAP gene characterized by the loss of neurons. Limiting the
caspase activation in neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases
by interference with 1APs has been proposed as potential therapeutic target (SALVESEN and
DUCKETT, 2002; LISTON et al., 2003). A deregulation in the apoptotic machinery can also
result in the excessive survival of cells making them oncogenic and many of the anti-apoptotic
factors including IAPs are found up regulated in cancerous cells (IMOTO et al., 2001; DAI et
al., 2003; YANG et al., 2003). In line with these observations chromosomal amplification of
several | AP genes such as c-1AP1 and c-1AP2 have been identified in diverse cancerous cell lines
(DAL et al., 2003). Not to mention, a recently identified novel member of 1AP, Livin/ML-1AP
(Melanoma-1AP) has been found to be upregulated in melanomas making cells resistant to
numerous apoptotic stimuli and chemotherapeutic agents such as 4-TBP, a skin damaging agent
(VUCIC et al., 2000). IAPs are being investigated as attractive targets for the treatment of

various cancers, arising from their up regulation (LISTON et al., 2003).

1.1.4 Livin function in apoptosis
Livin was identified as a novel human IAP protein consisting of a single BIR domain and

C-terminus RING domain mainly expressed in the placenta, lymph node and fetal kidney and so
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was called as KIAP (Kidney Inhibitor of Apoptosis Protein) (LIN et al., 2000). KIAP was found

to inhibit apoptosis induced by the over expression of pro-apoptotic Bax (LIN et al., 2000).
Subsequently, this novel human protein was identified as commonly over expressed protein in
various melanoma cell lines and named as ML-IAP (Melanoma Inhibitor of Apoptosis Protein)
(VUCIC et al., 2000). Characterization of ML-IAP revealed its anti-apoptotic nature and
potential to block apoptosis in response to various stimuli (for example, death receptor Fas
ligation as well as chemotherapeutic agents), and its activity was found comparable to the
previously characterized 1APs, viral p35 and human XIAP and c-IAP (VUCIC et al., 2000).
ML-1AP was found to inhibit the caspase 3 activity by direct association and also inhibit caspase
9 function, though it was not able to inhibit caspase- 1, 2, 6, 8 and weakly inhibited caspase 7
compared to c-1AP1 (VUCIC et al., 2000), thus ML-1AP is considered as a weak inhibitor of
caspases and apoptosis. Additionally, a third study by Kasof et. al. reported that LIVIN binds to
unprocessed (45 kDa) inactive and processed (35 kDa) active forms of caspase-9 in vivo, and
active forms of caspase-3 and -7 in vitro (KASOF and GOMES, 2001). Also recombinant Livin
inhibited maturation of caspase 9 in the presence of activating factors, cytochrome ¢, Apaf-1 and
dATP (KASOF and GOMES, 2001). Further it was observed that the use of anti-sense construct
of Livin specifically initiated apoptosis in the cell lines expressing Livin mRNA, thus a novel
strategy to induce apoptosis in cancerous cell lines was proposed (CRNKOVIC-MERTENS et
al., 2003). Further studies have shown that human tumor cells can be resensitized to apoptosis by
viable si-RNA technology and Livin represents as important target (KASOF and GOMES, 2001,
WANG and FU, 2004). Since then several potential studies have been done marking Livin as a
very potential and promising therapeutic target for the treatment of cancer malignancies
(ZHANG et al., 2003; ANDERSEN et al., 2004; DE GRAAF et al., 2004; WANG and FU,
2004; SUN et al., 2005; CRNKOVIC-MERTENS et al., 2006; CHANG and SCHIMMER, 2007;
CRNKOVIC-MERTENS et al., 2007; LIU et al., 2007; CAI et al., 2008). Livin was found to be
expressed in two isoforms, Livin a and Livin 3, lacking a 18 amino acid BIR-RING connector
with varied tissue specific distribution of the two isoforms (ASHHAB et al., 2001). Low levels
of only Livin o were found in the brain and no expression was detected in the fetal tissues, where
as high expression of the  form could be detected in the fetal kidney and lower levels in the
placenta and heart cells (ASHHAB et al., 2001). The two isoforms of Livin also showed
variation in their anti-apoptotic effect in response to various stimuli (ASHHAB et al., 2001;
NACHMIAS et al., 2003). Livin-a was found to efficiently block staurosporine induced
apoptosis, whereas only Livin-f could inhibit etoposide induced apoptosis (ASHHAB et al.,
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2001; NACHMIAS et al., 2003). In MeWo, a melanoma cells line, high levels of Livin are

expressed and in a study by Nachmias et. al., (2003) a specific cleavage of Livin a and 8

isoforms was observed in response to the apoptotic induction by staurosporine (NACHMIAS et
al., 2003). Cleaved products of Livin a (39 kDa) and Livin (37 kDa) were named as p30-Livin
a and p28- Livin (3, respectively (NACHMIAS et al., 2003). Concomitantly, cleavage of Livin
isoforms was found to be accompanied by the caspase 3 mediated fragmentation of PARP (Poly-
ADP Ribose Polymerase), a hallmark of apoptosis, establishing a relationship between Livin
cleavage, caspase 3 and apoptosis (NACHMIAS et al., 2003). The cleavage was identified as the
result of effector caspase 3 and 7 in both Livin a and B isoforms (NACHMIAS et al., 2003).
However, pan-caspase inhibitor was not able to completely block the caspase cleavage of Livin,
thus, involvement of other mechanism was not excluded (NACHMIAS et al., 2003).
Importantly, cleavage site of Livin was identified at the N-terminus sequence DHVDs;, and
cleaved product did not only lose the anti-apoptotic activity but additionally gained a pro-
apoptotic effect compared to the wild type (NACHMIAS et al., 2003). Newly exposed N-
terminal sequence after caspase cleavage as well as RING domains were identified essential for
the observed pro apoptotic effect of truncated Livin (NACHMIAS et al., 2007). In a more recent
study about the cleavage of Livin during apoptosis induction, it was found that Livin is cleaved
in response to various stimuli and only specific mutation of DHVD®?, Asp52 to Ala or deletion
of the adjacent region (53 — 61 residue) abrogated the caspase cleavage, whereas the mutation of
Asp52 to Glu did not affect caspase cleavage in vivo (YAN et al., 2006). Also, inhibition of
caspase mediated cleavage by pan-caspase inhibitor, ZVAD-fmk, was sensitive in 4-TBP but not
to UVB or Cisplatin induced apoptosis (YAN et al., 2006). These results established a
complicated nature of AP regulation and a possible involvement of non-canonical caspases or
recognition of non-canonical caspase cleavage sites in Livin. Elimination of AP mediated
caspase inhibition is an essential step in the execution of apoptosis and the one described
mechanism is the targeted attack by mitochondrial proteins Smac/DIABLO released with
cytochrome ¢ during apoptosis (DU et al., 2000; VERHAGEN et al., 2000). Caspase mediated
cleavage of Livin during apoptosis is the second mode of mechanism, by which barrier posed by
IAP can be removed (DEVERAUX et al., 1999). Cleavage of XIAP during apoptosis has been
found, where XIAP was cleaved into (i) a fragment containing BIR 1 and 2 domains, which
retained anti-apoptotic activity, however, at a significantly lower level compared to full length
XIAP and (ii) a second fragment consisting of remaining portion of XIAP, BIR 3 domain and
RING domain, was found to have gained a prominent pro-apoptotic activity (DEVERAUX et al.,
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1999). Livin has been also reported to interact with Smac/DIABLO during apoptosis and
promotes its degradation via ubiquitin proteosome pathway (MA et al., 2006). Livin itself is
known to undergo auto-ubiquitination in healthy cells, to maintain minimum threshold levels for
normal physiological processes within the cells (MA et al., 2006). In more recent studies, ARTS
appears to act upstream of Smac/DIABLO to promote apoptosis, by directly inhibiting 1AP
activity (YOSSI et al., 2004). However, the regulation of AP proteins is much more complicated
phenomenon, and little data exist about the role of pro-apoptotic ARTS and IAPs (for example,
Livin) in the process of apoptosis. Lastly, cellular acidity is a common feature observed at the
onset of apoptotic conditions and V-ATPases have been directly implicated in apoptosis.
Increased V-ATPase expression has been associated with delayed apoptosis (GOTTLIEB et al.,
1995). On contrary, specific inhibitors of VV-ATPase cause cell death by apoptosis (NISHIHARA
et al.,, 1995) (JIAKE XU, 2003). In recent years, certain novel apoptotic genes have been
identified that do form part of V-ATPase complex (ANDERSON and WILLIAMS, 2003; LI et
al., 2006). Subunit B2 isoform of human V-ATPase has been reported as an important anti-
apoptotic factor and it’s over expression resulted in apoptotic cell death protection of HEK 293
cells to serum withdrawal or staurosporine treatment (LI et al., 2006). These studies indicate that
V-ATPase, besides its primary proton function, is obviously involved in diverse processes of
cells. However, roles of most other subunits of V-ATPase in processes other than ATP

cleavage/proton transport remained to be discovered.

1.2 Eukaryotic V1Vo ATPase (V-ATPase)
1.2.1 Function and regulation of V1Vo ATPase

ATP (adenosine triphosphate) is a well known and precious universal energy currency of
the biological cell and is utilized as energy molecule to drive most physio-chemical activities in
the cell that are dependent on energy. ATP powers processes such as nerve conduction,
maintenance of correct acidity in cytoplasm and vacuoles, active transport, muscle contraction,
bioluminescence, signaling, perception of pain and taste and many other uncountable and
beautiful processes of life, making this small molecule an incredible and magical entity in the
cell. Chemical energy of ATP is stored in high potential phosphoanhydride bonds and removal of
terminal phosphate during ATP hydrolysis liberates energy to drive potentially unfavorable
reactions. ATP was discovered by Karl Lohmann in 1921 and later in 1941 (LIPMANN, 1941).
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Figure 14. Energy released during ATP hydrolysis on the V; catalytic domain of V-ATPase
is used to drive the proton transport across the intracellular or plasma membrane (Vo
domain) to acidify the respective cellular compartments and generate the proton gradient
across the membrane that is used for the endo- and exocytic protein trafficking as well as
coupled transport via anti- and symporters such as electrophretic uptake of malate in the
plant cell vacuoles, electrophoretic transport of CI™ across endosomal membranes via CI”
/H" anti-porter (CIC-5) and uptake of neurotransmitter via VMAT.

V-ATPase (vacuolar ATPase) is a multi-subunit motor protein and the most fundamental unit of
cell (Figure 14). Vacuolar ATPases were initially identified in the yeast vacuolar membrane
preparation experiments and named as Mg®*-ATPase, and eventually reported as an important
marker of these organelles (KAKINUMA et al., 1981). It came to be known as Mg**-ATPase for
its Mg?* dependent ATP hydrolysis activity (KAKINUMA et al., 1981). Mg®*-ATPases differed
from the mitochondrial ATPase in pH optimum and sensitivity to inhibitors (KAKINUMA et al.,
1981). Contrary to mitochondrial ATPase, Mg®*-ATPases activity was not inhibited by ADP
(KAKINUMA et al., 1981). Mg®*-ATPase was characterized as the proton (H") translocating
ATPase and responsible for generating an electrochemical potential of proton difference across
the membrane, demonstrated by the use of florescence quenching dyes in presence of ATP. It
was also shown that this system acts as potential energy donating system for the secondary
processes of amino acid uptake as well as ions uptake through antiporters (KAKINUMA et al.,
1981). Later, another study demonstrated that clathrin coated vesicles also contain such proton
pumping machines, which are responsible for generating low pH inside the vesicles, that is

required for dissociation of receptor-ligand complex inside the cytoplasm, release of virus
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genome, and various other proteins and hormones which have been endocytosed by the plasma
membrane in the form of coated vesicles (FORGAC et al., 1983).

Inherent catalytic activity of VV-ATPases result in the liberation of energy from the hydrolysis of
ATP into ADP and Pi (Figure 11) that is utilized to transport the protons (H*) across diverse
membranes to generate an electrochemical potential (H), which in turn is used to drive various
secondary transports via symporters and antiporters as well as channel mediated transports
(BEYENBACH and WIECZOREK, 2006). VV-ATPase, as the name suggests is present on the
endo-membrane systems such as vacuoles, Golgi, lysosomes, secretory vesicles, storage vesicles,
synaptic vesicles and endosomes, with increasing examples of V-ATPase being associated with
the plasma membrane such as osteoclasts, male reproductive tract and kidney intercalated cells,
to regulate the acidic environment inside and outside the cell, respectively (BROWN and
BRETON, 2000; NISHI and FORGAC, 2002; BEYENBACH and WIECZOREK, 2006;
BRETON and BROWN, 2007; YAO et al., 2007; GRUBER and MARSHANSKY, 2008). V-
ATPases are lineal coordinators of several physiological processes such as intracellular protein
trafficking, targeting and degradation, enzyme maturation in lysosomes, accumulation and
secretion of neurotransmitters, receptor mediated endocytosis besides the functions linked to
their plasma membrane presence such as membrane energization, bone resorption, acid secretion
by macrophages, acid secretion and protein reabsorption of kidney cells, maintenance of pH for
sperm maturation and keeping sperms in immotile state during its passage through vas deferens
and epididymis are few of the functions that can be ascribed to V1Vo ATPases (NELSON and
HARVEY, 1999; BROWN and BRETON, 2000; BEYENBACH and WIECZOREK, 2006;
GRUBER and MARSHANSKY, 2008).

Vacuolar ATPases are also obligatory components in the mid gut alkalization of lepidopteran
insects such tobacco hornworm (Manduca sexta) larva and mosquito (Aedes aegypti) larva mid
gut, where pH can go beyond 11 with the aid of V-ATPase (LEPIER et al., 1994; WIECZOREK
et al., 1999; ZHUANG et al.,, 1999). Mid gut goblet cells plasma membrane of tobacco
hornworm contains high amounts of V-ATPases which generate an electrochemical gradient of
protons (H") via ATP dependent primary transport. The generated proton gradient is then
coupled to the anti-porter 2H*/K to transfer K™ to the midgut, producing a high alkalinization
(LEPIER et al., 1994). Such mechanism also established that proton motive force (pmf) is an
alternative to sodium motive force for energizing the animal plasma membranes (LEPIER et al.,
1994). High mid gut pH in the insects is thought to help in the breakdown of dietary tannins, to
aid in the absorption process (ZHUANG et al., 1999).
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Figure 15: V-ATPase in the endocytic and the exocytic membrane traffic. Endocytosed cargo (for example,
hormones) in clathrin coated vesicles (CCV) is taken up by the sorting endosomes (SE, also called as early
endosomes) where lower pH allows the dissociation of receptor and ligand from each other. Recycling membranes
are either directly transported back to the plasma membrane or routed back through specialized recycling endosomes
(RE). Other part of sorting endosomes containing ligand and fluid phase proteins are delivered to the late endosomes
(LE) and finally to the lysosomes (LYS). pH gradually decreases with passage of cargo enroute to the lysosomes,
the most acidic compartment. In the secretory or biosynthetic pathway, the membrane or secretory proteins are
sorted after post translational modification and maturation in endoplasmic reticulum (ER). Modified and properly
folded proteins are then targeted to the cis-Golgi and finally via cis-face cargo enters into the Golgi and buds off via
trans-Golgi network (TGN). Several post translational modifications are achieved in the Golgi complex. Proteins are
then delivered to immature secretory granules (ISG) and finally to the secretory granules (SG) followed by fusion
with the plasma membrane. In some polarized cells, proteins are directly targeted from the TGN to respective
destination via distinct carriers. Distribution of V-ATPase complex is shown on the endosomal and secretory system
as well as on the plasma membrane (for example, mid-gut cells of Manduca sexta and proximal tubular cells of
kidney). V-ATPase is responsible for the generation and maintenance of pH inside celluar compartments they are
present on as well as on the extracellular environment when present on the plasma membrane.

Vacuolar ATPases also play essential role in the accumulation of neurotransmitter at the nerve
endings and during the synaptic activity, when presynaptic vesicles are docked to the synaptic
membrane and neurotransmitters are released via membrane fusion channel formed by the
merger of two opposing Vo domain of V-ATPase (MOREL, 2003). Under such conditions free
Vo sectors are generated by established regulatory phenomenon of reversible disassembly, where
soluble Vi domain dissociates from membrane Vo sector to inhibit V-ATPase activity (KANE,
1995; KANE, 2000; BEYENBACH and WIECZOREK, 2006). Membrane ligation occurring via
Vo domain has also been studied in the yeast vacuolar fusion process as an important step of

vesicle unification (PETERS et al., 2001). Other than this, the membrane fusion process has also
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been studied in D. melanogaster and C. elegans and has been found as a separate function of V-
ATPase independent of its proton pumping activity (FORGAC, 2007). More recently, a more
diverse and unexpected function of V-ATPase in the left-right symmetry during the development
in Xenopus has been reported (ADAMS et al., 2006). This mechanism is conserved in chick and
zebra fish and appears as an early upstream event in the process of development (ADAMS et al.,
2006).

The roles of V-ATPase in the physiological processes other than proton pumping is extensively
growing and a very important function of pH sensing has been assigned to V-ATPase very
recently (HURTADO-LORENZO et al., 2006). During this study, V-ATPase was found to
directly associate with Arf6é (ADP-ribosylation factor 6), a low molecular GTPase and ARNO
(ADP-ribosylation Factor Nucleotide site Opener), a GEF (GTP/GDP Exchange Factor) of Arf6,
via subunit ¢ and subunit a2 of the mouse V-ATPase, respectively (HURTADO-LORENZO et
al., 2006). Arf interacts with ARNO on the scaffold provided by V-ATPase in a pH dependent
manner and disruption resulted in the reversible inhibition of endocytosis and block of protein
trafficking between early and late endosomes (MARANDA et al., 2001; HURTADO-
LORENZO et al., 2006). Arf and ARNO proteins are essential for various other signaling
pathways such as cytoskeleton organization, maintenance of Golgi structure and function,
synaptic transmission, epithelial cell migration and many more (SANTY and CASANOVA,
2001) (FRANCO et al., 1998; ASHERY et al., 1999). V-ATPase thus forms a vital platform to
communicate between intracellular components, regulating them, and establishing a defined
network of processes to attain right physiology within and outside the cellular milieu.
V-ATPases are not only critical to maintain proper physiological conditions for efficient growth,
proliferation and functioning of diverse cell types but also involved in various disease conditions
that have been reported including cancer and diabetes. Extracellular acidity has been implicated
as an important factor in the cellular invasiveness, tumor proliferation and metastasis
(SENNOUNE et al., 2004; SENNOUNE and MARTINEZ-ZAGUILAN, 2007). It has been seen
that cancerous cells that are highly metastatic in nature have increased V-ATPase density
compared to the cells that exhibit low metastatic rate. Metastatic cells also exhibit enhanced
plasma membrane V-ATPase activity to maintain proper cellular acidity, whereas lowly
metastatic cells use the ubiquitous Na'/H" and HCOs™ based H* pumps (SENNOUNE et al.,
2004). Thus, the excessive expression of the plasma membrane V-ATPase gives the cells an edge
in the increased proliferation and metastatic activity (SENNOUNE and MARTINEZ-

ZAGUILAN, 2007). The cancerous cells have high acidic outside and more alkaline internal
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cytosolic environments (SENNOUNE and MARTINEZ-ZAGUILAN, 2007). Since, cellular
acidity is associated with apoptosis (GOTTLIEB et al., 1995; LAGADIC-GOSSMANN et al.,
2004), cancerous cells must develop a counter mechanism to maintain an alkaline pH for
extensive proliferation (SENNOUNE and MARTINEZ-ZAGUILAN, 2007). The poorly
engiogenic cells of diabetes mellitus exhibit decreased plasma membrane V-ATPase and thus
have reduced proliferative and invasive properties (SENNOUNE and MARTINEZ-ZAGUILAN,
2007). V-ATPase is reportedly also involved in multi-drug resistance (MDR) (SENNOUNE et

al., 2004). MDR is associated with the altered cytosolic acid/base homeostasis and certain cell
types (for example, HL60) have shown the efflux of doxorubicin drug in an energy dependent
manner, and use of specific V-ATPase inhibitors caused the accumulation of drug (SENNOUNE
et al., 2004). V-ATPase is also an essential component in the initiation of apoptosis. Again, pH is
a critical factor to trigger cell death and studies have shown that apoptosis is preceded by the rise
in celluar acidity, due to the non-functioning of V-ATPase (GOTTLIEB et al., 1995). Inhibition
of V-ATPase by specific inhibitors such as bafilomycin Al causes cellular apoptosis
(NISHIHARA et al., 1995; JIAKE XU, 2003),(YOSHIMOTO and IMOTO, 2002). Apoptotic
death of Neutrophils under in vitro culture condition is reported, that can be delayed by the
presence of G-CSF (Granulocyte Colony Stimulating Factor) via a mechanism which involved
the up regulation of V-ATPase (GOTTLIEB et al., 1995).

V-ATPase (V1Vo ATPase) is composed of two main structural and functional components, head
piece Vi, which forms catalytic core and Vo domain, forming the proton channel of enzyme,
respectively (GRUBER, 2003; GRUBER and MARSHANSKY, 2008). Most V-ATPases are
composed of 14 well defined subunits and some accessory subunits (SMITH et al., 2003;
GRUBER and MARSHANSKY, 2008; MARSHANSKY and FUTAI, 2008). The V; sector is
composed of eight subunits in the stoichiometry of As:Bs3:C:D:Ey3:F:G23:Hx (OHIRA et al.,
2006; GRUBER and MARSHANSKY, 2008; KITAGAWA et al., 2008; RISHIKESAN et al.,
2009). A;z:B; forms the core of catalytic center that is responsible for the hydrolysis of ATP. Vo
is mostly membrane embedded hydrophobic region of the complex, composed of six different
subunits, a;:d;:Cs5:C°1:C" 1.6 in yeast V-ATPase (FORGAC, 2007; GRUBER and
MARSHANSKY, 2008) and an additional hydrophobic subunit e has recently been identified
(SAMBADE and KANE, 2004; COMPTON et al., 2006). In higher eukaryotes, ¢’ subunit is
missing but accessory subunits Ac45 (SUPEK et al., 1994; JANSEN et al., 1998) and M8-9
(LUDWIG et al., 1998; DEMIRCI et al., 2001) are found attached to the Vo domain. A heavily
glycosylated Vo associated subunit M9.7 has been identified in midgut and Malpighian tubules
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of M. sexta (MERZENDORFER et al., 1999). Various subunits of V-ATPase are expressed in
different isoforms, especially in higher eukaryotes, multicellular complex organism, to achieve
the target specific functions (GOGARTEN et al., 1992; KARET, 2005). These include subunit d
(NISHI et al., 2003), subunit G (SUN-WADA et al., 2003), subunit C (MURATA et al., 2002;
SUN-WADA et al., 2003), subunit a (KARET, 2005; NISHI, 2005), and E (STROMPEN et al.,
2005). In Paramecium tetraurelia, 17 isoforms of subunit a have been identified, representing
the largest isoform for any of V-ATPase subunit (WASSMER et al., 2006). In yeast, however,

all subunits are encoded in single isoform by their respective single genes (as shown in table
below), with the exception of subunit a, which is produced in two different isoforms, Vphl
(vacuole specific) (MANOLSON et al., 1992) and Svtl (Golgi specific) (MANOLSON et al.,

1994).
Domain  Subunits Yeast Gene MW (kDa) Subunit Function
Vi A VMA1 70 Catalytic site, coupling, peripheral stalk
B VMA2 60 Non-catalytic, regulatory, actin and aldolase binding
C VMAS5 40 Activity, assembly, reversible dissociation, actin binding
D VMAS 34 Assembly
E VMA4 33 Activity, assembly, peripheral stalk, RAVE, aldolase binding
F VMA7 14 Activity, assembly
G VMAL0 13 Activity, assembly, peripheral stalk
H VMA13 50 Regulator subunit, assembly
Vo a VPH1, STV1 100 Proton pumping, targeting, assembly, peripheral stalk
d VMAG 40 Coupling, peripheral stalk, activity
c VMA3 17 Proton transport, bafilomycin binding
c’ VMA11l 17 Proton transport
c” VMAL16 21 Proton transport
e VMA9 9 unknown

Table 1. Subunit composition of the catalytic V; and proton translocating Vo domains of V-ATPase.
Saccharomyces cerevisiae V-ATPase subunit genes are shown along with respective molecular masses of each
subunit. Subunit function (adapted from different original research article, see text for references and detailed
function of each subunit) is also shown.

V-ATPase has mechanistic and overall structural similarities to F1Fo and A;Ao ATP synthases;
however, they have remarkable diversities in subunit composition, functioning as well as modes
of regulation (GRUBER and MARSHANSKY, 2008). V-ATPases are exclusively ATP
dependent proton pumps, in contrast to F/A-type ATP synthases, which produce ATP at the
expense of proton motive force (pmf) under physiological conditions in eukaryotes and archae,
respectively (GRUBER and MARSHANSKY, 2008). Also, V-ATPases are regulated by
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reversible disassembly phenomenon causing dissociation of V;Vo ATPase into individual
sectors, V1 and Vo in response to various extracellular conditions such as glucose deprivation

(KANE, 1995). Such regulatory mechanism is absent in the A type and F type ATP synthases.

1.2.2 Structural feature of V1V ATPase

The ~570 kDa peripheral, soluble domain of V-ATPase is dressed in a hexameric fashion
at the top, formed by the alternating arrangement of subunit A and B, around a central cavity
which occupies an asymmetric seventh mass forming the central stalk (RADERMACHER et al.,
2001; GRUBER, 2003). Subunit A and B, which are homologous to the subunits B and a,
respectively, of the related F; ATPase domain of FiFo ATP synthase, are responsible for the
catalytic activity (GRUBER, 2003; BEYENBACH and WIECZOREK, 2006). The subunits are
also involved in the regulation and assembly of the complex. Other than this subunit B is also
involved in the binding of actin (CHEN et al., 2004) (HOLLIDAY et al., 2005) and aldolase (LU
et al., 2003). Subunit C has been shown important in the regulation of reversible disassembly of
V1 from Vo during physiological stress, such as deprivation of glucose from the media or a drop
in the ATP to ADP ratio (ARMBRUSTER et al., 2005; BEYENBACH and WIECZOREK,
2006; HONG-HERMESDOREF et al., 2006). Subunit C is the only component of V;Vo ATPase
that is lost during this physiological regulatory process when V; pops-off from Vo, via binding to
the actin cyskelton (ARMBRUSTER et al., 2005; VITAVSKA et al., 2005; BEYENBACH and
WIECZOREK, 2006). Besides, mutational analysis of subunit C has demonstrated a critical role
to balance the activities like V1Vo assembly as well as ATPase activity (CURTIS et al., 2002).
Vma5p (subunit C) also binds WNK kinase and undergoes phosphorylation (HONG-
HERMESDOREF et al., 2006). Thus, C subunit is an important protein that communicates with
the signaling pathways and regulatory mechanism of V-ATPase to attain maximum favorable
physiological order within the cell. Subunit D of V; domain encodes an 32 kDa protein in yeast
designated as Vma8p (GRAHAM et al., 1995), and its disruption resulted in the typical vma
phenotype, where mutants were unable to grown at neutral pH 7.5 and on non fermentable
carbon sources but exhibiting normal growth at pH 5.0 (GRAHAM et al., 1995). Moreover,
vma8A mutants failed to assemble the Vi onto the Vo sector besides, subunit D alone was also
unable to assemble with Vo in the absence of fully assembled V; domain (GRAHAM et al.,
1995). Also subunit D has been shown not required for ATP hydrolytic activity in presence of
Ca”" and methanol induced Mg** -dependent ATPase activity (COSKUN et al., 2004) however,
the detailed role(s) of subunit D is still a matter of debate. Other subunits of V-ATPase including
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subunit E and G are debated to be present in multiple copies per complex (OHIRA et al., 2006;
KITAGAWA et al., 2008). Mutational analysis have demonstrated essential role of subunit E in
the assembly and catalytic activity of AsB; (OWEGI et al., 2005). Subunit E has also been
shown in close proximity to the catalytic subunits A, B and to subunit D (in nucleotide
dependent manner) and also known essential for the ATPase activity as well as E subunit
conformational changes in presence of Ca?*ATP and -ADP are reported in M. sexta V; ATPase
(GRUBER et al., 2000). N-terminus domain of subunit E form 19-39 amino acid has been
recently mapped to bind with subunit G (RISHIKESAN et al., 2008), whereas the C-terminus of
E is believed to have a regulatory function in V1Vo ATPase (OWEGI et al., 2005). Subunit G is
required for ATPase activity and assembly of V;Vo and mutations can partially inhibit the
reversible disassembly (CHARSKY et al., 2000). Of the remaining two subunits F and H of V-
ATPase, subunit F is involved in V;Vo assembly (GRAHAM et al., 1994; NELSON et al., 1994;
AVIEZER-HAGAI et al., 2003), whereas subunit H is essential regulatory component and
believed to inhibit the V-ATPase activity of dissociated Vi domain during the process of
reversible disassembly (PARRA et al., 2000; SAGERMANN et al., 2001; JEFFERIES and
FORGAC, 2008). The studies with M. sexta V1 ATPase domain has shown that subunit C, F and
H dissociation increases the hydrolyzing activity of the V3 (R1ZZO et al., 2003), thus they do not

form the core of ATPase active V3 subcomplex.

1.2.3 Subunit d of V-ATPase

Subunit d was initially observed as a 39 kDa protein in purified H*-ATPase chromaffin
granule membrane preparation (WANG et al., 1988). An antibody raised against this protein
cross-reacted to various membrane preparations from other sources as well, which suggested the
sequence homology amongst subunit d from diverse origins that has been conserved through the
evolution, pointing to the essential role of this protein in the H*-ATPase (WANG et al., 1988).
However, no function of this protein was reported but studies revealed that mild treatment with
chaotropic agents failed to remove it from the membrane, so a membrane integral perspective
and an ancillary function was suggested (WANG et al., 1988). Later it was shown that a fraction
of V1 subunits can assemble in absence of Vo that lacks subunit d, and association of such V;
(=subunit d) with membrane Vo can partially restore proton pumping. However, the complex as
a whole was very unstable to detergent solubilization and immunoprecipitation, establishing a
structural and functional role of subunit d (PUOPOLO et al., 1992). Also, it was observed that
addition of subunit d during reassembly of V1Vo increased the ATPase activity by two fold,
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indicative of a vital role of subunit d in accomplishing the maximal activity of V,Vo complex
(PUOPOLO et al., 1992). This study also reported that functional assembly of V1V, requires the
presence of 34 kDa subunit E (PUOPOLO et al., 1992). In the absence of E subunit about 50%
higher activity could be achieved compared to the condition when subunit d was lacking, and
about 75 — 80% activity compared to fully assembled V-ATPase (PUOPOLO et al., 1992). Thus
disruption of subunit d was more lethal than subunit E presenting the functional significance of
this protein in V-ATPase activity and assembly. Nevertheless, both subunits were required to
attain the maximal activity. VMAG6 gene of Saccharomyces cerevisiae was cloned and
characterized to synthesize a 345 amino acid, 36 kDa protein which remained non-integrally
associated with the membrane Vo sub complex (BAUERLE et al., 1993). Discrepancy in the
molecular weight was attributed to the overall acidic nature of the protein, whereby it was termed
as 36 kDa protein based on its behavior on SDS PAGE, against a predicted molecular mass of
39.8 kDa (BAUERLE et al., 1993). Further it was demonstrated that disruption of VMAG gene
results in a typical vma phenotype (BAUERLE et al., 1993). Null mutants of Vma6p were
defective in the vacuolar acidification, and isolated membranes did not show any detectable V-
ATPase activity (BAUERLE et al., 1993). Also it was seen that endogenous subunit d levels
remained unaffected by the V; subunits but protein level was reduced several folds on the
disruption of membrane vma3 subunit, hence the stability of subunit d was rather dependent on
the membrane subunits (BAUERLE et al., 1993). In contrast, in the yeast cells lacking subunit d,
V1 peripheral subunits were unable to reach and attach the vacuolar membranes (BAUERLE et
al., 1993). Characterization of subunit d in wild type membrane preparations showed that protein
can be removed only by the harsh treatments of chaotropic agents, 5 M urea or solution of
Na,COs; at pH 11.5 (BAUERLE et al., 1993). However, these did not remove the remaining Vo
subunits (a,c,c’,c”’) (BAUERLE et al., 1993). Again, sequence analysis of Vma6p did not show
any obvious putative transmembrane regions in its primary sequence (BAUERLE et al., 1993).
Thus, a membrane Vo perspective of subunit d came into origin and its essential role in the
regulation and assembly of V-ATPase started emerging (BAUERLE et al., 1993). Moreover,
tryptic digestion experiments indicated that subunit d is exposed in the native complex and its
sensitivity to digestion was increased in the membranes stripped of V; domain (ZHANG et al.,
1992). Membrane reconstitution experiments with subunit d and subunit a of Vo have
demonstrated that they do not form a functional proton channel and presence of 17 kDa subunit ¢
is indispensable for proton conduction in fully assembled complex (ZHANG et al., 1994).
Different isoforms of subunit d have been identified in higher eukaryotes (NISHI et al., 2003;
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SUN-WADA et al., 2003; SMITH et al., 2005), whereby they are expressed in tissue specific
and developmental stage specific manner (SMITH et al., 2005; SATO et al., 2006). However in

yeast single copy gene, VMAG encodes a single form of subunit d, Vma6p (BAUERLE et al.,
1993). In mouse V-ATPase two isoforms of subunit d (d1 and d2) have been identified (NISHI
et al.,, 2003). Whereas d1 isoform was ubiquitously expressed in all the tissues and the
expression of d2 was mainly observed in the kidney and to lower levels in the lung, skeletal
muscles, heart and testis (NISHI et al., 2003). Only d1 isoform was able to complement the vma
phenotype of yeast cells lacking Vma6p, and d2 isoform containing cells exhibited unstable V-
ATPase and reduced proton pumping (NISHI et al., 2003). Variation was also seen in the
coupling efficiency between the two isoforms and Vma6p, indicative of a possible role of
subunit d in the coupling (NISHI et al., 2003). Thus, both isoforms exhibited differences in the
formation and stabilization of a functional V-ATPase complex that might be important with
respect to their observed tissue specific expression. Further studies showed that d2 expression
was restricted to the kidney and bone cells and could be co-localized with tissue specific a4 and
a3 subunits, respectively (SMITH et al., 2005). More recent studies have demonstrated that
subunit d couples ATP hydrolysis with proton conduction across the membranes (OWEGI et al.,
2006). Various truncations from the N- or C-terminus destabilized the protein in vivo and a
functional assembly of V1V, was inhibited (OWEGI et al., 2006). Significant level of ATPase
activity was dropped in the single point mutants C329A and E317A of subunit d of yeast V-
ATPase besides the loss of coupling, showing the importance of full length protein in the
assembly and activity of the complex in vivo (OWEGI et al., 2006). Structural features of subunit
d of V-ATPase have remained elusive as well as its binding partners. Some studies have revealed
association between subunit A and subunit d in immunoprecipitation experiments (SHAO and
FORGAC, 2004) but there is no further data in this direction. Also, the relationship between
subunit d and other subunits of V; and Vo domains have remained largely unknown till now.
Low resolution electronic microscopic structure of Vo domain from clathrin coated vesicles have
shown peculiar mass on the luminal side, proposed to be parts of the subunit d and subunit a
(WILKENS and FORGAC, 2001), but due to the absence of structural data about these subunits,
an unambiguous assignment of these masses is lacking. Some data also suggest that subunit d
and subunit a might be more extended and possibly components of peripheral stalk (FORGAC,
2000; CLARE et al., 2006), but no conclusive studies have been done so far and subunit d
remained to be one of the least, structurally as well as functionally, studied subunit of VV-ATPase.
Structural and biochemical studies can provide vital data about V-ATPase architecture and in
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particular, the emerging role of subunit d in the diseased conditions and prominent future drug
target. Subunit d has been associated with impaired osteoclast fusion and bone formation (LEE et
al., 2007). Genetic studies with mice showed that subunit d is required for osteoclast fusion and
maturation (LEE et al., 2007). Osteoclasts are the type of bone cells which are responsible for
bone reabsorption, and the loss-of-function of subunit d resulted in the excessive bone mass
(LEE et al., 2007). This study also provided important genetic data showing that the inhibition of
subunit d provides vital therapeutic target to stimulate bone formation in disease conditions such
as osteoporosis, by specifically interrupting a single, VMAG, encoding subunit d protein (LEE et
al., 2007).

1.2.4 Subunit a of V-ATPase

Subunit a of V-ATPase has been shown to play a critical role in the process of proton
conduction (KAWASAKI-NISHI et al., 2001). Subunit a isoforms have been also demonstrated
essential for the targeting of V-ATPase to the specific organelle (NISHI and FORGAC, 2000;
KAWASAKI-NISHI et al., 2001). Four isoforms of subunit a (al,a2,a3,a4) found in mice and
man are expressed in organelle on different endomembranes or plasma membrane defined by
specific function of the cell type (TOYOMURA et al., 2000; OKA et al., 2001; SUN-WADA et
al., 2006). Remarkably, 17 different isoforms of subunit a are found in Paramecium tetraurelia,
and its C-terminus was implicated in the specific targeting, which was also studied using
florescence labeling of subunit a and localization to different compartments of cells revealed
highly specialized functional targeting (WASSMER et al., 2006). Subunit a is a established bona
fide protein of Vo domain and was initially identified in the clathrin coated vesicles and the
chromaffin granules as a 120 kDa protein which was partially exposed to the cytosolic face of
the membrane due to free labeling with lactoperoxidase-catalysed radioiodination (APPS et al.,
1989). But unlike other peripheral stalk subunits, a subunit could be labeled by hydrophobic
probes indicating that a second domain of subunit a is rather membrane embedded (APPS et al.,
1989). Subsequent analysis of various membrane preparations from diverse plant and animal
origin confirmed that subunit a consists of a cytoplasmic N-terminal hydrophilic charged
domain, and a C-terminal membrane hydrophobic domain (PERIN et al., 1991). A gene
encoding the Saccharomyces cerevisiae subunit a was identified in the vacuolar acidification
mutant, vphl-1 (vacuolar pH 1) (PRESTON et al., 1989). Mutants showed the absence of
bafilomycin sensitive ATPase activity and defective proton pumping as well as loss of V;
peripheral subunits from the membranes (MANOLSON et al., 1992). The gene VPH1 was then
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cloned from the Agtll expression library and independently by the complementation of vphl-1
mutation as well (MANOLSON et al., 1992). Disruption of VPH1 was not crucial for the
survival of yeast but mutants showed defects in assembly and activity of V-ATPase
(MANOLSON et al., 1992).

In the meantime, a functional homolog of Vphlp was identified in yeast, named as Stvlp
(Similar to Vphlp), showing more than 50% identity to Vphlp (MANOLSON et al., 1994).
Defective phenotype of AVPH1 mutants could be rescued by the over expression of STV1 gene,
thus STV1 was able to functionally complement the phenotypes arising from the deletion of
VPH1 (MANOLSON et al., 1994). However, neither of the two deletions independently caused
vma type phenotype, as had been observed on the disruption of peripheral subunits such as
subunits A and B, and only a partial defective growth pattern was seen in AVPH1 yeast, whereas
ASTV1 cells showed normal phenotype (MANOLSON et al., 1994). Nevertheless, double
disruption of both VPH1 and STV1 resulted in the typical vma phenotype (MANOLSON et al.,
1994).

Site directed mutagenesis experiments done by Ling Xh et. al., established that charged residues
in the transmembrane (TM) region of yeast subunit a (Vphlp) are essential for proton
conduction, especially the E789Q mutation in TM7 helix, which completely abolished both the
proton transport and the ATPase activity but did not affect the subunit stability and complex
assembly (LENG et al., 1996). Other two mutations in the helix TM6 (R735L) and helix TM5
(Q634L) destabilized Vphlp besides other mutations in the polar residue, demonstrating that
subunit a is required for both assembly as well as proton pumping activity of V-ATPase (LENG
et al., 1996). Additional mutation experiments showed that negative charge of E789 and positive
charge at H743 are not absolutely required for proton transport or V-ATPase activity as indicated
earlier (LENG et al., 1998).

Trypsin cleavage experiments indicated that Vphlp is exposed in V-ATPase and more
interestingly its susceptibility to cleavage in the presence of ATP and divalent cations varied
(LANDOLT-MARTICORENA et al., 1999). Higher cleavage could be observed in the presence
of divalent cations plus ATP than ATP alone (LANDOLT-MARTICORENA et al., 1999). But
observed differences in the cleavage sensitivity disappeared when V; was stripped off from the
membranes (LANDOLT-MARTICORENA et al., 1999). These results showed that subunit a
adapts single conformation in the absence of VV; domain and structural changes are accompanied
during catalysis in Vi (As:Bs) sector and possibly transmitted to the Vo via subunit a, thus
physically linking catalytic sector, V1 with proton channel, Vo, To understand the topology and



Introduction 24

transmembrane helices orientation of VVphlp, single cysteine residue containing forms of subunit
a were prepared by mutagenesis and their orientation was studied by the use of either membrane
impermeable sulfhydryl reagent, AMS (4-acetamido-4’- maleimidylstilbene-2,2’-disulfonic acid)
or membrane permeable, MBP 3’-(N-maleimidylpropionyl) biocytin (MBP) (LENG et al.,
1999). Conclusion from these results showed a nine transmembrane helix model with amino- and
carboxy terminus located on the cytoplasmic and luminal sides of the membrane, respectively
(LENG et al., 1999). Additional mutation studies unequivocally identified R735 in helix TM7 as
an absolute requirement for the proton conduction and a non conservative mutation of R735
resulted in the defective assembly and loss of activity and proton conduction in yeast V-ATPase
(KAWASAKI-NISHI et al., 2001). Later, using cysteine mediated cross-linking it was shown
that TM7 helix R735 is in contact with E145 in the TM4 of ¢ and ¢’ and TM2 of ¢’’ of yeast V-
ATPase and association is vital for the transfer of proton to luminal side of the membrane
(KAWASAKI-NISHI et al., 2001; WANG et al., 2004). Based on these data, a swiveling
interaction model between the helices of subunit ¢ and a, controlling the flux of proton into
hemi-channel was proposed (WANG et al., 2004). Later, a model built upon the NMR structure
and dynamic studies of a TM7 region peptide, involved in the proton conduction, showed that
this 25 amino acid region formed two helices separated by a ball-and-joint type two amino acid
linker that controls the opening and closing of proton hemi-channel in the subunit a during
proton conduction (DUARTE et al., 2007).

Besides the identified two isoforms in yeast (Vphlp and Stv1p), several isoforms were identified
in higher eukaryotes as well (for example, four isoforms in mouse and human (al-a4) and three
isoforms in chicken (al-a3)), expressing in tissue and developmental stage specific manner
(MATTSSON et al., 2000; NISHI and FORGAC, 2000; TOYOMURA et al., 2000; OKA et al.,
2001). Yeast V-ATPase containing different isoforms of subunits a differ in the coupling and
reversibly disassembly (KAWASAKI-NISHI et al., 2001). Thus, possibility of different isoforms
role in the targeting of V-ATPase was very much evident which was additionally confirmed by
the chimeric experiments performed with the Saccharomyces cerevisiae Vphlp (vacuole
specific) and Stvlp (Golgi specific) isoforms (KAWASAKI-NISHI et al., 2001). A chimeric
protein containing N-terminal of Golgi isoform Stvip and C-terminal of vacuole isoform,
Vphlp, was targeted to the Golgi and the complex did not showed reversible dissociation in
response to glucose depletion (KAWASAKI-NISHI et al., 2001), demonstrating that information
for correct targeting is located on the N-terminus of subunit a and different isoforms have varied
response to physiological conditions (KAWASAKI-NISHI et al., 2001). Whereas the COOH-
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terminus has been shown to be involved in the assembly and activity of V-ATPase (LENG et al.,
1998). Thus, different isoforms containing V-ATPase exhibit function in the context of its
location, making V-ATPase a functionally and regulatory diverse complex in cellular milieu.
NH2-domain, on the other hand, has been also proposed to possibly form the peripheral stator
connecting Vi with Vg to prevent energy loss through futile rotation of V3 with respect to Vo and
reportedly suggested to interact with subunit A and subunit H (LANDOLT-MARTICORENA et
al., 2000). Non-homologous region (NHR), a stretch of unique 90 amino acids of subunit A,
found only in the V-ATPase and the A-ATP synthase, is also know to interact with a domain
consisting of subunit d and a, linking the two opposite subcomplexes, V; with Vo (SHAO and
FORGAC, 2004), but detailed studies remain to be done. Subunit G3 of man V-ATPase has been
demonstrated to interact with the subunit a4 from kidney cells as well as from other organs,
further indicating possible V1 to Vo connection via subunit a (NORGETT et al., 2007). a4
isoform is mainly expressed in the kidney cells (OKA et al., 2001). Mutations in the gene
encoding subunit a4 have been associated with distal (or type 1) renal tubular acidosis (dRTA)
(WAGNER et al., 2004), (STEHBERGER et al., 2003). Mutation in the a3 isoform leads to a
severe form of infantile malignant osteopetrosis, characterized by defective osteoclast bone
resorption (FRATTINI et al., 2000; KORNAK et al., 2000). This disease is associated with the
loss of hearing and visual impairment (KORNAK et al., 2000). Also reported finding with
genetic models showed that the mutations in subunit a arising in disease conditions such as
impaired glycosylation and cutis laxa, indicating the important role of this protein in processing
and transport at the Golgi apparatus (KORNAK et al., 2008). Beside the classical role of V-
ATPases to acidify the cellular compartments, additional phenomenon such as membrane fusion
has been attributed to them in novel findings that have shown involvement of subunit a in the
process of microglia cells mediated phagocytosis of dead neurons in the brain (PERI and
NUSSLEIN-VOLHARD, 2008). Moreover, physiological importance of V-ATPase in the kidney
proximal tubule (PT) cells has been demonstrated, with the use of specific inhibitors of V-
ATPase (for example, bafilomycin and concanamycin) and acidification uncouplers (for
example, NH,Cl) (MARSHANSKY, 2007). A flurophore labeled albumin protein (Alexa495-
albumin) was used to follow the endocytic pathway (Figure 16), and treatment of mentioned
inhibitors or uncouplers strongly abolished the mouse PT albumin uptake (Figure 16)
(MARSHANSKY, 2007). Pathophysiological conditions such as Dent’s disease and related
Fanconi’s syndrome are associated with deficient protein reabsorption and proteinuria in the
kidney PT cells (HURTADO-LORENZO et al., 2006). Phenomenon of endosomal V-ATPase
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mediated trafficking has now been understood in more detail, with the findings, that endosomal
pH directly regulates vesicular signaling proteins; ARNO and Arf6, to control endosomal
degradative pathways (HURTADO-LORENZO et al., 2006).

Albumin-Alexa534

cv Py
T Albumin-Alexasss ! - i .

&= o
RE

Rab7-EGFP

Bafilo

Figure 16: Role of V-ATPase in the endosomal trafficking and degradation pathways of kidney proximal
tubule (PT) cells. (A) Megalin and cubilin are multi ligand receptors on the PT cells involved in the reabsorption
of low molecular weight proteins (for example, albumin) (MARSHANSKY, 2007). Uptake of Alexa594
flurophore labeled albumin (red squares) is shown and its passage through early endosomes (EE) and late
endosomes (LE) occurs in a pH dependent manner, generated by V-ATPase (MARSHANSKY, 2007). PM =
Plasma membrane; CV = clathrin-coated vesicles; TGN = trans-Golgi network; RE = recycling endosome (B)
Experimental approach that was used in the study of membrane trafficking between early and late endosomes. LE
was labeled with green florescence, Rab7-EGFP. Use of bafilomycin blocked the cargo, albumin alexa594,
passage between early and late endosomes. Recently, mechanism of this membrane transport has been understood
to involve V-ATPase and small GTPase ARNO to modulate the endosomal trafficking and degradation pathways
in a pH dependent manner, making V-ATPase a novel component of pH sensing machinery (HURTADO-
LORENZO et al., 2006). The figure has been adapted from the review by Vladimir Marshansky
(MARSHANSKY, 2007).
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Subunit a2 has been demonstrated as an essential component of this endosomal sensory
machinery to control the protein targeting and degradation in the early endosomes in a pH
dependent manner in a collective response with the Arf6 and its cognate exchanger ARNO
(HURTADO-LORENZO et al., 2006). Subunit a2 of mouse V-ATPase was found to directly
interact with ARNO and subunit ¢ with Arf6 in a pH dependent manner and disruption of this
interaction resulted in the reversible abrogation of endocytosis (MARANDA et al., 2001,
HURTADO-LORENZO et al., 2006). Loss of endosomal acidification resulted in the failure of
formation of carrier vesicles to transport the cargo between early and late endosomes, resulting
in the accumulation at early endosomes and inhibition of endocytosis (HURTADO-LORENZO
et al., 2006) (MARSHANSKY, 2007). ARNO is a guanine nucleotide exchange factor that is
responsible for the GTP/GDP exchange on the small GTPase protein, Arf 6 (ADP-ribosylation
factor 6) to activate and regulate its activities (FRANCO et al., 1998). ANO/Arf6 is involved in
the regulation of endosomal vesicular trafficking (MARSHANSKY and FUTAI, 2008),
cytoskeleton organization (MOSS and VAUGHAN, 1998), lipid modification and rearrangement
(MASSENBURG et al., 1994; SANTY and CASANOVA, 2001), cell motility (FRANCO et al.,
1999), membrane recycling (TURNER and BROWN, 2001), regulated exocytosis in the
neuroendocrine cells (ASHERY et al., 1999), and more interestingly carrier vesicle coat
formation that is required to bud off vesicles from the early endosomes (MARANDA et al.,
2001; HURTADO-LORENZO et al., 2006). ARNO is also known to undergo protein kinase C
(PKC) mediated phosphorylation in vivo at S392, however the function of this modification has
remained largely unknown, as phosphorylation did not cause the activation of ARNO (SANTY
etal., 1999).

In spite of the fact that subunit a has been very considerably studied during these years and vital
roles have emerged in the diverse functions of VV-ATPase and in particular the subunit a, but
structural and biochemical data is scant. Also, its structural and positional insights inside V-
ATPase complex are not very well understood and the interacting partners have not been studied
thoroughly. Emerging role(s) of this enzyme with respect to the signaling proteins such as

ARNO are also at very premature stages.
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1.3 Goals of this thesis

1) ARTS, is a novel protein, and one of the least characterized pro-apoptotic proteins in the
apoptotic machinery. Its role(s) in the process of apoptosis is not completely defined and the
mechanism associated with its pro-apoptotic effect in cells remains to be elucidated. Here, | have
studied ARTS in the perspective of Livin, an anti-apoptotic protein of 1AP family. 1APs are
known to inhibit apoptosis, whereas pro-apoptotic ARTS is the causative agent of cell death in
response to diverse stimuli. Anti-apoptotic Livin is a known E3 ligase which promotes the
ubiquitin mediated degradation of several target proteins during apoptosis. The project was
initiated to characterize the role of this activity of Livin, if any, to ARTS in apoptotic cells.
During this investigation, rather a cleavage of Livin was found during ARTS-promoted
apoptosis. The observed cleavage of Livin has been further studied to explore the possible
pathway involved. During the investigation of cellular apoptosis, we found subunit d of V-
ATPase as a novel, previously unreported target of caspase 3. Its further characterization by

biochemical and biophysical techniques formed the second objective of my work.

il) Subunit d of V-ATPase is a pivotal protein required for V1V assembly, and coupling of ATP
hydrolysis to proton transport across the endo- or plasma membranes. Moreover, | identified this
protein as a new substrate of caspase 3, an apoptosis executioner enzyme. However, no known
structural information is available about this protein to further characterize and understand its
structural-functional aspects in cell physiology. Also, the information about the binding
associates of subunit d in V1 and Vo domains is least characterized besides its localization inside
V1Vo complex remained elusive. The goals of this project were to over express and produce the
recombinant protein, which could be used to derive the structural and biochemical information.
Other than that, subunit d assembly inside ViVo is not understood. Therefore to get further
insights into this aspect, NMR, FCS and SPR techniques have been used to characterize the

neighboring proteins in association with subunit d of V-ATPase.

iii) Besides the fundamental proton pumping machine, V-ATPase has been demonstrated as a
hinging point between the intracellular pH sensing and recruitment of signaling proteins ARNO
and Arf6, which regulate the intracellular membrane trafficking and degradation pathways
besides other functions like organization of cytoskeleton and cell motility. Subunit a is directly
involved in this signaling pathway by interacting with ARNO in a pH dependent manner. To get
further cognition of subunit a, soluble N-terminus domain of yeast subunit a (Vphlp
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isoform), a;-3ss was successfully produced and studied. Several other proteins of this N-terminal

domain of yeast and mouse subunit a have been examined as well. The project objective was to
solve the 3D structures of vital regions of subunit a2 and ARNO, which do interact to each other.
The achievements include the solution 3D NMR structures of ARNO-PB (polybasic) domain in
phosphorylated and non-phosphorylated forms, and 3D structure of subunit a23gs-40, 0f mouse V-

ATPase.
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2. Materials and methods
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2.1 Materials
2.1.1 Chemicals

All the chemicals used in the current study were of at least analytical grade. Chemicals

were purchased from the following companies:

Buffers and salts Sigma (St. Louis, MO, USA),USB
(Sampscott,MA), Calbiochem (Darmstadt,

Germany), Fluka (Sigma, Buchs Germany), Roth

(Karlsruhe, Germany), Serva (Heidelberg,

Germany)
Pefabloc®® BIOMOL (Hamburg, Germany)
PMSF Sigma (St. Louis, MO, USA)
Protease inhibitor tablets (EDTA free) Roche (Mannheim, Germany)
DTT Hoefer (San Francisco, CA, USA)
Ni*-NTA QIAGEN (Hilden)
BNH*CI Cambridge Isotopes Lab (USA)
3C Glucose Cambridge Isotopes Lab (USA)
LB Media BD (Sparks, MD, USA)
Electrophoresis Chemicals
(Agarose, SDS, Glycine, APS etc.) Bio-Rad (Hercules, CA, USA)
Antibiotics Calbiochem, Sigma and Gibco (Invitrogen)
IPTG Fermentas
BSA GERBU (Heidelberg, Germany)
2.1.2 Molecular biology materials
2.1.2.1 Templates, primers and peptides
Genomic DNA Saccharomyces cerevisiae (AH104 strain)

Primers 1% Base and Research Biolabs (Singapore)
Peptides NTU proteomics core facility (Singapore)

2.1.2.2 Enzymes and kits

Pfu and T4 DNA Polymerase Fermentas (Glen Burnie, MD, USA)
Ncol, Sacl, Xhol, Ndel, EcoRl, Sall Fermentas and New England Biolabs
T4 DNA Ligase Fermentas and NEB
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CIAPFermentas (Glen Burnie, MD, USA)

Caspase 3
Miniprep Plasmid Kit
Nucleobond AX mediprep Kit

2.1.2.3 Cell Lines, Yeast and E. coli strains

Mammalian Cell lines:
Saccharomyces cerevisiae:

Escherichia coli:

2.1.2.4 Vectors

pET-9d1 (GRUBER et al., 2002)
PET-24 (+)

pSUMO Lifesensors (Malvern, PA)
pcDNA3.0-Flag

pEGFP-C1

2.1.2.5 Antibodies

mAD anti-GFP, mADb anti-Actin
mAD anti-ARTS

mADb anti-Flag

rabbit mAb anti-Flag

pAb anti-GFP Sigma

Rat mADb anti-Caspase 7

Agarose conjugated mouse anti-Flag
p-Ab-anti-GFP

2.1.2.6 Caspase inhibitors
Pan-caspase inhibitor, ZVAD-FMK
Caspase-9 inhibitor, Z-LEHD-FMK
Caspase 3 inhibitor V, Z-DQMD-FMK

Sigma (St. Louis, MO, USA)
Qiagen (Hilden, Germany)
MN & Co (Diren, Germany)

293T, COS7, HelLa

AH104

DH5a, BL21 (DE3), Rosetta ' 2 (DE3), Rosetta-
gami' 2 (DE3), NovaBlue (Novagene;
Darmstadt, Germany)

Novagene (Darmstadt, Germany)

Invitrogen (Carlsbad, CA)

Clontech (Mountain View, CA)

Santa Cruz

(St. Louis, MO, USA)

Clontech ( Mountain View, CA)

Sigma (SL, Missouri, USA)
Sigma (SL, Missouri, USA)
Calbiochem (EMD biosciences, La Jolla, CA)
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Proteosome inhibitor, MG132

2.1.3 Chromatography
2.1.3.1 lon exchange
RESOURCE™ Q
SOURCE™ 30Q
Mono™ Q, Mono™'S

2.1.3.2 Gel filtration
Superdex 75 HR (10/30)

2.1.3.3 Instruments and accessories
Akta FPLC, Akta Prime
Millex Filters (0.45 pM)

Syringe, needles and accessories

Sigma (SL, Missouri, USA)

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)
Millipore (Bradford, USA)
BD Biosceinces

2.1.3.4 Protein concentration, estimation and dialysis

Centriprep YM30, YM10

Amicon ulta (3-30kDa)

Protein estimation: BCA Assay Kit
Protein estimation: Bradford reagent

Dialysis Spectra Por®CE membranes

2.1.4 Other instrumentation

PCR Thermocycler:

Biometra T personal

Biometra T gradient

Micropulser Electroporator

Ultraspec 2100 Pro Spectromphotometer
Sonoplus Sonicator

GS-800 Calibrated Densitometer

Millipore (Co-cork, Ireland)
Millipore (Co-cork, Ireland)
Pierce (Rockford, IL, USA)
Bio-Rad

Roth (Karlsruhe, Germany)

Biometra

Biormetra

Bio-Rad

Amersham Biosciences
Bendelin

Bio-Rad
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2.1.5 Softwares
Vector NTI110.3.0
SPARKY 3.110
Topspin 1.3
CAYANA 2.1, 3.0
TALOS 98.040
Quantity One

Invitrogen

University of California (San Francisco, USA)
Bruker

Kimmo Paakkonen and Peter Gunter (Japan)
(CORNILESCU et al., 1999)

Bio-Rad
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Construct

Livin

Template

Primer sequence (5'-3")

c-DNA Library L-P1: CGGAATTCCATGGGACCTAAAGACAGTGCCAAG

Livin-C124A Livin

LivinARING Livin

ARTS

L-P2: CGGTCGACCTAGGACAGGAAGGTGCGCACGCG
L-P1: CGGAATTCCATGGGACCTAAAGACAGTGCCAAG
L-P2: CGGTCGACCTAGGACAGGAAGGTGCGCACGCG
L-P3: CAGGACAAGGTGAGGGCCTTCTTCTGCTATGGGGGC
L-P4: AGCAGAAGAAGGCCCTCACCTTGTCCTGATG

L-P1: CGGAATTCCATGGGACCTAAAGACAGTGCCAAG

c-DNA Library A-P1: CGGAATTCCATGATCAAGCGTTTCCTGGAG

A-P2: CGGTCGACCTAGTGGCAGCCCTGCCCCTG

Subunitd (Vma6p) constructs from Saccharomyces cerevisiae

d (wt)

d (C3295)

d 38-345
d 1-298
d 11-345
d 1-328
d 11-189
d 38-189

d 190-328

Forward
Reverse

Reverse

Forward
Reverse
Forward
Reverse
Reverse
Forward
Forward

CATGCCATGGTAATGGAAGGCGTG
CGTTCGAGCTCTCAATAAACGGAAATATAATTG

TTCTTTCTCTTTGATTTCGAGCTCTCAATAAAC
GGAAATATAATTGTTGATTTGTGCTATTGA
CATGCCATGGTTACGTTGGAAGATC

CGTCGAGCTCTCAATCTCTACATAGTTCC
CATGCCATGGTAGGGTTTATTGAAGGTG
CGTCGAGCTCTCATTCAGCAATCCAG
CGTCGAGCTCTCATAAATAAGCCTTGTAC
CATGCCATGGAAGACTTCTACAATTTTGTCAC
CATGCCATGGAAGACTTCTACAATTTTGTCAC

Subunit a (Vphlp) constructs from Saccharomyces cerevisiae genome

A 1388

a1.388(C)

A q1.323+C
adqg

a 182-323+C

Forward
Reverse

Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

TTTCTCCATGGCAGAGAAGGAGGAAGCGATTTTTCG

TTTGAGCTCAGCAAGTAAACTTGTTAGTTCTGT
GGAAGGTAGGTGG

TTTCTCCATGGCAGAGAAGGAGGAAGCGATTTTTCG
G
TTTCTCCATGGCAGAGAAGGAGGAAGCGATTTTTCG
AG

G
GCTTCTGTAAACTATGTCACTGGTGTCATTGC

Subunit a (STV1p) constructs from Saccharomyces cerevisiae genome

STVl 1-450

STV1 35

Forward
Reverse
Reverse

CATACATATGAATCAAGAAGAGGCTATATTCCGGTC

TACATCTCGAGTTCTTTATATGTTGCGATACCGTATG
TACATCTCGAGGTGTATAACGAGCAGTTCTGTG
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Subunit a constructs from mouse a2 isoform

a2 . Forward ~ TATTCCATGGGCTCTCTCTTCCGCAG
GATGCGAGCTCTTAACACCTCTTTACCTCAC

a2 1133 Reverse CATACGGAGCTCTCACCTCAGCATGTG

a2 131308 Forward ~ CATGCCATGGATACGAAGACCTTCCTC

a2 1505 Reverse AGCTGCGAGCTCTCATTCTCTGTAACTCC
PEPTIDES

E 168 NKMQAFIRKEAEEKAKEIQLK

E 100 MSSAITALTP NQVNDELNKM

aN-22* YGVGSYREVNPALFTII

ARNO* VSVDPFYEMLAAKKRISVKKKQEQP

ARNO(p)*  VSVDPFYEMLAAKKRIS(p )VKKKQEQP

Table 2 Livin, ARTS and V-ATPase constructs, primers, and peptides: List of constructs and their respective
forward and reverse primers, mostly synthesized either at 1% Base Pte Ltd, Singapore or Research Biolabs Pte Ltd,
Singapore. ARTS and Livin constructs were kindly provided by Prof. Wu Mian. List of peptides used in study are
shown. * Peptides were generously provided by Prof. Vladimir Marshansky (Harvard University, MGH, Boston). If
not indicated the peptides have been synthesized at NTU Proteomics core facility.
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2.2 Methods

2.2.1 Yeast genomic DNA isolation
Reagents
YPD: 1% Yeast Extract

2% Peptone
2% Dextrose

Harju buffer: 2% Triton X-100,
1% SDS
100 mM NacCl
10 mM Tris-HCI, pH 8.0
1 mM EDTA

Enzyme: RNase

Genomic DNA of Saccharomyces cerevisiae was isolated as described below (HARJU et
al., 2004). 1.5 ml of liquid Saccharomyces cerevisiae (AH104) culture was grown for 20 — 24 h
at 30 °C in YPD media. Cells pellet down by centrifugation at 10,000 x g for 5 min. 200 pl of
Harju buffer was added and tubes immersed in a dry ice-ethanol bath for 2 min and immediately
transferred to a 95 °C water bath for 1 min. Last two steps repeated once and tubes were
vortexed for 30 seconds. 200 pl of chloroform added and vortexed for 2 min followed by
centrifugation for 3 min at room temperature, 14,000 x g. Upper aqueous phase was transferred
to a micro centrifuge tube containing 400 pl ice-cold 100% ethanol, mixed thoroughly by
inversion and incubated at room temperature for 5 min. Centrifuged 5 min at room temperature,
14,000 x g. Supernatant removed gently with pipette tip aspiration and pellet washed with 0.5 ml
70% ethanol by centrifuging for 5 min at room temperature, 14,000 x g. Supernatant discarded.
Air-dried pellets resuspended into 25 — 50 pl TE (pH 8.0). 0.25 ul RNase cocktail added to the
samples (final concentration 0.125 U RNAse A) to get rid of RNA contamination. Quality and
concentration of the sample was estimated from 0.7% DNA agarose gel.

2.2.2 PCR cloning and mutagenesis of ARTS, Livin, subunit d and subunit a constructs
2.2.2.1 Vector preparation

Reagents

Luria-Bertani (LB) media: 10 g/l Tryptone
5 g/l Yeast Extract

5 g/l NaCl
DNA Purification: Qiagen Kit
Plasmid Isolation: Nucleobond AX Kit

Enzymes: EcoRl, Sall, Xhol, Ndel,Nco I, Sac I, CIAP
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Figure M1. Vector maps: (A) pcDNA3-Flag (Invitrogen) (B) pEGFP-C1 (Invitrogen),
(C) modified pET-9d1 (+) (GRUBER et al., 2002) and (D) pET-24a(+) (Novagene;
Darmstadt, Germany) vectors showing full map and unique multiple cloning sites

(MCS) that has been used to clone various genes and their different truncated and
mutated forms (Table 1).

500 ml overnight culture of DH5a/vector was harvested and plasmid DNA was purified by
using the Nucleobond AX or Qiagen midi-prep kit as per the manufacturer’s protocol. Isolated
plasmid was checked for quality on 0.7% agarose gel and quantity was determined by
spectrophotometric absorption at 260 nm. Plasmid was digested with respective vector specific
restriction enzymes in sequential manner at 37 °C and the extent of digestion was confirmed by

running 1 pl sample on 1% agarose gel. Restriction mixture was purified at the end of each cycle
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(Qiagen purification kit). Finally, the double digested pET9-d(+) (GRUBER et al., 2002) was
dephosphorylated with CIAP (Fermentas, MD, USA) for 30 min, 37 °C. Concentration of final
product was estimated spectrophotometrically as described above.

2.2.2.2 Cloning and mutagenesis of Livin and ARTS constructs

Full length Livin gene fragment was amplified from HeLa cDNA library by PCR using
primer pair L-P1/L-P2. PCR product was digested with EcoRl and Xhol enzymes, and
dephosphorylated with CIAP enzyme (Fermentas, MD, USA). The purified fragment was
subcloned into EcoRI/Xhol sites of pCDNA3/Flag (Figure M1) to prepare Flag-tag Livin
(Flag-Livin). A cDNA fragment coding for Livin A RING (residues 1 — 239) was generated by
PCR reaction using primers L-P1/L-P9. Amplified product was digested and ligated with vector
PCDNA3/Flag as described above for Flag-Livin construct (for details of protocol see section
2.2.2.3). PCR-mediated mutagenesis with primer pairs L-P1/L-P4 and L-P3/L-P2 was used to
generate Livin point mutant Livin-C124A. Mutations created were further verified by DNA
sequencing. Using similar strategy as explained for Livin, full length ARTS gene fragment was
amplified from HelLa cDNA library by PCR using primer pair A-P1/A-P2. The amplified
fragment was subcloned into EcoRI/Sall sites of pEGFP-C1 to make a GFP-fusion ARTS (GFP-
ARTS). | am thankful to Dr. Li Ma (USTC, China) for help with the creation of constructs.

2.2.2.3 Cloning and mutagenesis of subunit d (VMAG) constructs

Isolated pure genomic DNA of Saccharomyces cerevisiae strain AH104 was used as
template for the amplification of subunit d gene (VMA®G). PCR reaction was setup in a total
volume of 50 pul on ice as mentioned below with the appropriate concentration of constituents as:

Pfu buffer (10X) .....ccoeeviieiiiiiiieeie e 5ul
DNTP’S (2MM) v 1.5ul
Primers (L0OUM) ......ccooeeviiiiiee, 2x0.5pl
Template (GDNA ..o 1l
MilliQ Water........ccccevvvieeiiie e 41 ul
Pfu DNA polymerase..........ccccevvveeiiineinnnnne 1l

Reaction contents were properly mixed and kept on ice all the time. PCR thermocycler
(Biometra T personal) was preheated to 95 °C before reaction tubes were placed inside the

machine. Following PCR thermocycler program was used for the amplification:
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Lid Temp..cooooee e 99 °C

Initial denaturation............................. 95°C 3-5min
Denaturation..........ccccuevvevevveneeenineninnnnns 95°C 0.5-1 min
ANNEaling .......coovveeeeeeeeeeenn, 50-68°C  0.5-1 min |X30-40
(=] Y (0] 1 72°C 1-2min

Final extension ........ccccoeevvevivnevnnnnnnns 72°C 5-10 min

HOI oo 4°C

The amplified PCR product was stored at -20 °C before proceeding to the next step. 5 pl of PCR
amplified product was applied onto the analytic agarose gel (1%) to check the quality of
amplified product. If the product was sufficiently pure, remaining reaction mixture was applied
onto preparative agarose gel and purified by gel extraction kit (QIAGEN) as per the
manufacturers protocol and finally eluted in 30 — 50 ul volume of water or Tris/HCI (pH 8)
buffer. The purity of gel extracted PCR product was estimated by running 1 pl sample on 1%
analytical agarose gel. Purified DNA was double digested overnight at 37 °C and re-purified by
enzyme reaction purification kit from QIAGEN. Subsequently, ligation reaction between vector

and amplified PCR product was setup as:

Ligase buffer (10X) .....cccceevvveririreennnnn. 1.5ul

VECtOr (V) oo 50-100 ng

INSEIt (1) ceveeeie e variable (1:1-1:5 V: | ratio)
Ligase....ccovereiiiie e 1l

MilliQ water..........ccoovvvveiiiiiiee e, variable
Total...oooiee 15 ul

Ligation mixture was incubated at room temperature for 40 — 60 min or alternatively left
overnight at 4 °C. The reaction was terminated by precipitation of DNA from rest of the reaction
contents by adding 85 pl of MilliQ to a 100 ul of total volume. To it, 1 ml of butanol was added
and mixed thoroughly by inversion several times and centrifuged at 13,000 rpm (Eppendorf
mini-centrifuge) for 10 min. Supernatant was aspirated gently and pellet resuspended in 150 ul
of 70% ethanol and centrifuged again for 5 min. Supernatant was discarded and pellet dried and
re-dissolved in 10 ul of EB buffer (Qiagen) or MilliQ water. 5 — 10 pl of ligation mixture was
transformed into DH5a cells as described below in section 2.2.3. Several colonies were picked
from transformation plate and plasmid DNA was isolated (Qiagen mini-prep kit) for double
digestion to confirm the ligation. Size of insert and vector were compared with appropriate
controls and markers. Verified plasmid was finally transformed into BL21 (DE3) or Rosetta-
gami' ™2 (DE3) or Rosetta "2 (DE3) cells for protein expression. All BL21 and Rosetta protein

expression strains were purchased from Novagene (Darmstadt, Germany).
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2.2.2.4 Cloning of other constructs

The similar strategy was used for the cloning of several other constructs of subunit d and
subunit a of yeast and mouse V-ATPase. Primers and constructs for all constructs used in current
studies are described in detail under materials section (Table 1). STV1;.450 gene was cloned into
pET-24a(+). Initially direct cloning method via ligation to the double digested linearized vector,
pET-24a(+) did not work so an alternative strategy by insert the gene into the GT-GFP-TOPO
vector pCDNA 3.1 (TOPO TA kit; Invitrogen) was used. STV1;.450 PCR product was amplified
and extracted from the gel as described above. Pure DNA fragment with intact restriction sites
was ligated to pCDNA 3.1 using T/A ligation strategy as per the manufacturer’s instructions.
Inserted gene was then released from the pPCDNA 3.1 vector by double digestion with Ndel and
Xhol. Released fragment was gel purified (Qiagen gel purification kit) and re-ligated with
linearized pET-24a(+) vector (double digested with Ndel and Xhol, and dephosphorylated with
CIP). Subsequent steps were same as explained above in section 2.2.2.3.

2.2.3 Electroporation transformation

Reagents

SOB media: 20 g/l Tryptone
5 g/l Yeast Extract
0.58 g/l NaCl
0.18 g/l KCI
10 ml Mg solution (1M MgCl,.6H,0, 1M MgSO,)
SOC media: SOC
100 mM Glucose

Electroporation was done for the transformation of plasmid into electro-competent cells.
Electro-competent cells were prepared as per the protocol from Current Protocols in Molecular
Biology (Wiley InterScience) manual. 1 — 50 ng of plasmid was added to 80 — 100 pl of
competent cells and incubated on ice for 5 — 10 min. Electroporation was done at constant
voltage of 2500 V (Micropulser Electroporator, Bio-Rad) and cuvette was immediately placed
back on ice for 1 min followed by addition of LB or SOC (SOB + 100 mM Glucose) media was
added to 1 ml and mixture incubated at 37 °C for 1 h. Appropriate dilutions were prepared before
plating out on antibiotic selection plates.

2.2.4 Cell Culture and transfection
293T and COS7 cells were cultured in GlutaMax DMEM (Dulbecco’s Modified Eagle’s
Media) (Invitrogen, Carlsbad, CA, USA) media supplemented with 10% FBS (Fetal Bovine
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Serum) (Invitrogen, Carlsbad, CA, USA) 100 pg/ml penicillin and 100 pg/ml streptomycin
(Invitrogen, Carlsbad, CA, USA) and 1X MEM sodium pyruvate (Gibco, Invitrogen). HelLa cells
were cultured in GlutaMax DMEM (Invitrogen) supplemented media with additional 1X non-
essential amino acids. Cell lines were maintained at 37 °C in 5% CO; environment. Transfections
were performed using nucleic acid transfecting reagents Lipofectamine 2000 (Invitrogen
Carlsbad, CA, USA) and FUGENE 6 (Roche, Indianapolis, IN) as per the manufacturer’s
specifications.

2.2.5 Western blotting and Bradford protein quantification

Reagents

Blot transfer buffer: 25 mM Tris/HCI pH 8.3
192 mM Glycine
20% Methanol

PBS: 10 mM sodium phosphate pH 7.4
150 mM NacCl

Proteins were separated on 12% resolving SDS-polyacrylamide gel at 200 V constant for
45 min and transferred onto transfer buffer equilibrated nitrocellulose or 100% methanol
activated PVDF membrane (Amersham) by wet transfer method (Bio-Rad). Membrane was
blocked with 8% non-fat milk (NFM) in PBS-T (PBS; 0.1% Tween-20) for 1 h at room
temperature, washed with PBS-T three times for 10 min each followed by incubated with
primary antibody (diluted in 2% NFM prepared in PBS-T) for additional 1 h at room
temperature. After primary antibody binding, membrane was washed as above and incubated
with HRP-conjugated secondary antibody for 1 h at room temperature. Membrane was washed
again with PBS-T three times for 10 each at room temperature. Membrane was partially dried
with Whatman paper to prepare for the development. Western blot was developed using
chemiluminescent method with ECL Plus™ or Lumigen LMA 6 reagents (GE Healthcare, UK)
as per the manufacturer’s specifications on Kodak X-ray film development station in dark room.
For stripping and re-probing of membranes, Restore Western Blot Stripping Buffer (Peirce;
Thermo Scientific) was used to strip the membranes at room temperature for 30 min followed by
washing three times in PBS.
Protein quantification was done with Bradford assay using Bio-Rad Bradford reagent with at
least three independent replicates for each sample. BSA (Bio-Rad) was used as standard (20 —
140 ug) for protein quantification. Samples were incubated at room temperature for 5 min in
Bradford reagent and absorbance reading taken at 595 nm as per the manufacturer’s protocol
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(Bio-Rad). Reading were averaged and plotted against BSA standard to estimate the protein

concentration.

2.2.6 Co-immunoprecipitation (Co-1P)

Reagents
RIPA lysis buffer: 50 mM Tris/HCI pH 7.4
(Radio-Immunoprecipitation Assay) 1% Triton

150 mM NaCl

1 mM EDTA
Leupeptin: 1 pg/ml (final conc.)
Aprotinin: 1 pg/ml (final conc.)
PMSF: 1 mM (final conc.)

Mini complete protease inhibitor: 1 tablet/30 ml

Cells were cultured in 100 mm dishes for 24 h before transfection. Whole cell protein
lysates were prepared using RIPA complete lysis buffer, with leupeptin and aprotinin (1pg/ml
each), freshly prepared 1mM PMSF (Phenyl Methane Sulphonyl Fluoride, a serine protease
inhibitor) dissolved in DMSO and Mini-complete Protease Inhibitor (Roche). Lysates were
immunoprecipitated overnight at 4 °C with agarose or spherose conjugated antibodies.
Immunoprecipitates were captured by pulse centrifugation at 4 °C (20 sec at 10,000 x Q).
Supernatant was discarded and beads were washed with ice-cold RIPA buffer 4 times for 3 min
each. After final wash beads were resuspended in 30 pl of 5X SDS loading buffer and boiled at
95 °C for 4 min.

2.2.7 Apoptosis induction

Apoptosis was induced with either 100 uM of etoposide, a topoisomeras Il inhibitor, for
16 — 24 h, or staurosporine (STS; 1 uM), a non-specific kinase inhibitor for 4 — 10 h. Cultured
and transfected cells were initiated to undergo apoptosis following treatment with either
etoposide or staurosporine, which specifically block essential activities of cells to bring them into
the stress so that the execution apoptotic events do occur.

2.2.8 Ubiquitination in vivo assay

HeLa cells were cultured in 100 mm dishes for 24 h before transiently transfected with
mentioned plasmids. Lipofectamine 2000 (Invitrogen) was used for transfection. Cells were
allowed to express the respective transfected genes for 24 h followed by treatment with 20 uM
MG132 (Z-Leu-Leu-Leu-aldehyde; cell permeable proteosome inhibitor) (Sigma) prepared in
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DMSO, for 8 or 12 h. Cells were harvested and whole cell lysates prepared in RIPA complete
lysis buffer with protease inhibitor (Mini Complete, Roche), 1ug/ml Leupeptin (N-acetyl-L-
leucyl-L-leucyl-L-argininal; a serine/cysteine protease inhibitor) (Sigma), 1ug/ml Aprotinin (a
serine protease inhibitor protein) (Sigma) and freshly prepared 1mM (final concentration) PMSF,
prepared in DMSO. Lysates were subjected to immunoprecipitation over night in cold room
followed by 3 — 5 times washing with RIPA buffer to get rid of non-specific bound materials.
Immunoprecipitates were mixed 30 pl with 5X SDS loading buffer (Bio-Rad), heated at 95 °C
for 5 min and loaded onto SDS polyacrylamide gel (12%) followed by western blotting as
described in section 2.2.5.

2.2.9 Caspase inhibition assay

Caspase inhibition assays were performed as described previously (KARLSSON et al.,
2004; KARLSSON J., 2004). The COS7 cells transfected with respective plasmids were cultured
for 24 h before treating with 40 uM each of pan-caspase (ZVAD-FMK), caspase 8 (Z-LETD-
FMK), caspase 8 (Z-LEHD-FMK) or caspase 3 (Z-DQMD-FMK) inhibitors. 12 h later apoptosis
was induced by addition of 1 puM staurosporine (Sigma) to culture media of respective
experimental plates. Caspase inhibitor concentration was kept to a maximum of 40 uM, as higher
concentrations have been reported to also inhibit Calpain (WATERHOUSE et al., 1998;
BLOMGREN et al., 2001; BLOMGREN K., 2001), a family of calcium dependent, non-
lysosomal cysteine proteases, which are vital for functions such as cell division, cell motility and
cell specific signal transduction functions (GOLL et al., 2003). Cell lysates were prepared as
described in section 2.2.5. Protein amounts from each lysate were normalized by Bradford assay
(section 2.2.5). Samples were loaded on 12% SDS gel followed by blotting onto nitrocellulose
membrane (Amersham). Western was done with anti-GFP and anti-Flag antibodies as described

in section 2.2.5.

2.2.10Caspase 3 cleavage assay of subunit d and C of V-ATPase

Reagents
1X Reaction buffer: 50 mM Hepes, pH 7.4
100 mM NacCl
1 mM EDTA
10 mM DTT
0.1 % CHAPS
Blot transfer buffer: 25 mM Tris base

192 mM Glycine
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TBSN buffer: 20 mM Tris/HCI pH 7.5
500 mM CacCl2
Reaction buffer APP: 50 mM Tris/HCI
100 mM NacCl
50 mM MgCl;

NBT stock solution I: 75 mg/ml NBT (Nitro Blue Tetrazolium)
70 % DMF (Dimethylformamide)

BCIP stock solution 1l: 50 mM BCIP (5-bromo-4-chloro-indolyl phosphate) in 100% DMF

Pure recombinant subunit d and subunit C proteins of yeast V-ATPase were used for the in
vitro digestion reaction, using recombinant caspase 3 enzyme (Sigma, St. Louis, USA). 0.5 U of
enzyme was supplemented in a reaction volume of 10 pl containing 10 — 30 pmoles of substrate.
Reaction was properly mixed and tubes were sealed with parafilm and incubate at 37 °C for 1 —
10 h. For His-pull down, the reaction mixture was incubated with 100 pl Ni?*-NTA beads at 4 °C
at a constant rotation on rotator (Neolab). Beads were washed 2 times with reaction buffer and
resuspended in 20 pl SDS loading buffer and heated at 95 °C for 15 min. Beads were spinned
down by centrifugation at 14,000 x g for 5 min and supernatant was loaded onto 17% SDS gel.
Protein was transferred onto nitrocellulose membrane by semi-dry blotting procedure at a
constant voltage of 1 VV/cm? for 1 h. Prior to transfer the membrane was pre equilibrated in
transfer buffer for 5 — 10 min. Membrane was stained with reversible Ponceau S stain (0.2%
Ponceau S; 3% TCA) to confirm the transfer and prepare the membrane for antibody probe.
Ponceau S stain was complete removed with TBSNT (TBSN; 0.05% Tween-20) buffer wash.
Membrane was blocked with 3% gelatin in TBSNT at room temperature for 1 h and washed with
TBSNT buffer three times for 5 min each. AP-conjugated Ni**-NTA (Qiagen) was incubated
with membrane for 1 h in TBSNT 1% gelatin buffer (1:1000 dilution) at room temperature or
overnight in cold room at constant shaking. The blot was developed by standard procedure using
45 pl of NBT stock solution | and 35 ul of BCIP stock solution Il in 10 ml of total reaction
buffer APP. The blot was developed away from direct light and immediately dried and scanned.

2.2.11 Protein production
2.2.11.1 Induction test

Reagents
4X Lysis buffer: 250 mM Tris/HCI, pH 6.8

9.2 % SDS
40 % Glycerol
0.2 % Bromophenol Blue
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At least 5 — 10 single colonies were randomly picked from selection plates and grown to
ODggo 0f 0.6 - 0.7 at 37 °C and constant shaking at 170 — 200 rpm on Infors HT Minitron shaker.
Protein induction was initiated by the addition of 0.5 — 1 mM IPTG, depending on the
characteristics of protein being produced and the conditions that have been optimized for
respective protein, for 2 — 3 h at 30 — 37 °C. Respective controls were left uninduced under
identical conditions. Cells were pellet down and resuspended with 50 pl of 1X lysis buffer in
presence of 1 mM DTT. Resuspended cell mass was heated at 95 °C for 5 min and 15 — 20 pl of
each sample was loaded onto a 17% SDS polyacrylamide gel. A representative induction gel is

shown below in figure M2.

Subunitd SubunitE, 5 | Subunit E3y 533 | Subunita; -

- = - =k - =+ - =+

Figure M2. Induction test: uninduced (-) and induced (+) samples
from few representative proteins used in the current study.
Induction was done with 0.5 — 1 mM IPTG at 37 °C. Whole cell
lysate was prepared by heating cells in 1X lysis buffer at 95°C for 5
min and followed by electrophoresis on a 17% SDS gel.

2.2.11.2 Solubility test

Reagents

IM Pefabloc™®
100 mM PMSF
1.25M DTT
After successful induction of proteins with appropriate concentration of IPTG at the

optimized temperature and shaking conditions, solubility of the produced proteins was tested in
various buffers as shown below. 50 ml of culture was grown and induced with IPTG. Cells were
pellet down into 5 equal fractions by centrifuging at 10,000 x g for 10 min. Freshly prepared
protease inhibitors Pefabloc®® (2 — 8 mM) in water and/or 1 — 2 mM PMSF (dissolved in
isopropanol) were added. Reducing agent such as DTT (1 mM) or [-mercaptoethanol (1 mM)
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were used in some preparations. Resuspension was sonicated at 20% power with KE 76 tip of
sonicator (Bandelin Sonoplus) three times for one min each with a cooling interval of two min
between each cycle. Supernatant was then separated from the pellet by centrifugation at 10,000 x
g, transferred to a fresh tube and pellet resuspended in the same buffer. All the steps were carried

onice. 10 — 15 pl of pellet and supernatant were loaded onto a 17% SDS gel.
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Figure M3. Solubility test: A 17% SDS gel showing
solubility test results from a representative protein, E; .
Pellet (P) and supernatant (S) in various buffers is shown on
the gel representing preponderance of protein in the
supernatant of various buffers.

2.2.12  Protein production and purification of subunit d and subunit a
2.2.12.1 Subunit d (Vma6p)

VMAG gene inserted into Hiss-pET-9d vector was transformed into either BL21 or
Rosetta-gami'™ 2 (DE3) E. coli cells for initial protein expression. Rosetta-gami'™ 2 cells
expressing VVma6p (subunit d) were used for subsequent studies described here. Rosetta-gami' "
2 cells have combined features of Rosetta 2 and Origami 2 containing rare tRNA codons used by
eukaryotic protein and enhanced disulphide formation. Since subunit d is a yeast eukaryotic
protein and has six cysteine residues so Rosetta-gami'™ 2 was the most appropriate host for
expression. Following growth of Hiss/subunit d to an optical density of 0.6 — 0.7, protein
expression was induced by the addition of IPTG to a final concentration of 1 mM and the
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temperature dropped to 30 °C for 3 — 4 h. Cells were harvested by centrifugation at 8,000 x g for
15 min and immediately frozen with liquid nitrogen to stored at -80 °C.

The process of protein purification was started by dissolving cells in 50 mM Tris/HCI; 500 mM
NaCl; pH 7.5. All the steps proceeded on ice with minimum time delays. 1 mM DTT and 4 mM
Pefabloc®® used as reducing agent and protease inhibitor, respectively. DNAase was added to the
preparation involving larger cell mass. Cells were sonicated at 50% power with KE 76 tip for
three times of one min each with a gap of two min between each cycle. Lysate was clarified by
centrifugation at 10,000 x g for 35 min and by passing through a 0.45 pm syringe filter.
Appropriate amount of Ni*-NTA matrix (Qiagen) to cell ratio was equilibrated with buffer,
mixed with clarified lysate and incubated at 4 °C for 3 h on a Neolab rotator. His-tagged protein
was eluted with an imidazole gradient (25 — 200 mM), prepared in 50 mM Tris/HCI; 500 mM
NaCl; pH 7.5, by gravity flow at 4 °C in presence of appropriate protease inhibitors (Pefabloc®®).
Elution was done in tubes containing 10 mM EDTA. 20 ul from each fraction was loaded onto
SDS gel to check the fractions containing protein of interest. ldentified fractions, containing the
protein were pooled together, concentrated using YM30 (30 kDa cut-off) centricon and
subsequently diluted 10 times with 50 mM Tris/HCI; pH 7.5 and applied to Source™ 30Q ion-
exchanger column at a constant flow rate of 2 ml/min in buffer A (50 mM Tris/HCI; 50 mM
NaCl; pH 7.5). The protein was eluted with a linear gradient of buffer B (50 mM Tris/HCI; 1M
NaCl; pH 7.5). Main peak-half fractions were pooled and concentrated to required volume and
checked for purity on a SDS PAGE. All SDS gels were stained with Coomassie Brilliant Blue
R250. Protein concentration was determined by BCA assay as per manufacturer’s instructions.
The same procedure was followed for the expression and purification of other subunit d

constructs such as dq1-345

2.2.12.2 Subunit a;-3gs

Subunit aj;.3gg containing N-terminal His-tag was produced by over expression in
Rosetta-gami' ™ 2 cells and purified using the 2-step protocol as described above in section
2.2.12.1. The first step involved enrichment of His-tagged subunit a;.3gs protein by specifically
binding to Ni**-NTA matrix and the second step employed ion-exchange chromatography using
Resouce™ Q column (GE Healthcare), to get rid of remaining impurities, as described above in

section 2.2.12.1. ldentical set of buffers were used as mentioned in section 2.2.12.1.
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2.2.13 Protein quantification by BCA

The protein concentration estimation was done by bicinchoninic acid assay (BCA; Pierce,
Rockford, IL, USA) as per the manufacturer’s instructions. BSA (0 — 250 pg/ml) was used as
standard. Each dilution of protein was measured in triplicate. Optical density was measured at
562 nm against blank.

2.2.14 Circular dichroism (CD) spectroscopy of proteins and peptides

Circular dichroism spectroscopy measures the difference between the absorption of right-
and left handed circularly polarized light, arising due to the symmetry of particular molecule
under consideration. Circular dichroism can be used to determine the secondary structure
contents of protein in far — UV range where peptide bond acts as active chromophore. | measured
steady-state CD of proteins in 0.1 mm quartz Hellma cell (60 pl volume) at 18 °C on
CHIRASCAN spectropolarimeter (Applied Photophysics) instrument at a step resolution of 1 nm
from 180 — 260 nm far UV range of spectrum under continuous purging of N, gas. Protein
samples were buffer exchanged, reduced or oxidized by appropriate protocols before
measurements. Each protein sample was measured in triplicates at a concentration of 2 mg/ml
and buffer reading were taking before and after protein sample. Averaged buffer base line was
subtracted from average protein values using in built Chirascan software. Initial millidegree units
were converted into mean molar residue ellipticity with the help of Chirascan software by giving
appropriate cell path length, molecular weight, number of amino acid residues and protein
concentration values. Final plotting was done in MS Excel (2003).

2.2.15 Determination of molecular weight by size exclusion chromatography

A standard set of proteins (GE Healthcare) of known molecular weight were used to
calibrate the Superdex S75 (10/30) gel filtration column. Standard proteins and their respective
molecular masses are BSA (67 kDa), ovalbumin (45 kDa), B-cymotrypsinogen (25 kDa),
ribonuclease A (13.7 kDa). All proteins were chromatographed at identical conditions and
constant flow rates (0.5 ml/min). The K,, parameter was determined (Kay = (Ve — Vo)/(Vi — Vo);
where V. represents the elution volume, V, the void volume, and V; the total bed volume). The
Kav values for standard proteins were plotted as a function of the logarithm of molecular mass,

and the resulting calibration curve was used to derive the molecular mass of Vma6p (subunit d).
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2.2.16 Intrinsic tryptophan fluorescence spectroscopy

Intrinsic fluorescence of protein can arise from aromatic residues tryptophan, tyrosine
and phenylalanine (Figure M4A-B). Intrinsic fluorescence act as valuable native tools that can be
used to monitor the structural and environmental changes in proteins. Tryptophan is most
commonly monitored for native florescence because of its much stronger intensity and higher
quantum yield than tyrosine and phenylalanine (Figure M4A-B). All tryptophan fluorescence
experiments were measured at 20 °C in a Varian Cary Eclipse spectrofluorimeter with an
excitation at 295 nm and emission from 310 — 380 nm. Excitation and emission band passes were
set to 5 nm. An average of at least three readings from each sample was used to subtract from

respective buffers.
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Figure M4. Native protein fluorescence. (A) Characteristic fluorescence spectrum of aromatic residues (B)

life  time in  nanoseconds, absorption and emission  wavelengths are given in

nanometers (http://dwb.unl.edu/Teacher/NSF/C08/CO8Links/pps99.cryst.bbk.ac.uk/projects/gmocz/fluor.htm).
2.2.17 Disulphide bond formation analysis in subunit d
2.2.17.1 CuCl; cross-linking

To induce zero length disulphide bond cross-linking protein was treated with 100 uM

CuCl, for 30 min rotating (Neolab rotator) at 4 °C. The reaction was terminated by addition of
EDTA to a final concentration of 1 mM. Sample was mixed with DTT free 3X SDS loading

buffer (Bio-Rad) and observed for cross-links on Coomassie stained SDS gel.
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2.2.17.2 TMR and NEM fluorophore labeling, tryptic digestion and MALDI-TOF analysis
Subunit d protein samples were labeled with either TMR (Tetra Methyl Rhodamine;
486.91 Da) or NEM (N-ethyl Maleimide; 125.13 Da) fluorophore dye for 30 min in cold room in
dark to avoid the bleaching. TMR and NEM are the thiol-reactive dyes which do bind to the

cysteine residues. The reaction was setup using 4 pg of subunit d protein in presence of 1 uM
final concentration of TMR or NME in 50 mM Tris, 300 mM NaCl, pH 7.5 buffer. To probe for
the cysteine residues involved in cross-link formation by CuCl,, labeled subunit d was digested
and analyzed by MALDI-TOF and a map of peptides was generated to identify the possible
disulphide linked peptides. The band of subunit d treated with CuCl,, DTT and TMR,
respectively, was cut from the gel and destained overnight with a solution of 50 mM ammonium
bicarbonate, 40% ethanol. The protein was digested in gel with trypsin (Promega) according to
Roos (ROOS et al., 1998) except that the bands had been washed three times with acetonitrile
before drying them in a speed vacuum concentrator. Digested samples were desalted with a
ZipTipcis (Millipore) and eluted with CHCA- (10 mg/ml a-cyano-4-hydroxycinnamic acid in
50% acetonitrile, 0.1% trifluoroacetic acid) or FA- (8 mg/ml 3-methoxy-4-hydroxycinnamic acid
in 50% acetonitrile, 0.1% trifluoroacetic acid) matrix solution. 1-2 ml of matrix-analyte solution
was spotted onto the MALDI plate and allowed to dry (HONG-HERMESDORF et al., 2006).
Peptide mass mapping was performed by matrix assisted laser desorption-ionization/time-of-
flight mass spectrometry (MALDI-TOF MS) using a Voyager-DE STR Biospectrometry
Workstation) at Protein and Proteomics Center, NUS (Singapore). The peptide map was acquired
in reflectron positive-ion mode with delayed extraction at a mass range of 900 — 8 000 Da. The
instrument was calibrated using a calibration mixture (Applied Biosystems). For interpretation of
the protein fragments, the PEPTIDEMASS (MARC R. WILKINS, 1997) program available at

Expasy web site (www.expasy.ch/tools/peptide-mass.html) was used.

2.2.18 Small angle X-ray scattering (SAXS) and data analysis

The synchrotron radiation X-ray scattering data were collected by A/Prof. Gerhard
Griber, following standard procedures on the X33 beam line (BOULIN et al., 1986; BOULIN et
al., 1988) of the EMBL Hamburg on the storage ring DORIS |11 of the Deutsches Elektronen
Synchrotron (DESY) using a MAR345 image plate with online readout (MarResearch,
Norderstedt, Germany). The scattering patterns from subunit d at protein concentrations of 0.8
and 12.7 mg/ml were measured using a sample - detector distances of 2.4 m, covering the range
of momentum transfer 0.1 <'s < 4.5 nm™ (s = 4n sin(8)/A, where 6 is the scattering angle and A =
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0.15 nm is the X-ray wavelength). A sample volume of 60 m was disposed in a small cuvette
(Imm thickness) with thin polystyrene windows (20 nm) and two repetitive measurements of
120 sec of the same protein solution were performed in order to check for radiation damage. No
aggregation was found during the initial 120 sec exposure. The data were normalized to the
intensity of the incident beam; the scattering of buffer was subtracted and the different curves
were scaled for concentration. All the data processing steps were performed using the program
package PRIMUS (KONAREYV et al., 2003). The forward scattering 1(0) and the radius of
gyration Ry were evaluated using the Guinier approximation (GUINIER and FOURNET, 1955)
assuming that at very small angles (s < 1.3/Rg) the intensity is represented by I(s) = 1(0) exp(-
(ng)2/3). These parameters were also computed from the entire scattering patterns using the
indirect transform package GNOM (SVERGUN, 1994), which also provide the distance
distribution function p(r) of the particle. The molecular mass of subunit d was calculated by
comparison with the forward scattering from the reference solution of bovine serum albumin
(BSA).

Low resolution models of the d subunit were built using two ab initio methods. The program
DAMMIN (SVERGUN, 1992; SVERGUN, 1994) represents the protein shape as an ensemble
of M>>1 densely packed beads inside a search volume (a sphere of diameter Dnax). Each bead
belongs either to the protein (index=1) or to the solvent (index=0), and the shape is thus
described by a binary string of length M. Starting from a random string, simulated annealing
(SVERGUN, 1992) is employed to find a compact configuration of beads minimising the

discrepancy c between the experimental le(s) and the calculated lcac(S)curves:

N-1%5g s(s) ¢

where N is the number of experimental points, c is a scaling factor and s(s;) is the experimental
error at the momentum transfer s;.

In a more versatile ab initio approach implemented in the program GASBOR (SVERGUN et al.,
2001) the protein is represented as a collection of dummy residues (DR). Starting from randomly
positioned residues, a chain-compatible spatial distribution of DR’s inside the search volume is
found by simulated annealing. The DR method permits an enhanced resolution, but the number
of residues must be known a priori. For the subunit d ten GASBOR reconstructions were
performed using 350 amino acid residues. These ten independent models were analyzed using

the programs DAMAVER (SVERGUN et al., 2001) and SUBCOMB (SVERGUN et al., 2001).
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These packages align all possible pairs of models and identify the most probable model giving
the smallest average discrepancy with the rest. An averaged model is computed by aligning all
other models with the most probable one, computing the density map of beads and drawing the
threshold corresponding to the excluded particle volume. The DAMMIN and the GASBOR
approach resulted in similar models and the averaged DR model was used for further
interpretations.

In order to compare the experimental data of subunit d with the atomic structure of the stalk
subunit C of the AjAo ATP synthase from T. thermophilus, the SAXS parameters of the high
resolution model of subunit C (PDB entry 1r5z) (BERNSTEIN et al., 1977) were extracted from
its structure using the program CRYSOL (SVERGUN et al., 1995).

2.2.19 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance is a power technique to study the structural and functional
aspects of macromolecules such as proteins. NMR can be used to determine the structure of
protein in solution and to study biochemical and biophysical properties such as protein-ligand
interaction to demonstrate new binding partners as well as to map the binding regions down to
single amino acid level. Specific nuclei such as hydrogen, one of the most receptive and
abundant NMR active nuclei besides other isotopes such as *°*N, *C, *'P etc. can be observed in
magnetic resonance. Any nuclei having odd number of protons and neutrons, which exhibits net
intrinsic magnetic momentum and angular momentum, can be defined as NMR active. All the
NMR experiments were collected on Bruker Avance 600 or 700 MHz machines at NTU NMR
core facility.

2.2.19.1 N single and *C *N double labeling of proteins

Reagents:

Minimal Media (M9): 42 mM Na;NPQO,
22 mM KH,PO4
8.5 mM NacCl
1 g/L ®*NH,CI
0.1 mM CacCl,
2 mM MgSO,4
10 g D-Glucose
30 uM FeCl3
5 ng/l Thiamin
Antibiotic
LB Media
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For NMR experiments, either single (**N) or double (*}C *°N) labelled recombinant
proteins were produced in E. coli BL21 (DE3) and purified as explained above using established
protocols. Following protocol was used for growing the cells in M9 minimal media. 50 ml of
overnight culture was pellet down at low centrifugal force at room temperature and washed two
times with LB media following a final wash in 1X M9 media and resuspended in 10 ml M9. 1 ml
of final resuspension was inoculated per 500 ml and cells were shaken at 37 °C till an ODggo of
0.6 - 0.7 was achieved and culture was induced with 1 mM IPTG for 3 — 5 h or alternatively
induced overnight at 25 °C. Cells were harvested and frozen in liquid nitrogen and stored at — 80
°C till purification.

2.2.19.2 One dimensional (1D) 'H and multi- dimensional (2D, 3D) “C-N NMR

spectroscopy

1D NMR spectrum of various proteins was collected at temperatures ranging from 288
K to 298 K on core facility Avance 600 or 700 MHz instruments (Bruker, Billerica, MA).
Unlabeled or labelled protein sample in appropriate buffer such as phosphate (pH 6.8) was used
in presence of 10 % D,0 (v/v) to record the spectrum. Protein concentration varied from 100 to
500 uM. In multi-dimensional experiments, °N labelled proteins in 90% H,0O and 10% DO in
25 mM PO, (pH 6.8) buffer was used to collect 2D spectrum such as HSQC (Hetero nuclear
Single Quantum Coherence), which was used for assignment and binding studies in subsequent
stages of analysis and experiments, respectively. Other 2D experiments used in current studies
were 2D NOESY and 2D TOCSY for peptide data collection. Appropriate pulse calibrations and
other parameters including temperature, buffer, and protein concentration were optimized before
making final measurements. All spectra were recorded on in house cryo-probed Bruker Avance
600 or Bruker Avance 700 machines. *>N-*C labelled samples were utilized to collect 3D
spectra such as HNCO, HNCACO, CBCA(CO)NH, HNCACB, HNCA, 3D N -NOESY-
HSQC, H(CCO)NH in 10% (v/v) D;O lock signal. The 3D **N-NOESY-HSQC used mixing
time of 200 ms (tm=200ms). All experiments recorded made use of pulsed-field gradients for
coherence selection and artefact suppression utilizing gradient sensitivity enhanced schemes.
Quadrature detection in the indirectly detected dimensions was achieved using either the
States/TPPI (time-proportional phase incrementation) or the echo/anti-echo method. Baseline
corrections were applied wherever necessary. The proton chemical shift was referenced to the
methyl signal of DSS (2, 2-dimethyl-2-silapentane-5-sulphonate [Cambridge Isotope
Laboratories]) as an external reference to 0 ppm. The **C and °N chemical shifts were
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referenced indirectly to DSS. All the NMR data were processed using Bruker Avance
spectrometer in-built software Topspin and NMR pipe (F. DELAGLIO et al., 1995). Peak-
picking and data analysis of the Fourier transformed spectra were performed with the SPARKY
program (KNELLER and GODDARD, 1997).

To elucidate the 3D structure of the peptides such as a23ge-02, ARNO375.400 and ARNO375.400(phos);
data were collected on Bruker Avance at 600 MHz by dissolving appropriate amounts (1 — 2
mM) in 50 mM phosphate buffer pH 6.8 or MilliQ water and TFE-ds (2,2,2 Tri Fluro Ethanol,
deuteriated). 10% D,O was used to lock the NMR signal in each experiment. The one
dimensional (1D) and two dimensional (2D) *H NMR spectra including total correlation
spectroscopy (TOCSY) and nuclear overhauser enhancement spectroscopy (NOESY) were
obtained at the temperature of 288 K to 298 K proton frequency. TOCSY and NOESY spectra of
the peptide were recorded with mixing times of 80 ms and 200 — 400 ms, respectively. All the
NMR data were processed using Bruker Avance spectrometer in-built software Topspin. Peak-
picking and data analysis of the Fourier-transformed spectra were performed with SPARKY 3.1
program (KNELLER and GODDARD, 1997). Assignments were carried out according to
classical procedures including spin system identification and sequential assignment
(WUTHRICH, 1986). Dihedral angle restraints were calculated from chemical shifts using
torsion angle likelihood obtained from shift and sequence similarity (TALOS) (WUTHRICH,
1986) and over all secondary structures were predicted from the chemical shift index (CSI)
(WISHART et al., 1992) and NOE pattern. Structure calculations was done by using Cyana 2.1
or Cyana 3 program package which uses simulated annealing with molecular dynamics in torsion
angle space (HERRMANN et al., 2002 ). Final Cyana ensemble structures were visualized by
MOLMOL program (KORADI et al., 1996).

2.2.19.3 Binding studies with NMR

Interaction studies were performed between various proteins using highly precise and
reproducible technique of NMR. Binding studies with NMR have the advantage of monitoring
interactions at single amino acid level. *H-">N heteronuclear single quantum coherence (HSQC)
spectrum of labeled protein was used as starting point, recording the spectrum at optimized
condition, followed by addition of ligand protein in increasing amount at appropriate temperature
and buffer conditions, recording a series of *H->N heteronuclear single quantum coherence
(HSQC) spectra. Usually a constant amount (100 uM) of *N labeled protein was used, adding

unlabeled binding partner in increasing amounts to a molar ration of 1:1 — 1:2 in most cases and
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changes in chemical shift were monitored in HSQC spectrum. Experiment was performed on
Bruker Avance 600/700 machine using Topspin for acquisition and processing of spectra.
Respective spectra were overlapped to monitor chemical shift changes, further analysis were
done in SPARKY (KNELLER and GODDARD, 1997).

2.2.20 Florescence correlation and florescence cross correlation spectroscopy (FCS, FCCS)

binding studies

Fluorescence correlation spectroscopy was performed on a LSM-FCS system
(ConfoCor 3, Zeiss, Jena, Germany) and on a custom-built LSM-FCS system on Olympus®
FV300 at Biophysical Fluorescence Lab in NUS using TMR (Tetramethylrhodamin) labeled
subunit d and unlabeled subunit a;.3ss. The experiments have been performed in a collaborative
project with the cooperation of Dr. Pan Xiaotao from A/Prof. Thorsten Wohland’s laboratory at
NUS. The labeling experiments were done in 50 mM Tris, 300 mM NacCl, pH 7.5 buffer for 10
min at room temperature, reaction was stopped by the addition of 1 mM DTT and excess of free
flurophores were removed by buffer exchanged. All steps were carried out in dark to avoid the
bleaching of dye. The 514 nm laser line of a 8 mW argon/2 ion laser was focused into the
aqueous solution using a water immersion objective (C-Apochromat 40/ 1.2 W, korr UL-Vis-IR,
Zeiss). FCS was performed on 30 pl droplets on Nunc 8 well-chamber cover glasses (Nunc,
Denmark). The following filter sets were used for TMR labeled subunit d: MBS (main beam
splitter): HFT514/633 (Hauptfarbteiler, main color splitter); EF (emission filter): none; EF2: BP
530-610 IR (band pass filter); DBS (dichroism beam splitter): mirror, DBS2: plate, DBS3:
Mirror. Pin hole size was kept at 90 pm? and laser transmission set to 6%.
The florescence cross-correlation experiments (FCCS) were done using TMR labeled subunit d
and Cys5 labeled subunit a;-3gs. Additional 633 nm laser line was used in the following beam
path: MBS: HFT514/633; EF (emission filter): none, EF2: BP 655-710 (band pass filter) IR. Out-
of-focus fluorescence was rejected by a 75 um pinhole in the detection pathway, resulting in a
confocal detection volume of approximately 0.25 fl. Fluorescence autocorrelation functions were
measured for 30 s each with twenty repetitions. Solution of 1 — 10 nM TMR and Cy5 in buffer
were used as references and for calibration of the ConfoCor 3 system. The determination of the
binding constants only required calculation of the relative amounts of free labeled subunit d with
the short diffusion time, in comparison with an increase of the diffusion time. The increase of the
diffusion time is caused by the increment of the size of the complex caused by the interaction
with subunit a;.3gg according to the Stokes—Einstein relation. Therefore, the diffusion time for
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free fluorescently labeled subunit d was measured independently using a one-diffusion-
coefficient model, and kept fixed during fitting of all the FCS data for subunit d and subunit
ai-3ss binding experiments. A standard autocorrelation two-diffusion-coefficient normalized
triplet model was used for fitting (FCS-LSM software, ConfoCor 3, Zeiss). The calculations
were performed using ConfoCor 3 software version 4.2, Microsoft Excel 2003, Igor Pro 6.0
(Wavemetrics Inc.) and Origin 7.5 (Origin Lab, Northampton, MA, USA).

2.2.21 Surface plasmon resonance (SPR) binding studies

Binding affinity of subunit a;-3ss with subunit d of V ATPase was determined by surface
plasmon resonance (SPR) at 25 °C using a Biacore 3000 instrument (Biacore AB, Uppsala,
Sweden) and the experiment was performed by Yin Hoe (A/Prof. Susana G. Shochat’s lab,
NTU). Subunit d was covalently immobilized on a carboxymethylated sensor surface (CM5,
research grade) using amine coupling chemistry. The surfaces were activated with 0.2 M EDC
(N-ethyl-N’-[3-(diethylamino) propyl] carbodiimide) and 50 mM NHS (N-hydroxysuccinimide)
for 7 min. The subunit d protein was coupled to the desired level and deactivation of the surface
was performed using 1 M ethanolamine-HCI (pH 8.5) for 7 min, at a flow-rate of 10 ml/min. The
reference surface was treated in the identical way as the ligand surfaces except that protein
injection was omitted. For the determination of Kinetic parameters, subunit a;.3gs was passed
above the reference and protein surfaces in duplicates of five to seven concentrations (60 — 1000
nM), in HBS (10mM Hepes buffer; pH 7.4, 150 mM NacCl; 3.4 mM EDTA and 0.005% P-20), at
a flow rate of 30 pl/min. Surfaces were regenerated using the same flow-rate by a 15 pl injection
of 50 mM NaOH. The level of immobilization was chosen to avoid mass transfer limitation in
the experiment. Sensorgrams were fitted using the simple 1:1 Langmuir binding fit model, the
association rate constants (ka) and dissociation rate constant (kd) were fitted simultaneously by
rate equation (1), and the equilibrium dissociation rate constant was calculated according to
equation (2). The BlAevaluation 4.1 software was used for data analysis.

AR/t = Ka X C X (Rmax = R) = Kd X R+ veve e el (1)

whereas C is the concentration of the analyte (e.g. subunit a in a/d binding) and R is the response

unit (RU).
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3. Results
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Apoptosis is a conserved mechanism of cell death which is regulated by the delicate
balance of pro- and anti-apoptotic factors in development and maintenance of tissue homeostasis
(ZHAOYU and EL-DEIRY, 2005). Defects in apoptosis may result in several physiological
disorders causing either excessive accumulation such as in cancer and restinosis or loss of cells
in AIDS, neurodegeneration, heart failure like diseases (REED, 2000). ARTS (Apoptosis
Related Protein in the TGF-b Signaling pathway), a member of Septin family of proteins, is the
novel and least characterized pro-apoptotic protein, which induces the cells to undergo apoptosis
in response to various extra-cellular stimuli (LARISCH et al., 2000; YOSSI et al., 2004). Septin
family of proteins are GTPases involved in a variety of cellular functions such as cytoskeleton
assembly, cellular morphogenesis and cell division (FIELD and KELLOGG, 1999; FATY et al.,
2002). ARTS also contains a P-loop motif (phosphate binding), which can act as potential
nucleotide binding domain (LARISCH et al., 2000). Livin or K/ML-IAP (Kidney/Melanoma
Inhibitor of Apoptosis Protein) (KASOF and GOMES, 2001), on the other hand, is a member of
IAP (Inhibitor of Apoptosis Protein) family of proteins and a key repressor protein of apoptosis,
preferentially expressed in melanoma cells, rendering them resistant to apoptosis (ASHHAB et
al., 2001; KASOF and GOMES, 2001). IAP is an emerging family of proteins which can
suppress apoptotic activity by directly binding to caspases (SALVESEN and DUCKETT, 2002).
However, under the circumstances when cells are marked to undergo apoptosis, the activity of
IAP must be abrogated to allow the initiation of cell death (MARTIN, 2002). Several pro-
apoptotic proteins have been found to promote apoptosis at least in part by directly inhibiting
IAPs (HOLLEY et al.,, 2002). The direct role of caspases in the cleavage of IAPs is also
reported, where caspases have been found to remove the inhibition barrier posed by XIAP (X-
linked Inhibitor of Apoptosis), an apoptosis suppressor (DEVERAUX et al., 1997).
Nevertheless, more detailed information is needed to complete the underlying mechanism
governing the regulation of 1APs in survival and death. Here, | describe the studies with human
ARTS and Livin proteins in apoptosis. The results of this chapter have been partially obtained in
an ongoing collaborative project with A/Prof. Wu Mian.

3.1.1 Livin does not act as E3 Ligase to ARTS

IAP family members such as XIAP (KAUR et al., 2005; MORIZANE et al., 2005) and
Livin (MA et al., 2006) have been reported to act as E3 ligase ( activity of RING domain) and
promote degradation of target proteins via ubiquitin proteosome pathway. Also, ARTS
regulation by XIAP (X-linked Inhibitor of Apoptosis Protein) has been recently found, where E3
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Ligase XIAP promoted the degradation of ARTS via ubiquitination proteosome pathway
(LOTAN et al., 2005). So to investigate if such E3 ligase active, Livin, does also promotes
ARTS degradation in vivo, | co-transfected GFP-ARTS and Flag-Livin vectors into the COS7
cells and 24 h post transfection, proteosome inhibitor, MG132 (20 uM, 8 h) was added, to allow
the accumulation of polyubiquitinated ARTS (Figure 1A). Cell lysates were immunoprecipitated
with anti-ARTS antibody and western blotting was done using anti-GFP antibody. The results
inferred from the figure 1A indicate that ARTS is ubiquitinated in vivo and MG132 causes
accumulation of ARTS polyubiquitinated forms. However, there was no further increase in
ARTS ubiquitination in the presence of Livin, rather a slight decrease was observed when
compared to ARTS alone control (Figure 1A). In a similar experiment, when Livin A RING,
lacking E3 ligase active RING domain, was co-transfected with ARTS, no significant changes
could be detected (Figure 1A). RING domain of Livin is essential for the E3 ligase activity
(VAUX and SILKE, 2005), which is responsible for ubiquitination of target proteins as well as
auto or self-ubiquitination of Livin. ARTS polyubiquitination has been known to regulate its
threshold levels in healthy cells, to maintain a normal cellular activity and prevent apoptosis
induction by excessive free ARTS in the cytoplasm of healthy cells (LOTAN et al., 2005). As
per these observations, ARTS must be degraded in healthy cells and prevented from degradation
in apoptotic cells so that it can promote cell death in cells that have been marked for death by
certain external or internal insult. To understand the degradation pattern of ARTS in apoptosis,
transfected cells were induced to undergo apoptosis by treating with STS (staurosporine; 1 M)
for 4 h followed by the addition of MG132 (20 uM) for additional 8 h. As shown in western blot
(Figure 1B), ARTS was not ubiquitinated in apoptotic cells. Again, in the conditions where
ARTS was co-transfected with Livin (wild type), Livin A RING (- RING domain) or Livin
C124A (BIR domain mutated, BIR domain is essential for anti-apoptotic activity of IAPS), no
significant changes could be observed (Figure 1B). Thus, the results point to the conclusion that
Livin did not act an E3 ligase and ARTS was prevented from ubiquitination during apoptosis.
However interestingly, a decrease in Livin levels was seen in the control lysate (GFP-ARTS +
Flag-Livin co-transfected cells), when equal amount of lysates were probed with anti-Livin
antibody, as shown in figure 1B (bottom panel; lane 3). However, no such decrease in Livin
levels was found in non-apoptotic condition (Figure 1A) (bottom panel; lane 3). A significant
decrease in Livin C124A mutant can be explained due to the instability of this mutant, because
C124 is critical for overall folding of Livin (MA et al., 2006), but downregulation in Livin levels

could not be explained. Following experiments were designed to understand this phenomenon.
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Figure 1. ARTS ubiquitination in vivo. (A) HelLa cells were transfected with GFP-vector control or co-
transfected with GFP-ARTS and either Flag-Livin or Flag-Livin A Ring. 24 h later cells were treated with MG132
(20 uM) for 8 h before harvesting. Whole cell lysates were subjected to IP with anti-ARTS antibody. In non-
apoptotic cells ARTS was found to be ubiquitinated and the presence of Livin did not enhanced ubiquitination
rather a slight decrease was observed in ARTS poly-ubiquitination patterns. (B) Culture HelLa cells were
transfected with mentioned plasmids and 24 h post-transfection cells were induced to undergo apoptosis by STS
(1 pM) treatment for 4 h. Results showed that ARTS ubiquitination was completely inhibited in apoptotic cells and
presence of Livin could not promote its degradation.

Lysate

WB: anti-Flag

3.1.2 Livin cleavage into 10 kDa fragment during ARTS-promoted apoptosis

To examine the Livin degradation phenomenon observed in section 3.1.1 in detail, HeLa
cells were co-transfected with GFP-ARTS (0.5 pg) plus Flag-Livin (2 pg) for 24 h when
apoptosis was induced with the addition of STS to the culture media at a final concentration of 1
HM. A 10 kDa cleaved fragment of Livin was detected in protein lysates of cells transfected with
ARTS plus Livin for 20 h and induced to undergo apoptosis by STS for 4, 6, 8 or 10 h as shown
in figure 2. However, cells transfected with Livin alone under identical conditions did not
produce the 10 kDa fragment, but depletion in Livin protein levels could be observed.
Appearance of Livin cleaved fragment in ARTS-promoted apoptosis and absence of such
cleavage pattern in native conditions (only Livin transfected cells) raises the possibility that
Livin might be degraded by different pathways in the presence and absence of ARTS. Cleavage
of Livin in apoptotic cells has been reported (NACHMIAS et al., 2003), where it was found that
after cleavage Livin not only loses its anti-apoptotic function but also gains a pro-apoptotic effect
(NACHMIAS et al., 2003). Livin has 14 aspartate residues in its protein sequence (Figure 2B),
which can act as preferred substrate sites for caspases (cysteinyl aspartate proteinases). Caspases
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do recognize and cleave their substrates at tetra-peptide sequences after conserved aspartate
residue at fourth position (SALVESEN and DIXIT, 1997). Potential caspase cleavage sites have

been indicated in figure 2B.
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Figure 2. Livin cleavage into 10kD fragments in ARTS apoptosis. (A) A 10 kDa fragment of
Livin was produced during ARTS induced apoptosis. COS7 cells transfected with GFP-ARTS (0.5
pg) and Flag-Livin (2 pug) were treated with STS for 4 — 10 h, respectively in individual plates
before harvesting (0 h represents untreated STS control) (B) Schematic representation of potential
caspase cleavage sites. Caspase 8 and 9 potential cleavage sites have been highlighted in boxes.
Remaining unconventional possible non-canonical sites have been marked by arrows only. Caspase
3 and 7 cleavage site is located at 52 residues position from NH, terminus (indicated amino acid
positions are roughly to the scale).
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3.1.3 Livin is degraded independent of ubiquitin-proteosome pathway

To probe the pathway involved in Livin degradation, two possibilities were taken into
consideration: first, self or auto-ubiquitination due to the presence of E3 ligase RING domain
(MA et al., 2006) and second one, the enzyme cleavage by the caspases (NACHMIAS et al.,
2003; YAN et al., 2006). Both mechanisms have been established by previous studies with |APs
(NACHMIAS et al., 2003; YANG and DU, 2004), however, not in the context of ARTS or
cellular apoptotic conditions. To examine these pathways, HeLa cells were co-transfected with
Flag-Livin plus either GFP-ARTS or GFP-vector (control) for 24 h when cells were treated with
MG132 (20 uM) for additional 12 h. To induce apoptosis, cells were treated with STS (1 uM)
for 4 h or left untreated before the addition of MG132. Cells were harvested and whole cell
lysates were prepared for respective experiments as described in method section 2.2.8 and
proteins were quantified by Bradford assay (section 2.2.5). These lysates were used for anti-Flag
immunoprecipitation followed by western blotting that was done using anti-Flag antibodies. The
results are shown in figure 3, where Livin was found to undergo auto (self)-ubiquitination in
non-apoptotic cells (Figure 3, lane 1), being slightly reduced in apoptotic (lane 2) and non-
apoptotic ARTS transfected cells (lane 3), with significant amounts of intact wt-Livin in all
three. Although Livin levels were slightly reduced in non-apoptotic cells in presence of ARTS in
comparison to other two lanes (lane 1 and 2), but in apoptotic conditions, most of the Livin was
depleted in presence of ARTS (lane 4), which was not accompanied by the appearance of extra
polyubiquitinated forms of Livin. Extra ubiquitination would be expected if it is degraded via

ubiquitin proteosome pathway.

+MGI32 (20pM)

Flag-Livin + + + +

GFP-ARTS - = + +
STS (1pM/4h) - + - +
Livin-(Ub) ,
IP: anti-Flag
‘WB: anti Flag
€= Flag Livin
¢3GFP-ARTS
Lysate
WB: anti-GFP &= GFP-Vector
— —

Figure 3. Livin degradation is independent of Ubiquitin-proteosome pathway. HelLa cells were
co-transfected with Flag-Livin plus either GFP-vector or GFP-ARTS and treated with 20 uM MG132
for 12 h. Further, cells were either left untreated or treated with 1 uM STS for 4 h as shown in figure.
Immunoprecipitation and western blotting was carried out with anti-Flag antibody.
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3.1.4 Caspase inhibitors can prevent Livin degradation

Results from section 3.1.3 indicated that ubiquitin-proteosome may not be involved in the
observed Livin degradation in the apoptotic cells (STS treated) that co-express Livin and ARTS.
To further examine the observed phenomenon of Livin degradation and the likely role of
caspases, COS7 cells were transiently transfected with Flag-Livin alone or with GFP-ARTS.
Cells were cultured for 12 h in the presence of various caspase inhibitors (pan-caspase and
specific caspase 3, 8 and 9 inhibitors) before apoptosis was initiated with STS for 4 — 10 h. The
concentration of caspase inhibitors was kept below 50 uM to avoid the inhibition of Calpain
(WATERHOUSE et al., 1998; BLOMGREN K., 2001), a family of calcium dependent cysteine
proteases vital for various cellular activities such as cell division and motility. Protein was
extracted as described in section 2.2.8 and quantified with at least three independent replicates
and analyzed by anti-Flag western blotting. In the first set of experiment, the general non-
specific caspase inhibitor, ZVAD-FMK, was added to the cells, transfected with Livin or Livin
plus ARTS for 12 h, then 1 uM STS was added for 0 — 10 h. Results in figure 4 revealed that
pan-caspase inhibitor can block Livin degradation and most of the Livin (> 90%) could be
recovered at 4 h time slot. About 50% of Livin could be prevented at 6 — 10 h following the STS

treatment.
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Figure 4. Caspase inhibitor ZVAD-FMK can block Livin degradation during ARTS induced apoptosis. (A)
COS7 cells were transfected with either Flag-Livin or co-transfected with GFP-ARTS and Flag-Livin. 24 h later
cells were treated with 40 uM pan-caspase inhibitor, ZVAD-FMK for another 12 h. 1 uM STS was added to induce
apoptosis in cells for 4, 6, 8 and 10 h (0 h represents no STS treatment). Livin levels were quantified by anti-Flag
western blot. Actin served as endogenous loading control. GFP western blot was used for GFP-ARTS expression
control. (B) Graph showing average relative percent of Livin protected from degradation with respect to control, in
the presence of pan-caspase inhibitor.
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Such observations are in conformity with the existing hypothesis for ARTS dependent apoptosis,
where ARTS is thought to release the IAP mediated inhibition of caspases. Activated caspases
do in turn target additional IAP molecules, as well as causing the release of other mitochondrial
factors such as Smac/DIABLO in the late stages of apoptosis, taking the execution a step ahead
(cover page) (LARISCH, 2004).

Inhibition in Livin degradation could be seen in presence of pan-caspase inhibitor, as shown in
figure 4. Further in this direction, specific inhibitors of caspase — 8 (Z-LETD-FMK), — 9
(Z-LEHD-FMK.TFA) and — 3 (Z-DQMD-FMK) (Figure 5) were used. Final concentration of all
the inhibitors were kept at 40 uM in individual plates for 12 h. Cells were harvested at 0, 4, 6, 8
and 10 h time intervals following the STS treatment. Normalized amounts of protein were loaded
from each sample into the individual lanes of SDS gel (12%) and analyzed by anti-Flag western
blotting. Following the use of specific inhibitors, caspase 8 inhibitor was found to be as efficient
as pan-caspase inhibitor at 4 h of STS treatment (Figure 5B) but degradation beyond 4 h was
much faster and could not be blocked efficiently. STS untreated Livin levels were considered as
100% and all figures are relative to it. Only 55% and 25% of the Livin was prevented from
degradation at 4 and 6 h respectively following treatment with caspase 9 specific inhibitor (Z-
LEHD-FMK.TFA), however almost 90% and 40% could be prevented from degradation in the
presence of caspase 8 specific inhibitor (Z-DQMD-FMK) (Figure 5A-C). Results in figure 5D
demonstrate that caspase 3 inhibitor was unable to prevent Livin down regulation at 8 and 10 h
following STS treatment, however, it can partially prevent at 4 h and 6 h time interval. Earlier
data about Livin cleavage by caspase 3, 7 and possibly caspase 9 do exist (NACHMIAS et al.,
2003; YAN et al., 2006), with additional recent reports supporting the fact that Livin might be
cleaved by non-canonical caspases (YAN et al., 2006), consistent with the results obtained here,
where Livin cleavage did show the involvement of more than one type of caspase. Such findings
have also demonstrated that endogenous Livin is cleaved into 29 and 10 kDa fragments during
apoptosis, abrogating its anti-apoptotic activity (NACHMIAS et al., 2003). Furthermore, a role
of endogenous ARTS cannot be ruled out in such observation. The results here also demonstrate
that Livin can be the target of more than one type of caspase during apoptosis in the presence of
pro-apoptotic ARTS.
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Figure 5. Inhibition of caspase 8 and -9 mediated Livin degradation in ARTS apoptosis. (A) Cells were
transiently transfected with Flag-Livin (control) or co-transfected with Flag-Livin plus GFP-ARTS. Transfected
cells were further treated with 40 uM each of caspase 8 inhibitor (Z-LETD-FMK) or caspase 9 inhibitors
(Z-LEHD-FMK.TFA) individually for 12 h followed by STS (1 uM) treatment for 4 — 10 h (0 h shows STS
untreated control). Western blot was done using anti-Flag antibody. (B — C) Diagrams shows the relative
percentage of Livin that could be prevented from degradation in the presence of specific caspase -8 and -9
inhibitors respectively.
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Figure 5 cont. Inhibition of caspase 3 mediated Livin degradation in ARTS apoptosis. (D) Results obtained
when Flag/Livin and ARTS co-transfected cells were cultured in the presence of caspase 3 inhibitor and induced to
undergo apoptosis for 4 — 10 h following treatment with STS (0 h is untreated control). (E) Bar diagram showing the
relative percentage of Livin levels with respect to control, when caspase 3 inhibitor is added.

3.1.5 Increased active caspase 7 (20 kDa) levels in apoptotic cell co-expressing ARTS and

Livin

Since no specific inhibitor of caspase 7 is available, the active caspase 7 (p20) levels were
examined in the COS7 cells transfected with Flag-Livin (control) or Flag-Livin plus GFP-ARTS
and treated with STS or left as untreated controls. Results inferred from figure 6 indicate that
active caspase 7 levels were up regulated in the apoptotic cells co-transfected with GFP-ARTS
and Flag-Livin compared to control cells (Livin or Livin + STS). No active caspase 7 was found
in Flag-Livin transfected non-apoptotic cells. The direct participation of caspase 7 in the
cleavage of Livin could not be confirmed due to the absence of caspase 7 specific inhibitor.
Nevertheless, caspase 7 may be the potential candidate of Livin cleavage in accord with its
established role in the cleavage of Livin at DHVD,) position (NACHMIAS et al., 2003;
NACHMIAS et al., 2007).
Role of caspases as the terminators of cellular structural and functional units during apoptosis is
well established. However, function of VV-ATPases in apoptosis; whether V-ATPase complex
structure is demolished by caspases, which subunits are targeted, remain unknown and an open
question to be explored. In this direction, I have identified an essential subunit (d) of V-ATPase

as a new substract of active caspase 3, as described below in section 3.1.6.
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Figure 6. Active Caspase 7 levels were up regulated during Livin/ARTS-promoted apoptosis. (A)
COST7 cells were transfected with Flag/Livin or Flag/Livin plus GFP/ARTS and samples were collected at 4
- 10 h after induction of apoptosis with STS (0 h is STS untreated control). Equal amount of proteins were
loaded and probed with anti-caspase 7 antibody. (B) Graphical representation of active caspase 7 levels
(p20) in ARTS and Livin co-transfected or Livin alone (control) transfected apoptotic cells.

3.1.6 Identification of subunit d of V-ATPase as caspase 3 target

V-ATPases do play vital role to maintain various physiological processes and regulate a
delicate balance of pH (FORGAC, 2007; KANE, 2007; GRUBER and MARSHANSKY, 2008).
Acidification of cells during apoptosis is a general feature, which does occur in response to both

extrinsic and intrinsic pathways of apoptosis and is believed to play critical role in the initiation
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of apoptosis and several anti-apoptotic agents act via alkalization of cytoplasmic pH
(GOTTLIEB et al., 1995; GOTTLIEB et al., 1996; LAGADIC-GOSSMANN et al., 2004).
Owing to the importance of V-ATPase function in maintaining delicate balance between cell
survival and death (apoptosis), | tried to identify the potential targets of caspases in this multi-
subunit complex (V1Vo ATPase). In the search of caspase 3 cleavage targets in the vacuolar
ATPase, | used in vitro digestion screening to test various subunits of this multi-complex protein.
Subunit d (THAKER et al., 2007) and subunit C (ARMBRUSTER et al., 2004; ARMBRUSTER
et al., 2005) are the two very important subunits of V1Vo ATPases which are involved in the
coupling of ATP cleavage to proton pumping as well as in the reversible disassembly, a
physiological regulatory processes of Vi1Vo ATPase (ARMBRUSTER et al., 2005; OWEGI et
al., 2006). Within V1V ATPase, both subunit d and subunit C are believed to be exposed onto
the surface which makes them readily accessible to mild proteolysis in clathrin coated vesicles
(ADACHI et al., 1990; VITAVSKA et al., 2003; ARMBRUSTER et al., 2005; HONG-
HERMESDOREF et al., 2006). Subunit d also remains associated with catalytic A subunit (SHAO
and FORGAC, 2004; THAKER et al., 2009) and stalk subunit G (RISHIKESAN et al., 2009)
forming a structural and mechanistic interface between V; and Vo domains (THAKER et al.,
2009). Such kind of arrangements within the whole complex make subunit d and subunit C an
attractive target for caspases to destabilize the whole complex, which can lead to loss of cellular
pH homeostasis and initiation of cell catastrophe by apoptosis.

Recombinantly produced and purified subunit Hiss-d (Chapter 3.2) (THAKER et al., 2007) and
subunit Hiss-C (ARMBRUSTER et al., 2005) (kindly provided by Ms Ying LI, former FYP
student in our lab) of yeast V-ATPase were used to test their susceptibility to caspase 3 enzyme
activity (section 2.2.10). Equal amounts of proteins were digested by caspase 3 followed by His-
pull down on Ni**-NTA column and subsequently western blotting of the eluant was done with
AP-conjugated Ni?*-NTA as described in section 2.2.10. The results obtained showed no
cleavage products of subunit d or subunit C (Figure 7). Interestingly, the densitometric analysis
of the western bands revealed that protein quantity in subunit d dropped by almost 40 percent
(Figure 7B-C), which was also observed on the ponceau stained membrane (Figure 7A).
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Figure 7. Caspase 3 mediated cleavage of subunit d. Equal amounts of recombinantly produced and purified
subunit d and subunit C was treated with caspase 3 or left untreated as control for three h at 37 °C, respectively,
followed by His-pull down on Ni?*-NTA column, western transfer onto nitro-cellulose membrane and ponceau
staining (A) and membrane was probed with AP-conjugated Ni**-NTA for His-detection (B). (C) The densitometric
quantitation (Quantity One software; Bio-Rad) of proteins after caspase 3 digestion with standard deviation shown
from two independent experiments.

Since no cleaved subunit d fragment could be detected during His-pull down experiments as
shown in figure 7 the digestion was repeated under identical conditions where subunit d was
digested for 3 h and 10 h respectively at 37 °C along with a negative control where no caspase 3
was added. In contrast to making His-pull down, reaction was stopped by the addition of 5x
SDS loading buffer and immediately loaded onto the 17% SDS gel and visualized by Coomassie
staining as shown in figure 8A. Similarly, under identical conditions subunit C was digested for
10 h and the reaction mixture was loaded onto a SDS gel as described for subunit d (Figure 8A).
Digestion of subunit d (Figure 8A) showed a prominent cleaved band running below the native
band (marked as cleaved subunit d in lane 3 — 4), whereas no digestion or degradation of protein
was observed in control experiment (Figure 8, lane 2). In contrast, no cleavage of subunit C
could be observed. These results indicate that subunit d is the target of caspase 3.
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Figure 8. Caspase 3 mediated cleavage of vacuolar ATPase subunit d and subunit C. (A)
Equal amounts of pure Hiss-subunit d protein were digested with caspase 3 for 3 and 10 h at 37 °C
(lane 3,4) or left untreated (lane 2) as negative control. Reaction was terminated with the addition
of SDS buffer and samples were loaded onto 17 % SDS gel and run at a constant current of 10 - 15
mA. Gel was stained with Coomassie stain for 10 min and then destained. (B) Equal amounts of
His-subunit C were digested with caspase 3 under identical conditions as described for subunit d
(lane 3) or left untreated as negative control (lane 2).

To further characterize the caspase 3 cleavage site in subunit d, N-terminal protein sequencing
was done at the Protein and Proteomics Centre (National University of Singapore). The protein
was digested for 10 h at 37°C and transferred onto a PVDF membrane at 70 V for 1 h as
described in section 2.2.10. Membrane was stained with Coomassie followed by thorough
destaining and drying. Results indicate that protein was cleaved at D50 from the NH,-terminus at
the sequence *’SSTD1IY®! (Figure 9). Caspases do cleave their targets at the tetra-peptide
sequences after aspartic acid residue at P4 position (EARNSHAW et al., 1999) and caspase 3
does recognize the classical motif DEVD in most substrates with strong tendency of aspartic acid
residue at P4 position (EARNSHAW et al., 1999). However, caspase 3 also recognizes motifs
with varying sequences known as non-canonical sites in diverse cellular substrates (KIPP et al.,
2000). In the search of identified subunit d caspase 3 motif, it was found that this motif is also
present in the Geminin protein, which is involved in the regulation of cell cycle and
differentiation, where it has been shown to be used as caspase 3 cleavage site (ROUKOS et al.,
2007). In subunit d, the identified motif, SSTD is therefore a non-canonical caspase 3 site.
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Figure 9. Schematic representation of the caspase 3 cleavage site in subunit d. N-terminal
sequencing of caspase 3 cleaved subunit d showed that recognition motif is present at D50 from
N-terminus and the actual sequence was formed by 47 SSTD 50 residues, which was recognized
and cleaved by caspase 3 as shown in the figure. Sequence of whole N-terminal fragment is
shown (BAUERLE et al., 1993; THAKER et al., 2007).
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Vacuolar ATPases are composed of several subunits which together form V; (subunits A-
H) and Vo (subunits a,d,c,c’,c’’) domains of the fully functional V1Vo complex (THAKER et al.,
2007; GRUBER and MARSHANSKY, 2008). Subunit d (BAUERLE et al., 1993; ZHANG et
al., 1994; NISHI et al., 2003; SMITH et al., 2005) is part of membrane embedded Vo, the proton
translocating domain. It is encoded by a single gene VMAG as the only isoform, known as Vma6p
(BAUERLE et al., 1993) with obvious absence of transmembrane anchors (BAUERLE et al.,
1993). This poorly characterized subunit remains firmly attached to Vo in functional reversibly
disassembled states (KANE, 1995) and can be removed from Vo upon harsh treatments alone (5
M urea or sodium carbonate at pH 11.5) (BAUERLE et al., 1993) suggesting that subunit d is a
bona fide part of Vo domain. However, precise contribution of subunit d to V1Vo ATPase
function is predominantly unclear, although it has been suggested to be essential for the coupling
of ATP hydrolysis and proton transport and functional assembly of Vi and Vo (NISHI et al.,
2003; OWEGI et al., 2006). Therefore, this subunit had been characterized using various
biophysical techniques giving important structural and biochemical insights.

3.2.1 Cloning, production, optimization and purification of subunit d (Vma6p

VMAG, the subunit d of Saccharomyces cerevisiae, was successfully cloned in modified
PET9-d1 expression vector (GRUBER et al.,, 2002) as described in section 2.2.2.3. Yeast
genomic DNA was used as template to PCR amplify the VMAG6 gene and clone into pET-9d1
expression vector as described in detail under 2.2.2.3. Since the amino acid sequence of subunit
d contains six cysteine residues, expression was carried in routinely used host BL21 (DE3) as
well as Rosetta-gami'™ 2 (DE3) E. coli strains. Rosetta-gami'™ 2 (DE3) carries additional
combined features of Rosetta 2 and Origami 2, containing rare t-RNA codons and enhanced
disulphide formation capability, respectively. Various optimization and screening tests revealed
that the protein is produced in high quantity and quality, when expressed in Rosetta-gami' "2
cells at 30 °C for 3 h with 1 mM IPTG (0.1 — 1 mM IPTG concentration was used to optimize
the expression level). Furthermore, a comparative study was done to determine the production
and solubility rates of subunit d in BL21 (DE3) and Rosetta-gami' V2 (DE3) E. coli strains,
which showed that higher quantities of native folded protein can be produced in Rosetta-

gami' ™2 cells (Figure 10).
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Figure 10. Comparative analysis of the Hiss-d production rate in BL21
and Rosetta- gami™ 2 cells. Induction and isolation of protein in the soluble
fraction from host BL21 DE3 and Rosetta-gami'™ 2 (DE3) is shown,
respectively. Equal amounts of cells induced under identical conditions were
analyzed. 50-100 mM imidazole fractions of Ni*-NTA are shown on a 17%
SDS gel.

Recombinant subunit d protein was purified as described under section 2.2.12.1. In the first step
of purification, Hiss-d protein was enriched by Ni**-NTA affinity chromatography and bound
protein was eluted with 0 — 200 mM imidazole gradient (Figure 11A). Distinct bands of subunit
d protein were identified in the fractions 75 mM to 125 mM on SDS gel (Figure 11A). To
remove residual minor contaminations and imidazole, protein was additionally applied onto an
anion-exchange column RESOURCE™ Q. Prior to injecting on the column, identified fractions
were diluted 10 times in 50 mM Tris/HCI, pH 7.5 buffer to a final NaCl concentration of 50 mM
for effective binding to the column material. Elution was done with a linear gradient of buffer A
(50 mM Tris/HCI, 50 mM NacCl, pH 7.5) and buffer B (50 mM Tris/HCI, 1 M NaCl, pH 7.5). A
single distinct and sharp peak around 28 — 33% of buffer B gradient (Figure 11B) contained
Hisz-subunit d/Vma6p. Peak half volume, as shown in figure 11B, was pooled, concentrated and
subsequently applied onto an SDS gel (insert; Figure 11B) to check the purity and quantity of the
recombinant protein. Analysis of the isolated protein by SDS polyacrylamide gel and MALDI
mass spectrometry revealed the high purity of this protein, and confirmed the sequence-based
predicted mass of 40.6 kDa, including the Hiss-tag (THAKER et al., 2007).
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Figure 11. Purification of subunit d. (A) Ni**-NTA purification of Hiss-subunit d/\VVma6p (2 g of Rosetta-gami ™ 2
cells) in 50 mM Tris/HCI, 500 mM NaCl, pH 7.5 buffer, elution was done with 0 - 200 mM imidazole. 15 pl of
sample was applied on a 17% SDS gel from each fraction. (B) Purification of protein by a linear gradient of NaCl on
anion exchange column Resource Q (6 ml). 50 - 100 mM Ni**-NTA fractions were pooled and applied at a constant
flow rate of 2 ml/min in buffer A (50 mM Tris/HCI, 50 mM NaCl, pH 7.5). Insert shows 1 pl of anion exchange
purified protein on 17 % SDS gel. (P=Pellet (insoluble fraction), FT=Flowthrough (unbound fraction)) (THAKER et
al., 2007).

3.2.2 Secondary structure and folding analysis of subunit d
3.2.2.1 One dimensional NMR analysis

One dimensional NMR spectrum of subunit d recorded in 25 mM phosphate buffer (pH
6.8) showed that the protein was nicely folded, as concluded from the characteristic pattern of
peaks and good dispersion of resonance lines amide protons (6 to 10 ppm), a-protons (3.5to 5
ppm), and uphill shifted methyl protons (-0.5 to 1.0 ppm) (PAGE et al., 2005) (Figure 12).
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Figure 12. One dimensional NMR spectrum of subunit d recorded at 288 K in 25 mM PO, buffer (pH 6.8)
on Bruker Avance 600 MHz machine. Nice dispersion of resonance peaks in HN region, a-protons and
uphill shifted methyl peaks are the characteristics of natively folded protein. Strong peaks at 4.7 ppm
represents water signal (THAKER et al., 2007).
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3.2.2.2 CD spectroscopy of subunit d

2 mg/ml of pure subunit d protein was used to record the CD spectrum from 190 — 260
nm (Figure 13A) as described above in section 2.2.14. The minima of at 222 and 208 nm and the
maximum at 192 nm indicated the presence of a-helical secondary structures in the protein.
Several computer based methods were used to analyze the raw data from measured CD spectrum
(PROVENCHER and GLOCKNER, 1981; ANDRADE et al., 1993; SREERAMA and
WOODY, 2000; PER et al., 2001). The calculated average secondary structure content was 58%
a-helix and 36% random coil. This result is in agreement with the predicted secondary structure
calculated from the primary amino acid sequence analysis, using online software package at
PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) (MCGUFFIN et al., 2000) (Figure 13B).
The molar ellipticity values at 208 nm and at 222 nm were 23621.5 deg cm?/dmol and 23658.3
deg cm?/dmol, respectively, in a ratio of about 1.0. Since non-interacting helices typically give
ratios of around 0.8, whereby interacting ones have ratios close to 1.0, the CD spectrum
indicated that many of the residues in subunit d were in a-helical interactions (THAKER et al.,
2007).
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Figure 13. CD spectroscopy of subunit d. (A) Subunit d (wt, 1-345 aa) CD spectrum measured at 18 °C in a Hellma
quartz cuvette (60 pl volume) on Chirascan spectropolarimeter (Applied Photophysics) at a step resolution of 1 nm in the
far UV range of the spectrum (THAKER et al., 2007) and (B) predicted secondary structure by online PSIPRED software,
which uses a position specific scoring matrices generated by PSI-BLAST for secondary structure calculation by a two
stage neural network algorithm (MCGUFFIN et al., 2000).

3.2.3 Determination of native molecular weight and overall dimensions of subunit d
3.2.3.1 Gel filtration of subunit d
To determine the native molecular mass and overall shape of subunit d, a calibration

curve of Kav values, a representative of size and elution volume factors, was generated for the
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proteins of known molecular mass as described in section 2.2.15. Subunit d under identical
conditions was eluted between BSA and ovalbumin as shown in figure 14A. Calculated Kav
values of standard proteins were plotted against logarithm of respective molecular masses as
plotted in figure 15B. Comparison of the Kav for d versus standards suggested a native
molecular mass of approximately 47 + 3 kDa (Figure 14) (THAKER et al., 2007).
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Figure 14. Native molecular mass determination of subunit d. (A) Elution profile of a set of standard
proteins used as molecular size markers were BSA (67 kDa; peak 1), ovalbumin (45 kDa; peak 3), -
chymotrypsinogen A (25 kDa, peak 4) and ribonuclease A (13.7 kDa; peak 5) against subunit d (peak 2) on a
Superdex S75 (10/30) gel filtration column. (B) Elution profile and column dimensions were used to
determine the Kav value as described in section 2.2.15. The Kav value of subunit d (Vma6p) is indicated by
blue diamond (THAKER et al., 2007).

3.2.3.2 Small angle X-ray scattering data of subunit d
SAXS pattern from solution of subunit d was recorded and processed as described under

section 2.2.18. Final composite curves are shown in figure 15. The initial portion of the
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scattering curve in the Guinier presentation is well approximated by a straight line (insert Figure
15A), suggesting that the protein is monodisperse. The radius of gyration Ry and the maximum
dimension Dpax Of subunit d are 2.74 £ 0.01 nm and 11 nm, respectively, revealing that d is an
elongated particle in solution and monomeric by comparison with the BSA standard at protein
concentrations of 0.9 mg/ml and 12.7 mg/ml for subunit d and 3 mg/ml for BSA. Comparison of
scattering curves of subunit d with standard protein BSA vyields an approximate molecular mass
of 46 £ 4 kDa in concordance with the gel filtration derived native molecular mass (section
3.2.3.1) (THAKER et al., 2007). Qualitative analysis of the distance distribution function
suggests that d consists of a major part yielding a principal maximum in the distance distribution
function, p(r) at around 3.1 nm (Figure 15B) whereas the separated protuberance domain giving

rise to a shoulder from 6.5 nmto 11 + 0.2 nm.
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Figure 15. SAXS data of subunit d. X-ray solution scattering (SAXS) composite curves of subunit d
recorded at 0.8 and 12 mg/ml concentrations in 50 mM Tris/HCI (pH 7.5), 340 mM NaCl either in the
presence or absence of 1 mM DTT. The experimental SAXS curve from subunit d (full circles with error
bars); scattering from typical ab initio model of subunit d (solid line) computed by the program GASBOR.
Insert shows Guinier plot with linear fit (A). (B) Distance distribution function curves of subunit d (full
line) and high resolution subunit C of T. Thermophilus A;Ao ATP synthase (pdb 1r5z, dashed lines),
respectively (THAKER et al., 2007).

3.2.4 Low resolution shape and domain structure of subunit d (Vma6p)

The gross structure of subunit d was restored ab initio from the scattering pattern in figure
15A using the shape determination program DAMMIN (SVERGUN, 1992; SVERGUN, 1994,
SVERGUN, 1999) and the dummy residues modeling program GASBOR (SVERGUN et al.,
2001) as described in section 2.2.18. The two approaches yielded similar results. In the following
results, the models obtained with GASBOR are presented, which yield good fits to the
experimental data in the entire scattering range (a typical fit displayed in figure 15A with a
discrepancy x = 2.32). Ten independent reconstructions yielded a reproducible structure which is

displayed in figure 16.
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Figure 16. Low resolution structure of subunit d. (A) Low resolution shape of subunit d determined from the
SAXS data, collected at 0.8 and 12.7 mg/ml, using shape determination programs DAMMIN and GASBOR as
described in section 2.2.18. The structures in (B) and (C) are rotated by 90° along x- and y-axis respectively
(THAKER et al., 2007).

Subunit d appears as a boxing glove-shaped molecule with two distinct domains. The major
domain has dimensions of about 6.5 x 5.0 nm, and in the side view 6.5 x 4.5 nm, whereby the
protuberance is about 3.5 nm in length and 2.0 nm in width (THAKER et al., 2007). To
investigate the location within the Vo subcomplex, the shape of subunit d was superimposed
onto previously solved low resolution structure of Vo from bovine brain clathrin-coated vesicles
determined by single particle analysis of negatively stained electron micrographs (WILKENS
and FORGAC, 2001). Analysis revealed remarkable similarities to the elongated mass located
above the cytoplasmic site of membrane-embedded Vo domain of the bovine brain clathrin-
coated vesicles (Figure 17) (THAKER et al., 2007).
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Figure 17. Subunit d in the context of Vo domain of VV-ATPase. Localization of subunit d shape onto previously
solved 3D electron structure of Vo domain (WILKENS and FORGAC, 2001) from bovine brain clathrin-coated
vesicles determined by single particle analysis of negatively stained micrographs (A, B). A clear assignment of
previously unknown structure (arrow) can now be made to subunit d determined low resolution shape (C)(THAKER
et al., 2007).
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3.2.5 Investigation of disulphide bond formation in subunit d

Vma6p (subunit d) of Saccharomyces cerevisiae V-ATPase has six cysteine residues in its
primary amino acid sequence (Figure 19). Analysis and alignment of the sequence with related
subunit d from higher eukaryotes showed high level of sequence conservation, with a particular
interest of three cysteine residues (Cysss 127,320), Which were found to be conserved among all
eukaryotic subunit d described so far (Figure 19) (THAKER et al., 2007).

3.2.5.1 Examination of disulphide formation by cross-linking and mutagenesis

In order to gain insight into the disulphide bonds of subunit d, the protein was treated
with CuCly, a known zero length thiol cross-linker (OGILVIE et al., 1997; SCHULENBERG and
CAPALDI, 1999; COSKUN et al., 2002; COSKUN et al., 2004), to monitor the formation of
cross-links between neighboring cysteine residues on SDS gel under reducing and non-reducing
conditions as described in section 2.2.17. When applied onto a polyacrylamide gel, the
disulphide containing proteins migrated faster than their respective reduced correlatives, which
revealed that the disulphide containing form is more compact (SVERGUN et al., 2000) (Figure
18). However, the non-reduced sample migrated as diffused band (Figure 18; lane 2). Reduction
of cysteine residues with dithiothreitol in non-oxidized samples produced a defined band at
expected position (Figure 18; lane 3). When subunit d was supplemented with 100 uM CuCly,
the protein migrated further down (Figure 18; lane 2) and reduction with DTT produced a
defined band again (Figure 18, lane 4). Changes in the migration behavior of subunit d upon
oxidation and reduction gave initial intimation about the possible disulphide bond formation in
subunit d. Reduced migration of DTT treated protein can be either imparted to larger
hydrodynamic volume or alternatively to a lower net negative charge (THAKER et al., 2007).

1 2 3 4

Figure 18. Migration pattern of subunit d on 17% SDS gel on treatment with zero length cross-linker CuCl, in
non-reduced (lane 2) and reduced (lane 4) environment. Native non-oxidized non reduced (lane 1) and non-
oxidized reduced (lane 3) are also shown. (THAKER et al., 2007).

1 50



Results-11

83

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevi si ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevi si ae
D. di scoi deum
M sexta

N. crassa
Consensus

S. cerevisi ae
D. di scoi deum
M sexta

N. crassa
Consensus

(1)
(1)
(1)
(1)

(42)
(51)
(42)
(42)
(51)

(92)
(100)
(91)
(90)
(101)

(142)
(150)
(141)
(140)
(151)

(192)
(199)
(190)
(189)
(201)

(239)
(245)
(235)
(238)
(251)

(283)
(293)
(285)
(288)
(301)

(319)
(330)
(322)
(338)
(351)

ODTLED
ODNLED

--------- MEGVYFNI DNGFI EGVWWRGYRNGLLSNNQY!I NLT
MGLFGGRKHGGL FTFNKDDGYL EAl LRGFKKG L SRADYNNL
--------- MKGC! FNI DAGYLEGLCRGFKCG LKQSDYLNLVSETLED
--------- MVEGLLFNVNNGYI EG VRGYRNSLLTSTNYTNMIQSES! DD
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LKLHLQGTDYGTFLANEPSP- LSVSTI DDKLREKLVI EFQHLRNHSVEPL
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RKFMDYI TYGYM DNVALM TGTI HDRDKGE! LQREHPLGWEDTLPTLSV
STFMVDFI SYGYM DNWVLLI TGTLHERDI SELVDK@HPLGLFKSMVATLSV
STFLDFI TYSYM DNI | LLI TGTLHQRP! SELI PKSHPLGSFEQVEAI HV
AKFMDYLTYGYM DNVALLI TGTLHERDTREL LERSHPL GAFETMPVLCV
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ATDLESL YETVLVDTPLAPYFKNCFDTAEELDDVNI El | RNKL YKAYLED
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AATPAEL YNAVLVDTPLAPFFVDC! S- EQDLDEMNI El | RNTLYKAYLEA
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FYNFVK D | GGPTAEVMBEI LAFEADRRAI NI TI NSFGATEL SKDDR
251 300
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301 350
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Figure 19. Alignment of subunit d primary sequence from S. cerevisiae, D. discoideum, M. sexta, and N.
crassa. Conserved cysteine residues are highlighted in blue foreground, non-conserved cysteine residues are
shown in bright green foreground and partially conserved cysteine in light green. Vector NTI advance 10
(Invitrogen ) software was used for the sequence analysis and alignment using AlignX algorithm (THAKER et al.,

2007).
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3.2.5.2 Characterization of cysteine residues in disulphide bond formation by tryptic

digestion and matrix-assisted laser desorption/ionization mass spectroscopy

To identify and distinguish the cysteine residues involved in disulphide bond formation, a
combination of tryptic digestion and MALDI-TOF analysis was used. Protein was treated with
thiol reactive TMR (Tetra Methyl Rhodamine, 486.91 Da) or less bulky, NEM (N-ethyl
Meleimide, 125.13 Da) dyes to label the surface or the more buried free cysteine residues,
respectively, as described in section 2.2.17.2. Figure 20 shows a UV scanned SDS
polyacrylamide gel picture of non-reduced TMR (lane 1) and NEM (lane 2) labeled subunit d,

respectively.

Figure 20. Labeling of free cysteine residues. UV fluorescence gel of TMR (lane 1) or NEM (lane 2)
labeled subunit d used to characterize the cysteines of subunit d by tryptic digestion and MALDI-TOF
peptide fingerprinting as described in section 2.2.17.2.

The bands of the TMR-labeled subunit d, and Cu?**- and DTT-treated protein respectively, were
cut out for in-gel tryptic digestion and MALDI-TOF analysis. Using a variety of available
software packages for mass fingerprinting, 32 peptides covering 72% of the subunit d sequence
were identified. As summarized for proteins larger than 900 Da in table 3, the four TMR-labeled
proteins 1,sNCFDTAEELDDMNIEIIR 81, 206ECMQTLLGFEADR13, 206ECMQTLLGFEADRR
219 and 277GFLETGNLEDHFYQLEMELCR,g; could be determined, indicating that the Cys
residues 165, 207 and 296 are accessible in the protein. No bound fluorophor could be detected
in the peptide 12,;GEILQRCHPLGWFDTLPTLSVATDLESLYETVLVDTPLAPYFKi63. A mass
of 4412.96 Da was found and unequivocally identified as a cross-link product, occurring via the
peptides 1sGYRNGLLSNNQYINLTQCDTLELK,3 and 32NITWIAECIAQNQR33s5, including

the Cysss and Cysspe. When d was supplemented with Cu?* as a zero-length cross-linker, an
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additional tryptic fragment of 6971.90 Da was generated, which is formed by the disulphide
bridge of the two Cys residues 127 and 165 of the peptide 1,;GEILQRCHPLGWFDTLPTL
SVATDLESLYETVLVDTPLAPYFKNCFDTAEELDDMNIEIIR g (Table 3). By comparison,
no cross-link product but smaller fragments of the N- and C-terminal part of d occured in the
presence of the reducing agent DTT (THAKER et al., 2007).

To exclude the possibility that Cysss 127320 might not have been labeled in the TMR-treated
protein, because of their inaccessibility to the TMR molecule or disulphide cross-link formation
during the preparation of the digests for MALDI-TOF experiment, subunit d in the absence of
DTT was labeled with the small alkylating agent N-ethyl maleimide (section 2.2.17.2), which
has been successfully used for characterization of disulphide bond formation in protein folding
studies (MEZGHRANI et al., 2001). Similar peptides of the trypsin cleaved, NEM-labeled d
could be determined as has been obtained with the TMR marked subunit d, including the
peptides 1GYRNGLLSNNQYINLTQCDTLELK 3 and 3sNITWIAECIAQNQR335 (Table  3).
The main difference between the NEM- and TMR labeled protein was given by the detection of
the NEM labeled residue Cysi27, which became accessible for the smaller maleimide, NEM
(THAKER et al., 2007) (Table 3).

Subunit d Start End Measured Sequence
residue  residue mass
Non-reduced TMR 1 18 2059.32 MEGVYFNIDNGFIEGVVR

19-43  322-335 441296 1sGYRNGLLSNNQYINLTQCDTLELK,3*
322NITWIAECIAQNQR335*

44 75 3443.72  LQLSSTDYGNFLSSVSSESLTTSLIQEYASSK

85 93 964.99 DQSSGSTRK

121 163 4850.65 GEILQRCHPLGWFDTLPTLSVATDLESLYETVLV
DTPLAPYFK

164 181 2625.35 NCFDTAEELDDMNIEIR**

206 218 1996.72 ECMQTLLGFEADR**

206 219 2152.9 ECMQTLLGFEADRR**

219 238 2053.26  SINIALNSLQSSDIDPDLK

267 276 1169.30 AALANVYEYR

277 297 3028.84  GFLETGNLEDHFYQLEMELCR**

298 316 224558  DAFTQQFAISTVWAWMKSK

CuCl,-Treated 1 18 2059.32 MEGVYFNIDNGFIEGVVR

22-43  322-335 4034.55  ;pNGLLSNNQYINLTQCDTLELK,s*
322NITWIAECIAQNQR335*
44 75 3443.72  LQLSSTDYGNFLSSVSSESLTTSLIQEYASSK
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93 118 295442  FMDYITYGYMIDNVALMITGTIHDR
121 181 6971.90 GEILQRCHPLGWFDTLPTLSVATDLESLYETVLV
DTPLAPYFKNCFDTAEELDDMNIEIIR*
206 218 1510.72 ECMQTLLGFEADR
206 218 1666.90 ECMQTLLGFEADRR
219 238 2053.26  SINIALNSLQSSDIDPDLK
248 266 2176.46  LYPLATFHLAQAQDFEGVR
267 297 3696.12 AALANVYEYRGFLETGNLEDHFYQLEMELCR
298 314 2030.33 DAFTQQFAISTVWAWMK
DTT-Treated 1 18 2059.32 MEGVYFNIDNGFIEGVVR
22 43 2394.68  NGLLSNNQYINLTQCDTLELK
44 75 3443.72  LQLSSTDYGNFLSSVSSESLTTSLIQEYASSK
85 93 964.99 DQSSGSTRK
92 120 3325.86 KFMDYITYGYMIDNVALMITGTIHDRDK
121 163 4850.56 GEILQRCHPLGWFDTLPTLSVATDLESLYETVLVDTPLAPYFK
164 181 2141.35 NCFDTAEELDDMNIEIIR
187 205 227550  AYLEDFYNFVTEEIPEPAK
206 238 3694.15 ECMQTLLGFEADRRSINIALNSLQSSDIDPDLK
248 266 2176.46  LYPLATFHLAQAQDFEGVR
317 335 2301.56 EQEVRNITWIAECIAQNQR
322 335 1659.88  NITWIAECIAQNQR
Non-reduced NEM 1 18 2059.32 MEGVYFNIDNGFIEGVVR

19-43  322-355 441296 1sGYRNGLLSNNQYINLTQCDTLELK,3*
322NITWIAECIAQNQR335*

44 75 3443.72 LQLSSTDYGNFLSSVSSESLTTSLIQEYASSK

121 163 4489.87  GEILQRCHPLGWFDTLPTLSVATDLESLYETVLVDTPLAPYFK
164 181 2264.55 NCFDTAEELDDMNIEIIR***

206 218 1635.94 ECMQTLLGFEADR***

206 219 1792.12 ECMQTLLGFEADRR***

219 238 2053.26  SINIALNSLQSSDIDPDLK

267 276 1169.30 AALANVYEYR

277 297 2668.06  GFLETGNLEDHFYQLEMELCR***

*  Peptides involved in disulphide formation via Cys residues
**  Peptides labeled with TMR
*** Peptides labeled with NEM

Table 3. Peptide fingerprinting of trypsin digested subunit d. MALDI-mass spectrometry analysis of peptides of
subunit d, labeled with TMR and NEM, respectively, as well as the CuCl, - and DTT- treated protein (THAKER et
al., 2007).
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3.2.6 Spectroscopic investigations of secondary structure alterations in subunit d
3.2.6.1 Intrinsic tryptophan fluorescence spectroscopy

Changes in the disulphide formation were observed by MALDI-TOF analysis (section
3.2.5). In addition, these structural alterations were further analyzed by intrinsic tryptophan
fluorescence spectroscopy measurements. Subunit d has four tryptophan residues, one at the N-
terminus (Trpisz), and the other three at positions Trpsi1 313,326 Which can be used as native probes
to monitor the conformational changes. Protein tryptophan spectra were measured in native non-
oxidized, oxidized (CuCl,), and reduced (DTT) conditions as shown in figure 21. An average of
at least three readings with buffer baseline correction showed that subunit d had emission
maxima at 337 nm and addition of DTT causes a net increase in the quantum yield without any
noticeable shift in the emission wavelength of the spectrum, reflecting an increase in the
surrounding polarity. Oxidation of cysteine residues with CuCl, decreased the quantum vyield
with slight shift towards the red end of spectrum showing maximum emission at 341 nm (Figure
21) meditative of the decreased polar environment surrounding tryptophans (THAKER et al.,
2007).
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Figure 21. Intrinsic tryptophan fluorescence. Averaged and buffer subtracted spectrum of subunit d
(_), in CuCl; oxidized (---) and DTT reduced state (...) is shown. Experiments were recorded at 20 °C
on a Varian Cary Eclipse spectrofluorimeter with excitation set at 295 nm and fluorescence emission
recorded between 310 — 380 nm (band pass 5 nm) (THAKER et al., 2007).

3.2.6.2 Circular dichroism spectroscopy
Differences in the left and right handed circularly polarized light measured by CD can be

used to monitor the secondary structural alterations in the proteins. A similar approach was used
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to monitor the alterations in subunit d. Prior to each reading the sample was treated with 100 uM
CuCl, or 1 mM DTT or left untreated as control. After appropriate incubations, CD was recorded
and processed as described under section 2.2.14. As displayed in figure 22, slight variations in
secondary structure were observed in the reduced and the non-reduced conditions. However,
significant differences appeared when protein was cross-linked with CuCl,, displaying a decrease
in the helicity due to additional disulphide bond. By comparison, the ©,,,/@2 ratio of the
reduced and Cu-treated protein is 0.99 and 0.97, respectively (THAKER et al., 2007).
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Figure 22. Circular dichroism spectrum of subunit d from Saccharomyces cerevisiae V-
ATPase in the presence (--) and absence (—) of 1 mM DTT and after 100 uM CuCl,-treatment
(-) (THAKER et al., 2007).

3.2.6.3 3D Structure alterations studied by SAXS

To probe whether the alterations of secondary structure in different states (reduced and
non-reduced) were accompanied by changes in the tertiary structure, a series of SAXS
measurements were recorded in defined conditions (section 2.2.18). However, the recorded
spectra did not show any significant variations from the standard measurement (Figure 15A),
demonstrating that no observable disparity occurs in the tertiary shape of the protein at this
resolution, however, minor alterations cannot be excluded due to the resolution limit of SAXS.

3.2.7 Biochemical and structural features of subunit d mutants
To further study secondary and tertiary structure alterations and implication of disulphide
bond formation between Cysss and Cyssyg several mutants of subunit d (Figure 23A), which

carried N- and C-termini deletions (d11-345, d38-345, d1-328 and d]_-zgg), point mutation (dcgzgs) or
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missing both N- and C-terminal regions of varying lengths (di1-189, Oss-189, Oi00-328) Were

generated. The lack of 37 (dsgass) residues at the N-terminus and 17 (di32s) or 47 (di-208)

residues from the C-terminus, as well as missing regions from both ends (di1-189, d3s-189, d190-328)

resulted in a low production of proteins, which was either insoluble or unstable as indicated

below in figure 23B results. More importantly, a point mutation C329A also resulted in insoluble

protein (Figure 23B). Figure 23B shows a representative buffer from each solubility experiment

as: The subunit d constructs that produced soluble proteins and could be purified in homogenous

preparations are highlighted in blue colour (Figure 23A). A summary of traits exhibited by

various constructs of subunit d is described in table 4.
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Figure 23. Subunit d mutants. Various constructs carrying deletions of various lengths from N- or C-
termini or both or point mutation were generated (A) to probe the importance of cysteine bridge
(Cysse-Cysang), Cysteine positions in primary sequence are indicated by *. Constructs of subunit d that
could be successfully produced and purified are shown in blue. (B) 17% SDS polyacrylamide gels
showing various mutant proteins that were poorly produced and/or less stable and insoluble. Samples
from the induction test (U and I) and solubility test (P and S) are shown. Expected molecular weight of
respective mutants is indicated by asterisks (white). (P = Pellet, S = Soluble, U = Uninduced, | =
Induced). Only full length proteins (d,; Figure 11) and the construct having all cysteines intact (dy;-34s;
Figure 24) could be successfully produced and purified. Representative solubility gels are shown from
buffer 50 mM Tris, 500 mM NaCl, pH 7.5 except mutant digg 326 Which used 50 mM Tris, 200 mM
NaCl, pH 9.0 buffer.
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Production Solubility  Stability

dfwi) ++ . ++
d (C3295) + - -
dsg 345 - - -
di 298 + - -
d1i345 ++ e St
di 328 = = =
dii-189 4 - -
dss-189 + b =
di9-328 + + -
d190-328 A B B

Table 4. Summary of the traits of various subunit d mutants. Characteristics of mutant
proteins of subunit d, carrying various tranucations or point mutations. Solubility, stability and
production traits are compared with respect to wild subunit d. Protein that could be properly
expressed are highlighted in the blue font.

The only truncated construct which could be purified was d;;.345 lacking the first 10 residues
(Figure 24). Consequently, di1.345 Was isolated by Ni**-NTA and anion-exchange chromatography
(insert Figure 24B). CD spectrum has been studied with the purified protein indicating an a-
helical content of 62% and 30% random coil and a ©,2,/@5g ratio of 0.99 (Figure 24B).
Production and quality of this protein was comparable to the wild type subunit d. Besides, di1-345
protein also displayed similar biochemical behavior as shown by the wild type subunit d in
presence of CuCl, and DTT.

The results from the studies with mutant proteins of subunit d gave an interesting insights into
this protein, where the only proteins having intact Cysgs and Cyssye could be purified,
demonstrating the importance of disulphide bond between C- and N- termini in the stability and
structural folding of protein during synthesis. Since the point mutant C329S was also unstable,
which further supported the importance of N- and C- termini in the formation of a stable tertiary
structure during the protein synthesis (THAKER et al., 2007).
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Figure 24. Isolation, purification and analysis of dy.3s mutant. SDS gel showing the Ni*NTA eluted samples
by an imidazole gradient from 0 — 200 mM (A). (B) Far UV-CD spectrum of the truncated form. (Insert), SDS gel
shows a sample of the Resource Q (6 ml) purified recombinant dy;34s protein used in the CD spectroscopy
measurement.

Additionally, several shorter constructs with deletions from both N- and C-termini (di1-1g9, dss-
189, O190-328) Were generated (section 2.2.2.3) in the hope to get some further insight into the
structure and biochemical properties of subunit d. None of the proteins were stable and little or
no production was observed as summarized in table 4. To exclude the fusion-dependent
interferences in the properties of expressed subunit d mutants, a SUMO (Small Ubiquitin Related
Modifier) (BUTT et al., 2005) fusion construct of digo-328 Was prepared. The over expressed
SUMO-d190-328 protein was also insoluble, that could not be used for further studies relevant to
the shape and properties of subunit d observed in this study (THAKER et al., 2007) (Figure
23B). Nonetheless these data showed indispensability of the termini for synthesis and stability of

subunit d.

3.2.8 Assembly of subunit d with subunit G by NMR spectroscopy

Since subunit d and subunit G of V-ATPase have been shown to interact with each other in
the immunoprecipitation experiments (JONES et al., 2005), attention was focused to map the
domain and amino acids of G involved in d/G assembly, in a collaborative approach with Mr. S.
Rishikesan from our laboratory. Recombinant N-terminal fragment of subunit G (Giso)
(produced and purified from E. coli by S. Rishikesan) was used to monitor the binding with
subunit d using heteronuclear single quantum spectroscopy (HSQC) NMR technique, where *°N
labeled subunit Gi.s9 was used to record the spectrum and monitor the changes in the chemical
shift of amino acid peaks. Addition of recombinant unlabeled subunit d to the *°N labeled subunit

G caused remarkable changes in the spectrum of G;.sg, indicative of complex formation between
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the two. As shown in figure 25, only N-terminal regions of amide resonances of the free Gi.so
subunit were weakened progressively upon the addition of increasing amounts of d subunit.
Binding of d subunit induced a structural change in the Gi.s9, which is in chemical exchange on
an intermediate rate, with respect to the NMR timescale. This caused loss of NMR signals in the
resonances affected by the binding (RISHIKESAN et al., 2009). The signal losses observed were
indicative of complex formation and resulted from the formation of either a stable, large
molecular weight complex or a complex with an exchange rate between the free and bound
forms that is similar to the chemical shift difference (KAY et al., 1996). Intensity of interaction
was quantitatively evaluated by plotting the intensity of peak ratio [Grree/Geounp] at a molar
ratio of 0.5 to subunit d (B). Intensity perturbations were seen in the N-terminal region of G155 in
the amino acid residues 7 — 34 (RISHIKESAN et al., 2009).
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Figure 25. Subunit d binding to subunit Gy.sg of yeast vacuolar ATPase. (A) A series of titration experiments
were done where 15N-labeled G;.s¢ was added with varying concentration of subunit d. Concentrations of
unlabelled d subunit are 0 mM (black), 0.125 mM(blue), 0.159 (green) and 0.187 (red). (B) Graphical representation
of change in the intensity of HSQC spectrum of subunit G;.s9 when unlabeled subunit d was added. Decrease in the
intensity of peak is proportional to the height of bar (RISHIKESAN et al., 2009).
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3.3 Structural and biochemical characterization of subunit a
of the vacuolar ATPase
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Subunit a from Saccharomyces cerevisiae vacuolar ATPase (V-ATPase) was identified as
product of the VPH1 (Vacuolar pH 1) gene, which was cloned by the complementation of
vphl-1 mutation, giving rise to a 95 kDa protein called as Vphlp (MANOLSON et al., 1992).
The disruption of VPH1 gene was shown to cause defects in ViVo assembly and vacuolar
acidification (MANOLSON et al., 1992). These results showed that subunit a is an indispensable
unit of the vacuolar ATPase, required for the association of V; catalytic domain to proton
channel Vo domain to restore the fully functional enzyme (MANOLSON et al., 1992). Subunit a
contains a hydrophilic N-terminal domain and a membrane embedded C-terminal region (LENG
et al., 1999). Here, | initiated studies with the hydrophilic N-terminal domain of the subunit a, to

characterize this region of Vphlp by various biophysical techniques.

3.3.1 Cloning, production and purification of subunit a;-3gs and ai-ass(c)

A fragment of gene VPHL1, coding for 1 — 388 region of primary sequence, represented as
ai-3ss (Figure 28B) was cloned from the Saccharomyces cerevisiae genome by PCR method and
ligated to the Hisz-pET9d-1 vector (GRUBER et al., 2002) to be produced as His-fusion protein
as described in detail under section 2.2.12.2. Subsequently, the pET 9-d1/ a;.3ss was transformed
into the BL21 (DE3) and Rosetta-gami'™ 2 (DE3) expression hosts for initial optimization steps
and subsequent expression was done in the Rosetta-gami'™ 2 (DE3) cells. Additionally, a point
mutant A388C construct of subunit a (ai-3ssc)), introducing a cysteine residue at the COOH
terminus was generated for thiol-specific labeling with cysteine reactive fluorophor dyes.
Flurophore labeled proteins were used for binding studies in the fluorescence correlation
spectroscopy (FCS). Protein expression and purification methodology for both constructs is
described in detail under section 2.2.12.2, whereby the protein was purified in two steps via
Ni%*-NTA affinity chromatography and ion exchange chromatography as shown in figure 26-27,
respectively. Proteins were checked for the purity on SDS polyacrylamide gel and concentrations
were determined by BCA assay (section 2.2.13).
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Figure 26. Cloning, production and purification of subunit &;.3s3 and a;.ags(). (A) DNA agarose gel
(1 %) picture showing double restriction digestion with Ncol and Sacl enzymes of one selected clone
obtained after ligation of PCR fragment a;.3gs to pET9d-1 (released insert and vectors are shown by
arrow) in lane 2 and lane 1 contains 1 Kb marker (O Gene Ruler; Fermentas) and (B) Ni?*-NTA affinity
enrichment of protein from whole cell lysate in buffer 50 mM Tris/HCI, 500 mM NacCl, pH 7.5 using an
imidazole gradient (0 — 200 mM) for elution of Ni**-NTA bound protein. Fractions from 20 — 100 mM
imidazole were pooled together for further purification step as shown below in figure 27.
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Figure 27. lon-exchange purification of subunit a;sg. Protein
containing fractions of NiZ*-NTA from a;.sss protein were pooled, diluted
with 50 mM Tris, pH 7.5 to reduce the salt concentration to 50 mM and
applied onto the anion exchange column (Resouce Q, 6 ml) for additional
purification step. Protein bound to column media was eluted using a linear
gradient (---) of buffer A (50 mM Tris/HCI, 50 mM NacCl, pH 7.5) and B
(50 mM Tris/HCI, 1 M NaCl, pH 7.5) resulting in the protein separation
as a sharp peak, containing the pure protein (shaded peak area volume was
pooled). Insert shows 1 pl of pure eluted protein applied on a 17% SDS
gel.
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3.3.2 Secondary structural characteristics of subunit a;.3gs/ai-3ss(c)

To characterize the secondary structure content of subunit a;-sgs, a circular dichroism
spectrum of the purified protein (2 mg/ml) was recorded in buffer 50 mM Tris/HCI, 100 mM
NaCl, pH 7.5 as described in section 2.2.14. Analysis of the CD spectrum shows minima at 222
and 208 nm and a maximum at 192 nm, which are the characteristics of a-helical proteins.
Further, the secondary structure of subunit a was predicted by online analysis with PSIPRED
algorithm, which uses a two stage neural network for analysis of the position specific scoring
matrices generated by PSI-BLAST (MCGUFFIN et al., 2000), showing the protein is mostly
a-helical in nature with a helical content of 48%, 38% random coil and 12% (-sheet (Figure 28).
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Figure 28. Secondary structure analysis of subunit a; sgs. (A) Circular dichroism spectrum of subunit a; sgs
measured at 2 mg/ml protein concentration in buffer 50 mM Tris, 500 mM NaCl, pH 7.5 in a Hella quartz
cuvette (120 pl) at a step resolution of 1 nm. The spectrum was recorded on Chirascan spectropolarimeter
instrument (Applied Photophysics). (B) Secondary structure analysis by online algorithm PSIPRED shows that
the protein is a mixture of o-helix and B-sheet. PSIPRED algorithm uses PSI-BLAST results for secondary
structure analysis by a two stage neural network frame (MCGUFFIN et al., 2000).

3.3.3 Fluorescence correlation spectroscopic experiments of subunit aissg@ai-ssscy With

subunit d

Initially, TMR labeled subunit d was used to measure the binding with unlabelled subunit
a1-3ss Using the technique of fluorescence correlation spectroscopy, which measures the diffusion
time of labeled protein. Subunit d was labeled with TMR dye at room temperature for 10 min
and the reaction was inactivated by the addition of 1 mM DTT. FCS measurements with TMR
labeled protein d with unlabeled subunit a;.3gs indicated significant changes in the diffusion time
when compared to d subunit alone, the measured mass change ratio was 2.03, which means the

mass of measured protein doubles, suggesting that d binds to a;ssg as shown in figure 29A.
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There was no difference in the results between incubation and non-incubation measurements
(Figure 29B). The concentration had no effect on the results; basically, 50 nM and 100 nM of
protein d showed the same trend. Detailed data interpretations are tabulated in table 4 indicative
of interaction between the two proteins. Due to almost similar molecular mass of two proteins
(41.2 kDa for d verses 45.8 kDa for a;-3gs) and possible aggregation of the protein, as the number
of particles in solution decreased during measurements (Figure 29B), a new subunit a/Vphlp
construct ai-sgg(c) carrying a cysteine residue at C-terminus was cloned. The purified protein was
labeled with Cy5 fluorescence dye as described in section 2.2.20, to be used in fluorescence
cross correlation spectroscopy (FCCS) measurements. The FCCS was recorded with TMR-d and
Cyb-as-338, Which also demonstrated that two proteins do associate with each other as shown in
figure 29D. However, quality of the data could not be improved due to the aggregation of the
formed complex and almost similar mass of the two proteins but these initial results obtained
gave first impression that two proteins might associate with each other. To overcome these
problems, proteins were studied in a label free system, surface plasmon resonance (SPR) as

described below in section 3.3.4.
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Figure 29. Fluorescence correlation spectroscopy of subunit a; 3g3 and subunit d. (A) Fluorescence correlation
normalized and fitted curves of subunit d (50 nM, TMR labeled) in presence of unlabeled a; 35 (50 — 100 nM) when
samples were either incubated at 37 °C for 10 min or measured without incubation (details in figure legend). (B)
Graph showing the trend of diffusion (tauD in seconds) indicative of binding between two proteins with increasing
diffusion time, and graph also shows the mean particle number (N) in solution.
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Figure 29 contd. (C) Shows intensity fluctuation tracks when subunit d is added with subunit a. (D) Fluorescence
cross correlation spectroscopy results obtained with TMR-d and Cy5-a labeled samples, normalized correlation
curves showing the ratio of diffusion time (G(1)), indicative of binding between the subunits d and a; 3gs.

.No. d TMR_tauD d_ TMR_tauD_Std d TMR_.N d_TMR_N_Std
1 d-50nM 5.07E-04 1.83E-05 8.80E-02 2.51E-02
2 d-50nM+a-50nM 6.34E-04 5.54E-05 6.48E-02 4.28E-03
3  d-50nM+a-50nM_incu  6.25E-04 2.25E-05 4.01E-02 8.91E-03
4 d-50nM+a-100nM 6.42E-04 8.32E-05 2.36E-02 4.76E-03
5 d-50nM+a-100nM _incu  6.68E-04 8.20E-05 2.28E-02 5.79E-03

Table 5. Statistics of the binding between subunit d (d_TMR) and subunit a;.sg3 obtained from the analysis of FCS
experimental data as shown in the fitted data curves in figure 29A (tauD, Std and N represent diffusion time (s),
standard and number of particles, respectively.

3.3.4 Interaction of subunit aj3gs with subunit d of yeast vacuolar ATPase studied by

surface plasmon resonance

Surface plasmon resonance (SPR) is a real time binding analysis technique which can be
used to monitor the interaction between a surface immobilized protein and its ligand in a label
free environment (JONSSON et al., 1991; CHAIKEN et al., 1992; KARLSSON et al., 1994).
SPR experiment were done by Mr. Yin Hoe in a collaborative project with A/Prof. Susana G.
Shochat’s laboratory. Subunit d in HBS buffer (10 mM Hepes buffer, pH 7.4, 150 mM NacCl, 3.4
mM EDTA and 0.005% P-20) was covalently immobilized on a carboxymethylated sensor
surface using amine coupling chemistry at 25 °C as described in detail in section 2.2.21. For the
determination of kinetic parameters, subunit a;.3ss was passed above the reference and protein
surfaces in duplicates of five to seven concentrations (18.7 — 300 nM), in HBS at a flow rate of
30 pl/min. The data were fitted by simple 1:1 Langmuir fitting model as described in method
section 2.2.21. The measured affinity kinetics between subunit d and subunit a are shown with
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standard error from four independent experiments in parentheses. An association rate constant
ka= 7.7 (+1.1) x 10° M's™ and dissociation rate constant kg = 4.4 (+1.2) x 10* s™ was obtained.
Consequently, dissociation constant (ka/ka) of Kg = 6.0 (+1.8) x 10® M was calculated for subunit
d and a binding. The chi® was within 1% of Rmax from the fit as displayed in figure 30. These
data suggest strong interaction between subunit a (N-terminal domain) and subunit d of V-
ATPase from Saccharomyces cerevisiae in line with the FCS results (section 3.3.3) and
biochemical characteristics of subunit d, which remains firmly associated with the Vo domain
despite the absence of transmembrane regions (BAUERLE et al., 1993).
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Figure 30. Subunit a;.3gg and subunit d interaction by SPR. Surface plasmon resonance was
used to measure the binding affinity of subunit a;.sgs with wild type subunit d of yeast vacuolar
ATPase. Subunit d was covalently immobilizing onto a carboxymethylated sensor surface in
HBS (10 mM Hepes buffer, pH 7.4, 150 mM NaCl, 3.4 mM EDTA and 0.005% P-20) buffer and
subunit a;.3g3 Was passed over the reference and experimental surface at a constant flow rate of

30 pl/min. Sensorgrams were fitted using the simple 1:1 Langmuir binding fit model (THAKER
et al., 2009).

3.3.5 Crystallization of subunit a;.3gs of Vphlp isoform of yeast V-ATPase

Pure protein subunit a;3gg was used to set up the crystals in Hampton Research crystal
screen HR-110 and HR-130 for initial screening with a protein concentration of 10 — 15 mg/ml in
2 ul droplets (1 pl protein + 1 pl mother liquor) per well in hanging drop plates containing 1 ml
of mother liquor base. Initially a kind of phase separation (Figure 31A) was observed in
condition containing 0.1 M Hepes sodium pH 7.5, 2% PEG 400, 2 M ammonium sulfate.
Optimization of this condition by varying precipitant, salt concentration and changing buffer or
pH in various grid screens resulted in the formation of needle clusters (Figure 31C). Additional
optimization was performed with varying protein concentration and replacement of salt, which
resulted in little improvements in the needle bunches (Figure 31D). Attempts were also made by

using additional grid screens, Additive Screen™, Index Screen™, Salt Screen™ besides micro-
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and macro-seeding at various steps. However, additional conditions have to be tried in future

experiments.

Figure 31. Crystallization and optimization of subunit a;.;ss. Crystallization
trials of subunit a protein were made in hanging drop plates as 2 ul droplets (1 pl
of protein + 1 pl of mother liquor) in a 1 ml well volume. Screening with Crystal
Screen HR-110 (Hampton Research) resulted in the phase separation (A-B) in
condition 0.1 M Hepes sodium pH 7.5, 2% PEG 400, 2 M ammonium sulfate
which was further optimized with grid screens that resulted in needle clusters
(C-D).

3.3.6 Cloning, production and purification of subunit a (VPH1) constructs a;-s»3, ais»-322 and

ai-s1

In order to map the binding domain of subunit a that is required for its interaction with
subunit d and to get the diffractable quality crystals, various N-terminal domain deletion mutants
of subunit a were cloned using PCR method by direct amplification from genomic DNA of
Sacchromyces cerevisiae using forward and reverse primers as detailed in table 2 and
methodology as described in section 2.2.2. The successfully cloned constructs a;-s2s, a1s2-322 and
ai-g1 proteins were induced for overproduction of protein in the E. coli BL21 (DE3) and Rosetta-
gami'™ 2 (DE3) expression hosts. Results inferred from the figure 32 showed that the proteins
were insoluble, poorly expressed and/or instable. The proteins were further optimized to get
soluble fractions by inducing at different temperatures ranging from 15 — 37 °C with varying
amounts of IPTG from 0.1 — 1 mM in different host strains. Moreover, several buffer conditions
with varying buffers types and salt concentrations at different pH values (see Figure M3 for few



Results-111 101

buffer compositions) were used for solubilization of the produced proteins. But, no further
improvements could be achieved (Figure 32). Even the shorter construct (a;-s;1) of subunit a
could not be solubilized and was rather more unstable with prominent degradation visible on the
SDS polyacrylamide gel, revealing that some minimum length of protein might be required to
attain proper folding and stability. In comparison, longer constructs (ai-s»3 and aigy-322) were
slightly more stable but completely insoluble (Figure 32).
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Figure 32. Expression and solubility of N-terminal VVphlp constructs. Mutant
proteins were produced under various conditions in different buffers with varying
temperature and IPTG levels. Figure shows the production, solubility and stability
of construct in one selected buffer condition. P represents pellet and S represents
supernatant on a 17% SDS polyacrylamide gel (20 pl/lane).

3.3.7 Cloning, production and purification of STV1 isoform of subunit a of Saccharomyces

cerevisiae

Yeast vacuolar ATPase system has been shown to contain two subunit a isoform proteins,
known as Vphlp and Stvlp (Similar to Vphlp), which are targeted to different organelles,
(MANOLSON et al.,, 1992; MANOLSON et al., 1994). Stvlp is mostly found on the
Golgi membrane V-ATPase (MANOLSON et al.,, 1994) whereas Vphlp is present on the
vacuolar membranes of V-ATPase (MANOLSON et al., 1992). Like Vphlp, the Stvlp is also a
membrane integral protein with N-terminal hydrophilic region exposed on the cytosolic face and
C-terminal trans-embedded into the lipid bilayer (MANOLSON et al., 1994). Stvlp has 54%
identity with Vphlp and has been described as functional homolog of Vphlp in different
organelles (MANOLSON et al., 1994). The presence of different isoforms can have an important
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role in targeting, assembly and regulation of vacuolar ATPase in organelle specific manner
(MANOLSON et al., 1994). Since N-terminal domain of isoform Vphlp was shown to interact
with d/Vma6p in the present study (section 3.3.3 —=3.3.4) and in order to demonstrate whether
such assembly also occurs with its homolog isoform, Stvlp, a N-terminal fragment Stv1pi.sso was
cloned from the yeast genome using primers as described in table 2 and details of cloning
strategies are described in section 2.2.2. Protein expression and production was done as
described for the Vphlp (section 3.3.1). Results of expression and solubility experiments showed
that the construct is poorly expressed and the produced proteins were not soluble (Figure 33).
Several optimization steps with expression, induction and buffer conditions were used to get
soluble fraction of proteins with on further betterment.
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Figure 33. Induction and expression of yeast V-ATPase subunit a isoform Stvlp;sse. SDS gel showing
induction of proteins yeast isoform Stvlp (- and + represent uninduced and induced samples respectively). Cells
were induced with 0.5 — 1 mM IPTG for 3 h at 37 °C. The protein was tested for solubility in various buffers; one
representative buffer is shown (P and S for pellet and supernatant respectively). Protein band on pellet lane are
shown by *.

3.3.8 Cloning, induction and expression of subunit a2 isoform from mouse V-ATPase
Mouse V-ATPase has four isoforms al, a2 and a3 and more recently identified a4, which
can be further expressed in different alternatively spliced variants. Subunit al is mostly
expressed in brain, whereas subunit a2 is present in kidney and liver cells, a3 in heart, lung,
liver, spleen, brain and kidney (NISHI and FORGAC, 2000). A fourth isoform a4 is mainly
expressed in kidney and liver tissue cells and studies revealed that it is also essential for renal
acid/base homeostasis (OKA et al., 2001). Subunit a2 has been recently described as putative

endosomal pH sensor involved in the protein trafficking between early and late endosomes
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regulated by its direct interaction with ARNO (ADP Ribosylation factor Nucleotide site Opener)
in a pH dependent manner at early endosomal membranes (HURTADO-LORENZO et al., 2006;
MARSHANSKY, 2007). Due to its recently emerged crucial roles, various constructs of subunit
a2 NH,-domain were created (Table 2). PCR cloning was done from the cDNA clones kindly
provided by Prof. Vladimir Marshansky (MGH, Harvard University, Boston, USA). Due to the
difficulties encountered in the amplification, a2;.sg and a2134-393 fragments were amplified using
nested PCR strategy which made use of a2 cDNA template amplifying 1 — 393 amino acid
sequence region with its flanking primers in the first set of PCR and subsequent PCR was done
with respective gene primers to receive the pure product. The amplified product was inserted into
PET-9d1 vector as described in section 2.2.2 using set of primers described in table 2. Various
clones from respective constructs were selected for further protein production. Successful clones
were further analyzed for solubility of protein as described in detail under section 2.2.11.2, using
various buffer compositions. However, results after several optimizations of temperature, host,
IPTG concentration and buffer conditions showed that none of the produced proteins were
soluble (Figure 34).
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Figure 34. Induction and expression of mouse subunit a constructs; a2;.sg and a2;34.393. N-terminal mouse a2
proteins, ay.sg and a2;34.303 Were expressed in BL21 as shown in lanes 1 -2 (U and | represent uninduced and
induced samples) at 37 °C for 3 h with 1 mM IPTG. Successful clones were further checked for the solubility of
protein in various buffers. One representative buffer is shown here in lanes 3 — 4 for respective constructs (P and
S represent pellet and supernatant, respectively). Respective position of proteins bands on SDS gel (17%) are
shown by *.

3.3.9 NMR solution structure of subunit a23ss.402 0f mouse V-ATPase a2 isoform

To further characterize and study V-ATPase subunit a, attention was focused to the
important regions of the protein and a short length peptide was kindly provided by Prof.
Vladimir Marshansky (MGH, Harvard University, Boston, USA) which | used for structural
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studies using high resolution NMR techniques. The region 386 — 402 of mouse V-ATPase
subunit a2 isoform have been recently shown essential for binding to the ARNO protein (Figure
47) (MERKULOVA et al., 2009), regulating vital physiological processes of protein trafficking
and degradation at the cellular level in a tightly co-ordinated and regulated manner (HURTADO-
LORENZO et al., 2006; MARSHANSKY, 2007). Secondary structure prediction of this region
of protein shows a flexible region between two helices and the peptide length is mostly predicted
to be unstructured with C-terminal helix as shown in figure 35 (MCGUFFIN et al., 2000). The
peptide was dissolved in water and NMR experiments were recorded on 700 MHz Bruker

Avance spectrometer at a peptide concentration of 1 mM.

T I s e L T e
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Figure 35. Secondary structure prediction of a region involving peptide
a2336.402 Of mouse V-ATPase. Secondary structure predictions show that
majority of region is unstructured with C-terminus strongly a-helical forming
a sandwich between two helical bundles that is essential for interaction with
ARNO protein. Secondary structure prediction was performed by online PSI-
PRED server which uses PSI-BLAST in its dual neural network analysis.

3.3.9.1 Assignment of V-ATPase a23gs-402

Amino acids in the primary sequence of peptide a23ss-402 Were sequentially assigned as
per the standard procedure described in method section 2.2.19.2. 2D TOCSY and 2D NOESY
raw data was processed using in-built Topspin software (Bruker). NOESY and TOCSY
experiments were recorded at a mixing time of 300 ms and 60 ms respectively. 2D NOESY
experiments recorded at 250 ms and 400 ms did not show any variation. All the amino acids
were sequentially assigned as demonstrated in figure 36, showing the assigned HA region of the
2D NOESY spectrum. Primary sequence amino acid marking was followed by the assignment of
cross peaks by overlaying TOCSY and NOESY spectra. Identified cross peaks in HN-HN region
are displayed below in the figure 37A designating a-helical content in the peptide. HN-HN, Ho-
HN(i, i+3), Ho—-HN(i, i+4), and Ho-Hp (i, i+3) connectivities were plotted from the assigned

NOESY spectrum (Figure 37B) indicative of a-helical formation in the C-terminus.
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Figure 36. 2D NOESY spectrum of subunit a2 peptide a2sg5.40, Showing a-proton peaks. All
peaks were sequentially assigned from homonuclear two dimensional NOESY and TOCSY spectra
as per the standard procedure described in section 2.2.19.2. TOCSY and NOESY experiments were
recorded on 700 MHz Avance Bruker machine with mixing time of 300 ms and 80 ms, respectively,
at a peptide concentration of 1 mM dissolved in 50% deuteriated TFE-d3.
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Figure 37. (A) Assignment of cross-peaks in the NOESY spectrum of subunit a2 peptide a2sg.40,. Figure shows
NOESY cross-peaks in the HN-HN region of spectrum. Peak picking was done in Sparky 3.110 software and cross
peaks were identified based on TOCSY spectrum. (B) Showing the NOESY connectivity plot of peptide a2sgs.402
indicative of the residues connected in space revealing the presence of helical structure in the C-terminus of the peptide.

3.3.9.2 Structure calculation of subunit a23g6.402
Data from assigned 2D NOESY spectra, torsion angle calculated from HA values by

TALOS software and primary amino acid sequence were used as input for the automated
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structure calculation by Cyana 3.0 package (HERRMANN et al., 2002 ). Initial output was
further refined by excluding the torsion angle strains and calculations done solely based on the
NOESY data. In total an ensemble of 30 calculated structures resulted in an overall mean root
square deviation (RMSD) of 0.68 + 0.29 A (Figure 38). All these structures have energies lower
than -100 kcal mol™, no NOE violations greater than 0.3 A and no dihedral violations greater
than 5°. The summary of the statistics for 30 structures are shown in table 6. The calculated
structure displays a flexible N-terminal region and an a-helical C-terminus as shown in figure
38A, representing an overlay of 30 calculated structures. Even though the peptide has flexible
N-terminus region, which is in line with the predicted secondary structure as calculated from the
primary amino acid sequence (Figure 35), the overall structure has high consistence of
maintaining the conformation, which is also reflected in the RMSD and cross-peaks in this
region and indicative of a structure, which might be essential for specific interactions with other
proteins. The PDB structure was further analyzed by PDBSum online software (LASKOWSKI et
al., 2005) and the analysis of surface cavities and clefts (Figure 38D) revealed that the protein
structure might be essential for the interaction with other partners via its large cleft formed by the
flexible region in the N-terminus, which is sandwiched between two helical ends (LASKOWSKI
et al., 1996). The structure gives important insights into this region of subunit a, an important
component of the vacuolar ATPase.

(A) (B)

402 386

Figure 38. 3D NMR structure of peptide a2sss400. (A) Cartoon representation of the NMR structure of peptide
a23g6.402 Showing superimposition of 30 structures calculated by Cyana 3.1 package revealing an unstructured N-
terminus and helical C-terminus. The figure B shows the molecular surface electrostatic potential of peptide a2zgg.402
generated by Pymol (DELANO, 2001), where the positive potentials are drawn in blue and negative in red.
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Figure 38. contd. (C) Overlay of cartoon and electrostatic surface potential of peptide and (D) surface cavities and
cleft generated by PDBSum online software at EMBL (LASKOWSKI et al., 2005) which uses PDB structure file to
generate the output, showing the cavity in the upper panel and clefts in the lower panel, which might be essential for
interaction with other proteins (LASKOWSKI et al., 1996).

Distance restraints

Total 175
Intraresidue (i —j = 0) 45
Sequential (Ji-j| = 1) 79
Short-range (i-j) <=1 124
Medium-range (2 £ |i- | £ 4) 51
Long-range (Ji-j| = 5) 0

Average number of violations
Distance violations > 5 A 0

Ramachandran plot? (%)

Residues in most favoured regions 59.7
Residues in additionally allowed regions 31.9
Residues in generously allowed regions 8.3
Residues in disallowed regions 0.0
Average RMSD to Mean (A) 0.68 +0.29

Backbone (C° C’, and N)

Table 6. Structural statistics for mouse V-ATPase subunit a2 peptide a2zgg.402
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3.3.10 Structure of ARN0375.400 and ARN0375-400 (phos)
ARNO, a guanine nucleotide exchange factor (GEF) of small GTPase Arf6, is an essential

component of endocytic regulatory machine and together they form key components of vesicular
transport in eukaryotes (CHARDIN et al., 1996; KLARLUND et al., 1997; MEACCI et al.,
1997; FRANK et al., 1998). Previously it was reported that ARNO together with Arf6 are
recruited from cytosol to endosomal membranes and the process was dependent on acidification
caused by V-ATPase (MARANDA et al., 2001) but the molecular mechanism remained elusive
and the link between ARNO/Arf6 and V-ATPase remained unknown until more recently ARNO
was found to directly associate with subunit a2 isoform of V-ATPase and Arf6 with c-subunit of
V-ATPase (HURTADO-LORENZO et al., 2006). ARNO/a2 interaction was intra-endosomal
acidification-dependent and disruption caused reversible inhibition of endocytosis (MARANDA
et al., 2001). Arf6-GEF, ARNO protein consists of three domains: an N-terminal coiled-coil
domain, a central catalytic sec7 domain, and a C-terminal PH domain (CHARDIN et al., 1996)
and a COOH-terminal polybasic sequence (NAGEL et al., 1998). As demonstrated recently, the
short 26 amino acid poly-basic region binds with a2 and its interaction was dependent on the
phosphorylation status at S392, whereby only the unphosphorylated form could assemble with
the a2 subunit (MERKULOVA et al., 2009). To understand the structural changes accompanied
with the phosphorylation status, | have solved the structures of ARNOs75400 In its non-

phosphorylated and phosphorylated forms by solution NMR spectroscopy.

3.3.10.1 Amino acid residue assignment for structure calculation of ARNO375.400 and

ARNO375-400(phos)

2D NOESY and 2D TOCSY experiments were recorded at a mixing time of 300 ms and
80 ms respectively. 2D NOESY experiments recorded at 250 ms and 400 ms did not showed any
variation. All raw data was processed using in-built Topspin software (Bruker). The amino acids
in the primary structure of both ARNO peptides were assigned using standard procedure
described in method section 2.2.19.2. All the amino acids were sequentially assigned using both
NOESY and TOCSY data. Figure 39 shows the assigned NH region of the 2D NOESY
spectrum. Primary sequence amino acid marking was followed by the assignment of cross peaks
by overlaying 2D TOCSY and 2D NOESY spectra. Identified cross peaks in HN-HN region are
shown below in the figure 39A and C, designating o-helical structure in the peptide. HN-HN,
Ho—HN(i, i+3), Ho—HN(i, i+4), and Hoa-HP (i, i+3) connectivities were plotted from the
assigned NOESY spectrum (Figure 39B,D).
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Figure 39. (A-D) Assignment of cross-peaks in the NOESY spectrum of ARNOgz75.400 and ARNOzzs.
400(phos)- Figures A and C show NOESY cross-peaks in the HN-HN region of ARNO375.400 and ARNO37s.
400(phos) SPectrum respectively. Peak picking was done in SPARKY 3.1 software and cross peaks were
identified with reference to 2D TOCSY spectrum. (B, D) Showing the NOESY connectivity plot of
ARNO375.490 and ARNO375.400 (phos), indicative of the residues connected in space revealing the presence of
helical structures and stability of the region. Thickness of the connectivity bars is proportional to the
intensity of the NOEs.

3.3.10.2 Structure calculation of ARNO375.400 and ARNO375-400(phos)

Data from assigned 2D NOESY spectra and primary amino acid sequence were used as
an input for the automated structure calculation by Cyana 2.1 package (HERRMANN et al.,
2002 ). In total an ensemble of 20 calculated structures resulted in an overall mean root square
deviation (RMSD) of 0.69 A for non-phosphorylated ARNO375.400 and 0.378 A for ARNOzys.
a00(phos) (Figure 40). All these structures have energies lower than -100 kcal mol™*, no NOE
violations greater than 0.3 A and no dihedral violations greater than 5°. Summary of the statistics
for 20 structures are shown in table 7. The calculated structure ARNOs75.400 forms a stable
N-terminus region with helix extending from 378-384, followed by a short loop from 385-387
and a second helix between 388-391 and third unstable 3;0-helix from 394-397 (Figure 40A-B).
Reminder of C-terminus was mostly flexible (Figure 40A). Structural regions of ARNO375.400 are
also reflected in the NOE plot (Figure 39B). First helix is bent with an angle of 84.6° to second
helix and a distance deviation of 77° is present between second and third helix of ARNO375.400.
Electrostatic potential surface analysis showed that the peptide is strongly basic in nature (Figure
40B), suggestive of its name, the poly-basic region of ARNO (NAGEL et al., 1998; SANTY et
al., 1999).

Structural assignment and calculation of ARNOs75.400(ph0s), ON the other hand, revealed that the
phosphorylated form of ARNO forms a very stable structure in solution (Figure 40C-D).
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Analysis showed that it forms a helix-loop-helix structure (Figure 40C) with a bent of 96°
between the two helices. The first a-helix at the N-terminus extends from 377-384 and second at
the C-terminus from 390-396 (Figure 40C). The loop between the two helices extended from
residues 385-389. Electrostatic surface potential as displayed in figure 40D was similar to that of
the unphosphorylated form (Figure 40B).

(A) (B)

(©) (D)

Figure 40. 3D NMR structure of peptide ARNO375.400 and ARNO375.400(0h0s)- (A-B) Cartoon representation of the
NMR structure of peptide ARNO375.400, Showing superimposition of 10 structures calculated by Cyana 3 package
revealing an a-helical N-terminus and a partially folded C-terminus. Figure B shows the qualitative molecular
surface electrostatic potential of ARNOsz5.400 Calculated by Pymol 0.99rc6 (DELANO, 2001) which makes
averaging of charges over a small region of space using a quasi-Columbic-shaped convolution function implemented
in Pymol (http://www.pymol.org/). The positive potentials are drawn in blue and negative in red. (C-D) 3D structure
of ARNOg75.400(pn0s) ShOWing an overlay cartoon of 10 structures and electrostatic surface potential of peptide is
shown in figure D calculated as above.
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3.3.10.3 Structural variation between non-phosphorylated (ARNO375.400) and phosphorylat-

-ed (ARNO375.400(phos)) forms of ARNO

Regulation of various proteins by phosphorylation/dephosphorylation is well
established and play central role in the regulation of various processes in cellular physiology.
Here, | have solved the structure of ARNO poly-basic region domain structure in its non- and
phosphorylated form (Figure 40). Both forms displayed a helix-loop-helix structure with obvious
difference accompanied by the phosphorylation at serine 392. The non-phosphorylated form
displayed only a stable N-terminal helical domain (Figure 40A) and a short loop whereas only
minor part of C-terminus could form the helix and most of the regions showed strong flexible
tendency. On the other hand, the phosphorylated form of this poly-basic domain of ARNO
formed a completely stable helix-loop-helix structure as shown in figure 40C. Structural
comparisons as shown in the figure 41 have been done. Superimposition of the two structures in
the native (red) and phosphorylated (blue) form via N-terminus 1-10 residues (Figure 41 A)
showed a nice fitting in this region with root mean square deviation of 0.68 A but the C-termini
of both peptides showed the remarkable differences. Also the loop region in the phosphorylated
form was more extended and adopted a different geometry in comparison to the non-
phosphorylated form. Structural variations were also evident among different molecules of the
same form of non-phosphorylated ARNO375.400 (Figure 40A-B). An alignment via N-terminus of
two peptides resulted in a distance deviation of 105° between the C-termini of non-
phosphorylated ARNO375.400 and phosphorylated form. Superimposition of the structure over the
whole length of domain showed very poor similarities with RMSD values exceeding 2.5 A.
Though the ARNO37s.400(ph0s) Maintained two helices and a loop structural configuration, the non-
phosphorylated ARNO375.400 displayed tendency to form two a-helices in the C-terminus besides
the additional a-helix at N-terminus common to both the structures. In comparison thus
ARNO375.400 forms two loops between three helices whereas the ARNO375.100(ph0s) fOrm one loop
between two a-helices configurations. The structural comparisons between the phosphorylated
and the unphosphorylated forms of ARNOs7s.400 also demonstrated that phosphorylation
influenced the structural changes in the C-termini, resulting in the disruption of a-helix in the
non-phosphorylated ARNO at S392. A continuous helix formation at S392 in ARNO375.400(phos)
and break of helix at same position in ARNOs75400 IS indicative of possible electrostatic
stabilization of negatively charged S392 by adjacent basic lysine residues (ERRINGTON and
DOIG, 2005).
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Figure 41. Structural comparison of ARNOg75.400 and ARNO375.400 (ohos). (A) Superimposition of ARNO375.400
(red) and ARNOs75.400 (phosy (blue) over the N-terminus (bottom region of structure) showed nice overlap but
remarkable differences were seen in the C-terminus and loop regions, (B) shows the line diagram of figure A with
evident flexibility of C-terminus in ARNO375.400. (C-D) Ribbon diagram of ARNOg75.400 (red) and ARNOsz75-400(phos)
(blue), respectively, revealing the superimposition of three structures in each. (E) Structural changes at S392.
Disruption of a-helix at S392 was observed in the non-phosphorylated form of ARNO375.400 (Yellow). On the other
hand, the phosphorylated ARNOs75.490 (green) displayed a continuous helix at S392.
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Distance restraints ARNO375.400 ARNO375.400(phos)
Total 316 305
Intraresidue (i—j = 0) 96 80
Sequential (Ji-j| = 1) 102 98
Short-range (i-j) <=1 198 178
Medium-range (2 £ |i- j| £ 4) 118 102
Long-range (Ji-j| = 5) 0 25

Average number of violations
Distance violations > 5 A 0 0

Ramachandran plot? (%)

Residues in most favoured regions 81.4 88.0
Residues in additionally allowed regions 18.6 12.0
Residues in generously allowed regions 0.0 0
Residues in disallowed regions 0.0 0.0
Average RMSD to Mean (A) 0.698 0.378

Backbone (C°% C’, and N)

Table 7. Structural statistics for ARNO375.490 and ARNO375.400 (phos)
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4. Discussion
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4.1 Caspase mediated degradation of Livin (ML-IAP) in ARTS induced apoptosis and the

caspase 3 target subunit d of eukaryotic V;Vo ATPase

Apoptosis is an essential molecular process that decides the fate of cell: to die or not
(REED, 2000). ARTS is an unusual Septin family protein (LARISCH et al., 2000), a group of
GTPases involved in structuring cell shape, morphogenesis and division (FIELD and
KELLOGG, 1999). ARTS is the least characterized pro-apoptotic protein that is released from
mitochondria into the cytosol and subsequently translocates to nucleus during apoptosis
(LARISCH et al., 2000). A summary of apoptotic events and role of ARTS in summarized in
figure 43. ARTS regulation via ubiquitination has been previously found in the cells under non-
apoptotic conditions (LOTAN et al., 2005). ARTS is a short lived protein (t;2,~30 min) and is
also suspected to constantly leak from mitochondria to cytosol in healthy cells (LOTAN et al.,
2005). However, whether ARTS does also undergo ubiquitination during apoptosis and if there is
role of Livin is less understood. Livin protein is an E3 ligase, that undergoes self-ubiquitination
in healthy cells and is also responsible for ubiquitination of proteins such as Smac/DIABLO, a
pro-apoptotic protein released from mitochondria during apoptosis (MA et al., 2006).
Here in this study, effect of Livin on ARTS in healthy or apoptotic cellular conditions was
examined, where | found that E3 ligase activity of Livin did not promote ubiquitin proteosome
mediated degradation of ARTS in either of the two circumstances (Figure 1A, page 62). Basal
level accumulation of ARTS polyubiquitination forms, however, could be found in the non-
apoptotic cells that were unaffected by the Livin presence. Observed ubiquitination of ARTS in
non-apoptotic conditions may be attributed to previously reported ubiquitin proteosome pathway
(LOTAN et al., 2005). Under identical conditions, when cells were induced to undergo
apoptosis, no ubiquitination of ARTS could be seen (Figure 1B, page 62) and even basal levels,
as detected in the non-apoptotic cells, disappeared. ARTS is known to be protected from
ubiquitination during apoptosis (LOTAN et al., 2005). Thus, based on these results it can be
concluded that Livin does not act as E3 ligase to ARTS in apoptotic or non-apoptotic cells and
role of any other IAP member remains to be studied.
During ARTS ubiquitination experiments, Livin levels were found to get rapidly depleted in
apoptotic conditions in the presence of ARTS (Figure 1B, page 62). Further studies were done to
examine the changes in the Livin levels at different time points as shown in the figure 2A (Page
63). A significant decrease in Livin levels were noted during STS induced apoptosis in presence
of ARTS (Figure 2A, page 63). Although Livin degradation was also observed in apoptotic cells
in absence of ARTS but half life was more stable compared to ARTS presence. Thus, ARTS
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appears to enhance the degradation of Livin in apoptotic cells. More importantly, a 10 kDa
fragment of Livin was produced in presence of ARTS in apoptotic stress, was absent in the
control. This also raises the possibility that Livin might be degraded by different pathways in the
presence or absence of ARTS in apoptotic cells. To evaluate the pathway involved in Livin down
regulation during ARTS-promoted apoptosis, two possible hypothesis were speculated; (i)
ubiquitin-proteosome pathway dependent upon the E3 ligase activity of Livin resulting in its
self-mediated degradation and (ii) protease pathway involving caspases, the effector molecules
of apoptosis, which cleave their substrates at tetra peptide sequence after aspartate residue
(SALVESEN and DIXIT, 1997; NACHMIAS et al., 2003; YAN et al., 2006). Ubiquitin-
proteosome pathway might play a role due to the presence of the RING domain in Livin which
promotes self-ubiquitination in 1APs. As assessed from results obtained from the experiment to
evaluate the first hypothesis, | found that Livin undergoes ubiquitin mediated degradation in non-
apoptotic cells in compliance with the previously reported findings (MA et al., 2006), but its
ubiquitination was reduced when cells were treated with STS to undergo apoptosis (Figure 3,
page 64). Ubiquitination was further diminished in ARTS presence (no STS treatment) (Figure 3,
page 64). In contrast, a heavy depletion was seen in the Livin levels in presence of ARTS (STS
treated cells) (Figure 3, lane 4) but more importantly, no increase of its polyubiquitinated forms
could be observed. Also, these results reveal that Livin was degraded even if the proteosome
pathway was blocked by MG132 treatment (Figure 3, page 64). Two major observations: first,
there was no concomitant increase in Livin poly-ubiquitination which might correlate with the
observed degradation; secondly, degradation of Livin was not prevented by MG123. Thus, the
observed downregulation of Livin during ARTS-promoted apoptosis appears to be independent
of ubiquitin proteosome pathway and the proposed first hypothesis seemed less likely true. The
decrease detected in absence of ARTS, which did not produce 10 kDa fragment, appears to be
the result of proteosome pathway as shown in figure 3, as well as the reported unstable behavior
of Livin, which is constantly degraded via the proteosome pathway (MA et al., 2006).
Additionally, in earlier studies it has been reported that during caspase mediated apoptosis, the
proteosome pathway becomes inhibited (SUN et al., 2004), thus the cleavage/degradation pattern
of Livin found in ARTS apoptosis, might be result of caspase cleavage. To examine the second
hypothesis, where | speculated possible role of caspases in the observed cleavage and depletion
of Livin, various caspase inhibitors were used (Figure 4-5, pages 65, 67). These results indicated
that Livin could be rescued from degradation by pan-caspase inhibitor ZVAD-FMK and more

than 90% of the Livin was prevented from degradation at 4 h following apoptotic induction,
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while more than 50% was left at 6 — 8 h time slot (Figure 4, page 65). Inhibition of degradation
by non-specific caspase inhibitor ZVAD-FMK indicates that caspases might be involved in the
observed degradation/cleavage of Livin in ARTS-mediated apoptosis. Furthermore, to examine
which member of this class of proteases is involved, specific caspase inhibitors of caspases were
employed. The caspase 8 inhibitor Z-LETD-FMK showed significant recovery in the Livin
levels at 4 h, which was comparable to pan-caspase inhibition, but inhibition beyond 4 h was not
very efficient and Livin was degraded (Figure 5, page 67). Caspase 9 and 3 inhibitors could also
partially prevent Livin degradation. ARTS is thought to regulate caspase activity by releasing
IAP-mediated inhibition of caspases (LARISCH, 2004; YOSSI et al., 2004) and results obtained
here supports this model. AP inactivation has been demonstrated to be important for execution
of cell death (YOSSI et al., 2004). Drosophila IAP antagonist proteins Reaper, Grim and Hid
have been reported vital for releasing caspase inhibition and cell death and their absence can
prevent cells from virtual apoptosis (JI YOO et al., 2002) (HOLLEY et al., 2002). Although
there is no detectable similarity between ARTS and drosophila antagonist (JI YOO et al., 2002)
yet ARTS may be an important AP antagonist in mammalian system owing to its emerging role
in apoptosis. Besides Livin cleavage, high levels of active caspase 7 were found during ARTS
induced apoptosis directly correlating with Livin degradation. Although direct involvement of
caspase 7 could not be ascertained in this study but caspase 7 cleavage site at DHVDsg) in Livin
has been reported (NACHMIAS et al., 2003). Livin cleavage into 10 kDa fragment is known to
result in the loss of its anti-apoptotic affect (NACHMIAS et al., 2003) as well as reported
important for its proper localization inside the cell to exert a pro-apoptotic affect after the
cleavage (NACHMIAS et al., 2007).

Involvement of more than one caspases in the cleavage of Livin cannot be ruled out since Livin
has 14 aspartate residues in its protein sequence (Figure 2B, page 63) which may act as preferred
substrate sites for cysteine proteases, caspases. DHVDs; in Livin protein sequence is reported
Caspase -3 and -7 cleavage site (NACHMIAS et al., 2003). Group Il caspases (Caspase -2, -3,
and -7) prefer for DXXD tetramer sequence in their substrates where as group Il caspases
(Caspase -8, -9) prefer aliphatic amino acid at P4 position (fourth residue towards N-terminus
from C-terminus aspartate) (EARNSHAW et al., 1999). Accordingly, potential caspase -8 and -9
cleavage sites are GPKD () LGLD (43, GSWD (178), GARD (238) and VCLD (257) are shown in
figure 2B (boxed cleavage sites). Subscripts refer to aspartate residue position from N-terminus
of Livin. Also, Caspase 3 has been shown to cleave various substrates at different
unconventional sites (SAMEJIMA et al., 1999; AFFAR et al., 2001; BASU et al., 2002). Thus,



Discussion 119

in addition to the preferred caspase cleavage sites other non-conventional sites located at 23, 96,
120, 138, 161, and 185 aspartate residue positions from N-terminus may also be utilized during
its cleavage. 10 kDa fragment may be the product of DHVDs, as has been reported
(NACHMIAS et al., 2003). These findings are in confirmation with the reports that proteosome
is inhibited during apoptosis (SUN et al., 2004). This may explain inhibition of Livin
autoubiquitination and its degradation via caspases, as well as ARTS protection from
ubiquitination during apoptosis. ARTS is a pro-apoptotic protein and is expected to be more
stable during apoptosis than anti-apoptotic proteins, in order to execute cell death. Results also
points out that the cleavage might be the result of non-canonical caspases or multiple non-
canonical cleavage sites in line with the previously reported findings, which showed that
mutation of Livin at caspase 3 cleavage site Asp(52) to Glu did not abolish the caspase activity
to Livin (YAN et al., 2006) indicative of non-canonical caspase ( or recognition sequence) role.

Extrinsic Pathway Intrinsic Pathway

Stimuli

Caspases

Apoptosis

Figure 42. Apoptosis is characterized by the activation of the effector enzymes known as caspases, which leads to
the dismantling of cellular processes that is associated with the morphological and biochemical changes observed
during apoptosis. Caspases are activated by two different pathways; extrinsic pathway involving cell surface
receptor stimulation and intrinsic pathway involving defects within the cells such as DNA damage or cell cycle
arrest (REED, 2000; ZHAOYU and EL-DEIRY, 2005). IAPs are anti-apoptotic proteins and their activities are
modulated by the factors released from the mitochondria such as Smac/DIABLO and ARTS resulting in the
activation of caspases, concomitantly degrading the anti-apoptotic 1APS.

Under normal physiological conditions, caspase are present in their zymogen inactive forms and
activated forms are subjected to inhibition by IAPs. ARTS release during apoptosis is a caspase
independent event, and its discharge from mitochondria to cytosol results in possible removal of
caspase inhibition, by targeting 1APs, resulting in caspases activation as an initial event of
ARTS-mediated apoptosis (Figure 43). Activated caspases then promote caspase dependent
events including release of pro-apoptotic factors from mitochondria, which is followed by

amplification phase where several caspases are activated (Figure 43). This is a proposed model
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based on the results obtained here. More work will be required to fully understand the whole
mechanism. In conclusion the regulation of apoptosis by IAPs is more complicated phenomenon

and awaits more discoveries.
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Figure 43. ARTS in apoptosis. Apoptosis stimuli results in the release of ARTS from the mitochondria and its
association with the 1APs such as XIAP (LOTAN et al., 2005). The association results in the release of caspase
inhibition and so their activation. The activated caspases do cause further amplification of the degradative processes
by their action on the mitochondria which results in the release of pro-apoptotic protein such as Smac/DIABLO.
Such hypothesis has been proposed in the previous studies with XIAP and results described here show the
degradation of Livin in ARTS mediated apoptosis. Thus a common mechanism of ARTS apoptosis is anticipated.

Vacuolar ATPases (V1Vo ATPases) are inevitable part of cellular machinery and they regulate
the acid/base balance via their proton pumping activity. Vacuolar ATPases are composed of
several subunits (at least 14 in yeast V-ATPase) arranged in two major sub domains, V3 and Vo
(GRUBER and MARSHANSKY, 2008). Cellular acidity is an essential parameter within the
cells, an increase in the acidity of the cell is associated with apoptosis and is believed to trigger
initiation phase of cell death by apoptosis (PARKHIROTO et al.,, 2003; LAGADIC-
GOSSMANN et al., 2004). Several anti-apoptotic agents act via alkalization of the cell pH and
use of specific inhibitors of V-ATPases results in apoptotic death of cells (LONG et al., 1998).
Intracellular acidosis amounting to the pH of 0.3 — 0.4 is detected when cells are exposed to UV
light, treated with Staurosporin, Etoposide and other agents that cause cellular apoptosis
(LAGADIC-GOSSMANN et al., 2004), which implies that function of V-ATPases is hindered
during apoptosis. In short, they are vital for cell survival and disruption of function causes
apoptosis and they are being discussed as hot candidates for cancer therapeutics (HIROTO et al.,
2003; BOWMAN and BOWMAN, 2005). The roles of V-ATPases in apoptosis is an emerging
new field, and subunit d and subunit C are pivotal constituents of V:Vo ATPase which are
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involved in the coupling of ATP cleavage to proton conduction, V1V assembly as well as in the
regulation of reversible disassembly phenomenon (IWATA et al., 2004; ARMBRUSTER et al.,
2005; OWEGI et al., 2006). More importantly, both subunits are believed to be exposed on the
surface of the complex, due to their observed cleavage upon mild proteolysis (ADACHI et al.,
1990; BAUERLE et al., 1993; ARMBRUSTER et al., 2004). During the process of reversible
disassembly of V1 from V¢ portion, subunit C is the only component that is lost from V; domain
(SUMNER et al., 1995; PARRA and KANE, 1998; KANE, 2000) and is also known to interact
with the actin cytoskeleton (VITAVSKA et al., 2003; VITAVSKA et al., 2005). Owing to the
diverse roles of subunit d and subunit C they were chosen to test their caspase cleavage. Initial
results obtained showed that the cleavage of subunit Hiss-d do occurs at the N-terminus of
protein as cleaved fragment did not bind to Ni**-NTA column as shown in 7A (Page 71). The
cleavage site was further confirmed by N-terminal protein sequencing, resulting in the
identification of ;7SSTD1Ys; motif, in line with the results obtained from His-pull down assay
(Figure 7,8; page 71,72). Since V-ATPases are vital for maintaining cellular homeostasis
between various functions, cleavage of an essential component can induce the destabilization and
loss of proton pumping activity of V1V complex resulting in the collapse of vital activities and
cell death. This is in parallel with the fact that the potential targets among the activated caspase
during apoptosis are essential components of cells such as mitochondria and vacuolar systems
(RICCI et al., 2004). Again, V-ATPases have recently been shown to play essential role in the
caspase 8 mediated cleavage of Bid (BH3-interacting domain death agonist) and requirement of
Rb (Retinoblastoma) for Bid cleavage can be bypassed via inactivation of V-ATPase (HUANG
et al., 2007) in type 2 apoptosis in Rb deficient cells (Figure 44B). Bid (22 kDa) is a pro-
apoptotic regulator of Bcl-2 family that is truncated to tBid (15 kDa) by caspase 8, which
translocates to mitochondria to induce mitochondrial permeablization and release of apoptogenic
factors (YIN, 2006). These findings point to a vital role that is being played by V-ATPase via
directly interfering in apoptosis machinery by inhibiting a key component of apoptotic
machinery. Also activation of V-ATPase have been reported to prevent apoptosis in various cell
types, for example cardiomyocytes (GOTTLIEB et al., 1996), to protect them against myocardial
infarction and neutrophils, which were prevented from apoptosis in culture (GOTTLIEB et al.,
1995). Hence, activation of caspases, cleavage of V-ATPase subunits and subsequent inhibition

thus can have great impact on the activation of apoptosis.
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Figure 44. Possible role of V-ATPase in the process of apoptosis. (A) Vacuolar ATPase maintains a proper pH
balance by constantly extruding protons from the cytosol and disruption of this activity by caspases during
apoptosis may result in the elevation of cellular pH resulting in the execution of apoptosis (NANDA et al., 1992)
(B) The proposed role of V-ATPase in type 2 apoptosis. Inhibition of V-ATPase promotes Bid activation in Rb
deficient cells, complimenting the requirement of Rb and thus promoting the cells to undergo apoptosis (HUANG
et al., 2007) demonstrating that VV-ATPases have direct impact on the activation of key apoptotic components.

4.2 Structural and biochemical insights of subunit d of V;VoATPase
4.2.1 Low resolution structure of subunit d and formation of peripheral stalk

Subunit d is a non-integral protein with obvious absence of putative transmembrane
regions, which remains firmly attached to the Vo membrane embedded domain unlike other
peripheral subunits, which are either membrane embedded (for example, subunit @) or directly
assembled to their soluble V; domain (for example, subunit A) (KANE et al., 1989; ADACHI et
al., 1990; PUOPOLO et al., 1992). This protein is an indispensable component of V-ATPase
required for the assembly of Vo domain, and disruption of the subunit d gene results in the loss
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of other membrane subunits like subunit a, as they fail to reach the membrane for assembly
(BAUERLE et al., 1993). Of the five eukaryotic Vo subunits, subunit d remains the least
structurally and functionally characterized protein of V-ATPase.

Here, | report the successful attempt to purify and characterize this essential protein
(Vma6p/subunit d) of Saccharomyces cerevisiae V-ATPase. Homogenous preparation of the
protein was used to collect SAXS data from which a first low resolution structure could be
solved. Subunit d in solution is a boxing glove-shaped molecule, consisting of two distinct
domains (Figure 16, page 81), a major part with a width of about 6.5 nm and a protuberance of
about 3.5 nm in length (THAKER et al., 2007). A 3D electron microscopy reconstituted low
resolution structure of Vo domain from negatively stained clathrin coated vesicles has been
reported showing an asymmetric protein ring with two small opening on luminal side and a wide
opening on cytoplasmic side overlaid with two uncharacterized masses (WILKENS and
FORGAC, 2001). Of these two semi-circular fused masses (Figure 17, page 81), one of them is
linked to the membrane, while the other mass is more exposed towards the cytoplasm but
connected with the previous ring through a small bridge (WILKENS and FORGAC, 2001).
According to 3D reconstituted model interpretations these additional densities were believed to
be part of subunit a (N-terminal region) and subunit d, respectively (WILKENS and FORGAC,
2001). But due to the lack of structural data about these subunits, it remained elusive and an open
question. Since we have now solved the first low resolution structure of subunit d (Figure 16,
page 81), direct structural comparisons of the overall shape and domain organization of subunit d
were made with the observed additional densities on the cytosolic face of Vo domain. Results
indicated striking resemblance with overall shape of the membrane distal exposed mass in Vo
structure with subunit d boxing glove shape as shown in figure 17 (THAKER et al., 2007). Since
subunit a is a bona fide membrane anchored protein, the location of subunit d became evident on
the structural perspectives described here in figure 17, making a clear assignment of subunit d
inside the Vo domain (THAKER et al., 2007). Additional supporting data about the association
of subunit d and a came from the observation that subunit d is unable to assemble with Vg in the
cells lacking subunit a (GRAHAM et al., 2000). Also, subunit d remains exposed on the
cytosolic face, shown in the experiments, where mild proteolysis resulted in its cleavage in ViVo
preparations (ADACHI et al., 1990). In this direction, to understand the binding between two
subunits, the initial results were obtained with fluorescence correlation and cross correlation
spectroscopy (FCS, FCCS) experiments supporting that subunit d and the N-terminus of subunit
a, a;-3ss do associate with each other (Figure 29, page 97). Interaction was further confirmed by
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an alternative approach of surface plasmon resonance (SPR) technique (Figure 30, page 99). The
results of SPR revealed a strong affinity of interaction between subunit d and aj.3gs with a
dissociation constant (kd/ka) of K4 = 6.0 (+1.8) x 10® M (Figure 30) (THAKER et al., 2009).
These results showed the close proximation of subunit d and NH,-domain of subunit a of yeast
V1Vo ATPase, and thus making a clear assignment of subunit d and subunit a inside the Vo
complex.

To understand the binding partners of boxing glove shaped subunit d inside the V; and Vo
domain, our laboratory has shown that subunit d does interact with subunit A thus linking the
assembled d to V; domain (THAKER et al., 2009). Taken together these data strongly support
that subunit d is more extended in nature and do form a peripheral assembly with subunit a liking
the Vo domain to the V; catalytic sector by directly associating with subunit A in the V;.
Previous findings have reported that the N-terminal region of subunit a is exposed on the
cytoplasmic face of the vacuolar membrane (LENG et al., 1999) and is also known to link
directly with subunit A of the V; domain (LANDOLT-MARTICORENA et al., 2000).
Additionally, a peripheral orientation of subunit a and d in V;Vo complex has been put forward
in the previous works (FORGAC, 2000; CLARE et al., 2006). All these existing data thereby
strongly support that a peripheral stalk assembly formed by subunit d and a together with other
subunits connecting Vi with Vo in the fully assembled V-ATPase is a viable hypothesis put
forward in previous studies (CLARE et al.,, 2006; THAKER et al., 2007). Such kind of
peripheral structures has been shown in related F1Fo ATP synthase where subunit b together with
d subunit links N-terminal part of the asfs with membrane Fo subcomplex (SINGH et al., 1996 ;
WILKENS and CAPALDI, 1998). Taking into account the structural features of subunit d, we
propose here that the small cavity of boxing glove shape structure forms a fit into the
raised/exposed region of catalytic subunit A, which is typically formed by the non-homologous
region (NHR) (Figure 45) (THAKER et al., 2007). Both subunit d and the NHR of subunit A are
characteristic features of eukaryotic V-ATPase which are absent from related F;Fo ATP
synthases (SHAO et al., 2003). The NHR has been associated with the coupling of proton
transport and ATP hydrolysis as well as reversible dissociation of V1Vo in vivo (SHAO et al.,
2003). Furthermore, the NHR of subunit A has been shown to directly associate with a domain
consisting of subunit a and subunit d of Vo subcomplex by the in vivo immunoprecipitation
experiments (SHAO and FORGAC, 2004). Recently, besides the classical role of V-ATPase in
the acidification of cellular compartments (GRUBER, 2003), more refined features of these nano
pumps have emerged (HURTADO-LORENZO et al., 2006). V-ATPases has been reported to act
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as a platform or scaffold for the interaction of small G-protein, Arf6 (ADP ribosylation factor 6)
GTPases and corresponding guanine nucleotide exchange factors (GEF), ARNO (ADP-
ribosylation factor nucleotide site opener), with the membrane ring subunit ¢ and subunit a,
respectively in a pH dependent manner, regulating the critical protein degradation pathways
(HURTADO-LORENZO et al., 2006). Proposed extended conformation of subunit a and d can
make such interactions viable in vivo by providing a pH sensitive scaffold, regulating the
networking of signaling pathways, which determines the fate of cell survival. In addition to this,
the recent results also showed that C-terminal of subunit d is required for the retention of subunit
E (OWEGI et al., 2006), which imply that subunit d is directly influencing Vi assembly and
consequently all these data strongly support that subunit d is more extended in vivo, forming a
peripheral stalk together with N-terminus of subunit a and subunit A (Figure 45) (THAKER et
al., 2009).

Figure 45. Proposed model of yeast V-ATPase showing an extended peripheral stalk, formed by the association of
subunit d with subunits a and A, respectively, as per data obtained in the current study (GRUBER and
MARSHANSKY, 2008; THAKER et al., 2009). N-terminal subunit a, a;.33 was shown to interact with subunit d
using FCS and SPR techniques as well as with subunit A (THAKER et al., 2009). Subunit d low resolution structure
has been solved using SAXS measurements from homogenous recombinant protein preparations, which showed the
protein consists of a two domain boxing glove shape structure in solution with a small cavity in the head domain,
which we propose might be required for its association with the NHR-region of subunit A (THAKER et al., 2007).

4.2.2 Structural aspects of subunit d of V-ATPase of Saccharomyces cerevisiae

Subunit d was isolated with a high degree of helicity in conformity with the predicted
helical secondary structure as shown in figure 13 and analysis of ©,,,/@2s ratio approached 1.0,
which demonstrates the existence of helix-helix interaction, that might be relevant to the compact
structure observed (Figure 16, page 81). Further, changes in the helix-helix interaction were
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formed on the addition of cross-linking agent CuCl, demonstrating the close proximity of the
cysteine residues (Figure 18, page 82). Initial results of cross-linking data were further studied by
tryptic digestion and MALDI-TOF mapping of neighboring fragments using TMR or NEM
labeled samples to follow the free cysteine residues which are on the surface or buried within,
respectively. Peptide fingerprinting data (Table 3) revealed disulphide bond formation between
Cysss and Cyssg, bridging peptides 19GYRNGLLSNNQYIN LT QCDTLELK,; and
322NITWIAECIAQNQR335, demonstrating the near neighborhood of both termini and an
example of helix-helix interaction inside the protein as discussed above (THAKER et al., 2007).
However, in DTT reduced samples smaller fragments from both termini were observed without
any cross-linking. Sequence analysis of subunit d from all the eukaryotes described so far
showed two and one conserved cysteine residues in the N- (Cysss127) and C-terminus (CySszo),
respectively (THAKER et al., 2007). Close neighborhood of N- and C-termini is in line with the
importance of these termini in proper folding and synthesis of this protein in vivo whereby
subunit d constructs carrying deletions in the N- or C- termini (d1.328, 1298 and dzs.345) Or at both
termini in dij189, d3s-189 and digo-328 lead to less and/or unstable proteins, indicating major
structural perturbations (Figure 23, page 89). Interestingly, a point mutation C329S also resulted
in insoluble protein, demonstrating the essentiality of the cysteine bridge in the proper folding
during its production (THAKER et al., 2007). di1-345 was the only protein that could be purified
in the amounts comparable to the wild type (Figure 24, page 91).

Moreover, changes in the structural conformations as monitored by tryptophan fluorescence
could be observed when samples were either reduced, oxidized or left untreated as shown in
figure 21 (Page 87), reflecting a change in the environment around the tryptophan residues. An
increase in the quantum yield on reduction with DTT points to the enhanced polarity surrounding
the tryptophan residues due to the possible conformational changes (THAKER et al., 2007).
However, minor variations were observed in CD data obtained in the presence of DTT but
significant variations were seen when CD was measured in the presence of CuCl, (Figure 22,
page 88), revealing a decrease in the a-helical content in CuCl, cross-linked samples (THAKER
et al., 2007). These data reflect that the disulphide formation seems to be essential in the process
of protein folding rather than stabilization of the produced subunit. It has been described that
deletions of various lengths from N or C-termini destabilizes the subunit d and subverts the
formation of a Vi1Vo complex in vivo in yeast cells (OWEGI et al., 2006). Further, various
mutations in subunit strongly uncoupled proton translocation and ATP hydrolysis including a
C329A mutation and 2-19A truncation prevented assembly of Vo and C-terminal truncations
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resulted in the loss of subunit d at the membranes (OWEGI et al., 2006). These results are in line
with the biochemical data of subunit d (Vma6p) described here. Importance of disulphide during
protein synthesis is further supported by the observation that a substantial increase in the levels
of protein was observed in the expression E. coli host Rosetta-gami'™ 2 in comparison to BL21
(DE3) (Figure 10, page 76). Rosetta-gami'™ 2 (DE3) carries genetic modifications which
facilitates enhanced disulphide formation compared to BL21 DES3 cells, but biochemically both
proteins were alike (section 3.2.1). CuCl, addition created a disulphide bond between Cys;,7 and
Cysies as was made evident by tryptic digestion and MALDI-TOF analysis (Table 3, page 86).
MALDI-TOF analysis of the non-reduced and CuCl; cross-linked d also revealed that Cys;»7 is
accessible for NEM but not for the more bulky flurophore, TMR and therefore is not exposed in
the protein, unlike the residues Cysiss, Cysyo7 and Cysygs. Biochemical modifications of protein
with CuCl, and DTT altered secondary rather than tertiary structure as no overall changes in the
measured SAXS data were observed (THAKER et al., 2007).

Subunit C from A;Ao ATP synthase has been proposed to be homologous to subunit d of V1Vo
ATPase in structure and function but at the same time a rather low (18%) sequence similarity
could be found (IWATA et al., 2004; YOKOYAMA and IMAMURA, 2005; OWEGI et al.,
2006; GRUBER and MARSHANSKY, 2008) (THAKER et al., 2007). A;Ao ATP synthases are
of archeal origin transferred by horizontal gene transfer (OLENDZENSKI et al., 1998; BERNAL
and STOCK, 2004) and they do synthesize ATP unlike that of V-ATPases, which hydrolyze
ATP to drive the proton transport across the membrane (GRUBER et al., 2001; GRUBER and
MARSHANSKY, 2008). The high resolution structure of C subunit from T. thermophilus A;Ao
ATP synthase (IWATA et al., 2004) showed that the protein is more compact and funnel shaped
(Figure 46). The distance distribution function computed from the scattering pattern of the
atomic model of the T. thermophilus C subunit (IWATA et al., 2004) displayed that the structure
differs significantly as compared with the subunit d (Figure 15B, page 80) (THAKER et al.,
2007). The symmetric profile of the distance distribution function characterizes the more
compact structure of subunit C with a funnel shape (Figure 15B, page 80) (IWATA et al., 2004).
The major differences in the tertiary structure of subunit C of the bacterial AjAo synthase
(IWATA et al., 2004) and subunit d of the eukaryotic V1Vo ATPase are that d is not only larger
but also more anisometric, reflected by its boxing glove-shape and a two domain orientation
(Figure 46). Superposition of the crystal structure of subunit C (IWATA et al., 2004) and the low
resolution structure of d presented in the figure 46, also indicates the differences in the additional
volume of the upper domain and the protuberance of the lower part present in subunit d. Whereas
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subunit d of V-ATPases is strongly attached to the Vo section during the physiological process
of reversible disassembly of V1Vo ATPase (KANE, 1995; SUMNER et al., 1995; DAMES et
al., 2006) , subunit C of A;Ao synthases are linked to the A; domain (CHABAN et al., 2002;
COSKUN et al., 2004), thereby forming the bottom of the central stalk, and functionally linking
the catalytic site events in the AsBs hexamer with ion-conduction in the membrane section and
vice-versa (CHABAN et al., 2002). These structural, biochemical and topological diversities of
both proteins are in line with the fact that subunit C of the T. thermophilus A;Ao synthase does
not functionally substitute for subunit d and does not complement the phenotype of vma6A cells
as shown most recently (OWEGI et al., 2006).

Figure 46. Superimposition of the AjAo ATP synthase subunit C (blue) structure (pdb
1r5z) on V-ATPase subunit d (green) (THAKER et al., 2007). Subunit d showed a two
domain boxing glove shape, whereas it’s proposed homolog in the Aj;Aq ATP synthase,
subunit C, displayed more symmetrical funnel shaped structure. Besides the divergence in
the topology and shape, both structures revealed difference in their overall volume as well
(THAKER et al., 2007).

4.2.3 Assembly subunit d with subunit G of yeast V-ATPase

From the SAXS results, subunit d was found to be an elongated molecule as shown in
figure 16 (Page 81) and its association with Vo domain subunit a became evident when the
structure was superimposed over the electron micrograph of Vo from bovine brain clathrin
coated vesicle (THAKER et al., 2007). The possible elongated assembly of a/d became more
clear with the finding that subunit d interacts with subunit a and A (THAKER et al., 2009).
Subunit G is an elongated molecule in solution (ARMBRUSTER et al., 2003) and has been
shown to interact with subunit d by immunoprecipitation pull downs (JONES et al., 2005).
However, no further studies have been reported to either map the domains or residues involved
in the binding. We made the titration experiment with purified and >N labelled subunit G (**N-
Gi.s9) In the presence of unlabeled subunit d, results as shown in figure 25 (Page 92),
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demonstrating that these two proteins do interact in solution (RISHIKESAN et al., 2009). The
NMR studies in our lab have led to the complete amino acid assignment of HSQC spectrum of
subunit Gi.sg which was used to solve the 3D solution structure recently (RISHIKESAN et al.,
2009). Taking this advantage, subunit G *H'N HSQC titration experiments in presence of
subunit d showed the interaction between the two, and the already assigned HSQC spectrum was
used to map the binding domain on Gi.sg subunit. Analysis of the HSQC spectrum peaks
revealed that the N-terminal region (Gly7-Lys34) of G;.sg is involved in association with subunit
d (RISHIKESAN et al., 2009). An intensity map of the residues involved in the binding to
subunit d is shown in figure 25B (Page 92), indicating the assembly of subunit d with subunit G;.
sg Of the yeast V-ATPase occurs via the very N-terminus. The largest intensity changes were
detected for the backbone amides of residues Ala9, Leull, Glul5, Lys16, Alal8, His19, Val22
and Ala25 (B) (RISHIKESAN et al., 2009). Recently, from our laboratory, a high resolution
NMR structure of subunit Gi.s has been obtained which showed an extended a-helix of about 68
A (RISHIKESAN et al., 2009). The entire subunit G is predicted to be a straight helix
(ARMBRUSTER et al., 2003), and might be enable to bridge the V1 and Vo domains of V-
ATPase complex. The solution structure of subunit d described here showed that it consist of a
11 nm boxing glove shape, forming a two domain elongated structure (THAKER et al., 2007).
Such described structure of subunit d will make its association with elongated helical G subunit
quite feasible, bringing the N-terminus of G close to Vo domain and allowing the remainder of
its C-terminus to interact with V; domain subunit A and B, as reported previously (JONES et al.,
2005). These data further support the extended peripheral stalk formed by subunit d with
subunits from the V; domain.

In conclusion, the data presented here demonstrate that subunit d (Vma6p) of the yeast vacuolar
ATPase exists in solution as an elongated molecule, organized in two well-defined domains, as
determined by two ab initio shape restoration procedures, reporting any kind of structural
information for the first time (THAKER et al., 2007). The similarity in shape with the mass of
the recently determined low resolution structure of the Vo domain (WILKENS and FORGAC,
2001) allowed a clear assignment of subunit d inside the membrane domain, Vo (THAKER et
al., 2007). By using biochemical and molecular biology approaches, we establish that N- and C-
termini of the protein are critical for proper folding, production, and stability of protein, which is
in conformity and supported by the in vivo studies done in Saccharomyces cerevisiae (OWEGI et
al., 2006). More interestingly, a direct assembly of G/d is shown by NMR spectroscopy and
binding region has been mapped to the N-terminus of G subunit (Gly7 - Lys34) (RISHIKESAN
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et al., 2009). Moreover, a strong interaction between subunits d and a (THAKER et al., 2009) as
well as binding between subunit d and A support the hypothesis that subunit d along with the N-
terminus of subunit a and components of V; form an extended peripheral stalk in VV;VVo ATPase.

4.3 Structural and biochemical characterization of subunit a of the vacuolar ATPase
Subunit a is a 100 kDa protein that is partially exposed on the cytosolic face via its NH,-
terminus and its COOH-domain comprises of putative transmembrane helices. Despite the fact
that subunit a has been well studied in recent years yet no structural breakthrough has been
obtained and a complete understanding on its associated partners in V1Vo is lacking. However,
studies have suggested that subunit a is indispensable for the assembly and coupling of ATP
hydrolysis to proton transport in ViVo ATPase (KAWASAKI-NISHI et al., 2001; QI and
FORGAC, 2008). Most recently, subunit a has been recognized as a crucial element in the signal
pathways involving ARNO (GDP/GTP exchanger) and GTPase, Arfé in the cellular trafficking
and degradation pathways (HURTADO-LORENZO et al., 2006; MARSHANSKY, 2007).
Here the N-terminal subunit a;.3ss fragment of VPH1 gene of Saccharomyces cerevisiae was
cloned and the protein was expressed and produced in E. coli, and the analysis of purified protein
by CD spectroscopy reflects the proper secondary structure (Figure 27,28; page 95,96).
Fluorescence correlation spectroscopy (FCS) and fluorescence cross correlation spectroscopy
(FCCS) was used to determine the interaction between subunit d and a (Figure 29A, page 97)
indicating the association between the two proteins. Interaction has been analyzed in the
perspective of our previously proposed peripherally stalk assembly of subunit d (THAKER et al.,
2007), as described above in section 4.2.1 (Figure 45). To get insights into the 3D structure of
subunit a/Vphlp, crystallization trials were done with subunit a;.3gs. Promising results were
observed with the formation of needle clusters in a condition containing 0.1 M Hepes sodium,
pH 7.5, 2%, PEG 400 and 2 M ammonium sulfate during initial setup. However, several
optimization rounds with different grid screen compositions as well as with other Hampton
screens such as Salt Rx, Index Rx etc. could not yield any improvements in the needle clusters,
to make them feasible for the diffraction yet to overcome this problem, as well as to map the
binding domain of subunit a involved in the interaction with subunit d, several shorter constructs
of NH,-domian of subunit a were cloned (section 3.3.6), but none of these truncated proteins
were soluble and could be poorly expressed in E. coli (Figure 32, page 101). These results
showed that some minimum length might be required to attain the proper folding of subunit a.
These data are consistent with the fact that subunit a is very unstable and extremely sensitive to
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proteolytic cleavage, as was observed in the initial vacuolar preparations from the yeast when it
was assumed that subunit a is not part of V-ATPase in lower eukaryotes (FORGAC, 1989;
PERIN et al., 1991). Due to the difficulties with the expression of yeast vacuolar ATPase subunit
a proteins in E. coli heterologous system, several constructs were made from the mouse ViVo
ATPase (section 3.3.8). Subunit a from different sources was chosen to study the conservation of
its subunit function in various organisms. However, the problem of solubility persisted even with
the shorter constructs from mouse a2 NH,-domain. Because of the problems encountered with
the expression and solubility of subunit a constructs from several sources, further studies were
focused with peptides from essential regions of the subunit a2 of mouse V-ATPase. Subunit a2 is
one of the four isoforms found in V-ATPase of mouse, which is mainly expressed in kidney and
liver cells (NISHI and FORGAC, 2000). Subunit a2 has been recently associated with its novel
function, acting as pH sensor element in a complex with ARNO and Arf proteins (HURTADO-
LORENZO et al., 2006; MARSHANSKY, 2007), playing an instrumental role in the degradation
pathways. Various regions of the subunit a2 have been modeled to be involved in the association
of ARNO (Figure 47) (GRUBER and MARSHANSKY, 2008). To get further insights into these
essential regions of the subunit a2, 1 have solved the 3D NMR structure of subunit a2 peptide
a23gs-400 (Figure 38). This peptide of subunit a2 is shown as region 22 in subunit a2 model
(Figure 47). Moreover, a2sss.400 has also been recently found to interact with ARNO (Arf-GEF)
(MERKULOVA et al., 2009).

Figure 47. Modeled structure of ARNO (- coiled-coil region) and subunit a2 of mouse V-ATPase showing
the probable regions of N-terminal part of subunit a2 that might be involved in interaction with ARNO.
Poly-basic (PB) of ARNO is shown in red, pleckstrin homology (PH) domain in blue and linker-region of
Sec7-PH region in green (GRUBER and MARSHANSKY, 2008).
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The solution structure of a23s6-400 peptide (Figure 38, page 106) showed an a-helical C-terminus
and a flexible N-terminal domain in line with the predicted structure based on the primary
sequence using PSI-PRED program (Figure 35, page 104) (MCGUFFIN et al., 2000). The
structure of a2sg6.40 Can have important implications, whereby a flexible loop between two
helices might be essential for the interaction with other proteins such as ARNO. Analysis of this
structure by PDBSum (LASKOWSKI et al., 2005) showed that a possible cleft is formed
between N- and C-terminal domains.

As discussed above that V-ATPase has been recently reported to assemble with the signaling
proteins such as ARNO (GTP/GDP exchanger) and Arf (small GTPase) via subunit a and ¢
(HURTADO-LORENZO et al., 2006), respectively, we intended to get more structural
information about the regions of ARNO that are involved in its direct association with subunit a.
The domain of ARNO protein that is required for association with subunit a2 has been recently
mapped to the poly-basic (PB) region of ARNO (379 — 400 aa) and more interestingly only the
non-phosphorylated ARNO-PB form was found to interact with a2 and phosphorylation at S392
inhibited ARNO binding with subunit a2 (MERKULOVA et al., 2009). Thus, it was presumed
that the ARNO-PB domain undergoes remarkable structural and conformational changes upon
phosphorylation at residue S392. In this context, | have solved the 3D NMR solution structure of
ARNO-PB domain in its non-phosphorylated and phosphorylated states (Figure 40, page 111)
from residues 375 — 400 (26 aa), which contains four residues of PH/PB linker at the N-terminus.
Both structures exhibited helix-loop-helix configuration (Figure 40, page 111). Structural
comparisons between ARNO3z75.490 and ARNO375.100(phos) are described in the figure 41. ARNOs7s.
400(phos) 2dopted a very stable geometry, whereas the ARNO375.400 has a stable N-terminus a-helix
but a flexible backbone structure with short a-helices at C-terminus (Figure 40C, page 111). A
superimposition of the two structures over the N-terminus 1 — 10 residues showed a nice overlap
with an RMSD of 0.68 A but with differences in the C-terminus. An alignment resulted in a
distance deviation of 105° at the loop region of ARNO375.4090 and ARNO375.400(phos), respectively.
The phosphorylated and the unphosphorylated forms of the peptide influenced the structural
changes in the C-termini, resulting in the disruption of the a-helix at the S392 residue in the non-
phosphorylated ARNO375.400. In contrast, ARNOz75.100(0n0s) displayed an extended helix through
S392 and adopted a maximum stable structure in solution. In conclusion, the structure of
ARNO375.400 In the non-phosphorylated form can be conditionally related to its binding partner,
subunit a2 where the observed flexibility in the COOH-terminus can be partly explained due to
the absence of binding partner (subunit a2) in solution. On contrary, z7s-s00(phos) Stable helix-loop-
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helix structure shows inactive conformation that blocks the ARNO binding to subunit a2. Such
kind of phosphoregulatory switches are known in bHLH (basic helix-loop-helix) proteins, where
the binding affinity of proteins are modulated by phosphorylation and ability to interact with
different binding partners is achieved (ANTHONY and SIMON, 2008). More recently, PB and
Sec-7-PH linker regions have been found to be involved in the auto-inhibition of ARNO
(DINITTO et al., 2007). Earlier reports have shown that ARNO phosphorylation at S392 did not
cause its activation (FRANK et al., 1998) rather in a later report it was found that
phosphorylation S392 negatively regulates exchange activity through a ‘PH-domain electrostatic
switch’. Introduction of negative charge in poly-basic (PB) reduced ARNO interaction with
membranes in vitro and in vivo (SANTY et al., 1999). Thus, structural information presented
here can be used for further characterization and understanding the mechanism between
ARNO/Arf6/V-ATPase with respect to the regulation of processes such as protein trafficking and
actin cytoskeleton organization, in which they are involved.
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5. Conclusion
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This study was initiated to understand the mechanism of ARTS-promoted apoptosis, role of
Livin and V-ATPase in the process of cell death. Initial findings showed subunit d of V1Vo
ATPase is a novel caspase 3 target, which was subsequently characterized by biochemical and
structural techniques. Additional studies with V-ATPase focused on subunit a and signaling Arf-
GEF protein, ARNO. Subunits d and a are indispensable for native proton pumping function as
well as recruitment and scaffolding of ARNO/Arf6 which is involved in protein trafficking
pathways. In summary work done in this dissertation led to the following conclusions:

i) During apoptosis, pro-apoptotic ARTS protein was prevented from degradation in vivo. Over
expression of an E3 ligase anti-apoptotic Livin did not target ARTS ubiquitination and
subsequent degradation by proteosome pathway, in cells that were induced to undergo apoptosis
by staurosporine. Thus, Livin did not appear to act as an E3 ligase to ARTS. In contrast, Livin
was found to undergo cleavage in ARTS-promoted apoptosis in response to staurosporine
apoptotic stimuli. Further examination indicated a possible role of caspases in Livin degradation.
Additionally, to screen for novel caspase cleavage sites in V-ATPase, subunit d of Vo domain of
V1Vo ATPase was found to be a target of caspase 3. To get further insights, studies in this
direction are underway to detail function of observed cleavage and possible mechanism within
the cell.

i) Owing to the importance of subunit d in V-ATPase function and caspase 3 substrate,
recombinantly produced and purified protein was studied, which resulted in first low resolution
structure of subunit d showing a two domain-boxing glove low resolution structure. Further
characterization of subunit d recombinant protein led to the identification of a disulphide bond
between N- and C-termini (Cys36-Cys329) as well as importance of termini in the protein
production and folding. On further investigations, a peripheral stalk formed by subunit d became
evident, where binding experiments done with Vo domain subunit a and Vi peripheral domain
subunits G and A showed their association with subunit d.

iii) Subunit a, is a partially membrane anchored protein of Vo domain of V1V ATPase. Studies
with soluble N-terminal domain of subunit a (a;sss) led to the identification subunit d as its
binding partner. Initial crystallization with aj.3gg resulted in the clustered needle forms of
crystals, which will be further optimized in future to make them of diffractable quality, to get a
high resolution structure of a;.zgs. A region of mouse subunit a2 involved in binding to ARNO
has been characterized by solution nuclear magnetic resonance spectroscopy. The solution
structures of ARNO PB-domain have been also solved in their active non-phosphorylated (which
binds to subunit a2) and inactive phosphorylated (non-binding) forms, providing insights into the
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essential conformations of both proteins. Future direction will include the structure determination
of additional regions of subunit a2 involved in the binding to ARNO as well as study of Arf6 and
its binding partners in V-ATPase.
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