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Summary

Summary

FK506 binding protein (FKBP) 38, which is a tripartite TPR domain-containing
member in the FKBP family, can help Bcl-2 localize at the mitochondrial membrane
and modulate apoptosis. The regulation of Bcl-2 function by forming heterodimeric
complexes with its pro-apoptotic partners is well studied. Bcl-2 is also regulated at the
posttranslational level through phosphorylation of specific residues within the flexible
loop. Bcl-2 contains an unusually long loop between the first and the second helices.
This loop has been shown to be highly flexible based on NMR and X-ray
crystallographic analyses of this region. Currently, the molecular basis of alternative
regulatory mechanism of Bcl-2 remains poorly understood. Towards this end, in this
study, we first investigated the molecular interaction between FKBP38 and Bcl-2, and
demonstrated that Bcl-2 interacts with FKBP38 through the unstructured loop, and the
molecular interaction appears to regulate the phosphorylation reactions in the flexible
loop of Bcl-2. We also showed that the flexible loop of Bcl-2 displays differential
phosphorylation and dephosphorylation profiles by protein kinases and phosphatases.
Our results show that, S87, of the four known phosphorylation sites in the loop of
Bcl-2, appears to be the preferred phosphorylation site for extra-cellular signal ERK2
while PP2B prefers T56 and PP1 and PP2A prefer T74 as substrates in phosphatase
reactions in vitro. We presented here by CD and NMR that the peptides derived from
the flexible loop of Bcl-2 undergoes a conformational change upon phosphorylation.
Also we demonstrated that only the phosphorylated peptide showed the interaction
with Pinl, suggesting that the interaction requires a phosphorylation-dependent
conformation change at pT/pS-Pro motif in the flexible loop of Bcl-2.

To further understand the biological function of FKBP38, here, we studied its

molecular characteristics and a potential regulatory role on the anti-apoptotic protein
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Bcl-2. Our results suggested that FKBP38 appears to show chaperone activities in the
citrate synthase aggregation assays during thermal denaturation and affect solubility
of Bcl-2 when they are co-expressed. The FKBP family proteins bind the
immunosuppressive drug FK-506 through the FK-506 binding domain and
consequently inhibit the activity of calcineurin. In this study, from our NMR studies
and calcineurin assays in vitro, we demonstrated that the N-terminal fragment of
FKBP38 containing the FK-506 binding domain does not bind FK-506 at molecular
level.

To gain insights into the function of FKBP38 and its structural and molecular
mechanism, NMR structures of the N-terminal isomerase domain of human FKBP38
has been determined. The NMR structure revealed that the overall structural fold is
similar to that of the typical FKBP domain, but lacks the full complement of residues
that would enable it to behave as a canonical FKBP. NMR data showed that a number
of long-range inter-residue NOEs were observed in the N-terminal tail of FKBP38,
suggesting that the-N-terminal tail is not free but might interact with its own FK-506
binding domain. The binding of Ca®*/CaM to the putative CaM-binding domain at the
C-terminus of FKBP38 is important for the molecular interaction with Bcl-2. Here,
we demonstrated that the calmodulin-binding domain is also involved in the
molecular interaction with its own the FK-506 binding domain. This unique structural
feature and cross-talk observed between the N-terminal and the C-terminal domains
might provide insights into its molecular mechanism of FKBP38 in modulating

interacting partners, such as Bcl-2 in apoptosis.
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1 Introduction

1.1 Apoptosis

Multicellular organisms have a requirement to adjust their cell number in different
tissues under different developmental stage to maintain their proper function and
morphology (Vaux et al., 1996, Vander Heiden et al., 1999). Mitosis is the mechanism
to increase the cell number, while cell death is the process to decrease the cell number.
Cell death can occur by two distinct pathways, necrosis and apoptosis. Necrosis, that
is an accidental cell death, is the pathological process which occurs when cells are
exposed to a serious physical or chemical insult (Fanti e al., 2004). Apoptosis, also
called as programmed cell death, is the physiological process by which unwanted or

useless cells are eliminated during development and other normal biological processes.

Apoptosis is used by multicellular organisms to maintain homeostasis within
mature tissues during development (Vander heiden et al., 1999, Satchell et al., 2003).
Apoptosis occurs during the course of several physiological processes and if it is not
regulated correctly, it can contribute to several diseases (Cuconati et al., 2002).
Diseases caused by suppression of apoptosis include cancer, autoimmune disorders
(systemic lupus erythematosus) and viral infections; diseases which are caused by
increased apoptosis include Acquired Immune Deficiency Syndromes (AIDS),
neurodegenerative disorders, toxin-induced liver disease and some autoimmune
disorders (Zha et al., 1996, Sattler et al., 1997, Zonrig et al., 2001). In cancer

treatment, apoptosis always is the target (Kasibhatla et al., 2003).
1.2 Apoptotic pathways

In mammalian cells, the apoptotic response is mediated by two apoptosis

activation pathways. One is an intrinsic pathway (mitochondrial pathway) where
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cytochrome c is released from the mitochondria and activates upstream caspase-9.
The other is extrinsic (death receptor mediated pathway) (Fesik, 2000, Palmer et al.,
2000, Riedl et al., 2004, Ferri et al., 2001) where TNF family of death receptors
activate upstream caspase 8. The immediate objectives of these apoptotic signalings
are to activate procaspases and disable the mitochondrial function. Caspases, a
subclass of cysteine protease that cleaves substrates after aspartic acid residues, are
central to the execution of apoptosis (Crow et al., 2004). Human caspases are
subdivided into upstream (apical, signaling) caspases (caspases 2, 8, 9, 10 and 12) and
downstream (effector, executioner) caspases (caspase 3, 6, 7). Upstream procaspases
are activated by dimerization, while downstream procaspases, which exist as inactive
precursors, are activated by proteolytic cleavage usually performed by already
activated upstream caspases (Crow et al., 2004). Both of the two pathways will

activate a major downstream caspase 3 (Fig.1.1) (Schimmer et al., 2001).
1.2.1 Receptor-mediated pathway

The receptor-mediated pathway is one of the most well characterized routes in
which cells are induced to undergo caspase activation and apoptosis. Caspase-8 is the
principal initiator molecule in receptor-mediated apoptosis. The receptor-mediated
pathway begins with the TNF family of cytokine receptors that includes Fas (CD95)
and tumor necrosis factor receptor (TNFR) I. These receptors differ in their ligand
specificity, activating binding partners and downstream effectors. After binding with
some ligands, activated TNFR and Fas receptors recruit the Death Inducing Signaling
Complex (DISC) with the adaptor protein Fas Receptor Death Domain (FADD). The
FADD recruits and activates pro-caspase-8, which initiates a cascade of effector
caspases that catalyze the biochemical reaction leading to apoptosis (Zornig et al.,

2001). The function of the DISC in the activation of caspase-8 is thought to be same
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as that of the apoptosome in the activation of caspase-9, although the detailed
molecular mechanism remains unknown. The receptor mediated pathway can
crosstalk with the mitochondria pathway through the caspase-8-mediated cleavage of
BID (a BH3-only member of the Bcl-2 Family proteins), which then triggers the
release of mitochondrial proteins. Figure 1.1 gives the overview of the apoptotic

activation pathways (Riedl et al., 2004, MacFarlane et al., 2004).
1.2.2 Mitochondria pathway

Mitochondria play important roles in transmitting and amplifying death signals and
function as the interface between upstream apoptotic pathways and the caspases and
other downstream death machinery. The mitochondria mediated pathway is initiated
by mitochondrial damage in response to extracellular stimuli including deficiencies in
survival/trophic factors/nutrients, radiation, and other chemicals such as drug and
physical stresses and intracellular stimuli including oxidative stress, DNA damage and
protein misfolding. In response to a variety of pro-apoptotic stimuli, the mitochondrial
outer membrane permeabilization (MOMP) is changed, which causes the release of
apoptogenic proteins into cytosol. These proteins include cytochrome ¢, Smac (second
mitochondria-derived activator of caspase)/DIABLO (direct IAP (inhibition of
apoptosis)-binding protein with low pl), HtrA2 (high temperature requirement protein
A2) and EndoG (Endonuclease G). The release of these proteins activates apoptotic

events in the cytosol and nucleus.

The mechanisms that mediate the release of the apoptogenic mitochondrial
proteins are poorly understood. Cytochrome ¢ has been studied and several models
have been proposed for its release. One of the earliest postulated that cytochrome c
release is linked to the mitochondrial permeability transition (MPT) which is triggered

by changes in the permeability of the inner mitochondrial membrane. But this model
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can not explain the release of cytochrome ¢ before or without mitochondrial swelling
or collapse of the inner mitochondrial membrane. Other models have focused
primarily on more selective permeabilization of the outer mitochondrial membrane.
Bax and Bak play central roles in these models by inducing other proteins to form
channels for cytochrome c release, either forming channels themselves, or inducing
lipid channel formation. The hint that the Bcl-2 protein might be capable of pore
formation was proved by the three dimensional structure of Bcl-xL, which resembles
diphtheria toxin and colicins. In fact, Bax, Bcl-2 and Bcl-xL are able to form ion
channels in artificial membranes and under some conditions, Bax channels can be
inhibited by Bcl-2.

Once cytochrome c is released from the inter-membrane space of mitochondria
into the cytoplasm, it binds to the C-terminus of the adaptor protein Apaf-1 (apoptotic
protease activating factor-1) and activates it in the cytoplasm by inducing a
conformational change that allows the nucleotide binding domain of Apafl to bind to
ATP/dATP which are already present in the cytoplasm. These events are thought to
stimulate a conformational change in Apaf-1 that results in its homo-oligomerization
which is mediated through the nucleotide binding domain. The association of
procaspase-9 with the caspase recruitment domain (CARD) in Apaf-1 can form a
more than 1 MDa complex called apoptosome (Crow et al., 2004). The dimerization
of procaspase-9 in the apoptosome leads to its activation. Once activated, caspase-9
cleaves and activates downstream procaspase-3, which is also recruited into the

apoptosome and in turn, futher activate caspase-9 in a feed-back mode.

Another mitochondrial protein that promotes cell death when released into
cytoplasm is apoptosis-inducing factor (AIF), a flavoprotein with oxidoreductase

activity. AIF translocates from mitochondria to the nucleus in a manner dependent on
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PARP (poly (ADP-ribose) polymerase) activation which is activated by genotoxic and
oxidative stresses. In the nucleus, AIF triggers the degradation of DNA to 50 kb
fragments, which subsequently undergo internucleosomal cleavage by endonucleases.
AIF has no endonuclease activity, but can trigger mitochondria to release cytochrome
c. Although AIF released from mitochondria is caspase-dependent in some models, its
action after release is independent of caspase activation. Thus the AIF pathway is

distinct from but intricately involved with caspase-mediated cell death.

The net result of apoptotic signaling is mitochondrial dysfunction and caspase
activation. The activation of down stream caspases leads to the cleavage of numerous

structural and regulatory cellular poteins.
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Fig.1.1 The apoptosis activation pathways

Two major apoptotic pathways, one is activated through death receptor activation and the other by
stress-inducing stimuli. In the intrinsic pathway, stress induced apoptosis results in perturbation of
mitochondria and relase of protein, such as cytochrome c. The extrinsic pathway is that extrinsic signal
triggers cell suface death receptors of the TNF receptor recruitment to a trimerized receptor-ligand
complex (DISC) through the adaptor molecular FADD. These two pathways will active caspase 3 and

induce apoptosis. (MacFarlane et al., 2004)
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1.3 The endoplasmic reticulum (ER) pathway

The mitochondria are appropriately viewed as the central organelle in the
apoptotic pathway. In some circumstances, the ER (or sarcoplasmic reticulum in
muscle cells) plays an important role in the mitochondrial apoptotic pathway. The
mechanism by which the ER brings about cell death are poorly understood, increases
in intracellular Ca®* appear to be necessary. ER Ca®* stores are thought to be increased
by Bax and Bak, which are localized on both ER and mitochondria. Bcl-2, which also
resides at the ER membrane to decrease the Ca”* stores.

Increasing cytoplasmic Ca** may activate several apoptotic mechanisms. The
mitochondrial Ca** overload can trigger MOMP opening and cytochrome c release,
which can be amplified by positive feedback in which cytochrome ¢ binds the inositol
1,4,5-triphosphate (IP3) receptor-one of the Ca** release channel to release Ca**. Also,
Ca®* can also activate calpain, which can activate Bid by cleaving it. Calpain can also
cleave procaspase 12 and the cleaved caspase 12 translocates to the cytoplasm and
activates caspase-9 independently of apoptosome formation. These events provide a
mitochondria-independent mechanism for ER-mediated apoptosis.

1.4 Bcl-2 family proteins play important roles in regulating apoptosis

There are at least 20 Bcl-2 relatives which share at least one Bcl-2 homology
domain in mammalian cells. The Bcl-2 family members can be divided into three
major groups, the anti-apoptotic proteins (Bcl-2, Bel-xL, Bel-w and Mcll), the pro-
apoptotic proteins which are also divided into Bax subfamily (Bax, Bak) and the
BH3-only members(Bid, Bim) (Boise et al., 1993, Cory et al., 2002). The protein
members of Bax subfamily have sequences similarity to the anti-apoptotic family,
especially in the BH1, BH2 and BH3 domains (Cory et al., 2002). The BH3-only
family proteins contain a BH3 motif, which are unrelated to any known protein, and

only Bik and Blk have some similarity (Adams et al., 1998). The two kinds of the pro-
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apoptotic proteins are all required for the induction of apoptosis: the BH3-only
proteins seem to be a kind of damage sensor and the Bax-like proteins will act the
further downstream (Cory et al., 2002). These proteins regulate apoptosis in part by
affecting the mitochondrial compartmentalization of cytochrome c. Expression of Bcl-
2 and Bcl-xL prevents the redistribution of cytochrome ¢ in response to multiple
death-inducing stimuli. In mixing experiments using cell-free systems, Bcl-2 could
prevent cytochrome c releasing only from the mitochondria on which it resided

(Vander heiden et al., 1999, Komatsu et al., 2000).

All members of the Bcl-2 family (except Bad and Bid) contain a hydrophobic C-
terminus (trans-membrane (TM) domain), which serves to anchor these proteins to
membranes. Accordingly Bcl-2 family proteins are often localized to the mitochondria
or to other intracellular compartments. Bad lacks this sequence and is located
throughout the cytoplasm (Hengartner, 2000). But the TM domain is not essential for
the protective effect of Bcl-2 or Bel-xL, because the deletion of the domain from Bcl-
2 does not alter its anti-apoptotic activity (Borner et al., 1994). Fig.1.2 shows the
domains of different Bcl-2 family proteins and the structure information based upon
the 3D structures of Bcl-2 and Bcl-xL, which were previously solved by NMR and X-

ray crystallography (Muchmore et al., 1995, Petros et al., 2001).

Bcl-2 family proteins contain shared Bcl-2 homology (BH) domains, BH1, BH2,
BH3 and BH4. The BHI and BH2 domains are present in all of the anti-apoptotic
proteins as well as the pro-apoptotic proteins Bax, Bak and Bod (Mtd). These domains
are likely involved in the channel formation as their 3D structures resemble the pore-
forming regions of the diphtheria toxin (Liang et al., 1997; Muchmore et al., 1996;
Suzuki et al., 2000). There are some different charged amino acids between pro- and

anti-apoptotic proteins in the BH1 and BH2 domains, which may account for the
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differences in function between these molecules.

The BH3 domain is a death-promoting region present in all of the Bcl-2 family
members. The BH3 domain contains a core sequence of 8 amino acids and there are
leucine at position 1 and an aspartic acid at position 6 that are important for the
heterodimerization. In the anti-apoptotic members, the BH3, BH2 and BH1 domains
can form a pocket, which can bury the BH3 domain so that it can not exert its pro-
apoptotic activity and be a docking site for BH3 domains of the pro-apoptotic proteins.
Heterodimerization with pro-apoptotic proteins inhibits the function of these proteins.

BH4 domain is found primarily in the anti-apoptotic proteins and seems to be
important to be involved in protein-protein interactions. Some proteins (such as
calcineurin) are shown to interact with Bcl-2 through this domain (Adams et al.,

1998).

1.4.1 Bcl-2 pro-survival family

The anti-apoptotic (pro-survival) proteins can inhibit the apoptosis by interacting
with some pro-apoptotic proteins. The 3D structures of the anti-apoptotic proteins are
solved by NMR or X-ray crystallography.
1.4.1.1 Bcl-2

Bcl-2 (B-cell lymphoma/leukaemia 2) was originally cloned from pre-B-cell
leukaemia cells (Tsujimoto et al., 1986). The Bcl-2 protein has all 4 BH domains, a
loop domain and a TM domain in its carboxyl-terminal end. The TM domain makes
Bcl-2 localize to mitochondrial membrane but also to endoplasmic reticulum and
nuclear membrane. The loop domain can be a target of many kinases and
phosphatases which can add or remove phosphate from the loop domain (Ojala et al.,
2000). The loop domain can be phosphorylated by JNK or ERK2 at different sites

(T56, S70, T74 and S87), which may change its function (Huang et al., 2002). The
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mechanism of the phosphorylation of Bcl-2 in the loop domain is still unknown
(Wang ° er al., 1999). Bcl-2 and its homologues (Bcl-xL and Bcl-w) potently inhibit
apoptosis in response to many cytotoxic insults. Bcl-2 is an integral membrane protein
in both healthy and cancer cells (Cory et al., 2000). Bcl-w and Bcl-xL only become
tightly associated with the membrane after the cytotoxic signal, which is indicative of
an induced conformational change (Cory et al., 2000). The core structure is well
conserved in Bcl-xL, Bcl-2 and Bcel-w. The residues from BH1, BH2 and BH3 form a
hydrophobic groove that can bind with BH3 helix of an interacting BH3-only protein.
In Bcl-2, the groove can be occupied by its carboxyl-terminal tail, so the BH3 ligand
sometimes needs to displace the tail.

Now it is evident that every nucleated cell requires protection by at least one Bcl-2
homologue and regulates tissue homeostasis. Bcl-2 itself is required for the survival
of kidney and melanocyte stem cells mature lymphocytes. Apart from its anti-
apoptotic function, Bcl-2 seems to play an important role in differentiation and
maturation. Bcl-2 can also induce differentiation of neural cell line (Zhang et al.,
1996). Bcl-xL is important for the survival of the neuronal and erythroid cells
(Gonzalez-Garcia et al., 1995, Reed, 1997).
1.4.1.2 Bcl-xLL

Bcl-xL has similar 3D structure to that of Bcl-2 according to the NMR structure
study. It belongs to Bcl-x which was cloned by a low stringency hybridisation using
Bcl-2 as a probe. Bcl-x was found to be alternatively spliced into two proteins, Bcl-xL
(long protein), Bcl-xs (short protein) (Biose et al., 1993) and Bcl-x (Gonzalez et al.,
1994). Bcl-xLL contains all the BH domains and Bcl-xs lacks the BH1 and BH2
domains while Bcl-xf lacks the carboxyl-terminal TM domain. Bcl-xL has similar

function as that of Bcl-2 and can protect cells from cell death after various apoptotic
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stimuli, whereas Bcl-xs exhibits a pro-apoptotic function by inhibiting the activity of
pro-apoptotic protein Bcl-2 (Boise et al., 1993, Gonzalez et al., 1995). Bcl-xP appears
to have different function under different systems (Shiraiwa et al., 1996). Bcl-xL, not
Bcl-xs can protect cells from death by inhibiting the availability of cytochrome ¢ in
the cytosol (Kharbanda et al., 1997). Bcl-xL also contains a long loop between BH3
and BH4 domain and some study shows that removal of the loop domain improves the
anti-apoptotic activity of Bcl-xL in hybridoma cells grown in stationary batch culture
(Charbonnear et al., 2001). The serine 62 is an important site for taxol- or 2-
methoxyestradiol-induced phosphorylation of Bcl-xL in prostate cancer cells. JNK is
responsible for the phosphoryation of Bcl-xLL and the phosphorylation of Bcl-xL by
stress response kinase signaling may oppose the anti-apoptotic function of Bcl-xL to
permit prostate cancer cells to trigger apoptosis (Basu et al., 2003, Bachelor et al.,
2004). It is also reported that JNK can interact with Bcl-xL and phosphorylate other
two sites on Bcl-xL such as threonine 47 and threonine 115 (Kharbanda et al., 2000).
1.4.1.3 Bel-w

Bcl-w is a Bcl-2 family member with anti-apoptotic activity (Sorenson, 2004,
Kaufmann et al., 2004). Bcl-w was cloned using polymerase chain reaction based
upon its homology with Bcl-2. Bcl-w can protect haematopoietic cells from cell death
induced by growth factor withdrawal, glucocorticoid treatment and 7Y-irradiation
(Gibson et al., 1996). Similar to its closest relatives Bcl-2, Bcl-w localizes to the
intracellular membranes of the nuclear envelope, mitochondrial and endoplasmic
reticulum (Oreilly ef al., 2001). Bcl-w is expressed in the brain, spinal cord, and
haematopoietic tissues, but no expression was observed in liver, muscle or salivary
gland (Sorenson, 2004). Bcl-w was also detected in mature B and T cells in lymph

modes, granulocytes, monocytes and erythroid cells from bone marrow. Despite the
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wide spread expression of Bcl-w, development proceeds normally in its absence and
only with one exception in which Bcl-w is essential for spermatogenesis (Sorenson,
2004, Print et al., 1998).

The structure of the Bcl-w has been recently determined by two groups using
NMR spectroscopy (Hinds et al., Denisov et al., 2003). Its overall structure is similar
to that of Bcl-2, Bcl-xL and Bax. Bcl-w contains a hydrophobic groove on its surface.
The difference between Bcl-2 and Bcl-xL is that Bcl-w contains a shorter loop.

1.4.2 The BH3 proteins

All the somatic cells in Caenorhabditis elegans (C.elegans) require the single
BH3-only protein EFL-1 when they undergo apoptosis. Most of the BH3-only
proteins in mammalian cells are widely expressed. They are thought to be active by
binding and neutralizing the anti-apoptotic proteins and they must function in
upstream of Bax and Bak in the same pathway because without Bax or Bak, the BH3-
only proteins have no function (Cory et al., 2002).

The BH3-only proteins are regulated by many mechanisms. Bim and Bmf are
sequestered by binding to dynein light chains which are associated with the
microtubules (Bim) and actin cytoskeleton (Bmf) (Mollinedo et al., 2003). Bad can
bind with 14-3-3 scaffold proteins by phosphorylation with kinase (Rosenquist, 2003).
Bid can get higher activity after proteolytic cleavage. Some of the knockout studies
show that the BH3-only proteins have specialized physiological roles in the tissue.
Bid can facilitate the death of hepatocyte that is provoked by anti-Fas antibody. Bim is
a main regulator of hematopoietic homeostasis because leukocyte number rises and
plasma-cell accumulation provokes the onset of an autoimmune disease without it,
which is equivalent to elicit by the over-expression of Bcl-2. Bim also participates in

neuronal death. Bid seems to be important to promote cell death by activating Bax
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and Bak and might also inactivate pro-survival relatives. Bid may act by inducing Bax
and Bak to oligomerize and form pores in the membrane, but the oligomers do not
contain Bid. It is likely to form homo-trimers in the membrane.
1.4.2.1 Bad

Bad (Bcl-xL/bcl2 associated death promoter) is a pro-apoptotic Bcl-2 family
member containing BH3-only, that was cloned as an interacting partner for Bcl-2 and
with Bel-xL. It was shown that Bad can selectively dimerize with Bcl-xL and Bcl-2,
but not with Bax, Bcl-xs, Mcl-1 or itself. Bad binds more strongly to Bcl-xL than Bcl-
2 in mammalian cells, and it reverses the death repressor activity of Bcl-xL, but not
Bcl-2. When Bad was dimerized with Bcl-xL, Bax was displaced and apoptosis was
restored (Yang et al., 1995). Bad can be phosphorylated on at least three different
serine residues resulting in the disruption of the binding of Bad to Bcl-xL at the
mitochondria, which sequesters Bad to cytosol by the protein 14-3-3 (Zha et al., 1996)
and produce more free Bcl-xL that can bind to Bax. This results in reduction of the
amount of free Bax. The disruption of the balance between pro- and anti-apoptotic
Bcl-2 family members inhibits the release of cytochrome ¢ and the activation of the
apoptotic pathway. Bad can also be dephosphorylated in response to apoptotic stimuli.
Glutamate was shown to induce dephosphorylation of Bad through activation of
phosphatase-calcineurin, which induces the interaction between Bad and Bcl-xL and
results in the activation of apoptosis (Wang et al., 1999). Insulin like growth factor
(IGF-1) can induce the phosphorylation of Bad via phosphatidylinositol 3-kinase
(PI3-K) and protein kinase B (PKB/Akt) in cerebellar granule cells, thereby promote

the survival of these neurons (Kelekar ez al., 1998).
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Fig.1.2 The structure of the Bcl-2 family proteins

The Bcl-2 cohort promotes cell survival, whereas the Bax and BH3 cohorts facilitate apoptosis. The
Bax subfamily resembles the Bcl-2 subfamily but lacks a functional BH4 domain. Except for the BH3
domain, the BH3 subfamily is unrelated to Bcl-2. ol to &7 indicate helices identified in Bcl-xL, in
which a core of two hydrophobic helices (a5 and a6) is flanked by five amphipathic helices, and a
flexible (nonconserved) loop connects ol with o2. Arrows indicate Ser and Thr residues
phosphorylated in Bcl-2. All proteins compared are from mammalian (usually human), except for NR-

13 (chicken), CED-9, and EGL-1 (C. elegans), and the viral proteins BHRF1, LMW5-HL, ORF16, KS-

Bcl-2, and E1B-19K (Adams et al., 1998).
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1.4.2.2 Bid

Bid is a member of pro-apoptotic BH3-only family that can heterodimerise to
either Bcl-2 or Bax. Bid protein possesses only the BH3 domain and lacks the
carboxyl-terminal signal-anchor segment. It is found in both cytosolic and membrane
locations. Bid counters the protective effect of Bcl-2. Moreover, expression of Bid,
without another death stimulus, can induce interleukin-1 beta-converting enzyme
(ICE)-like proteases and apoptosis. Mutagenesis analysis revealed that an intact BH3
domain of Bid was required to bind the BHI domain of either Bcl-2 or Bax (Wang et
al., 1996).

Bid is an important link in cell death induced by tumor necrosis factor (TNF) or Fas
since these stimuli induce the cleavage of Bid by Caspase-8 (Li et al., 1998). The
cleavage product, C-terminus truncated fragment (tBid), remains associated with the
amino terminal fragment (nBid) after cleavage. By a mechanism that is currently not
well characterized, tBid becomes dissociated from nBid and translocates from the
cytoplasm to mitochondria to induce oligomerization of Bax/Bak and release of
cytochrome ¢ (Fig.1.1, Fig.1.3, Liu et al., 2005). Bid can translocate to mitochondria
after cleavage and has a stronger death-inducing activity than that of full length Bid
by either modulating other Bcl-2 family members or by itself acting as an ion channel

(Schendel et al., 1999).

1.4.3 Bax subfamily

1.4.3.1 Bax

Bax was identified by coimmunoprecipitation with Bcl-2. It is a 21 kDa protein
that can form heterodimers with Bcl-2 and Bcl-xL. Bax can promote cell death and
inhibit Bcl-2’s protective function in a concentration-dependent manner. Bax is

alternatively spliced into Bax o containing the BH1, BH2 and BH3 domains as well as
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a putative carboxyterminal transmembrane domain. Bax [ is a protein which lacks the
transmembrane domain. Bax 1y lacks extro 2 and is truncated due to frameshift. Bax o
lacks the BH3 domain (Oltvai et al., 1993). Bax can induce cell death without
additional death stimuli (Vekrellis et al., 1997). In the adult, Bax is expressed widely
particularly in kidney, liver and pancreas which contain little or no Bcl-2 (Sorenson et
al., 2004, Vekrellis et al., 1997). Bax-induced caspase activation is dependent on
mitochondria and involves release of cytochrome ¢ from mitochondria. Also, Bax can
induce caspase independent cell death in certain systems (Lindenboim ez al., 2000).

The putative TM domain of Bax does not seem to function for inserting Bax into
membranes in healthy cells and most Bax resides in the cytoplasm and it can localize
at mitochondria upon apoptosis stimuli (Wolter et al., 1997, Montessuit et al., 1999).
A conformation change of Bax can be induced after many apoptotic stimuli, which
facilitates Bax insert into the membrane and translocate Bax from cytosol to the
mitochondria. This kind of conformational change can be induced by many apoptotic
stimuli such as staurosporin, growth factor withdrawal and Fas ligation (khaled et al.,
1999, Murphy et al., 1999). It was shown that the BH3-only protein Bid can bind with
Bax and induce the conformational change, which may also result in Bax oligomer
formation that is required for the channel activity, inducing cytochrome c release
(Desagher et al., 1999, Antonsson et al., 2000).
1.4.3.2 Bak

Bak is a pro-apoptotic family member that is closely related to Bax containing
BH3, BHI and BH2 and a transmembrane domain. Bak is expressed in most organs in
the adult (Krajewski et al., 1996). The Bak” mice did not develop any age-related
abnormalities and the isolated cells behaved normally when induced to apoptosis

(Lindsten et al., 2000). In this family, Bax and Bak are widely distributed and the
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little-studied protein Bak is more prevalent in reproductive tissues. Some studies show
that inactivation of Bax affected apoptosis only slightly and disruption of Bak had no
clear effect on apoptosis. When the two genes were both inactivated, the apoptosis in
many tissues were dramatically impaired, which means that either Bax or Bak is
essential for apoptosis in many cells.

Bax and Bak are thought to function mainly at the mitochondria, but some studies
show that they play some important roles in ER. Bax and Bak oligomers are widely
believed to provoke or contribute to the permeabilization of the outer mitochondria
which allows efflux of apoptogenic proteins. One model that is based on the structural
resemblance of Bcl-2 family members and diphtheria toxin is that Bax and Bak can
form channels. The Bax oligomers can form pores in the membrane and the

cytochrome c can be released (Fig.1.3).

Survival » Apoptosis

BH3

Copied from Cory et al, 2002, Nat.Rev, 2:647-656

Fig.1.3 The model for Bcl-2 survival activity

Protection of mitochondrial integrity. Bcl-2 and its anti-apoptotic homologues guard mitochondrial
membrane integrity until neutralized by a BH3-only protein. Bax and Bak then form homo-oligomers
within the mitochondrial membrane, resulting in the release of the cytochrome ¢, which activates Apafl,
allowing it bind to and activate caspase-9. Other pro-apoptotic molecules that exit from the
mitochondria include Omi and Diable, which antagonize inhibitor of apoptosis proteins (IAPs). Protein

complexes are shown as juxtaposed boxes or triangles (Cory et al., 2002).
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1.5 Regulation of Bcl-2 by kinases and protein-protein interaction

Bcl-2 is an important member of a protein family that functions to suppress
apoptosis in a variety of cell systems. Several mechanisms have been proposed to
explain the antiapoptotic function of Bcl-2. Bcl-2 might act as a regulator of Ca®*
homeostasis or as an antioxidant. Bcl-2 forming heterodimers with the pro-apoptotic
protein Bax might thereby neutralize its death effectors properties (Breitschopf et al.,
2000, Gotow et al., 2000). It was also reported that Bcl-2 can also regulate some gene
expression such as down-regulating expression of the endogenous of3-crystalline gene
through modulating the transcriptional activity of lens epithelium-derived growth
factor (Feng et al., 2004).

Although recent studies have established that Bcl-2 function is primarily
modulated by heterodimerization with pro-apoptotic members of the Bcl-2 family.
There are other regulatory mechanisms such as phosphorylation. Phosphorylation of
Bcl-2 was first demonstrated in Sf9 cells which ectopically express Bcl-2 with a
baculovirus expression system. Since then, there are several reports dealing with Bcl-
2 phosphorylation, but its functional significance remains controversial (Yokote et al.,
2000). Some reports indicated that anticancer drug-induced apoptosis was
accompanied by Bcl-2 phosphorylation, suggesting that phosphorylation inactivates
the function of Bcl-2. By contrast, other groups demonstrated that Bcl-2
phosphorylation is essential for anti-apoptotic activity (Furukawa et al., 2000). In any
case, studying on the phosphorylation of Bcl-2 could provide some information
regarding to the regulation of Bcl-2.

1.5.1 Bcl-2 can be phosphorylated by multiple kinases
Bcl-2 contains several consensus phosphorylating sites by various protein kinases,

more interest is focus on the loop domain. It contains protein kinase Co (PKC) or
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cyclic AMP (cAMP)-dependent protein kinase (PKA) site (RXS/T), an evolutionarily
conserved serine site (Ser70), and several mitogen-activated protein (MAP) kinase
sites for extra cellular signal-regulated kinases 1 and 2 (ERK2) (PXXS/TP) at position
56, 74 and 87 (Breitschopf er al., 2000). Bcl-2 undergoes several types of
phosphorylation. One of these occurs during mitosis in stressed cycling cells and
involves only a proportion of Bcl-2 molecules, apparently phosphorylation at a single
site, identified in one study is Thr 56. Two kinases, CDK1/cyclin B and JNK have
been implicated in this type of Bcl-2 phosphorylation. Also, it was demonstrated that
the mitotic Bcl-2 phosphorylation is CDK-dependent (Du et al., 2005). A second
prominent form of phosphorylation occurs in response to treatment of cells with drugs,
such as paclitaxel and vinca alkaoids result in the phosphorylation on its loop domain
of Bcl-2. Several different kinases or kinase pathways have been implicated in this
drug-induced phosphorylation, including Raf-1, JNK, PKA, CDK1 and mTOR (Du et

al., 2005, Asnaghi et al., 2004, Mai et al., 2003).
1.5.2 Bcl-2 can interact with phosphatase

It was shown that Bcl-2 interacts with phosphatases such as calcineurin (PP2B),
PP1 and PP2A. Its phosphorylation status can be controlled by these phosphatases.
Bcl-2 can form tight complex with PP2B through its BH4 domain (Shibasaki et al.,
1997). Our experiment also showed that PP2B can use phosphorylated Bcl-2 as
substrate. PP2A is also a serine/threonine-specific protein phosphatase which can also
interact with Bcl-2, and the phosphorylation status of Bcl-2 can be regulated by PP2A
on the mitochondria (Tamura et al., 2004, Simizu et al., 2004). The phosphatase PP1
was also reported that it could interact with Bcl-2 and JNK in mitochondria (Brichese
et al., 2004). Bcl-2 phosphorylation appears to be coordinated in a complex, dynamic

network, and multiple molecules are participating in this process. Accumulating
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evidence shows that the phosphorylation of Bcl-2 may affect its function (Ruvolo et
al., 2001). Phosphorylation of Bcl-2 might trigger Bcl-2 to be degraded by
proteasome pathway (Basu et al., 2002) or its dephosphorylation might target Bcl-2

for the substrate of ubiquitin-dependent degradation (Dimmeler et al., 1999).
1.5.3 Pin1 can interact with P-Bcl-2

Ser/Thr-Pro motifs are phosphorylated by a large family of important Pro-directed
protein kinases. They exist in cis and trans isomers, the conversion of which can be
catalyzed by the PPlase (Lu, 2004). Peptidyl-prolyl isomerization of some proteins
provides a mechanism for switching a protein to different conformation and
influencing protein activity. Human Pinl and its homologs (Pinl-type PPlases) are the
only known enzymes that efficiently isomerized pSer/Thr-Pro bonds. Recent studies
have confirmed the original function of Pinl in the cell cycles and uncovered many
important novel functions of this enzyme in many cellular processes including
regulation of cell cycle, cell signaling, transcription and RNA processing, DNA
damage response, the development of germ cells and the human disease, notably in
cancer, Alzheimer’s disease and cancer pathogenesis. Previous studies showed that
over-expression of Pinl in cancer cells in correlated with poor clinical prognosis,

suggesting that Pinl may act as a new diagnostic and therapeutic target (Lu, 2004)

Pinl is a protein that can bind with phosphorylated protein and selectively
catalyzes peptidyl-prolyl cis/trans isomerization of phosphorylated Ser/Thr-Pro of
proteins after they have been targeted by Ser/Thr-Pro directed kinases (Bayer et al.,
2003). Pinl consists of two domains; the N-terminal domain called WW domain
mediates protein-protein interaction and targets Pinl to the nucleus. The residue Ser'®
is involved in ther regulation. On the other hand, the C-terminal part domain of Pinl

is PPIase domain which is homologous to the FKBP domain in FKBP family proteins.
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This domain catalyzes the peptidyl-prolyl isomerization of pSer/pThr-Pro moieties of
the substrate. It was shown that in assay with phosphorylated Ser/Thr-Pro peptides,
the WW domain of Pinl is completely inactive, whereas the separated PPIase domain
is 90% as active as the full-length protein. The WW domain has no PPlase activity,
but it binds to the phosphorylated peptides with higher affinity than the PPlase
domain does. There is no much binding affinity difference between full length Pinl
and WW domain of Pinl toward peptide substrates, but the PPlase domain show
moderate affinity or no affinity toward them. In binding studies with cellular
substrates of Pinl, the WW domain was shown to be responsible for interaction and
Pinl PPlase domain does not bind any of the protein substrates. NMR solution
structure shows that there is weak interaction between the WW domain and the PPlase
domain in the full length Pinl, but the further study shows that the interaction
between the two domains is regulated by different peptides. Pinl can either behave as
two independent domains connected by a flexible loop between the two domains or as
a single intact domain with some amount of hinge bending motion depending on the
sequence of the bound peptide (Jacobs et al., 2003). It was shown that Pinl interacts
with phosphorylated Bcl-2, so the interaction between Pinl and phosphorylated

peptides from the loop region of Bcl-2 will be characterized (Basu et al., 2002).
1.5.4 FKBP38 could help Bcl-2/xL localize in mitochondria

In the mitochondria pathway Bcl-2 family proteins can activate or inhibit
apoptosis (Kluck et al., 1997, Basu et al., 2002). During this pathway, some death
stimuli can make some proteins such as Bik localized in the ER which can inhibit
anti-apoptotic protein such as Bcl-2, and facilitates pro-apoptotic protein Bax to form
channel, and Ca’* release from ER (Bassic et al., 2004). The Ca’* and other factors

can induce some other proteins or enzymes, which make Bak form channel in
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mitochondria and cytochrome ¢ can be released from mitochondria, then the down
stream apoptotic pathway could be induced. Bcl-2 and Bcl-xL can block apoptosis by
inhibiting cytochrome c releasing from mitochondria (Fig.1.4) (Adams, 1998, Yang et
al., 1997).

It was demonstrated that FKBP38 could help Bcl-2/xL localize at the
mitochondria and inhibit apoptosis (Shirane et al., 2003). FKBP38 could inhibit the
Bcl-2 dependent apoptotic pathway. The endogenous FKBP38 could act as a docking
molecule by attracting Bcl-2 and Bcl-xL to the mitochondria and the suppression of
its function appear to result in the promotion of apoptosis through the mislocalization

of these proteins (Shirane et al., 2003).
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Fig.1.4 The apoptotic pathway from ER to mitochondria

All three groups of the Bcl-2 family: anti-apoptotic proteins, pro-apoptotic proteins and BH3-only
proteins have the potential to target mitochondria and ER. Death stimuli that are propagated and
regulated by the Bcl-2 family and ERK might subsequently require amplification via mitochondria
apoptotic pathways, which themselves can also respond directly to death stimuli. FKBP38 may play an
important role in regulating Bcl-2 by affecting their localization on mitochondrion (Germain et al.,

2003).
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1.5.5 FKBP38 promotes apoptosis by interaction with presenilins

Presenilins 1 and 2 (PS1.2) are multi-pass trans-membrane proteins localized
predominantly in the endoplasmic reticulum (ER) and Golgi apparatus. Alzheimer’s
disease (AD), the most common cause of dementia in the elderly, is neuro-
pathologically characterized by the prominent neuronal loss with astrogliosis and by
the appearance of extracellular amyloid plaques and intracellular neurofibrillary
tangels in the cerebral cortex (Wang et al., 2005). The PS1/2 are highly homologous
and consist of eight transmembrane domains and a large hydrophilic loop between
transmembrane domain 1 and 7. Mutations in PS1/2 are responsible for the majority
of autosomal dominant forms of familial Alzheimer’s disease (FAD). Independent of
the original cloning of PS1/2 as genes causing FAD, functional screening identified
PS1/2 as an apoptosis-linked molecule. Meanwhile, PS1/2 are cleaved by activated
caspase-3 family proteases during apoptosis in cultured cells. Similar to the ALG-3
polypeptide, over-expression of polypeptides corresponding to the C-terminal PS1/2
fragments generated by caspase cleavage inhibits apoptosis. These findings strongly
suggest that PS1/2 are involved in the regulation of apoptosis under physiological and
pathological conditions. Previous reports have shown an interaction between PS1 and
Bcl-2 as well as between FKBP38 and Bcl-2 (Alberici et al., 1999). It was observed
that these membrane proteins are incorporated into macromolecular complexes. It was
found that Bcl-2 coimmunoprecipitated with FKBP38 even in the absence of PS1/2,
but a very small amount of Bcl-2 co-precipitated with PS1 or PS2 in FKBP38-
depleted cell lysates. This result suggests that PS1/2 are associated with Bcl-2 mainly
by binding with FKBP38. PS1/2 down-regulate the accumulation level of Bcl-2 and
sequester Bcl-2 in the ER/Golgi compartments in an expression level-dependent
manner. As a result, the amount of mitochondrial Bcl-2 increases in the absence of

PS1/2 and decreases when over-expressing PS1/2 (Wang et al., 2005).
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PS1/2 shift Bcl-2 from the mitochondria to the ER/Golgi in an expression level-
dependent manner. The pro-apoptotic activity of PS1/2 correlates well with the
reduction in mitochondrial Bcl-2, and this can be antagonized by over-expression of
FKBP38. Thus, PS1/2 competes with FKBP38 for regulation of the amount of
mitochondrial Bcl-2, and this competition probably depends on the relative levels of
FKBP38 and PS1/2. The more potent effect of PS2 (relative to PS1) may be due to its
higher affinity for FKBP38 (Wang et al., 2005).

The pro-apoptotic activity of PS1/2 mainly depends on their binding with FKBP38
and a reduction of mitochondrial Bcl-2 for the following reasons. Firstly, over-
expression of FKBP38 could neutralize the pro-apoptotic activity of PS1/2 by
redistributing Bel-2 from the ER/Golgi to the mitochondria. Secondly, in FKBP38-
deleted cells, PS1/2 did not have the pro-apoptotic activity and effect on localization
of Bcl-2. Finally, C-terminally truncated PS2 that lacks the binding site for FKBP38
had no effect on apoptosis susceptibility and Bcl-2 localization. So the accumulating
result clearly showed the importance of FKBP38 in the PS1/2 involved Bcl-2

localization to ER (Wang et al., 2005).

1.6 FKBP38 protein belongs to FK-506 binding protein family

FKBP family members are the immunosuppressive drug FK-506 binding proteins.
The FKBP family members have the following characteristics: FK-506 binding
activity, PPlase activity and chaperone activity. Recently, an increasing number of
FKBP family proteins have been identified and showed different functions in different
tissues and cells. Most FKBP proteins are functional in the presence of their ligand
(Fong et al., 2003).

In 1989 two research groups found the intracellular target for the potent

immunosuppressive drug FK-506 before introduced for experimental clinical use in
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transplantation of organs (Harding et al., 1989, Siekerka et al., 1989). The principal
intracellular target for the FK-506 is a soluble and abundant FK-506 binding protein
with 12 kDa molecular weight (FKBP12). Using FK-506 gels, many isoforms of FK-
506 binding proteins have been isolated from various mammalian organs such as
FKBP 13, FKBP 25 and FKBP 52. Sequencing of the cDNA libraries of various
mammalian sources have so far revealed 14 unique gene products containing FK-506-
like binding domain. Plants and inverterbrates contain less diverse FKBPs and fungi
and prokaryotic organisms express up to four different FKBPs (Adina et al., 2002,
Balat, 2000). FKBPs are ubiquitous with wide phylogenetic distribution and unique
cellular localization. In FKBP family possessing PPlase activity or different FK-506
binding affinity is dependent on the structural features of the ligands and the
conservation of the binding cleft (Galat, 2000). The FK-506, Rapamycin and
cyclosporin A can act as a kind of immunosuppressive agents in the presence of their
partners and they have the same mechanism which will be introduced in the following

part (Clardy, 1995).

1.6.1 FKBP family proteins have chaperone activity

Chaperones are proteins that can recognize non-native proteins, preventing
unwanted inter- and intra-molecular interaction and influence the partitioning between
productive and unproductive folding steps. The chaperones do not form part of the
final structure of the folded protein. There are many examples of FKBPs functioning
as chaperons, the mammalian FKBP52, the wheat FKBP73 and Archaea bacteria
FKBP (Breiman et al., 2002). Recently, some studies also shows that the FK-506
binding protein from malaria parasite has chaperone activity (Kumar et al., 2005,

Monaghan et al., 2005).
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It was found that FKBP52 had chaperone activity in vitro by suppressing the
aggregation of the chemically and heat denatured citrate synthase (CS). The
chaperone activity was not inhibited by FK-506 or rapamycin suggesting that this
activity is independent of the PPlase activity. FKBP52 also affects the reactivation of
CS after thermally unfolding increasing the amount of reactivatable intermediates of
CS (Boise et al., 1996). Wheat FKBP73 possesses chaperone activity being able to
inhibit aggregation of CS. Recently the chaperone activity was shown for bacterial
FKBPs and all cases reported, the chaperone activity was independent of PPlase
activity (Breiman et al., 2002). So the FKBP family protein can regulate the function

of other proteins by using the chaperone activities.

1.6.2 FKBP family proteins possess PPlase activity

The FK-506-binding proteins (FKBPs) belong to the large super-family of
peptidyl prolyl cis/trans isomerase (PPlase), (EC 5.2.1.8) (Yu et al., 2002, Reimer et
al., 1997, Galat, 2000). Cis-trans isomerization of peptidyl prolyl bonds is one of the
rate-limiting steps in protein folding, and the PPlase, which includes cyclophilins,
FKBPs and parvulins, are involved in the slow phases of protein folding and
conserved in all organisms from Archebacterial to primate (Andrain et al., 2002,
Suzuki et al., 2003, Ou, 2004). The PPlase was origin