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Abstract 

Signaling pathways control the fate of the cell. For example, they promote 
cell survival or commit the cell to death (apoptosis) in response to cell injury 
or developmental stimuli, decisions, which are vital for the proper develop-
ment and functioning of metazoan. Tight control of such pathways is essen-
tial; dysregulation of apoptosis can disrupt the delicate balance between cell 
proliferation and cell death ending up in pathological processes, including 
cancer, autoimmunity diseases, inflammatory diseases, or degenerative dis-
orders. We have used a structural genomic approach to study the structure 
and function of key proteins involved in apoptosis and lipid signaling: the 
anti-apoptotic Bcl-2 family member Bfl-1 in complex with a Bim peptide, 
the BIR domains of the Inhibitor of Apoptosis (IAP) family members, cIAP2 
and NAIP and the a lipid kinase YegS. The structural analysis of the apopto-
sis regulatory proteins has revealed important information on the structural 
determinants for recognition of interacting proteins, which can now assist in 
the development of therapeutic drugs for human diseases.  The structural and 
complementing biochemical studies of the lipid kinase YegS have reveled 
the first detailed information on a lipid kinase and explained important as-
pects of its structure-function relationship.  

Finally, one subject of this work aim to solve what is arguably the most chal-
lenging problem in structural projects – to obtain a high production level of 
proteins suitable for structural studies. We have developed a high-throughput 
protein solubility screening, the colony filtration (CoFi) blot, which allows 
soluble clones to be identified from large libraries of protein variants and 
now constitute a powerful tool for solving difficult protein production prob-
lems.  
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General Introduction 

 

A living cell is a system in a dynamic interaction with its surrounding. Cell 
survival depends on the development of an efficient system to sense any 
change that can perturb homeostasis, and be able to adjust its own activity 
and composition accordingly. Unicellular organisms, such as bacteria, may 
be subjected to widely varying environmental conditions that require a sensi-
tive system to sense these changes and launch an elaborate and rapid re-
sponse from the cell.  

In multicellular organisms, metazoan, this system is even more important 
and complicated, since the cells have to integrate the responses to different 
signals originated within the cell itself and as part of the organisms. Cells in 
metazoan communicate with each other by actively sending signals that can 
be sensed and interpreted, defining the concept of cell signaling. Signals 
used in cell signaling encompass molecules of very diverse nature – such as 
gases, nucleotides, lipids or proteins. Receptor proteins at the surface of the 
cell sense the extracellular stimuli and transfer the signal inside the cell us-
ing different signal transduction pathways, depending on the nature of the 
signal. Cell signaling often results in modification of gene expression that 
allows the cell to initiate a proper answer to the extracellular stimuli. The 
ability of cells to send and respond to signals is crucial to development, 
homoestasis and a wide variety of other fates of the cells. Disturbances in 
these signal transduction pathways can be responsible of developmental 
abnormalities, cancer, inflammation and/or other diseases.  

Some of the proteins involved in regulation and execution of cell signaling 
pathways, have been identified but many still remains unknown. Genomes 
encode all the information to produce the proteins needed by an organism, to 
control biological structure and function at every level. Genomic projects 
have sequenced whole genomes of many different species (1, 2). In 2003, the 
Human Genome Project was finished, opening a door to systematic studies 
of the proteins of the cell, such as functional genomics, structural genomics 
and proteomics. The tentative functions of about half the proteins in humans 
and several others eukaryotic organisms have been predicted based on analy-
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ses of genomic sequences (3). Such analyses have revealed that at least 10-
15% of the proteins in eukaryotes function in cell signaling. 

The human body may contain more than a million different proteins (Human 
Proteomic Initiative, HPI, Expasy) each having different functions, although, 
the human genome harbors only 20-25 000 genes. This discrepancy suggests 
that protein diversity cannot be explained from a simple gene-sequence point 
of view only. The protein diversity is thought to be due to alternative splic-
ing and post-translational modification of proteins. Proteomics is a useful 
means for characterizing the role of this diversity in biological and cellular 
processes (4). Knowledge of the molecular structure and mechanism of pro-
teins allow us to interpret complex cellular and organism data on protein 
function, which can be applied to explain the origins of pathological proc-
esses and diseases (5). Information on protein structures can be critical for 
the development of therapeutic drugs when potential drug binding sites and 
detailed binding modes of ligands can be revealed (6, 7). 

Structural genomics (SG) is an international effort to streamline the path 
from gene to three-dimensional structure of proteins, by establishing high-
throughput methods for protein production and structure determination (8, 
9). The concept started simultaneously in several laboratories around the 
world in the end of the last century. Today the largest efforts are the Protein 
Structure Initiative (PSI) (10) in the US, the RIKEN initiative in Japan, and 
the Structural Genomic Consortium, an Anglo-Canadian-Swedish collabora-
tion.  

In my thesis work I have focused on the pathways that decide the fate of the 
cell, allowing cell survival or commit the cell to programmed death (apopto-
sis) in response to cell injury or developmental stimuli. We used a structural 
genomic approach to study the structure and function of key proteins in-
volved in apoptosis and lipid signaling, which consequently are of great im-
portance for the development of therapies against human diseases. One sub-
ject of this work aims to solve what is arguably the most challenging prob-
lem in structural projects – to obtain high-level production of proteins suit-
able for structural studies. We have developed a high-throughput protein 
solubility screening, the Colony Filtration (CoFi) blot, which allows soluble 
clones to be identified from large libraries of protein variants. 

The Cell Cycle 

The cell cycle defines the physiological process used by the eukaryotic cell 
to replicate, generating two new daughter cells. This process is an ordered 
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set of events, that can be divided into four well defined stages: stage GAP-1 
(G1), Synthesis stage (S), GAP-2 stage (G2) and Mitosis stage (M).  During 
stages G1, G2 and S, commonly known as interphase, the cell synthesizes 
most of the components needed for the new daughter cells, duplicates the 
chromosomes and augments in size (Figure 1). Mitosis is the final event of 
cell cycle where the cell literally divides the cytoplasma and chromosomes 
into two identical daughter cells. The cell cycle is tightly regulated by cyclin 
kinases, through protein phosphorylation. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The eukaryotic cell cycle. Divided into four stages, G1, G2, S and M. G0 
is a regulation point, where cell decides to continue division or enter in a quiescent 
stage. 

Cyclin kinases are heterodimers with a regulatory subunit cyclin, and cata-
lytic subunit cyclin-dependent protein kinase (CDK). Animal cells have at 
least ten different cyclins and eight CDK, which can be combined depending 
of the response required. Cyclin kinases act by phosphorylating specific 
proteins at specific time points in the cell cycle to assure an orderly cell divi-
sion process. 

CDK activity is also regulated by phosphorylation and degradation or by 
extracellular signals such as growth factors and cytokines that act by control-
ling protein synthesis. Defects in the proper regulation of the cell cycle can 
cause abnormal cell growth and diseases, as will be discussed in a later sec-
tion of this thesis (11). 
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Cell Death  

Metazoans originate from a unique cell, which divides and differentiates into 
different cell types evolving into an organism. Cell death becomes very im-
portant in regulation of cellular homeostasis and during embryogenesis. Cell 
death can be achieved by necrosis, apoptosis or autophagy, depending on the 
stimuli that induces cell death and the basal energy state of the cell (12).  

Cell death induced by a physical damage that results in a bioenergetic catas-
trophe with a total depletion of ATP, leads to necrosis (13). In this scenario, 
with no ATP supply, cell survival becomes impossible and the cell dies pas-
sively by breakdown of the plasma membrane and vacuolation of the cyto-
plasm. Necrosis triggers an inflammatory response in the organism. 

Apoptosis, also known as cell suicide is a physiological process, a “pro-
grammed cell death” highly regulated by cell signaling pathways and needs 
energy input in the form of ATP (14, 15). Kerr, Willis and Currie discovered 
apoptosis in 1972 (16). Apoptosis is induced by a vast number of stimuli as 
growth factor deprivation, DNA damage, developmental signals, oncogene 
activation, cellular stress and anticancer drugs. Cells that undergo apoptosis 
present distinctive morphology characteristics, nuclear condensation and 
fragmentation, cleavage of chromosomal DNA into 200 bp fragments and 
packing of the cell into apoptotic bodies without plasma membrane fragmen-
tation. Typically the apoptotic bodies are engulfed by nearby cells within 24 
hrs and disappear without activation of an inflammatory response. Apoptosis 
is a highly conserved mechanism where cell death is executed as a result of 
cysteine proteases family (caspase) activation. 

Autophagy is defined as programmed necrosis, where cell death is achieved 
in an apoptotic independent way, leading to necrotic death with the differ-
ence that necrosis is regulated by cellular signaling pathways rather than by 
accident (normal necrosis). It has been hypothesized that autophagy could be 
a survival strategy of the cell during periods of lean, and by degradation of 
cellular constituents the cell obtains the energy required for survival. In 
autophagic death, activation of caspases is not needed; instead a double-
membrane vesicle that encapsulates whole organelles (autophagosome) is 
formed and fuses later on with the lysozome where the energy is obtained.  

Autophagy is responsible for degradation/recycling process in eukaryotic 
cells, proceeding without an activation of inflammatory responses. Never the 
less, dysregulation of autophagy is often associated with an inflammatory 
response.  
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Apoptosis and Disease 

Dysregulation of apoptosis by an excess or deficit in cell death, frequently 
lead to different types of human diseases (17). In cancer (18) and autoim-
mune diseases (19), cells escape the apoptotic program and promote cell 
survival, frequently by overexpressing anti-apoptotic proteins such as Bcl-2 
anti-apoptotic family members or IAP proteins. Apoptosis is the death path-
way used to remove autoreactive T-cells after an immune response - dys-
regulation of apoptosis can lead to the autoimmune lymphoproliferative syn-
drome (ALPS) (20). Anti-apoptotic proteins are also involved in tumor 
maintenance and resistance to chemotherapy treatments (21). Inhibition of 
these anti-apoptotic proteins is an attractive strategy for cancer therapy. 
There are more than 100 distinct types of cancer and subtypes of tumors that 
can be found within specific organs, the molecular differences that result in 
this high number of tumor types remains unknown.  

Many viruses such as adenoviruses and some herpesviruses, have proteins 
homologous to anti-apoptotic Bcl-2 proteins, which they use in the strategy 
to evade host defense mechanisms that would otherwise trigger death of the 
infected cell (22). Inhibition of apoptosis in the infected cell will lead to 
persistence of the infection. Some of these viruses are responsible for gen-
eration of tumors. 

Degenerative disorders such Alzheimer’s, Parkinson’s and Huntington’s 
diseases are characterized by the premature and excessive loss of neurons via 
apoptosis (23). Excessive apoptosis is also a hallmark of inflammatory dis-
eases, spinal muscular atrophy, stroke and myocardial infarction (24).   

It is therefore of great importance, for the future development of appropriate 
treatments, to understand the mechanism of regulation and structure of pro-
teins involved in apoptotic signaling. 

Apoptotic Pathways 

Apoptosis is vital for the proper development and functioning of metazoan, 
by removing defected cells such as damaged, aged or infected cells (25). As 
was mentioned above, tight control is essential; dysregulation of apoptosis 
can disrupt the delicate balance between cell proliferation and cell death and 
could end up in a pathological process. Evasion of apoptosis has been recog-
nized as one of the six essential alterations in cell physiology that indicate 
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malignant growth and is a hallmark of most, and maybe all types of cancer 
(26).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Schematic illustration of intrinsic and extrinsic apoptotic pathways in 
mammalian cells. 

Multicellular organisms have developed two parallel apoptotic pathways to 
check the viability of the cell, the intrinsic and the extrinsic pathway (Figure 
2) (27, 28). Both pathways are evolutionarily conserved and lead to apopto-
sis by triggering caspase activation (29). In the extrinsic pathway the death-
signal comes from outside of the cell, from the environment (30). It is de-
tected by the death receptors on the surface of the cell that transmit the death 
stimuli into the cell activating caspase 8 (caspase 10 in humans) via adaptor 
proteins like Fas-associated death domain protein (FADD).  
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The second apoptotic pathway, the mitochondrial or intrinsic pathway senses 
the wellness of the cell itself, responds to stress and some developmental 
apoptotic stimuli that originates from the inside of the cell (31, 32).  

The B-cell lymphoma 2 (Bcl-2) family proteins play a central role in the 
regulation of the mitochondrial apoptotic pathway (33, 34). Bcl-2 proteins 
propagate the death signal by inducing permeabilization of the mitochondrial 
membrane (MOMP), release of cytochrome c, that lead to activation of Apf-
1 that in the presence of ATP forms the apoptosome. The apoptosome in-
duces the proteolytic degradation of the cell by activation of caspases.  

The activation by both pathways gives rise to the targeted degradation of 
both cytoplasmic and nuclear structures and the formation of apoptotic bod-
ies that are rapidly engulfed and cleared by phagocytic scavenger cells (29). 

Apoptosis can be stopped at the caspase level by the action of Inhibitor of 
Apoptosis Proteins family (IAP)(35-37). The IAP family interacts directly 
with caspases inhibiting their proteolytic function. Smac/DIABLO, another 
protein released together with cytochrome c from mitochondria during apop-
tosis, interacts with different IAP members regulating their activity (38). 

In some cases, the intrinsic and the extrinsic pathways are cross-linked by 
the Bid protein, which can be activated by caspase 8 (or 10 in humans) in 
response to a death receptor signal and will deliver the death message to 
mitochondria inducing in this way the intrinsic pathway (39).  

The Intrinsic Pathway 

The Bcl-2 Family 

Bcl-2 was discovered by Tsujimoto in 1984 in follicular lymphoma cells. 
Bcl-2 corresponded to a gene locus on chromosome 18 (band q21) that was 
not related to any other known oncogene and furthermore, in B cell lym-
phomas promotes cell survival (40). Since the discovery of Bcl-2, more than 
two dozens of members of this family have been identified. The Bcl-2 family 
is divided in three subclasses: the anti-apoptotic family members, pro-
apoptotic and the sensor proteins BH3-only proteins (32, 33). The distinctive 
feature of the Bcl-2 is the presence of at least one and up to four, Bcl-2 ho-
mology motifs (BH1, BH2, BH3, and BH4) (Figure 3). 
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Figure 3. The Bcl-2 family members. The conserved Bcl-2 homology motifs (BH) 
are represented by BH1, BH2, BH3 and BH4. TM corresponds to the transmem-
brane domain. 

Bcl-2 family members that carry four BH motifs (BH1, BH2, BH3 and BH4) 
function as anti-apoptotic members. The mammalian anti-apoptotic family is 
composed of Bcl-2, Bcl-xl, Bcl-w, Mcl-1, BFl-1 and Bcl-B in humans (41). 
The pro-apoptotic Bcl-2 members Bax, Bak, and Bok are the effectors of 
apoptosis, and contain only BH1, BH2 and BH3 motifs plus a well-defined 
trans-membrane C-terminal region. Bax, Bak and Bok upon apoptotic activa-
tion, oligomerize and interact with the mitochondrial outer membrane 
through the trans-membrane domain disturbing membrane integrity (31, 42).        
Permeabilization of the mitochondrial membrane results in the release into 
the cytoplasm, of cytochrome c and other proteins through the pores be-
lieved to be formed by Bax, Bak and Bok. 

Bcl-2 members that contain only the BH3 motif are called BH3-only pro-
teins, e.g. Bad, Bik, Bid, Bim, Hrk, Bmf, Noxa and Puma (43, 44). Consid-
ered also pro-apoptotic, they work as sentinels of the cellular well-being. 
BH3-only proteins are activated in response to a death signal, initiating in 
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this way apoptosis. Each mammalian BH3-only protein is coupled to distinct 
upstream controls, for example Puma responds to DNA damage, and by 
interacting with p53. Bim is crucial for eliminating lymphocytes that recog-
nize self-antigens during development of T and B cells.  

 

 

 

 
 
 
 
 
 

Figure 4. Binding profile of the different members of the BH3-only proteins to-
wards the anti-apoptotic Bcl-2 family members. 

BH3-only proteins interact with the other Bcl-2 family members via the BH3 
motif, which is necessary and probably sufficient for their killing action (45, 
46). Not all BH3-only proteins interact with the entire anti-apoptotic family. 
Profiling binding studies reveal that Bim, Bid and Puma can bind to all anti-
apoptotic members, whereas Bad only interacts with Bcl-xl, Bcl-w, Bcl-2 
and Noxa with Mcl-1, Bfl-1 (42, 47-50) (Figure 4). 

Bcl-2 proteins are localized in different cellular compartments. They contain 
also a putative membrane anchoring sequence at their C-termini responsible 
for its interaction with biological membranes. 

Regulation of the Mitochondrial Pathway 
 

The mechanism for the regulation of apoptosis still remains controversial 
and is the focus of an ongoing discussion (17, 51). The balance between pro-
apoptotic and anti-apoptotic Bcl-2 family members decides if the cell is go-
ing to live or die by a complicated set of protein-protein interactions, where 
the role of these interactions is not fully understood. It is known that after 
cell death signals are sensed by BH3-only proteins, they are activated and 
transduce the signal to other members of the family. The BH3-only proteins 
act upstream of Bak, and Bax, since it has been shown that apoptosis cannot 
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be induce in cells lacking these two proteins. This discovery established an 
essential role for Bak or Bax in apoptosis. However, our understanding of 
the dialog between pro-apoptotic and anti-apoptotic proteins, which decide 
the fate of the cell, is not conclusive. 

There are different schools that propose different scenarios: 
1. The direct activation model. In this model (Figure 5A), members 

of the BH3-only proteins are divided into two categories; activator 
and sensitizer (42, 49, 52). Activator BH3-only proteins (Bim, Bid 
and Puma) bind to Bax and Bak consequently inducing their acti-
vation and MOMP. Sensitizer BH-3-only proteins, bind only to 
different anti-apoptotic members, in this way they release Bim, 
Bid from the anti-apoptotic members, which will directly activate 
Bak and Bax.  

2. The indirect activation model. This model (Figure 5B) suggests 
that BH3-only proteins only bind to their anti-apoptotic partners 
(50, 53). Bax and Bak, are constitutively active on the surface of 
mitochondria or inhibited by anti-apoptotic proteins in the cytosol. 
In response to a death stimuli BH3-only proteins bind to anti-
apoptotic members releasing Bak and Bax, in other words induc-
ing apoptosis indirectly. Bim, Bid and Puma have potent pro-
apoptotic activity based on the fact that they can bind to all the 
anti-apoptotic family members. This model requires that BH3-
only proteins must neutralize the entire set of anti-apoptotic mem-
ber expressed in that cell. 

3. The prime for death model is an adaptation of the indirect model 
(Figure 5C) (53). A healthy cell contains a small amount of Bak 
and Bax in a “prime” stage with the BH3 motif available and 
bound to anti-apoptotic members Mcl-1, Bcl-xl located on the mi-
tochondrial surface. Additional Bak and Bax proteins that are not 
primed are found as monomers in the cytosol, until activation. 
Anti-apoptotic members in healthy cells are bound to activator 
BH3-only proteins. After cell death has been induced, sensitizer 
BH3-only proteins bind to anti-apoptotic members with higher af-
finity displacing the activator BH3-only proteins, and Bax now 
can oligomerize leading to MOMP and cell death.  
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Figure 5. Representation of the three proposed models of regulation for the apop-
totic intrinsic pathway. 

Caspases 
 

Caspases are the final effectors of apoptosis acting downstream both of the 
intrinsic and extrinsic pathways (54, 55). In 1993, Yuang et al described the 
caspase family for the first time. Caspases is a family of proteases character-
ized by a cysteine residue at the active site, that recognize a tetra-peptide 
sequence where Asp is the last residue before the cutting site. There are 
known 14 different mammalian caspases that can be divided into two catego-
ries: initiator caspases, such as caspases -2, -8, -9, and effector caspases, 
such as caspases -3, -7. 
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Caspases are synthesized as zymogenes in the cell (56). They undergo acti-
vation in response to apoptotic stimuli by proteolytic cleavage at an internal 
Asp residue situated in the second loop. Initiator caspases catalyze their own 
auto-activation and the activation of effectors caspases in response to death 
signals. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Structure of a procaspase-7 zymogen, constituted by two monomers col-
ored in yellow and in blue respectively. 

From the tertiary structure point of view, initiator and effector caspases are 
quite conserved (Figure 6) – they are active as homodimers and each peptide 
has a small subunit linked to a large subunit. The main difference between 
initiator and effector caspases is found at the N-terminal region, which is 
longer and includes accessory domains in initiator caspases (> 90 residues) 
than in effector caspases (< 30 residues).  

Inhibitor of Apoptosis Proteins Family. 
 

Inhibitor of apoptosis proteins family (IAP) has a central role in inhibition of 
apoptosis downstream of MOMP activation and plays important roles in 
cell-cycle regulation, protein degradation and caspase-independent signal-
transduction cascades (29, 37). Lois Miller and colleagues identified the first 
IAP in baculovirus in 1993. IAP protection against cellular death seems to be 
mediated by direct caspase inhibition and modulation of the transcription 
factor NF-kappaB.  
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The Human IAP family consists of eight members: NAIP, neuronal apopto-
sis inhibitory protein; XIAP  (lLP-1, MIHA); lLP-2, (Ts-IAP); ML-IAP 
(Livin, KIAP); Survivin (TIAP); Apollon (Bruce); c-IAP1 (HIAP2, MIHB) 
and c-IAP2 (HIAP1, MIHC) (37, 57).   

The specific feature that identifies the IAP family is the baculovirus IAP 
repeat (BIR) domain (58). BIR is a ~70-80 -residues zinc-binding domain 
(Figure 7). Three cysteine and one histidine residues chelate zinc and form 
the characteristic globular structure of the BIR domain, that consists of four 
or five alpha helices and a variable number of anti-parallel β-pleated sheets. 
BIR is essential for the anti-apoptotic properties of the IAP, which seems to 
be related to its binding and inhibition of caspases (58, 59). 

The RING (Really Interesting New Gene) domain is also characteristic of 
some members of the IAP family such as cIAPs, and XIAP. The RING do-
main is a zinc finger found at the C-termini of the protein that also needs a 
Zn atom for its function. RING-containing proteins can promote the degra-
dation of both themselves (as XIAP) and selected target proteins (as c-IAP2) 
through ubiquitin ligase activity (E3 activity). Ubiquitylation can modify the 
biological activity or subcellular localization of proteins or lead to its degra-
dation (29, 60).  

c-IAP1 and c-IAP2 have an extra domain; a conserved CARD domain 
(caspases recruitment domain) with unknown function to the date.  

XIAP is the best-characterized IAP, and a very potent suppressor of apopto-
sis (61). Today, structures of every known XIAP domain have been deter-
mined in addition to several structures in complex with caspases or small 
molecules that mimic caspase binding (62-66). 
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Figure 7. IAP in mammals. Proteins of the inhibitor of apoptosis (IAP) family in-
clude XIAP (X-linked IAP), c-IAP1, cIAP2, ILP2 (IAP-like protein-2), ML-IAP 
(melanoma IAP), NAIP (neuronal apoptosis-inhibitory protein), surviving and 
Bruce. Each member contains at least one BIR domain. RING, really interesting new 
gene. CARD, caspase-recruitment domain. NAIP has in addition, two domains in-
volved in regulation LRR domain (Leucine-Rich Repeats) and the ATP-binding 
domain NOD (Nucleotide-Oligomerization Domain). 

IAPs function is not restricted to apoptosis; they are also involved in other 
biological processes such as cell-cycle regulation, protein degradation and 
inflammatory response.  

IAP Regulation  

IAP activity can be regulated at the transcriptional, post-transcriptional and 
post-translational level (37). IAP activity is negatively regulated by IAP 
regulatory proteins (inhibitors of IAPs). Inhibitors of IAP bind to the BIR 
domains of IAP via N-terminal binding motifs (IBMs) (38, 64, 67). Mem-
bers of the inhibitor of IAP family are Smac (second mitochondrial activator 
of caspases) in humans, DIABLO (direct IAP binding protein with low pI) in 
mice, other mammalian proteins such as HtrA2/Omi and GstPT/eRF3, etc 
(66, 68, 69).   
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Figure 8. Representation of the IBM binding site of BIR3-XIAP domain in complex 
with a N-terminal Smac peptide (colored in red). 

During apoptosis, after MOMP induction, Smac/DIABLO is released to-
gether with cytochrome c. Smac/DIABLO binds to the BIR domain of IAP 
proteins (second and third BIR domains) in a manner that displaces caspases 
from biding to IAP proteins. In this way, Smac/DIABLO inhibit IAP activ-
ity, allowing caspases to act. IBM motifs have been defined as a tetra-
peptide consensus sequence (NH2)P1P2P3P4, where P2 and P4 represent a 
hydrophobic amino acid and P1 is usually an Ala residue at the N-terminus 
(Figure 8). Recently, a selectivity study, using a randomized peptide library 
has identified the defining residues at the IBM groove, classifying the BIR 
domains in four groups (70). IAPs are functionally non-equivalent and regu-
late effectors caspases through distinct mechanisms (71). Every BIR-type 
needs special residues at the consensus tetra-peptide sequence and it is ar-
gued that the sequence correlates with their different functions.  

Anti-apoptotic Proteins as Targets for Cancer Therapy  
 

Structural studies of apoptotic proteins, like Bcl-2 or IAP families have pro-
vided insights into how these proteins interact with their molecular partners 
(72). Improved understanding of the structural basis for these protein-protein 
interactions has enabled strategies for the development of potential therapeu-
tic treatments against apoptosis related diseases (17, 21, 35, 73-75). 

P1          P2 
P3        P4 
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Two different strategies are used for developing an effective therapeutic 
treatment against cancer; both of them aim at silencing the action of the anti-
apoptotic proteins by blocking anti-apoptotic protein expression or protein-
protein interactions. The first strategy involves the development of drugs that 
mimic the binding of regulatory proteins to anti-apoptotic proteins inhibiting 
their activity and therefore promoting cell death.  

In the case of IAP inhibition, for example, drugs that can bind to the IAP, 
mimicking the IBM domain of Smac/DIABLO will result in the inhibition of 
IAP by blocking the binding of IAP with caspase (66, 76-78). As a conse-
quence free caspases will turn on cell death. To date, there are such IAP-
mimicking molecules that bind selectively to the BIR domains of XIAP, 
cIAP-1, cIAP-2, and ML-IAP, in preparation for phase I clinical trials. 

In the case of the Bcl-2 family, low molecular mass drugs that mimic the 
binding of the regulatory proteins via the BH3 motif have been designed (27, 
79-81). ABT-737 was designed based on the binding mode of BH3:Bad to 
Bcl-xl. ABT-737 has been demonstrated to have an effect in treatment of 
solid tumors and lymphoid malignancies, but not in other tumor types with 
high levels of Mcl-1 expression (82-85). ABT-737 binds with high affinity 
to Bcl-xl, Bcl-2 and Bcl-w, but does not show any effect over Mcl-1 or Bfl-
1. ABT-737 exhibits poor solubility in aqueous solution that makes it a non-
desirable candidate for clinical trails. The development of a second genera-
tion of drugs, has overcome some of the solubility problems of ABT-737, 
and has lead to a new candidate drug, ABT-263 (by Abbott laboratories), 
which is in phase I clinical trials (86). ABT-263 exhibits a similar binding 
profile as ABT-737 to the different anti-apoptotic Bcl-2 members, and does 
not block Bfl-1 and Mcl-1 activity. Therapeutic drugs, which hit all five 
proteins, might be most advantageous, and combinatorial therapy adding 
drugs with Mcl1-2 and Bfl-1 specificity, or alternatively developing single 
broader specificity inhibitors, could be a way forward to neutralize all five 
anti-apoptotic Bcl2 member. Therefore, understanding how the different 
Bcl-2 members regulate apoptosis and the “structural code” for the recogni-
tion between BH3-only proteins with anti-apoptotic and pro-apoptotic mem-
bers is of great value.  

The second strategy is to block the expression of anti-apoptotic proteins (76, 
87). Inhibition of protein expression is achieved by the use of antisense oli-
gonucleotides that down-regulate IAP and Bcl-2 anti-apoptotic protein lev-
els. It has been shown that XIAP and Survivin antisense oligonucleotides 
can cause induction of apoptosis and if combined with irradiation and che-
motherapeutics it can induce significant cell death in vitro and inhibit tumor 
growth in vivo. This strategy is currently used by a number of pharmaceuti-
cal companies, targeting XIAP (AEG-35156, Aegera Therapeutics, Inc.) and 
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Survivin (LY-2181308, ISIS Pharmaceuticals, Inc., and Eli Lilly & Com-
pany; refs. 78, 82). In addition, the compound YM-155 (Astellas Pharma, 
Inc.), an inhibitor that targets Survivin expression has entered phase I/II 
clinical trials in the United States and Europe. YM-155 inhibits Survivin 
expression by binding to mRNA (enconding Survivin) and inhibiting its 
translation to Survivin. 
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Structural Studies of the Bcl-2 Family 

 

Until January 2008, the three dimensional structures of anti-apoptotic Bcl-2 
(46), Bcl-w (88), Mcl-1 (89), effector Bak, Bax(90) and the BH3-only pro-
tein Bid(91) had been solved. Despite the sequence diversity among the fam-
ily members and function (pro- and anti-apoptotic), they share the same fold 
that consists of two central, predominantly hydrophobic helices surrounded 
by six or seven amphipathic helices (72). A large loop between helices α1 
and α2 is involved in activity regulation. The Bcl-2 canonic fold reminds of 
the overall fold of the pore-forming domain of bacterial toxins, in fact Bcl-
xl, Bcl-2 and Bax can disturb membrane integrity.  

A hydrophobic groove on the surface of the anti-apoptotic members is the 
binding site for the BH3 regions of pro-apoptotic Bcl2 family members. This 
binding site is composed of structures of the BH1, BH2 and BH3 sequence 
motifs. A conserved feature of the family is the presence of the conserved 
sequence NWGR at the beginning of the α5, which has been suggested to 
stabilize the structure. 

In an attempt to understand the basis for the recognition between the Bcl-2 
members and to identify the exact hierarchy of the interactions required in 
different cell contexts, several binding profiling studies have been performed 
followed by structural studies of protein complexes between anti-apoptotic 
and BH3-only members (92, 93) (Figure 9). The binding profile of anti-
apoptotic proteins to BH3-only proteins reveals that the BH3-only proteins 
Bim, Bid and Puma can bind to all five anti-apoptotic proteins (47). For 
other BH3-only proteins, the anti-apoptotic family can be divided into two 
classes. Class I constituted by the anti-apoptotic members Bcl-2, Bcl-xl and 
Bcl-w, which have affinity for the BH3-only proteins, Bad but not to Noxa 
whereas class II (Mcl-1 and Bfl-1) bind to Noxa and show no affinity for 
Bad. 

The protein complex structure for mouse Bcl-xl:Bim (94), mouse Mcl-
1:NoxaB (95), human Bcl-xl:Bak (93), human Bcl-w:Bid (96) and human 
Mcl-1:Bim (95) have been determined. In particular the Bcl-xl:Bad structure 
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has assisted in the design of the inhibitors, ABT-737 and ABT-263. The 
structure of ABT-737 in complex with Bcl-xl has also been determined (97).  

             A                                                      B 

                                                                   
 
 
 

 

 
 

Figure 9. Structure representation of the anti-apoptotic Bcl-2 family members in 
complex with the BH3-only protein, Bim, A, structure of Bcl-xl (in green) in com-
plex with Bim (red). B, structure of Mcl-1 (blue) in complex with Bim (bourgeon). 

Through the present work, we have solved the crystal structure of the re-
maining unknown member of the mammalian Bcl-2 anti-apoptotic family, 
Bfl-1/A1 in complex with a Bim peptide corresponding to the BH3 motif 
(25-mers). Our structure allows, for first time, the direct comparison of the 
binding mode of the same BH3-only protein, Bim to two different human 
anti-apoptotic family members, Mcl-1 and Bfl-1.  

Completing the Family Portrait of the Anti-apoptotic 
Bcl-2 Proteins: Crystal Structure of Human Bfl-1 in 
Complex with Bim (Paper I) 

Bfl-1 
  

Bfl-1 is expressed preferentially in haematopoietic, endothelial cells, neu-
rons and in many cells of the immune system, including myeloid progenitor 
cells, macrophages, neutrophils, thymocytes, T-lymphocytes, and B-
lymphocytes (98, 99). It is expressed in respond to oxidative stress, is a di-
rect transcriptional target of NF-kB, and is induced by the inflammatory 
cytokines tumor necrosis factor (TNF-α) and interleukin (IL)-1b (100-102). 
Bfl-1 also protects cells from apoptosis when treated with chemotherapeutic 
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drugs (103-105). Bfl-1 antagonizes Bax activation in response to extrinsic 
death signaling by TNFα (extrinsic pathway) by directly interacting with Bid 
and inhibiting its activity (106). Furthermore, Bfl-1 can sequester Bak in 
inactive complexes suppressing apoptosis, in a similar way to Mcl-1 (107).  

Human Bfl-1 is a protein of 175 residues and has an alternative splice variant 
that lacks part of the C-terminal region, the 163 residues Bfl-1 that is local-
ized in the nucleus (108). Bfl-1 shares the four BH motifs of the anti-
apoptotic bcl-2 family, and has special characteristics that make it unique: all 
the other members of the anti-apoptotic bcl-2 family have a well defined C-
terminal trans-membrane domain that can interact with biological mem-
branes and is suggested to be responsible for its localization. The C-terminal 
domain of Bfl-1, however, contains three charged amino acids, which con-
fers a hydrophilic characteristic to the predicted trans-membrane helix (109). 
It has been proposed that the special C terminus of Bfl-1 controls the short 
half-life of the protein (110, 111).  

Bfl-1 can act as an anti- or pro-apoptotic member, depending of the cell con-
text, like other members of the anti-apoptotic family  (e.g. Bcl-xl). When the 
BH4 motif is removed these proteins become pro-apoptotic and induce cell 
death. In the case of Bfl-1, TNF receptor activation results in vivo proteoly-
sis of Bfl-1 by the proteosome and calpain-like protease, thus converting 
Bfl-1 into a pro-apoptotic molecule (106, 110, 112). It has been hypothe-
sized that the intrinsic pro-apoptotic function of Bfl-1 is normally inhibited 
by anti-apoptotic moieties to account for the anti-apoptotic nature of the full-
length Bfl-1 protein. The trans-membrane domain of Bcl-w is accommo-
dated in the binding cleft when it is not activated and perhaps the C-terminal 
of Bfl-1 shares a similar function (32). 

BIM  
 

Bim, Bid and Puma are very potent killers since they can bind to all the five 
anti-apoptotic family members, as was mentioned earlier.  

Knockout studies in mice have revealed the important physiological and 
pathological functions of Bim. The BH3-only protein Bim has an important 
role in the development of cells in the immune system; it is responsible for 
terminating the T-cell immune response as well as promoting cell death in 
granulocytes, osteoclast, mast cells, and neurons in response to cytotoxic 
stimuli (113-116). Loss of Bim expression can lead to kidney and renal dys-
functions as well as degenerative and immune diseases.  
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Structural Results  
 

Protein sequence analysis and alignment studies based on structures obtained 
for the other mammalian anti-apoptotic bcl-2 family members, led us to ex-
pect that Bfl-1 could be a difficult protein to express in a heterogeneous sys-
tem. Bfl-1 was predicted to have several hydrophobic regions that could 
make its production and crystallization difficult. To overcome the suspected 
protein production problem, several constructs of Bfl-1 were prepared in-
cluding the full-length protein as well as a N- and C-termini deletion library. 
A Bfl-1 variant lacking 25 residues in the C-terminal region corresponding 
to the predicted special TM domain was successfully expressed in Es-
cherichia coli and purified. The protein obtained was suitable for structural 
studies. Extensive efforts were made to crystallize Bfl-1 but without any 
success. Subsequently an equimolar solution of Bfl-1 and the Bim:BH3 (25 
residues) peptide was set up for crystallization trials. Diffracting crystals 
were obtained and the complex structure was determined at 2.2 Å resolution 
by MAD, using both inflection and peak data sets. No density was obtained 
for the residues 25-30 corresponding to a long unstructured loop connecting 
the first two α-helices. 

Distinctive Features of Motif in Bfl-1  

Despite the low protein sequence identity (Table 1) with the other members 
of the anti-apoptotic family, Bfl-1 shares the canonic Bcl-2 fold.  
 

 

 

Table 1. Structural comparison of Bfl-1 with the different anti-apoptotic 
members of the Bcl-2 family. 

Bfl-1 with rmsd (Å) Identity (%) Residues aligned 

Bcl-2 1,93 23,4 124 

Bcl-w 3,21 19,3 114 

Bcl-xl 1,79 33,4 144 

Mcl1 1,91 34,7 147 
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The Bim peptide is bound in a similar fashion to peptides in other anti-
apoptotic protein-BH3 peptide complexes (72, 92, 95). The binding groove 
of Bfl-1 is formed by the BH1, BH2 and BH3 motifs, and has special fea-
tures in comparison with other members of the family, that could explain the 
distinctive binding profile of Bfl-1 (Figure 10) for pro-apoptotic pro-
teins/peptides: 

• The central region of the pocket site exhibits a high negative 
charge. 

• Amino acid insertion at the connecting loops between α3-α4, and  
• α5–α6 make the pocket wider and more solvent exposed. 
• The BH3 motif has the lower degree of conservation between the 

family members. The BH3 motif of Bfl-1 shares higher similarity 
to the Mcl-1 BH3 motif. These differences in sequences are trans-
lated into a longer α2 and shorter and well-defined α3. 

How Can Bim Bind to All Five Anti-apoptotic Members?  

The comparison with other anti-apoptotic:BH3 peptide complexes, suggests 
that the affinity of Bfl-1 for the BH3-only proteins is, as for the other anti-
apoptotic members, driven by the conserved hydrophobic interactions estab-
lished between four conserved residues of BH3 peptides and four conserved 
hydrophobic patches at the binding site of the anti-apoptotic proteins. The 
complex structure Bfl-1:Bim also reveals a new conserved hydrophobic in-
teraction (h5), which has not been reported previously. A conserved salt-
bridge Bim Asp157:Arg88 Bfl-1 also may play an important role by assist-
ing in orientating the BH3 peptide in the binding pocket.  
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Figure 10. Structure of Bfl-1 in complex with BH3:Bim peptide. A, Comparison of 
the electrostatic potential of the solvent-exposed surface of the complexes, mBcl-
xL:mBim, Bfl-1:Bim  and Mcl-1:Bim. B, space-filling model of Bfl-1 with Bim 
colored by degree of conservation where less conserved residues are colored blue < 
green < yellow < orange < red is completely conserved. The sequences used in the 
alignment were from anti-apoptotic Bcl-2 members from: Homo sapiens, Bos tau-
rus, Canis familiaris, Sus scrofa, Gallus gallus, Rattus norvegicus, Cricetulus gri-
seus, Mus musculus and Xenopus laevis. C, ribbon representation for the superposi-
tion of the complex structures of mBcl-xL:Bim (colored green:sand), Mcl-1:Bim 
(blue: yellow) and Bfl-1:Bim (pink:red). D, closer look at the different conformation 
of some residues of Bim bound to mBcl-xl, Mcl-1 and Bfl-1 respectively (colored as 
in C). 

Comparison of the Bfl-1:Bim complex with Mcl-1:Bim, reveals that Bim 
binds in a very similar overall peptide backbone conformation in both com-
plexes but the interacting hydrophobic side chains adopt quite different con-
formations induced by the respective anti-apoptotic protein. The significant 
local plasticity of these interactions contributed by the Bim peptide could 
explain how Bim can bind to the entire set of anti-apoptotic Bcl-2 members. 

The structure of the homologue Bfl-1 from mouse, A1 has recently been 
determined in complex with Bik, Bad, Bmf and Puma (117). A1 shares only 
72% identity with Bfl-1 but the overall structures in both cases are very simi-
lar. The mouse A1 structure in complex with the different BH3 only proteins 
are also in agreement with our results, showing a certain plasticity in the 
binding of the different peptides. Helices α2 and α3 in this case also show 
slightly different conformations depending on the BH3 peptide bound (Fig-
ure 11A). 
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Figure 11. Structure representation of anti-apoptotic Bcl-2 homologue from other 
species in complex with BH-3 only proteins. A, superposition of the structures of 
mouse A1 in complex with the different BH3-only proteins Bik, Bad, Bmf and 
Puma. BH3 peptides are colored in different tonalities of black, and the different 
conformations adopted by mouse A1 when is bound to Bik, Bad, Bmf and Puma is 
colored in yellow, blue, pink and violet respectively. B, viral M11 in complex with a 
peptide corresponding to the BH3 motif of beclin protein. 

Furthermore, structural studies of a viral Bcl-2 homologue, M11 from mur-
ine γ-herpesvirus 68, lead to similar conclusions (118). The M11 is analo-
gous to human anti-apoptotic protein Bcl-xl and can inhibit apoptosis and 
autophagy. M11 structure adopts a typical Bcl-2 fold (Figure 11B) and pro-
filing binding studies have shown that bind to Bim, Beclin-1, Bak, Bid, Bmf, 
Puma and Noxa. The binding of M11 to Beclin-1 peptide is translated in a 
conformational change that involves the translocation of several residues of 
α2-α3 region (by a distance of 4-10Å). The mouse Bcl-xl:Bim structure 
shows certain flexibility at α3 (residues 104, 108 and 122), Bcl-xl suffers a 
conformational change displacing α3 and α4 upon binding of Bim (93). 

Substitution studies of the key residues on the binding site have been per-
formed with the aim to find the residues responsible of the binding selectiv-
ity (89, 94, 97, 119). The results suggest that the selectivity cannot be ex-
plained in terms of individual residues or hot spots but rather the collective 
effects of the hydrophobic and polar residues, differences in α2-α3 region, 
the helical propensities of the BH3 peptides, and specific differences in 
charge (such as the central negative charge in Bfl-1). 

Modeling studies of Bad, which does not bind to Bfl-1 into our model, does 
not show any obvious steric hindrances or drastic charge repulsions, which 
cannot be explained by a single amino acid substitution. Modeling of ABT-
737 based on its binding to Bcl-xl (97), exposes sterical hindrance at h2 and 
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h4 hydrophobic residues that could explain the low affinity of this compound 
to Bfl-1.  

Our results can now shed light on the structural basis for affinity and selec-
tivity of Bfl-1 for BH3 only proteins. It also sheds light on the structural 
basis for the differences in selectivity between class I and class II anti-
apoptotic proteins. For certain cells to be able to commit to apoptosis, the 
entire set of anti-apoptotic proteins must be silenced, therefore the Bfl-1:Bim 
structure can aid in the development of drugs targeting class II or the whole 
family of anti-apoptotic proteins. 
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Structural Studies of the IAP Family 

 

XIAP is the best-characterized family member of the IAP family (61, 120). 
Crystal structures exist for every domain; in complex with IBM peptides, 
such as Smac (66, 69); and in complex with caspases (63). Structural studies 
have shown that XIAP binds and directly inhibits caspase 9, -3, and -7.  

Although BIR domains share the same fold (Figure 12), their mechanisms 
for capase inhibition and substrate recognition seem to vary (38, 54, 65, 71, 
121). It has been shown by biochemical and structural studies that BIR3-
XIAP binds and directly inhibits caspase 9 (57), whereas BIR2-XIAP inhib-
its caspase -3, and -7. cIAP1 and cIAP2 in some extend inhibit caspase 3 and 
caspase 7. Several IAPs have shown to bind to caspase 9, but is primarily 
inhibited by XIAP. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Cartoon representation of the conserved structure of the BIR domain. 
The bound zinc atom is shown as a pink sphere, and the four conserved Cys/His 
residues are labeled. 

XIAP is the only member that directly can inhibit caspase enzymatic activ-
ity. Some members of the family can bind to caspases but inhibit their activ-
ity through alternative mechanisms (37, 70). It seems that the IAP family 
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members are functionally non-equivalent and BIR domains are not sufficient 
in some cases for caspase inhibition. BIR2-XIAP needs part of the linker 
region within BIR1 and BIR2 to bind to caspase 3 and caspase 7. 

Understanding the basis of this recognition and how IAP activity is regulated 
is essential for drug-design projects. The result of our structural studies of 
the IAP family has lead to the determination of the first structure of BIR 
domain for NAIP and cIAP2. 

The First Crystal Structure of BIR Domains from 
Human NAIP and cIAP2 (Paper II) 

cIAP2 and NAIP 
 

In almost all human cancer malignancies, high levels of IAP expression e.g. 
XIAP, c-IAP1 and c-IAP2 have been found (24). A high level of IAP activ-
ity achieved by overexpression or overactivation, make cells immortal and 
no longer able to enter apoptosis. Different IAPs members regulate effector 
caspases through different and distinctive mechanisms.  

Neuronal apoptosis inhibitory protein (NAIP) was the first mammalian IAP 
identified, as responsible for developing spinal muscular atrophy (122, 123). 
Later on c-IAP1 and c-IAP2 were discovered by homology screening and as 
part of TNFa-complex receptor 2, where they interact with TNFα-receptor-
associated factors -1 and -2 (TRAFs) (124, 125). The TNFα receptor 
(TNFR) can mediate both survival and death signals. TNFα leads to survival 
by c-IAPs, which inhibits caspase 8 activation.  

A genetic translocation of c-IAP2 fuses its BIR domains with MALT1 (mu-
cosa-associated lymphoid tissue protein), which seems to correlate with re-
sistance to apoptotic signals resulting in over-activation of anti-apoptotic and 
inflammatory pathways. 

It has been suggested that c-IAP2 and NAIP do not directly inhibit caspase 
activity; instead c-IAP2 and NAIP may mediate indirectly caspase inhibition 
by binding to Smac, in this way XIAP is free from Smac, which can directly 
inhibit caspase activity (120, 126).  
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NAIP is unique among the IAPs (127). BIR3-NAIP binds to caspase 9 but 
not to Smac. It has been suggested that NAIP binding to caspase 9, is regu-
lated by the LRR domain and ATP availability.  In the absence of ATP the 
LRR (leucine-rich repeats) domain negatively regulates BIR3 activity, inhib-
iting its binding to caspase 9.  

The availability of the different structures of IAP members could help to 
understand the structural basis for similarities and differences in their 
mechanisms and how they are regulated.  

Structural Results 

Following the same strategy used for Bfl-1, the expression screening of sev-
eral constructs of the BIR domains was performed. A construct containing 
residues 141-244 corresponding to the BIR2-NAIP and one containing resi-
dues 238-330 corresponding to BIR3-cIAP2 were successfully expressed 
and protein suitable for structural studies was obtained. 

Well-diffracting crystals generated a native dataset to 1.7 Å resolution for 
BIR3-cIAP2 and 1.8 Å for BIR2-NAIP. Structure determination in both 
cases was achieved by molecular replacement by using the BIR structure of 
ML-IAP. 

Structures of BIR2-NAIP and BIR3-cIAP2 share the conserved BIR fold 
(Figure 13). The BIR2-NAIP structure is formed at the N-termini of three α-
helices followed by three antiparallel β-strands and two α-helices at the C-
termini. BIR domains usually exhibit three α-helices at the C-termini, where 
the third expected α-helix at the C-termini of BIR2-NAIP is unstructured 
and does not appears as a helix.  

An unexpected result was that both structures appear to be stabilized by the 
binding of the N-termini into the hydrophobic IBM pocket, in a similar fash-
ion to physiological substrate peptides found in other IAP complexes with 
IBM domains, such as Smac (Figure 14). For BIR2-NAIP, one molecule was 
found in the asymmetric unit, and the N-terminal sequence SMRV belongs 
to the linker region of the construct generated after proteolytic removal of 
the His-tag (TEV-cleavage). One consequence of this binding is the forma-
tion of an extra β-strand at the C-terminal, which binds across the peptide-
harboring IBM binding groove, stabilizing the binding of the tetra-peptide 
backbone. The BIR3-cIAP2 structure is a dimer in the asymmetric unit, 
where the N-terminus of one molecule stabilizes the other through binding to 
the hydrophobic groove. 
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Figure 13. Schematic representation of the structures of cIAP2-BIR3 domain (A) 
and of the NAIP-BIR2 domain (B).  

From the structural studies of BIR2-XIAP in complex with caspases 3, and -
7, the mechanism of caspase inhibition by XIAP has been elucidated (62-
64). A two-site binding mechanism is recognized to be necessary for binding 
and direct inhibition of effector caspases by XIAP. Caspases bind to BIR2-
XIAP at the IBM interacting groove (exosite) through its N-terminal tetra-
peptide sequence and a second interaction is required for inhibiting caspase 
activity by blocking the caspase active site. The linker region connecting 
BIR1 and BIR2 in XIAP mediates the second interaction, residues 140-156 
form a peptide strand that binds to the catalytical active site of caspases in a 
“back to front” orientation. 

The BIR2-NAIP structure accommodates a tetra-peptide in the IBM interact-
ing groove, in a similar fashion to the binding of caspases -3, -7 to BIR2-
XIAP. The consensus IBM sequence has been defined as (NH2) AφPφ, 
where φ stands for a hydrophobic residue. In the BIR2-NAIP structure the 
N-terminus of the construct is bound at the interacting groove resembling the 
binding of caspases to BIR2-XIAP, with the only difference that the first 
residues of the IBM tetra-peptide is a Ser residue instead of the conserved 
Ala. The BIR2 domains of NAIP, cIAP1, cIAP2 and XIAP have been re-
ported to bind to caspase -3 and -7, and interestedly the activated form of 
theses caspases start with a Ser residue at the N-terminal generated after 
proteolytic cleavage by caspase 9. Also, comparing both structures we can 
determine the role of the conserved residues at the IBM binding groove  
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Figure 14. Comparison of BIR domains. A, space-filling model of NAIP-BIR2 col-
ored by degree of conservation where less conserved residues are colored blue < green 
< yellow < orange < red is completely conserved. The sequences used in the align-
ment were from human BIR domains. B, space-filling model of cIAP2-BIR3 colored 
by degree of conservation where less conserved residues are colored blue < green < 
yellow < orange < red is completely conserved. The sequences used in the alignment 
were from human BIR domains. C, Crystal structures of XIAP-BIR3 (magenta) and 
cIAP2-BIR3 (red), the residues involved in binding of tetra-peptide are labeled. D, 
Crystal structures of XIAP-BIR2 (yellow) and NAIP-BIR2 (cyan), the residues 
involved in caspase inhibition are labeled.    

involved in binding to the IBM tetra-peptide. For the BIR2-NAIP interacting 
groove these residues are D210, E216 and W220 (Figure 14). 

The C-terminus of the BIR2-NAIP is found in the crystal structure, to make 
an interesting crystallographic contact. Residues 238-244 of the construct, 
forms a β-strand, which interacts in a region at the BIR2 domain that over-
laps with a dimerization interface. This interaction is intriguing since it re-
sembles a typical β-strand protein-protein interaction also seen in other sig-
naling processes. 

Several aspects of caspase 9 inhibition still remains unclear but from the 
crystal structures of BIR3-XIAP in complex with caspase 9 (initiator 
caspase) it is believed that the mechanism of caspase inhibition in this case, 
is a slightly different two site-binding mechanism (65). The first interaction 
is made by the N-terminal IBM tetra-peptide of caspase 9 (generated after 
caspase 9 auto-activation) at the IBM interacting groove of BIR3-XIAP. The 
second interaction required for inhibition of caspases is executed by the C-
terminal α-helix formed immediately after the BIR3 domain of XIAP. This 
helix blocks the dimmer interface of caspase 9, which needs to form a dimer 
to be active. 

The structure of BIR3-cIAP2 reveals a dimer where the N-terminus of each 
monomer binds and stabilizes the IBM interacting domain of the other 
monomer. The N-terminal tetra-peptide sequence of BIR3-cIAP2 is (NH2) 
SMRY, and a superposition of the BIR3-cIAP2 structure with the BIR3-
XIAP:caspase 9 complex structure shows a high degree of conservation of 
the IBM binding groove between BIR3 domains. The backbone of the tetra-
peptide overlaps with very little variation.  

Recently, a peptide-binding study aimed to determine the specificity of BIR-
IAP domains for caspases and IBM regulatory proteins, shows the possibility 
of binding a Ser residue at the first position (P1) of the tetra-peptide, and an 
Arg at P3. BIR domains are classified in this study into four different 
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classes, depending on the conserved residues in the IBM groove involved in 
the binding of the tetra-peptide (70, 128). The results of this study are in 
agreement with our conclusions from the study of both structures. 

BIR2-NAIP and BIR3-cIAP2 are the first structures for the NAIP and cIAP2 
members, and provide important structural information for the further char-
acterization of the action of these proteins.  
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Structural Studies of Proteins in Lipid 
Signaling  

Extracellular stimuli is sensed by receptor proteins at the surface of the cell 
and the signal is transferred to the inside of the cell by different signal trans-
duction pathways depending on the nature of the signal (129). Disturbances 
in these signal transduction pathways that link extracellular stimuli to e.g. 
nuclear or metabolic events, and can be responsible for developmental ab-
normalities, cancer or inflammatory disease (130). The transfer of signals 
from the plasma membrane to the cell nucleus is a highly complicated proc-
ess, which depends on specialized proteins and second messengers such as 
e.g. lipid signaling molecules.  

The discovery in the 1980s, of diacylglycerol (DAG) and inositol(1,4,5) 
trisphosphate (Ins(1,4,5)P3) roles as second messengers constituted a very 
significant breakthrough in cell biology (131, 132). Activated Phospholipase 
C (PI-PLC) cleaves phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) 
into the two second messengers, diacylglycerol (DAG) and inositol (1,4,5) 
trisphosphate (Ins(1,4,5)P3) (133). These second messengers are released 
into the cytosol, transferring the signal into the nucleus by signaling path-
ways involving a cascade of specific proteins. Nuclear responses could in-
volve specific gene transcription, DNA replication, DNA repair, or DNA 
cleavage, resulting in cell differentiation, proliferation, or apoptosis depend-
ing on the required response.  

Many proteins involved in these signaling cascades have been identified but 
still the understanding of the molecular details of many of these signaling 
events is rudimentary. Proteins involved in lipid phosphorylations, such as 
DAG-kinases, have been identified as key proteins in these processes (134-
136). In paper III we present the study of a putative lipid kinase suggested to 
be involved in signaling pathways. YegS is a prokaryotic lipid kinase with 
homology to the mammalian lipid kinases. 
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Crystal Structure of YegS, a Homologue to the 
Mammalian Diacylglycerol Kinases, Reveals a Novel 
Regulatory Metal Binding Site (Paper III) 

YegS 

YegS is a soluble E. coli protein of 32 kDa with sequence similarity to 
mammalian lipid kinases such as diacylglycerol, ceramide, sphingosine 
kinase and the recently identified Multi-lipid kinase (MulK) (137-139). The 
function of YegS has been unknown but it was annotated as a putative dia-
cylglycerol kinase (DGK) based on sequence similarity to the first reported 
mammalian DGK-α (140). 

However, in E. coli another, membrane bound, and well characterized DGK 
is present (141, 142). This DGK is a homotrimeric integral membrane pro-
tein in which each subunit has three predicted transmembrane helices. At 
sequence level, YegS does not exhibit any similarity with this DGK, instead 
close relatives to YegS are found in human pathogens such as Shigella flex-
ner, Salmonella typhimurium LT2 and Yersinia pestis.  

We have solved the crystal structure of YegS and tested its function using 
biochemical strategies.  Our results show that YegS has lipid kinase activity 
but no detectable activity for DAG as substrate.  Instead, it shows a high 
activity for phosphatidylglycerol. YegS activity is sensitive to the presence 
of Ca2+ and Mg2+. The structure of YegS reveals a two-domain protein with 
significant resemblances to the fold and active site of NAD-kinases – includ-
ing six conserved aspartic acid residues likely to be important for kinase 
activity in these families. YegS does not contain accessory domains like, for 
example, the mammalian lipid kinases. The YegS structure reveals a novel 
metal binding site that might be a Ca2+ regulatory site, with two of the Asp 
conserved residues involved in metal coordination. 

Structural Results  

The E. coli YegS gene was attributed to cloning and expression screening in 
the context of a high-throughput project. It was cloned into the Gateway 
expression vector PT73.3, and scale up purification was done by IMAC-
affinity and gel filtration chromatography. A highly pure protein sample was 
subjected to crystallization trials. Crystal diffraction was to 1.9 Å and a na-
tive data set was collected. Using new crystals containing TEV-cleaved sele-
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nomethionine labeled protein, the phasing problem could be solved using 
SAD methodologies. The YegS structure was also solved with ADP bound 
at the active site to a resolution of 2.5 Å. 

The YegS structure has two domains as shown in Figure 15, an N-terminal 
domain containing a Rossmann like α/β-fold (143), and a C-terminal β-
strand dominated domain. The cleft between the domains harbors the nucleo-
tide-binding site as revealed by the ADP complex structure. YegS shares 
sequence and structure similarities with PFK and NAD kinase families at the 
N-terminal domain, including the GGDG motif, NXKS and LPLGTXNDXA 
motifs. However, the C-terminal domain is only related between NAD 
kinase and YegS. 

The C-terminal domain is uniquely found in YegS, NAD kinases and in the 
Vp4 a sialic acid binding domain of Rhesus Rotavirus. On the other hand, 
since Vp4 (144) does not contain a Rossmann fold, we could conclude that 
the overall fold of YegS is uniquely shared with NAD kinases.  

In a recent classification of kinases, NAD kinases and PFK structures were 
grouped into the group 2 Rossmann-like family and PFK-like subfamily, and 
1998 sequences were predicted to be part of this subfamily. Our structural 
results suggest that a revision of the classification should be made, and we 
propose YegS and NAD kinases to be included into a distinctive subgroup of 
the Rossmann fold kinases along with the distantly related human lipid 
kinases, as well as several other hypothetical proteins with closer sequence 
similarity to YegS. 

In the structure of YegS in complex with ADP, the nucleotide binding site, 
the binding site for the phosphate donor was identified but only electron 
density for the pyrophosphate moiety of ADP could be detected. This den-
sity is positioned in the cleft formed in between the N- and C-terminal do-
mains, and in close proximity to the conserved GGDG motif. A glycine rich 
cluster, a feature known as the G-loop (145), is conserved in nucleotide 
binding proteins such as kinases. The G-loop is involved in the binding of 
the nucleotide in proximity to the pyrophosphate group. Based on structural 
comparisons of the monomeric structure of NAD kinases, PFK, and YegS, 
the GGDG motif seems to perform a similar role, since the position in rela-
tionship to the phosphate donors in these three proteins is equivalent.  
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Figure 15. Structural comparison of bacterial YegS and to human NAD kinase. A, 
structure of E. coli YegS. The pyrophosphate moiety (POP) of ADP molecule as 
well as key residues marking the four signature motifs of lipid kinases are shown. 
Mg2+ marks the novel metal site. The N-terminal domain is the nucleotide binding 
core of the structure. The two helices shown in green constitute the likely substrate 
binding region of YegS. B, the NAD kinase structure is shown in an equivalent 
orientation. The NAD substrate/product binding site is at the cleft between the N- 
and C-terminal domains. C, Space-filling model of YegS colored by degree of con-
servation where less conserved residues are colored blue < green < yellow < orange < 
red is completely conserved. The sequences used in the alignment were from: E. coli 
YegS, S. typhimurium YegS and human NAD kinase. D, superposition of YegS 
structures form E. coli (cyan) and S. typhimurium (hot pink). E, superposition of 
YegS structures from E. coli (cyan) and Staphyloccocus aureus (light pink). 

Phosphatidylglycerol (PG) is a membrane lipid, which means that in order 
for the reaction to take place, soluble YegS protein should bind transitionally 
to the membrane. However, it is not perceptible from the surface charge 
distribution which surface region might be involved in membrane interaction 
(146). Interestingly, the Membrane Protein Explorer (MPEx) server (147), 
proposed the region 157-175, including α6, which contains the conserved 
Tyr164, as a potential membrane interaction region, as shown in Figure 15 
(148, 149). Tyr164 is conserved as a Tyr or Phe in most lipid kinases. It is 
well documented that tyrosine along with tryptophan residues are overrepre-
sented at the membrane interface in transmembrane helices. Furthermore, the 
fact that the substrate-binding site in NAD kinases is found close to this re-
gion strengthens the possibility that this is in fact the region involved in 
membrane interaction (Figure 15).  

Function  

YegS function, as a DAG lipid kinase, was tested in vitro by a radioactive 
assay using labeled [γ-33P] ATP and DAG as a lipid substrate. Surprisingly, 
the data indicated that YegS lacked activity towards DAG. To investigate the 
possibility that YegS could still be a lipid kinase we tested its activity to-
wards a an extract of E. coli lipids revealing a single band in a TLC corre-
sponding to phosphatidylglycerol phosphate (PGP), leading to the conclu-
sion that YegS indeed exhibits a lipid kinase activity. The use of an E. coli 
extract also gave strong support that this reaction can occur in vivo. Figure 
16 shows the TLC analysis of the activity assay. 
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Figure 16. YegS lipid kinase activity. A, TLC analysis for lipid kinase assay using 
DAG, PG, and total E. coli lipid extract (TLE) as substrate. The standard PA, is 
represented by S. B, The metal dependency of YegS lipid kinase activity. 

The crystal structure of YegS revealed a metal binding site. A putative mag-
nesium ion was found coordinated by the carbonyl oxygens of Leu215 and 
Leu220, the side chain of Asp218, and three water molecules that complete 
the octahedral coordination. One of these water molecules was coordinated 
by the conserved Asp125. Mammalian kinases are also regulated by metals, 
and for example, Mulk kinase shows high activity for different lipids and its 
activity is regulated by Ca2+ and Mg2+ (139). In an attempt to explore the 
relevance of this metal site and the effect of Mg2+ and Ca2+ on the activity of 
YegS, we performed a similar experiment to the one performed by Wag-
goner for the Mulk activity assay (139). YegS kinase activity showed strict 
metal dependence, to the point that no activity was detected in the absence of 
Mg2+ or Ca2+. In the presence of 1 mM Ca2+, some activation could be de-
tected.  When the same amount of Mg2+ was used, lower activity was de-
tected. A boost in activity was observed with a higher concentration of Mg2+ 
(5 mM) and such activation could be sustained at low Ca2+ concentration (1 
nM) disappearing when the concentration was raised to 1 mM Ca2+. Together 
these results point to a complex behavior of YegS towards the two metals 
and that human MulK kinase and YegS might be related enzymes sharing a 
similar mechanism for metal dependent regulation. 
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No structures for the mammalian lipid kinases exist to date. Recently two 
homologous of YegS in S. typhimurium (150) and Staphylococcus aureus 
have been determined (Figure 15). From a sequence point of view, YegS 
share higher similarity with the DGK in eukaryotes than within prokaryotes. 
The superposition of the YegS structures (Figure 15) reveals that the three 
structures shares the same 2-domain fold, where the N-terminus is more 
conserved and the largest structural differences are found at the C-termini of 
the YegS structures. YegS structure in S. typhimurium and S. aureus share a 
higher similarity at the C-terminal domain between them, than in comparison 
with E. coli.  

YegS in S. typhimurium has two Ca2+ bound, at Ca-binding site 1 and Ca-
binding site 2. Ca-binding site 1 is localized at the some region where Mg2+ 
is bound in YegS from E. coli, and S. aureus.  

YegS from S. typhimurium did not show any activity toward DAG, which 
agrees well with our results on the E. coli YegS, 

The eukaryotic Mulk has been suggested to be a signaling protein. However, 
it shares some important features with YegS, such as both are soluble pro-
teins, share high similarity at the N-terminus (the DGK fold), high affinity 
toward other substrates than DAG and have a complex metal regulation. 
This could mean that YegS has a more important role in signaling pathways 
in prokaryotes. Several genes regulated by the some operons are found to be 
involved in stress response, indicating that YegS may be activated in re-
sponse to stress signals. 
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Protein Production for Structural Studies 

The rate-limiting step for any structural biology or structural genomics pro-
ject is the efficient production of suitable proteins (151). E. coli is usually 
the preferred choice of expression host for a number of reasons; it allows 
high amount of biomass to be produced at low cost, it is a well characterized 
and versatile expression system and does not perform excessive post-
translational modifications, allowing the production of large amounts of 
homogeneous protein sample at a low cost. The problem usually arises when 
trying to overexpress a eukaryotic protein in a prokaryotic host, since they 
exhibit a higher tendency to misfold and aggregate as inclusion bodies (152, 
153). Eukaryotic proteins have a higher degree of complexity than prokary-
otic proteins. They are by average larger, posses a higher number of do-
mains, and they may need post-translations modifications for correct folding. 
To increase the success of protein expression one can vary different expres-
sion parameter such as host system, temperature and media or one can mod-
ify the target protein itself by in vitro evolution methods, generating libraries 
with thousands of variants of the target protein (154-158).  

Modification of any of theses parameter will generate a large number of 
samples to be tested which adds cost and time. Therefore, a robust and ge-
neric method for screening the protein solubility of many samples in parallel 
is of great value. There are a number of different methods that can be used to 
screen the solubility of proteins expressed in E. coli in a high through put 
manner such as centrifugation, filtration and purification (159, 160). Inclu-
sion bodies are larger in size than soluble proteins and centrifugation and 
filtration use this distinctive characteristic to separate inclusion bodies from 
soluble protein. Our lab has earlier developed a Filtration Dot blot (FiDo) 
method where soluble protein is filtrated through a multi-well filtration plate 
that retains the inclusion bodies, and soluble proteins are subsequently re-
covered on a blotting membrane (161). Protein detection is achieved by im-
munodetection. In generic purification methods, the target protein is ex-
pressed with a purification tag such as a 6xHis-tag that will facilitate subse-
quent purification. For the screening of large numbers of protein variants for 
solubility on e.g. colony level, the GFP method has been very popular. It has 
however also been demonstrated to have some problems with false positives, 
and low sensitivity (162). Recently, a new method that uses the reef coral 
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fluorescent protein (ZsGreen) as reporter, has been established (163). The 
methods decreased the problems of low sensitivity of GFP by using a variant 
with higher brighter fluorescent, the ZsGreen protein, which has a similar 
structure to GFP.  

In a study during my thesis work (data not published) we found that GFP can 
interfere and effect folding of many proteins. By using construct libraries of 
10 human proteins that were difficult to express, we found that correlation 
between positives selected clones from the CoFi blot and small scale purifi-
cation was very good, 68%, while the correlation between GFP colony fluo-
rescents and small scale purification was only 12%. Therefore, after expres-
sion in liquid culture, a large fraction of the construct identified with the 
GFP method was insoluble. In general, the ratio of soluble constructs per 
plate was higher when construct containing stop codons were used, suggest-
ing that GFP decreases the solubility of the target protein. 

 
After these experiments were performed, an alternative GFP based method 
for optimizing the solubility of the target protein was developed (164, 165). 
This method uses a split-GFP strategy where an essential peptide is fused to 
the target protein, and florescence is only seen when the target proteins has 
stayed soluble for a defined period of time until the core GFP protein is in-
duced. The split-GFP method is likely to be a significant improvement to the 
traditional GFP method, when it is a better reporter of solubility. The method 
has been successfully used in combination with direct evolution techniques 
to increase the level of soluble protein expression for several difficult to 
express proteins. 

The CoFi blot method however, offers significant advantages over the fu-
sion- reporter method for studies of expression on the colony level, when the 
proteins selected for survive lysis and filtration. The selected protein can 
also be directly used for scale up studies without recloning. 

Colony Filtration Blot: a New Screening Method for 
Soluble Protein Expression in Escherichia coli (Paper 
IV) 

The Colony-Filtration (CoFi)-blot method was developed as an extension of 
the FiDo method but with the advantage of being useful for analyzing thou-
sands of samples in parallel at low cost (161). It uses a filter sandwich proc-
ess on the colony level and can be used as a detection step for selecting 
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clones expressing soluble proteins from large libraries of variants (e.g. ran-
dom mutations or construct libraries).  

The method is based on filtration of soluble proteins through a membrane 
filter with sub-micron pore size (Durapore membrane), which retain inclu-
sion bodies but does allow soluble proteins to pass. Soluble protein is recov-
ered on a nitrocellulose membrane that it is attributed to detection by classi-
cal immunodetection techniques. 

The method is very simple to execute and requires no automation (166). 
After the target gene has been cloned into the E. coli strain of choice, bacte-
ria are plated on an agarose plate and a replica of the colonies is made on the 
Durapore membrane. Thereafter, the membrane is placed on a new plate 
where protein expression is induced. After expression has been finished a 
lysis and detection sandwich is made as presented in figure 17. The lysis 
buffer, combined with freeze thawing, will break the cells, allowing the free 
soluble protein to pass through the Durapore filter to the nitrocellulose 
membrane. This processes is probably driven by capillary tension induced by 
the filters.  

 

 

 

 

 

 

 
 
 
 
 

Figure 17. Schematic illustration of the CoFi blot procedure. 

The target protein is expressed with an N-terminal His-tag. Immunodetection 
of the soluble protein is done by using a reactant that will exclusively react 
with our target protein. A chemiluminescent signal will help us identify the 
colony/colonies that express the target protein as a soluble form. 
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To verify that the method works, we made a comparison with the classical 
centrifugation technique combined with small-scale purification. We se-
lected 32 eukaryotic proteins and 24 E. coli proteins cloned into two differ-
ent expression vectors (constructs with either a N-terminal Flag or with a 
His-tag) making up to a total of 108 different constructs. Chemically compe-
tent E. coli was transformed with a corresponding plasmid and cells were 
plated and simultaneously grown in 1ml liquid culture. The colonies were 
screened for soluble expression using the CoFi blot method and the liquid 
culture by centrifugation and subsequent small-scale purification. An 84% 
correlation could be observed between both methods. 

 
A                                                          B 
 
 
 
 
 
 
 
 
 
 

Figure 18. Example of CoFi blots for a recalcitrant protein. A, CoFi- blot for wild-
type expression and B, represent the results of a CoFi-blot for the target protein after 
it had been submitted to random mutagenesis. 

The method has now been used successfully for the expression of a large 
number of difficult proteins to express. Cornvik et al showed that the success 
rate of obtaining expressing constructs from human proteins was doubled 
(167) (Figure 18). A CoFi-Blot method for screening membrane proteins 
expression has also been implemented as an extension of the CoFi-Blot for 
soluble proteins. It has been used in combination with in vitro evolution 
(random mutations) to select membrane proteins, which express at higher 
levels (168). Both these strategies have produced proteins suitable for further 
crystallography studies and to date 6 structures have been determined that 
had been selected from libraries using the CoFi-blot.  
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Prospects 

Structural studies of the anti-apoptotic family Bcl-2 and IAP, reveal impor-
tant features related to the binding and specificity of Bfl-1, and BIR domains 
for its partners. The information from these studies could help in drug design 
targeting specifically these proteins. Structural studies of theses anti-
apoptotic protein in complex with other partners such as Puma, Bid in the 
case of Bfl-1, or complexes of IAP with caspases, would add insights into 
structural basis for the regulation of apoptosis. Furthermore, additional site 
directed mutagenesis studies of the key residues predicted to be responsible 
for the selectivity, coupled to isothermal titration calorimetry measurements, 
could help in understanding details of the recognition process. Together this 
provides information assisting in the development of proper treatment for 
diseases due to dysregulation of programmed cell death. 

With respect to the lipid kinase YegS, we have discovered a novel metal 
binding site, opening for a possibility of an additional regulatory mechanism 
of members of the lipid kinase family. This also opens for the possibility that 
YegS is controlled by specific signaling mechanisms. Although we have 
identified distinctive features of YegS at the structural and biochemical 
level, which have increased the understanding of this protein family, a num-
ber of key questions still remain to be answered such as, how, is the regula-
tion of the activity by metal binding executed, how is the substrate (and 
membrane) recognized and how do we get conclusive evidence for the sub-
strate of YegS. Again, mutational studies of the key residues will be required 
to elucidate the mechanism of action of this enzyme. Further biochemical 
studies as well as cellular studies, can shed further light on the substrate 
specificity of the enzyme.  

Finally, the efficient production of suitable protein for structural and bio-
chemical studies is still a limiting step. We have shown the versatility of 
using the CoFi-blot combined with different library techniques, for improv-
ing not only the expression of difficult proteins in E. coli, but also the speed 
up of expression screening of complete ORFeomes and other expression 
libraries. In addition, we can use this technology in screening different 
physical variables for complete libraries such as additions of cofactors or 
ligands, induction time, temperatures, lysis buffers etc. Furthermore, an ex-
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tended version of the CoFi-blot could be used for screening for stable protein 
complexes. Therefore, we anticipate that the CoFi-Blot will have a very 
large applicability in protein sciences in the future.  
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