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as compared to the wild type Rev peptide. By applying computational chemistry techniques a 

possible rationalisation was found: sulphonates interact strongly with crucial arginines on the 

peptide making them unavailable to engage the phosphate backbone; additionally the peptide 

was forced into non-helical conformation prior to binding. This hypothesis was validated by 

crosslinking Rev peptides with azobenzene derivative deprived of the sulphonates. The 

second generation of Rev peptides binds RRE with high affinity and the interaction in 

question can be controlled effectively by light. 

The second chapter of the thesis focuses on the structural characterization of a photo-

controllable Bak peptide bound to Bcl-xL – a prominent member of the Bcl-2 family of 

proteins. The Bcl-2 family of proteins includes the major regulators and effectors of the 

intrinsic apoptosis pathway. Cancers are frequently formed when activation of the apoptosis 

mechanism is compromised either by misregulated expression of prosurvival family members 

or, more frequently, by damage to the regulatory pathways that trigger intrinsic apoptosis. 

Short peptides derived from the pro-apoptotic members of the Bcl-2 family can activate 

mechanisms that ultimately lead to cell death. The recent development of photocontrolled 

peptides that are able to change their conformation and activity upon irradiation with an 

external light source has provided new tools to target cells for apoptosis induction with 

temporal and spatial control. In this thesis the first NMR solution structure of a 

photoswitchable peptide derived from the proapoptotic protein Bak in complex with the 

antiapoptotic protein Bcl-xL is reported. This structure provides insight into the molecular 

mechanism, by which the increased affinity of such photopeptides compared to their native 

forms, is achieved, and offers a rationale for the large differences in the binding affinities 

between the helical and nonhelical states. 
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1.1.3 Tertiary, quaternary structure and protein domains 

 Tertiary structure refers to the positions of all atoms within the given protein. Some 

proteins can be additionally subdivided into domains; elements of the protein structure, which 

can fold independently. The driving force for this larger scale folding and association is 

predominantly the hydrophobic effect; as the protein folds it places hydrophobic regions 

together excluding many ordered water molecules (water clusters around hydrophobic areas) 

and making the process entropically favourable despite the increased order of the protein. 

Hydrogen bonds, van der Waals interactions (dipole-dipole, dipole-induced dipole, and 

induced dipole/induced-dipole) and electrostatic interactions (salt bridges) can also promote 

folding, as can the presence of disulfide bridges between cysteines. Folded proteins can 

further interact with each other to form stable protein complexes, constituting the quaternary 

structure of proteins. Protein interactions will be discussed further later. Although it was once 

believed that proteins form rigid and well defined structures, many examples are now known 

of proteins that are natively unfolded and even more often only a part of the protein structure 

is well defined, with the remainder being natively unfolded. The advantage of this 

arrangement is that inherent structural flexibility allows them to adapt to many conditions and 

interact with many different proteins. 

1.2 Protein interactions 

1.2.1 Overview of protein interaction 

There are four main categories of macromolecular interactions that a protein can be 

involved in: protein-protein (PPI), protein-DNA, protein-RNA and protein-polysaccharides 

(sugar trees) interactions. Proteins can also interact with many different types of small 

molecules including but not limited to polysaccharides, lipids, amino acids or molecules that 

are hybrids of aforementioned both in terms of covalent attachment and non-covalent 

complexes. The scope of this thesis is confined to protein-protein and protein-RNA 

interactions. 

1.2.2 Protein-protein interactions 

 The average protein in the yeast proteome interacts with five other proteins, which 

leads to a total of 25,000 to 35,000 protein-protein interactions.5 This number is estimated to 

be even higher for Homo sapiens at around 650,000 total interactions.6 Such large numbers 
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scaffold. One compound resulting from this approach, a pyrrolopyrimidine-based inhibitor, 

has an affinity similar to its parent peptide, as strategically positioned chemical substituents 

mimic the three hot-spot residues: Phe19, Trp23 and Leu26 (Figure 6).25 p53-HDM2/X is a 

crucial interaction that, amongst other roles, controls activation of the intrinsic apoptotic 

pathway in response to a range of different stress making it an important therapeutic target. 

 
Figure 6: MDMX (murine HDMX analog) bound to p53 peptide (left); p53 compared to pyrrolopyrimidine-based 

inhibitor (right). Key residues of p53 and corresponding substituents of the inhibitor are shown in red 

The most recent inhibitor for which a model of a crystal structure exists is based on 

piperidinone scaffold.26 It was shown to be a potent binder of HDM2 with Kd of 0.4 nM. 

Moreover, in a mouse model it was able to suppress the tumour growth. Similarly as in the 

previous case, this inhibitor protrudes three substituents into corresponding binding pockets 

on HDM2.26 The structure of the inhibitor can be subdivided into scaffold and “sidechains” 

(Figure 7) and although this design resembles a peptidomimetic it was created by screening a 

library of compounds based on previous successful inhibitors rather than the p53 peptide. 
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Figure 24: Tar-Tat interaction inhibitor bound to Tar (left); structure of the inhibitor (right). PDB entire: 1UTS. 

Oncogenic mRNA (result of a transcription of fused genes BCR-ABL and PAX3-

FKHR) has been targeted with aminoglycosides derivatives,88 based on scaffolds like 

neomycin B or kanamycin. Most molecules used to bind to the A-site of the bacterial 

ribosome are also based on aminoglycosides (neamine dimers, neomycin E, geneticin).89,90 

They form a class of relatively old antibiotics which block bacterial translation (Figure 25). 

 
Figure 25: Structure of Neomycin E bound to RNA derived from ribosome A-site (left); structures of three common 

aminoglycoside antibiotics (right). PDB entries: 1J7T. 

Newer targets include the RNA that causes myotonic dystrophy 2 or 1 via interaction 

between the r(CCUG) expansion in zinc finger 9 or rCUG expansion in the dystrophia 

myotonica protein kinase and muscleblind protein respectively, which result in an alternative, 

pathological splicing of the main muscle chloride channel and the insulin receptor. Both 

interactions have been successfully targeted by a modular approach where peptoid sidechains 

were functionalized with azido-aminoglycosides.91,92 This study not only yielded a potent 
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binder, but created a basis for rational structure-activity relationship studies of further RNA 

targets.91,92 

 
Figure 26: Structure of the peptoid binder of r(CCUG) expansion. 

1.2.3.2 Peptides targeting RNA 

 Tar and RRE are the major focus of research towards RNA binding peptides. Peptides 

mimicking the original Rev sequence or comprised of new, independently evolved arginine 

rich sequences have been crosslinked with orthogonal amide bonds.50,93 The work capitalizing 

on the evolved arginine rich sequences lead to a development of a peptide that has two fold 

better affinity and specificity to RRE (100 vs. 45 nM and specificity of 16 vs. 26 nM).93 

Key Rev residues have also been transplanted to zinc finger scaffold.94 This bulky 

designed peptide showed Zn2+ dependent helical content and binding affinity.94 The affinities 

of a Revwt isolated helix and the designed zinc finger peptide were comparable at the assay 

conditions (330±40 nM vs. 330±20 nM).94 Unfortunately, although no structure of this 

complex was solved by overlaying a structure of the Zinc Finger (Zif268) that was used as a 

starting point reveals how this relatively bulky miniprotein fits into the very deep binding 

grove of RRE and at the same time all key residues of Rev are retained (Figure 27).94 That 

type of approach was employed and another modified Zinc Finger targeting RRE was 

developed and its structure was solved by NMR methods.95,96 The binding affinity was 

improved to 55 nM and the actual sequence that forms the binding epitope bears very little 

resemblance to the original Rev; three residues are retained of which only one is considered to 

be the key residue.  
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new stable host in humans.109 It is established that HIV is the factor responsible for acquired 

immunodeficiency syndrome (AIDS); a disease that slowly depletes the immune systems 

defences leaving individuals prone to opportunistic infections. In 2009 AIDS was the cause of 

death for 1.8 million people. With 33.3 million people infected AIDS is a pandemic with no 

vaccine currently available.111,112 AIDS is not only a major health problem in the developing 

countries it originates from (sub-Saharan Africa), developed ones are heavily affected by this 

disease.112 

1.3.2 Biology of the HIV virus 

 HIV infects some lymphocytes including CD4+ T cells (mature helper T cells) with a 

particular preference for CD4+ T cells that recognise HIV.113 The crucial role of CD4+ T 

cells in activating the immune response and the decline in number of these cells following the 

HIV infection is the direct cause of AIDS. The HIV virus is capable of recognizing CD4 

protein, expressed abundantly in CD4+ T cells but also to lesser extent in macrophages and 

dendritic cells,107,114 through interaction with HIV envelope glycol protein 120 (gp120).107 

1.3.3 Structure 

 A typical HIV virion is 145±25 nm in diameter and approximately spherical.115,116 It is 

surrounded by a lipid bilayer acquired from the host cell during budding (Figure 30) which is 

abundant in membrane embedded proteins including glycoprotein 41 (gp41, TM) bound to 

glycoprotein 120 (gp120, SU) which plays a crucial role in virus adsorption and entry.117 

Within the membrane, packed in protein 17 and protein 15, resides the viral capsid which is 

composed of protein 24 and encloses 2 copies of single stranded positive sense HIV RNA 

tightly bound to protein 7.107,115 Three HIV-coded enzymes are also present inside the capsid: 

protein 10 or HIV protease, protein 66/51/reverse transcriptase and protein 32/integrase.115 No 

crystal structure exists of the whole virus; however a low-resolution reconstruction of the 3D 

structure has been made based on an electron micrograph.115,116 
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Figure 30: Schematic representation of the structure of the HIV-1 virion. Some proteins present inside were omitted 

for clarity. 

1.3.4 Genome organization and coded proteins 

The HIV genome is around 9 kbp long and possesses 3 open reading frames 

containing the genes: 1 – gag, vif, nef; 2 – vpu; 3 – pol, vpr, and env (Figure 31). Tat and rev 

are separated between the 1st/2nd and 2nd/3rd ORFs, respectively.118 Viral pre-mRNA can be 

subjected to none, single or multiple splicing events giving rise to 9, 4 and 1.8 kbp splice 

variants, respectively.118,119 Unspliced mRNA can either form the HIV genome or can be 

translated into Gag-Pol or Pol precursor multiproteins that are autocatalytically cleaved into 

the component proteins of the virion, while multiple splicing produces mRNA for the 

regulatory proteins Rev, Tat and Nef.107 Interestingly the secondary structure of HIV RNA 

inversely corresponds to protein tertiary structure; unstructured regions of RNA correspond to 

highly structured regions on multiproteins and vice versa, this allows for pauses in translation 

and independent folding of domains/proteins of multiprotein HIV gene products.118 Only 

multiply spliced mRNA does not contain the RRE sequence.120 HIV-1 genome terminates in 

5’ and 3’ long terminal repeats (LTR). 
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Figure 31: Map of the HIV-1 genome colour coded according coherently to Figure 30. Tat and rev genes are indicated 

in blue and red respectively. 

1.3.5 Regulatory elements 

 Initial transcription and translation of viral genes is slow and only fully spliced HIV-1 

mRNA is produced. The fully spliced variants include mRNA that codes for Tat protein, 

which is responsible for transcription initiation complex assembly. Tat binds to the Tar 

sequence present in the LTR.121 Tat phosphorylates RNA polymerase II and recruits essential 

transcription factors, which increase viral gene expression by more then two orders of 

magnitude.121 On the other hand, Rev (also translated from fully spliced mRNA) is 

responsible for the nuclear export of singly spliced and unspliced mRNA variants. 120,122 Rev 

is imported to the nucleus and binds the RRE sequence present in singly spliced and unspliced 

variants and promotes their export to the cytoplasm and subsequent translation.120,122,123 

1.3.5.1 RRE/Rev 

 RRE is a 350 nucleotide long RNA sequence that has not yet been completely mapped 

(Figure 32).118 It overlaps with the gp41 coding region and it contains a large number of RNA 

secondary structure elements.118 The precise secondary and tertiary structure of the RRE is 

still a matter of debate and somewhat different RNA maps have been proposed in the 

literature.118,124 However, it has been established that minimal RRE length required for 

function is approximately 250 bp and encompasses regions I to V.125 Rev is a 116 amino acid 

long protein whose complete structure remains unknown.126,127 Only the N-terminal region 

has been structurally characterized, which has been shown to form an eccentric helix-loop-

helix motif.127  
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Figure 32: Topology of the core RRE element with binding sites annotated appropriately and RRE IIB indicated in 

red (right); enlargement of the RRE IIB element (bottom right) 

This part of Rev contains the arginine-rich region known to bind with high affinity to 

RRE; a peptide derived from the arginine-rich sequence is capable of strongly interacting with 

RRE (Figure 33).128-130 Rev has the highest affinity for the stem loop IIB part of the RRE 

sequence.131 The N-terminal region of Rev is known to be responsible for oligomerization; in 

the current model, binding of the first molecule of Rev to RRE IIB nucleates oligomerization 

and binding to the remaining sites on the mRNA.125,127 Nuclear localization sequences (NLS) 

which overlap with the arginine-rich region are concealed by this interaction and 

oligomerization organises nuclear export sequences into a multivalent array, which can 

interact sufficiently strongly with Chromosome Region Maintenance 1 protein (Crm1) protein 

to facilitate nuclear export.127,132 This allows singly spliced and unspliced mRNAs to be 

exported from the nucleus before further splicing occurs, thus allowing the remaining HIV-1 

genes to be expressed.123  

The arginine-rich region of Rev spans residues 34 to 50 and its sequence is 

TRQARRNRRRRWRERQR, where the underlined residues are those which decrease affinity 

by more than 10-fold upon mutation to alanine (Figure 33).133 The structure of this and similar 

peptides bound to RRE IIB have been solved by NMR and crystallography techniques.133-135 
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Figure 33: Structural models of Rev peptide bound to RRE IIB RNA (A) with key residues in red; N-terminal 

domains of Rev protein dimer of dimers aligned onto Rev bound to RRE IIB (B) with arginine-rich region 
in red. PDB entries: 1ETF, 3LPH. 

Structural reports on the RRE/Rev interaction all describe a remarkable structural 

flexibility of the RNA structure, which in order to accommodate the Rev peptide, needs to 

widen by approximately 5 Å (Figure 34).133 Moreover, in the complex the peptide sits in a 

very deep grove, with 270° of its surface surrounded by RNA  (Figure 34). 

 
Figure 34: Structural models of the complex of Rev derived peptide (not shown) and RRE IIB (A); free RRE IIB (B); 

complex of Rev derived peptide and RRE IIB with residues that decrease binding affinity by more then 10 
fold indicated in red (C); overlay of RREIIB free (red) and bound (black) to Rev derived peptide (not 
shown); black and red bars are proportional to the grove width.   PDB entries: 1ETF, 1DUQ. 
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1.4 Photocontrol of Structure 

1.4.1 Natural examples 

During the course of life’s history light not only has been used as a source of energy 

throughout all kingdoms of life, but light sensitive switching mechanisms have evolved 

independently many times. Even the simple unicellular organism Chlamydomonas reinhardtii 

possesses an “eyespot” that allows it to exhibit phototaxis and photophobia reactions.136 The 

proteins, which carry out this function, are light-gated ion channels: channelrhodopsin-1 

(ChR1) and channelrhodopsin-2 (ChR2).137 They contain a light sensitive chromophore, 

retinal, which undergoes a reversible isomerisation from all-trans retinal to 13-cis-retinal. 

This conformational change in the chromphore induces a larger conformational change in the 

transmembrane region of the channel, opening it to both monovalent and divalent cations. 

Within micro seconds 13-cis-retinal thermally relaxes to its ground state, which eventually 

closes the channel.137 A similar mechanism can be observed in the human retina. The retinal 

containing protein rhodopsin is a transmembrane protein, but unlike ChR it is not an ion 

channel, but a G-protein coupled receptor.138 Interestingly the ground state of its retinal 

cofactor is 11-cis-retinal and upon absorption of light it changes configuration to all-trans. 

The resulting conformational change in the protein activates interacting G-protein on the 

cytosolic side of the membrane.138 A different chromophore is used by phytochromes, a group 

of proteins found in plants, bacteria and fungi, which incorporate a billin-derived 

chromophore.139 In most cases two thermodynamically stable forms of this chromophore exist 

that can be shifted between one another upon absorption of red or far-red photons (Pr and Pfr 

forms).140,141  Therefore, unlike the retinal based light-sensing proteins, the change in 

chromophore conformation is not immediately reversed to the previous state.140,141  Plants 

have evolved a whole ensemble of light sensing proteins. In addition to few different types of 

phytochromes, cryptochromes, phototropins and superchrome classes exist. Phototropins use 

flavin as their chromophore (contained within LOV domains),142 the absorption of light and 

subsequent formation of a bond between flavin and a cysteine residue in its binding pocket 

abolishes an interaction essential for the stabilization of amphipathic, and partially water 

exposed helix.143 Release of this helix can trigger kinase activity and transfer the signal 

further down a pathway (Figure 35). 
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Figure 35: Structural model of a LOV domain in the dark state (black); a model of the helix unfolding after blue light 

irradiation is schematically represented (red); flavin chromophore is visible in the protein hydrophobic 
core (red). PDB entries: 2VOU. 

1.4.2 Photo-control of structure in chemistry 

 One of the earliest examples of light induced control of synthesized compounds 

structure involves a group of molecules called azobenzenes (Figure 36). These chemical 

compounds are capable of photo-isomerisation around the N=N double bond.144 Usually the 

trans configuration is thermally stable and upon absorption of a photon of approximately 360 

nm wavelength, the trans configuration switches to cis, creating a more compact molecule 

with end-to-end distances between para ring positions differing by approximately 3.5 Å 

compared to the trans form.145 The cis form of the azobenzene thermally reverts to trans and 

this process can be accelerated by illumination with light matching the absorption maximum 

of the cis form (450 nm). 

 
Figure 36: Azobenzene trans-cis photoisomerization; R1 and R2 indicate different possible substituents. 
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Different substituents around the aromatic ring systems can alter the overall properties of an 

azobenzene chromophore, affecting its reactivity, absorption maximum, thermal relaxation 

rate, and state cis/trans ratio at the photostationary state.146 The cis form of azobenzene is 

usually thermally unstable, but when a bridged (constrained) version of azobenzene was 

synthesised, the cis state was found to be thermally stable and could be switched to trans by 

irradiation in a structural transition that is accompanied by a dramatic change in colour.147  

Other popular photo-switchable molecules include derivatives of spiropyran (Figure 

37). Upon irradiation of spiropyran it is isomerised to a merocyanine form. As a result the 

initially largely hydrophobic compound becomes zwitterionic. This change is thermally 

reversible and can be made more rapid by irradiation at the absorption maximum of 

merocyanine. Those properties have been used to control rheology by doping micelles with 

spiropyran-derived detergent, force light-induced patterning or control liquid-crystal 

phases.148-150 

 

 
Figure 37: Photoisomerization of spiropyran to merocyanine; R indicates a possible substituent. 

Researchers are keen to create light-driven motors, ideally producing unidirectional, 

light-driven motion at molecular level to mimic in naturally occurring motor complexes. 

Considerable successes have been achieved using both helical alkenes and rotaxanes. In the 

former approach a chiral, helical alkene is designed such that its two subunits are connected 

by a double bond and one type of rotation, anti or clockwise has lower energy barrier (Figure 

37).151 Light can then be used to isomerise the molecule around the double bond. A different 

wavelength of light is then used in order to rotate back to initial state.151  



 

39 
 

 
Figure 38: Helical alkene cycle. Optical filters cut-off and temperatures used for the isomerisation are noted 

appropriately.  

In the latter approach macroassemblies called rotaxanes are used. Those systems are 

composed of long molecules with bulky chromophores at each end, trapped within another 

molecule in the shape of a closed ring (Figure 39).152 The change in protonation states 

induced by light changes the binding preference of the ring molecule for chromophore over 

the other, this process is reversible by light and represents a prototypical molecular piston.152 

 
Figure 39: Representation of the molecular shuttle cycle; hydrogen bonds are indicated with a dashed red line 

(upper); surface representation with bulky “stopper” substituents in blue, macrocycle “shuttle” in red, 
hydrogen bonding interaction sites in yellow (lower).  
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1.4.3 Photocontrol of protein structure 

1.4.3.1 Overview 

Three typical approaches to protein-structure photocontrol are found in the published 

literature: photo-caging, conjugation of photo-switchable molecules and optogenetics. The 

former pair relies on the introduction of light-reactive molecule to otherwise natural system, 

while optogenetics capitalizes on naturally evolved proteins which, after appropriate genetic-

engineering, serve as photoswitches in a variety of arrangements. The latter two have the 

significant advantage of possessing a degree of reversibility. 

1.4.3.2 Photocaging  

 Photo-caged molecules are the oldest way of introducing light reactivity to 

polypeptides. The general strategy introduces a photo-labile group into a protein or peptide 

that either forces a peptide into certain conformation or masks amino acids that are 

responsible for interaction. Upon irradiation with light the chemical group is cleaved off. 

Usually peptides revert to their natural (or close to natural) function and therefore are 

activated, but there exist examples of the opposite switching effect. Recent research describes 

photocaging of an arginine-glycine-aspartate peptide widely recognised for its ability to 

promote cell adhesion (Figure 40).153 In this case a 2-nitrobenzyl group was introduced at the 

peptide bond to create a peptoid incapable of binding its partner protein. Brief irradiation with 

365 nm light removed the 2-nitrobenzyl group and the resulting peptide regained its ability to 

stimulate cell adhesion.153  

 
Figure 40: Photocleavage of the 2-nitrobenzyl blocked arginine-glycine-aspartate peptide. 

Interestingly, despite UV light exposure taking place after the cells to be tested for adherence 

had been introduced to the experimental setup, this group reports no signs of deterioration 

induced by harmful radiation.153  
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Similarly, introducing the photolabile group directly at a peptide bond protected a 

peptide against proteolytic cleavage, this protection is lost and peptide degraded after UV 

irradiation in presence of a proteolytic enzyme.154 

1.4.3.3 Attachment of a photo-switchable molecule  

 The photo-switchable molecules most widely employed in attempts to design 

photocontrolled proteins or peptides are spiropyrans and azobenzenes.  The earliest attempts 

to use azobenzene derivatives were based on synthesizing poly-L-p-(phenylazo) 

phenylalanine.155,156  

 
Figure 41: Photoisomerization of a cysteine reactive azobenzene crosslinker (top), peptide with cysteine reactive 

azobenzene crosslinker attached in i, i+11 (middle) and i, i+7 (bottom) configurations. 

 These polymeric, azobenzene-functionalised peptides were shown to undergo dramatic 

structural rearrangement upon irradiation.155,156 The first reports of designs combining 
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the voltage-dependent K+ channel Shaker and used to construct a light-gated glutamate 

receptor.169-171 Further developments include the evolution of chromophore structures to 

modify spectral properties, alter thermal relaxation times and improve solubility.161,172-174 

Similar sheet and helical control strategies were adopted using spiropyran 

derivatives.175 Perhaps the most elegant example of this research involves modification of E. 

coli mechanosensitive channel (Mscl). This membrane protein opens up in response to a 

pressure change along the membrane, but it found that mutating members of a group of 

neutral residues inside the channel to charged ones also opens the protein channel.176 Using 

the capability of spiropyran to shift from neutral to charged, an engineered, stable and 

reversible light responsive channel was created. Moreover, researchers were able to introduce 

membrane patches containing the photo-controlled channel to hollowed polymersomes and 

create artificial photo-controlled microcontainers.176 Hemithioindigo derivatives have also 

used to control a channel by conjugation to a pore-forming bacterial peptide, gramicidin, 

which enabled the ionic current across the membrane to be modulated in response to light.177 

 The least “invasive” chromophore involves modification of the peptide bond itself. 

The carboxylic oxygen of the peptide bond is replaced with selenium or sulphur and these 

modified bonds can be isomerised from the usual trans configuration to cis by irradiation and 

the change in configuration of a single peptide bond can disrupt the secondary structure.178,179 

The biggest disadvantage of this strategy is the need to use very high-energy radiation to 

induce the isomerisation – 280 nm UV light is needed which make such engineered peptides 

unsuitable for in vivo applications and also some more sensitive in vitro were systems.178,179 

1.4.3.4 Optogenetics 

 The ability of natural light-sensitive proteins to undergo sometimes a very dramatic 

shift in structure and their responsiveness to less energetic light makes them suitable for in 

vivo applications. Moreover, no chemical intervention is necessary as the appropriate genes 

can be transfected into cells. Channelrhodopsin is a particularly popular protein channel used 

extensively in neurological studies. Optogenetic techniques were applied to this protein to 

study the sleep/awakening transition.180 Similarly, precise spatiotemporal control of neuronal 

activity allowed for identification of neurons crucial for the treatment Parkinsonism181 and 

allowed an insight into learning mechanisms of mice.182 Rhodopsins have been also reported 

as useful tools for control and analysis of other animal behaviour.183 It is not only 
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neuroscience that benefits from optogenetic technology; a recent study employed engineered 

phytochromes to precisely control cellular trafficking.184  

1.5 Programed Cell Death 

1.5.1 Overview 

Cell death may be due to an acute effect beyond the cells control or genetically 

encoded and directly regulated. This second option, programmed cell death, allows a 

multicellular organism to choose for some cells to die to benefit the whole organism. Various 

forms of programmed cell death are crucial for the homeostasis of a multicellular organism 

(although it has been observed in some unicellular species as well) allowing infected, 

oncogenic, damaged, detached or otherwise abnormal cells that could pose a threat to the 

whole organism or colony to be purged. The demise of some cells is a necessary 

developmental step or part of a tissue function.185-188 The first documented examples of 

programmed cell death describe the process of cornification, where keratinocytes (live 

epithelial skin cells), undergo transformation into dead corneocytes that form a tight barrier 

around bodies of some vertebrates.185 Once programmed cell death processes have been 

triggered, they can generally still be reversed until a certain threshold is crossed; but as yet no 

such points have been specified with a satisfactory level of accuracy and confidence. The 

current proposal of the Nomenclature Committee on Cell Death is to treat a cell as dead if its 

plasma membrane is ruptured or has lost its integrity or if the cell, including its nucleus, has 

been fragmented and/or engulfed by neighbouring cells. This cautious definition clearly 

describes cells long after the point of no return has been crossed, and even this practical 

definition fails to account for corneocytes (death epithelial cells) which do not meet either 

criteria. On the contrary, their lipid bilayer is heavily modified and reinforced to the point 

where it no longer resembles the structure it originated from.189 Other more specific 

definitions not based on morphology have been brought forward, but in each case the 

proposed irreversible event has been refuted, these include: mitochondrial depolarization, 

massive activation of caspases, surface exposure of phosphatidylserine or loss of clonogenic 

survival (possibly to undergo mitosis).  

1.5.2 Apoptosis 

Although the programmed cell death itself was explicitly proposed in 1964, the term 

apoptosis was first coined six years later.190,191 The process was not very well characterized 
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until the seminal work of Robert Horvitz describing the development of Caenorhabditis 

elegans and the role that apoptosis plays in it.192 A series of gene knockouts revealed a 

complex system of proteins involved in controlling the fate of the 1031 cells of the 

hermaphroditic form of this nematode, of which 131 undergo apoptosis.192 There is a 

remarkable resemblance between human apoptotic pathways and those in C. elegans, 

suggesting it is an old, evolutionarily conserved phenomenon among eukaryotes. Although it 

was originally thought that apoptosis-related genes were simply controlling tissue organism 

development, apoptosis is also a stress response phenomenon. The most prominent features of 

apoptosis include massive caspase activation, the involvement of mitochondria and 

mitochondrial proteins in signal transduction and a characteristic final morphology with the 

cell blebbing and forming of spherical apoptotic bodies. Unfortunately, there is little 

consensus in closely defining apoptosis, especially in the light of recent evidence of other 

processes with an apoptosis-like morphology, but without the use of canonical signal 

transduction pathways. NCCD recommends using the term apoptosis as it was originally 

conceived, to describe purely the morphological aspect ignoring that various pathways that 

may lead to the same final appearance.189 Current opinion classifies apoptosis as belonging to 

the group of typical programmed cell deaths: programmed necrosis (necroptosis), autophagy 

(or rather autophagy related cell death), cornification and apoptosis rather than the atypical 

categories of mitotic catastrophe, anoikis, excitotoxicity, Wallerian degradation, paraptosis, 

pyroptosis, pyronecrosis and entosis.189  

1.5.2.1 Morphology 

By current definition all apoptotic cells feature the same characteristic morphology 

(Figure 42),189 whose most prominent feature is massive cell membrane blebbing and 

formation of apoptotic bodies of various sizes.191 The shape of those structures is either 

spherical or near-spherical and they contain apparently intact (not only morphologically but 

often also biochemically) cellular organelles or condensed fragments of chromatin derived 

from nuclear fragmentation (karyohexis); another hallmark of apoptosis.191 In contrast to 

necrotic processes, the blebbing cell membrane remains intact although the overall cell 

volume is decreased (pyknosis) and it acquires a round shape. Pseudopods, if present, are 

retracted.189,193 The presence of phosphatidylserine and other signalling molecules on the 

outer surface of the cell membrane and the release of nucleotides encourage the engulfing of 

apoptotic bodies by residing phagocytes. If the efficiency of this process is insufficient, 
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apoptotic bodies can acquire a necrotic morphology in a process termed secondary 

necrosis.189,194 

 
Figure 42: Top: Schematically depicted apoptotic morphology highlighting apoptotic blebbing and engulfment of 

apoptotic bodies by residing phagocytes. Apoptotic cells with (bottom from left to right) ROCK I protein 
disabled (no blebbing); Rho protein disabled; just apoptotic. Bottom: SEM picture adapted from 
reference.195 

1.5.2.2 Extrinsic vs. intrinsic apoptosis 

The apoptotic program operates by default in most cells and needs to be actively 

inhibited in order to maintain homeostasis.196 Currently distinct intrinsic and extrinsic 

pathways are recognised, with different signal initiation pathways but converging at the 

effector level (massive caspase activation). The extrinsic apoptotic pathway is mediated via 

ligands and their cell membrane receptors, that belong to the TNF protein family and 

comprise the TNF-related apoptosis-inducing ligand receptors (TRAILR1/DR4 and 

TRAILR2/DR5), DR3 and DR6, CD95 (APO-1, Fas) and TNF receptor 1 (TNFR1) itself. 

Although their main function seems to be the reception and relaying of cell death signals, in 

some cases these proteins have been observed to stimulate necrosis or even cell survival.193 A 

large group of ligands has been described so far, some of which are receptor specific and 

some bind to a few different targets. These include: Apo2L (TRAIL), TNF and FAS ligand 

(FasL, CD95L, and Apo1L). The TRAIL/TRAILR (both DR4 and DR5) ligand and receptor 
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pair exemplifies the signalling cascade of this pathway (Figure 43); DR TRAILR is a 

transmembrane protein containing a so-called death domain (DD) on the cytosolic site and a 

cysteine rich domain on the extracellular side. Receptors oligomerize prior to binding via 

interaction of Preligand Binding Assembly Domains (PLAD) of each subunit; such 

preassembly seems to be a general phenomenon for all death receptors. 197,198-200 TRAIL 

ligation then promotes assembly of even higher molecular weight oligomers, which in turn 

drives interaction with Fas Associated Death Domain (FADD) or TNF Receptor Associated 

Death Domain (TRADD) proteins through death domains (DD).201,202 Association of one of 

those two factors promotes recruitment of initiatory caspases 8 and 10 through death effector 

domains (DED) and leads to their autoactivation. This response is moderated in some contexts 

by recruitment of the caspase mimicking, but catalytically inactive FLICE inhibitory protein 

(c-FLIP).203,204 The cytosolic part of the multiprotein structure is referred to as the death 

inducing signalling complex (DISC) and the caspases it activates propagate the proteolytic 

signal to caspases 3, 6 and 7. 

 

 
Figure 43: Model of TRAILR/TRAIL interaction and subsequent activation of the extrinsic apoptotic pathway. 
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The activation of effector caspases through DISC depends on the cell type. In type I cells 

there is sufficient caspase 8 or 10 activity present to propagate the proteolytic death signal 

further, but in type II cells lower levels necessitate stimulation of intrinsic pathway.205 Current 

findings hint that in order to fully activate initiatory and effector caspases, it is necessary to 

polyubiquitinate bound caspases, which promotes translocation of the entire DISC to 

ubiquitin rich foci and increases their effective concentration.206 Both type I and type II cells 

process the protein Bid to form truncated Bid (tBid), which activates the intrinsic apoptotic 

pathway.205 

 

 
Figure 44: Intrinsic and extrinsic pathway crosstalk and convergence at final apoptosis execution itself (black arrow 

indicates inhibition and red arrows activation).  

In contrast to the extrinsic apoptotic pathway, the intrinsic one occurs in response to 

intracellular stressors including UV light, ionizing radiation, infection, ER stress, heat shock 

and oxidative stress (Figure 44).207 These stimuli are directly or indirectly sensed by so called 

BH3-only proteins that in turn activate proapoptotic multi-region Bcl-2 family members (Bak 

and Bax). Upon activation Bak/Bax homooligomerize and cause mitochondrial outer 

membrane permabilization, probably by forming pores whereby the soluble contents of 

mitochondria are released to cytosol.208 Among them are cytochrome c, second mitochondria-
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derived activator of caspases/direct IAP binding protein with low pI (SMAC/Diablo), 

apoptosis inducing factor (AIF) and endonuclease G (EndoG). SMAC/Diablo inhibits X-

linked inhibitor of apoptosis (XIAP), which removes its inhibition of downstream caspases. 

Cytochrome c assembles into a complex with apoptotic protease-activating factor 1 (Apaf-1, 

Figure 45) known as the apoptosome which, after a large conformational change oligomerises 

into a 7-fold symmetrical multiprotein complex. 

 
Figure 45: Monomer of an apoptosome; domains of Apaf-1 with cytochrome c bound are indicated. The CARD 

domain (yellow) is responsible for the homotypic interaction with CARD on caspase 9. The WD40 domain 
(grey) responsible for the binding of cytochrome c (red). The  ATPase domains (pink and green) are 
responsible in this model for oligomer formation. Also illustrated are the winged-helix and superhelical 
domains (purple and blue). Apaf-1 structure adapted from reference 104. 

Caspase 9 is the primary initiatory caspase of the intrinsic pathway and is activated by 

dimerization facilitated by the apoptosome (Figure 46). Two hypotheses to explain this have 

been brought forward so far; in the first the small amount of caspase 9 dimer already present 

in solution interacts with the CARD domains of the apoptosome via a homotypic interaction, 

which triggers formation of a stable dimer possibly via kinetic trapping of the activated dimer 

conformation. In the second model each subunit interacts with apoptosome separately and 

after such activation they assemble in solution. Once there is sufficient active caspase 9 in the 

cell the signal can propagate via proteolytic activation of effector caspases.  

 



 

50 
 

 
Figure 46: Apoptosome assembly triggered by cytochrome c release from the mitochondria caused by the other 

mitochondrial membrane permabilization; assembled apoptosome dimerizes caspase 8, which in turn 
triggers the proteolytic cascade of executor caspases. Structure of Apaf-1 and apoptosome adapted from.209 

1.5.2.3 Caspase overview 

Caspases are intracellular cysteine-dependent aspartate-specific proteases that carry 

out several distinct cellular processes.210 They are a conserved and old eukaryotic family of 

proteins and share a common ancestor protein.211 Although caspases are principly known for 

their crucial role in the propagation of apoptosis, they are also involved in proliferation and 

inflammation.212 Caspases are broadly classified into two groups based on what their role is 

believed to be. Caspases 2, 3, 6, 7, 8, 9 and 10 are apoptotic and 1, 4, 5, 11, 12, 13 are most 

often related to inflammation.212 Caspase 14 is thought to be solely engaged in keratinocyte 

maturation.213 However, it is worth noting that some members of each group are implicated in 

multiple processes.214 Classification within the group of caspases related to apoptosis 

distinguishes initiator (apical) caspases from effector (executioner, downstream) caspases. 

This grouping overlaps with mechanistic aspects of activation and structural features as the 

propeptide domain of initiator caspases with activity triggered by dimerization, rather then 

proteolytic cleavage as for downstream caspases whose zymogen is already dimeric (Figure 

47). All caspases posses a catalytic dyad of a cysteine and a histidine which are used to cleave 

peptide bonds with specificity strongly biased towards substrates containing aspartic acid, 

with proteolysis commonly occurring after this residue.210  

  










































































































































































































































































































































































































































