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Abstract 

Homotypic death domain (DD)-death domain interactions are important in the 

assembly of oligomeric signalling complexes such as the CD95/Fas DISC, 

PIDDosome, and the RIPoptosome. These complexes are considered as platforms for 

triggering apoptotic and other downstream signalling pathways.  

The first part of this thesis is aimed at characterisation of the PIDDosome core 

complex in solution using different techniques, with a specific focus on the 

application of methyl-TROSY NMR experiments. Analysis of the stoichiometry and 

molecular weight (MW) of the intact complex by AUC, SEC-MALS, and Nano-ESI 

confirmed the formation of high MW species (130-158 kDa) with a flexible 

stoichiometry of 10-12 chains that is not in complete agreement with previously 

reported data. Standard (
15

N, 
1
H)-HSQC titration experiments displayed global loss of 

signal confirming the formation of high MW species. 
13

C-methyl-TROSY 

experiments of the complex showed splitting of the cross peaks and evidence of 

differential line broadening and chemical shift heterogeneity that reflects the presence 

of non-equivalent sites within the different inter-domain interfaces within the 

asymmetric complex. Methyl-TROSY spectra for ILV-labelled samples titrated with 

unlabelled binding partners were characterised by chemical shift changes in 

fast/intermediate exchange in early points followed by a switch in the behaviour to 

slow exchange at an intermediate point. This pattern is consistent with a model for 

multi-step complex assembly via intermediate species formed in fast exchange 

followed by a co-operative ‘lock-in’ to the final state in slow exchange.  

The second part of the thesis describes in vitro folding and interaction studies of 

receptor interacting protein kinase 1-death domain (RIP1-DD) and represents the first 

biophysical/biochemical characterisation for this protein. The combined results from 

different techniques suggest that human (but not macaque) RIP1-DD adopts a molten 

globule state. Interaction studies between RIP1-DD and FADD-DD showed 

formation of a complex with molecular weight exceeding 190 kDa. 
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1 Introduction 

The biological status of cells is regulated by extra- and intra-cellular signals. These 

signals trigger diverse cellular responses such as inflammation, cell death, and cell 

survival. Regulation of many of these critically important responses by signalling 

pathways involves formation of multi-protein complexes. These complexes are not 

static and in many cases are considered as platforms for recruitment of signal 

transducing effector proteins. 

Cell death can happen by necrosis or by programmed cell death (PCD) also known 

as apoptosis. Necrosis is a type of cell death that occurs by accidental cell damage. 

Toxins, heat, lack of oxygen, radiation, and trauma, are considered as physical and 

chemical events that cause necrosis. Necrotic cells swell and begin to lose their 

ability to maintain cell homeostasis. Swelling results in cell rupture and loss of 

intracellular organelles leading to the spillage of intracellular material into the 

surrounding environment.  

PCD is one of the cellular responses that happen in multi-cellular organisms. PCD 

is an important aspect of normal physiology, development, homeostasis, and 

elimination of damaged cells. Dysfunction in PCD pathways has many implications 

in diseases such as cancer, autoimmunity and neurodegenerative disorders (Qin, 

Srinivasula et al. 1999). PCD is an evolutionarily conserved process involving 

series of biochemical events and morphological changes that lead to cell death by 

activation of the caspase family of cysteine proteases (Schultz and Harrington 

2003; Olsson, Vakifahmetoglu et al. 2009). The cellular morphological changes in 

apoptosis include nuclear fragmentation, chromosomal degradation, membrane 

blebbing, and cell shrinkage. Apoptotic cells eventually decompose into 

membrane-enclosed apoptotic bodies that are removed by macrophage 

phagocytosis. 

Apoptosis requires activation of caspases. Caspases are cysteine-dependent 

aspartate-directed proteases that are classified into initiator, effector, and 

inflammatory caspases. Initiator caspases such as caspase-2, caspase-8 and caspase-

10 cleave proenzyme effector caspases e.g. caspase-3 and caspase-7. In turn, 

effector caspases cleave other protein substrates and promote the apoptotic 
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processes. Caspase-1 ,-4, and -5 are considered as inflammatory caspases and are 

important in response to pathogenic infection, and inflammatory  and autoimmune 

disorders (Elmore 2007). 

There are two main mechanisms that lead to caspase activation: the intrinsic or 

mitochondrial pathway and the extrinsic or death receptor-mediated pathway. In 

addition, there is the perforin-granzyme B-dependent pathway, involving cytotoxic 

T-cells that can induce cell death by the activation of initiator caspase-10 or direct 

activation of effector caspase-3 (Elmore 2007). All three of these pathways 

converge on the same execution pathway that starts by the activation of effector 

caspase-3 (Figure1.1).    

Damaged or neglected (e.g. growth-factor depleted) cells undergo apoptosis via the 

intrinsic pathway that leads to the activation of caspase-9. The stimuli that initiate 

the intrinsic apoptotic pathway may produce positive or negative intracellular 

signals.  Absence of growth factors, hormones, and cytokines are considered as 

negative signals that lead to failure of suppression of cell death signalling whereas 

stimuli such as radiation, toxins, free radicals, and viral infection are considered as 

positive signals that actively promote cell death (Elmore 2007). 

Potentially dangerous cells or healthy but unwanted cells are eliminated by the 

extrinsic pathway through ligand binding to cell surface death receptors (DRs). 

DRs are members of the tumor necrosis factor receptor (TNFR) superfamily. The 

TNFR superfamily is characterised by a cysteine-rich extracellular domain as well 

as a cytoplasmic domain that includes a stretch of 80-100 residues known as a 

death domain (DD) that belongs to the DD superfamily (Park and Wu 2006; 

Elmore 2007; Peter, Budd et al. 2007). The cytoplasmic DD of DRs is involved in 

transmission of the death signal from outside the cell to the intracellular signalling 

pathways.  

1.1 Death domain superfamily 

The death domain superfamily is one of the largest protein domain superfamilies 

with 102 predicted examples in the human genome (Park, Logette et al. 2007; 

Kersse, Verspurten et al. 2011). Members of this superfamily show broad 

functional and structural similarities (Kwon, Yoon et al. 2011). Proteins that  
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Figure 1.1 Schematic representations of apoptotic pathways.  

Extrinsic and intrinsic pathways are the two main pathways. The perforin-Granzyme B 

pathway happens in cytotoxic T cells. Extrinsic pathway activates the initiator caspase-8 and 

-10. Intrinsic pathway activates caspase-9 and finally perforin-Granzyme B pathway 

activates the initiator caspase-10 or directly the executioner caspase-3.  The executioner 

caspase-3 activates downstream endonucleases and proteases resulting in characteristic 

apoptotic morphological changes. Adapted from (Elmore 2007). 
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contain domains belonging to the DD superfamily are involved in the assembly of 

oligomeric complexes by self-association or heteromeric protein-protein 

interactions (Park, Lo et al. 2007; Kersse, Verspurten et al. 2011). These 

complexes are implicated in different signalling pathways that control apoptotic 

and necrotic cell death, inflammation, and immunity. Furthermore, some members 

of DD superfamily such as the Pelle and Tube proteins form complexes that are 

involved in embryonic developmental pathways in D. melanogaster (Weber and 

Vincenz 2001).   

The DD superfamily is classified into four structurally homologous subfamilies on 

the basis of sequence similarity, comprising: the death domain (DD) subfamily, 

death effector domain (DED) subfamily, caspase recruitment domain (CARD) 

subfamily, and pyrin (PYD) domain subfamily. These domains are each 80-100 

amino acid residues long. So far it appears that members of each of these 

subfamilies bind to other proteins through homotypic interactions forming DD-DD, 

CARD-CARD, DED-DED, and PYD-PYD contacts (Kwon, Yoon et al. 2011).  

Members of DD superfamily are evolutionarily conserved throughout many multi-

cellular organisms. Fewer members of DD superfamily are present in lower 

organisms. Examples of DD superfamily members in lower organisms include cell 

death protein 4 (Ced-4) in C. elegans containing a CARD domain, and Pelle and 

Tube proteins in D. melanogaster each containing a DD.  

Phylogenetic analysis illustrates the evolutionary relationship between the 

subfamilies (Park, Lo et al. 2007; Kersse, Verspurten et al. 2011). This analysis 

suggests that each of subfamilies can be sensibly clustered into separate branches 

suggesting relative points of divergence from a presumed common ancestor. The 

analysis suggests that the CARD subfamily diverged first from the other 

subfamilies, followed by separation of the DD subfamily from the DED and PYD 

subfamilies. If correct this would suggest a more recent common ancestor for the 

PYDs and DEDs and that these two subfamilies are more closely related to each 

other than the other subfamilies. The subfamily separation according to the 

phylogenetic studies and the parallel evolution of the four DD subfamilies might 

rationalise the involvement of these domains in homotypic interaction (Kersse, 

Verspurten et al. 2011).   
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Despite the recognition that DDs are co-related, there is relatively limited sequence 

identity between the members of the DD superfamily (Figure 1.2). There are two 

well-conserved tryptophan residues in many members of the DD subfamily. These 

residues are likely to be important in the fold and stability of DD proteins as 

suggested by mutational studies on the DD of Fas-associated death domain protein 

(FADD) (Li, Wojtaszek et al. 2009). However, tryptophan residue is rarely seen in 

members of the DED, CARD, and PYD subfamilies (Li, Wojtaszek et al. 2009).  

Furthermore, regardless of the limited sequence identity, the members of the DD 

superfamily exhibit a similar fold, known as the death fold, consisting of an 

antiparallel six helix bundle with overall Greek key topology (Kersse, Verspurten et 

al. 2011). This unifying fold was first revealed in the nuclear magnetic resonance 

(NMR)-derived solution structure of some of the members of this superfamily such 

as the DD of the TNF receptor superfamily member 6 (Fas-DD), the DED of 

FADD, the CARD of apoptotic protease activating factor 1 (Apaf1), and the PYD 

of NACHT-, leucine-rich repeat (LRR)-, and PYD-containing protein 1 (NALP1) 

(Figure 1.3) (Huang, Eberstadt et al. 1996; Park, Lo et al. 2007). Despite the 

presence of some subfamily-specific structural characteristics, there are structural 

variations between domains within a subfamily due to differences in the length and 

relative orientation of the helices. Furthermore, the distribution of charged and 

hydrophobic residues on the surface of individual domains within a subfamily is 

also different in a way that must be important in determining the specificity of 

homotypic interactions between binding partners (Kersse, Verspurten et al. 2011).  

1.1.1 Death domain 

DDs are found in some of the proteins involved in the intrinsic and also extrinsic 

apoptotic pathways. For example the DDs of p53-induced protein with a DD 

(PIDD) and RIP-associated ICH1/Ced-3 homologus protein with a death domain 

(RAIDD) form the core of a cytosolic complex referred to as the PIDDosome that 

activates caspase-2 upstream of the intrinsic apoptotic pathway. Furthermore, 

binding of extrinsic ligands to DRs such as the Fas receptor triggers a signal that 

causes DD-containing proteins such as FADD to interact with the receptor 

cytoplasmic DD. This interaction forms a platform for recruitment and 
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Figure 1.2 Sequence alignments of selected members of the four subfamilies of the DD superfamily.  

Conserved residues are shaded from dark blue (100% conserved) to light blue (<100% conserved). Secondary structure representation of the top 

 protein of each group is shown in red at the top of each subfamily alignment. The software package MAFFT was used for these alignments. 
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Figure 1.3 Tertiary structures (cartoon model) of representative members of each of the four 

death-fold subfamilies. 

A) the DD of Fas (PDB:1DDF), B) the DED of FADD (PDB:1A1W), C) the CARD of 

Apaf1 (PDB:1CWW), and D) the PYD of NALP1 (PDB:1PN5). Selected members of 

the four subfamilies are aligned in the same orientation. In all cases helices 1, 4, and 3 

(H1, H4, and H3) are shown in front while helices 2, 5, and 6 (H2, H5, and H6) are 

shown at the back. 
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activation of the initiator caspase pro-caspase-8. The cluster of these proteins is 

known as the death-inducing signalling complex (DISC) that is important in the 

extrinsic apoptotic pathway.  

There are thirty-nine members of the DD subfamily that have been identified in the 

human genome so far (Kersse, Verspurten et al. 2011; Kwon, Yoon et al. 2011). 

The overall structure of the members of DD subfamily is considered as a 

perpendicular arrangement of two three-helix bundles (Figure 1.3A).  A specific 

characteristic of this subfamily is a more flexible, exposed third helix (Kersse, 

Verspurten et al. 2011).  

Currently 3D structures of twelve DDs are available, which include NMR and X-

ray structures of either isolated DDs or examples in complex with other DDs. Most 

of these DDs have a tendency to self-aggregate. Therefore the 3D structure of many 

of these DDs was determined either under nonphysiological conditions (e.g. 

extreme pH) or by introduction of mutations that assist production of tractable 

protein. The structures of four DD-DD complexes solved so far: three binary DD 

complexes including the DDs of Pelle and Tube from Drosophila, the DDs of 

human PIDD and RAIDD, the DDs of human Fas and FADD, and a ternary DD 

complex of the DDs of myeloid differentiation primary response protein 88  

(MyD88), interleukin-1 receptor-associated kinase (IRAK)-4  , and IRAK-2.  

1.1.2 Death effector domain 

DEDs are found in both pro- and anti-apoptotic proteins that regulate PCD. DEDs 

can be found in the zymogen form of procaspases, in adaptor proteins that regulate 

caspase activation (e.g. FADD), and also in viral and cellular FLIPs 

(vFLIPS/cFLIPs) that are FADD-like interleukin-1 beta-converting enzyme 

(FLICE)-inhibitory proteins (Tibbetts, Zheng et al. 2003). The overall structural 

characteristic of the DEDs is the formation of a six-helix bundle. There are  key 

features that are found in all DEDs such as conserved hydrophobic residues in each 

α-helix, a negatively charged residue at position 19, and the Arg-X-Asp-Leu 

(RXDL, X= any amino acid) motif at positions 78-81 in helix 6 (H6) (Figure 1.3B). 

The RXDL motif is essential for the anti-apoptotic activity of some viral proteins 

such as MC159 from the Molluscum contagiosum virus (MCV). Furthermore, the 

RXDL motif forms a hydrogen bonded charge triad together with an acidic residue 
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in helix 2 (H2) that is important for the reported self-association of FADD. There is 

also a conserved hydrophobic patch on the H2 surface that assists the DED-DED 

interaction between FADD and procaspase-8. The greatest DED sequence 

heterogeneity is found in the third α-helix (H3) (Tibbetts, Zheng et al. 2003; Park, 

Lo et al. 2007). In tandem pairs of DEDs as such that seen in the structure of 

MC159, the DED-DED interface is mostly hydrophobic in character. The tandem 

DEDs are divided into two groups with reference to the interaction (or not) with the 

DED of FADD. The members of first group (e.g. MC159) do not compete with the 

recruitment of caspase-8 to FADD and probably inhibit caspase activation by 

disruption of FADD self-association. In contrast, members of the second group 

(e.g. c-FLIP) directly compete with caspase-8 recruitment by FADD, and hence 

affect the caspase activation process (Park, Lo et al. 2007).  

1.1.3 Caspase recruitment domain  

Members of the CARD subfamily may be classified into two groups: CARDs 

within the prodomains of caspases (e.g. procaspases-2) and CARDs that act as 

adaptors in the assembly of signalling complexes (e.g. CARD of the RAIDD). 

Several published 3D structures of human CARDs reveal that members of the 

CARD subfamily also fold into a Greek-key six-helix bundle similar to the 

members of the other subfamilies. A special characteristic of the CARD structure is 

the unique feature of helix 1 (H1): this helix is either bent or broken into two parts 

referred to as H1a and H1b (Figure1.3C). Furthermore there are differences 

between the relative orientations and length of several helices among the members 

of this subfamily.  For example H6 of nucleotide oligomerisation domain-

containing protein 1 (NOD) is longer and has a different orientation compared with 

H6 of the CARD domain of caspase-9 (Manon, Favier et al. 2007). The surfaces of 

CARDs are covered with both basic and acidic patches which might be important 

for CARD-CARD interactions (Park, Lo et al. 2007). CARDs frequently occur in 

the NOD-like receptor (NLR) signalling pathway and also contribute to the 

formation of large oligomeric complexes including the nodosome, the 

inflammasome, the apoptosome, and the PIDDosome.  
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1.1.4 Pyrin domain  

The PYD subfamily is the least well characterised of the four death-fold 

subfamilies. The recent 3D structures of the PYDs of NALP1 and Apoptosis-

associated spek-like protein containing a CARD (ASC) provided evidence that 

PYDs should be considered as a subfamily of the DD superfamily. Members of this 

subfamily mediate protein-protein interactions that are important in apoptotic and 

inflammatory signalling pathways (Bertin and DiStefano 2000). The presence of 

hereditary mutations in some genes encoding proteins containing a PYD (e.g. 

mutation in the PYD domain of the familial Mediterranean fever gene) provides 

evidence to support the involvement of these proteins in inflammatory signalling 

pathways. A PYD domain has been identified in nucleotide-binding site protein 1 

(NBS1), CARD7, caspase-13 in zebrafish, and also in the N-terminal region of the 

apoptotic protein ASC; ASC contains both a CARD and a PYD domain (Park, Lo 

et al. 2007). 

Members of PYD subfamily have the familiar overall 3D six helix bundle fold but 

they have an altered helix 3 (H3) which distinguishes them from the rest of the DD 

superfamily. H3 in NALP1 is replaced by a flexible loop (Figure 1.3D) (Hiller, 

Kohl et al. 2003). On the other hand H3 in ASC is a short helix consisting of four 

residues that is joined to H2 by a flexible loop. The PYD of ASC is a bipolar 

molecule with two highly positively and negatively charged surfaces that suggest 

the importance of electrostatic interactions in PYD binding interactions (Liepinsh, 

Barbals et al. 2003). So far the structures obtained for the members of this 

subfamily through NMR have confirmed the globular death-fold that might suggest 

a similar interaction mechanism to those seen for other subfamilies. However, not 

much is known about homotypic interaction in this subfamily (Kersse, Verspurten 

et al. 2011).  

1.2 Complex formation within DD superfamilies 

Proteins of the DD superfamily respond to internal or external stimuli, leading to 

the formation of molecular complexes that are involved in the activation of effector 

proteins, particularly pro-apoptotic initiator caspases and kinases (Ferrao and Wu 

2012). Dimerisation, proteolytic processing, and trans-phosphorylation can activate 
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these effector proteins via proximity induced auto-activation. Active caspases are 

involved in cellular apoptosis progression while active kinases  such as IkB kinase 

(IKK) are often responsible for inflammatory processes. 

Recent studies, particularly the published crystal structures of some of the 

oligomeric complexes that involve members of the DD subfamily, have enhanced 

our understanding of the molecular basis of DD-DD interactions. The ability of the 

members of the DD superfamily to form higher order complexes resides in their 

potential to form three distinct types of interaction. Different crystal structures of 

complexes involving members of the DD superfamily provide interesting 

information about these three main types of domain-domain interfaces that have 

come to be denoted type I, type II, and type III. Type I and II interfaces were first 

identified in the structure of the procaspase-9: apoptotic protease-activating 

caspase-1 (Apaf-1) CARD:CARD complex (Qin, Srinivasula et al. 1999) and the 

Pelle:Tube DD-DD interaction (Xiao, Towb et al. 1999), respectively.  Type III 

interfaces, representing a mixed mode of type I and type II contacts, were 

introduced to generate a model for the Fas:FADD DD-DD complex  consistent with 

known structure-activity data (Weber and Vincenz 2001). 

The PIDDosome core complex structure was the first complex that demonstrated 

the coexistence of these three types of interaction in DD-DD complexes (Park, 

Logette et al. 2007). The crystal structure of the ternary complex of MyD88-IRAK-

4-IRAK-2 DDs (Lin, Lo et al. 2010) and also binary Fas-FADD DDs complex 

(Wang, Yang et al. 2010) revealed more evidence that these three types of 

interdomain contacts might be the main type of interaction, assisting 

polymerisation of DDs and formation of the DD oligomeric complexes (Ferrao and 

Wu 2012).  

1.2.1 Type I interaction 

Type I interaction was initially introduced to describe the CARD-CARD domain 

interaction in the crystal structure of the complex of Apaf-1 and procaspase-9 

(Figure 1.4). This mode of interaction is also found in other DD complexes such as 

the PIDDosome, Fas-FADD, and the Myddosome complexes. The heterodimeric 

complex of Apaf-1 and caspase-9 CARDs with a 1:1 stoichiometry reveals 

electrostatic interaction between residues on H2 and H3 that form an acidic patch 
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of Apaf1 with residues of H1 and H4 that form a basic patch of procaspases-9 (Qin, 

Srinivasula et al. 1999). These surface patches also show complementary shapes. 

1.2.2 Type II interaction 

The interaction between the Drosophila proteins Pelle and Tube that forms a 

complex with a 1:1 stoichiometry is classified as type II. This interaction is less 

electrostatic and is created by insertion of H4 and the H4-H5 loop of Pelle-DD into 

the cavity provided by the H1-H2 corner and parts of the helix H6 and H5-H6 loop 

of the Tube-DD (Figure 1.5) (Xiao, Towb et al. 1999).  Besides the residues of the 

C-terminal tail of the Tube-DD interacts with the residues in the cleft formed by the 

H2-H3 and H4-H5 loops of the Pelle-DD.   

1.2.3 Type III interaction 

The docking model for the DD-DD interaction between Fas-FADD suggested a 

type III interaction representing a hybrid of type I and type II interactions. The type 

III interaction was seen for the first time in the PIDDosome core complex structure.  

The type III interaction forms when residues on H3 of one RAIDD death domain 

(RAIDD-DD) (R4), interact with the H1-H2 and H3-H4 loops on other RAIDD-DD 

(R5) (Figure 1.6) (Weber and Vincenz 2001; Park, Logette et al. 2007).  

1.3 DD complexes 

DD signalling complexes can be separated into two groups according to sub-

cellular localisation: membrane-bound and cytosolic DD signalling complexes. 

Members of the DR family and Toll-like receptors (TLRs) are the main 

components of membrane-bound oligomeric signalling complexes. The DR family 

has eight members so far: tumor necrosis factor 1 (TNFR1), Fas, DR3, TNF-related 

apoptosis-inducing ligand receptor 1 (TRAILR1 or DR4), TRAILR2 (or DR5), 

DR6, the ectodysplasin A receptor (EDAR), and the nerve growth factor receptor 

(NGFR) (Lavrik, Golks et al. 2005). DRs are activated by one of the TNF family of 

ligands e.g. TNF-α, FasL, and TRAIL. These ligands can be either membrane-

attached or soluble factors. Interaction between the receptors and their 

corresponding ligands is presumed to lead to receptor oligomerisation and  
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Figure 1.4 Type I interaction identified for the Apaf1 and procaspase-9 CARD:CARD 

interaction (PDB ID: 3YGS).  

Important residues in the type I CARD:CARD interface are highlighted. The electrostatic 

interaction between acidic residues on H2 and H3 of Apaf-1 (gray) and basic residues on H1 

and H4 of procaspase-9 (yellow) represents the type I interaction. 

 

 

 

 

 

 

 

 

Figure 1.5 Type II interaction identified for the Pelle and Tube DD-DD interaction (PDB ID: 

1D2Z).  

Important residues in DD-DD interface are highlighted. This interaction is formed by 

insertion of H4 and the H4-H5 loop of the DD of Pelle protein (gray) into the cavity formed 

by the H1-H2 corner and parts of H6 and the H5-H6 loop of the DD of Tube protein 

(orange).  
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Figure 1.6 Type III interaction identified for RAIDD and RAIDD DD-DD interaction in the 

PIDDosome core complex (PDB ID: 2OF5).  

Important residues in the DD-DD interface are highlighted. Type III interaction is formed 

between the residues on H3 of RAIDD-DD (R4, gray) and the residues on H1-H2 and H3-

H4 loops of another RAIDD-DD (R5, blue). Figure is adapted from (Park, Logette et al. 

2007). 
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recruitment of a number of molecules to the cytoplasmic domain of the receptors 

and formation of signalling complexes.  

Defects in DR signalling can cause human diseases such as autoimmune 

lymphoproliferative syndrome (ALPS). In ALPS patients, lymphocytes are resistant 

to apoptosis due to the mutation in genes involved in Fas-induced apoptosis.  

Tumoral syndrome, autoimmune disorder, hypergammaglobulinemia and detection 

of CD
4-

CD
8-

 T cells are four criteria that characterise the APLS condition 

(Mullauer, Emhofer et al. 2008).  ALPS patients may have mutations in Fas (type 

Ia ALPS), FasL (type Ib ALPS), and caspase-10 (type II ALPS). No known 

mutation has been reported in Fas, FasL, caspase-8 or -10 (type III ALPS)  (Rieux-

Laucat, Le Deist et al. 2003; Mullauer, Emhofer et al. 2008).  

DRs can be divided into two groups based on the type of the signalling complex 

formed at their cytoplasmic domain. First group consists of the Fas receptor and 

TRAILR1/2 that form membrane-bound DISCs that result in the activation of 

caspase-8 and triggering of the apoptotic proteolytic cascade. The second group 

comprises TNFR1, DR3, DR6 and EDAR that recruit a different set of molecules to 

the intracellular part of these receptors and are capable of transducing both 

apoptotic and survival signals (Lavrik, Golks et al. 2005). 

TLRs and interleukin-1 (IL1) receptors can also form membrane-bound oligomeric 

signalling complexes involving DD-DD interactions. TLRs have a Toll-interleukin-

1 receptor (TIR) domain and recruit of MyD88 as an adaptor protein via TIR 

domain interaction. MyD88 also contains a DD that recruits other DD-containing 

proteins to form a signalling complex known as the Myddosome (Lin, Lo et al. 

2010).  

Cytosolic signalling complexes can trigger both apoptotic and necrotic signals. 

Examples of complexes involved in apoptosis are the apoptosome, the PIDDosome, 

the TNFR1 complex II (TNF receptor-associated protein with a DD (TRADD)-

dependent TNFR1 apoptotic complex or TRADDosome), and the RIPoptosome. In 

the following, I discuss some of these DD complexes in detail. 
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1.3.1 PIDDosome 

Damage to the genetic materials of cells forces them to decide between two fates: 

repair and survival or death. Regulatory mechanisms in cells ensure that the most 

beneficial response is selected. The survival response promotes induction of cell 

 survival genes and permits DNA repair whereas induction of other molecular 

events mediates cell death.  

PIDD, one of the components of the PIDDosome complex, is a protein that acts as 

a switch between cell survival and cell death (Wu, Mabb et al. 2005). The opposing 

signalling properties depend on two different proteolysis products of PIDD. Full 

length PIDD contains 910 residues (in humans) and the molecular weight (MW) is 

about 100 kDa. PIDD has seven LRRs possibly forming α/β horseshoe fold in the 

N-terminal, two ZU-5 domains (a domain with unknown function, initially found in 

ZO-1 and Unc-like nectrin receptors) in the middle, and a DD in the C-terminus 

(Figure 1.7) (Tinel, Janssens et al. 2007). Another domain called ‘’uncharacterised 

protein domain in UNC5, PIDD, and ankyrin family of proteins’’ (UPA) was also 

identified between the second ZU-5 domain and the DD (residues 612-755). UPA 

possibly adopts a β-sandwich fold (Wang, Wei et al. 2009).  

Expression of the PIDD gene is regulated by p53, a tumor suppressor that causes 

cell-cycle arrest or apoptosis in response to DNA damage (Lin, Ma et al. 2000).  

PIDD is constitutively processed in cells at two different sites by a mechanism 

similar to that found in the nuclear pore protein NUP98/96 and inteins. Cleavage at 

Ser446 (between the two Zu-5 domains) leads to a 48 kDa N-terminal fragment 

referred to as PIDD-N (residues 1-445) and a 51 kDa fragment known as PIDD-C 

(residues 446-910) as shown in Figure 1.7. The PIDD-C fragment contains a 

nuclear localisation signal that promotes translocation of this fragment into the 

nucleus and the formation of a nuclear PIDDosome via interaction with receptor 

interacting protein kinase 1 (RIP1) and NEMO, two critical players in signalling 

pathways that lead to NF-kB activation (Tinel, Janssens et al. 2007).  

The second processing at Ser588 of PIDD-C generates a shorter fragment (37 kDa) 

that is called PIDD-CC (residues 588-910) (Tinel, Janssens et al. 2007). The 37 

kDa PIDD-CC fragment that contains the DD at the C-terminus, remains in the 
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Figure 1.7 Schematic representations of PIDD and PIDD auto-processing fragments.  

Two serine cleavage sites were shown. The first cleavage at Ser446 forms two fragments 

known as PIDD-N and PIDD-C. The second cleavage at Ser588 forms the PIDD-CC 

fragment that interacts with RAIDD to form the cytosolic PIDDosome complex. 
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cytosol and is sufficient for the formation of a cytosolic PIDDosome formed by 

interaction with RAIDD and procaspase-2 (Park and Wu 2006). 

The other component of the PIDDosome complex, RAIDD has 199 residues. It has 

an N-terminal CARD and a C-terminal DD. RAIDD acts as an adaptor protein and 

recruits procaspase-2 to the PIDDosome complex (Park and Wu 2006).The DD-DD 

interaction between PIDD and RAIDD, together with the CARD-CARD interaction 

between RAIDD and procaspase-2, plays a pivotal role in the formation of the 

PIDDosome and activation of caspase-2.  

1.3.1.1 Caspase-2 activation 

Caspase-2, the second mammalian caspase to be identified, is the most evolutionary 

conserved caspase (Troy and Ribe 2008).  Caspase-2 plays a role in DNA repair, 

cell cycle regulation, and tumor suppression (Olsson, Vakifahmetoglu et al. 2009). 

Caspase-2 is an initiator caspase that is activated by a PIDDosome-dependent 

mechanism (Manzl, Krumschnabel et al. 2009).  However, unlike other initiator 

caspases, caspase-2 is not directly involved in activation of executioner caspases.  

Caspase-2 activation affects mitochondrial outermembrane permeabilization that 

leads to the release of cytochrome c (Cyt c) and subsequent formation of the 

apoptosome (Bouchier-Hayes, Oberst et al. 2009).   

As mentioned above, RAIDD binds procaspase-2 via interaction between the 

CARD domains present in both proteins. The inactive zymogen form of capspase-2 

contains a large and a small subunit similar to other caspases. Proteolytic cleavage 

of caspase-2 separates small and large subunits from the CARD domain forming 

the active caspase-2 (Li and Yuan 2008). The active form of the caspase-2 consists 

of two large (19 kDa) and two small (12 kDa) subunits. 

It has been reported that loss of PIDD or RAIDD does not affect the subcellular 

localisation, nuclear translocation, or activation of caspase-2 (Manzl, 

Krumschnabel et al. 2009) hence suggesting alternative PIDDosome-independent 

mechanisms for caspase-2 activation in cells. One example of a PIDDosome- 

independent mechanism is the caspase-8 mediated caspase-2 activation that has 

been identified in HCT116 colon carcinoma cells (Manzl, Krumschnabel et al. 

2009) (Vakifahmetoglu-Norberg and Zhivotovsky 2010).  



 

40 

 

1.3.1.2 Intrinsic apoptotic or mitochondrial pathway 

Caspase-2 acts upstream of the intrinsic apoptotic (mitochondrial) pathway. The 

intrinsic apoptotic pathway in mammals is triggered by cellular stress such as 

withdrawal of the growth factors, DNA damage, and endoplasmic reticulum (ER)   

stress. The signal is transduced by members of B-cell lymphoma 2 (Bcl-2) family. 

Proteins belonging to the Bcl-2 family contain at least one Bcl-2 homology (BH) 

region. Members of Bcl-2 family are divided into three groups: anti-apoptotic 

proteins (e.g. Bcl-2, Bcl-XL) containing four BH domains BH1, BH2, BH3, and 

BH4; pro-apoptotic proteins (e.g. Bax, Bak) containing three BH domains BH1, 

BH2, BH3; and pro-apoptotic BH3-only proteins (e.g. Bid) (Kroemer, Galluzzi et 

al. 2007).  

Pro-apoptotic proteins such as Bax and Bak are activated by pro-apoptotic BH-3 

only protein, Bid. Bax and Bak are thought to be involved in the formation of pores 

in the outer mitochondrial membrane (OM), that are used for the release of Cyt c ,  

second mitochondrial activator of caspases (Smac, DIABLO), and  apoptosis-

inducing factor (AIF) into the cytoplasm (Bratton and Salvesen 2010).   

In healthy cells Bak is associated with the mitochondtrial OM, whereas Bax resides 

in the cytosol. Caspase-2 activation induces cleavage of Bcl-2-family protein Bid 

and Bax translocation to the mitochondria. Truncated bid (tBid) triggers 

conformational changes in Bax leading to homo-oligomerisation of Bax and 

anchorage of this protein into the mitochondrial OM. Bax forms pores and also 

destabilises the mitochondrial lipid bilayer. Bak also forms homo-oligomerised 

multimers that serve as mitochondrial OM permeable pores (Kroemer, Galluzzi et 

al. 2007). The precise mechanism of action of Bak and Bax is still unresolved.  

Bax and Bak assist the release of Cyt c, that normally resides in the intermembrane 

space of the mitochondria. The release of Cyt c promotes the formation of the 

caspase-9 activation platform known as the apoptosome. Cyt c interacts with the 

WD repeat domain of Apaf-1 leading to the oligomerisation of Apf-1 and formation 

of the apoptosome by interaction with procaspase-9. Procaspase-9 is recruited to 

the apoptosome via CARD-CARD interactions (Yuan, Yu et al. 2010) and its auto-

activation leads to the activation of the executioner procaspase-3 (Guo, Srinivasula 

et al. 2002).  
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1.3.1.3 PIDDosome  structure 

The  PIDDosome contains three components: the processing fragment of PIDD 

(PIDD-CC), RAIDD, and procaspase-2. The assembly of the PIDDosome complex 

is via a DD-DD interaction between RAIDD and PIDD and a CARD:CARD 

interaction between RAIDD and procaspase-2. The predicted molecular weights of 

the PIDD-CC, RAIDD, and procaspase-2 are approximately 36 kDa, 23 kDa, and 

51 kDa, respectively. The sequence identity between PIDD and RAIDD DDs is 

only 15%, but a high level of structural similarity was observed for these two DDs. 

The atomic structure of the PIDDosome core complex revealed by X-ray 

crystallography at 3.2 Å resolution contains the DDs of PIDD and RAIDD. This 

was the first structure of an oligomeric complex involving DDs. The crystal 

structure (Figure 1.8) can be described as a three-layer structure with five 

molecules of the PIDD death domain (PIDD-DD) in the bottom layer (P1-P5), five 

molecules of the RAIDD death domain (RAIDD-DD) in the middle layer (R1-R5), 

and two more RAIDD-DDs (R6-R7) in the top layer. The overall structure is 

formally asymmetric, lacking any mirror planes or screw axis. Each domain is in a 

formally unique environment. In this structure, DDs have between three and six 

immediate neighbours. 

 A huge surface area (total of 17207 Å2, average of 1434 Å2 per DD) is buried 

when the complex is formed. Solution measurements by MALS reported an 

average MW of 150 kDa for the PIDDosome core complex consistent with the 7:5 

(RAIDD:PIDD) crystal structure (Park, Logette et al. 2007). However, the MW 

was separately reported as 104 kDa measured by sedimentation velocity-analytical 

ultracentrifugation (SV-AUC) experiments in another publication by the same 

authors (Park, Logette et al. 2007; Jang, Zheng et al. 2010). The MW of the 7:5 

PIDDosome complex extrapolated from the 7:5 core complexes leads to the 

prediction of an overall MW of the intact PIDDosome of ~690 kDa consistent with 

the gel filtration analysis of the PIDDosome that showed a MW in excess of 670 

kDa (Tinel and Tschopp 2004; Park, Logette et al. 2007). 

On the basis of this crystal structure the model was proposed for the entire 

PIDDosome consisting of a PIDD-DD:RAIDD-DD core, and the N-terminus of 

PIDD-CC, the CARD domain of RAIDD, and propcaspase-2 located at the 
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Figure 1.8 Side view of the PIDDosome core complex.  

The PIDDosome core complex X-ray crystal structure (PDB ID:2OF5) contains three layers. 

The bottom layer composed of five PIDD DDs (coloured in red shades). The middle layer 

contains five RAIDD DDs (coloured in green shades). Finally, the top layer contains two 

more RAIDD DDs (coloured in cream-brown shades). 
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periphery (Figure 1.9) (Park, Logette et al. 2007). With this arrangement, chains of 

procaspase-2 can be brought into proximity to allow proximity-induced 

autoproteolysis (Park, Logette et al. 2007).  

The three types of DD-DD interface described earlier were seen in the PIDDosome 

core complex structure. Interestingly compared to other complexes of DD 

superfamily domains, the contact regions and the surface shape complementarity of 

the interfaces seems to be relatively similar within each set of interfaces, but the 

precise chemical nature of the contacts is not conserved (Park, Logette et al. 2007). 

This observation leads to the speculation that though the ‘architectural’ aspects of 

DD superfamily domain packing are relatively well conserved the specificity of 

interaction is determined by the precise amino acid composition of the domain 

surfaces (Ferrao and Wu 2012). 

In the PIDDosome core complex X-ray structure, type II interfaces are found 

between the domain layers while type I and III contacts populate the lateral 

interactions. Let us consider the contacts made between two PIDD-DDs (P:P), two 

RAIDD-DDs (R:R) and between a RAIDD-DD and a PIDD-DD (R:P):  overall 

there are three type I (type I-R:R, type I-P:P, and type I-R:P), two type II (type II-

R:R, and type II-R:P) and three type III (type III-R:R, type III-P:P, and type III-

R:P) interfaces in the PIDDosome core complex ( Figure 1.10) (Park, Logette et al. 

2007). Therefore in total there are eight distinctly different binary interfaces present 

in the PIDDosome structure.  

As previously mentioned, in the type I interaction the positively charged residues 

on H1 and H4 of one domain (interface Ia) interact with the negatively charged 

residues on the other domain (interface Ib). The type I R:P interface in the 

PIDDosome core complex contains many hydrophobic and polar interactions. In 

the type II interface, residues of H4 and H4-H5 loop of one domain (type IIa 

interface) and residues at H6 and H4-H5 loop (type IIb interface) of the other 

domain mediate the interaction (Park, Logette et al. 2007). The PIDDosome type II 

R:P interface appears to be mainly polar and charged. For example Asp861 of 

PIDD-DD forms a salt bridge with Arg170 of RAIDD-DD. Also Arg862, Asn863, 

and Asp864 of PIDD-DD and Gln169 of RAIDD-DD form a network of hydrogen 

bonds (Park, Logette et al. 2007). Finally in type III interactions, residues from H3 
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Figure 1.9 PIDDosome model for procaspase-2 activation.  

The model is based on the crystal structure (PDB ID: 2OF5) in which seven RAIDDs (green) 

interacts with five PIDDs (pink). PIDD and RAIDD DDs form the centre ring. The RAIDD 

CARDs are pointed towards the periphery bringing seven molecules of procaspase-2 into 

proximity to facilitate dimerisation that leads to the activation of caspase-2, adapted from 

(Bouchier-Hayes and Green 2012). 

 

 

 

 

 

Figure 1.10 Schematic planar representation of the three DD-DD interaction types observed 

in the PIDDosome core complex.  

PIDD and RAIDD DDs are shown in pink and green, respectively. Five PIDD and seven 

RAIDD DDs  are labelled as P1-P5 and R1-R7, respectively. Type I, type II, and type III 

interactions are shown in thick single black lines, thin double orange lines, and thin triple 

blue lines, respectively. There are three subtypes of the type I interaction (between a PIDD-

DD and a RAIDD-DD (P1:R2), between two PIDD-DDs (P2:P3) and between two RAIDD-

DDs (R2:R3)). There are two subtypes of the type II interaction (between two RAIDD-DDs, 

(R5:R6) and between a PIDD-DD and a RAIDD-DD (P4:R4)). There are also three subtypes 

of the type III interaction (between a PIDD-DD and a RAIDD-DD (P1:R5), between two 

PIDD-DDs ( P1:P2) and between two RAIDD-DDs (R1:R2)). Figure adapted from (Park, 

Logette et al. 2007). 
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(type IIIa interface) of one domain and residues near the H1-H2 and H3-H4 loops 

(type IIIb interface) of the second domain mediate the interaction. The PIDDosome  

type III R:P interface is a mixture of hydrophobic (e.g. the hydrophobic contacts 

between Leu801 of PIDD-DD and Tyr146 of RAIDD-DD), polar, and charged 

interactions (e.g. the electrostatic interaction between Asp829 of PIDD-DD and 

Arg147 of RAIDD-DD). Furthermore, hydrogen bond formation between Leu828 

of PIDD-DD and Asn151 of RAIDD-DD also participate in the type III R:P 

interface (Park, Logette et al. 2007; Ferrao and Wu 2012).  

The organization architecture of the PIDDosome core complex is unusual. Each 

DD in the complex has a quasi-equivalent environment. The conceptual basis for 

quasi-equivalence is the interchangeable formation of hexamers and pentamers by 

the same protein molecule, meaning that pentamers can be inserted in the place of 

certain hexamers (Johnson and Speir 1997). This has been demonstrated by 

superposition of R5 and its six neighbouring DDs on P1 and its five neighbouring 

DDs. All neighbouring DDs of P1 can be superimposed upon R5 and its 

neighbouring DDs. Thus leaving aside the chemical identity of each chain, the DDs 

can be regarded as occupying a quasi-equivalent environment (Park and Wu 2007).  

The PIDDosome core complex has also been described as a double stranded left-

handed helical duplex. One strand has equal numbers of PIDD-DD and RAIDD-

DD molecules (three of each: P3, P4, P5, R1, R2, R6) while the other strand has 

two PIDD-DD and four RAIDD-DD chains (P1, P2, R3, R4, R5, R7) (Figure 1.11). 

The combination of these two DD strands leads to a 5:7 stoichiometry for the 

PIDDosome core complex (Lin, Lo et al. 2010; Ferrao and Wu 2012). 

1.3.2 Fas death inducing signalling complex (DISC) 

The precise mechanism of ligand-induced DISC formation is not clear. Fas DR is 

constitutively expressed in most tissues.  It seems that binding of Fas ligand to the 

Fas DR results in additional clustering of Fas receptors, recruitment of FADD, 

procaspase-8/10, and procaspase-8-like protease-deficient protein cFLIPL/S 

(cFLIPL/S stands for the cellular FLICE-like inhibitory protein long and short 

splice form of the cFLIP, respectively) (Chaigne-Delalande, Moreau et al. 2008). 

This complex, known as the DISC, is involved in activation of procaspase-8 and 10 

and triggering of apoptotic signalling.  
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Figure 1.11 Cartoon representations of the two helical strands in the PIDDosome core 

complex.  

The five PIDD and seven RAIDD DDs are highlighted as P1-P5 and R1-R7, respectively. 

The first strand (left) contains three PIDD-DDs and three RAIDD-DDs (P3, P4, P5, R1, R2, 

R6) while the second strand (right) contains two PIDD-DDs and four RAIDD-DDs (P1, P2, 

R3, R4, R5, R7).  
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Homotypic interactions between the DDs of Fas and FADD and the DEDs of 

FADD and procaspase-8/10 and cFLIP, play a critical role in the assembly of DISC 

(Lavrik and Krammer 2011). The DISC promotes proximity-induced auto-

proteolysis of the initiator caspases caspase-8 and caspase-10. Active initiator 

caspases (e.g. caspase-8, caspase-10) like caspase-2 are hetero-tetramers containing 

two large (p18) and two small (p10) subunits (Peter and Krammer 2003; Lavrik, 

Golks et al. 2005).  Following activation in the DISC, these active caspases are 

released into the cytosol and facilitate the activation of effector caspases such as 

caspase-3 and caspase-7. The role of caspase-10 in promoting PCD is not clear and 

its ability to propagate the apoptotic signal in response to Fas stimulation in the 

absence of caspase-8, remains a matter of debate (Kischkel, Lawrence et al. 2001).   

The nature of Fas signalling is categorised into two sorts based on the cell type 

involved: type I and type II (Figure 1.12). Type I cells have high levels of DISC 

formation and produce a large amount of activated caspase-8. In these cells, 

caspase-8 directly activates effector caspases (e.g. caspase-3).  In type II cells, there 

is a lower level of DISC formation and consequently lower levels of active caspase-

8. These cells utilise an amplification loop for apoptotic signalling. In this case the 

active caspase-8 cleaves the Bcl-2-family protein Bid to form truncated Bid (tBid) 

that translocates to the mitochondria and facilitates the release of Cyt c from 

mitochondria that triggers the formation of the apoptosome as explained earlier 

(Kaufmann, Strasser et al. 2011).   

1.3.2.1 Fas-FADD DD complex 

Two different models have been proposed for the binary complex containing DDs 

of Fas and FADD based on two distinctly different crystal structures available. 

These two models were proposed separately based on various X-ray 

crystallography, electron microscopy (EM) and nuclear magnetic resonance (NMR) 

studies.  

The first structure (pdb:3EZQ), a 2.7 Å crystal structure of Fas-FADD DD complex 

obtained at pH 4.0, showed an unusual hetero-octameric assembly of four Fas DDs 

and four FADD DDs. Surprisingly, in this structure, Fas-DD deviates from the 

typical DD fold. Only helices H1-H4 adopt a DD-like fold and H5-H6 together  
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Figure 1.12 Schematic representation of Fas receptor signalling.  

Binding of FasL causes activation of the Fas receptor and promote high level of 

oligomerisation of the DRs and DISC formation. DISC formation results in activation of 

caspase-8 and subsequent activation of effector caspases such as caspase-3. In type I cells 

caspase-8 directly activates caspase-3. In type II cells lower levels of caspase-8 activation 

require an additional amplification loop. In these cells, caspase-8 cleaves Bid to form tBid 

that translocates to the mitochondria and facilitates the release of Cyt c and formation of 

apoptosome. Apoptosome formation leads to activation of caspase-9 and subsequent 

processing of caspase-3. 

Type I cells 

Type II cells 
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with the normally flexible C-terminal tail are rearranged in a non-globular non-

canonical helical hairpin. The authors speculate that the conditions under which the 

crystal structure was obtained (low pH, and high salt content) probably leads to the  

alteration of Fas-DD conformation (Scott, Stec et al. 2009; Kersse, Verspurten et 

al. 2011).  

Comparing the Fas-DD in the crystal structure with the solution structure obtained 

before (Figure 1.13) reveals that Fas-DD has undergone an opening in H6 that 

causes fusion of this region with H5 and formation of a long H5 that is referred to 

as the ‘’stem helix’’. Also a new helix (C-helix) is observed at the extreme C-

terminus of Fas that is comprised of the residues outside of the conferred DD 

region. An apparent consequence of the Fas opening is to enhance the formation of 

Fas-dimer units via the mutual interactions between the stem C-helix hairpins. 

The Fas opening appears to also provide the interface for FADD interaction  that is 

mainly composed of hydrophobic residues (Scott, Stec et al. 2009). 

In this structure, H1 and H6 of FADD-DD interact with Fas-DD using a 

hydrophobic patch that is surrounded by polar residues. Stem helix and H1 of Fas-

DD provide the main interaction surfaces for FADD-DD binding (Scott, Stec et al. 

2009).  

This structure suggests an ‘open/closed’ allosteric model for Fas-FADD complex 

assembly (Figure 1.14) that acts as a switch and potentially rationalises why the 

DISC is not formed in the absence of FasL. The authors suggest that FasL 

somehow promotes conformational change in the Fas-DD to adopt an open 

configuration that leads to subsequent stabilisation of Fas-Fas bridges and binding 

to FADD. The closed conformation of the Fas-DD in the absence of FasL 

effectively prevents DISC formation. The Rearrangement of FADD upon 

interaction with Fas, results in the exposure of DED residues responsible for 

procaspase-8/10 binding (Kersse, Verspurten et al. 2011).  

Curiously, in this structure, ALPS-associated disease mutations in Fas-DD are not 

located at the interfaces with FADD-DD (Kersse, Verspurten et al. 2011). 

Mutations in Fas and particularly Fas-DD are the most frequent causes of ALPS. 

There are about 20 single-site ALPS mutations in Fas-DD (Wang, Yang et al. 

2010).  
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Figure 1.13 Superposition of the NMR and X-ray structure of Fas-DD.  

The NMR structure of the Fas-DD (PDB ID: 1DDF) is shown in blue and the X-ray structure 

of a single chain of the Fas-DD from the Fas-DD:FADD-DD X-ray structure (PDB ID: 

3EZQ) is shown in pink. The superposition was based on the best fit using helices 1 to 4 

(H1-H4). Helix 5 and helix 6 are rearranged in an open conformation to form the elongated 

‘’stem’’ helix. The extreme C terminus of the protein disordered in the NMR structure also 

forms the C-helix. 
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Figure 1.14 Cartoon illustrations of the conformational changes in the Fas-DD and 

open/closed allosteric model for Fas-FADD complex assembly.   

Fas-DD is shown in orange and FADD-DD is shown in green. In un-stimulated cells Fas-DD 

presents in the closed conformation. Upon stimulation, conformational changes in Fas-DD 

lead to formation of a long helix (stem helix) in place of helices five and six. Additionally a 

helix at C terminus of the Fas-DD is observed in the crystal structure.  Fas-DD dimerisation  

is also a consequence of Fas-DD opening. The interaction between the two Fas DDs (right 

hand side cartoon) happens via the stem helix and C-helix.    
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The second structure proposed by Wang et al., showed a Fas-FADD oligomeric 

complex that adopts an asymmetric structure with the interfaces harbouring ALPS-

associated mutations. The structure was modelled for a combination of mouse Fas 

(mFas) and human FADD (hFADD), referred to as the hybrid (mFas-hFADD) DD 

complex.  

The solution data for the human Fas (hFas)-hFADD complex, and also for the 

hybrid complex, was obtained using nanoflow electrospray ionisation tandem mass 

spectrometry (nano-ESI-MS), and size exclusion chromatography coupled with 

multi angle light scattering (SEC-MALS). The nano-ESI-MS results revealed the 

existence of a polydisperse sample composed of mainly 5:5 species, with a small 

population of 6:5, and 7:5 species in the hFas-hFADD complex using mass 

spectroscopy. Similarly, the hybrid complex sample showed polydispersity with 

predominant 5:5 and 6:5 species and a small amount of 7:5 species. SEC-MALS 

results also revealed similar apparent MWs consistent with predominant 5:5 species 

for both samples (Wang, Yang et al. 2010; Kersse, Verspurten et al. 2011).  

Crystals of hybrid complex diffracted to only 6.8 Å resolution at pH near neutral 

and salt concentration close to the physiological conditions (Wang, Yang et al. 

2010). A model was proposed on the basis of EM data obtained for the same 

preparation as used for crystallography and recognizing the similarity of the 

processed projection images to the high resolution structure of the PIDDosome core 

complex. In this model, the two-layered structure is composed of five Fas DDs in 

the upper layer and five FADD DDs in the lower layer (Figure 1.15). Furthermore, 

FADD-DDs in this model are positioned in a way that the appended DEDs in full 

length FADD would be located towards the periphery making them available for 

interaction with the DEDs of procaspase-8 (Wang, Yang et al. 2010; Kersse, 

Verspurten et al. 2011). The 5:5 stoichiometry of the species is compatible with the 

results obtained for Fas-FADD particles by mass spectroscopy, MALS, and also the 

molecular envelope predicted by negative stain electron microscopy.  

The three typical types of interactions that govern the assembly of DD-DD 

complexes can be found at the six unique interfaces (Fas-Fas, Fas-FADD, and 

FADD-FADD) in this structure. Similar to the PIDDosome core structure, type II 
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Figure 1.15 The side view of the Fas-FADD DD complex.  

The Fas-FADD DD complex (PDB ID: 3OQ9) proposed on the basis of low resolution 

crystallography data, and EM data and recognizing the similarity of the processed projection 

images to the high resolution structure of the PIDDosome core complex. The bottom layer 

composed of five FADD DDs (coloured in green shades) and the top layer contains five Fas 

DDs (coloured in red-purple shades). 

Fas-DD layer 

FADD-DD layer 
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contacts mediates the interactions between the layers while successive type I and 

type III interactions can be found in the interfaces between adjacent DDs within the 

layers. The existence of charged residues in the different interfaces suggests that 

complex formation is significantly driven by electrostatic interactions (Wang, Yang 

et al. 2010).  

The model was validated with a series of pull-down assays included six ALPS Fas 

DD mutants (Y232C, R250Q, A257D, D260Y, T270K, and E272K). The pull-

down assays result can prove that most ALPS-associated Fas DD mutants map to 

the identified interaction surfaces (Wang, Yang et al. 2010).  

The model is intriguing in the light of evidence that the minimal form of FasL 

competent to initiate cell death is a dimer of trimers (Holler, Tardivel et al. 2003). 

Hence, there is a suggestion that a hexameric DR complex is required in order to 

transduce the apoptosis signal. Exactly how the asymmetric pentameric Fas-

DD:FADD-DD model proposed by Wang et al. fits with this concept remains to be 

resolved (Kersse, Verspurten et al. 2011).  

Contemporaneous NMR studies in our own laboratory showed that the complex 

formation is independent of the extreme C-terminal residues of Fas and insensitive 

to mutation of residues that engage in the inter Fas-DD interfaces reported for the 

crystal structure obtained at pH 4.0. NMR analysis showed that the Fas C-terminal 

region missing from the protein constructs employed by Wang et al. remains 

disorderd in the complex (Wang, Yang et al. 2010). 

The average MW of the hFas-hFADD complex samples containing Fas-DD 

(residues 218-323) or the intact intracellular domain of Fas (residues194-335 

reported for the tetrameric crystal structure) measured by  SEC-MALS was ~105 

for the complex containing Fas-DD and ~110 kDa for the complex containing the 

intact intracellular domain of Fas.  This MW is consistent with the formation of a 

particle that comprises at least nine domains (considering the MW of the monomer 

DDs of Fas and FADD). Besides, the nano-ESI-MS result of the Fas-FADD DD 

complex, revealed a majority species with 5:5 stoichiometry regardless of the 

presence of C-terminal region of Fas-DD (Esposito, Sankar et al. 2010). 

Furthermore 
13

C-methyl transverse relaxation optimised spectroscopy (methyl-

TROSY) experiments for the complex reveal that the intensity of the cross peaks 
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for the (
1
H, 

13
C)-methyl groups labelled in Ile, Leu and Val residues diminishes 

significantly due to complex formation. Moreover the spectrum of the complex 

appears to have distinct or overlapping clusters of broader cross peaks in 

comparison with the spectra for the isolated domains. Splitting of the peaks into 

clusters of broader peaks for the methyl groups of the labelled residues suggests 

that different labelled domains occupy non-equivalent sites within the complex, 

implying a degree of structural asymmetry (Esposito, Sankar et al. 2010). 

1.3.3 The Myddosome 

Toll-like receptors (TLRs) are type I singlepass membrane receptors with 

extracellular LRR-containing domains and an intracellular TIR domain. The TIR 

domain has 135-160 residues and is found in the Toll protein of D. melanogaster 

and also in the intracellular region of mammalian IL1-R of the mammals. This 

domain acts as a protein-protein interaction motif. TLRs are expressed by many 

immune system cells such as macrophages and dendritic cells and are involved in 

innate immune responses to pathogens (Motshwene, Moncrieffe et al. 2009). They 

act as mediators of inflammation and recognize pathogen-associated molecular 

patterns (PAMPs). The TLR and interleukin-1 (IL1) receptor signalling pathways 

are complex and defects in these pathways result in diseases of the immune system, 

cancer, atherosclerosis.  

Upon binding of PAMPs and cytokines, TLRs become activated leading to the 

formation of a TIR domain dimer in the interacellular part of the receptor.  TIRs 

recruit intracellular TIR domain-containing adaptors such as MyD88.  It has been 

suggested that interactions between the TIR domain of MyD88 and cytosolic TIR 

domain of TLRs leads to the release of the DD of MyD88 from an inactive state  

allowing the recruitment of IRAKs via DD homotypic interactions (Gay, Gangloff 

et al. 2011). IRAKs are characterised by an N-terminal DD and a C-terminal 

Ser/Thr kinase domain or kinase-like domain. The interaction between TIRs is not 

very strong but Myddosome assembly might stabilize this interaction (Gay, 

Gangloff et al. 2011).  

The Myddosome complex is involved in the activation of IRAKs by auto- and 

cross-phosphorylation followed by K63-ubiquitination that promotes NF-κB 

activation (Gay, Gangloff et al. 2011).  
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Inherited MyD88 deficiencies in humans might cause recurring infections that can 

be lethal in some cases and provide a greater risk of death from diseases such as 

pneumonia in childhood (Lin, Lo et al. 2010; Gay, Gangloff et al. 2011).  

1.3.3.1 The Myddosome structure 

The MyDDosome complex contains MyD88, and IRAK-4 and IRAK-2. MyD88 

contains an N-terminal DD, a short intermediate domain (ID), and a C-terminal TIR 

domain. The DD of MyD88 interacts with other DD-containing proteins such as 

IRAK-4 and IRAK-2. 

The crystal structure of the ternary complex of the DDs of MyD88, IRAK-4 and 

IRAK-2 was obtained at 3.4 Å resolution. The atomic model of the Myddosome 

revealed a left-handed helical DD oligomer with 4 turns containing 14 subunits 

(~3.6 molecules per turn) composed of six MyD88, four IRAK-4, and four IRAK-2 

DDs. The complex can be described as being organised into four layers. The 

MyD88 domains are located in the two layers at the bottom, IRAK-4 domains are 

in a third layer with the IRAK-2 domains in the fourth layer (Figure 1.16) (Lin, Lo 

et al. 2010).  

According to the Uniprot the DD of MyD88 ends at residue 109 and the 

intermediate domain starts at residue 110. The construct of MyD88 that was used 

for Myddosome formation is a longer construct that contain ten residues from the 

intermediate domain. The shorter construct that contains only the DD of MyD88 

does not interact with IRAK-4 and therefore fails to form a complex. The helical 

assembly provides a quasi-equivalent environment for each DD in the complex 

similar to the situation for each DD in the PIDDosome core complex. The B-factors 

for the domains at the two ends of the helix are high, potentially evidence for low 

occupancy (Lin, Lo et al. 2010).  

Similar to the other DD complexes such as the PIDDosome and the Fas-FADD DD 

complex, the three types of domain-domain interactions can be found in the 

Myddosome complex. In this structure, type III contacts occur between 

neighbouring DDs while type I and II contacts are mostly involved in the 

interactions between the layers. There are three type I interaction pairs 

(MyD88:MyD88, MyD88:IRAK-4, and IRAK-4:IRAK-2), three type II interaction 
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Figure1.16 Schematic planar representation of the Myddosome complex.  

Myddosome contains six MyD88 (green shades, M1-M6) in the bottom two layers, four  

IRAK-4 (orange shades, IR-41-4) in the third layer, and four IRAK-2 (purple shades, IR-21-4) 

in the top layer. 

 

 

 

 

 

 

 

Figure 1.17 Members of RIP kinase family and their domain organisations.  

Schematic representation of different domains in each member of RIP family. Roc/COR, Ras 

of complex proteins/C-terminal of Roc, ANK, ankyrin repeats. 
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pairs (MyD88:MyD88, MyD88:IRAK-4, and IRAK-4:IRAK-2), and five type III 

interaction pairs (MyD88:MyD88, IRAK-4:MyD88, IRAK-4:IRAK-4, IRAK-

2:IRAK-4, and IRAK-2:IRAK-2).  

The assembly of the layers in the complex can be rationalised in terms of the 

pattern of surface charge and shape complementarity. The top surface of the 

MyD88 layers matches well in respect to charge and shape complementarity with 

the bottom surface of the IRAK-4 layer and the same is true for the top surface of 

IRAK-4 layer and bottom surface of IRAK-2 layer. The mechanism of the 

Myddosome assembly is not known but is suggested to be cooperative. The 

complex binding sites forms by the initial domains provide a platform for the 

recruitment of other domains in a highly cooperative manner (Lin, Lo et al. 2010). 

It has been shown in vitro that IRAK-2 is not able to make a stable complex with 

IRAK-4 or MyD88. However, it can bound to IRAK-4:MyD88 complex and form a 

stable ternary complex hence assembly of this complex might be hierarchial, i.e. 

MyD88 recruits IRAK-4 and subsequently IRAK-2 is recruited to the complex 

(Lin, Lo et al. 2010; Gay, Gangloff et al. 2011). The Toll signalling pathway in 

insects also involves a trimeric complex formed by the interaction of Drosophila 

MyD88 (dMyD88), the adaptor protein Tube, and an IRAK homologue called 

Pelle. In this case Pelle also has a much higher affinity for the dMyD88-Tube 

complex than for tube on its own. This observation also supports a model of 

sequential assembly (Gay, Gangloff et al. 2011). However, a significant difference 

between the insect and vertebrate Toll pathways is that there is no homologue for 

Tube in vertebrates (Motshwene, Moncrieffe et al. 2009). 

1.4 RIP1 and its role in DD signalling complexes 

1.4.1 RIP Kinase family 

RIP kinases belong to the serine/threonine (S/T) kinase family. Based on sequence 

similarities in their conserved kinase domains, amongst other S/T-kinases RIPs are 

most closely related to members of the IRAK family. Different members of this 

family are capable of sensing extracellular signals received from various cell-

surface receptors as well as intracellular signals e.g. signals caused by exposure to  
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UV, or  to chemical pollutants (Meylan and Tschopp 2005; Festjens, Vanden 

Berghe et al. 2007). 

The RIP kinase family has seven members (Figure 1.17). Each member has specific 

recruiting domains that determine the overall function (Meylan and Tschopp 2005; 

Declercq, Vanden Berghe et al. 2009). For example RIP1 and RIP2 have a C-

terminal DD and a CARD domain, respectively, that makes them important in 

death receptor signalling and innate and adaptive immune responses (Meylan and 

Tschopp 2005; Festjens, Vanden Berghe et al. 2007). RIP1 and RIP3 both contain a 

C-terminal RIP homotypic interaction motif (RHIM) that allows homotypic 

interaction between RIP1 and RIP3 implicated in RIP-mediated necrosis (Festjens, 

Vanden Berghe et al. 2007; Vandenabeele, Declercq et al. 2010). RIP4 and RIP5 

both have ankyrin repeats (a 33-residue motif that folds into two α-helices and 

mediate protein-protein interactions) in their C-terminal domain whereas RIP6 and 

RIP7 contain a LRR motif that might be involved in pathogen recognition 

(Festjens, Vanden Berghe et al. 2007). In general, activation of RIPs triggers 

complex cascades of events that regulate cell fate.  

1.4.2 RIP1 

RIP1, a 74 kDa protein, was discovered in 1995. It was identified when a cDNA 

library screen for proteins that interact with the intracellular DD of Fas was 

conducted using the yeast two-hybrid method. Stanger et al.  (1995) reported that 

the DD of RIP1 can interact with the DD of Fas receptor and to a lesser extent with 

the DD of TNFR1 (Stanger, Leder et al. 1995). Based on this interaction the name 

‘receptor-interacting protein’ was proposed for this protein. Although RIP1 was 

originally identified based on its interaction with Fas, it has been proved difficult to 

validate the interaction of Fas and RIP1 in a more physiological context. This might 

suggest that an adaptor protein such as FADD is needed to mediate the Fas and 

RIP1 interaction (Park, Zhao et al. 2009).  

RIP1 is constitutively expressed in many tissues such as kidney, liver, brain, and 

heart. RIP1 expression is inducible upon T-cell activation and after TNF 

stimulation (Festjens, Vanden Berghe et al. 2007).   

RIP1 is highly conserved in vertebrate evolution. Human RIP1 shows 68% 

sequence similarity to mouse RIP1 with the greatest similarity in the DD region 
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(Stanger, Leder et al. 1995; Festjens, Vanden Berghe et al. 2007). The N-terminal 

kinase domain (~300 aa) of RIP1 is homologus to both S/T and tyrosine protein 

kinases (Hsu, Huang et al. 1996). Therefore in contrast to DD-containing proteins 

such as FADD and TRADD, RIP1 has enzymatic activities (Hsu, Huang et al. 

1996).  

1.4.3 RIP1 domains and their function 

In addition to the N-terminal kinase domain, RIP1 also possesses an intermediate 

domain (ID) containing the RHIM motif, and a C-terminal DD (Hsu, Huang et al. 

1996; Vandenabeele, Declercq et al. 2010).  The RHIM is a short region of ~35 

residues that can be found also in the C-terminal region of RIP3 which lacks a DD. 

The RHIM is responsible for homotypic interactions of RIP1 and RIP3. Each of the 

RIP1 domains contributes to the biological function of RIP1 in transducing signals 

for cell death and survival.  

The kinase activity of RIP1 is suggested to be important in Fas,TRAIL, and TNF-

induced necrosis (Festjens, Vanden Berghe et al. 2007; Degterev, Hitomi et al. 

2008). However, the kinase activity of RIP1 is dispensable for NF-kB activation in 

some cell types.  Introduction of the kinase-dead form of RIP1 (RIP1-D138N) into 

RIP1
-/-

 murine embryonic fibroblast cells showed that the kinase activity is not 

important in activation of NF-kB (Lee, Shank et al. 2004). On the contrary, when a 

kinase-dead mutant of Xenopus RIP1 (xRIP1) was co-transfected with NF-kB 

luciferase reporter plasmid in HEK-293 T cells, the mutant barely activated the NF-

kB pathway (Ishizawa, Tamura et al. 2006). This contradiction might be due to the 

difference in the cell lines used for the experiments or different properties of RIP1 

in amphibians compared to mammals (Grimm, Stanger et al. 1996).  

The interaction of the RIP1 intermediate domain (RIP1-ID) with other proteins is 

important in the formation of TNFR1 signalling complexes. For example the RIP1-

ID interacts with TNF-receptor associated factor (TRAF) -1,-2,-3 in TNFR1 

complex I and promotes NF-kB activation. Furthermorre, the homotypic interaction 

between RIP1 and RIP3 RHIM motifs in the ID region mediate the formation of the 

TNFR1 necrotic complex (Festjens, Vanden Berghe et al. 2007; Degterev, Hitomi 

et al. 2008).  
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The DD of RIP1 is reported to bind to several DD-containing proteins including 

Fas, TNFR1, TRAILR1 and TRAILR2 death receptors and adaptor proteins such as 

TRADD and FADD resulting in the formation of complexes with different 

signalling outcomes (Hsu, Huang et al. 1996; Degterev, Hitomi et al. 2008; 

Declercq, Vanden Berghe et al. 2009).  

1.4.4 Biological roles of RIP1 

RIP1 is a key signalling protein involved in different cell signalling pathways 

including death receptor (TNFR1, Fas, TRAILR1/2) and TLR-3 and TLR-4 

signalling pathways (Hsu, Huang et al. 1996; Festjens, Vanden Berghe et al. 2007; 

Kamarajan, Bunek et al. 2010).  Over-expression of RIP1 in different cells revealed 

the capability of this protein to induce both cell death and cell survival signals. 

Hence, a dual biological function was proposed for RIP1: cell survival via NF-kB 

activation and cell death induction by apoptosis and necrosis.  It is not clear how 

RIP1 is capable of triggering these opposing pathways. Although, it has been 

proposed that subcellular localisation of RIP1 might have a significant impact on its 

function. Involvement of RIP1 in TNFR1 complex I and RIPoptosome (Section 

1.4.5) is a good example of the effect of subcellular localisation in triggering two 

opposing signals. The membrane-bound TNFR1 complex (complex I) activates NF-

kB and promotes cell survival whereas cytosolic RIPoptosome triggers cell death 

(Meylan and Tschopp 2005; Festjens, Vanden Berghe et al. 2007).  

RIP1 involvement in NF-kB activation has also been shown in the context of RIP1
-

/-
 fibroblasts subjected to genotoxic stress. It is well established that damage to 

DNA that causes genotoxic stress, triggering a cytoplasmic signalling pathway 

leading to the activation of NF-kB. It has been reported that DNA damage induced 

by agents such as adriamycin, and ionizing radiation in RIP1
-/- 

fibroblasts, was not 

able to activate NF-kB. However, reconstitution of RIP1 expression in these cells 

restores genotoxic stress-induced NF-kB activation (Hur, Lewis et al. 2003). 

The generation of RIP1 deficient mice and RIP1-deficient Jurkat T-cell lines has 

played a significant role in attempting to understand the physiological function of 

RIP1. In mice, loss of RIP1 results in lymphoid and adipose tissue cell death, 

revealing a major role of RIP1 in pro-survival pathways. RIP1-deficient mice die at 

the age of 1 to 3 days. In another study it has been shown that absence of RIP1 in 
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FADD
-/-

 mice, restores normal embryogenesis of FADD
-/-

 mice probably due to the 

inhibition of RIP1-mediated necrosis. Furthermore FADD deficiency also partially 

corrects developmental defects in RIP1
-/-

 T cell lymphocytes that might be related 

to the suppression of FADD-mediated apoptosis (Zhang, Zhou et al. 2011). 

Therefore it seems that both FADD and RIP1 might play crucial role in 

embryogenesis.   

Furthermore, RIP1-mediated cell death has pathological implications such as age-

related muscular degeneration, retinitis, and retinal detachment, mainly originating 

from necrosis of photoreceptor cells. Therefore, it has been proposed that targeting 

both caspases and RIP1 is important to protect photoreceptor cells from death and 

may protect against vision loss (Murakami, Miller et al. 2011).  

Recently upregulation of RIP1 expression has been discovered in ~30% of patients 

with glioblastoma multiforme, the most common and aggressive malignant primary 

tumor in humans. Upregulation of RIP1 expression in cancer patients might 

activate pro-survival pathways and have implications for cancer treatments (Park, 

Zhao et al. 2009).  

Finally RIP1 has an important role in a yet poorly defined anti-viral defence 

pathway that senses virally derived dsRNA in the cytoplasm.  This novel pathway 

requires the presence of FADD and RIP1 and leads to a robust interferon (IFN) 

response (Balachandran, Thomas et al. 2004). 

1.4.5 RIP1 role in TNFR1 signalling complexes 

TNFR1 signalling complexes have received considerable attention in clinical 

research because TNF-blocking molecules might be very useful in diseases such as 

autoimmunity. TNF stimulates various signalling pathways resulting in different 

responses in cells e.g. survival, proliferation, differentiation, and cell death. Until 

few years ago, TNFR1 complex I and TNFR1 complex II were the major signalling 

complexes known for TNFR1 signalling pathways. Membrane-bound complex I is 

involved in NF-kB activation while the cytosolic complex II promotes cell death. 

In recent years, it has turned out that TNFR1 signalling pathway is more 

complicated than it was thought. Post-translational modification such as 

ubiquitination and phosphorylation of different components of TNFR1 signalling 
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complexes and particularly RIP1 is important in determining the outcome of 

TNFR1 signalling (Wajant 2011).  

TNFR1 signalling complexes that lead to cell death are divided into two subclasses: 

TRADD- and RIP1-dependent complexes. Each of these subclasses can be divided 

further into two groups: the necrotic complexes and the apoptotic complexes. In the 

following sections I am trying to briefly discuss TNFR1 signalling complexes 

(Figure 1.18) with particular attentions on the role of RIP1 in these signalling 

pathways. 

1.4.5.1 TNFR1 complex I signalling  

Tumor necrosis factor-α (TNF-α) is a major pro-inflammatory cytokine that binds 

to TNFR1 and leads to TNF-α-induced NF-kB activation. TNF-α induces the 

activation of pre-assembled TNFR1 receptor complexes. Activation of TNFR1 

allows recruitment of adaptor proteins such as TRADD, RIP1, cellular inhibitors of 

apoptosis 1 and 2 (cIAP1/2), TRAF2, and TRAF5 (Figure 1.19) (Wajant and 

Scheurich 2011). Recruitment of these proteins to the cytosolic DD of TNFR1 

leads to the formation of the membrane-associated TNFR1 complex I (Martinon, 

Holler et al. 2000; Wang, Du et al. 2008; Vandenabeele, Declercq et al. 2010). 

There might be other molecules that are involved in TNFR1 complex I, yet to be 

identified.  

Different studies have shown that TRADD, TRAF2, and RIP1 play important roles 

in TNFR1-induced activation of the NF-kB but the particular action of each protein 

in not very clear. Contradictory results about the involvement of these components 

in complex I formation and NF-kB activation in different cell types, suggest that 

the contribution of these components in TNFR1-induced activation of NF-kB is 

likely to be cell type-dependent (Wajant and Scheurich 2011).  

There is evidence to support that upon activation, the DD of the TNFR1 recruits 

DD-containing proteins such as TRADD and RIP1 via homotypic interaction. 

TRADD and RIP1 interact strongly with each other via their DDs. TRADD and 

RIP1 are capable of interacting independently with TNFR1. However, there are 

contradictory reports claiming competitive or in some cases cooperative effects in 

the recruitment of TRADD and RIP1 to the TNFR1 (Wajant and Scheurich 2011).  
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Figure 1.18 Schematic representation of TNFR1 signalling complexes. 

Activation of TNFR1 by TNF-α induces the formation of membrane-bound complex I. 

Complex I formation is mediated by DD containing proteins, TRADD and RIP1. 

Internalisation of the TNFR1 signalling complex I and post-translational modifications of the 

complex I proteins (e.g. deubiquitination of RIP1) can lead to the formation of secondary 

cytosolic apoptotic complexes dependent on either TRADD or RIP1. Complex II or 

TRADD-dependent apoptotic complex involves FADD and caspase-8. RIP1 deubiquitination 

or presence of Smac mimetics helps the formation of RIPoptosome. Furthermore, TRADD- 

and RIP1-dependent necrotic complexes form in the presence of caspase inhibitors (e.g. 

zVAD treatment). Homotypic interaction between RIP1 and RIP3 via RHIM motif is 

important in triggering necrosis signals.  
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Figure 1.19 TNFR1 complex I formation and signalling.  

TNFR1 complex I is induced by TNF-α. Upon TNF stimulation, TNFR1 complex I forms at 

the plasma membrane. Complex I is important for cell survival and inflammatory signalling 

via NF-kB activation. Within this complex, TRADD, RIP1, cIAP1/2 anf TRAF2/5 regulate 

TNF-induced NF-kB activation. Ubiquitination of RIP1 by cIAP1/2 leads to the ubiquitin-

dependent recruitment of TAK1-TAB2/3 and IKK complex (IKKα, IKKβ, and NEMO). 

Ubiquitin chain is shown in blue.  Activation of NEMO leads to the phosphorylation of 

inhibitory subunit of NF-kB (IKBα) and target this subunit for proteosomal degradation. 

Activated NF-kB translocates to the nucleus where it acts as a transcription factor. CYLD a 

deubiquitinating enzyme, and A20 an ubiquitin-editing enzyme, remove ubiquitin chains 

from RIP1 and abolish its ability to activate NF-kB.  
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TRAF2 forms a homotrimeric assembly that is capable of interacting with TRADD 

molecule. TRAF2 recruitment to TNFR1 is abrogated in TRADD-deficient murine 

embryonal fibroblasts (MEFs) suggesting that TRADD enhances association of 

TRAF2 with TNFR1. RIP1 also contributes to TRAF2 recruitment in TRADD-

deficient macrophages (Wajant and Scheurich 2011). 

TRAF2 prevents auto-ubiquitination of cIAP1 and cIAP2 thereby stabilizing them 

against degradation. cIAPs are involved in K63-polyubiquitination of RIP1 on 

Lys377 to generate a scaffold for the recruitment of other proteins such as 

transforming growth factor-β-activated kinase-1 (TAK1) and the TAK1-binding 

protein 2 or 3 (TAB2/3) complex (Takaesu, Surabhi et al. 2003). TAK1 kinase 

activity mediates autophosphorylation of mitogen-activated protein kinase kinase 

kinase 3 (MEKK3). MEKK3 connects RIP1 to the inhibitor of NF-kB (IkB) kinase 

(IKK) containing NEMO, IKKα and IKKβ. 

Complex I formation that occurs within a few minutes of TNF binding (Muppidi, 

Tschopp et al. 2004) leads to the recruitment of the IKK complex and activation of 

transcription factor NF-kB (Meylan and Tschopp 2005; Wang, Du et al. 2008; 

Vandenabeele, Declercq et al. 2010). NF-kB is involved in stress-induced 

inflammation and innate immunity responses. In an unstimulated cell NF-kB is 

sequestered in the cytoplasm due to its interaction with an inhibitory protein known 

as ‘’ IkB’’ (Figure 1.19) (Blonska, Shambharkar et al. 2005). In stimulated cells, 

phosphorylation of IkB by the IKK complex followed by ubiquitination, targets IkB 

for proteosomal degradation.  Upon IkB degradation, NF-kB translocates to the 

nucleus and induces the transcription of the target genes (Blonska, Shambharkar et 

al. 2005).  

The mechanism by which the TNFR1-mediated NF-kB activation is shut down is 

not very well understood. However, removal of K63-linked ubiquitin chains might 

contribute to the termination of TNFR1-mediated NF-kB activation. K63-linked 

ubiquitin chains can be removed by the action of the N-terminal de-ubiquitinating 

domain (DUB) of A20 or by the help of tumor suppressor protein CYLD. The A20 

N-terminal domain is a de-ubiquitinating (DUB) enzyme that removes the K63- 

linked ubiquitin chains from RIP1 while the C-terminal domain that is composed of 
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seven C2/C2 zinc fingers act as ubiquitin ligase and installs K48 ubiquitin chains 

thereby targeting RIP1 for proteosomal degradation (Wertz, O'Rourke et al. 2004). 

Results obtained from A20-deficient cells show that they are not capable of 

terminating TNF-induced NF-kB responses (Lee, Boone et al. 2000). Hence, 

ubiquitination of RIP1 is considered as a regulator for determining the duration of 

NF-kB signalling activity. 

1.4.5.2 TNFR1 complex II 

Internalization of the TNFR1 complex I at a later stage, via clathrin-coated pit 

formation, facilitates post-translational modification of TRADD, TNFR1, TRAF2, 

and RIP1 and dissociation of TRADD and RIP1 from complex I by an unknown 

process. Then TRADD forms a cytosolic complex with FADD and procaspase-8 

that is referred to as ‘’complex II, TRADDosome, or TRADD-dependent apoptotic 

complex IIA’’ (Figure 1.18) (Festjens, Vanden Berghe et al. 2007; Wang, Du et al. 

2008; Declercq, Vanden Berghe et al. 2009; Vandenabeele, Declercq et al. 2010). 

Complex II formation relies on both DD-DD and DED-DED interactions similar to 

the interactions in other signalling complexes such as the Fas-DISC. Complex II 

activates caspase-8 and promotes PCD. Activation of caspase-8 by complex II is 

mainly regulated by c-FLIP.   

For a long time TNFR1 complex II was the only known proapoptotic TNFR1 

signalling complex.  However, Wang et al. hypothesised in 2008 the existence of 

another TNFR1 caspase-8 activation pathway based on the involvement of RIP1, 

referred to as the RIPoptosome (Wang, Du et al.2008). 

1.4.5.3 RIPoptosome 

The result of cIAP degradation by deubiquitinases such as CYLD and A20 triggers 

the formation of RIPoptosome. Additionally, treating of cells with Smac (a 

mitochondrial protein that binds IAPs) mimetics activates the E3 ubiquitin ligase 

activity of cIAPs leading to autodegradation of these proteins. Therefore, Smac 

mimetics prevent ubiquitination of RIP1 and hence favour the formation of the 

RIPoptosome (Wang, Du et al. 2008; Tenev, Bianchi et al. 2011).  

Formation of RIPoptosome is independent of autocrine-TNF or other death ligand 

induction (Tenev, Bianchi et al. 2011).  The RIPoptosome forms by recruitment of 
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caspase-8 to a platform that is composed of FADD and RIP1. RIP1 and FADD 

interact via DD homotypic association while the binding of FADD and procaspase-

8 is mediated by DED homotypic association. The RIPoptosome promotes 

apoptosis by activation of caspase-8. 

 Caspse-8 can cleave RIP1 leading to blockage of TNF-induced NF-kB activation 

and neutralising the protective effect of NF-kB activation in cells (Lin, Devin et al. 

1999). Abolishing the caspase-8 cleavage site of RIP1 (mutation of Asp324 in the 

LQLD/V (321-324) site of RIP1 to Glu) protects the cells against TNF-induced 

apoptosis (Lin, Devin et al. 1999) (Martinon, Holler et al. 2000).  

The contribution of the RIP1 kinase domain in RIPoptosome formation and 

activation of caspase-8 is not clear. The RIP1 kinase domain might be involved in 

phosphorylation and modulation of the activity of FADD, caspase-8 or both.  

1.4.5.4 Other RIP1 complexes 

1.4.5.4.1 Nuclear PIDDosome  

Nuclear PIDDosome consist of PIDD-C, RIP1 and NEMO (Wang, Wei et al. 2009; 

Bock, Peintner et al. 2012). Sumoylation and further modifications such as 

phosphorylation, or ubiquitination of NEMO in the nucleus leads to a change in the 

subcellular localization of NEMO. NEMO is released into the cytoplasm and 

activates NF-kB (Wu, Mabb et al. 2005; Sebban, Yamaoka et al. 2006; Tinel, 

Janssens et al. 2007) 

1.4.5.4.2 Necrotic complexes involved RIP1 

TNF-, Fas-, and TRAILR-mediated necrosis involving RIP1 has been reported in 

different cell lines in the presence of caspase inhibitors such as zVAD-fmk 

(Festjens, Vanden Berghe et al. 2007).  The TNFR1 necrotic complexes involve 

FADD, TRADD, RIP1 and RIP3 (Figure 1.18) (Declercq, Vanden Berghe et al. 

2009). The association of deubiquitinated RIP1 with RIP3 via the RHIM motif 

leads to the formation of necrotic complexes in the presence of caspase inhibitors 

such as zVAD (Green, Oberst et al. 2011).   

The kinase activity of RIP1 and RIP3 is important in necrosis. RIP3 is 

phosphorylated and activated by RIP1 (Tenev, Bianchi et al. 2011). Therefore the 

RIP1 kinase activity is considered a potential therapeutic target for pathological 
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conditions such as myocardial infarction, chemotherapy-induced cell death, and 

ischemic brain injury (Festjens, Vanden Berghe et al. 2007; Vandenabeele, 

Declercq et al. 2010).  Necrostatins are drugs that allosterically inhibit the kinase 

activity of RIP1 and are therefore capable of controlling cell necrosis (Degterev, 

Hitomi et al. 2008). It has been reported that RIP3 also activates RIP1 by 

phosphorylation. This phosphorylation is supposed to stabilize the RIP1-RIP3 

interaction within the necrotic complex (Ch'en, Tsau et al. 2011).  

1.5 NMR spectroscopy for high molecular weight species 

Large protein complex assemblies are vital in the proper functioning of the cells 

and understanding the structure and biological function of supramolecular 

complexes such as the PIDDosome and the DISC, involved in cell signalling and 

cell regulation, is important. Experimental techniques that are utilized for 

characterizing protein-protein interactions and interaction specificity include X-ray 

crystallography, NMR spectroscopy, single particle EM, native state mass 

spectrometry, and scattering techniques.  

Solution state NMR spectroscopy is an excellent tool to study protein structure, 

protein dynamics, and site-specific protein-protein and protein-ligand interactions 

(Kaganman 2007; Sprangers, Velyvis et al. 2007). Although NMR can be used for 

investigating such processes for small proteins, with MW lower than about 50 kDa, 

the application of NMR experiments for large proteins and high MW assemblies 

remains challenging (Flaux, Bertelsen et al. 2002; Kaganman 2007; Sprangers, 

Velyvis et al. 2007; Velyvis, Yang et al. 2007). The problem of applying NMR 

techniques to high MW species arises from the attendant low overall tumbling rate 

and the great number of signals from protons in supramolecules (Kaganman 2007). 

The low tumbling rate causes the NMR signals to decay rapidly due to enhanced 

transverse relaxation (Kaganman 2007). In order to minimize the transverse 

relaxation problem, TROSY techniques that substantially increase the effective life 

times of NMR signals have been developed in recent years (Tugarinov and Kay 

2003; Tugarinov, Hwang et al. 2004; Isaacson, Simpson et al. 2007; Kaganman 

2007). Application of TROSY pulse sequences allows us to selectively detect the 

slow decaying component(s) of NMR signals. The principles behind the TROSY 
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class of NMR experiments are discussed in greater detail in Appendix D, and the 

following brief summary aims simply to illustrate the advantageous aspects of the 

TROSY-based approach.  

There are two major paradigms where the TROSY approach has been applied to 

high MW protein systems: 
15

N-based TROSY that exploits the cross-correlation of 

amide group 
15

N-
1
H dipolar and 

15
N and 

1
H chemical shift anisotropy (CSA) 

relaxation mechanisms; and 
13

C-methyl group TROSY that exploits the 

interference of 
13

C-
1
H and 

1
H-

1
H dipole-dipole interactions in ‘isolated’ 

13
CH3 

methyl groups. In each case the application of the TROSY approach substantially 

reduces the line widths of the observed cross peaks, allowing both for superior 

sensitivity and effective resolution of the spectrum obtained. Given that high MW 

systems are likely to have more limited achievable sample concentration and an 

intrinsically higher number of NMR signals, these features of TROSY prove 

especially advantageous. For various reasons, including that of ease of resonance 

assignment in such systems, successful applications of TROSY NMR have been 

mostly been utilised for symmetric oligomer systems, where the problems 

associated with cross peak overlap and sample concentration are relatively 

diminished. 

1.5.1 (
15

N, 
1
H)-TROSY NMR Examples 

The GroEL-GroES complex (900 kDa) provides an example of application of 
15

N-

based TROSY and cross-correlated relaxation enhanced polarization transfer 

methods denoted CRIPT and CRINEPT (that represent logical extensions of the 

original TROSY concept) for dynamic studies of large biomolecular complexes and 

protein-protein interactions (Flaux, Bertelsen et al. 2002). Specifically the 

TROSY/CRIPT/CRINEPT techniques were applied to the homoheptameric co-

chaperonin GroES (72 kDa), in complex with either the homotetradecameric 

chaperonin GroEL (800 kDa) or SR1 which is a single-ring variant of GroEL (400 

kDa) (Flaux, Bertelsen et al. 2002). SR1, GroES, and GroEL are all oligomers with 

a high degree of symmetry. During stepwise addition of perdeuterated SR1 or 

GroEL to 
15

N,
2
H-labelled GroES the cross peak intensities in the TROSY spectrum 

decreased evidencing the formation of the complex (Flaux, Bertelsen et al. 2002). 

Almost all the TROSY resonances observed with free GroES disappeared after 
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addition of one equivalent of either SR1 or GroEL because transverse relaxation in 

the complex was too fast to allow observation of NMR signals in the TROSY 

experiment. The few remaining peaks correspond to the mobile regions in bound 

GroES. However with the CRIPT- and CRINEPT-TROSY variants of the TROSY 

pulse sequence, many of the cross peaks for the bound GroES could be detected, 

with altered chemical shifts. By reference to the assignments obtained by triple 

resonance methods for the isolated GroES the TROSY-based spectra enabled the 

mapping of the GroEL/SR1 binding site. 

Another example of the application of 
15

N-based TROSY experiments in the 

literature is provided by the characterisation of the ligand-dependent 

conformational and dynamic properties of a 257-residue model ATP-binding 

cassette (ABC) transporter, Methanococcus jannaschii protein MJ1267 (Wang, 

Karpowich et al. 2004). The data show that ADP-Mg binding alters the flexibility 

of key ABC motifs and induces allosteric alteration in the conformational dynamics 

a unique sequence element over 30 Å away from the ATPase active site. Moreover 

the derived 
15
N relaxation parameters data support a “selected-fit” model for 

nucleotide binding. 

1.5.2 Methyl-TROSY 

Arguably the promise of 
15

N-based TROSY applications to very large proteins has 

been disappointing. The reasons for this potentially lie in the incomplete 

cancellation of amide 
15

N and 
1
H transverse relaxation due to non-collinearity of 

the NH bond vector with the principal component of the 
15

N CSA tensor, and the 

residue to residue variation on the 
15

N CSA tensor magnitudes. The latter aspect 

means that there is no B0 magnetic field strength that is optimal for all NH bonds in 

a given sample. An apparently more successful development of the TROSY 

principle is methyl-TROSY NMR which is based on the NMR behaviour of 

‘isolated’ 
13

CH3 groups; i.e. 
13

CH3 groups in which the methyl carbon-13 is directly 

bonded to a carbon-12 atom (thereby avoiding 
13

C-
13

C scalar and dipolar 

interactions), and as many of the surrounding protons as possible are replaced by 

deuterons (similarly to remove ‘external’ 
1
H-

1
H scalar and dipolar interactions).  

To achieve the objective of ‘isolated’ 
13

CH3-methyl groups, the so-called ILV-

labelling strategy was developed by Lewis Kay and his colleagues at the University 
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of Toronto. They used perdeuterated samples and selectively labelled the methyl 

groups of isoleucine, leucine, and valine by addition of specifically 
13

C,
2
H-labelled 

forms of the amino acid precursors α-ketoisovalerate and α-ketobutyrate into the 

culture medium (Tugarinov and Kay 2003; Isaacson, Simpson et al. 2007; 

Kaganman 2007; Sprangers and Kay 2007). Methyl groups are considered as 

efficient NMR probes because each methyl group has three protons that create an 

intense source of magnetization and, because of their intrinsic internal motion give 

rise to narrow signals. Furthermore, they are at the extremity of amino acid side 

chains and often located either in the hydrophobic core or in highly dynamic parts 

of the protein so they can provide useful information about the structure of the 

molecule and/or ligand binding (Kaganman 2007). The combination of the 

optimized methyl labelling strategy combined with TROSY is called methyl-

TROSY. Although limited to the analysis of Leu, Val, and Ile methyl groups, the 

development of this particular labelling strategy together with TROSY pulse 

sequence has significantly bypassed the usual size limitations of NMR studies of 

large macromolecules (Tugarinov, Hwang et al. 2004). 

1.5.3 Methyl-TROSY in practice 

TROSY experiments have been used widely to study methyl-labelled (ILV- or Ala-

labelled) protein samples. For example Lewis Kay and his colleagues have used 

methyl-TROSY to study the dynamic properties of the 670 kDa 20S proteosome. 

They obtained sufficient information from the crystal structure of the 20S 

proteosome to enable them to experimentally subdivide this supramolecular 

complex into smaller, NMR-tractable subunits. They assigned the methyl group 

signals of the Ile, Leu and Val residues of a mutant monomeric form of the α 

subunit and mapped these assignments to the methyl-TROSY spectrum recorded 

for the complete proteosome (Kaganman 2007; Sprangers and Kay 2007). This has 

provided the basis for several studies of proteosome mechanism and dynamics. 

Separately Rivca Isaacson and her colleagues demonstrated the utility of Ala-

labelling in combination with methyl-TROSY experiments to study large 

multimeric complexes (Isaacson, Simpson et al. 2007). For example they were able 

to record the methyl-TROSY spectra for 10 kDa Ala-labelled ubiquitin-like domain 

of Np14, a 80 kDa heterodimeric complex between the C-terminus of Ufd1 and 
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Np14, and the 306 kDa hexameric fragment of p97. The level of Ala incorporation 

was estimated to be higher than 75% (Isaacson, Simpson et al. 2007). 

Velyvis and coworkers have explored the use of methyl-TROSY in studying the 

binding of the substrate, substrate analogues, and nucleotides to highly deuterated 

1
H,

13
C-methyl labelled aspartate transcarbamoylase (306 kDa) (Velyvis, Yang et al. 

2007). This work emphasized the scope for NMR in providing quantitative 

information on high MW systems. They were able to measure the equilibrium 

constant between ligand-saturated and unliganded R- and T-forms of the enzyme 

(Velyvis, Yang et al. 2007). According to the Monod-Wyman-Changeux (MWC), 

enzymes might exist in equilibrium between T and R forms that in the presence of 

ligand the equilibrium is shifted towards R forms (Velyvis, Schachman et al. 2009).  

Sprangers and Kay have exploited methyl-TROSY of 
1
H,

13
C-methyl-labelled 

probes in highly deuterated ClpP protease (300 kDa). They used this technique to 

characterize the dynamic properties of ClpP and understand the contribution of 

dynamics exchange between two substrates to the mechanism of this 14-mer 

protease (Sprangers, Gribun et al. 2005).  

Finally, malate synthase G (82 kDa) is the largest single polypeptide chain for 

which its NMR spectra have been fully assigned and its 3D solution structure 

determined using a combination of a series of 4D TROSY-based triple resonance 

and methyl-methyl NOESY experiments combined with the ILV-methyl labelling 

strategy (Tugarinov and Kay 2003; Tugarinov, Hwang et al. 2004). 

1.6 Objectives of this study 

DD interactions are important in the formation of different oligomeric signalling 

complexes such as the PIDDosome, DISC, RIPoptosome and many more multi-

components assemblies that trigger different cellular responses such as cell 

survival, proliferation, differentiation, and cell death.  These oligomeric complexes 

are used as platforms for caspase recruitment and activation. Involvement of 

different DD-containing proteins in these complexes and the unpredictable, rather 

complex stoichiometries might be responsible for different biological outcomes. 

Not much is known about the molecular mechanism underlying the formation of 
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these complexes and the subsequent recruitment and activation of down-stream 

effector proteins, such as caspases, that result in induction of apoptotic signals. 

The first part of this thesis describes the characterisation of DD-DD interactions in 

the PIDDosome core complex formed between the DDs of RAIDD and PIDD, 

using a variety of biophysical and biochemical techniques with a specific focus on 

the application of methyl-TROSY NMR experiments. The 3D X-ray structure of 

the PIDDosome core complex has provided some useful information about the 

interactions and interfaces involved in the formation of the PIDDosome particles at 

least in the crystalline state but questions remain about the nature of both the core 

and overall PIDDosome structure in solution. It is of interest to establish whether 

the asymmetry of the PIDDosome core complex assembly witnessed in the crystal 

structure is observed in solution. Furthermore, study of the biophysical and 

biochemical properties of the interaction of PIDD and RAIDD death domains is 

necessary to obtain more information about homotypic interactions in this complex 

system and provide model data useful for the examination of related multi-

component DD-DD complexes such as the Fas-FADD DISC that is also currently 

investigated in our laboratory. The major part of this thesis (Chapters 3-4) describes 

the application of state-of-the-art NMR methods to probe the nature of the 

PIDDosome core complex in solution, and the mechanism of its assembly. As will 

be revealed, the NMR study of the PIDDosome core complex will hopefully 

improve our ability to exploit the application of the methyl-TROSY approach to 

study similar structurally asymmetric high molecular weight protein complexes.  

RIP1 is an attractive target for structural biologists who are interested in the 

formation of large protein assemblies such as RIPoptosome and its function in 

cells. Our understanding of RIP1 complexes is still at a basic stage. Hence, 

structural characterisation of the RIPoptosome components and their assembly 

should help us to reveal more about the function of this complex. With this aim in 

mind, the second part of this thesis (Chapter 5) describes an attempt to obtain the 

DD of RIP1 (RIP1-DD), expected to play a key role in RIPoptosome assembly, in 

quantities useful for further structural and interaction studies. This part highlights 

the challenges involved in production of tractable DD samples for biophysical and 

biochemical studies. RIP1-DD has been variously reported to interact with 
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receptors such as TNFR1 and TRAILR1/2 as well as adaptor proteins such as 

TRADD and FADD, presumably via DD-DD interactions. None of these 

combinations proposed for the RIP1-DD has previously been studied by 

spectroscopic or biophysical methods in vitro. Some of the putative binding 

partners for RIP1-DD, such as FADD, have been studied in our laboratory using 

NMR and other appropriate techniques. Therefore, I have also used this opportunity 

to investigate the RIP1-DD interaction with candidate binding partners available in 

our laboratory.    
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Chapter 2 

Materials and protocols 
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2 Materials & Protocols 

This chapter describes the laboratory equipment and experimental protocols used to 

carry out this investigation. Chemicals were obtained from Sigma-Aldrich, Fisher 

Scientific, or BDH Prolabo unless otherwise stated. Oligonucleotides were purchased 

from Eurogentec S.A. and synthetic genes from Geneart. DNA sequencing was 

performed by Geneservice sequencing services. Isotope-labelled chemicals were 

purchased from Cambridge Isotope laboratories, Inc. 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using an Xcell 

SureLock electrophoresis instrument (Invitrogen) with precast gels. Protein 

concentration was measured using either a Biomate-4 or Nanodrop2000 UV/Vis 

spectrophotometers (Thermo Scientific). Theoretical extinction coefficients (ɛ), 

isoelectric point (pI), and molecular weights (MWs) were calculated using the 

PROTparam calculator on the Expasy Sequence Analysis Server based on the amino 

acid sequence of the relevant protein. Proteins were concentrated by centrifugal 

ultrafiltration using 20 ml and 2 ml Centrifugal concentrators (Vivaspin, Satorius 

stedim) with a 5000 MW cutoff (MWCO). Polymerase chain reaction (PCR) 

amplification of DNA was carried out in a Mastercycler Gradient S thermal cycler 

(Eppendorf). The composition of the bacterial culture media used in this study is 

presented in Appendix A. All buffers and solutions were prepared with deionised 

water from a Arium 611VF Ultrapure water system (Sartorious Stedim Biotech 

GmbH). 

2.1 Bioinformatics 

Nucleotide sequences of target genes were downloaded from the NCBI website 

(www.ncbi.nlm.nih.gov). Protein sequence homologues were identified using the 

NCBI BLAST tool. Protein domain boundaries were designed based on domain 

prediction using Uniprot. Secondary structure prediction was performed  using Jpred 

(www.compbio.dundee.ac.uk/jpred), and PredictProtein (www.predictprotein.org) 
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programs. Protein sequence alignments were generated using ClustralW2 on the 

Expasy server or MAFFT. 

2.2 Molecular Biology 

2.2.1 Expression plasmid construction 

Expression plasmids were generated either by PCR amplification of the target gene 

followed by enzymatic digestion and ligation into the multiple cloning site (MCS) of 

the chosen vector, or by ligase independent cloning (LIC) as specified. PCR primers 

were designed based on the following parameters: primer length ~32 bases, 40-60% 

GC content and approximate melting temperature 55-80 °C almost equal for both 

primers as calculated using the Oligocalc website (www.basic.northwestern.edu). 

Restriction sites for NcoI, NdeI, and XhoI were incorporated at the 5' and 3’ end of 

the primers where appropriate. Restriction sites NdeI/XhoI and NcoI/XhoI were used 

for cloning into pET26b and pETGB-1a vectors to create a C-terminal hexahistidine 

tag and an N-terminal hexahistidine-GB1-domain tag, respectively. All of the 

primers used in this study are shown in Appendix B. The pET26b expression vector 

was purchased from Novagen. The pETGB-1a vector (a modified version of pET24) 

was kindly provided by Dr Acely Garza-Garcia. The LIC-pET47b vector was also 

provided by Mr Vangelis Christodoulou of the Molecular Structure division of 

NIMR (Table 2.1). Vector maps are shown in Appendix C.   

All plasmids were purified from overnight cultures of Escherichia coli (E. coli) 

DH5α or NEB5α using QIAprep Spin Miniprep kits (Qiagen) according to the 

manufacturer’s instructions. The plasmids were eluted in deionised H2O and the 

concentration was determined using a Nanodrop 2000 UV/Vis spectrophotometer. 

Table 2.1 E. coli expression vectors used in this project 

Vector Antibiotic Marker Promoter          Fusion Tag 

pET26b Kanamycin T7 Lac C-terminal hexa-Histidine tag 

 

pETGB-1a Kanamycin T7 Lac N-terminal hexa-Histidine-GB1 tag 

 

LIC-pET47b Kanamycin T7 Lac N-terminal hexa-Histidine tag 

GB1:immunoglobulin binding domain of streptococcal protein G. 
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2.2.2 Competent cell transformation 

Chemically competent E. coli cells were prepared using the protocol described in 

Appendix D. Transformation of E. coli competent cells was carried out as follows:  

2 μl of the purified plasmid (50-100 ng.μl
-1

 DNA) were added into 50 μl of the ice-

thawed competent cells and incubated on ice for 30 minutes. Cells were subjected to 

heat shock at 42 °C for 60 seconds (30 seconds for NEB5α) and kept on ice for 2 

minutes (5 minutes for NEB5α) followed by the addition of 450 μl of pre-warmed 

SOC medium. Cells were incubated in a shaker incubator (250 rpm) at 37 °C for one 

hour. Finally 50-100 μl of the culture were spread on an agar plate containing 

appropriate antibiotics and incubated at 37°C overnight (O/N).  

2.2.3 Preparation of E. coli glycerol stocks 

A well-isolated colony was picked from a freshly-streaked plate and diluted into 15 

ml of sterile LB medium containing suitable antibiotics in a 50-ml conical centrifuge 

tube (Falcon). The tube was incubated at 37 °C for 6-8 hours until the optical density 

at 600 nm (OD600) reached 0.6. Then 0.7 ml of the culture was mixed vigorously 

with 0.3 ml of sterile glycerol (50% w/v) in 1.5 ml cryovials and stored at -80 °C.  

2.2.4 Plasmid DNA Preparation  

Plasmid DNA was transformed into either DH5α or NEB5α strains of E. coli as 

described in Section 2.2.2. An isolated colony from an agar plate was then inoculated 

into 10 ml of LB medium containing the appropriate antibiotics and incubated 

overnight at 37 °C with vigorous shaking (250 rpm). The following morning, cells 

were harvested by centrifugation at 3000 rpm for 10 minutes. Plasmid DNA was then 

extracted using the QIAprep Spin Miniprep kit (Qiagen) following the instructions of 

the manufacturer. 

2.2.5 DNA concentration and purity measurement  

DNA concentration was measured by absorbance at 260 nm (A260) and the purity was 

estimated by measuring the A260/A280 ratio. For pure DNA, this ratio is about 1.8. 

2.2.6 Agarose gel electrophoresis  

Gels were cast with melted agarose at a concentration of either 0.8% or 2% w/v in 

Tris-acetate-EDTA (TAE) buffer (40 mM Tris acetate pH ~8.5, 1mM EDTA). DNA 
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samples and the appropriate MW markers (1 kbp and 100 bp markers purchased from 

NEB) were prepared by addition of gel-loading buffer 6X (30% w/v glycerol with a 

trace amount of bromophenol blue or xylene cyanol FF, for DNA fragments of  

<1 kbp, or >4 kbp, respectively). Electrophoresis was carried out in TAE buffer at 

50-100 V. Gels were stained in 100 ml of a 2 μg.ml
-1

 solution of ethidium bromide 

for 20 minutes, rinsed with water and visualised with UV light. 

2.2.7 Subcloning 

2.2.7.1 Insert preparation  

The DNA of the proteins to be expressed was amplified by PCR from either a 

synthetic gene or cDNA. PCR reactions (50 μl) were prepared in thin-walled PCR 

tubes (Abgene) on ice using the KOD Hotstart Polymerase Kit (Merk). A typical 

PCR reaction recipe is shown in Table 2.2. The PCR program is shown in Table 2.3.  

Table 2.2 A typical PCR reaction recipe 

Reagent Volume (µl) 

DNA template (10-20ng) 1 

KOD polymerase buffer (10x) 5 

Mg SO4 (25 mM) 3 

dNTPs (2mM each) 5 

Forward primer (10 µM) 3 

Reverse primer (10 µM) 3 

KOD hotstart DNA polymerase (1U/µl, Novagen) 1 

dd H2O           29 

 

Table 2.3 Typical PCR program for insert preparation 

Step Temperature (°C) Time 

1 95 2 min 

2 95 15 sec 

3 55 45 sec 

4 72 1 min/kb 

5 cycle to 2nd step 30 times 

6  72 5 min 

7  4 5 min 

The use of 30 cycles typically produced about 1µg DNA/50µl reaction. 
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Following the thermal cycling, the PCR products were purified using the QIAquick 

PCR clean-up kit (Qiagen) according to the manufacturer’s protocol. The purified 

PCR product was eluted with 50 µl of deionised H2O and analysed on a 2% agarose 

gel. 

2.2.7.2 DNA digestion/purification by agarose gel electrophoresis  

The plasmid vector and the PCR products were digested with compatible restriction 

enzymes (NEB) at 37 °C for 2-3 hours. According to the manufacturer’s 

recommendation, 1 mM BSA (where appropriate) and a buffer compatible with both 

restriction enzymes were used in a total volume of 60 μl. The digestion was carried 

out using as few units as possible of each of the two restriction enzymes (e.g. 2 μl of 

20 U/µl). The digested DNA was loaded on to an agarose gel (0.8% w/v for the 

vector and 2% w/v for the insert). After electrophoresis, the gel was stained with 

ethidium bromide and the vector or PCR product was excised from the gel. Digested 

products were purified using a QIAquick gel extraction kit (Qiagen) following the 

instructions provided by the manufacturer.  

2.2.7.3 DNA ligation  

Ligation reactions were set up with ~ 50 ng of the digested plasmid (~ 5 Kbp) and a 

series of vector-to-insert molar ratios (1:0, 1:3, 1:6, 1:9). The mixtures of insert and 

vector were heated for 5 minutes at 65°C and cooled on ice for 1 minute before 

addition of ligase buffer. Then 1 μl of T4 DNA ligase 400 U/µl (NEB) and deionised 

H2O were added to the mixture to reach a total volume of 20 μl. Ligation was 

performed at room temperature for 3 hours. In some cases when the Quick Ligase kit 

(Invitrogen) was used, reactions were incubated for only 5 minutes. The ligation 

product was transformed into chemically competent DH5α or NEB5α E. coli cells as 

described in Section 2.2.2. After transformation and incubation, cells were harvested 

by centrifugation at 3000 rpm for 10 minutes. Most of the supernatant decanted. The 

pellets were resuspended in the remaining supernatant (~ 50 μl) and plated on LB 

agar containing the appropriate antibiotic.  
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2.2.8 Ligase independent cloning (LIC) 

LIC was performed based on the protocol provided by Mr Vangelis Christodoulou, 

(Molecular Structure, NIMR). Target genes were amplified by PCR to generate LIC 

inserts. The 5'-end of the primers must incorporate the following sequences to be 

compatible with the LIC vector used: 

Forward primer: 5' CAG GGA CCC GGT – target sequence 3' 

Reverse primer: 5' GGC ACC AGA GCG TTA – target sequence 3'  

The PCR products were purified using a QIAquick PCR clean-up kit (Qiagen) before 

T4 DNA polymerase treatment. Target inserts were run on an agarose gel to ensure 

the quality of the insert and to estimate the insert concentration. Target inserts and 

linearized vectors were treated with T4 DNA polymerase using the following recipes 

(Table 2.4 and Table 2.5): 

Table 2.4 Recipe for insert T4 DNA polymerase treatment 

Reagents for treatment of  inserts       Volume (µl) 

Purified PCR product (0.2 pmol) X (max 15) 

T4 DNA polymerase buffer (10x) 2 

dATPs (25mM) 2 

T4 DNA polymerase (3U/µl, NEB) 1 

ddH2O Y 

Total 20 

 

Table 2.5 Recipe for vector T4 DNA polymerase treatment 

Reagents for vector treatment       Volume (µl) 

Linearized LIC vector (70ng.µl
-1

)  15 

T4 DNA polymerase buffer (10x)   2 

dTTPs (25mM)   2 

T4 DNA polymerase (3U/µl, NEB)   1 

Total 20 

 

The reactions were incubated at 22 °C for 30 min. The enzyme was then inactivated 

by incubating at 75 °C for 20 min. The annealing procedure was performed by 

mixing 1 µl of treated LIC vector (50 ng.µl
-1

) and 2 µl of treated insert in 

microcentrifuge tube followed by incubation at 22 °C for 5 min. Then 1 µl of 25mM 
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EDTA was added to the mixture and kept for another 5 min at 22 °C. Transformation 

was performed using 2 µl of the annealing mixture and 50 µl of E. coli BL21 Gold 

(DE3) cells as described in Section 2.2.2. 

 

2.2.9 Verifying positive constructs 

Colonies were screened using the colony-PCR method to select the positive colonies 

containing the insert of the expected size. A suitable number of colonies (typically 7-

10) from each ligation reaction were independently resuspended into 20 μl of filter-

sterile deionised H2O and then separated into two 10 μl aliquots. One of the samples 

was kept in the fridge to be used for overnight culture and plasmid purification while 

the other was heated at 95 °C for 10 minutes to be used as a template for colony-

PCR. Then 5 μl of the heat-treated sample was mixed with Mastermix (Abgene) to 

prepare the PCR reaction. T7 promotor and T7 terminator DNAs were used as 

forward and reverse primers, respectively. The PCR program used for colony PCR is 

shown in Appendix D. The reaction products were run on a 2% w/v agarose gel to 

verify samples that contain a PCR product with the correct size. Positive samples 

were chosen for plasmid purification. The positive samples were resuspended in 10 

ml LB medium containing appropriate antibiotics and cultured overnight at 37 °C. 

Plasmids were purified using the miniprep kit the following morning. The 

miniprepped samples were digested with the appropriate restriction enzymes to 

confirm the presence of an insert with the correct size before sending for DNA 

sequencing. For LIC five separate colonies were selected for plasmid purification 

and constructs were verified using DNA sequencing. 

2.2.10 Site-directed mutagenesis  

Point mutations were generated in the gene of interest using a Quikchange site 

directed mutagenesis kit (Stratagene) according to the manufacturer’s manual. The 

reaction mixture was digested after thermal cycling, using endonuclease DpnI that 

specifically targets the parental methylated DNA and then transformed into E. coli 

DH5α or NEB5α cells as described in Section 2.2.2. The typical reaction mixture and 

PCR program are shown in Table 2.6 and Table 2.7, respectively. Selected clones 

were used to inoculate LB medium containing appropriate antibiotics and incubated 

in a shaking incubator (250 rpm) overnight at 37 °C. Plasmid DNA was extracted 
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using a Qiaprep spin miniprep kit and mutations were verified using DNA 

sequencing.  

 

 

Table 2.6 Typical reaction mixture used for site-directed mutagenesis 

Reagent Volume (µl) 

dd H2O     34 

Reaction buffer 10x 5 

MgSO4 (25mM) 3 

dNTP Mix (2mM each) 5 

Template DNA (20-40ng)   0.5 

Forward primer (10µM) 1 

Reverse Primer (10 µM) 1 

KOD hot start DNA polymerase (1U/µl, Merk)   0.5 

Primers were designed using PrimerX program according to the manufacturer’s 

(Stratagene) parameters: Tm: 75-85 °C, GC content 40-60%, length 35-45 bases, 

length of region flanking the mutation 15-22 bases, G or C at 5' and 3' ends of 

primers. 

  

 

 

Table 2.7 Typical PCR program used for site-directed mutagenesis 

Step Temperature (°C)   Time  

1       98 30 sec 

2       98 30 sec 

3       60 15 sec 

4       72 3 min 

5 cycle to 2nd step 20 times 

6        4 5 min 

The number of cycles varied (maximum 30 cycles) depending on the 

number of unpaired bases in the priming step. 

 
2.3 Protein expression and purification techniques 

2.3.1 Bacterial expression strains 

pET vectors use T7 promoters and therefore require host expression strains that 

contain a chromosomal copy of the T7 polymerase gene. These strains are referred to 

as ‘’DE3’’ strains and contain the λDE3 lysogen. The T7 polymerase gene is under 
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the control of the lacUV5 promoter that is inducible by lactose or a non-hydrolysing 

lactose analogue such as isopropyl β-D-1-thiogalactopyranoside (IPTG). 

The BL21 E. coli host strain has been widely used for expression of recombinant 

proteins because it is deficient in proteases such as lon and ompT and therefore 

protects recombinant proteins from protein degradation. Specialised strains suitable 

for protein expression such as BL21 Star (DE3) (Invitrogen), BL21 (DE3) 

(Invitrogen), and BL21 Gold (DE3) (Stratagene) are commercially available (Table 

2.8). BL21 Star (DE3) contains a mutation in the gene encoding an RNaseE enzyme 

(rne131) and therefore has significantly increased mRNA stability. The BL21 Gold 

(DE3) expression strain can be used for toxic proteins. 

Table 2.8 E. coli expression strains 

E.coli strains Genotype 

BL21 (DE3) F
_
 omp T hsdSB (rB

_

 mB 
_

 ) gal dcm (DE3) 

BL21 Star (DE3) F
_
 omp T hsdSB (rB

_

 mB 
_

 ) gal dcm rne131(DE3) 

BL21 Gold (DE3) F
_
 omp T hsdSB (rB

_

 mB 
_

 ) gal dcm Tet
r

 (DE3) endA Hte 

 

BL21(DE3) and BL21 Gold (DE3) were mainly used for production of the recombinant 

proteins described in this thesis. 

2.3.2 Expression tests 

Expression constructs were transformed into an E. coli expression strain. A single 

colony from each fresh transformation plate was used to inoculate 10 ml of LB 

medium containing appropriate antibiotics. These cultures were grown until OD600 

reached to 0.6 and were then induced by the addition of 0.5 mM IPTG. Cultures were 

left to express proteins at 37 °C for 4 hours or at 20 °C overnight. Samples (1 ml) for 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

were taken before and after protein expression. Samples were centrifuged, the 

supernatant decanted and the pellets were stored at -20 °C.  

In order to compare the level of protein expression and product solubility for the LIC 

constructs, small scale expression and purification was performed using 48 deep-well 

plates. Each of the wells was filled with 500 μl of LB medium containing 60 μg.ml
-1

 

Kanamycin. The wells were inoculated with glycerol stock of the constructs to make 

an overnight culture. The following morning the medium for protein expression was 
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prepared (Appendix A). The medium was dispensed into each well (1 ml/well) of a 

fresh 48 well plate. The wells were inoculated with 10 μl of the previous culture. The 

plate was kept at 37 °C while shaking at 800 rpm for 4 h. After reaching an OD600 ~ 

3.0, the temperature was lowered to 20 °C. Samples were induced with IPTG (0.5 

mM) after an hour and kept overnight at 20 °C. Samples (15 μl) were taken the 

following morning for protein expression analysis by SDS-PAGE.  

2.3.3 Large scale protein expression 

E. coli BL21 (DE3) expression strain was transformed using plasmid vectors as 

described above. Two colonies from the overnight plate were used to inoculate 20 ml 

of LB containing 60 µg.ml
-1

 Kanamycin. The following day these cultures were used 

to inoculate four separate 500 ml LB cultures in 2 L flasks in a shaking incubator 

(250 rpm) at 37 °C. When OD600 reached 0.6, the temperature was decreased to 

20°C. After 40-50 mins the cultures were induced with 0.5 mM IPTG. Induced 

cultures were kept O/N at 20 °C while shaking at 250 rpm to express protein. Cells 

were harvested by centrifugation at 6000 g for 15 mins. Pellets were stored at -20 °C 

for protein purification. 

2.3.4 Large scale expression of labelled protein (
15

N/
13

C-labelling) 

Recombinant 
15

N-labelled, and 
13

C,
15

N-Labelled proteins were expressed in the 

following manner.  Single colonies from a fresh transformation of E. coli BL21 

(DE3) expression strain were selected and used to inoculate 10 ml LB medium 

containing 60 µg.ml
-1

 Kanamycin. After 6-8 h culture at 37 °C,  cells were harvested 

and the pellets were resuspended in 100 ml of minimal media prepared in H2O or 

2
H2O where appropriate containing (

15
NH4)2SO4 and/or 

13
C6-D-glucose as the sole 

nitrogen and carbon source, respectively, and grown overnight at 30°C in a shaking 

incubator (250 rpm). The following day cells were harvested again and used to 

inoculate 500 ml minimal media containing appropriate isotopes and antibiotics. 

Induction of expression and cell harvesting were performed as described for large 

scale protein expression. The composition of the minimal medium is given in 

Appendix A.  
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2.3.5 Large scale expression of protein with 
13

CH3-labelled Ile, Leu, and Val 

In order to prepare ILV-labelled protein samples, a single colony from a freshly 

transformed plate was resuspended in 10 ml LB-Kanamycin medium and cultured for 

6-8 hours. This culture was used to inoculate 100 ml of M9 minimal medium in 
2
H2O 

containing (U-
12

C/
2
H)-glucose and grown overnight at 30 °C. The following day, 

cells from overnight cultures were harvested and used to inoculate two separate 500 

ml batches of 
2
H2O M9 minimal medium in 2 L flasks. The cultures were incubated 

at 37 °C until the OD600 reached 0.5. Then 60 mg.L
-1

 of isotope-labelled α-

ketoisovalerate and 100 mg.L
-1

 of α-ketobutyric acid dissolved in 2 ml of 
2
H2O were 

added to the flasks. The temperature was decreased gradually to 20 °C during a 1 h 

incubation period.  After 1 h, 0.5 mM IPTG was used to induce protein expression. 

Induced cultures were maintained at 20 °C overnight while shaking at 250 rpm. Cells 

were harvested the following morning by centrifugation and cell pellets were stored 

at -20 °C prior to protein purification. 

2.3.6 Cell lysis 

Cells harvested directly from large-scale (normally 2 L culture) expression cultures 

or frozen cells were resuspended in 25 ml of lysis buffer (20 mM Tris-HCl pH 7.9, 

500 mM NaCl) supplemented with lysozyme (Sigma) and DNaseI (Sigma) to 

enhance lysis and reduce viscosity. Resuspended pellets were sonicated on ice 

(Branson Sonifier 250, power output 90W, 80% duty cycle, 4x 60s) and centrifuged 

at 35000 g for 60 minutes at 4 °C. 

2.3.7 Immobilised metal affinity chromatography 

Immobilised metal affinity chromatography (IMAC) is frequently used for 

purification of recombinant hexahistidine-tagged proteins. This technique is based on 

the interaction between immobilised transition metal ions such as Ni
2+

 and certain 

exposed target residues such as histidine. Proteins were purified from the soluble 

fraction of the lysed cells using Ni
2+

-affinity chromatography.  4 ml of Ni-IDA metal 

affinity resin (Generon) was packed in a gravity-driven column. The column was 

equilibrated with 10 column volumes (CV) of lysis buffer. The supernatant obtained 

from the lysis of 2 L of culture was loaded onto the column and kept at 4 °C for 1 h 

to allow hexahistidine-tagged proteins to bind to the immobilised nickel ions. The 
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resin was then washed three times with 15 ml of wash buffer (lysis buffer containing 

30 mM imidazole) to remove any weakly binding proteins. His-tagged protein was 

eluted with ~20 ml of elution buffer (lysis buffer containing 250 mM imidazole). 

Samples (15 μl) were taken at each step of purification for later analysis by SDS-

PAGE.  This procedure was performed for both labelled and unlabelled poly His-

tagged proteins. 

2.3.8 Size exclusion chromatography 

Size exclusion chromatography (SEC) is considered as the final step of purification 

to remove high molecular weight contaminants or aggregates and also undesirable 

buffer components such as urea or salt. Samples from Ni-affinity chromatography 

were concentrated to 5 ml and carried forward for size exclusion chromatography. 

SEC was carried out on an AKTA purifier  chromatography system (GE Healthcare) 

using a 120 ml column packed with either Superdex 75 or Superdex 200 resin (GE 

Healthcare) and equilibrated with NMR buffer (20 mM Tris-HCl, 50 mM NaCl, 0.5 

mM tris2-carboxyethyl phosphine hydrochloride (TCEP-HCl, pH 8.0). Samples were 

applied to the appropriate column and eluted with appropriate NMR buffer at a flow 

rate of 1 ml.min
-1

. Flow monitored by absorbance at 280 nm. Fractions (2 ml) were 

collected and small aliquots were analysed by SDS-PAGE. Fractions containing pure 

protein were pooled and stored at 4 °C. Sodium azide and EDTA were added to the 

stored samples to a final concentration of 3 mM and 1 mM, respectively. Molecular 

weight of the purified recombinant proteins was confirmed using electrospray 

ionisation mass spectrometry (ESI-MS) by Dr Steven Howells at NIMR. 

2.3.9 Analytical size exclusion chromatography  

Analytical size exclusion chromatography (ASEC) was carried out using an AKTA 

purifier chromatography system (GE Healthcare) and an anlytical Superdex S200 

10/300 GL column to purify high molecular weight complexes. The sample volume 

was 100 µl and flow rate was set at 0.5 ml.min
-1

. Absorbance was monitored at two 

different wavelengths (220 and 280 nm). Collected fractions (1.5 ml) containing 

protein complexes or monomers were pooled and after addition of sodium azide and 

EDTA were stored at 4 °C. 
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2.3.10  On-column refolding 

Ni-affinity chromatography was also used for on-column refolding of His-tagged 

proteins. The semi-refolding method published by Jang T.H. and Park H.H. (2011) 

(Jang and Park 2011) was adopted during the work described in this thesis. Frozen 

cell pellets from 250 ml culture were resuspended in 40 ml of lysis buffer (20 mM 

Na acetate pH 5.0, 500 mM NaCl, 3 M urea, and 5 mM imidazole). The sample was 

sonicated for 4 min and then kept at room temperature overnight. The following 

morning the suspension was centrifuged at 35000 g for 30 min. The supernatant was 

added to 7 ml of Ni-IDA resin that had been pre-equilibrated in the same buffer and 

kept at room temperature for 3 hours. The column was washed with 50 ml of lysis 

buffer and then eluted with 20ml elution buffer (20 mM sodium acetate pH 5.0, 500 

mM NaCl, 2 M urea and 300 mM imidazole). The eluate was dialysed in two steps in 

the elution buffer first containing 1 M, and then 0 M urea. The dialysis buffer 

contained 0.5 mM TCEP-HCl as the reducing agent. Following the removal of the 

precipitates at the end of the dialysis by centrifugation (1920 g for 10 min), samples 

were ready for SEC (see Section  2.3.8). 

2.3.11 SDS-PAGE electrophoresis 

SDS-PAGE electrophoresis was used to analyse the composition of the protein 

samples, protein expression level, and protein size. All SDS-PAGE experiments were 

performed using pre-cast Novex 4-12% 1.0mm, 15 wells Bis-Tris gels (Invitrogen). 

Gels were run in 1x MES (2-(N-morpholino) ethanosulphonic acid) buffer at 

constant voltage (200 V) for 35 min in an XCell SureLock (Invitrogen) gel tank 

connected to a Bio-Rad power source (Initrogen). Samples (protein samples or 

pellets resuspended in lysis buffer) were mixed with SDS sample buffer and heated 

at 95 °C for 5 min. Typically, 12.5 µl of each sample along with Mark 12 molecular 

markers (Invitrogen) were loaded on a gel. Gels were stained with Coomassie blue 

stain (45% methanol, 10% acetic acid, and 0.25% Coomassie blue R-250) until clear 

protein bands become visible. Then gels were destained overnight in destaining 

solution containing (20% methanol, and 10% acetic acid) 
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2.3.12 Protein concentration, buffer exchange and storage 

Concentration of protein samples was carried out using centrifugal concentrators 

(Vivaspin, Satorius stedim). The device capacity and MWCO varied based on sample 

volume and molecular weight of the target protein. In most cases 2 or 20 ml 

concentrators with 5000 kDa MWCO were used. Samples were concentrated by 

centrifugation at 1520 g. The nature of the protein had a great affect on the 

concentration time. Concentrators were washed with 1.5 or 15 ml of buffer before 

sample addition.  

Buffer exchange was also performed using centrifugal concentrators. The sample 

was first concentrated to a small volume (200-500 µl) then new buffer was added to 

reach 10x the starting volume (2-5 ml). The sample was concentrated again and the 

process was repeated until the concentration of the contaminant was sufficiently low 

(usually 5-7 times). 

Protein samples were stored at -80 °C for long-term usage. Protein samples were 

concentrated to 200-300 μM, aliquoted (500 μl) and snap frozen by immersing the 

samples in a beaker containing dry ice and ethanol before storing. 

2.3.13 Protein concentration determination 

Protein concentration was determined by UV spectrophotometry. The UV light 

absorbance of proteins at 280 nm is used to measure the protein concentration 

assuming the Beer-Lambert Law:  

A=ε.c.l 

Where A is the absorbance at 280 nm, ε is the molar extinction coefficient of the 

protein calculated from the amino acid sequence of the protein using the Expasy 

ProtParam server (www.expasy.org/tools/protparam.html), c is the concentration of 

the protein, and l is the cell path length. 

For example, when using a centrifugal concentrator, the protein concentration was 

measured twice using two different dilutions relative to the flowthrough solution.   

2.3.14 Reducing agents 

The majority of the buffer solutions in this study contain TCEP-HCl (Pierce) mainly 

to prevent oxidation of cysteine residues and stop oxidation of Met S atoms. TCEP-

HCl is active over a wider pH range. It interferes less with UV spectroscopy 
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techniques than other commonly used reductants, and is also compatible with 

immobilised nickel ion affinity resins. 

2.4 Biochemical and biophysical analysis 

2.4.1 SEC-MALS  

All SEC-MALS experiments were performed using a Superdex 200 HR10/30 

analytical size-exclusion column (GE Healthcare) connected to a Jasco HPLC system 

controlled by the Chrompass software package. The column was equilibrated in a 

buffer containing 20 mM Tris, 0.5 mM TCEP-HCl, pH 8.0 and different NaCl 

concentrations (50 mM, 150 mM, 500 mM) where appropriate.  

Samples (100 μl) were applied to the column. The flow rate was set at 0.5 ml.min
-1

. 

The HPLC system was coupled to a light scattering detector (DAWN-HELEOS laser 

photometer; Wyatt Technology) to record the scattered light intensity of the eluate 

and refractive index (RI) detector (Optilab-rEX; Wyatt Technology) to determine the 

instantaneous protein concentration from the RI change. Data were analysed with the 

ASTRA software version 5.1 (Wyatt Technology). The accuracy of this method is 

about ± 5% in MW determination. 

2.4.2 Circular dichroism (CD) spectroscopy 

Protein samples were diluted (150 µg.ml
-1

) into the appropriate buffer for far-UV CD 

spectropolarimetry. CD spectra were recorded using a JASCO-J715 

spectropolarimeter. For far-UV CD spectroscopy, a 1 mm path-length quartz cuvette 

was used and the spectrum was collected between 190-260 nm at 20 °C. In each 

experiment 20-25 separate wavelength scans were taken with a 100 nm.min
-1

 scan 

rate, and 2 nm spectral bandwidth.  

For near-UV (250-350 nm) CD spectroscopy, the protein samples were prepared in a 

way to give an absorbance at 280 nm (A280) ~ 1.5. A 10 mm path-length cuvette was 

used and 30 to 50 scans were collected.  Thermal unfolding/refolding was monitored 

at 222 nm; the temperature was increased from 5 to 95 °C and then lowered to 5 °C 

at a rate of 2 °Cmin
-1

 with 4 sec time constant (the period over which the CD data are 

averaged). In all cases the buffer signal was used to correct the spectrum background. 
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CD signal was measured in millidegrees and converted to ∆εmrw using the following 

equation:  

∆εmrw=
      

        
 

Where S is the CD signal in millidegrees, mrw=mean residue weight of the protein, 

C is the protein concentration (mg.ml
-1

), and L is the path-length of the cell. All 

samples were corrected for buffer signals. CD signal can be converted to molar 

ellipticity ([θ]) using the following formula: 

[θ] = 3298×∆ε 

Data analysis was performed by Dr. Steve Martin in the Division of Physical 

Biochemistry at NIMR using Specpro software. Secondary structure content was also 

estimated using the programs, SELCON, CDSSTR and CONTIN/LL in the CDPro 

software package.  

2.4.3 Analytical ultracentrifugation (AUC) 

Sedimentation velocity analytical ultracentrifugation (SV-AUC) measurements were 

performed using a Beckman Optima XL-I analytical ultracentrifuge. Experiments 

were conducted at 293 K with a rotor speed of 35,000 revolutions per minute (rpm) 

using an An50-Ti rotor. The sample concentration was in the range of 0.5-3.0 mg.ml
-

1
. The rotor temperature was equilibrated at 293 K for 1-2 hours in the vacuum 

chamber prior to the start of each run.  

Samples for AUC analysis were dialysed against the buffer blank solution (20mM 

Tris, pH 8.0, 50 mM NaCl, 1mM EDTA, 3 mM NaN3, 0.5 mM TCEP-HCl for the 

PIDDosome complex or 20 mM sodium acetate pH 5.0 150 mM NaCl, 1mM EDTA, 

3 mM NaN3, 0.5 mM TCEP-HCl for the RIPoptosome complex). The acquired data 

were analysed with the program SEDFIT in terms of the size distribution function 

c(S). 

2.4.4 Nano-ESI-MS  

Samples for nano-ESI-MS experiments were conveyed to the laboratory of Professor 

Carol Robinson (Department of Chemistry, University of Oxford). Mass spectra 

were obtained by her staff using the positive ion mode on a Q-Star mass 

spectrometer (MDS Analytical Technologies) modified for optimal performance for 

high mass-to-charge ratio ions  (Sobott, Hernandez et al. 2002) using nanoflow 
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capillary sample insertion. Data analysis was performed by Dr Nina Morgner using 

Massign, a software package developed in Professor Robinson’s laboratory on 

LabVIEW basis. 

Prior to analysis, intact protein complex samples were prepared at MRC-NIMR and 

exchanged into 50 mM ammonium acetate buffer using centrifugal concentrator as 

described in Section 2.3.12.   

2.4.5  1-anilino-8-naphthanlenesulfonic acid binding  

The binding of 1-anilino-8-naphthanlenesulfonic acid (ANS) to protein samples was 

monitored by use of a Varian Cary eclipse fluorescence spectrophotometer (Agilent 

technologies), using an excitation wavelength of 371 nm and a slit width of 5 nm, 

while the emission was monitored at 482 nm with a slit width of 5 nm at 25 °C. 

Samples were prepared in 20 mM sodium acetate pH 5.0, 150 mM NaCl, and 0.5 

mM TCEP-HCl, and a blank was measured using 10 μM of ANS alone. The 

fluorescence enhancement was obtained by comparison of the intensity for 10 μM 

ANS in the blank compared with 10 μM ANS in the presence of 100 μM of the target 

protein. 

2.5 Analysis of the properties of the DD-DD interactions  

The ProtorP server has been used to analyse the DD-DD interactions (Reynolds, 

Damerell et al. 2009). ProtorP is a bioinformatic tool that provides an efficient way 

for calculation of physical and chemical properties of the protein-protein interactions 

sites in 3D crystal structure data.  

The input file for ProtorP is the PDB file; the PDB file is submitted to the server 

along with the user-specified chain identifiers. The server analyses the interface 

between two chains. The main properties calculated by this server for each subunit 

pairing are extent of the interaction surface (measured using solvent accessible 

surface area (ASA)), and chemical composition of the interfaces). This server 

calculates ASA for a chain in a free and bound state. The difference in ASA for a 

chain in free and bound forms is considered as the interaction area. Interface residues 

are defined as those for which the ASA decrease ≥ 1.0 Å
2
 between the free and 

bound states. Finally the average temperature value or B-factor values for main-chain 

and side-chain atoms in each domain have been calculated using the PDB file to 
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show the vibrational motion of different domains in the structure as well as the 

occupancy. 

2.6 NMR experiments 

2.6.1 Spectrometers 

NMR spectra were recorded at the Biomedical NMR centre at NIMR on Varian 

Inova 600 and 800 MHz (
1
H frequency) and Bruker Avance 600 and 700 MHz 

multichannel spectrometers equipped with cryogenic probes. All pulse sequences 

employed on NIMR spectrometers had been previously adapted by staff of the MRC 

Biomedical NMR centre (Mill Hill) and the experiments were set up by the author 

alone or under the guidance of Dr Diego Esposito or Dr Geoff Kelly.   

2.6.2 Sample preparation  

15
N-, 

15
N/

13
C-, and ILV-labelled samples were prepared as described above. Purified 

proteins of PIDD-DD and RAIDD-DD were prepared in 90% H2O /10% 
2
H2O 

solutions of 20 mM Tris-HCl pH 8.0, 50 mM NaCl, 0.5 mM TCEP-HCl. Purified 

RIP1-DD was dissolved in a 90% H2O /10% 
2
H2O solution of 20 mM sodium acetate 

pH 5.0, 150 mM NaCl, 0.5 mM TCEP-HCL. Samples of PIDD-DD, RAIDD-DD and 

the PIDDosome core complex for methyl-TROSY NMR were buffer exchanged into 

a solution of 20mM Tris-HCl pH 8.0, 50 mM NaCl, 0.5 mM TCEP-HCl in 
2
H2O.  

The overall concentration of free protein samples was in the range of 0.1-0.3 mM.  

2.6.3 Heteronuclear single quantum coherence (HSQC) spectroscopy 

Two-dimensional (
15

N,
1
H)-HSQC (Mori, Abeygunawardana et al. 1995) experiments 

were recorded  with 2880 complex points in the direct dimension and 256 complex 

points in the indirect dimension unless otherwise stated. During ligand titration 

experiments the number of scans per increment was kept constant for each point in 

the titration. 

2.6.4 NMR experiments for backbone resonance assignments 

The 2D and 3D NMR experiments used to obtain sequence-specific resonance 

assignments were HSQC (Mori, Abeygunawardana et al. 1995), HNCACB  

(Wittekind and Mueller 1993), HNCA (Grzesiek and Bax 1993), HN(CO)CA  

(Grzesiek and Bax 1992), HNCO (Grzesiek and Bax 1992), HN(CA)CO (Clubb, 
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Thanabal et al. 1992) , and CBCA(CO)NH (Grzesiek and Bax 1992). All spectra 

were recorded with 0.3 mM [
13

C,
15

N]-RAIDD-DD at 10°C or  0.18 mM [
13

C,
15

N]-

PIDD-DD at 25°C at a 
1
H frequency of  600 or 700 MHz.  

2.6.5 Sequence specific backbone resonance assignments 

The sequence assignment is a procedure that matches intra-residue 
13

C chemical 

shifts identified for a particular NH group with the sequential chemical shifts 

identified from a different NH group (Lian and Roberts 2011). The 3D spectra 

recorded for backbone assignments are rooted on the 
15

N-
1
H

N
 correlations. The 

sequence assignments were obtained by correlating inter- and intra-residue 

resonances of Cα and Cβ chemical shifts and generating connected segments of 

sequentially connected spin sub-systems using the CCPN analysis.   

In this thesis sequence specific resonance assignments of 
1
H

N
, 

15
N, 

13
Cα, and also 

13
Cβ nuclei were obtained from a combined analysis of HNCA, HNCACB, and 

CBCA(CO)NH spectra. The experimental details of the 3D experiments employed 

here have been provided in Appendix E.   

2.6.6 NMR experiments for assignments of ILV methyl groups 

In order to assign the methyl group resonances of the Ile, Leu, and Val residues in 

13
C, 

15
N-labelled samples, 

13
C-HSQC, HCCH-total correlated spectroscopy 

(TOCSY) (Kay, Xu et al. 1993), and 
15

N-TOCSY (Marion, Driscoll et al. 1989) 

experiments are employed. HCCH-TOCSY experiment correlates all 
13

C-attached 

intra-residual protons to each other while 
15

N-TOCSY correlates them to the 

backbone amides.  The 
13

C-HSQC (Mori, Abeygunawardana et al. 1995), HCCH-

TOCSY (Kay, Xu et al. 1993), and 
15

N-TOCSY (Marion, Driscoll et al. 1989) 

experiments were recorded with 0.3 mM [
13

C,
15

N]-RAIDD-DD at 10°C and 0.18 

mM [
13

C,
15

N]-PIDD-DD samples at 25°C at a proton frequency of  600 and 700 

MHz. 

2.6.6.1 ILV methyl group assignments 

Assignments of the Ile, Leu, and Val backbone resonances are necessary to further 

obtain the assignments of the corresponding methyl group signals. The HCCH-

TOCSY, 
15

N-TOCSY, and 
13

C-HSQC spectra were used to assign the 
1
Hδ and 

13
Cδ 

chemical shifts of isoleucine and leucine residues and 
1
Hɣ and 

13
Cɣ chemical shifts 
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of valine residues. (
15

N, 
1
H)-HSQC and HNCACB spectra were used to aid the 

assignment. Dr Timothy J. Ragan helped me with the assignments of the ILV methyl 

groups.   

2.6.7 Titration experiments  

For all titration experiments, in order to avoid any dilution effects, two 500 μl NMR 

samples were produced, one containing 0.2-0.3 mM of the labelled protein (
15

N- or 

ILV-labelled) (sample 1) and the other containing the same amount of the labelled 

protein mixed with equimolar amount of the unlabelled binding partner (sample 2) 

unless otherwise stated. Samples 1 and 2 correspond to the first and the last point of 

the titration experiments, respectively. (
15

N, 
1
H)-HSQC or methyl-TROSY 

experiments were recorded for samples 1 and 2 using exactly the same NMR 

parameters. Then, by simultaneously swapping a small volume aliquot of sample 1 

and adding it to sample 2 and vice versa, two new mixtures are produced. The NMR 

spectra are recorded for these new mixtures. By repeating the swapping procedure 

and recording new spectra, a whole titration series was obtained. Then the NMR 

spectra (either (
15

N, 
1
H)-HSQC or methyl-TROSY) at different titration points are 

followed to track the effects of the addition of the unlabelled sample on the residues 

of the labelled component. Changes in the chemical shifts and intensities of the 

individual cross peaks of the labelled component was analysed to determine the 

involvement of particular residues in any specific protein-protein interaction.  

2.6.8 NMR analysis of the PIDDosome core complex 

2.6.8.1 Methyl-TROSY spectroscopy 

ILV- RAIDD-DD/PIDD-DD with Ile, Leu, and Val residues that are 
13

CH3-labelled 

at one single methyl position were prepared as described in Section 2.3.5. NMR 

samples (0.2-0.3 mM) were prepared in buffer containing 20 mM Tris pH 8.0, 50 

mM NaCl, 0.5 mM TCEP-HCl in 
2
H2O. Methyl-TROSY (Tugarinov, Hwang et al. 

2003) spectra were recorded on 800 MHz 
1
H frequency with 24 scans and ~3 hours 

overall experimental time. 
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2.6.8.2 (
15

N, 
1
H )-TROSY spectroscopy 

(
15

N, 
1
H)-TROSY measurements were performed on a highly deuterated sample of 

15
N-RAIDD-DD:PIDD-DD complex. Both proteins were expressed in M9 minimal 

media in 99% 
2
H2O supplemented with perdeuterated 

12
C6-glucose. RAIDD-DD was 

labelled using (
15

NH4)2SO4 as the sole nitrogen source.  Following the Ni-IDA metal 

affinity purification, both proteins were mixed and the complex was purified using 

size exclusion chromatography (Superdex 200-Hiload 16/60, preparative grade). 

Fractions containing the complex were combined and concentrated to 12 mg.ml
-1

 for 

NMR studies. The sample was prepared in an H2O solution of 20 mM Tris-HCl, 50 

mM NaCl, 10% 
2
H2O, 3 mM NaN3, 1 mM EDTA, 0.5 mM TCEP-HCl, pH 8.0. 

In our implementation, two-dimensional (
15

N, 
1
H)-TROSY NMR includes the widely 

used INEPT polarization transfer from 
1
H to 

15
N, and vice versa, and allows for 

transverse relaxation-optimisation during the 
15

N evolution and the 
1
H detection 

periods. The NMR experiment was carried out at a 
1
H resonance frequency of 700 

MHz. The spectra were acquired at 25 °C, 37 °C, and 45 °C. 

2.6.9  NMR data processing 

NMR data was converted and processed using the NMRPipe (Delaglio 1995). 

Spectra were initially visualised using NMRDraw (Delaglio 1995). Images of the 

spectra and all further analysis was performed using CCPN Analysis software 

(Vranken, Boucher et al. 2005). 
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Chapter 3 

Characterisation of the MW and 

stoichiometry of the PIDDosome core 

complex in solution 
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3 Characterisation of the MW and stoichiometry of the 

PIDDosome core complex in solution 

As outlined in Chapter 1, according to the crystal structure, the PIDDosome core is an 

asymmetric, three-layered complex containing seven RAIDD-DDs and five PIDD-DDs 

(Figure 1.10) with a MW of ~150 kDa (Park, Logette et al. 2007). The eight different 

interdomain interfaces in the complex have been classified into three different types of 

interaction known as type I, II, and III (Park, Logette et al. 2007). These three types of 

interaction appear to be well conserved in other DD-DD assemblies such as the Fas-

FADD complex and the ternary Myddosome complex (Lin, Lo et al. 2010).  

The core crystal structure has provided some useful information about the interactions 

and interfaces involved in the formation of the PIDDosome particles at least in the 

crystalline state but questions remain about the nature of both the core and overall 

PIDDosome structure in solution. Importantly, there are discrepancies concerning the 

exact MW of the PIDDosome core complex in solution and the stoichiometric ratio of 

the DDs involved in the assembly of the particles (Park, Logette et al. 2007; Jang and 

Park 2009).  Is the 7:5 RAIDD-DD/PIDD-DD ratio representative of the stoichiometry 

of the PIDDosome core complex in solution? What is the MW of the PIDDosome core 

complex in the solution? And more generally, is the crystal structure representative of 

the PIDDosome core particles in solution? In addition it is of interest to establish 

whether the asymmetry of the PIDDosome core complex assembly witnessed in the 

crystal structure is observed in solution, and if so to ask whether there is scope for 

subunit exchange between the different non-equivalent sites. In order to begin to 

address these questions I have used different biophysical techniques to confirm the MW 

and stoichiometry of these two death domains in the PIDDosome particle. 

This chapter documents the approaches taken to clone the DNA encoding the death 

domains of PIDD, RAIDD and to purify the corresponding recombinant proteins for 

subsequent biophysical studies. Furthermore, this chapter will describe the initial 

approaches taken to resolve the discrepancy in the literature concerning the exact MW 

of the PIDDosome core complex. Particular attention is given to identify "loose 

binding" subunits in the complex. Three principal techniques, SEC-MALS, AUC, and  

nano-ESI-MS were employed to assess the multimeric state and MW of biomolecular of 

the PIDDosome core particles in solution. 
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A preliminary study of crystallographic PIDDosome protein-protein interactions using 

ProtorP analysis server (Reynolds, Damerell et al. 2009) was also performed with the 

help of Dr Acely Garza-Garcia (MRC-NIMR) to calculate a series of physicochemical 

parameters for the interaction surfaces and to provide a better understanding of the DD-

DD contacts.  

Finally a site-directed mutagenesis approach to design a monodisperse PIDDosome core 

complex and characterise its MW and stoichiometry by SEC-MALS and nano-ESI-MS 

was adopted. This part of the thesis provides a solid basis for the analysis of the NMR 

data described in the following chapter. 

3.1  DNA cloning for PIDD-DD and RAIDD-DD  

The domain boundaries identified for PIDD-DD and RAIDD-DD in the PIDDosome 

core complex (Park, Logette et al. 2007) were adopted for our own preparations of the 

PIDDosome core. The template used for the PIDD-DD (778-883) construct was a 

codon-optimised synthetic gene and for the RAIDD-DD (94-199) construct was the 

cDNA of the human RAIDD kindly provided by Dr Katrin Rittinger (NIMR).  The 

theoretical isoelectric point (pI) and the predicted MW based on the amino acid 

sequence of each protein was calculated using the EXPASY Protparam server (Table 

3.1). Both constructs were assembled using restriction enzyme digest/T4 ligase-based 

cloning into the pET26b expression vector as described in Chapter 2. The resulting 

plasmid vectors each encode a non-cleavable C-terminal hexahistidine tag. 

Table 3.1: Properties of PIDD-DD and RAIDD-DD 

Protein Predicted molecular mass (g.mol
-1

) Predicted pI 

PIDD-DD                   13379      5.8 

RAIDD-DD                   13074      6.8 

3.2 PIDD-DD and RAIDD-DD expression and purification 

BL21(DE3), BL21Star, and BL21-Gold E. coli expression strains were used for PIDD-

DD and RAIDD-DD expression tests as described in Section 2.3.2.  The amount of total 

and soluble protein produced by these strains was assessed by SDS-PAGE. Both 

proteins were successfully expressed in all tested strains with no significant difference 

between the expression level or solubility of the recombinant proteins. The BL21(DE3) 

strain was selected for large scale protein expression for the two DDs.  
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PIDD- and RAIDD-DDs were separately purified from 2 litres of BL21(DE3) growth 

culture. The protocol for large scale expression is described in Section 2.3.3. The 

expressed proteins, fused to a non-removable C-terminal hexahistidine tag, were 

subjected to Ni-IDA metal-ion affinity purification followed by Superdex 75 size 

exclusion chromatography (Sections 2.3.7 and 2.3.8). Figures 3.1 and 3.2 show SDS-

PAGE analysis of fractions from various PIDD-DD and RAIDD-DD purification steps, 

and the size exclusion chromatogram for each of the proteins. One notable factor in the 

purification of PIDD-DD was the absorption of protein to the membrane of the 

centrifugal concentrator and loss of a significant amount of protein.  Overall the 

purification yielded 11 and 6 mg of RAIDD-DD and PIDD-DD proteins, respectively, 

per 2 litre culture. The maximum molar concentration achieved for PIDD-DD and 

RAIDD-DD was 0.2 and 0.3 mM, respectively. The MW of the recombinant proteins 

was confirmed using ESI-MS.  
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Figure 3.1  Purification of PIDD-DD  

A) SDS-PAGE analysis of representative samples taken from different stages of Ni-IDA 

metal-ion affinity purification step. The FL was diluted in a 1:2 ratio with the lysis buffer 

before loading on the gel. 12 μl of each sample is loaded on the gel except for the FL that the 

loading volume was 6 μl. M: MW marker, FL: flow through, W:  wash, E: elution 

B) SEC chromatogram of the purified sample together with the SDS-PAGE analysis of the 

PIDD-DD peak (75 -93 ml). The elution profile was monitored by UV absorbance at 280 

nm.  
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Figure 3.2  Purification of RAIDD-DD 

A) SDS-PAGE analysis of representative samples taken from different stages of Ni-IDA 

metal-ion affinity purification step. The FL was diluted in a 1:2 ratio with the lysis buffer 

before loading on the gel. 12 μl of each sample is loaded on the gel except for the FL that the 

loading volume was 6 μl. M: MW marker, FL: flow through, W:  wash, E: elution 

B) SEC chromatogram of the purified samples together with the SDS-PAGE analysis of the 

RAIDD-DD peak (78 to 98 ml). The elution profile was monitored by UV absorbance.  
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3.3 Confirmation of the complex formation by ASEC 

The PIDDosome core complex was prepared by combining purified PIDD-DD with a 

molar excess of RAIDD-DD. Purified PIDD-DD and RAIDD-DD in buffer 

containing 20 mM Tris pH 8.0, 50 mM NaCl, 0.5 mM TCEP-HCl were mixed 

(RAIDD-DD: PIDD-DD molar ratio 7:5), incubated at room temperature for 1 hour 

and then concentrated to ~12 mg.ml
-1

 using a centrifugal concentrator. A portion of 

the sample was then diluted to 9, 6, and 1.5 mg.ml
-1

 using elution buffer. Samples 

were run over a concentration range corresponding to 1.5-12 mg.ml
-1

 on a Superdex 

200 10/300GL size exclusion column, which was pre-equilibrated with a solution of 

20 mM Tris pH 8.0, 50 mM NaCl, and 0.5 mM TCEP-HCl. The separation 

performance of the column was pre-calibrated with a series of molecular weight 

standards including ribonuclease A (14 kDa), ovalbumin (43 kDa), albumin (66 

kDa), and alcohol dehydrogenase (150 kDa) using the same buffer. The separation 

performance over this MW range was found to be satisfactorily linear (data not 

shown). The mixture of PIDD-DD and RAIDD-DD proteins mostly eluted as a single 

symmetrical peak within the inclusion volume of the column at an elution volume 

(12.5 ml) corresponding to an estimated molecular mass of ~150 kDa, suggesting 

that PIDD-DD and RAIDD-DD assemble into an oligomeric complex (Figure 3.3). 

The excess free proteins were eluted at a later elution volume (17.4 ml) position 

consistent with monomeric species with a molecular size around 14 kDa. The 

fractions corresponding to the high MW complex was then confirmed as containing 

both RAIDD-DD and PIDD-DD by SDS-PAGE. The area under the complex elution 

peak decreased systematically with reduced sample concentration. However, the 

peak of the complex was still detectable even at a loading concentration as low as 1.5 

mg.ml
-1

. The ratio of the elution peak areas corresponding to the complex and free 

monomers was apparently unaffected by changes in loading concentration over the 

sample range. 

3.4  Analysis of the size and oligomeric state of the PIDDosome core 

complex by SEC-MALS 

Both particle mass and shape can affect gel filtration elution time. Therefore it was 

necessary to use other techniques such as SEC-MALS to analyse the MW of the 
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Figure 3.3 Analytical size exclusion chromatography results for the PIDDosome core 

complex. 

Sample was loaded on a 10/300GL Superdex 200 gel-filtration column at different loading 

concentrations and monitored by UV absorbance at 280nm. Blue, red, green and purple 

traces correspond to 12 mg.ml
-1

, 9 mg.ml
-1

, 6 mg.ml
-1

, and 1.5 mg.ml
-1

 loading 

concentration, respectively.  
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PIDDosome particles in solution. Previous publications reported a molecular mass of 

150 kDa corresponding to twelve DD chains in the PIDDosome core complex as 

analysed by SEC-MALS (Park, Logette et al. 2007). The PIDDosome core complex 

was prepared as described in Section 3.3 and the sample (buffer condition: 20 mM Tris-

HCl, 50 mM NaCl, and 0.5 mM TCEP-HCl) concentrated to 24 mg.ml
-1

. SEC-MALS 

experimental procedures were described in Section 2.4.1. Samples were run over a 

concentration range corresponding to 1.2-24 mg.ml
-1

. A symmetric chromatographic 

light scattering profile consistent with a monodisperse particle with elution volume 

~12.5 ml under all conditions except for the lowest concentration tested. In the range of 

6-24 mg.ml
-1

 analysis of the SEC-MALS data resulted in a predicted weight-averaged 

MW of 120 kDa (Table 3.2 and Figure 3.4). However, further dilution of the sample (< 

6 mg.ml
-1

) resulted in a slightly larger elution volume and therefore reduction in the 

apparent MW value (93kDa) suggesting limited dissociation of the complex. 

3.5 Ionic strength dependence of the complex size 

The driving force of the PIDDosome core complex formation is apparently a 

combination of hydrophobic and electrostatic interactions. Type II DD-DD contacts 

involve polar and charge interactions between the DD layers. A mixture of hydrophobic 

and polar contacts are involved in type I contacts, while type III interactions comprise a 

mixture of polar, charged and hydrophobic contacts. An interesting question is whether 

the ionic strength of the buffer affects the stability of the PIDDosome core complex in 

solution? In order to probe this aspect a series of SEC-MALS experiments was carried 

out with different NaCl (50, 150, 500 mM) and protein concentrations (Table 3.2). 

These experiments reported corresponding MW values in the range covering 93-130 

kDa.  In buffer containing 50 mM NaCl, the apparent size of the complex was in the 

range of 93-119 kDa corresponding to 7 to 9 polypeptide chains. 

While, in buffer containing 150 mM NaCl, the apparent MW of the particles was in the 

range of 113-128 kDa corresponding to 8 to 10 chains. In buffers containing 50 and 150 

mM NaCl, the apparent size of the complex was somewhat dependent on the overall 

protein concentration with higher salt concentration affecting the upper and lowest size 

limits of the particles. For all buffer conditions the apparent MW never exceeded 130 

kDa. However, in high NaCl concentration (500mM) the apparent MW was 130 kDa 

and remained almost unchanged upon protein dilution. 
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Table 3.2 Apparent MW of the PIDDosome core complex in buffer with different ionic strength 

buffers measured by SEC-MALS. Buffer condition: 20 mM Tris-HCl, 0.5 mM TCEP-HCl, 1.0 

mM EDTA, 3.0 mM sodium azide. 

Total loading protein concentration 

(mg.ml
-1

) 

 

Apparent MW of the PIDDosome core particle   

(kDa) 

500 mM NaCl 150 mM NaCl 50 mM NaCl  

        24.0 130 128 119 

        12.0 129 118 119 

          6.0 128 116 117 

          1.2 123 113 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 SEC-MALS analysis of the PIDDosome core complex. 

Representative SEC-MALS data for the PIDDosome core complex for different loading 

concentrations 24 mg.ml
-1

(red), 12 mg.ml
-1

 (blue), 6 mg.ml
-1

 (green) ,and 1.2 mg.ml
-1 

(purple). 

The samples were in buffer containing 20 mM Tris-HCl, 50 mM NaCl, and 0.5 mM TCEP-HCl, 

3 mM sodium azide and 1 mM EDTA.  
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3.6 Analysis of the stoichiometry of the PIDDosome by nano-ESI-MS  

To obtain a further indication of the MW and probe the subunit stoichiometry of the 

PIDDosome core complex, we subjected samples to MS under conditions that retain 

native contacts in non-covalent complexes in Professor Carol Robinson's laboratory at 

the University of Oxford. In principle, the accuracy and resolving power of this 

technique allows us to determine unambiguously the stoichiometry of complexes with 

heterogeneous or dynamic compositions (Motshwene, Moncrieffe et al. 2009).  

A sample of ASEC-purified PIDDosome core complex in 20 mM Tris-HCl, 50 mM 

NaCl, 0.5 mM TCEP-HCl was buffer exchanged into 50 mM ammonium acetate buffer 

pH 8.0, using a centrifugal concentrator. The buffer-exchanged samples were shipped 

on ice to Professor Robinson’s laboratory. Experiments were carried out as explained in 

Section 2.4.4. The nano-ESI-MS spectrum of PIDDosome core complex (Figure 3.5) 

showed three overlapping charge series of ions. The first series is predominantly due to 

a 5:5 PIDD-DD:RAIDD-DD complex corresponding to a particle mass of 132031Da 

(27.6% of the total sample). The second series is predominantly due to a 5:6 PIDD-

DD:RAIDD-DD complex with a MW of 145181Da (43.4% of the total sample), 

whereas the third series is due to a 5:7 PIDD-DD:RAIDD-DD complex with a mass of 

158144Da (27.6% of the total sample). The predicted MWs of the PIDDosome core 

complex for a 5:5, 5:6, and 5:7 stoichiometries based on the amino acid sequences of 

PIDD and RAIDD DDS, are 135419, 149123, and 162826 Da, respectively. Therefore, 

the recovered MW are within 2%, 3%, and 3% of the predicted values for a 5:5, 6:5, and 

7:5 RAIDD-DD:PIDD-DD complex, respectively. There are also some minor peaks in 

the spectrum corresponding to higher MW species. Importantly, in addition to these 

major species no complex with MW lower than 132 kDa was observed. 
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Figure 3.5  Nano-ESI-MS spectra of wild-type PIDD-DD:RAIDD-DD complexes.  

The experimentally detected ion-series is shown in black. This has been deconvoluted into the 

sum (blue) of three well resolved overlapping ion series corresponding to complexes with 5:5 

PIDD-DD:RAIDD-DD stoichiometry (red triangles, observed mass = 132031 Da, expected 

mass = 135419 Da), 5:6 PIDD-DD:RAIDD-DD stoichiometry (yellow circles, observed mass 

= 145181 Da, expected mass = 149123 Da), and 5:7 PIDD-DD:RAIDD-DD stoichiometry 

(green rectangle, observed mass= 158144 Da, expected mass= 162827 Da). Further 

unresolved ions are evident in the noise. 
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3.7 SV-AUC experiments of the PIDDosome core complex 

The results obtained from nano-ESI-MS suggested that the samples contain a 

heterogenous mix of particles with flexible stoichiometry.  Characterization of the 

size distribution of the complex and its oligomeric state in solution can be further 

achieved by SV-AUC. SV-AUC experiments were performed as described in 

Section 2.4.3 on samples over an overall protein concentration range of 0.5-3.0 

mg.ml
-1

. Figure 3.6 is a representation of the data analysis obtained for the 

PIDDosome core sample at 1.5 mg.ml
-1

. This figure shows the experimental time-

dependent sedimentation profiles, derived sedimentation coefficient distribution 

c(S), and the residuals obtained after fitting the data with SEDFIT. According to 

these measurements the PIDDosome complex appears very stable in solution and 

only ~2% monomer was recovered in the data. The data also show evidence for a 

very small population corresponding to a 37 kDa species (possibly a trimer) and 

some higher molecular weight species (324 kDa, 514 kDa), the significance of 

which is unclear. The sedimentation coefficient (S value) was ~6 for all 

concentrations tested. Increasing the sample concentration from 0.5 to 1.5 mg.ml
-1

 

and from 1.5 to 3.0 mg.ml
-1

 resulted in 4% and 12 % increase in the apparent fitted 

MW of the PIDDosome particles, respectively. The derived weight-averaged MW 

of the samples was 133 kDa, 139 kDa, and 158 kDa for overall protein 

concentrations of 0.5 mg.ml
-1

, 1.5 mg.ml
-1

, and 3.0 mg.ml
-1

, respectively (Table 

3.3). The recovered molecular masses are within 0.5%, 2%, and 1.2% of the MWs 

predicted from the sequence assuming a 5:5, 6:5, and 6:5 RAIDD-DD:PIDD-DD 

complex, respectively. For each dataset analysed with Sedfit the RMSD was 0.005, 

and the recovered anhydrous frictional coefficient (shape factor, f/f0) was ~1.57, 

1.67, and 1.76 for 0.5, 1.5, and 3.0 mg.ml
-1

 samples, respectively.  

 

Table 3.3 Summary of the SV ultracentrifugation experiments 

Concentration (mg.ml
-1

) Temperature (ºC) Sedimentation coefficient (S) Mw (kDa) 

0.5 20 6.1 133 

1.5 20 6.1 139 

3.0 20 6.0 158 
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Figure 3.6 The c(S) distribution, sedimentation velocity profiles, and the residuals after fitting for the wild-type PIDDosome core 

complex.   The sample loading concentration, was 1.5 mg.ml
-1

. The sedimentation coefficient of the main complex species was 6.02 

S, and the recovered MW was 139 kDa. 
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3.8 Study of domain contacts in the PIDDosome core complex 

The results obtained from SEC-MALS, AUC, and nano-ESI-MS confirmed 

differences between the MW and stoichiometry of the PIDDosome particles in the 

crystalline state and in solution. Ultimately our observation may put the biological 

relevance of the published 7:5 PIDDosome structure into some doubt because of the 

observed variation in apparent molecular mass in the various experiments. Analysis 

of our results suggests that association of some of the subunits in the complex might 

be relatively strong while others might show loose association, presumably based on 

the nature of the contacts involved. The existence of loosely-associated domains 

within the structure of the PIDDosome might be responsible for the flexible 

stoichiometry and polydisperse nature of the particles in the solution. In this section I 

describe the use of bioinformatic tools to provide chemical and structural information 

about the domain contacts in the PIDDosome core complex to further investigate the 

possibility of dissociation of any of the domains from the 7:5 complex. 

The ProtorP server provides measurements of a number of interaction properties for 

a single subunit-subunit pairing at a time. The main properties assessed are: solvent 

accessible surface area (ASA) both of the free and associated subunits, and the 

chemical composition (amino acid composition) of the interface regions (Reynolds, 

Damerell et al. 2009). The size of the contact area can be considered as a measure of 

the strength of the interaction (Nooren and Thornton 2003). The eight types of DD-

DD interactions introduced by Park et al. (Park, Logette et al. 2007) were used to 

simplify the results of the ProtorP analysis of the PIDDosome core complex. Note, 

the PIDDosome PDB file (2OF5) has twelve subunit identifiers A through L with the 

first seven subunits identifiers (A-G) corresponding to RAIDD-DD R1 to R7 and the 

last five subunits identifiers (H-L) corresponding to PIDD-DD P1 to P5. As 

explained in Section 1.3.1.3, the interfaces within the PIDDosome core complex are 

classified into three type I (type I R:R, type I P:P, and type I P:R), three types III 

(type III R:R, type III P:P, and type III P:R) and two type II (type II P:R, and type II 

R:R) contacts (Park, Logette et al. 2007). I have used ProtorP to show the changes in 

the interface accessible surface area (ΔASA) of the three types of interfaces in the 

PIDDosome complex (Table 3.4). It seems that in type I interaction, the change in 
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the average interface accessible surface area was more than 400 Å
2
. Conversely the 

change in the average interface accessible surface area for type II interaction was 

equal or less than 250 Å
2
. Finally for type III interaction the change in the average 

interface accessible surface area was in the range of 250 Å
2
-400 Å

2
.  

Table 3.4  The changes in the interface solvent accessible surface area for the three types of 

interdomain contacts in the crystal structure of the PIDDosome core complex.  

Type of contact ΔASA (Å
2
) ± st. dev. 

 
Type I      489 ± 36 

Type II      238 ± 20 

Type III      312 ± 30 

 

For each protein chain in the complex, the domains in immediate contact have been 

identified and listed in Table 3.5. Each domain has between three and six neighbours. 

The domains with the highest number of neighbours are R5 and R2. On the other 

hand the domains with the least number of interdomain contacts are P2, P5, R6, and 

R7. These domains have the minimum number of type I and type II interactions as 

well (Table 3.5) meaning that upon complexation, the ΔASA values were less for 

these domains compared to other domains in the complex.  

As it can be seen in Table 3.6, there are more residues involved in formation of type I 

interactions while fewer residues are found in other interfaces and particularly in 

type II R:R interaction involved in the attachment of R6 and R7 on the ‘top’ layer of 

the structure. More than 60% of the residues found in type II R:R interactions are 

charged amino acids. On the other hand, the P2 and P5 subunits have one type II P:R 

interaction and one type III P:P interaction with ~50% and >60 % charged residues, 

respectively. Furthermore, the chemical composition of the residues involved in the 

interfaces with type III and type I interactions shows considerable variation. 

3.9 B-factor analysis of the subunits in the PIDDosome core complex 

Protein structures are not static and the backbones and particularly side chains move 

due to the thermal motion and kinetic energy of the atoms. The B-factor reported in a 

crystal structure is, at least in part, an indicator of the fluctuation of an atom about its 

average position. The distribution of the B-factors along a protein sequence is an 
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indication of the local stability of the protein structure and reflects the flexibility and 

dynamic properties. A high B-factor suggests high mobility of the individual atoms 

and side chains and reflects regions of structure that are less precisely determined. I 

have performed B-factor analysis for the main chain and the side chain atoms in each 

subunit in the PIDDosome core complex. I have calculated the average side-chain  

 

Table 3.5 The immediate domains in contact and the types of interactions for each subunit in 

the crystal structure of the PIDDosome core complex. 

       Domain Domains in contact Types of interaction 

P2 P3,P1, R2 I, III, II 

R7 R1,R3,R2 I, III, II 

R6 R4,R1,R5 I, III, II 

P5 P1,P4,R5 I, III, II 

R3 R2,R4,R7,P3 I, III, III, II 

P4 R5,P3,P5,P4 I, III, III, II 

R1 R7,R5,R2,R6,P1 I, I, III, III, II 

P1 R2,P5,P2,R5,R1 I, I, III, III, II 

R4 R6,P3,R3,R5,P4 I, I, III, III, II 

P3 R4,P2,P4,R2,R3 I, I, III, III, II 

R5 R1,P4,R4,P1,R6,P5 I, I, III, III, II, II  

R2 P1,R3,P3,R1,P2,R7 I, I, III, III, II, II 
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Table 3.6 Chemical composition of the interaction residues in different interaction surfaces 

Interaction 

type 

Average number 

of residues 

%polar    

residues 

%non-polar 

residues 

%charged 

residues 

Type I P:R 14 63    15 22 

Type I R:R 15 26    54 20 

Type I P:P 15 35    35 31 

Type II P:R 7 20    30 50 

Type II R:R 5 7    31 62 

Type III P:R 7 43    14 43 

Type III R:R 10 44    44 11 

Type III P:P 9 22    17 62 

 

Table 3.7  Mean crystallographic B-factors for the domains in the PIDDosome core complex. 

 Average side chain atom B-factor  Average backbone atom B-factor  

 Domain identifier                                             (Å
2
) 

R1 116 116 

R2 110 110 

R3 96 95 

R4 101 100 

R5 111 111 

R6 177 178 

R7 197 198 

P1 101 101 

P2 117 117 

P3 94 93 

P4 92 91 

P5 115 114 
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and backbone B-factor for each domain (Table 3.7). The average side-chain and 

backbone B-factor for the majority of the PIDD and RAIDD DDs within the 

PIDDosome particle is in the range of 92-117 Å
2
 except for the R6 (177) and R7 

(197) chains. The average side-chain and backbone B-factor value for R6 and R7 are 

considerably higher than the other domains (68% and 87% more than the average of 

the B-factor for other domains in the PIDDosome core complex). 

3.10 Design of a monodisperse 5:5 complex 

The analysis of the size and stoichiometry of the PIDDosome complex revealed that 

the sample appears to contain heterogenous population of particles possessing 

different stoichiometric ratios. Moreover it seemed likely that a 5:5 RAIDD-

DD/PIDD-DD object, lacking R6 and R7 might represent the stable core. It was 

evident that it would be beneficial to obtain a monodisperse sample especially for 

characterisation of the PIDDosome core complex by NMR as heterogeneity of the 

sample might cause problems in interpreting the spectra.  

In order to explore whether it might be possible to obtain a stable complex lacking 

the most loosely attached RAIDD-DD domains, the type II R:R interfaces were 

analyed for residues involved in the type II contacts. These mutagenesis candidates 

should only disrupt type II R:R interactions and not interfere with overall complex 

formation. The residues that are involved in type II R:R interactions are mainly 

charged residues and it can be seen from Figure 3.7 that there are three possible sites: 

Glu188, Gln169 and Arg170 involved in type II contacts involving R6 and R7, 

specifically between R5:R6 and R2:R7. However both Gln169 and Arg170 are also 

involved in type II P:R contacts and are not considered as suitable candidates for 

mutagenesis as they might disrupt overall complex formation. Hence, I decided to 

mutate RAIDD-DD Glu188 as this residue was only involved in type II R:R 

interaction. Incidentally mutation of Glu188 has been previously reported by Park et 

al. (Park, Logette et al. 2007) to not disrupt complex formation, though the 

properties of the resulting assembly were not discussed further. 

3.10.1  Disruption of the type II R:R interaction  

Site-directed mutagenesis was used to mutate glutamic acid at position 188 in 

RAIDD-DD to lysine (E188K) to disrupt the potential salt bridges in type II contacts 
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Figure 3.7 Illustration of the Type II interaction identified between two RAIDD-DDs (R5 

and R6).  

Residues Arg170, Gln169, and Glu188 are highlighted. Gln169 and Arg170 are also 

involved in type II interaction between a RAIDD-DD (R1) and a PIDD-DD (P1) (Park, 

Logette et al. 2007). 
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between R2 and R7 and also R5 and R6. The mutagenesis primers and the PCR 

program used for performing this mutation can be found in Appendix B. The 

mutation was carried out as described in Section 2.2.10 and was confirmed by DNA 

sequencing. Expression and purification of the mutant (RAIDD-E188K-DD) was 

performed as described for wild-type RAIDD-DD in Section 3.2. Approximately 7 

mg of purified protein was obtained from 2 litres of culture. The yield was only 

slightly lower than that obtained for the wild-type RAIDD-DD. Figure 3.8 shows an 

example of protein purification data for RAIDD-E188K-DD. Formation of the 

mutant PIDDosome complex was tested using ASEC as described for wild-type 

RAIDD-DD.  

3.10.2  Analysis of the formation of the mutant PIDDosome complex by ASEC 

I used ASEC to confirm the formation of the RAIDD-E188K-DD:PIDD-DD, 

hereafter referred to as the ‘’mutant’’ complex. The mutant PIDDosome core 

complex sample was prepared by mixing purified RAIDD-E188K-DD and PIDD-DD 

with a molar excess of RAIDD-E188K-DD (RAIDD-E188K-DD: PIDD-DD ratio as 

7:5) and incubation at room temperature for 1 hour. Then the sample was 

concentrated to ~24 mg.ml
-1

, using a centrifugal concentrator. The concentrated 

sample was applied onto a 10/300GL Superdex 200 size exclusion column, which 

was pre-equilibrated with a solution of 20 mM Tris pH 8.0, 50 mM NaCl, and 0.5 

mM TCEP-HCl. The mutant complex was observed to elute as a single symmetrical 

peak within the inclusion volume of the column at an elution volume about 12.5 ml, 

suggesting the formation of an oligomeric particle with a molecular mass in the 

region of 150 kDa similar to the wild-type complex (Figure 3.9). The excess free 

proteins were eluted at an elution volume about 18 ml consistent with monomeric 

species. The peak of the complex was then confirmed to contain both RAIDD-

E188K-DD and PIDD-DD by SDS-PAGE.  



  

119 

 

 
A) 

 

 

 

 

 

 

 

 

B) 

 

 

Figure 3.8  Purification steps for RAIDD-E188K-DD 

SDS-PAGE analysis of representative samples taken from different stages of Ni-IDA metal-

ion affinity purification step. M: MW marker, FL: flow through, W:  wash, E: elution 

SEC chromatogram of the purified samples together with the SDS-PAGE analysis of the 

RAIDD-E188K-DD peak (78-98 ml) random fractions were analysed on the gel). For SEC 

both the elution profile monitored by UV absorbance.  
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Figure 3.9 Analysis of the formation of the mutant PIDDosome complex (RAIDD-E-188K-

DD:PIDD-DD) by ASEC.  

A 10/300GL Superdex 200 gel-filtration column was used. A sample containing ~24 mg.ml
-1

 

total protein was subjected to analytical size exclusion chromatography. The peak of the 

complex eluted as a single symmetrical peak within the inclusion volume of the column 

(12.5 ml) and the peak of the excess monomer was eluted at 17 ml.  
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3.10.3 Analysis of the mutant complex by SEC-MALS 

In order to check the precise size and stoichiomerty of the mutant complex, the 

sample was subjected to SEC-MALS analysis. The sample was prepared and 

analysed as described in Section 2.4.1. The SEC-MALS experiment was performed 

over a concentration range 1.2-24 mg.ml
-1

 prepared in the NMR buffer (20 mM Tris-

HCl, pH 8.0, 50 mM NaCl, 0.5 mM TCEP-HCl). A symmetric chromatographic light 

scattering profile was obtained that consistent with a monodisperse particle with 

elution volume ~12.5 ml. The analysis of the SEC-MALS data over the 

concentration range 12-24 mg.ml
-1

 yielded a weight-averaged MW of 120 kDa 

corresponding to nine subunits (Figure 3.10) The SEC-MALS experiment performed 

on a 1.2 mg.ml
-1

 sample resulted in a weight averaged MW of only 104 kDa. Similar 

to the PIDDosome core complex prepared using the wild-type RAIDD-DD, dilution 

of the sample resulted in a reduction in the apparent MW value and further 

dissociation of subunits. The complex formed using wild type RAIDD-DD showed 

~23% reduction in the apparent MW when diluted from 24 to 1.2 mg.ml
-1

. However, 

the reduction in the apparent MW due to the dilution for the mutant complex was 

~13%.  

3.10.4  Analysis of the mutant complex by nano-ESI-MS 

To obtain another indication of the MW and compositional dispersion of the mutant 

PIDDosome particles, the complex was analysed by nano-ESI-MS under conditions 

that retain native contacts in non-covalent complexes in the same way that was 

performed for the wild-type PIDDosome complex. ASEC-purified PIDDosome core 

complex sample was subjected to nano-ESI-MS as described in Section 3.6. Analysis 

of the spectrum shows a dominant 5:5 complex comprised of a mixture of 5:5 species 

containing partially degraded subunits (Figure 3.11). Assignments of the complex 

from the tandem mass spectrometry (also known as MS-MS) spectrum shows that 

there are different types of 5:5 complex present in the sample. MS-MS is a technique 

that provides structural information about a compound by fragmenting specific 

sample ions inside the mass spectrometer and identifying them. This method also 

allows the detection of specific compounds in a complex mixture based on the 

fragmentation pattern. This method involves multiple steps of mass spectrometry 
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Figure 3.10 SEC-MALS analysis of the PIDDosome core complex formed by RAIDD-

E188K-DD and PIDD-DD.  

The red, blue, and purple lines correspond to loading concentrations of 24 mg.ml
-1

, 12 

mg.ml
-1

, and 1.2 mg.ml
-1 

samples, respectively. The samples were in buffer containing 20 

mM Tris-HCl, 50 mM NaCl, and 0.5 mM TCEP-HCl, 3 mM sodium azide and 1 mM EDTA.  
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Figure 3.11  Nano-ESI-MS mass spectrum of the mutant PIDD-DD:RAIDD-E188K-DD 

complex acquired under conditions that preserve non-covalent interactions.  

Four resolved overlapping ion series are revealed (black), corresponding to PIDD-

DD:RAIDD-E188K-DD complex with 5:5 stoichoimetry with or without degraded subunits 

as revealed by MS-MS analysis. There were particles with 5:5 stoichiometry without any 

degraded subunits (5-5 0-0), two types of particles with 5:5 stoichiometry and one degraded 

subunit (5-4 0-1, 5-5 1-0) and particles with 5:5 stoichiometry with two degraded subunits 

(4-4 1-1). 
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selection with the simplest form combining two mass analysers. The first mass 

analyser selects the precursor ion over a small specific mass range, the mass-selected 

ions pass through a region and produce fragments that are separated in the second 

mass analyser. 

MS-MS results showed four different types of 5:5 complex as listed below: 

5:5 complex (5-5 0,0): a 5:5 complex without degradation (MW= 132356 Da) 

5:5 complex (5-4 0,1): a 5:5 complex with one degraded subunit (MW= 131301 Da) 

5:5 complex (4-5 1,0): a 5:5 complex with one degraded subunit (MW= 131346 Da) 

5:5 complex (4-4 1,1): a 5:5 complex with two degraded subunits (MW= 130354 Da) 

The predicted MWs of the mutant PIDDosome complex for a 5:5 stoichiometry 

based on the amino acid sequences of PIDD and RAIDD-E188K DDs is 132914 Da. 

Therefore, the recovered MW for the complex without degradation is within 0.4% of 

the predicted value. 

Apparently partial degradation of one or both of RAIDD-DD and PIDD-DD had 

taken place during transit of the sample to Oxford. The mass increment lost by 

degradation is of the order of 1000 Da and coincides with a separately observed 

tendency of the PIDD-DD protein to lose the hexa-histidine tag and the two 

preceding residues (Leu and Glu) over time (data not shown). 

Importantly, in contrast to the situation with the wild-type PIDDosome complex, 

there was no indication of particles with 6:5 or 7:5 stoichiometries in the mass 

spectrum of the mutant complex. These data argue for successful disruption of the 

type II R:R contacts in the PIDDosome complex and the formation of a 

hydrodynamically monodisperse 5:5 assembly that should be more suitable for 

further NMR analysis. 
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3.11 Conclusion 

Formation of the PIDDosome core complex is considered as a step towards caspase-

2 activation and triggering intrinsic apoptotic pathways. The proximity induced 

dimerization model has been proposed a mechanism by which initiator caspases such 

as caspase-2 to become activated (Bouchier-Hayes and Green 2012) (Baliga, Read et 

al. 2004) (Mace and Riedl 2010). Different caspase activating platforms such as the 

mammalian apoptosome (heptamer) (Yu, Acehan et al. 2005), the Drosophila 

apoptosome (octamer) (Yu, Wang et al. 2006), and Fas-DISC (pentamer) (Esposito, 

Sankar et al. 2010; Wang, Yang et al. 2010) adopt different oligomerisation states. 

Therefore, it is not unexpected that the PIDDosome core complex may adopt a 

platform structure with the ability to recruit odd numbers of caspase-2 molecules. In 

oligomeric platforms associated with an odd number for caspase recruitment such as 

the 7:5 PIDDosome complex, it is presumed that only the recruited caspases that 

have dimer partners become activated (Park, Logette et al. 2007). It is of interest to 

understand if the PIDDosome particles adopt 7:5 stoichiometry ratio in solution 

consistent with the model proposed for the PIDDosome core complex by Park et al. 

(Park, Logette et al. 2007).  

As the first step towards the study of the PIDDosome core complex behaviour in 

solution, I have expressed and purified the DDs of PIDD and RAIDD. Analysis of 

SEC chromatogram for each protein revealed that they exist in a monomeric state in 

solution, as also suggested by Park et al. (Park, Logette et al. 2007). Other DDs such 

as Fas-DD and FADD-DD and also some other members of DD superfamily such as 

the PYD of the ASC (Liepinsh, Barbals et al. 2003), also exist in monomeric state in 

solution.  

The formation of a high MW species in mixtures of PIDD and RAIDD DDs was 

confirmed using ASEC.  Complex formation was robust to sample dilution, as 

exemplified by a apparent constant complex:free monomer peak ratio, suggesting 

that the interaction between the subunits is relatively tight. The ~150 kDa MW 

estimate obtained from the analysis of the ASEC chromatogram by reference of the 

elution time to MW standards is regarded as approximate at this stage. Both the 
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particle mass and shape can affect size exclusion elution time and therefore impose 

errors in the derived MW estimate.   

Further analysis of the molecular mass of the PIDDosome particles using SEC-

MALS revealed that the apparent weight-averaged MW of the PIDD-DD:RAIDD-

DD complex depends upon the overall concentration of the sample, particularly in 

buffer containing a low salt concentration (50 and 150 mM NaCl). In buffer 

containing 50 mM NaCl, the maximum weight-averaged MW achieved did not 

exceed 120 kDa that corresponds to 9 DD chains. This is significantly below the 

reported MW of the PIDDosome particles by Park et al. (Park, Logette et al. 2007). 

Also it was found that lowering the concentration of the sample apparently results in 

the dissociation of the probably loose-binding subunits from the PIDDosome core 

complex. At low overall protein concentration the lowest weight-averaged MW of 

the PIDDosome core particles was ~93 kDa, corresponding to particles with only 

about 7 chains. 

In the context of the model for the particles provided by the crystal structure, these 

dissociating subunits are probably the chains that adopt lowest number of contacts 

within the complex such as P2, P5, R6 and R7. However, the precise identification of 

the subunits lost from the complex, order of subunit dissociation, and the factors 

governing the dissociation are not revealed by this analysis. Similar behaviour was 

also observed when samples were prepared in buffer containing 150 mM NaCl. 

However, in this buffer the projected maximum and minimum number of the DDs in 

eluting complexes ranged between 9 and 10 subunits between the lowest and highest 

overall sample concentration. In both buffers, the observation that the weight-

averaged masses tend to be lower at low protein concentration, reinforcing the idea 

of non-ideal behaviour of the protein at low salt concentration, must be due to the 

effect of ionic strength on different types of domain-domain interactions. In the 

literature, non-ideal behaviour at low salt concentration has been reported for other 

protein complexes such as SecB tetramer (Dekker, Agianian et al. 2001). 

Furthermore, the absence of any chromatographic peaks between the elution volume 

for the complex and monomeric species implies that there are no intermediate 

heteromeric species participating in the complex formation. Therefore the complex 
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formation might display a significant degree of co-operativity similar to the Fas-

DD:FADD-DD complex (Esposito, Sankar et al. 2010). 

Besides, when the PIDDosome sample was prepared in buffer containing 500 mM 

NaCl, the weight-averaged MW remained almost constant (~130 kDa) for all 

concentration tested, corresponding to 10 chains,. Therefore, it can be suggested that 

500 mM NaCl concentration stabilises the complex probably due to an effect on the 

relative contribution of the hydrophobic contacts between the protein chains.  

Interestingly, the mutant complex (RAIDD-E188K-DD:PIDD-DD) prepared in the 

buffer containing 50 mM NaCl, also behaved similar to the wild type complex. The 

maximum observed value of the weight-averaged MW (120 kDa) was similar to the 

wild type complex. However, the lowest observed for the MW (104 kDa) was higher 

than the one measured for the wild-type complex. This result suggests that mutation 

of the Glu188 to Lys in RAIDD-DD might have an impact in the overall stability of 

the complex. 

Surprisingly, given the reports in the literature, the SEC-MALS results for the wild 

type PIDDosome core complex obtained at different salt and protein concentration 

do not support the existence of a monodisperse 7:5 PIDDosome complex with a MW 

of 150 kDa in solution (Park, Logette et al. 2007). Rather the data suggest a 

maximum particle composition of 10 DDs. Moreover, the SEC-MALS results 

suggest the existence of loose binding subunits even within the 10-chain PIDDosome 

core complex that can hardly survive the dilution effect of the gel filtration column. 

It worth mentioning that chromatographic techniques such as SEC-MALS are 

formally non-equilibrium techniques and are more suitable to investigate tightly-

bound molecular complexes. Any loose chain present in the complex might not 

survive the passive dilution of the sample as it diffuses on the column. This certain 

limitation associated with this class of technique was quite apparent during this 

study. In this context, arguably more accurate MW measurements can be obtained by 

methods such as sedimentation velocity-AUC and nano-ESI-MS.  

AUC is a powerful technique for quantitative analysis of macromolecules in solution. 

In SV-AUC, the migration of the proteins in a high centrifugal field can be used to 

define the size, shape, and interactions of macromolecules. Numerical analysis of the 

boundary of the SV-AUC data helped to deconvolute the sedimenting species and 
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determine the corresponding sedimentation coefficients. The RMSD of the fit and the 

distribution of the residuals show that the model satisfactory describes the 

sedimentation process (Figure 3.8).  

Sedimentation velocity-AUC experiments for the wild-type complex confirmed the 

existence of several PIDD-DD:RAIDD-DD particles with varying mass consistent 

with 10, 11 or 12 chains (Section 3.7). Increasing the sample concentration resulted 

in an increase in the observed MW that reveals the existence of low affinity binding 

sites that can be occupied at higher overall protein concentrations. Thus the picture 

that emerges is of a parent 5:5 complex that behaves as a platform for further subunit 

association. The sedimentation coefficient is known to be sensitive to the overall 

shape of the particles. In the case of the PIDDosome core complex the extracted 

shape factors (f/f0) are significantly greater than 1.0, arguing for a substantial degree 

of shape asymmetry.   

Nano-ESI-MS experiments confirmed the coexistence of the wild-type PIDDosome 

core particles with three different subunit compositions (RAIDD-DD:PIDD-DD 7:5, 

6:5, and 5:5) and supported the results obtained from the SV-AUC experiments. The 

relatively minor discrepancies between the observed and theoretical MWs of the 

PIDDosome particles observed by nano-ESI-MS is likely due to minor degradation 

of the affinity tag tails of the proteins during storage of the sample prior to 

measurement. Interestingly, the ratio between the three different stoichiometries (5:5, 

6:5, and 7:5) observed by nano-ESI-MS analysis was 1:2:1. Considering two 

positions for binding of R6 and R7 subunits on top of the complex, it might be 

reasonable to suppose that half of the population of the 6:5 complex might arise from 

binding of R6 to the 5:5 complex and the other half represents binding of R7 to the 

5:5 complex. Therefore, there might be four distinct species present in solution in 

equilibrium, a 5:5 parent complex, a 6:5 complex with R6 attached, a 6:5 complex 

with R7 attached and finally a 7:5 complex. Furthermore, the SV-AUC results 

correlate well with the MS data and give support to the idea that the behaviour of the 

complex in solution is faithfully replicated under the condition used for mass 

spectrometry.  

According to the ProtorP analysis of the contact surfaces, P2, P5, R7, and R6 are 

considered as the most weakly attached domains, and hence less likely to be stable 
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and more unlikely to survive the dilution effect of the separation column during 

SEC-MALS experiments. Furthermore, lower number of domains in contact with 

these particular domains augments the idea that the latter are more susceptible to 

dissociate from the complex. Furthermore, the high crystallographic B-factor values 

for R6 and R7 subunits correlate well with the other findings concerning the potential 

for weak interactions between these two domains and the remainder of the complex. 

In the related case of the Myddosome (Lin, Lo et al. 2010) it was speculated that the 

non-uniform B-factor distribution could be related to lower crystallographic 

occupancies for the more extreme parts of the multi-subunit assembly, and it is 

intriguing to consider whether the reported higher B-factors for RAIDD-DD R6 and 

R7 reflect a similar heterogeneity within the PIDDosome crystal lattice.  

Finally, analysis of the mutant RAIDD-E188K-DD:PIDD-DD complex by nano-ESI-

MS technique revealed clearly dominant signals representing a complex species with 

an overall mass of 130 kDa corresponding to 10 subunits, and a 5:5 stoichiometry 

based on the mass references for the monomeric components.  

In summary, the analysis of the MW and subunit stoichiometry of the PIDDosome 

core complex by different techniques revealed information about the heterogeneity of 

the sample and provided evidence for the existence of loose-binding subunits and 

hence different compositional states in equilibrium in solution. Moreover, the results 

do not support the existence of only a 7:5 RAIDD-DD:PIDD-DD complex (in 

solution) with a molecular mass of 150 kDa as suggested by the reported crystal 

structure (Park, Logette et al. 2007). A flexible stoichiometry is shown by the 

PIDDosome core particles is not completely surprising as similar behaviour has also 

been reported for other DD complexes such as the MYD88-DD:IRAK-4-DD 

complex (Motshwene, Moncrieffe et al. 2009). More importantly, the physiological 

relevance of the 5:5 vs. 6:5 vs. 7:5 complexes remains a matter of debate, and 

requires more investigation to resolve. 
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4 NMR studies of the PIDDosome core complex 

Solution NMR spectroscopy is a powerful technique for the study of molecular structure 

at the atomic level. However studies of large bimolecular complexes with high 

aggregate molecular weight by NMR, have proven to be extremely challenging, 

requiring the development of bespoke spectroscopic procedures and specific sample 

preparation requirements. Thus the size limitation that previously prohibited detailed 

NMR studies of many biological molecules, particularly large protein assemblies with 

sizes up to several hundreds of kDa, has been effectively reduced via advances in 

isotope labelling techniques and pulse sequence design e.g. TROSY as described in 

Chapter 1.  

This chapter describes a series of NMR-based protein-protein interaction experiments 

that has been employed to explore the properties of the PIDDosome core complex, 

characterize the interactions involved in PIDDosome formation and understand the 

molecular mechanism that underlies PIDDosome assembly. Particular attention is given 

to the use of methyl-TROSY-based experiments for DD signalling complexes such as 

the PIDDosome. The NMR-based interaction studies proved to be quite challenging due 

to the unanticipated complexity of the spectra and the problems of using standard NMR 

techniques for high molecular weight species.  

HSQC spectroscopy and TROSY are two NMR methods that have been employed in 

this work to probe the interaction between these two DDs. Traditionally the HSQC 

spectrum represents a finger print for the protein that can be used to characterize the 

folding state of the protein, detect local changes in protein conformation, and provide 

valuable information about dynamics and interaction sites. HSQC spectroscopy is used 

in this study to track the effect of the addition of the unlabelled protein partner upon 

each residue cross peak of the isotope-labelled protein and analyse any changes in either 

chemical shift or, particularly in this case, the intensity of the individual cross peaks of 

the labelled protein upon complex formation. Sequence-specific resonance assignment 

of the cross peaks in HSQC spectrum, routinely accomplished with the combined 

analysis of a set of three-dimensional triple resonance datasets, is required to be able to 

extract useful information from the NMR experiments.  
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Methyl-TROSY techniques together with selective 
13

CH3 labelling of Ile, Leu, and Val 

side chains combined with perdeuteration have also been used for studying the 

PIDDosome complex. Methyl groups are mostly localized in hydrophobic core of a 

protein, or located at hydrophobic interfaces, so they make excellent probes of various 

structural and dynamic properties in proteins. In order to make the most out of 

translating the behaviour of cross-peaks in the methyl-TROSY spectra the cross peaks 

should also be assigned by applying appropriate through-bond correlation experiments.  

The aim of this study is to improve the understanding of the interactions between PIDD 

and RAIDD DDs and to relate this as best as possible to how these molecules carry out 

their physiological functions in cells. As will be revealed, the NMR study of the 

PIDDosome core complex will hopefully improve our ability to exploit the application 

of the methyl-TROSY approach to study asymmetric high molecular weight protein 

complexes. Furthermore, NMR studies of the PIDDosome core complex provide model 

data useful for the examination of related biological DD complexes currently under 

investigation in our laboratory. 

4.1 NMR studies of PIDD-DD using (
15

N,
1
H)-HSQC spectroscopy 

Recombinant 
15

N-labelled PIDD death domain (
15

N-PIDD-DD) was expressed from the 

pET26b-PIDD-DD vector in E. coli BL21(DE3) cells grown in minimal media 

containing (
15

NH4)2SO4 as the sole nitrogen source (as described in Section 2.3.4). The 

labelled protein was purified in the same way as described for unlabelled PIDD-DD (see 

Section 3.2). The resultant sample of pure protein was concentrated to approximately 

0.2 mM and used for NMR experiments following the addition of 10% 
2
H2O. The 

addition of 10% 
2
H2O is required to provide a reference signal for the NMR 

spectrometer field-frequency lock system.  

Figure 4.1 shows the (
15

N, 
1
H)-HSQC spectrum recorded for a 0.2 mM sample of 

15
N-

PIDD-DD at 25°C, pH 8.0, and at 600 MHz 
1
H frequency. The number of detected 

cross peaks, including those from side chains, is approximately 120.  The HSQC cross 

peaks are well resolved and well dispersed over a wide chemical shift range as expected 

for a fully folded, globular protein.   
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Figure 4.1 (
15

N, 
1
H)-HSQC spectrum of 

15
N-PIDD-DD.  

(
15

N, 
1
H)-HSQC spectrum recorded for a 0.2 mM sample of 

15
N-PIDD-DD at 25°C and 600 

MHz 
1
H frequency. A cross peak is produced for each amide group in the backbone and also the 

N-H groups in the side chain of residues such as Trp, Asn and Gln. 
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4.1.1 NMR titration with 
15

N labelled samples 

One of the most common ways to study protein-protein interactions by NMR is via the 

monitoring of the (
15

N, 
1
H)-HSQC spectrum of one (labelled) protein as it is titrated 

with another (unlabelled) protein (a ‘
15

N-titration’). The 
15

N-titration is followed by 

HSQC spectroscopy to monitor the effects on the resonance frequencies and line widths 

(inversely related to the apparent signal intensities) of the addition of the unlabelled 

protein. The effects upon individual cross peaks of the 
15

N-labelled protein can be 

related back to the structure of the protein if the chemical shift assignments are known. 

Often the observed effects allow one to map out the putative interaction site between the 

two molecules and hence this approach is called ‘’chemical shift mapping’’.   

Perturbations in cross peak chemical shifts occur when the chemical environment of 

either of the nuclei that give rise to the particular cross peak is altered. This perturbation 

reflects a change in the arrangement of the neighbouring atoms either because of 

alteration of the immediate, nearest neighbour atomic configuration (ligand binding, 

packing, exposure to solvent) or because of an induced change in conformation, or a 

combination of the two. The overall pattern of the chemical shift perturbations is often 

interpreted as the binding surface, though it is well known that the chemical shifts can 

‘radiate’ well beyond the precise contact surface. Chemical shift mapping is particularly 

useful for relatively low-affinity interactions that are likely to show ‘’fast-exchange’’ 

behaviour (Rajagopal, Waygood et al. 1997) wherein the signal is easily tracked from 

its position in the free-state spectrum to its new (weighted) position in the spectrum of 

the mixed bound- and free-state molecules.  

Two-site exchange is a kinetic process characterised by an exchange rate constant (kex) 

(being the sum of the forward (binding) and reverse (unbinding) fluxes). Consider a 

simple ligand binding two-site exchange: 

                                                           kon 

                                            P + L                      PL 

                                                           koff 

Where, P represents the free protein, L is the ligand, PL is the bound form of the 

protein, kon is the second order rate constant for the binding of the ligand to the protein 

and koff represents the first order rate constant for protein-ligand dissociation. 
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The free and bound form of the protein have resonance frequencies ⱴP and ⱴPL, 

respectively hence the chemical shift difference (expressed in angular frequency units: 

s
-1

) 

 Δⱴ = | ⱴP-ⱴPL | 

The appearance of the NMR spectrum depends on the population of each state, the 

relative magnitude of the overall exchange rate constant (kex = kon.[L] + koff) and the 

chemical shift difference Δⱴ.  The exchange rate represents the average number of 

exchange events per unit time (s
-1
) therefore it can be compared with Δⱴ. 

Chemical exchange can be classified into three main exchange regime:  

slow (kex << | Δⱴ |), fast (kex >> | Δⱴ |) , and intermediate (kex ~ | Δⱴ |). The slow 

exchange regime is characterised by the observation of separate signals from both of the 

exchanging states (e.g. free and bound P, in the context of the example discussed here). 

In principle the departure rate from either state (here kon.[L] or koff) is detectable as an 

increment on the observed line width of each resonance: the transverse relaxation rates 

become (R2,P
obs

 = R2,P
0

 + kon.[L] and R2,PL
obs

 = R2,PL
0
 + koff), where R2

0
 represents the 

transverse relaxation rate constant in the absence of exchange.  

The fast exchange regime (strictly, fast exchange on the chemical shift time-scale) is 

defined as the situation when the exchange rate constant (kex) is greater than the 

chemical shift difference between the two states. Under these conditions we expect to 

observe a single resonance with a population-weighted resonance frequency (Palmer 

2004). In this case the population-weighted chemical shift is δ
obs

 = pP.δP + pPL.δPL. If the 

chemical exchange is also fast on the transverse relaxation timescale then the observed 

line width will be determined according to R2
obs

 = pPR2,P + pPLR2,PL.  

When the exchange rate constant is of the same order as the chemical shift difference 

then the system exhibits intermediate exchange, and is characterized by  ‘excess’ line 

broadening and the coalescence of spectral lines (Bain 1998). In intermediate exchange 

a single resonance is observed at a chemical shift between the chemical shifts 

corresponding to the two states. Furthermore, the interference from the interconversion 

between the two states results in exchanged broadening of the line width of this signal. 

This additional relaxation due to exchange broadening (Rex) will add to the observed 

relaxation rate (R2
obs

=R2
0
 + Rex). 

The variation in the intensity of a given 
15

N-H cross peak during a 2D titration 

experiment is due to the combined effects of chemical exchange upon the line widths of 
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both the amide N and HN resonances, in principle each of which can be in slow, 

intermediate or fast exchange regimes, layered on top of the difference between the 

intrinsic (exchange-free) line widths for the free- and bound- (saturated) states. Thus at 

any given point in a titration series the observed cross peak intensity will be affected by 

the operating exchange regime(s) and the fraction of ligand bound (McInnes, Grothe et 

al. 2000). 

4.1.2 15
N-PIDD-DD/RAIDD-DD titration 

Titrations experiments were carried out as described in Section 2.6.7.  Samples were 

prepared in a way so that that one NMR tube contained 0.2 mM 
15

N-PIDD-DD (sample 

A) and another contained 0.2 mM RAIDD-DD mixed with 0.2 mM 
15

N-PIDD-DD 

(sample B). Sample A corresponds to the start point and sample B corresponds to the 

end point of the titration. The titration experiments were carried out at 25°C. At the start 

of the titration experiment an HSQC spectrum was recorded for each of samples A and 

B. Intermediate mixtures were made by simultaneously swapping a small volume from 

sample tube A and adding it to sample tube B and vice versa, followed by the recording 

of an HSQC spectrum for each of the tubes. The procedure was repeated several times 

to record a total of eleven separate spectra with the last measured titration point 

corresponding to a PIDD-DD:RAIDD-DD concentration ratio of 1:1. Figure 4.2 shows 

the (
15

N,
1
H)-HSQC spectra of PIDD-DD following the addition of unlabelled RAIDD- 

DD. Figure 4.2a corresponds to the initial HSQC spectrum of the pure 
15

N-PIDD-DD 

that is similar to the spectrum shown in Figure 4.1. Upon addition of RAIDD-DD, the 

majority of the PIDD-DD cross peaks are broadened and show significant reduction in 

their intensity (Figure 4.2 b-d). At a PIDD-DD:RAIDD-DD concentration ratio of 1:0.5 

the majority of HSQC cross peaks observed for free RAIDD-DD are broadened to the 

noise level and essentially disappear (Figure 4.2 c). The few remaining cross peaks in 

the spectrum with highest RAIDD-DD concentration (Figure 4.2 d) correspond to 

residues from the flexible N and C-termini of PIDD-DD, as confirmed by 

superimposing this spectrum with the assigned HSQC spectrum of free PIDD-DD 

(Figure 4.8). Throughout the titration series no chemical shift perturbation of the peaks 

was detected. The mean peak intensity value for a set of randomly selected cross peaks, 

assessed relative to the intensity in the starting 
15

N-PIDD-DD spectrum, is plotted 
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Figure 4.2 NMR titration of RAIDD-DD into 
15

N-PIDD-DD.  

(
15

N, 
1
H)-HSQC spectra of 

15
N-PIDD-DD following the addition of increasing concentration of 

unlabelled RAIDD-DD. The concentration of 
15

N-PIDD-DD was 0.2 mM throughout. All of the 

spectra were recorded at 25°C and 600 MHz 
1
H frequency. 
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against the PIDD-DD:RAIDD-DD molar ratio in Figure 4.3. There is a monotonic loss 

of the 
15

N-PIDD-DD signal intensity as RAIDD-DD is added to the point where the 

cross peaks can no longer be discerned. However the cross peaks belonging to the 

flexible regions of the protein, particularly the N-terminus, or C-terminus regions of the 

protein and the side chain NH2 groups lose only ~20% of their intensity and still are 

clearly detectable at maximal RAIDD-DD loading.  

4.2 NMR studies of RAIDD-DD using (
15

N, 
1
H)-HSQC experiments 

Recombinant 
15

N-labelled RAIDD death domain (
15

N-RAIDD-DD) was expressed from 

the pET26b-RAIDD-DD vector in E. coli BL21(DE3) cells grown in minimal media 

containing (
15

NH4)2SO4 as the sole nitrogen source (as described in Section 2.3.4). The 

labelled protein was purified in the same way as described for unlabelled RAIDD-DD 

(see Section 3.2). The resultant sample of pure protein was concentrated to 

approximately 0.3 mM and, following the addition of 10% 
2
H2O, used for NMR 

experiments.  

Figure 4.4 shows a (
15

N, 
1
H)-HSQC spectrum recorded for a 0.3 mM sample of 

15
N-

RAIDD-DD at 10°C, pH 8.0, and at 600 MHz 
1
H frequency. The number of cross peaks 

detected is approximately 126.  The cross peaks are well dispersed (103.3 ppm to 131.7 

ppm in the 
15

N dimension and 6.2 ppm to 10.4 ppm in the 
1
H dimension) as expected 

for a folded globular protein.  

4.2.1 15
N-RAIDD-DD/PIDD-DD titrations 

Titrations experiments were carried out as described in Section 2.6.7.  Samples prepared 

such that one sample tube contained 0.2 mM 
15

N-RAIDD-DD (sample A) and another 

contained 0.2 mM PIDD-DD mixed with 0.2 mM 
15

N-RAIDD-DD (sample B). As 

before, the sample in tube A corresponds to the start point and sample in tube B 

corresponds to the end point of the titration.  At the beginning of the titration 

experiment a (
15

N, 
1
H)-HSQC spectrum was recorded for both tubes A and B. Titration 

mixtures were prepared by simultaneously swapping small sample volumes followed by 

recording of the spectrum for each of the sample tubes. The procedure was repeated 

several times to record a total of eleven spectra with the last measured point 

corresponding to a RAIDD-DD:PIDD-DD concentration ratio of 1:1 In this case the 

spectra were recorded at 10°C. 
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Figure 4.3 Graph of the mean cross peak intensities from the HSQC spectra recorded during the 

titration of RAIDD-DD into 
15

N-PIDD-DD.  

Values are calculated relative to the mean intensity of the cross peaks in the initial 
15

N-PIDD-

DD spectrum. The black points represent the mean relative intensity of the cross peaks 

belonging to the N-terminal or C-terminal flexible regions of 
15

N-PIDD-DD. The blue line 

represents the mean relative intensity of the cross peaks for a subset of well resolved backbone 

cross peaks corresponding to the globular part of PIDD-DD. 
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Figure 4.4 (
15

N, 
1
H)-HSQC spectrum of 

15
N-RAIDD-DD.  

(
15

N, 
1
H)-HSQC spectrum recorded for a 0.3 mM sample of 

15
N-RAIDD-DD at 10°C and 600 

MHz 
1
H frequency. A cross peak is produced for each amide group in the backbone and also the 

N-H groups in the side chain of residues such as Trp, Asn and Gln.
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Figure 4.5 shows four different (
15

N,
1
H)-HSQC spectra of 

15
N-RAIDD-DD following 

different serial addition of unlabelled PIDD-DD. The results demonstrate that the 

spectrum of 
15

N-RAIDD-DD changes in a very similar manner to the reverse titration 

using 
15

N-PIDD-DD. Namely, the majority of the 
15

N-RAIDD-DD cross peaks are 

broadened in the presence of PIDD-DD and show a significant reduction in intensity, 

and the cross peaks remaining at the highest concentration of PIDD-DD (Figure 4.5d) 

correspond to residues from the flexible N and C-termini as confirmed by 

superimposition of the end point spectrum on the assigned (
15

N, 
1
H)-HSQC spectrum of 

isolated RAIDD-DD (Figure 4.11). As before, no specific chemical shift perturbation 

was detected for any of the cross peaks during the titration. 

The mean peak intensity for a set of randomly selected RAIDD-DD cross peaks, 

assessed relative to the intensity in the starting spectrum, is plotted against the PIDD-D 

D:RAIDD-DD molar ratio in Figure 4.6. Similar to the 
15

N-PIDD titration experiments, 

the graph again shows a monotonic loss of the 
15

N-RAIDD-DD signal intensity when 

PIDD-DD was added. The cross peaks of the residues in the flexible region of the 

protein survive with relatively little signal loss throughout the experiment. 

4.2.2 15
N- RAIDD-E188K-DD/PIDD-DD titration 

Study of the size and stoichiometry of the PIDDosome core complex has shown that the 

sample comprises a heterogeneous set of species possessing different stoichiometric 

ratios. As was described in Chapter 3, I designed a mutant of RAIDD-DD (RAIDD-DD-

E188K) to disrupt the type II R-R interfaces that appear responsible for the formation of 

the top layer in the PIDDosome core complex. This mutant did not disrupt the overall 

complex formation and formed a 5:5 monodisperse complex as demonstrated by 

different techniques (Chapter 3). Designing this mutant was anticipated to be highly 

beneficial for the characterisation of the PIDDosome core complex by NMR, as the 

polydispersity of the wild-type sample could cause additional complexity in interpreting 

the NMR data.  

I performed the (
15

N, 
1
H)-HSQC titration of RAIDD-E188K-DD with PIDD-DD not 

only to confirm the formation of a high molecular weight complex but also to check the 

specific spectral characteristics for this mutant upon titration with PIDD-DD. Two 

500μl NMR samples were prepared containing 
15

N-RAIDD-E188K-DD (0.2 mM) alone 

(sample A) and one containing 1:1 ratio of 
15

N-RAIDD-E188K-DD:PIDD-DD (sample  
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Figure 4.5 NMR Titration of PIDD-DD into 
15

N-RAIDD-DD.  

(
15

N, 
1
H)-HSQC spectra of 

15
N-RAIDD-DD following the addition of increasing concentration 

of unlabelled PIDD-DD. The concentration of 
15

N-RAIDD-DD was 0.2 mM throughout the 

titration. All of the spectra were recorded at 25°C and 600 MHz 
1
H frequency. 
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Figure 4.6 Graph of the mean cross peak intensities from HSQC spectra recorded during the 

titration of PIDD-DD into 
15

N-RAIDD-DD.  

Values are calculated relative to the mean intensity of the peaks from the initial 
15

N-RAIDD-DD 

spectrum. The black line represents the mean relative intensity of the cross peaks belonging to 

the N-terminal or C-terminal flexible regions of the 
15

N-RAIDD-DD. The blue line represents 

the mean relative intensity for a subset of well resolved backbone cross peaks corresponding to 

the globular part of RAIDD-DD. 
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B). An aliquot-swapping procedure was used, as described before, to fill in the titration curve 

between these end-points. All spectra were recorded at 25°C.  

The results of this experiment, presented in Figure 4.7, illustrate that in terms of the 

appearance of the HSQC spectrum, and leaving aside the small chemical shift 

differences arising from the substitution at position 188, 
15

N-RAIDD-E188K-DD 

behaves in the essentially the same way as wild-type 
15

N-RAIDD-DD. Namely the 

majority of the cross peaks were broadened to the noise level and the remaining cross 

peaks at maximal PIDD-DD loading correspond to residues from the flexible N and C-

termini of RAIDD-E188K-DD.  

4.3 Backbone resonance assignments 

As described in the introduction to this thesis (see Section 1.6) the research goals of the 

work that I have carried out on the PIDDosome core complex was to characterise the 

DD-DD interaction.  In order to obtain residue-specific information from the HSQC- 

and TROSY-based NMR experiments performed in this research, assignment of the 

cross peaks in the (
15

N, 
1
H)-HSQC spectrum is required. Having the backbone 

assignments then facilitates the assignment for the methyl groups of Ile, Leu, and Val 

residues pertinent to methyl-TROSY experiments (see Section 4.4.4).  

4.3.1 Backbone resonance assignments for PIDD-DD 

The 3D NMR spectra used for assignments of PIDD-DD include the following: HNCA, 

HN(CO)CA, and CACB(CO)NH. The spectra were recorded using a (
1
H, 

13
C, 

15
N)-

labelled sample at 25°C at 600/700 MHz. The raw data were processed in NMRPipe 

and analysed using CCPN-analysis using standard procedures as outlined in Chapter 2. 

The details of the parameters used for acquiring the NMR data are shown in Appendix 

E. On its own, NMR samples of PIDD-DD are not very stable over the time, and several 

difficulties were encountered in obtaining these spectra.   

The PIDD-DD expression construct was derived using the pET26b vector, leading to a 

protein product that includes eight additional residues on the C-terminus (two vector-

derived residues Leu and Glu and a hexahistidine tag). Together with the PIDD-DD 

polypeptide, the construct has a total of 117 residues, numbered here 777 through 894.  

PIDD-DD has two proline residues. Out of the 115 remaining PIDD-DD residues with a 

backbone NH, I was able to assign 80 NH cross peaks (70 % completeness) by 

sequentially linking the 
13
Cα, 

13
Cβ, and the 

15
NH frequencies. The amide NH cross peak 
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Figure 4.7 NMR Titration of PIDD-DD into 
15

N-RAIDD-E188K-DD.  

(
15

N, 
1
H)-HSQC spectra of 

15
N-RAIDD-E188K-DD following the addition of an 

increasing concentration of unlabelled PIDD-DD. The concentration of 
15

N-RAIDD-

E188K-DD was 0.2 mM throughout the titration. All the spectra were recorded at 25°C 

and 600 MHz 
1
H frequency 
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assignment is summarised in the (
15

N,
 1

H)-HSQC spectrum of PIDD-DD shown in 

Figures 4.8 and 4.9. The reasons for why the remaining cross peaks could not be 

assigned include unresolvable cross peak, lack of a tractable HN(CA)CB spectrum, and 

unpredictable degradation of the protein sample over time. An example of a typical strip 

plot indicating some of the observed connectivity, from residues Ala796 to Gly800, is 

shown in Figure 4.10. The green dotted lines represent the correlation of the selected 

NH peaks with the respective intra- (i) and inter-residue (i-1) 
13
Cα atoms; the blue 

dotted lines show the corresponding connectivity for the Cβ chemical shifts.  

4.3.2 Backbone resonance assignments for RAIDD-DD 

The 3D NMR spectra used for assignments of RAIDD-DD include the following: 

HNCA, HN(CO)CA, HNCACB, and CACB(CO)NH.  The data were recorded using a 

(
1
H, 

13
C, 

15
N)-labelled sample at 10°C at 700 MHz. The raw data were processed in 

NMRPipe and analysed using CCPN-analysis using standard procedures. The details of 

the parameters used for acquiring the NMR data are shown in Appendix E.  

Similarly to the case of PIDD-DD the RAIDD-DD expression construct was derived 

using the pET26b vector, leading to a protein product that includes eight additional (two 

vector-derived residues Leu, and Glu and a hexahistidine tag) residues on the C-

terminus . Together with the RAIDD-DD polypeptide, the construct has a total of 113 

residues, here numbered 94 through 207.  RAIDD-DD has seven proline residues. Out 

of the 106 remaining residues with a backbone NH, I was able to assign 98 NH cross 

peaks corresponding to 92% completeness. The amide NH cross peak assignment of the 

(
15

N,
 1

H)-HSQC spectrum of RAIDD-DD are shown in Figures 4.11, and 4.12 and a 

typical strip plot of the observed connectivity, from residues Met134 to Leu138, is 

shown in Figure 4.13.  
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Figure 4.8 Assigned (
15

N,
 1
H)-HSQC spectrum of (

1
H, 

13
C, 

15
N)-PIDD-DD.  

The blue dotted square represents the middle cluster of NH cross peaks shown in Figure 5.9. 

The experiment was recorded on a 600 MHz spectrometer at 25°C. 
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Figure 4.9 Assigned mid-section of (
15

N,
 1

H)-HSQC spectrum of the (
1
H, 

13
C, 

15
N) PIDD-DD 

shown in Figure 4.8 
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Figure 4.10 Example of the strategy followed for sequential backbone assignments.  

Strip plots of HNCA (red), HN(CO)CA (blue, and CBCA(CO)NH (green) spectra showing 

examples of 
1
H

N
, 

15
N, 

13
C correlations from residues Ala796 to Gly800 of PIDD-DD. Cross 

peaks are labelled as originating from α, intra i and inter-residue i-1 carbon atom correlation. 

The dotted blue lines depict the sequential connections for these cross peaks. 
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Figure 4.11 Assigned (
15

N,
 1
H)-HSQC spectrum of (

1
H, 

13
C, 

15
N)-RAIDD-DD.  

The blue dotted square represents the cluster of NH resonances shown in detail in Figure 4.12. 

The experiment was recorded on a 700 MHz spectrometer at 10°C. 
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Figure 4.12  Assigned mid-section of (
15

N,
 1

H)-HSQC spectrum of the (
1
H, 

13
C, 

15
N) 

RAIDD-DD shown in Figure 4.11. 
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Figure 4.13 Example of the strategy followed for sequential backbone assignments for 

RAIDD-DD.  

Strip plots of HNCA (red), HN(CA)CB (purple and orange) and CBCA(CO)NH (green) 

spectra showing examples of 
1
H

N
, 

15
N, 

13
C correlations from residues Met134 to Leu138. 

Cross peaks are labelled as originating from α and β, intra i and inter-residue i-1 carbon atom 

correlation. The dotted blue lines depict the sequential connections for these cross peaks. 
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4.4 TROSY-based studies of the PIDDosome core complex 

I have shown (see Chapter 3) that the derived MW of PIDDosome core complex in 

solution is in the range of 130-158 kDa corresponding to an apparently flexible 

composition of 10-12 polypeptide chains. Conventional NMR spectroscopy cannot be 

easily used for such a high MW protein complex, as explained in Chapter 1.  However, 

development of novel NMR techniques such as TROSY together with specific labelling 

techniques (e.g. 
15

N-labelling coupled with perdeuteration and ILV-
13

C-methyl 

labelling) now enable us to record high-resolution NMR spectra of macromolecular 

assemblies with MW exceeding 100 kDa (Sprangers, Velyvis et al. 2007). Therefore, it 

seemed sensible to adopt the TROSY approach to study the PIDDosome core complex. 

Furthermore, Dr Diego Esposito in our laboratory has used TROSY techniques 

successfully to analyse the complexation of Fas-DD and FADD-DD proteins using ILV-

labelling within a uniformly deuterated background (Esposito, Sankar et al. 2010). In 

this section I describe the use of 
15

N- and methyl-TROSY methods to study the 

PIDDosome core complex.  

4.4.1 (
15

N, 
1
H)-TROSY of the PIDDosome core complex 

In order to make samples for this experiment, RAIDD- and PIDD-DDs were expressed 

in minimal medium prepared in 99% 
2
H2O and supplemented with perdeuterated 

12
C-

glucose. RAIDD-DD was additionally 
15

N-labelled using (
15

NH4)2SO4 as the sole 

nitrogen source. After Ni-IDA metal affinity purification both samples were mixed and 

the complex purified by size exclusion chromatography using a preparative Superdex 

200 column (Hiload 16/60, prep grade). Fractions containing the complex were 

combined and concentrated to 12 mg.ml
-1

. The final sample was in H2O solution 

containing 20 mM Tris-HCl, 50 mM NaCl, 10% 
2
H2O, 3 mM NaN3, 1 mM EDTA, 0.5 

mM TCEP-HCl, pH 8.0. The (
15

N,
1
H)-TROSY spectrum was acquired for this highly 

deuterated ( >90%, based upon the appearance of the 1D 
1
H NMR spectrum) 

15
N-

RAIDD-DD:PIDD-DD complex. The two-dimensional (
15

N,
1
H)-TROSY pulse 

sequence incorporates the widely used INEPT polarization transfer from 
1
H to 

15
N, and 

vice versa, and includes transverse relaxation-optimisation during the 
15

N evolution 

period and the 
1
H detection period by appropriate omission of 

1
H,

15
N-decoupling during 

the evolution and detection periods and phase cycling to select the slowly relaxing 



  

154 

 

multiplet components. The NMR experiment was carried out on Bruker 700 

spectrometer at a 
1
H resonance frequency of 700 MHz. The spectra were acquired at 

three different temperatures 25°C and 37°C and 45°C (Figure 4.14). At 25°C the (
15

N, 

1
H)-TROSY spectrum of the complex surprisingly did not contain any additional signals 

compared to the HSQC data obtained previously at the same temperature. The quality of 

the spectrum also did not improve upon increasing the temperature. As was the case for 

the HSQC spectra the majority of the cross peaks visible in the (
15

N, 
1
H)-TROSY 

spectra are attributable to the flexible N- or C-terminal regions of the protein. 

4.4.2 Methyl-TROSY experiments of the PIDDosome core complex 

I analysed the complexation of PIDD-DD and RAIDD-DD proteins using the ILV 

labelling 
13

C-methyl strategy within a uniformly deuterated background using TROSY 

NMR experiments (Goto, Gardner et al. 1999). The first step was to prepare ILV-

13
CH3-labelled perdeuterated samples of PIDD-DD, RAIDD-DD and RAIDD-E188K-

DD to obtain reference datasets for the fingerprint Ile, Leu/Val region of the 2D 
13

C,
1
H 

correlation spectrum. The second step was the evaluation of the effect of complex 

formation on these spectra. Titration experiments of ILV-PIDD-DD with ILV-RAIDD-

DD and ILV-RAIDD-E188K-DD were performed to analyse the effect of gradual 

addition of the binding partner on the methyl-TROSY spectrum.  

In order to obtain residue-specific information from these spectra, I attempted to assign 

the cross peaks in the reference datasets using triple resonance experiments that 

correlate the side chain signals to the protein backbone resonances as described in 

Sections 2.6.4 and 2.6.5, or by site-specific mutation where appropriate. 
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Figure 4.14  Superposed two dimensional (
15

N,
 1

H)-TROSY spectra of  a perdeuterated 

15
N-RAIDD-DD:PIDD-DD complex at three different temperatures.  

The sample was prepared in buffer containing 20mM Tris-HCl pH 8.0, 50 mM NaCl, 

0.5mM TCEP-HCl, 3mM NaN3, and 1mM EDTA. The spectra were recorded at 700 

MHz (
1
H frequency) and at 25°C (blue), 37°C (green), and 45°C (red). 
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4.4.3 Methyl-TROSY experiments for PIDD and RAIDD DDss 

I separately prepared ILV-
13

CH3-labelled perdeuterated samples of PIDD –DD (ILV-

PIDD-DD) and RAIDD-DD (ILV-RAIDD-DD). In both proteins the Ile, Leu, and Val 

residues are 
13

CH3-labelled in such a way that within each residue labelling occurs at a 

single methyl position (see Appendix D); in the case of Ile at the δ-CH3 group, and for 

Val and Leu randomly in either of the isopropyl γ- or δ-methyls. The corresponding 

methyl-TROSY spectra for ILV-PIDD-DD and ILV-RAIDD-DD, recorded using the 

Varian 800 MHz (
1
H frequency) spectrometer, are presented in Figure 4.15. In both 

cases, the methyl group cross peaks are well resolved, and display chemical shift 

dispersion typical for a globular folded protein.  

There are six valine, fifteen leucine and five isoleucine residues in the RAIDD-DD 

sequence that give rise to a predicted forty-seven cross peaks in the methyl-TROSY 

spectrum of the free protein. On the other hand, there are two isoleucine, sixteen 

leucine, and nine valine residues in the PIDD-DD sequence; therefore the predicted 

number of cross peaks in the methyl-TROSY spectrum of the free protein is fifty-two. 

The number of cross peaks in the experimental methyl-TROSY spectra of RAIDD-DD 

and PIDD-DD perfectly matches with the predicted number of cross peaks based on the 

amino acid sequence of PIDD-DD and RAIDD-DD. 

4.4.4 Assignment of ILV methyl group cross peaks  

The assignment of the Ile and Leu δ-methyl groups and the Val γ-methyl groups for the 

RAIDD-DD and PIDD-DD is essential for the analysis of any ligand dependent 

perturbation of these proteins during the titration experiments. A combination of 3D 

HCCH-TOCSY, 
15

N-TOCSY, HNCACB spectra and 2D (
15

N, 
1
H)-HSQC and 

13
C-

HSQC spectra obtained on fully 
13

C,
15

N-labelled samples of the proteins was used to 

assign the Ile/Leu 
1
Hδ/

13
Cδ chemical shifts Val 

1
Hɣ/

13
Cɣ chemical shifts  

The 3D HCCH-TOCSY spectrum is one of the most useful spectra for side-chain 

assignments. In the HCCH-TOCSY spectrum, for any carbon position, the chemical 

shift of the proton attached to it is shown in one dimension and the other protons 

belonging to that side chain are presented in a second dimension. Most of the ILV 

methyl group cross peaks in ILV-RAIDD-DD could be assigned successfully (see 

Figure 4.16). By way of an example the strategy followed to obtain 
1
Hδ and 

13
Cδ 

chemical shifts of Ile106 residue is illustrated in Figure 4.17. However, unambiguous 
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Figure 4.15 Methyl-TROSY spectra of ILV-RAIDD-DD and ILV-PIDD-DD.  

(
13

C, 
1
H)-HMQC spectra of ILV-RAIDD-DD (left) and ILV-PIDD-DD (right) were recorded at 10°C at 800 MHz (

1
H frequency). 

The peaks in the top most region of each spectrum with 
13

C chemical shifts in the region of 10-15 ppm are the δ methyl groups of 

the Ile residues.  Methyl groups of Leu and Val residues are in the bottom region of each spectrum. For each Ile residue in the 

protein there is a single corresponding cross peak while for Leu and Val there are two cross peaks per residue. 
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Figure 4.16 The methyl-TROSY NMR spectrum of the ILV-RAIDD-DD with assignments.  
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Figure 4.17 Example of the strategy followed to obtain 
1
Hδ and 

13
Cδ chemical shifts of 

RAIDD-DD Ile106 residue.  

Strips showing the connectivity of the assigned peaks. The (
15

N, 
1
H)-HSQC strip shows the 

Ile106 residue. The asterisks show the connectivities of the HN of Ile106 in (
15

N, 
1
H)-HSQC 

and 
15

N-TOCSY-HSQC spectra. The squares show the connectivity of the Hα of the Ile106 

in 
15

N-TOCSY-HSQC and HCCH-TOCSY spectra. The hexagons show the connectivity of 

the Hδ of Ile106 in the HCCH-TOCSY and 
13

C-HSQC (green) spectrum overlaid with 

methyl-TROSY (black) spectra. 
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assignments for Leu111 and Leu136 were not possible by this approach because of 

overlapping resonances in the HNCACB and HCCH-TOCSY spectra. The assignment 

of the δ-methyl group cross peaks of Leu136 were eventually obtained by mutating this 

residue to isoleucine. The methyl-TROSY spectrum of the free RAIDD-L136I-DD was 

recorded and compared with that for the wild-type RAIDD-DD (Figure 4.18). On this 

basis the resonances of Leu136 and consequently Leu111 could be successfully 

assigned. Of note, the Hɣ chemical shift for the most upfield methyl group of Val160 

appears to be ring current shifted (-0.29 ppm). Upon inspection of the RAIDD-DD 

crystal structure, this residue was found to be near the aromatic ring of residue Trp131, 

which could thus be responsible for this shift. Also one of the Hδ of Leu138 (-0.118 

ppm) and both of the Hδ of Leu180 (0.104, and 0.320 ppm) also appeared to be ring 

current shifted because they are near Trp167.   

Compared to the case for RAIDD-DD, ILV methyl group assignment for PIDD-DD 

proved much more difficult due to the quality of the recorded spectra and degradation of 

the protein over the time. However, it was possible to assign the two Ile groups of 

PIDD-DD by mutation of Ile832 to valine (PIDD-I832V-DD). The chemical shifts of δ-

CH3 of Ile820 appeared relatively unaffected by the mutation, so the degree of 

confidence in the attribution of the assignments based upon the spectral differences 

between wild-type and mutant PIDD-DD proteins is high (Figure 4.19).  

There are two peaks in the Val/Leu region of ILV-PIDD-DD spectrum that appear 

highly ring-current shifted (-0.205 ppm and -0.265 ppm). Upon inspection of PIDD-DD 

in the PIDDosome crystal structure, both Leu810 and Leu792 have side chain methyl 

groups that are close to the aromatic rings of Trp839 and Phe837, respectively. Both 

Cδ1/Hδ1 and Cδ2/Hδ2 of Leu 810 are close to the atomic plane of the aromatic ring of 

Trp839. Therefore, the Hδ chemical shift of both of the methyl groups for Leu 810 are 

potentially upfield shifted. On the other hand the Cδ2/Hδ2 of Leu792 is also in the 

proximity to the atomic plane of the aromatic ring of the Phe 837 and there is also a 

chance that the Hδ of this methyl group experiences an upfield shift. At the time of 

writing further work, e.g. site directed mutagenesis, is required to unambiguously 

resolve the identification of these cross peaks.  
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Figure 4.18 The assignment of the δ-methyl group cross peaks for Leu136 were obtained by 

mutating this residue to isoleucine.  

The methyl-TROSY spectrum of the free L136I-RAIDD-DD (red) was recorded and 

compared with that for the wild-type RAIDD-DD (black). The two black peaks 

corresponding to the missing peaks in the red spectrum are the δ-methyl group cross peaks of 

Leu136. 
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Figure 4.19 The assignment of the δ-methyl group cross peaks of isoleucines in PIDD-DD. 

The methyl-TROSY spectrum of the free I832V-PIDD-DD (red) was compared with that for 

wild-type PIDD-DD (black). The assignments of the two δ-methyl group cross peaks of 

isoleucines are shown. Only the Ile region of each spectrum is shown. 
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4.4.5 Methyl-TROSY experiments for the ILV-labelled RAIDD-DD complex 

In order to prepare the ILV-RAIDD-DD:PIDD-DD complex, unlabelled PIDD-DD was 

mixed with ILV-labelled RAIDD-DD. The sample contained 0.2 mM of each protein 

and was buffer exchanged into a buffer containing 20 mM TRIS-HCl, 50 mM NaCl, 0.5 

mM TCEP-HCl, pH 8.0, in 
2
H2O.  

The methyl-TROSY spectrum was recorded for the 1:1 ILV-RAIDD-DD:PIDD-DD 

complex  (Figure 4.20). Addition of the PIDD-DD binding partner dramatically changes 

the appearance of the spectrum relatively to isolated RAIDD-DD. Generally, complex 

formation between the two proteins results in a significant reduction in the intensity of 

the majority of the cross peaks. Moreover a significant subset of the cross peaks appear 

to split into multiple peak ‘clusters’ in the spectrum of the complex, while some cross 

peaks have disappeared.  

The methyl-TROSY experiment for the ILV-RAIDD-DD:PIDD-DD complex was then 

recorded at four different temperatures (10°C, 25°C, 37°C and 45°C) in an attempt to 

improve the spectral quality (Figure 4.21). Increasing the temperature revealed more 

cross peak ‘clusters’ particularly in the Leu/Val region. Increasing the temperature from 

10°C to 25°C restores the majority of the ‘’missing’’ peaks. The spectrum recorded at 

37°C appears to show clusters of cross peaks for all of the RAIDD-DD ILV residues 

except for Val160. However by decreasing the contour level, even the cross peak of 

Val160 can be discerned close to the noise level. There was essentially no significant 

difference between the spectra recorded at 37°C and 45°C. The effect of the temperature 

on the quality of the spectrum for the most well-resolved RAIDD-DD 
13

C-methyl cross 

peaks is illustrated in Figure 4.22. 

The cross peaks in the spectrum recorded at 37°C can be divided into two sets based 

upon the effects of complex formation relative to the free RAIDD-DD spectrum. 

Plotting the spectrum at a relatively high base contour level reveals a small number of 

cross-peaks that retain relatively high peak intensity and unperturbed or slightly 

perturbed chemical shifts relative to those for the free protein (Figure 4.23a). These 

peaks correspond to the set of ILV residues from the flexible N- (Ile110, Ile106, Leu97) 

and C-terminal (Leu200) regions of the RAIDD-DD as confirmed by comparison with 

the methyl group assignments for the ILV-RAIDD-DD. Lowering the contour level 

reveals the signals for the remaining ILV methyl groups (Figure 4.23b). 
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Figure 4.20 methyl-TROSY spectrum of the ILV-RAIDD:PIDD-DD complex. 

 ILV-RAIDD-DD in the absence and presence of PIDD-DD is shown by black and red 

contours, respectively. The spectrum of the ILV-RAIDD-DD:PIDD-DD complex is 

characterised by massive intensity loss for some of the peaks and splitting of the peaks into 

local clusters for other cross peaks. The base contour level used for the spectrum of the 

complex is lower than the contour level used for plotting the spectrum of ILV-RAIDD-DD. 

The spectra were recorded at 10°C at 800 MHz 
1
H frequency. 
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Figure 4.21 Methyl-TROSY spectra of the ILV-RAIDD-DD:PIDD-DD complex acquired at 

four different temperatures: 10°C, 25°C, 37°C and 45°C. 
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Figure 4.22 Effect of increasing temperature on the quality of methyl-TROSY spectrum of the 

ILV-RAIDD-DD:PIDD-DD complex for well-resolved ILV-
13

CH3 methyl cross-peaks.  

Increasing the temperature revealed more clusters particularly in the Leu/Val region. Methyl-

TROSY spectra were recorded at four different temperatures: 10°C, 25°C, 37°C and 45°C.
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Figure 4.23 Methyl-TROSY NMR of the ILV-RAIDD and ILV-RAIDD-DD:PIDD-DD complex.  

Overview of the Ile- (top) and Leu/Val (bottom) regions of the methyl-TROSY spectrum of ILV-RAIDD-DD in the absence (black) and presence of 

unlabelled-PIDD-DD (red). The latter spectrum is plotted at a) relatively high base contour level and b) low base contour level. The spectrum of 

complex is characterised by substantial intensity loss for the majority of cross-peaks. The residue-specific assignments of the signals that retain their 

intensity corresponding to the methyl groups of Ile, Leu, and Val residues within the N- and C-terminal regions of the RAIDD-DD are indicated in (a). 
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This shows that the cross peaks are split into multiple sub-peaks and form local 

clusters of apparently broader, distinct or overlapping components. The distinct 

clusters are mostly readily identified for highly resolved peaks in the spectrum (Figure 

4.24). For example the single Ile120 cross peak of the free RAIDD-DD is clearly 

converted into a cluster of at least five sub-cross peaks in the spectrum of the complex, 

as shown in Figure 4.24.   

4.4.6 Methyl-TROSY experiments for the ILV-PIDD:RAIDD-DD complex 

The previous experiments on ILV-RAIDD-DD:PIDD-DD complex showed that the 

optimum temperature for performing methyl-TROSY experiments without 

compromising the stability of the complex is 37°C. Therefore all other experiments for 

the PIDDosome core complex have been performed at 37°C.  

In order to analyse the reverse labelling situation namely, ILV-PIDD:RAIDD-DD,  

unlabelled RAIDD-DD was mixed with ILV-labelled PIDD-DD. The sample 

contained 0.2 mM of each protein and was buffer exchanged into a buffer containing 

20 mM TRIS-HCl, 50 mM NaCl, 0.5 mM TCEP-HCl, pH 8.0, in 
2
H2O.  

The methyl-TROSY spectrum was recorded for the ILV-PIDD-DD:RAIDD-DD 

complex at 37°C (Figure 4.25) and compared to the spectrum of free ILV-PIDD-DD. 

A similar pattern of effects is observed when RAIDD-DD is added to the ILV-PIDD-

DD, as when the inverse labelling pattern is used (see the previous section).  By 

plotting the spectrum at a relatively high base contour level, only a very small number 

of the PIDD-DD methyl cross-peaks are retained with unperturbed or only very 

slightly perturbed chemical shifts (Figure 4.25a). The remaining ILV-PIDD-DD cross-

peaks in the spectrum exhibit the same behaviour observed for the majority of cross 

peaks in the ILV-RAIDD-DD:PIDD-DD complex: dispersion into local clusters of 

peak with lower intensity observable only by plotting the spectrum at relatively low 

base contour level (Figure 4.25b). In this case in order to reveal these weaker cross 

peaks for the complex, particularly in the upfield region of the spectrum, the base 

contour level has been lowered close to the noise floor. For reasons that are not 

transparent the two most well- resolved upfield-shifted 
13

C-methyl PIDD-DD peaks 

shown in Figure 4.26 have lower intensity in both free and RAIDD-DD-bound states 

compared with other methyl signals, hinting at the potential for some ligand-

independent exchange-broadening for these particular methyl groups. 
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Figure 4.24 Effect of complex formation on selected ILV-
13

CH3 methyl cross-peaks.  

Selected regions, corresponding to boxed regions in Figure 4.21, of the methyl-TROSY NMR 

spectra of ILV-labelled-RAIDD-DD in the absence (black contours) and presence (red contours) 

of unlabelled-PIDD-DD. The residue-specific assignments of the cross-peaks in the free 

RAIDD-DD spectrum are indicated.  
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Figure 4.25  Methyl-TROSY NMR of the ILV-PIDD and ILV-PIDD-DD:RAIDD-DD complex. 

Overview of the Ile- (top) and Leu/Val (bottom) regions of the methyl-TROSY spectrum of ILV-PIDD-DD in the absence (black) 

and presence of unlabelled-RAIDD-DD (red). The red spectrum is plotted at a) relatively high base contour level and b) low base 

contour level. The spectrum of complex is characterised by substantial intensity loss for the majority of cross-peaks.  
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Figure 4.26 Two well-resolved upfield-shifted peaks in methyl-TROSY NMR spectra of 

ILV-labelled-PIDD-DD.  

The methyl TROSY spectra of the ILV-labelled-PIDD-DD in the absence and presence of 

unlabelled-RAIDD-DD are shown in black and red contours, respectively. These cross peaks 

have lower intensity compared with other cross peaks in both free and bound states.  
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4.4.7 Methyl-TROSY experiments of ILV-labelled RAIDD-E188K-DD complex 

The methyl-TROSY spectra of the PIDDosome display evidence of differential line 

broadening and chemical shift heterogeneity that might be due to polydispersity of the 

sample. As it was discussed in chapter 3, The AUC, nano-ESI-MS, and SEC-MALS 

data confirmed polydispersity of the sample and the existence of different species in the 

sample. 

In order to further probe the potential effects of any dispersion within the sample on the 

complexity of the methyl-TROSY spectra of the PIDDosome core complex, I prepared 

comparable samples containing ILV-labelled RAIDD-E188K-DD and unlabelled PIDD-

DD. It was shown in Chapter 3 that PIDDosome core samples prepared with this variant 

of the RAIDD-DD domain exhibit essentially monodisperse characteristics. The sample 

was produced as described for the wild-type RAIDD-DD. The methyl-TROSY 

spectrum was recorded for the ILV-RAIDD-E188K-DD:PIDD-DD complex at 37°C 

and is presented in Figure 4.27. The red and blue contours correspond to the ILV-

RAIDD-DD:PIDD-DD complex, and ILV-RAIDD-E188K-DD:PIDD-DD complex, 

respectively. Compared to the complex with wild-type RAIDD-DD, an entirely similar 

pattern of effects is observed for the ILV-RAIDD-E188K-DD complex. Close 

inspection of the RAIDD-E188K-DD:PIDD-DD complex and ILV-RAIDD-DD:PIDD-

DD complex spectra did not show significant changes for the majority of the cross 

peaks. However, for some cross peaks that are close to the type II R:R contacts, for 

example Ile165, the pattern of cross-peaks  is different for the RAIDD-E188K-

DD:PIDD-DD complex compared with the ILV-RAIDD-DD:PIDD-DD complex 

despite there being no difference between the chemical shifts of Ile165 in the free-state 

spectrum of the wild type and mutant proteins.  

4.4.8 Titration of the ILV-labelled proteins monitored by methyl-TROSY 

Methyl TROSY NMR was used to monitor the effect of DD-DD interactions for 

different mixtures of RAIDD-DD and PIDD-DD proteins. A sample of unlabelled 

binding partner was titrated into an ILV-labelled sample of the binding partner and the 

effect of the addition of unlabelled samples on Ile, Leu, and Val residues in the ILV-

labelled partner was recorded as before. Analysis of the pattern chemical shift 

perturbations and intensity changes for the cross peaks during the titration allows one to  
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Figure 4.27  Methyl-TROSY NMR of the ILV-RAIDD-E188K-DD and ILV-RAIDD-DD in 

complex with PIDD-DD.  

Overview of the A) Leu/Val and B) Ile regions of the methyl-TROSY spectrum of ILV-

RAIDD-E188K-DD (red spectrum) and ILV-RAIDD-DD (blue spectrum) in the presence of 

PIDD-DD. The red and blue spectra are plotted at relatively low base contour level. The 

spectrum of the complex is characterised by substantial intensity loss for the majority of 

cross-peaks and splitting of the cross-peaks into distinct or overlapping clusters. 
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more precisely relate the features of the PIDDosome core complex spectrum to the cross 

peaks of the free proteins, and thereby yield information about the specific amino acid 

residues that are affected by binding. 

Samples of unlabelled RAIDD-DD and ILV-labelled PIDD-DD were prepared as 

explained before. Two 500 μl NMR samples were made, one containing 0.2 mM ILV-

PIDD-DD (sample A) and one containing 0.2 mM ILV-PIDD-DD mixed with 0.2 mM 

RAIDD-DD (sample B). Methyl-TROSY spectra were recorded for samples A and B at 

the beginning of the titration experiments corresponding to the first and final points of 

the titration. Intermediate mixtures were made by simultaneously swapping a small 

volume of samples as described earlier (Chapter 2). This procedure was repeated several 

times to record a total of eleven NMR spectra over the range 1:0 to 1:1 molar ratios 

(where the ratio refers to [ILV-component]:[unlabelled component]). The spectra were 

recorded at 37°C. 

Figure 4.28 shows a selected region of the superimposed methyl-TROSY spectra at 

different titration points for ILV-PIDD-DD with varying RAIDD-DD loading. In the 

early points of titration for about 20% of the cross peaks, the intensity decreases 

monotonically often in concert with a detectable change in 
1
H and/or 

13
C chemical 

shifts. It then appears that the cross peaks for some of the ILV-PIDD-DD residues 

broaden often beyond detection and new cross-peaks appear at a different chemical shift 

(Figure 4.28 A). The ratio at which the peak broadens or the new cross peaks appear at a 

different chemical shift varies between the cross peaks. For less well-resolved cross 

peaks, the peak disappear and presumably appear in clusters that makes it hard to track 

it (Figure 4.28 B).  

The cross peak at 1.01 ppm and 24.11 ppm at 
1
H and 

13
C dimensions, respectively, 

shows  a very specific splitting pattern throughout the titration (Figure 4.29). This cross 

peak splits into two peaks at [ILV-PIDD-DD]:[RAIDD-DD]  of 1:0.2 ratio (Figure 4.29 

A). Then at the next point of titration (1:0.3), a new peak appears with low intensity 

(Figure 4.29 B) that will split into two peaks later on (1:0.6 ratio) in total at the end of 

titration this cross peak was splitted to at least four peaks (Figure 4.29 C). Knowing the 

assignment for this peak might provide some information about the assembly of the 

PIDDosome core complex.   
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Figure 4.28 Superimposed methyl-TROSY sections of the ILV-PIDD-DD TROSY-

based titration spectra.  

The black spectrum represents the spectrum of free form of ILV-PIDD-DD and the red 

spectrum indicated the final RAIDD-DD titration point (colour series: black, blue, 

teal, cyan, dark green, light green, mid-green, magenta, pink, orange, red. Examples of 

fast/intermediate exchange behaviour are detectable in both A and B. The experiment 

was carried out at a 
1
H proton frequency of 800 MHz at 37°C. 
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Figure 4.29 Superimposed methyl-TROSY sections of the ILV-PIDD-DD TROSY-based RAIDD-DD titration spectra.  

Examples of splitting pattern of cross peak during the titration. A) Superimposed methyl-TROSY section of ILV-PIDD-

DD:RAIDD-DD ratio of 1:0 (black), 1:0.1 (blue), and 1:0.2 (green) spectra. B) Superimposed methyl-TROSY section of ILV-

PIDD-DD:RAIDD-DD ratio of 1:0 (black), 1:0.1 (blue), 1:0.2 (green), and 1:0.3 (light-blue) spectra. C) Superimposed methyl-

TROSY section of ILV-PIDD-DD:RAIDD-DD ratio of 1:0 (black), 1:0.6 (pink), and 1:1 (red) spectra. The black spectrum 

represents the free form of the protein. The experiments were carried out at 800 MHz 
1
H proton frequency and 37°C. 
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The same pattern of chemical shift and cross peak intensity behaviour was observed for 

ILV-RAIDD-DD titrated with PIDD-DD. One of the interesting observation was that 

the most upfield cross peak of Val 160 broadened to the noise level at [ILV-RAIDD-

DD]:[PIDD-DD] of 1:0.2. Val160 is located on helix 4 in the close proximity of type I 

contacts. Figure 4.30 shows a selected region (corresponding to a cross peak from 

Leu180) of the superimposed methyl-TROSY spectra at different titration molar ratios 

of [ILV-RAIDD-DD]:[PIDD-DD]. I have assumed that the cross peaks in this region of 

the final spectrum (red spectrum) all arising from one of the δCH3 of Lue180 and are 

not coming from the exploding cross peaks in other parts of the spectrum.  This is a 

relatively safe assumption because of the relative high separation of these features from 

any others in the spectrum. For the 
1
H upfield-shifted δCH3 cross peak of Leu180 the 

cross peak broadens and shifts upfield (Figure 4.30 A) up to the midpoint of titration 

[ILV-RAIDD-DD]:[PIDD-DD] equal to 0.5. When the molar ratio reaches 0.6 (Figure 

4.30 B) the cross peaks of Leu180 reappears in the form of a cluster of at least four 

smaller cross peaks with different intensities. At an [ILV-RAIDD-DD]:[PIDD-DD] 

ratio above 0.8, the upfield shifted peak in the most upfield part of the cluster splits into 

two sub-peaks (Figure 4.30 C). Therefore, at least five components with differing 

intensities are observable for this methyl group at the end of titration.  

Surprisingly, in the titration experiments performed using ILV-RAIDD-E188K-DD and 

unlabelled PIDD-DD most of the cross peaks did not show any signs of chemical shift 

perturbations, significant reduction in the intensity of the cross peaks or splitting up to 

the midpoint of  [ILV-RAIDD-E188K-DD]:[PIDD-DD] titration equal to 0.5) with the 

exception of minority of the cross peaks ( upfield-shifted cross peak of the Val160 and 

one of the δCH3 of the Leu180 and Leu198) as can be seen in Figure 4.31. At the 

midpoint the majority of the cross peaks broaden to the noise level and only the cross 

peaks belong to the highly flexible region of the RAIDD-E188K-DD are observable at 

the same contour level (Figure 4.32). However lowering the contour level about 10× 

reveals features related to splitting of the peaks (Figure 4.33). The rest of the titration 

points show similar behaviour as the titrated ILV-RAIDD-DD with PIDD-DD.
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Figure 4.30 Superimposed methyl-TROSY section of one of the δ-methyl cross peaks for ILV-RAIDD-DD Leu180 at different 

PIDD-DD molar ratios. 

Example of different exchange regimes at different titration molar ratios and splitting of free RAIDD-DD cross peaks (black 

contours) into clusters of cross peaks upon complex formation. A) Superimposed methyl-TROSY spectra for early points in the 

titration (dark blue, mid-blue, light blue, dark green, light green contours correspond to 1:0.1, 1:0.2, 1:0.3, 1:0.4 and 1:0.5 ILV-

RAIDD-DD:PIDD-DD molar ratios respectively). Note that the change in the spectrum is small over this range and apparently in fast 

exchange. B) Superimposed titration spectra corresponding to the mid-point (light green, also in A) and ILV-RAIDD-DD:PIDD-DD 

ratio 1:0.6 (orange).  C) Superimposed titration spectra corresponding to ILV-RAIDD-DD:PIDD-DD ratios 1:0.8 (light red) and 1:1 

(maroon). Note that in B and C the changes to the spectrum include the appearance of a new cross peak ‘cluster’ (orange-red colours) 

apparently in slow exchange. D) Superimposed methyl-TROSY spectra for the whole titration series. The experiment was carried out 

at 800 MHz  
1
H proton frequency and  37°C.   
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Figure 4.31 Superimposed methyl-TROSY spectra of the ILV-RAIDD-E188K-DD and ILV-RAIDD-DD TROSY-based titration 

experiments up to the titration point corresponding to ILV-labelled:unlabelled PIDD-DD ratio of 1:0.4.  

A) Superimposed methyl-TROSY spectra of ILV-RAIDD-E188K-DD:PIDD-DD ranging from a 1:0 ratio (black spectrum) to 1:0.4 

(green spectrum). The majority of the cross peaks did not move and retained their relative intensity. Selected resolved cross peaks are 

labelled. B) Superimposed methyl-TROSY spectra of ILV-RAIDD-DD:PIDD-DD mixtures starting from a ratio of 1:0 ratio (black 

spectrum) to 1:0.4 (green spectrum). Some of the cross peaks shift and broaden while some others split into clusters. The experiments 

were carried out at 800 MHz 
1
H proton frequency of 800 MHz and 37°C. 
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Figure 4.32 Superimposed methyl-TROSY spectra of ILV-RAIDD-E188K-DD:PIDD-DD and ILV-RAIDD-DD:PIDD-DD at the titration 

midpoint. 

A) superimposed methyl-TROSY of the ILV-RAIDD-E188K-DD at the start (black spectrum) and at midpoint (light green spectrum). The 

spectra are plotted at the same contour level. The majority of the cross peaks have disappeared. The cross peaks belonging to the N- or C-

terminal region of the protein are retained and remain relatively sharp with only small chemical shift perturbations. B) superimposed methyl-

TROSY spectra of the ILV-RAIDD-DD at the titration start point (black spectrum) and midpoint (light green). Compared to the situation for 

ILV-RAIDD-E188K-DD:PIDD-DD more peaks are retained and more peak clusters are observable. The experiments were carried out at 800 

MHz 
1
H frequency (37°C). 



     

181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.33 Superimposed methyl-TROSY spectra of the ILV-RAIDD-E188K-DD:PIDD-DD 

titration experiments for the midpoint plotted at a low contour level.  

The methyl-TROSY spectrum the ILV-RAIDD-E188K-DD is shown with black contours and at 

the titration midpoint in light green contours. The light green spectrum is plotted at a very low 

contour level. The majority of the cross peaks are visible and form clusters of peak similar to 

the case with ILV-RAIDD-DD:PIDD-DD. 
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4.5 Discussion 

In this chapter, I have applied specific isotope labelling and heteronuclear NMR 

spectroscopy to probe that nature of the PIDDosome core complex in solution. 

Characterization of the PIDDosome core complex using NMR can be used as an 

important complement to the structural information that has been obtained using X-ray 

crystallography. The NMR results in this chapter are discussed in relation to reports of 

the NMR characteristics of the Fas-DD:FADD-DD DISC complex and the 3D structure 

for this complex and other DD assemblies. 

In an attempt to characterise the interaction between PIDD and RAIDD DDs in 

solution, a series of titrations monitored by (
15

N, 
1
H)-HSQC NMR spectroscopy was 

carried out (Figures 4.2 - 4.5). Titration of either unlabelled PIDD-DD into 
15

N-labelled 

RAIDD-DD or vice versa resulted in monotonic loss of NMR signals from the 
15

N-

labelled component. The HSQC spectrum of the PIDDosome core complex is 

characterised predominantly by global loss of NMR signals, with a remainder of a few 

backbone cross peaks with no chemical shift perturbation and relatively narrow line 

width that belong to the unstructured N- and C-terminal portions of the protein. 

Interestingly, mobile regions within the complex are observed in the final spectrum, 

indicating that these regions probably retain a high degree of rotational independence 

from the interacting PIDD and RAIDD DDs. Furthermore, the N- and C-terminal 

flexible peaks seem to be in fast exchange between the free and complex states in a way 

that slow overall tumbling of the complex does not significantly affect the cross peak 

line width (Esposito, Sankar et al. 2010). It is hard to obtain any information about the 

exchange regime for other signals belonging to the globular region of the DDs because 

of the severe line broadening and loss of intensity during the titration.  

The overall similarity between 
15

N-PIDD-DD and 
15

N-RAIDD-DD titration results 

indicates the complementarity of these experiments and highlights that the intensity loss 

witnessed in the two sets of spectra has a similar origin. The outcomes of the (
15

N, 
1
H)-

HSQC titration experiments provide enough evidence for an interaction between these 

two domains as the global loss of signal in the spectrum is consistent with the 

expectations arising from the formation of a high MW species. Thus the high rotational 

correlation time leads to virtually invisible NMR signals due to rapid transverse spin 

relaxation and therefore broad resonances, as also reported for other high MW 
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complexes such as the 80 kDa complex formed between elF4A and elf4G and the 

FasDD/FADD-DD complex (Oberer, Marintchev et al. 2005; Wider 2005; Esposito, 

Sankar et al. 2010). Moreover, the behaviour of labelled protein in these experiments 

(global loss of signal and retention of the peaks in the mobile region of the proteins) 

was insensitive to the mutation of Glu 188 to Lys in RAIDD-DD (Figure 4.7), a 

substitution that was predicted to weaken a subset of DD-DD interactions (type II R:R) 

within a part of the (crystallographic) PIDDosome core complex. The (
15

N, 
1
H)-HSQC 

experiments with this mutant (RAIDD-E188K-DD) were also consistent with the 

formation of a high MW complex with PIDD-DD, as was also independently tested by 

SEC-MALS and nano-ESI-MS as discussed in Chapter 3 wherein I provided 

information that this RAIDD-DD mutant forms a 5:5 complex with PIDD-DD with a 

MW ~132 kDa. It is difficult to obtain any information from the NMR data about the 

stoichiometry of RAIDD-DD:PIDD-DD binding due to the signal loss resulting from 

relaxation processes. Moreover it is likely that the system exhibits slow exchange for 

the bulk of the NH cross peaks from globular regions of the labelled protein, and the 

change in the HSQC spectrum during the titration is dominated by simple signal 

depletion: what is observed is simply the residual free 
15

N-labelled component of the 

sample.  

As I mentioned before, a number of important developments in NMR spectroscopy such 

as applying TROSY pulse sequence have led to a significant increase in the size of 

macromolecules that can be studied by NMR, such as the 110 kDa protein 7,8-

dihydroneopterin aldolase (DHNA) (Riek, Pervushin et al. 2000). Study of the 

PIDDosome core complex has provided an opportunity for testing of the potential of 

(
15

N, 
1
H)-TROSY-based NMR techniques for high MW complexes with a MW 

exceeding 100 kDa. The highly deuterated sample was prepared as described in Section 

2.6.8.2. 

The results showed that it is not possible to obtain a high quality spectrum for 
15

N-

RAIDD-DD in the PIDDosome complex by (
15

N,
1
H)-TROSY spectroscopy (Figure 

4.14). As with the HSQC experiment the majority of the cross peaks is absent from the 

PIDDosome TROSY spectrum. The pattern of the residual, visible cross peaks is similar 

to the HSQC spectrum of the end titration point of 
15

N-RAIDD-DD and unlabelled 

PIDD-DD.  
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The TROSY resonances have been vanished from the spectrum almost certainly 

because transverse relaxation in the complex was too fast to allow observation of the 

NMR signal using a TROSY-based scheme (Flaux, Bertelsen et al. 2002). However, 

there can be many explanations for the bleaching of the peaks. Bleaching of peaks 

might be due to incomplete N-
2
H/N-H exchange because PIDD and RAIDD DDs were 

produced in perdeuterated medium or due to line broadening as a result of the intra-

molecular conformational exchange.  

Missing of the peaks from the (
15

N,
1
H)-TROSY spectrum of the PIDDosome was not 

surprising as similar problem had also been reported for 72 kDa GroES in the literature 

(Flaux, Bertelsen et al. 2002). Furthermore, the reason behind the poor quality of the 

TROSY might be that the labelled subunits exist in a dynamic equilibrium. Therefore, 

these subunits are not in a fixed position to allow recording of a good quality spectra for 

the complex. Elevating the temperature to 45 °C did not also improve the quality of the 

(
15

N, 
1
H)-TROSY spectra. It seems that the line broadening observable for the 

PIDDosome come complex was not sensitive to this temperature range (25 -45 °C). 

Nitrogen-15 nuclear spin transverse relaxation is dominated by two relaxation 

mechanisms: fluctuations in 
15

N-
1
H dipole-dipole coupling and 

15
N CSA as explained in 

Appendix D (Riek 2003). Constructive interference between these two mechanisms 

reduces the transverse relaxation rate for a fraction of the magnetisation. The minimal 

transverse relaxation rate is achieved by using the optimal magnetic field B0 that 

balances the two (opposing) contributions to relaxation. Given the relatively fixed 

amide N-H bond length (1.02 Å) the optimal field strength is most sensitive to the local 

15
N CSA tensor magnitude that is thought to vary in the range of  -160 to -185 ppm, 

depending upon the local structure and electric polarisation (Riek 2003). It is generally 

accepted that the optimal B0 field strength for protein (
15

N, 
1
H)-TROSY measurements 

is in the region of 
1
H ~950-1050 MHz. The 

1
H

N
 CSA tensor magnitude and the offset of 

the N-H bond vector from the principal axis of the CSA tensors are also important for 

this consideration. The 
15

N-TROSY experiments shown in Figure 4.14 have been 

recorded using magnetic field B0 of 
1
H 700 MHz that is likely not optimal for this type 

of experiment. However, I have performed some preliminary (
15

N, 
1
H)-TROSY 

experiments for 
15

N-RAIDD-DD in a perdeuterated PIDDosome core complex at a 

higher magnetic field (
1
H 800 MHz) and the spectrum displayed a significant 

improvement in the characteristics of some resolved signals. Interestingly there appears 
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to be splitting of certain cross peaks, particularly observable for the Trp side chain NεH 

groups (data not shown). These early results indicate that further investigation of the 

behaviour of perdeuterated PIDDosome samples subjected to (
15

N, 
1
H)-TROSY is 

warranted. 

As I mentioned before, study of protein interactions in large MW complexes by NMR 

has specific requirements arsing from the consequences of long rotational correlation 

time and enhanced transverse relaxation. The most effective means to address this issue 

is the methyl-TROSY (Ollerenshaw, Tugarinov et al. 2003; Tugarinov, Hwang et al. 

2003) paradigm that includes the production of highly deuterated proteins, with 
13

C/
1
H 

‘labelling’ of Ile methyl group (δ) and/or one of the two isopropyl methyl groups of Leu 

and Val residues (as explained in Appendix D) (Goto, Gardner et al. 1999; Tugarinov 

and Kay 2004).  

I have applied this methodology to both wild-type and mutant forms of the PIDDosome 

core complex. The analysis of the outcomes has been complicated by the combined 

presence of compositional dispersion and the potential influence of structural 

asymmetry suggested by the crystal structure. 

The methyl-TROSY results revealed that single cross-peaks in globular regions of the 

free RAIDD-DD or PIDD-DD protein are dispersed into clusters of weak peaks in the 

spectrum of the complex. At the same time a smaller number of cross peaks 

corresponding to the residues in the flexible N- and C-terminal regions of the protein 

retain a sharp monolithic line shape (Figures 4.23, and 4.25). Overall this pattern of 

behaviour is highly similar to that obtained in our laboratory for the Fas-DD:FADD-DD 

complex (Esposito, Sankar et al. 2010).  

A ready explanation for the retention of cross peaks corresponding to the N- and C- 

terminal region of the proteins could be a high degree of disorder of these regions 

within the final complex. Assessment of the effects upon the signals arising from the 

globular parts of the DDs is less straightforward. Strictly there might be multiple causes 

for the observed behaviour of cross peak ‘splitting’, taken to indicate that the 

corresponding methyl groups sample different environments in slow exchange. Taking 

the most obvious cases, peak splitting could occur if the sample contains multiple 

different complex species within different structures (structural dispersion) or different 

composition (compositional dispersion), or the sample may contain a single complex 
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species that has intrinsic asymmetry. Formally any mixture of these phenomena could 

also prevail. 

As described above it has been shown that the PIDDosome core crystal structure lacks 

formal symmetry with each different DD subunit possessing a different arrangement of 

contacts with neighbouring DDs (Park, Logette et al. 2007). Similarly the Myddosome 

and Fas-FADD complex assemblies, demonstrate non-equivalent contacts between the 

DD subunits (Lin, Lo et al. 2010; Wang, Yang et al. 2010) (though note only the former 

of these two is known to high resolution). Therefore, the experimental observation of 

the formation of cross peak clusters in the bound state would appear to be consistent 

with the existence of structural asymmetry and different chemical environments for 

each individual methyl group  

Earlier I have referred to the heterogeneity of the wild-type PIDDosome complex and 

its apparent flexible stoichiometry as assessed by different techniques such as AUC and 

nano-ESI-MS (Chapter 3). There the non-equivalent sites implied by the NMR 

measurements might correspond to similar interfaces in particles with different domain 

composition. However, the possible effect of the polydispersity of the sample on the 

complexity of the spectra can be ruled out as the methyl-TROSY spectrum recorded for 

the monodisperse ILV-RAIDD-E188K-DD:PIDD-DD mutant complex is essentially 

identical to that observed for the wild-type (Figure 4.27). That the spectra for the two 

forms of the complex are so similar is consistent with presumption that the two ‘extra’ 

RAIDD-DDs are only loosely attached to the 5:5 core.  

It is of interest to consider whether similar instances of the NMR demonstration of 

molecular asymmetry have been reported previously in the literature. Multiplicity of 

methyl-TROSY signals in slow exchange has also been reported for the Ile-δ1 signals of 

the regulatory chains of the heterododecameric aspartate transcarbamylase (ATCase) in 

complex with its substrate (Velyvis, Yang et al. 2007). It has been shown that upon 

titration of U-
2
H, Ile-δ1-

13
CH3-labelled ATCase with its substrate carbamoyl phosphate 

(CbmP) or a non-hydrolyzable substrate analogue phosphonoacetamide (PAM), a 

second set of correlations appears for some Ile residues, consistent with a second 

conformation in slow exchange with the unliganded state. The new, ligand-dependent 

set of cross peaks is associated with the induction of a T-to-R transition in which the 

symmetry of the oligomeric system is retained.  
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More interesting, in another study the methionine methyl groups of the symmetric 

homoheptameric (α7) Thermoplasma acidophilum proteosome has been used to probe 

the dynamic regulation of the proteosome gate (Religa, Sprangers et al. 2010). The (
15

N, 

1
H)-TROSY spectra of the single ring version of α7 revealed that the residues that are 

localized in or around the gating area (N-terminal 35 residues) could not be seen in 

amide spectra. Furthermore, the Ile-labelled methyl groups in this region give rise to 

weak peaks in methyl-TROSY spectrum. There are two Met residues in the gating 

terminus. The authors also introduced an additional Met residue to the N-terminal end 

of the protein as the probe to study the dynamics in this region. They showed that 

multiple peaks originate from these Met residues corresponding to the existence of 

different conformations (open- and closed- gate conformations). The authors were able 

to stabilize the open-gate conformation by mutating appropriate residues in this region, 

and thereby could correlate the different subsets of cross peaks with the different 

conformations. The identity of these multiple conformations was unambiguously 

established by measurements of paramagnetic relaxation enhancements. It has been 

clearly shown in this study the multiplicity of Met signals in slow exchange for this 

system is due to the existence of major and minor states for which a flexible appendage 

can exchange position between ‘internal’ and ‘external’ sites in the structure.  

Returning to the methyl-TROSY spectra of the PIDDosome core complex, it is 

intriguing that the components of the cross peak clusters display non-uniform signal 

intensities. The apparent differential line could conceivably be an indication of 

exchange between non-equivalent sites in the complex. So far attempts to demonstrate 

site-exchange between subunits using ZZ- and Z-exchange type pulse sequences have 

failed to yield any cross peaks that support such an interpretation (data not shown). 

However these experiments suffer from the relatively poor signal-to-noise of even the 

auto-peaks in these spectra. Exchange-dependent cross peaks in these datasets may be 

too weak to be discernible at the achievable concentration of the core complex. In this 

context it is worthwhile to mention that the spectra of the core complex recorded at high 

temperatures (37 and 45°C) reveal more signals for each methyl group than at lower 

temperature (Figure 4.22). Whether the variation in the peak intensities with 

temperature is solely due to the ‘normal’ variation in solvent viscosity and thermal 

motion that leads to change in the overall molecular rotational correlation time, or also 

includes a contribution from exchange effects is thus far unclear. 
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Furthermore, inspection of the titration of the ILV-labelled PIDD-DD with RAIDD-DD 

(Figure 4.28) revealed a dominant behaviour in which early points of titration 

(corresponding to low concentration of RAIDD-DD) are characterised by chemical shift 

changes in apparent fast/intermediate exchange with monotonic peak intensity 

reduction. This is followed by appearance of peak clusters in apparent slow exchange 

behaviour at higher concentrations of RAIDD-DD (Figure 4.28). This pattern can 

perhaps be interpreted in terms of a model for multi-step complex assembly in a way 

that intermediate complex species are formed in fast exchange followed by a highly co-

operative ‘lock-in’ step that displays slow exchange (Figure 4.34).  

In Figure 4.29 I show an example of a relatively well-resolved ILV-PIDD-DD cross 

peak in the free state that splits into several peaks in a RAIDD-DD concentration 

dependent manner. It seems that at different concentrations the corresponding methyl 

group must experience a set of different ‘magnetic’ environments, associated with 

complex formation. Finding out the identity of this cross peak in the free-state spectrum 

together with the information that can be obtained from the crystal structure would be 

useful to establish a basis for mutational studies and domain- (environment-) specific 

assignments for the (bound-state) cross peaks in this cluster. Obtaining the specific 

assignments of peaks in this cluster might also provide some useful information about 

the order of domain assembly in the PIDDosome core complex. 

The same pattern of chemical shift and cross peak intensity behaviour was observed for 

the ILV-RAIDD-DD titrated with PIDD-DD. One particularly interesting observation 

was that the most upfield methyl cross peak for Val160 broadened to the noise level at 

the very earliest steps of the titration. No obvious cross peak cluster emerges in the 

vicinity of the cross peak later in the titration. The Val160 residue is located on 

RAIDD-DD helix 4 that is involved in a type I interaction with both PIDD- and 

RAIDD-DD. Presently it is not clear why this peak is the first one to vanish from the 

spectrum. In light of this it would be helpful to know whether and where the Val160 

cross peak(s) appear in the spectrum of the complex. One way to achieve this would be 

to mutate this residue to Ile and, presuming that this does not adversely affect complex 

formation. 

Surprisingly, in the experiments performed using the mutant ILV-RAIDD-E188K-DD 

and unlabelled PIDD-DD most of the cross peaks did not show any sign of chemical 
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Figure 4.34 Multi-step model of PIDDosome assembly in solution. 

The early stages of the titration series presented in this chapter are characterised by chemical 

shift changes in fast/intermediate exchange with monotonic loss of signal intensity that can 

be interpreted in terms of formation of weakly bound intermediate species of indeterminate 

stoichiometry (Pm:Rn). Then, at a later stages slow exchange becomes the dominant 

characteristic perhaps suggesting co-operative ‘lock-in’ of a core 5:5 complex, which itself 

can acquire further loosely attached RAIDD-DD domains. 
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shift perturbation, significant reduction in the intensity of the cross peaks or splitting 

until the titration midpoint (Figure 4.31) at which the majority of the cross peaks 

broaden to the noise level and only the cross peaks belong to the highly flexible 

terminal regions are observable (Figure 4.32). This behaviour might imply that the 

formation of the RAIDD-E188K-DD:PIDD-DD complex is more highly cooperative 

compared to the wild-type complex. An assessment that complex formation is highly 

cooperative is consistent with the lack of evidence for the presence of intermediate 

species in nano-ESI-MS data. Nevertheless the trajectory of the cross peak behaviour in 

the NMR titrations is not straightforward to rationalise, and it is intriguing whether 

further analysis of this behaviour might reveal more about precise mechanism of 

PIDDosome core assembly, along the lines that has been successfully developed for 

small heatshock protein particles (Baldwin, Hilton et al. 2011) .  

In summary, the combination of HSQC and TROSY NMR experiments provide 

unambiguous evidence for the formation of a high molecular weight asymmetric 

PIDDosome core particle in solution. The overall outcome of the 
15

N- and methyl-

TROSY approach applied to the PIDDosome core complex yields a picture consistent 

with the one obtained by (
15

N, 
1
H)-HSQC spectroscopy. In both (

15
N, 

1
H)-HSQC and 

methyl-TROSY NMR experiments, the signals from the terminal regions of both PIDD 

and RAIDD DDs remain sharp with unperturbed chemicals shift, consistent with these 

regions retaining flexibility in the complex. Cross peaks corresponding to NH or methyl 

groups in the globular parts of the DDs broadens to the noise level or split into cluster of 

peaks with perturbed chemical shifts and different intensities.  For some peaks the 

bound state signals are simply almost broadend beyond the detection limit. Importantly 

this pattern of behaviour, that was broadly replicated in similar experiments performed 

for the Fas-DD:FADD-DD DISC complex (Esposito, Sankar et al. 2010), can now 

safely be attributed to the formation in solution of an asymmetric particle, similar to the 

PIDDosome rather than to a polydisperse collection of particles with variant mass and 

composition. 



     

191 

 

 

 

 

 

 

 

 

Chapter 5 

Investigation of the interaction between 

RIP1-DD and other DDs 
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5    Investigation of the interaction between RIP1-DD and other 

DDs 

As was mentioned in Chapter 1, homotypic interaction of the members of the DD 

superfamily is important in the assembly of oligomeric signalling complexes such as 

the Fas- and TNFR1-DISC, PIDDosome, necrosome and the recently identified 

RIPoptosome. RIP1 is a crucial component in several oligomeric signalling 

complexes, particularly downstream of TNFR1 signalling, and contributes to the 

regulation of cell death via apoptotic or necrotic pathways as well as cell survival 

(Declercq, Vanden Berghe et al. 2009). In spite of much research activity in TNFR1 

signalling, much remains to be resolved about the composition, structure and precise 

function of these TNFR1-dependent complexes. Published data in this field is littered 

with discrepancies concerning the make-up and temporal evolution of TNFR1 

complexes, and this makes the research landscape in this area relatively complicated. 

As one of the main component of the TNFR1 complexes, RIP1 is an attractive target 

for structural biologists who are interested in the formation of large protein 

assemblies such as RIPoptosome and their function in cells. The death domain of 

RIP1 (RIP1-DD) has been variously reported to interact with receptors such as 

TNFR1, TRAIL-R1/2, and Fas, as well as adaptor proteins such as TRADD and 

FADD, presumably via homotypic DD-DD interactions. None of these combinations 

proposed for the RIP1-DD has previously been studied by spectroscopic or 

biophysical methods in vitro. Some of the putative binding partners for RIP1-DD, 

such as FADD, have been studied in our laboratory using NMR and other 

appropriate techniques. Therefore, we are well-placed to study the RIP1-DD 

interaction with candidate binding partners.  

This chapter describes the preliminary steps taken to study RIP1-DD and its 

interaction with putative binding partners in vitro. The approaches taken to clone the 

death domain of RIP1 and to purify the recombinant protein for NMR-based 

interaction studies and further biochemical and biophysical analysis are presented. 

Obtaining a tractable form of RIP1-DD proved to be one of the most challenging 

parts of this overall project. Structural and in vitro biochemical studies of the 
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members of the DD superfamily are often hampered by the aggregation of these 

proteins under the conditions required to make the measurements.  Most of the 

structural studies that are available have been performed either under non-

physiological conditions for example at acidic pH or by use of a high salt 

concentration, or by screening for mutations that improve the protein solubility, and 

in some cases by addition of an appropriate solubility enhancement tag (Park 2011). 

Therefore, particular attention in this chapter is given to the resolution of this aspect 

for RIP1-DD. Different strategies were carried out to find a constructs that yield 

tractable protein. 

5.1 RIP1 death domain  

The locations of the RIP1-DD boundaries were assessed based on bioinformatic 

domain and secondary structure predictions. RIP1 is annotated as containing an N-

terminal kinase domain (residues 17-289), an intermediate domain (residues 290-

582) containing the RHIM motif, and a C-terminal DD (residues 583-669) (Figure 

5.1.A). However the N-terminal boundary of the RIP1-DD is not well defined, 

therefore expression constructs were designed with variations in this region.  

5.2 Cloning of RIP1 death domain 

The E. coli codon-optimised synthetic gene encoding human RIP1 residues 570-671 

(Geneart) served as the template during the initial stage of the cloning process.  This 

fragment was separately inserted into two expression vectors: pET26b (Novagen) 

and pET-GB-1a (kindly provided by Dr Acely Garza-Garcia). The PCR primers 

designed to amplify DNA encoding the RIP1-DD construct, the corresponding vector 

maps, and the PCR program used in the thermal cycler, are provided in Appendices 

B, C, and D, respectively. The primers contained flanking NdeI and XhoI restriction 

sites, and NcoI and XhoI restriction sites to enable sub-cloning of this fragment into 

pET26b and pET-GB-1a vectors, respectively. The ligation procedure has been 

explained in Section 2.2.7. The resulting construct in the pET26b vector encodes the 

RIP1-DD insert in tandem with a non-cleavable C-terminal hexahistidine tag. The 

construct prepared in pET-GB-1a vector encodes an N-terminal hexahistidine tag 

followed by the B1 domain of streptococcal protein G, denoted GB1 and known as a 

solubility enhancement tag (Figure 5.1 B). 
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Figure 5.1 Outline structure and cloned constructs of RIP1-DD 

A) Schematic representation of the domain structure of human RIP1 defined in the Uniprot 

database indicated with the boundary amino acid residue numbers. 

B) Design of the two constructs prepared by conventional restriction enzyme-based PCR 

cloning. The GB1-fused RIP1-DD(570-671) construct has an N-terminal hexahistidine 

affinity purification tag while RIP1-DD 570-671, cloned in pET26b, has a C-terminal 

hexahistidine tag. 

C) RIP1-DD constructs prepared by LIC cloning in the pET-47b vector. Expressed protein 

products have an N-terminal hexahistidine tag plus 14 more residues.  
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Additional constructs (Figure 5.1 C) were prepared by the recently popularised LIC 

method which is known for very high efficiency incorporation of the DNA insert 

(Section 2.2.8). Initially, primers were designed (Appendix B) to make an extended 

construct (RIP1 residues 552-671) using the synthetic gene as a starting point. 

Extension was achieved using two rounds of PCR. In total 18 amino acid residues 

were added to the initial template in order to scan the effects on expression level of 

the inclusion of the less well-defined N-terminal region of RIP1-DD.  The expression 

plasmid pET-47b (Novagen) used for LIC cloning allows the preparation of protein 

constructs with an N-terminal hexahistidine tag.  The PCR primers designed for the 

LIC cloning strategy are listed in Appendix B. In all instances, the nucleotide 

sequence of the DNA product was confirmed by DNA sequencing. 

5.3 Expression test for RIP1-DD 

A range of chemically competent E. coli expression strains (BL21-Gold, and BL21 

Star) were transformed with the pET26b and pET-GB-1a constructs carrying RIP1-

DD residues 570-671. A full description of the strains used in this study and the 

expression test is presented in Section 2.3.1. Test expression was carried out at 37°C 

for 4 hours and 20°C overnight.   

The amount of total and soluble RIP1-DD protein made by these strains was assessed 

using SDS-PAGE analysis (Figure 5.2). For both constructs, the result showed 

overexpression of the target protein. However, whilst there was plenty of soluble 

protein produced using the GB1 solubility tag at both temperatures, expression using 

pET26b construct resulted in the formation of insoluble aggregates known as 

inclusion bodies. Though the GB1-fusion construct yielded considerable amount of 

soluble protein it was degraded soon after Ni-IDA purification. The mass spectrum 

of the GB1-fusion protein showed several fragments with the MW in the range of 8.4 

to 10.50 kDa with the main peak corresponding to the GB1 domain. This result 

might imply that the fusion protein is soluble but not stably folded. 
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Figure 5.2 Expression tests for RIP1-DD(570-671) constructs 

SDS-PAGE analysis of the expression tests for GB1-RIP1-DD(570-671) (20.7 kDa) in 

pET-GB1-a (lanes 5-8 and 13-14) and RIP1-DD(570-671) (12.7 kDa) in pET26b (lanes 

1-4 and 9-10) carried out in BL21-Gold and BL21-star E. coli strains:  

Lane 1: total protein produced in BL21-Star cells before IPTG induction; 

lane 2: total protein produced in BL21-Star cells after IPTG induction; 

lane 3: total protein produced in BL21-Gold cells before IPTG induction; 

lane 4: total protein produced in BL21-Gold cells after IPTG induction; 

lane 5: total protein produced in BL21-Star cells before IPTG induction; 

lane 6: total protein produced in BL21-Star cells after IPTG induction; 

lane 7: total protein produced in BL21-Gold cells before IPTG induction; 

lane 8: total protein produced in BL21-Gold cells after IPTG induction; 

lane 9: soluble protein in BL21-Star cells before IPTG induction; 

lane 10: soluble protein in BL21-Star cells after IPTG induction; 

lane 11: soluble protein produced in BL21-Gold cells before IPTG induction; 

lane 12: soluble protein produced in BL21-Gold cells after IPTG induction; 

lane 13: soluble protein produced in BL21-Star cells before IPTG induction; 

lane 14: soluble protein produced in BL21-Star cells after IPTG induction; 

Not shown: the test for soluble GB1-RIP1-DD(570-671) protein in BL21-Gold cells.  

M: molecular weight markers  
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The expression test for the panel of LIC-cloned RIP1-DD constructs was performed 

using 48 well plates (Section 2.3.2). In most cases the result showed overexpression 

with the majority of the product expressed in inclusion bodies (data not shown) and 

only a small amount in a soluble form as assessed by SDS-PAGE analysis of the Ni-

IDA purified lysates (Figure 5.3). Based on the relatively high expression level it was 

decided to pursue further two of these constructs (RIP1-DD residues 566-671 and 

554-671) for large-scale expression trials. However, large-scale protein production 

resulted in very limited amounts of the soluble protein that was not sufficient for 

NMR experiments. 

5.4 Refolding of RIP1-DD from inclusion bodies 

The aim was to make enough soluble RIP1-DD protein for NMR and other 

interaction studies. As described above, test expression of the cloned constructs, 

regardless of the fusion tag and growth conditions, resulted in overexpressed but 

mostly insoluble protein, or soluble but unstable protein.  

Experience in Dr Katrin Rittinger’s laboratory at NIMR with an on-column refolding 

approach for the RIP2 CARD domain showed promising results (data not shown) 

hence, I decided to pursue the same approach for RIP1-DD isolation from inclusion 

bodies. In this method, refolding is performed using a His Trap column (GE 

Healthcare), and this was applied to the RIP1-DD residues 566 -671 construct 

expressed from a pET47b vector. In brief, the method consisted of solubilisation of 

RIP1-DD inclusion bodies in 6 M guanidinium hydrochloride. The homogenate (5 

ml) was applied to the HisTrap column and refolding was performed by applying a 

linear decreasing gradient of urea concentration from 6 M to 0 M. A gradient volume 

of 30 ml and a flow rate of 0.5 ml.min
-1

 were used. The refolded sample was eluted 

from the column by applying 20 ml of 500 mM imidazole buffer. The eluted protein 

was dialysed against buffers at pH ranging from 4 to 8. Most of the protein heavily 

precipitated during either the elution step or during dialysis in buffers within the pH 

range 6-8; these samples were not suitable for further concentration and purification 

by size exclusion chromatography. However, in acetate buffer pH 5.0 the refolded 

RIP1-DD protein showed much less precipitation. This result provided a means to 

adapt a protocol for RIP1-DD isolation that was reported at the time I was
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Figure 5.3 SDS-PAGE analysis of expression tests of some of the LIC-cloned constructs using the BL21-gold E. coli expression strain.  

The expression tests were carried out at 20 ºC O/N in a 48 well-plates. Cell lysates were purified in duplicate by Ni-IDA affinity capture 

and elution in imidazole buffer. The eluted proteins were run side by side in pairs of lanes on the gels. M: MW markers, Lane 1, 2, 3& 4: 

RIP1-DD (562-671),  Lane 5&6: RIP1-DD (564-671), Lane 7, 8, 9, 10 , 11, 12: RIP1-DD (566-671), Lane 13, 14, 15, 16, 17&18: RIP1-

DD (568-671), Lane 19, 20, 21, 22, 23, 24: RIP1-DD (570-671), Lane 25, 26, 27 &28: RIP1-DD (560-671), Lane 29, 30, 31, 32, 33, & 

34: RIP1-DD (558-671),    Lane 35, 36, 37&38: RIP1-DD (556-671), Lane 39, 40, 41, & 42: RIP1-DD 

( 554-671),  Lane 43, 44, 45, 46, 47, &48: RIP1-DD (552-671). 
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conducting these trials (Jang and Park 2011) but which I was not able to replicate. 

This refolding protocol, that had the important modification of using only 3 M urea 

as the inclusion body denaturant, is described in Section 2.3.10. The solubilized 

RIP1-DD in containing 20 mM sodium acetate pH 5.0, 500 mM NaCl, 300 mM 

imidazole, and 0.5 mM TCEP-HCl buffer was applied directly to a Superdex 75 size 

exclusion column pre-equilibrated with 20 mM sodium acetate pH 5.0, 150 mM 

NaCl, and 0.5 mM TCEP-HCl, as the final purification step (Section 2.3.8). Figure 

5.4 shows the size exclusion chromatogram and SDS-PAGE analysis of the RIP1-

DD-containing fractions. Following pooling of these fractions the maximum 

achievable concentration for RIP1-DD(566-671) was ~150 µM. Beyond this 

concentration level, the sample was not stable and started to show significant signs of 

precipitation. The refolded protein was further analysed by ESI-MS to confirm the 

identity of the protein. The predicted MW based on the amino acid sequence of the 

construct (including hexahistidine tag plus 14 more residues added to the N-terminal 

region) was 14414 Da as calculated using the EXPASY Protparam server. However, 

the measured MW of the RIP1-DD (566-671) using ESI-MS was 14281 Da. This 

MW corresponds to the amino acid sequence lackinging the N-terminal Met residue. 

5.5 Folding state and stability of refolded RIP1-DD(566-671) 

The folding state and stability of the refolded RIP1-DD(566-671) was analysed by 

CD.  The far-UV (190-250nm) CD spectrum can provide important information 

about the secondary structure content of the protein. Strong negative ellipticity in the 

region of 205-225 nm is an indication of α-helical or  β-sheet secondary structure 

depending upon the precise shape of the CD absorption bands (Correa and Ramos 

2009). Figure 5.5 A shows the far-UV spectrum recorded for RIP1-DD(566-671). 

The spectrum of the RIP1-DD suggests that the protein contains mainly α-helical 

secondary structure, reflected in the double minima at 208 and 222 nm and the 

strongly positive absorption at 191-193 nm. The secondary structure content was 

quantitatively estimated from this spectrum as described in Section 2.4.2 (Figure 5.5 

A). The RIP1-DD was found to have 50-51% α-helical content with ∆ɛmrw values of -

5.4 and -4.2 at 208 and 222 nm, respectively. The spectrum of the RIP1-DD thus 

shows α-helical content comparable with % α-helicity value published for PIDD- and  
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Figure 5.4 Size exclusion chromatography of refolded RIP1-DD(566-671).  

The elution profile was monitored by UV absorbance at 280 nm. Inset: SDS-PAGE analysis 

of fractions corresponding to the main peak.   

M: molecular weight markers. 
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Figure 5.5 Far-UV CD analysis of refolded RIP1-DD(566-671) 

A) Far-UV (190-250 nm) CD spectrum of 0.15 mg.ml
-1

 RIP1-DD(566-671). The analysis of the spectrum indicated 51% 

alpha helix, 5-6% beta sheet, 14% turns, and 30% random coil structure. ∆εmrw at 208 and 222 nm was -5.4 M
-1

.cm
-1

 and -

4.2 M
-1

.cm
-1

, respectively. B) Thermal unfolding/refolding of refolded RIP1-DD monitored at 222 nm. The protein 

reversibly unfolds (black) with a TM of at  60.9 ºC (based upon the fitted thermogram shown in red).  
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RAIDD-DDs (51-52%) but lower than the estimated values for Fas- and FADD-DDs 

(67-68%) (PDB files: PIDDosome: 2OF5 and Fas-FADD complex: 3OQ9). Further 

secondary structure content data analysis indicates that RIP1-DD also contains 5-6 % 

β-sheet, 14% turns, and 30% random coil regions.  

The thermal stability of RIP1-DD was also assessed by temperature 

unfolding/refolding between 5 ºC and 95 ºC. The CD amplitude was monitored taken 

at 222 nm (Figure 5.5 B). Thermal denaturation of the RIP1-DD was shown to be 

completely reversible with a midpoint ‘melting’ temperature referred to as Tm at 61 

ºC.  

5.6 NMR studies of RIP1-DD 

The following describes the use of heteronuclear NMR to study 
15

N-labelled RIP1-

DD(566-671) expressed in E.coli BL21-Gold cells cultured minimal media 

containing (
15

NH4)2SO4 as the sole nitrogen source. The protein was refolded and 

purified as described in Sections 2.3.10, and 2.3.8. The concentration of sample was 

100-150 µM and the sample was prepared in buffer containing 20 mM sodium 

acetate pH 5.0, 150 mM NaCl, and 0.5 mM TCEP-HCl. The samples contained 10% 

v/v 
2
H2O to provide a reference signal for field-frequency lock system of NMR 

spectrometer.  

5.6.1 (
15

N,
 1
H)-HSQC spectrum of RIP1-DD  

After folding and dialysis, RIP1-DD was purified using size exclusion 

chromatography to remove traces of the folding buffer and any oligomers present in 

the sample. 
15

N-labelled RIP1-DD sample was concentrated to ~100 μM in a buffer 

containing 20mM Na acetate pH 5.0, 150mM NaCl, and 0.5 mM TCEP-HCl, using a 

centrifugal concentrator. In an ideal situation in a (
15

N,
1
H)-HSQC spectrum, each 

amino acid residue (except proline) should give rise to one cross peak corresponding 

to its backbone amide group. Furthermore, N-H bonds in side chains of His, Trp, 

Arg, Gln, and Asn also generate signals in the spectrum. In an unfolded protein, the 

backbone amide signals are typically overlapped to a great extent and collapsed 

mainly in the region of 8.0-8.5 ppm in the 
1
H dimension and between 120 and 125 

ppm in the 
15

N dimension. A folded protein typically exhibits wider range of signal 

frequencies. 
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Figure 5.6 A shows the (
15

N,
 1

H)-HSQC spectrum recorded for a 100 µM sample of 

15
N-labelled RIP1-DD(566-671) at 25ºC and at 600 MHz 

1
H frequency. The (

15
N,

 

1
H)-HSQC spectrum possesses amide 

1
H signals ranging from 6.6 ppm to 9.2 ppm. 

The number of visible peaks (92 cross peaks) is clearly lower than that expected for 

the 126-residue protein. The spectrum is notable for the fact that the visible peaks 

show a wide range of intensities.  The expressed RIP1-DD construct contains 126 

residues including three prolines and twenty residues from the pET47b vector added 

to the N-terminal region (including the hexahistidine tag). Therefore we expect to 

observe ~123 cross peaks for the N-H groups of the polypeptide backbone and 35 

cross peaks for the side chains that together lead to a prediction of a total of ~158 

cross peaks. Typically the cross peaks of the N-terminal residue and polyhistidine 

stretches are not observed, presumably due to rapid exchange with the solvent, so a 

sensible expectation would be for 145-150 cross peaks. Clearly the RIP1-DD 

spectrum is far from ‘complete’ by this measure. Moreover the spectrum exhibits 

poor signal dispersion and spectral overcrowding particularly in the random coil 

region of the spectrum.  Plotting the spectrum at a relatively low base contour level 

(Figure 5.6.B) increases the number of visible peaks significantly, but the majority of 

the peaks are mainly clustered in the middle of the spectrum. 

5.6.2 (
15

N,
 1
H)-HSQC spectrum of RIP1-DD at different temperatures 

For a small protein like RIP1-DD ‘missing’ cross peaks might arise by different 

mechanisms such as intermediate exchange between conformational sub-states, and 

fast exchange with bulk solvent. In the former case increasing the temperature might 

accelerate the exchange process(es) and change the effective exchange regime and 

attendant line-broadening. Therefore the temperature dependence of the NMR 

spectrum of the 
15

N-labelled RIP1-DD at pH 5.0 was investigated using a series of 

(
15

N,
 1

H)-HSQC experiments carried out at 10ºC, 25 ºC, 35 ºC and 45ºC (Figure 5.7). 

The quality of the spectrum, as assessed by the count of observed cross peaks, did 

not significantly improve as the temperature increased. Indeed, some of the cross 

peaks show anomalous temperature dependence, such as decreasing in intensity with 

increasing the temperature (highlighted in the boxes in Figure 5.7) or
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Figure 5.6  The (
15

N,
 1
H)-HSQC spectrum of the 

15
N- labelled RIP1-DD(566-671)  

The spectrum plotted A) at a relatively high base contour level and B) close to the noise floor. The spectrum was recorded at 

25 ºC, pH 5.0, and 600 MHz 
1
H frequency.  
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Figure 5.7 Effect of temperature on the appearance of cross peaks in the (
15

N, 
1
H)-HSQC spectrum of 

15
N-labelled RIP1-DD (566-671).  

The spectra were recorded at 600 MHz 
1
H frequency as a function of temperature: (A) 10ºC, (B) 25ºC, (C) 35ºC, and (D) 45ºC. 
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increasing  the intensity (peak at 8.8 ppm 
1
H highlighted by red arrow) or an increase 

at the beginning of the temperature series followed by a decrease in the intensity at 

higher temperatures (indicated by green arrow for the signal at 6.5 ppm 
1
H in Figure 

5.7).  

5.7 Folding Studies of RIP1-DD by spectroscopic techniques 

The far-UV CD spectroscopy data confirm the existence of apparently regular 

secondary structure elements in the RIP1-DD(566-671) construct and the at least 

partial dispersion of the (
15

N,
 1

H)-HSQC spectrum suggest the existence of some 

elements of tertiary structure. However the spectrum lacks the quality of highly 

uniform cross peak intensity associated with a fully folded globular domain. 

Together these results suggest that RIP1-DD might be a partially folded protein or a 

molten globule. Molten globules are relatively compact (although slightly expanded) 

protein-folding states with mostly native-like secondary structure content but lacking 

stable side chain packing interactions that are characteristic of the tertiary structure 

of the protein.  Molten globules states of otherwise globular proteins are often found 

under mild denaturing conditions, acidic pH, or after removal of a cofactor (Redfield 

2004; Liu and Cowan 2009). Molten globules are sometime invoked as models of the 

late step in overall protein folding pathways. In order to further probe whether the 

term ‘molten globule’ can be accurately applied to RIP1-DD(566-671) I have 

performed two further analysis, near-UV CD spectroscopy and ANS fluorophore  

5.7.1 Near-UV CD spectroscopry 

The near-UV CD spectrum of a protein provides information about the environment 

of aromatic side chains (particularly tryptophan). Thus in a natively folded stable 

globular protein the naturally chiral environment of the packing around aromatic 

chromophores leads to a residual in the CD spectrum, visualised as a series of 

positive and negative bands in the 250-320 nm region. Lack of a well-structured core 

in partially-folded molten globules leads to attenuation or complete loss of signal in 

the near-UV region. The observation of significant signal in the far-UV spectrum 

plus a loss of signal in near-UV region is a characteristic feature of molten-globule 

states (Redfield 2004). 
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The near-UV region of the CD spectrum of RIP1-DD is shown in Figure 5.8 

compared to FADD-DD known to be stably folded and not a molten globule. The 

spectrum of RIP1-DD displays relatively weak near-UV CD intensity. The weak 

intensity of the CD bands for RIP1-DD is consistent with the NMR data that suggest 

a poor level of tertiary interactions in the RIP1-DD. 

5.7.2 ANS-binding 

Binding of 1-anilino-8-naphthanlenesulfonic acid (ANS) dye (Figure 5.9) has been 

used widely to study the conformational changes in proteins and in particular to 

probe the structure of molten globule proteins. For example ANS has been used to 

investigate the molten globule state of α-lactalbumin and to demonstrate the induced-

fit mechanism of MurA, an essential enzyme for bacterial cell wall biosynthesis 

(Schonbrunn, Eschenburg et al. 2000; Ramboarina and Redfield 2003). 

In a polar environment, the native fluorescence of the ANS chromophore is 

negligible. However, upon binding to hydrophobic regions on the surface of proteins, 

or binding to the exposed hydrophobic core of molten globules, the emission 

spectrum of ANS is blue-shifted from around 510 nm to around 480 nm and the 

fluorescence intensity increases considerably (Liu and Cowan 2009). ANS-binding 

experiments were carried out with refolded RIP1-DD(566-671) as described in 

Section 2.4.5. FADD-DD, a well-structured DD was used for comparison (Figure 

5.10). The fluorescence emission of ANS on its own was relatively weak with an 

emission maximum at 511nm. Addition of RIP1-DD increased the fluorescence 

intensity significantly 30-folds and the emission maximum was shifted to 480 nm. 

These changes suggest that ANS binds to hydrophobic regions on surface or to the 

hydrophobic core of the RIP1-DD. Addition of the same concentration of FADD-DD 

to ANS demonstrates a much smaller change in the fluorescence intensity compared 

to that of RIP1-DD. The enhancement of ANS fluorescence at 488 nm for FADD-

DD (~20 a.u.) was 6 times lower than that for RIP1-DD, which is consistent with the 

expectations of a folded globular protein. The clear increase in ANS emission in the 

presence of RIP1-DD is consistent with molten globule behaviour of this protein, and 

is in line with the poor chemical shift dispersion and differential line broadening of 

the recorded (
15

N, 
1
H)-HSQC spectrum, and the relatively weak near-UV CD 

intensity.   
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Figure 5.8 Near-UV (250-350 nm) CD spectrum of RIP1-DD(566-671) and FADD-DD.  

The spectra of RIP1-DD and FADD-DD are shown as red and blue curves, respectively. 

Samples (60~100 µM) were prepared to give an absorbance of >0.5 at 280 nm in a 10 mm 

cuvette.   
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Figure 5.9 The chemical structure of 1-anilino-8-naphthanlene-sulfonic acid (ANS) 

fluorescent dye.  

  

             

Figure 5.10  ANS fluorescence in the presence of RIP1-DD and FADD-DD ANS  

The light blue line represents the baseline fluorescence emission of ANS alone. Excitation 

wavelength was 371 nm and the emission was monitored at 400-600 nm at 25°C The pink 

line shows the fluoresence emission of ANS in the presence of FADD-DD and the dark blue 

line in the presence of RIP1-DD(566-671). For each experiment, the sample was prepared by 

dialysis of 80 µM protein in 20 mM acetate buffer pH 5.0 followed by addition of 10 μM  

ANS. 
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5.8 RIP1-DD Binding studies 

High resolution solution state NMR spectroscopy is a powerful technique to detect 

weak intermolecular binding and to map the interaction site of the protein upon 

complex formation with a binding partner.  Analysis of the (
15

N, 
1
H)-HSQC 

spectrum before and after the addition of binding partner can provide useful 

information about the strength of the interaction and the location of the binding 

site(s). Interaction between proteins can lead to either changes in the chemical shifts 

and/or the intensities of the cross peaks. In this section I summarise the binding 

studies of the RIP1-DD by using (
15

N, 
1
H)-HSQC NMR experiments. In these 

experiments potential 
15

N-labelled binding partners of RIP1-DD were mixed with an 

excess amount of un-labelled RIP1-DD. 

5.8.1 Binding studies of FADD-DD using (
15

N, 
1
H)-HSQC experiments  

It has been claimed in the literature that RIP1 can bind FADD (potentially via a DD-

DD interaction) to form the RIPoptosome complex that promotes PCD (Feoktistova, 

Geserick et al. 2011; Tenev, Bianchi et al. 2011). In the light of RIP1-DD forming a 

molten globule, it is interesting to test whether RIP1-DD can bind FADD-DD. A 

15
N-labelled sample of FADD-DD(92-192) appended to an N-terminal hexahistidine 

tag was kindly provided by Dr Diego Esposito to be used for these experiments. The 

FADD-DD sample was dialysed in buffer containing 20 mM sodium acetate, pH 5.0, 

150 mM NaCl, 0.5 mM TCEP-HCl and concentrated to approximately 150 µM 

before the addition of 10% 
2
H2O ready for NMR. Figure 5.11A shows the (

15
N,

 1
H)-

HSQC spectrum recorded for 150 µM sample of FADD-DD at 25ºC at 600 MHz 
1
H 

frequency. The number of amide side chain cross peaks and also the pattern of 

chemical shift matches well with the HSQC recorded for FADD-DD in our lab at pH 

6.2. The cross peaks are well resolved and dispersed as expected for a folded protein 

sample. 
15

N-labelled FADD-DD was mixed with three fold molar excess of 

unlabelled RIP1-DD and the sample was concentrated to 500 µl in a 2ml centrifugal 

concentrator.  

The (
15

N,
 1

H)-HSQC spectrum of the mixture (Figure 5.11B) shows a reduction in
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Figure 5.11 The (
15

N,
 1
H)-HSQC spectrum of FADD-DD with and without RIP1-DD  

A) The spectrum of 
15

N-labelled FADD-DD, and B) 
15

N-labelled FADD-DD mixed with unlabelled RIP1-DD(566-671). The 

spectra were recorded at 25ºC, pH 5.0 and at 600 MHz 
1
H frequency. The FADD-DD concentration was 150 μM and it was mixed 

with three-fold molar excess of RIP1-DD.  The assignments for some of the cross peaks in the bound state are indicated based upon 

the available FADD-DD resonance assignments (Dr Diego Esposito, MRC-NIMR). The visible backbone amide cross peaks in (B) 

belong to the N-terminal, and C-terminal flexible regions of the protein. 
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the major intensity of the majority of the FADD-DD cross peaks such that only 

fifteen cross peaks can be resolved. The positions of the remaining cross peaks in the 

spectrum were compared to the available FADD-DD resonance assignments 

(assignments have been obtained by Dr Diego Esposito), confirmed that the 

remaining backbone amide cross peaks belong to the N-terminal and C-terminal 

flexible regions of the protein. Apart from that, signals of Asn, Gln, and Arg side 

chains were also detectable in the spectrum. This result, similar to the behaviour 

observed upon mixing FADD-DD with FasDD, or PIDD-DD with RAIDD-DD (in 

each case with either component being 
15

N-labelled, strongly suggests that RIP1-

DD(566-671) can form a high molecular weight complex with FADD-DD.  

5.8.2 Binding studies of other DDs with RIP1-DD  

Partially folded protein might interact with other proteins in a non-specific manner 

via their relatively exposed hydrophobic residues. Therefore it is arguable that the 

observed interaction between RIP1-DD and FADD-DD might occur as a 

consequence of nonspecific binding. Hence, it is important to test the interaction of 

RIP1-DD with other death domains that are not considered as RIP1-DD binding 

partners in the literature. 
15

N-Labelled samples of RAIDD-DD(566-671), and Fas-

DD were dialysed in buffer containing 20 mM sodium acetate pH 5.0, 150 mM 

NaCl, and 0.5mM TCEP-HCl and concentrated to approximately 150 µM, before 

addition of 10% 
2
H2O. Figure 5.12 show the results of interaction studies for 

15
N-

labelled RAIDD-DD with unlabelled RIP1-DD.  The number of amide back bone 

cross peaks in the spectrum of RAIDD-DD on its own is approximately 107. The 

cross peaks are well resolved and dispersed as expected for a fully folded protein. 

15
N-labelled RAIDD-DD was mixed with RIP1-DD in excess and the sample was 

concentrated to 500 µl using a centrifugal concentrator. The (
15

N,
 1

H)-HSQC 

spectrum of the 
15

N-RAIDD-DD mixed with unlabelled RIP1-DD (Figure 5.12B) 

was not significantly different from the one that was recorded for the free protein, 

either in terms of relative cross peak intensities or chemical shift differences. Thus 

there is little suggestion of an interaction between these two proteins. A 
15

N-labelled 

sample of Fas-DD (218-328) containing an N-terminal polyhistidine tag was 

provided by Ms Gemma Wildsmith. As before two spectra were recorded for the 

15
N-labelled Fas-DD: alone and in a mixture with unlabelled RIP1-DD. The number 
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of amide side chain cross peaks and also the pattern of chemical shifts for the free 

15
N-labelled Fas-DD spectrum matches well with the spectrum recorded previously 

for Fas-DD in our lab (Figure 5.13A). The cross peaks are also well resolved and 

dispersed as expected for a folded protein. The (
15

N,
 1

H)-HSQC spectrum of 
15

N-

labelled Fas-DD in the presence of RIP1-DD(566-671) (Figure 5.13B) did not show 

any significant difference compared to the spectrum recorded for free 
15

N-labelled 

Fas-DD. This result similarly suggests that no interaction can be detected using NMR 

between Fas-DD and RIP1-DD under these conditions.  
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Figure 5.12  The (
15

N, 
1
H)-HSQC spectrum of 

15
N-labelled RAIDD-DD with and without unlabelled RIP1-DD(566-671).  

A) 
15

N-labelled RAIDD-DD, and B) 
15

N-labelled RAIDD-DD in the presence of RIP1-DD. The RAIDD-DD concentration was 150 μM 

and it was mixed with three-fold molar excess of RIP1-DD. The spectra were recorded at 25ºCand at 600 MHz 
1
H frequency. RAIDD-DD 

and RIP1-DD were prepared in sodium acetate buffer at pH 5.0, 10% 
2
H2O.  
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Figure 5.13  The (
15

N, 
1
H)-HSQC spectrum of 15N-labelled Fas-DD with and without unlabelled RIP1-DD(566-671).  

A) 
15

N-labelled Fas-DD, and B) 
15

N-labelled Fas-DD in the presence of RIP1-DD. The Fas-DD concentration was 150 μM and it was 

mixed with three-fold molar excess of RIP1-DD. The spectra were recorded at 25ºCand at 600 MHz 
1
H frequency. Fas-DD and RIP1-

DD were prepared in sodium acetate buffer at pH 5.0, 10% 
2
H2O.  
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5.9 Preliminary characterisation of the FADD-DD:RIP1-DD complex 

As already noted the essentially global loss of signal in the spectrum of 
15

N-FADD-

DD after mixing with RIP1-DD was a phenomenon likewise observed for PIDD-

DD:RAIDD-DD and Fas-DD:FADD-DD complexes in our laboratory. The 

disappearance of the cross peaks in (
15

N, 
1
H)-HSQC experiments of FADD-DD: 

RIP1-DD therefore provides evidence for interaction between the DDs of these two 

proteins and formation of a high MW species. Moreover this finding is in line with 

reports in the literature that the DDs of these two proteins take part in the formation 

of oligomeric complexes such as the RIPoptosome (See Section 1.4.5.3). The 

RIPoptosome complex forms independent of the exogenous death receptor ligands 

TNF, TRAIL, and/or Fas ligand) and upstream of mitochondria (Tenev, Bianchi et 

al. 2011). Because of its relevance it is important to confirm the formation of a high 

MW complex between FADD and RIP1 DDs using other techniques and to 

determining the size and possibly its oligomeric state using biophysical methods such 

as AUC. This section highlights the efforts to confirm the formation of FADD-

DD:RIP1-DD oligomeric complex and preliminary results regarding its size.  

5.9.1 FADD-DD: RIP1-DD complex sedimentation velocity 

In order to confirm the formation of high MW species observed in (
15

N, 
1
H)-HSQC 

NMR experiments and to measure sedimentation coefficient and obtain information 

about shape, and size of the particles, the FADD-DD:RIP1-DD complex was 

subjected to analysis by SV-AUC. The sedimentation velocity experiments were 

carried out as described in Section 2.4.3 using the NMR sample (
15

N-labelled 

FADD-DD:unlabelled RIP1-DD, discussed in Section 5.8.1) at a number of loading 

concentrations in the range from 0.5 to 3.0 mg.ml
-1

 total protein.  

Results of the data analysis (the experimental profiles, the derived sedimentation 

coefficient distribution, c(S), and the residuals) for the sample containing 0.5 mg.ml
-1

 

total protein is shown in Figure 5.14.  Sedimentation data were first analysed by 

fitting to the continuous c(S) distribution model using Sedfit (Lebowitz, Lewis et al. 

2002; Dam and Schuck 2004). First the program makes a grid of sedimentation 

coefficients that covers our range of interest. A scaling relationship is created 

between sedimentation coefficient (s) and diffusion coefficient (DT) by assuming a 
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constant shape and an equal frictional ratio for all species. Sedfit then simulates the 

sedimentation boundaries for each point by applying Lamm equation. Using a least-

squares fitting procedure, the data are fit to a sum of these Lamm solutions. All 

systematic noise (time-invariant noise, and the vertical displacements) are removed 

from the data.  

The obtained distribution functions of sedimentation coefficients, c(S), are shown for 

each loading concentration in Figure 5.15. Data fit well (rmsd of the fit: 0.003-0.005) 

and the recovered anhydrous frictional coefficient (f/f0) required to be a single 

uniform value for all species present was ~1.5 in all cases. The SV-AUC results are 

summarised in Table 5.1.  

 

Table 5.1 Summary of the SV-AUC experiments for equimolar mixtures of FADD-DD and 

RIP1-DD (566-671)  

Total protein 

concentration (mg.ml
-1

) 

Temperature 

(ºC) 

Sedimentation 

coefficients (S) 

f/f0 

 

RMSD 

0.5 20  8.0 1.5 0.004 

1.5 20  8.4 1.5 0.003 

3.0 20  8.9 1.5 0.005 

 

There are several peaks, indicating the existence of multiple species in the sample 

corresponding to the monomeric and oligomeric components present in the sample. 

The monomers in the sample sediment with a sedimentation coefficient ~ 1.6 S and 

this value did not vary from sample to sample. The monomers typically represent 

~30-50% of the total sample. 
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A)    

 

B)  

 

 

     

                        
          

 

 
Figure 5.14 Sedimentation velocity-AUC result for the FADD-DD:RIP1-DD(566-671) 

complex.  

A) Time-dependent sedimentation velocity profiles and the fit residuals. The meniscus (red 

line) and fitted data range (between the green lines) are highlighted. B) The c(S) distribution 

plot showing that monomers and oligomers in the sample sediment with sedimentation 

coefficients 1.6 S and 7.9 S, respectively.  

The sample contained 0.5 mg.ml
-1

 total protein in buffer containing 20 mM sobium acetate, 

150 mM NaCl, and 0.5 mM TCEP-HCl. The partial specific volume (PSV), solvent density, 

and solvent viscosity, were 0.7320 cm
3
.g

-1
, 1.007 g.cm

-3
, and 1.02 cP, respectively. 
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Figure 5.15 Sedimentation coefficient distribution c(S) derived from sedimentation velocity-

AUC data at 35000 rpm and 25°C. 

Loading concentrations were 0.5 mg.ml
-1

  (dark blue line), 1.5 mg.ml
-1

 (green line) and 3.0 

mg.ml
-1

 (red line). The c(S) distribution was derived allowing the frictional coefficient f/f0 to 

vary; the rmsd of the fit was in the range of 0.003-0.005. 
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It is noted that the apparent sedimentation coefficient for the oligomeric species is 

highly concentration dependent, shifting to higher S-values at higher loading 

concentration (Figure 5.15).  The oligomeric component present in the sample 

sedimented with a significantly higher sedimentation coefficient value (~8.0 S) 

compared to the PIDDosome core complex (6.0 S) with the sedimentation coefficient 

value increasing up to 8.9 S when the total protein concentration in the sample was 

increased to 3 mg.ml
-1

.  

The c(S) distribution was converted to a distribution of molar masses. The apparent 

MW of the oligomeric complex increased from 191 to 240 kDa when the 

concentration of sample was increased. Assuming the globally fitted f/f0 value of 1.5 

for the monomers in the sample, the molecular mass of the monomer would be 

estimated at 18-19 kDa. This value is certainly larger (by ~30%) than the expected 

MW for RIP1-DD and FADD-DD (14.4 and 12.0 kDa, respectively). The frictional 

coefficient of a globular particle is normally closer to unity 1. Therefore, over-

estimation of f/f0 in this case probably results in an overestimation of the MW of the 

monomeric particles in the sample.  

Finally, considering the actual molecular mass of the RIP1-DD and FADD-DD 

components, the average MW of the monomeric particles in the sample is ~13 kDa. 

Hence, the fast-sedimenting oligomeric particles present in the sample could be 

predicted to comprise 15-18 DD subunits.  

5.9.2 ANS binding studies of the complex 

Fluorescence spectroscopy is one of the techniques allowing for the evaluation of the 

interaction of a protein with its ligand, and even to estimate the binding constant for 

the interaction. Sometimes, the intrinsic fluorescence of the aromatic amino acids of 

the protein can be used as a probe. However, the intrinsic fluorescence may show 

little change upon protein-ligand interaction. Researchers have often used extrinsic 

fluorescence probes that interact or compete with a ligand for the protein binding 

site. The fluorescence of the probe bound to the protein is then diminished as the 

ligand interacts with the protein. This method is referred to as the ‘dye-displacement’ 

assay (Masui and Kuramitsu 1998).  

In this study, I analysed the interaction of RIP1-DD and FADD-DD by employing 

ANS as an extrinsic fluorescence probe (Figure 5.16). The fluorescence of ANS in 
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Figure 5.16 ANS binding experiments for the mixtures of FADD-DD with RIP1-DD (566-

671) 

Fluorescence emission spectrum of 10μM ANS in 20mM acetate buffer pH 5.0 (light blue), 

and with addition of either 40 μM FADD-DD (orange), 80 μM FADD-DD (pink), 80 μM 

FADD-DD and 80 μM RIP1-DD (red), 40 μM FADD-DD and 80 μM RIP1-DD (green), or 

80 μM RIP1-DD (dark blue).  
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the presence of FADD-DD and RIP1-DD proteins was separately measured at the 

beginning of the experiment (see Section 2.4.5). Then FADD-DD was added to 80 

µM RIP1-DD at two different concentrations, 40 µM and 80µM. The samples were 

incubated for 1 hour in room temperature.  ANS (10 μM) was added to the samples 

and the fluorescence spectra of the samples was measured immediately.  

As expected, upon excitation (using an excitation wavelength of 371 nm) ANS 

yielded little fluorescence emission on its own in aqueous buffer solution with a 

maximum at 511 nm (Figure 5.16). With FADD-DD there was a small increase in 

the ANS fluorescence intensity wavelength maximum was shifted to 480 nm 

suggesting some tendency of ANS to interact with FADD-DD.  In the presence of 

RIP1-DD, however, the ANS fluorescence emission was considerably enhanced 

compared to the situation with FADD-DD, indicating (as before) that ANS has a 

strong association with isolated RIP1-DD  

Addition of FADD-DD to the sample at a RIP1-DD:FADD-DD ratio of 2:1 resulted 

in a 40% decrease in the fluorescence activity of ANS compared with the level in the 

presence of RIP1-DD alone (Figure 5.16). Further addition of FADD-DD to the 

RIP1-DD sample to reach equimolar concentrations resulted in an even greater 

reduction (67%) in the ANS fluorescence intensity. The reduction in the RIP-1-DD-

dependent ANS fluorescence intensity in the presence of FADD-DD suggests that 

the interaction between the two proteins expected from the results obtained from 

AUC and NMR studies, competes for the interaction between ANS and RIP1-DD, 

and possibly between ANS and FADD-DD. 

A similar series of experiments was conducted with Fas-DD in place of FADD-DD 

(Figure 5.17). Similar to the case of FADD-DD with ANS alone, the presence of Fas-

DD affected a small increase in ANS fluorescence emission, suggesting tendency of 

ANS to bind Fas-DD albeit weakly. When Fas-DD was added to RIP1- DD the 

overall ANS fluorescence intensity increased. The fluorescence enhancement was 

proportional to the amount of Fas-DD protein present in the sample, suggesting 

under these conditions ANS binds separately to both RIP1-DD and Fas-DD, and that 

any interaction between the two proteins does not lead to any reduction in the 
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Figure 5.17 ANS binding experiments for the mixtures of Fas-DD with RIP1-DD(566-671) 

Fluorescence emission spectrum of 10μM ANS in 20mM acetate buffer pH 5.0 (light blue), 

and with addition of either 40 μM Fas-DD (orange), 80 μM Fas-DD (pink), 80 μM Fas-DD 

and 80 μM RIP1-DD (red), 40 μM Fas-DD and 80 μM RIP1-DD (green), or 80 μM RIP1-

DD (dark blue). 
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ANS:RIP1-DD interaction such as was the case for FADD-DD. This result is 

consistent with the similarity of the (
15

N, 
1
H)-HSQC spectra of 

15
N-labelled Fas-DD 

recorded in the presence and absence of unlabelled RIP1-DD (Figure 5.13). Together 

these data confirm that Fas-DD does not bind to RIP1-DD.  

5.9.3 Binding-induced folding of the RIP1-DD 

Given that the NMR spectra and intrinsic ANS-binding capacity of RIP1-DD suggest 

that it might exist in a molten globule state, and that the ANS-binding is reduced by 

complex formation with FADD, it is intriguing to pose the question whether the 

FADD-DD might induce RIP1-DD to adopt a more ordered state, more similar to a 

standard globular folded protein. As a first step to address this aspect, the binding of 

FADD-DD to RIP1-DD was investigated using CD spectroscopy. Figure 6.18 shows 

the both far- and near-UV parts of the CD spectrum of a sample of RIP1-DD mixed 

with equimolar FADD-DD. The spectrum of the complex is found to be essentially 

identical to the mathematical sum of the spectra of the isolated components, 

suggesting that RIP1-DD does not undergo significant rearrangement upon complex 

formation. Specifically this result does not provide any evidence for a significant 

change in the secondary structure composition, or of side chain packing (at least 

around the aromatic groups), of RIP1-DD upon complex formation.  

5.10 Design of the Macaca mulatta-RIP1-DD (mRIP1-DD) 

In an additional attempt to obtain a structurally tractable form of RIP1-DD, I decided 

to look for different orthologs with the hope of making a construct with enhanced 

solubility or a more ordered NMR spectrum. The amino acid sequences of the DD of 

RIP1 proteins in vertebrate species were aligned using MAFFT (Figure 5.19). The 

most striking feature of this alignment is the high level of conservation between 

human RIP1-DD (hRIP1-DD) and RIP1 from the rhesus macaque Macaca mulatta. 

In fact, all of the residues are completely conserved except at five positions: 570, 

652, 657, 663 and 664. On the basis of this analysis these five residues are selected 

for mutation to test expression of the M. mulatta RIP1-DD (mRIP1-DD) using the 

existing hRIP1-DD (566-671) construct as the template.  
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Figure 5.18 CD analysis of mixtures of FADD-DD with RIP1-DD(566-671)  

A)Far-UV CD spectra (200-250 nm) of FADD-DD (blue line), RIP1-DD (red line), and equimolar mixture of FADD-DD and 

RIP1-DD (green line). In ease case the total protein concentration was 0.15 mg/ml. The normalised sum of the individual 

FADD-DD and RIP1-DD spectra is shown in black. B) Near-UV CD spectra (250-330 nm) of FADD-DD (blue line), RIP1-DD 

red line) and equimolar mixture of FADD-DD and RIP1-DD (green line). The normalised sum of the individual FADD-DD and 

RIP1-DD spectra is shown in black.  
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Figure 5.19 Multiple sequence alignment for RIP1-DD orthologs in vertebrate species.  

Conserved residues are indicated with blue boxes. The RIP1-DD sequence contains the DD according to Uniprot and 29 residues located 

N-terminal to the DD. The Uniprot references for the human RIP1 (hRIP1), macaque RIP1 (mRIP1), bovine RIP1 (bRIP1), mouse RIP1 

(moRIP1), chicken RIP1 (cRIP1), xenopus RIP1 (xRIP1) are Q13546, H9FDV6, Q3SZK6, Q60855, F1P4C2, A1L217, respectively. The 

sequence alignment was initially made in MAFFT and then deposited in the multiple alignment editor Jalview. The sequences are listed in 

order of pairwise identity. The calculated pairwise sequence identity between hRIP1 and mRIP1 is 95%, and between hRIP1 and the 

others sequences between 50-81%. Residues highlighted in red are those that differ between hRIP1 and mRIP1.   
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Mutagenesis oligonucleotides were designed (see Appendix B) and the five residues 

were mutated in four PCR steps. The site-directed mutagenesis protocol is explained 

in Section 2.2.10. The first step involved A570S mutation, the second step 

incorporated the A652V mutation. S657A and S663N were mutated in the third step, 

and finally S664H was mutated in the fourth round. 

The new construct contained N-terminal hexahistidine tag, and was expressed in 

BL21-Gold cells using IPTG as inducer as described for hRIP1-DD. mRIP1-DD was 

also expressed in high yield as inclusion bodies and I refolded mRIP1-DD using the 

method described for hRIP1. Figure 5.20 shows the (
15

N-
1
H) HSQC spectrum 

recorded for 
15

N-labelled mRIP1-DD. The cross peaks appear sharper and the overall 

quality of the spectrum is significantly improved compared to that for hRIP1-DD. 

Although the cross peaks still show some variation in intensity there is a higher 

number (~135) of resolved cross peaks  in the spectrum and the cross peaks appear 

generally more resolved particularly in the central part of the spectrum.  

5.11 Discussion 

Cell death pathways involve death-inducing signalling complexes that have been 

identified such as the Fas DISC, the apoptosome, the PIDDosome, and TNFR1 

complex II (Feoktistova, Geserick et al. 2011). An intracellular death platform 

containing RIP1, the RIPoptosome was recently proposed to play an important role 

in the cellular response to DNA damage. This large death-inducing platform (~ 

2MDa) appears to contain RIP1, FADD and caspase-8 and forms in response to 

SMAC-mimetic treatment as well as IAP depletion due to genotoxic stress (Bertrand 

and Vandenabeele 2011; Feoktistova, Geserick et al. 2011; Tenev, Bianchi et al. 

2011). DDs have a well-known role in mediating homotypic interactions to assemble 

oligomeric apoptotic complexes (Park, Logette et al. 2007). The bipartite DD/DED 

protein FADD or DD/CARD protein RAIDD act as adaptor proteins to assemble 

high MW complexes such as the Fas-DISC and PIDDosome to activate caspase-8 

and caspase-2, respectively (Park, Logette et al. 2007; Tenev, Bianchi et al. 2011). 

Similar to other DD signalling complexes, the homotypic interaction between RIP1- 

and FADD DDs potentially mediate the formation of the oligomeric RIPoptosome 

platform for recruitment and activation of the procaspase-8.   
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Figure 5.20 The (
15

N, 
1
H)-HSQC spectrum of the 

15
N- labelled mRIP1-DD.  

The spectrum was recorded at 25 ºC and 600 MHz 
1
H frequency. The sample was 

concentrated to 200 μM in a buffer containing 20 mM sodium acetate pH 5.0, 150 mM NaCl, 

0.5 mM TCEP-HCl, 10% 
2
H2O. 
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This chapter has outlined the various cloning and purification approaches taken in 

order to produce and isolate a soluble form of RIP1-DD for biophysical studies. Also 

the preliminary structural characterisation and interaction studies of the refolded 

RIP1-DD, have been investigated.  

E. coli is normally considered as a relatively inexpensive, and effective choice for the 

high level expression of recombinant mammalian proteins. However, the formation 

of inclusion bodies represents a significant risk if the target protein fails to fold 

efficiently in the absence of appropriate chaperonins. For any given expressed 

protein, diversion to inclusion bodies is not predictable a priori and successful 

refolding from the isolated inclusion bodies cannot be guaranteed. In order to avoid 

the formation of inclusion bodies several strategies can be adopted such as lowering 

the temperature during expression to hamper the rate of protein synthesis, or 

adoption of a tandem-fusion protein strategy. Here, a range of constructs covering 

the DD region of RIP1 were prepared and tested for expression in E. coli. The 

constructs produced insoluble proteins regardless of choice of affinity tag and growth 

conditions. Fusion to the solubility enhancement tag (GB1), which in our hands is 

normally extremely efficient at maintaining soluble expression of almost any target 

protein, did not improve the solubility of the RIP1-DD. Other strategies such as 

coexpression with chaperones (chaperone plasmid sets pGro7 containing GroEL and 

GroES and pTf16 containing Tig) (Takara Bio. INC.) were also proved to be 

unsuccessful (data not shown).  

Published and anecdotal evidence indicates that structural studies of the isolated DDs 

have proved difficult because of a tendency to self-association and aggregation under 

physiological buffer conditions. Solubilisation of the isolated members of the DD by 

introducing mutations, controlling the pH and refolding techniques have been 

reported for several of isolated DDs whose structures have been reported such as the 

DDs of Fas, TNFR1, TRADD, and RAIDD (Huang, Eberstadt et al. 1996; Sukits, 

Lin et al. 2001; Park and Wu 2006; Tsao, Hum et al. 2007). The solubility problems 

observed for RIP1-DD and other DDs in our laboratory (e.g. DR4 and DR5 DDs also 

were expressed as insoluble proteins, data not shown) are consistent with several 

reports concerning low solubility of isolated domains of the members of DD 

superfamily. A number of studies have reported that overexpression of RIP1-DD and 
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other DDs such as TNFR1-DD and TRADD-DD in E. coli results in the formation of 

inclusion bodies (Sukits, Lin et al. 2001; Jang and Park 2011); the PYD of the 

CARD7 aggregates and shows extensive self-association at concentrations above 20-

30 μM in pH 4.0 (Fairbrother, Gordon et al. 2001). It is just possible that DDs might 

require the ability to aggregate in order to perform their biological function.  

Attempts were made by the help of Mr Vangelis Christodoulou (Division of 

Molecular Structure, NIMR) to produce the RIP1-DD protein in insect cells. The 

baculovirus-based system uses many of the post-translational modification; 

processing and transport systems present common to higher eukaryotic cells and 

therefore might aid protein solubility. The use of insect cells for expression of 

soluble RIP1-DD was also unsuccessful indicating that this protein has a high 

tendency to aggregate (data not shown). 

Finally, a purification scheme based upon on-column refolding of inclusion bodies 

was adapted to obtain RIP1-DD in a soluble form. Following extensive refolding 

experiments of RIP1-DD, soluble refolded protein was obtained with the more-or-

less expected α-helical secondary content as determined using CD spectroscopy. 

Thermal denaturation of the RIP1-DD was also completely reversible as confirmed 

by CD spectroscopy that refolded protein should properly represent the equilibrium 

state for this polypeptide chain, and likely represent the physiological state of the 

protein (insofar as this can be true for a sub-section of full-length RIP1).   

Surprisingly the (
15

N-
1
H)-HSQC spectrum of the RIP1-DD was of relatively poor 

quality with low signal-to-noise ratio, poor signal dispersion, missing cross peaks, 

and heterogeneity in the signal intensities. These characteristics might result for 

different reasons, for example transient hydrophobic self-association (Iwaya, Goda et 

al. 2007), exchange between discrete conformations or oligomeric states (Da 

Fonseca, Kong et al. 2011) such as the existence of a monomer-dimer equilibrium in 

solution. Despite the fact that RIP1-DD behaves like a monomeric protein by size 

exclusion chromatography, I have analysed RIP1-DD amino acid sequence for any 

putative non-canonical coiled-coil region close to the domain boundary using the 

COILS server (www.ch.embnet.org/cgi-bin/COILS_form_parser) that could 

conceivably result in transient hydrophobic self-association. According to the results 

approximately 13 residues in the middle of RIP1-DD (residues 608-621) showed a 



      

231 

  

coiled-coil propensity lower than 20%, which cannot be regarded as very significant. 

The formation of monomer-dimer equilibrium is not impossible but is highly 

unlikely.  

It is also known that line broadening or disappearance of signals in the (
15

N,
 1

H)-

HSQC spectrum is characteristic of molten globule states of otherwise stable 

globular proteins. In these instances, the line broadening and missing cross peaks is 

probably due to the chemical exchange between conformationally heterogeneous 

species and their complex dynamical behaviour in the sample (Schulman, Kim et al. 

1997). Lack of fixed tertiary interactions in molten globules causes a high degree of 

conformational disorder resulting in an ensemble of fluctuating structures that 

interconvert on a millisecond to a microsecond time-scale (Redfield 2004; Liu and 

Cowan 2009). This structural heterogeneity causes difficulties in using NMR and 

crystallography methods to characterise the structure. Molten globules are normally 

obtained under mild denaturing conditions, at acidic pH, or after removal of a 

cofactor.  

Interestingly, I found that the refolded RIP1-DD appears to adopt a molten globule 

form. A molten globule is characterised by the presence of secondary structure 

elements similar to those of the native form but lacking of rigid tertiary packing 

(Redfield 2004). Several lines of evidence support this is the case for RIP1-DD. 

First, the HSQC spectrum of the RIP1-DD shows typical characteristics of a molten 

globule (Figure 5.6). Second, similar to other molten globules, ANS binds to exposed 

hydrophobic regions either on the surface of RIP1-DD or in the loosely packed 

hydrophobic core of the RIP1-DD, shifts the fluorescence emission spectrum 

maximum to about 480 nm and considerably increases the fluorescence intensity 

(Figure 5.10). Third, the near-UV CD spectrum of RIP1-DD displays relatively weak 

signals compared to similar stable DDs (e.g. FADD-DD) due to the absence of a 

well-defined protein core (Figure 5.8).  

Jang et al. who also reported the refolding of RIP1-DD, carried out binding studies 

between the RIP1-DD and FADD-DD using native PAGE analysis and reported that 

refolded RIP1-DD and FADD-DD form high order oligomers (Jang and Park 2011). 

Interestingly, our binding studies for the molten globule state of the RIP1-DD using 

2D NMR spectroscopy also indicate the formation of a high MW species comprising 
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only FADD and RIP1 DDs Moreover additional biophysical techniques were 

explored and the formation of a high MW species was confirmed using SV-AUC 

experiments. The interaction between RIP1 and FADD (presumably via homotypic 

interaction) and formation of a high MW death-inducing signalling platform  the 

RIPoptosome  has been reported in the literature recently (Ishizawa, Tamura et al. 

2006; Bertrand and Vandenabeele 2011; Darding and Meier 2011; Feoktistova, 

Geserick et al. 2011; Imre, Larisch et al. 2011; Tenev, Bianchi et al. 2011). It was 

interesting to observe that a molten globule form of a protein can apparently behave 

in a similar way as the native form. It is possible that, in the presence of the remote 

parts of the RIP1 protein chain, or other RIPoptosome components, the molten 

globule state of the RIP1-DD adopts a more native-like folding state or that such a 

state is accessed in the presence of FADD-DD. The latter scenario requires one to 

invoke the ‘induced-fit’ concept; further studies are required to specifically probe the 

side chain order of RIP1-DD in the complex with FADD-DD to assess whether this 

is applicable.  

Sedimentation velocity-AUC experiments for the FADD-DD:RIP1-DD complex 

reveal the formation of an oligomeric complex with a high MW in the range 190-240 

kDa (Table 5.1). Considering the average MW of the subunits in the complex (~13 

kDa) there are about 15-18 domains in the complex. However, the precise 

stoichiometric ratio between these two DDs in the complex remains to be definitely 

resolved. The SV-AUC results also show that the calculated MW corresponding to 

the monomeric species in the sample is slightly inflated and is not consistent with 

that deduced from the amino acid composition of RIP1-DD and FADD that were also 

experimentally verified using mass spectrometry. This outcome could well be a 

consequence of the software requirement to assume an equal weight-average shape 

factor f/f0 for the monomeric and oligomeric species in the sample. It is worth 

mentioning that the approximation of diffusion with a single value for f/f0 has no 

effect on the peak value of the sedimentation coefficient distribution c(S). The molar 

masses derived from c(S) distribution are accurate if there is only one dominant 

species in the sample; this is clearly not the case in these experiments. Assuming the 

formation of an asymmetric species between these two DDs similar to the structure 

of other DD complexes such as the PIDDosome, the Myddosome, and the Fas-
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DD:FADD-DD complex, the derived f/f0 ratio of ~1.5 seems entirely reasonable. 

However, for a globular domain such as the DD of FADD and RIP1, the frictional 

coefficient value should arguably be lower. Therefore, overestimation of the 

frictional coefficient results in the prediction of an inflated mass for the two isolated 

DDs in the sample. A more complex approach to data analysis that allows for 

different frictional ratios for the two (or three) species present is needed to resolve 

this problem.   

Interestingly, the SV-AUC results show that the sample undergoes concentration-

dependent association (Figure 5.15). The apparent peak sedimentation coefficients 

for the high MW species in the sample are significantly concentration dependent, 

shifting to higher S-values at higher overall protein concentrations. This indicates 

that the boundaries are reaction boundaries, in which the sedimenting particles 

interconvert on the time-scale of sedimentation or faster and the observed peaks 

reflect the weight-average of the sedimenting particles similar to the situation 

reported for the molecular chaperone gp57A of bacteriophage T4 (Ali, Iwabuchi et 

al. 2003).  

In order to study protein-protein interactions it is necessary to establish the 

oligomerisation state of the individual domains. Isolated soluble FADD-DD appears 

to be monomeric and has never been reported to self-associate. Also according to the 

size exclusion chromatogram of the RIP1-DD, it is likely that this protein adopts a 

monomeric form in solution at pH 5.0. However, it would be useful to use SEC-

MALS or AUC sedimentation equilibrium analysis to confirm the oligomeric state of 

the RIP1-DD. Both techniques measure the molecular mass of the protein 

independent of the shape. 

Further evidence for the interaction between FADD and RIP1 DDs was obtained 

using ANS-fluorescence competition binding studies (Figure 5.16). Thus the ANS 

binding studies revealed reduction in the fluorescence intensity for ANS in the 

presence of RIP1-DD:FADD-DD compared to RIP1-DD alone. The reduction in the 

fluorescent intensity suggests interaction of these two proteins and either competition 

of FADD-DD for ANS-binding sites on the RIP1-DD or perhaps FADD-DD-induced 

changes to RIP1-DD conformation to lower the exposure of hydrophobic surfaces. 

So far evidence of FADD-DD-induced conformational change or side chain order in 
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RIP1-DD has not been obtained: Indeed both the far- and near-UV CD spectra of 

RIP1-DD:FADD-DD complexes appear to differ little from the sum of the 

component spectra (Figure 5.18).  

In the literature RIP1 was first identified, as a result of its apparent ability to interact 

with Fas in a yeast 2-hybrid type experiment (Stanger, Leder et al. 1995). However, 

so far there is no evidence for in vitro interaction of the Fas and RIP1, and 

experiments described here using NMR and ANS binding failed to provide evidence 

to support such a claim. It can be suggested that the interaction between RIP1 and 

Fas in vivo might be indirect perhaps requiring the involvement of other proteins 

such as FADD (Grimm, Stanger et al. 1996).  

Attempts to study RIP1-DD:FADD-DD complex formation using isothermal titration 

calorimetry (ITC) failed to show any heat of interaction (data not shown). 

Interestingly this finding is common to other experience of DD-binding interactions 

in our laboratory, including for the combination of Fas-DD with FADD-DDs, and 

PIDD-DD with RAIDD-DD (even at different temperatures). Presumably in each 

case the binding is dominated by the associated entropy change.  

Curiously, despite the evidence that human RIP1-DD appears to exists as a molten 

globule, the preliminary NMR results obtained from NMR experiments of refolded 

mRIP1-DD appear to indicate a more ordered state (Figure 5.20). Except for one 

residue at position 570, the remaining four differing residues are located in the C-

terminal region of the protein. According to the predicted secondary structure using 

the phyre server (www.sbg.bio.ic.ac.uk/phyre) these four residues are involved in 

helices 5 and 6 or the loop between helix 5 and helix 6 (Figure 5.21). Most of these 

differences are radical changes that affect the size of the side chains. Although 

individual amino acids show intrinsic propensities towards certain secondary 

structure types their effect on the secondary structure is related to their position in the 

protein sequence (Malkov, Zivkovic et al. 2009). The substitution at position 652 in 

predicted helix 5 replaces an alanine with a valine, an amino acid with bulky side 

chain that might affect the packing (the corresponding side in FADD-DD is 

completely buried), but which does not affect the predicted α-helical secondary 

structure (JPred 3, data not shown). Also the substitution at position 657 in the 

predicted loop between helices 5 and 6 (100% exposed in FADD-DD), replaces a 
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Figure 5.21 Structure based sequence alignment of hRIP1-DD with FADD-DD and Fas-DD 

The sequences were manually aligned based upon the sequence conservation taking into account the known (FADD-  and Fas-DD in  

green  and red, respectively) or predicted (Phyre; RIP1-DD in blue) α-helical secondary structures (coloured rectangles) and the position 

of the  highly buried side chains in the FADD- and Fas- DD 3D structures (red asterisks). The pairwise sequence identity between RIP1-DD 

and  its closest  paralog FADD-DD is 30%.   
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serine with an alanine. Serine is a polar amino acid that is more preferred in a turn 

compared with an Ala that is a small hydrophobic amino acid (Malkov, Zivkovic et 

al. 2009), and may influence the N-capping of helix 6 (JPred helix reliability score is 

reduced from 6 to 0). The final two substitutions are at serine residues in positions 

663 (with asparagine) and 664 (with histidine) in predicted helix 6, without apparent 

influence on the prediction of helicity in JPred.  Both asparagine and histidine are, 

like serine, polar residues but they have bulkier side chains. The positive effect of 

these substitutions on the quality of the HSQC NMR spectrum and probably the 

folding of the mRIP1-DD is interesting. Presumably these changes affect the packing 

of the mRIP1-DD particularly in the region predicted for helix 5 and helix 6. The 

effect of these mutations on the secondary structure could be dissected by preparing 

single mutants of mRIP1-DD. In the context of the behaviour of hRIP1-DD, it would 

be useful to similarly probe mRIP1-DD in CD spectroscopy and by ANS binding 

studies to assess the secondary structure content and tertiary packing. 
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6 Concluding remarks and future work 

6.1 Concluding remarks  

The data I have presented in this study serve to illustrate several key points regarding 

the interaction between the DDs of PIDD and RAIDD in solution. This interaction plays 

a significant role in activation of procaspase-2 that acts upstream of the mitochondrial 

pathway. Using a structural approach, the interaction between PIDD and RAIDD DDs 

has been probed in the context of two isolated DDs as part of a wider effort to 

understand the molecular basis for activation of procaspase-2 and triggering of intrinsic 

apoptotic pathways. This chapter will briefly summarize the achievements of this study 

and outlines the possibilities for future work. 

In Chapter 3 a combination of methods including SEC-MALS, AUC, and nano-ESI-MS 

was used to probe the MW and stoichiometry of the PIDDosome core complex. All 

these techniques confirmed the formation of high MW species. However, the results did 

not support the existence of only a 7:5 PIDDosome complex with a molecular mass of 

150 kDa as previously reported (Park, Logette et al. 2007) and it is therefore doubtful 

that stoichiometry of the PIDDosome core complex in crystallo is identical to that in 

solution. In terms of the formation of high MW PIDDosome particles from its 

components PIDD-DD (P) and RAIDD-DD (R), our data show that the PIDDosome 

core complex adopts flexible stoichiometry in solution (Pm:Rn ,m=5 and n=5,6,7). 

PIDDosome particles potentially exist as a 5:5 parent complex with additional binding 

sites to be occupied by two more RAIDD-DDs at higher concentrations (Figure 4.34).  

In an attempt to engineer a homogenous population of particles possessing 5:5 

stoichiometry, and thereby simplify the NMR analysis, a mutation in RAIDD-DD 

corresponding to a side chain involved in the type II R:R interface was investigated 

(RAIDD-DD E188K). Nano-ESI experiments confirmed the formation of only 5:5 

PIDDosome particles for the mutant.  

Chapter 4 provided an account of my attempt to study high molecular weight 

PIDDosome particles using isotope-labelling methods (ILV-labelling) and NMR 

techniques (TROSY-based experiments) appropriate for high molecular weight systems. 

This work emphasises the important role that methyl-TROSY NMR spectroscopy can 
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play in providing information on asymmetric systems with molecular masses exceeding 

100 kDa. The TROSY NMR experiments provide unambiguous evidence for the 

formation of a high molecular weight asymmetric PIDDosome core particle in solution. 

The formation of the complex particularly in the mutant complex is highly cooperative. 

In (
15

N, 
1
H)-HSQC, 

15
N-, and methyl-TROSY NMR experiments, the signals from the 

terminal regions of both PIDD and RAIDD DDs remain sharp with essentially 

unperturbed chemicals shift, consistent with these regions retaining flexibility in the 

complex. Cross peaks corresponding to NH or methyl groups in the globular parts of the 

DDs broaden to the noise level or split into cluster of peaks with perturbed chemical 

shifts and different intensities. This pattern of behaviour was broadly replicated in 

similar experiments performed for the homologous DD-DD complex formed between 

Fas-DD and FADD-DD thought to correspond to the DISC core (Esposito, Sankar et al. 

2010). The appearance of cross peak clusters in the methyl-TROSY spectra is consistent 

with the formation of asymmetric PIDDosome particles in solution as suggested by the 

reported crystal structure, rather than to a polydisperse collection of particles with 

variant mass and composition (Park, Logette et al. 2007). The methyl-TROSY titration 

of the ILV-labelled proteins revealed a dominant behaviour characteristic of chemical 

shift changes in apparent fast/intermediate exchange with monotonic peak intensity 

reduction followed by slow exchange behaviour at higher concentrations of unlabelled 

binding partner. We have proposed a model for multi-step complex assembly in a way 

that intermediate complex species are formed in fast exchange followed by a highly co-

operative ‘lock-in’ step that displays slow exchange (Figure 4.34). Z- and ZZ-exchange 

NMR experiments have thus far failed to provide evidence for inter-site exchange 

between the components of the bound-state cross peak clusters (P. Driscoll, T Frenkiel, 

data not shown). It is possible that this outcome is consistent with subsite exchange for 

a given DD requiring complete disassembly of the complex, rather than occurring due 

to internal dynamics of the core particle. In itself this interpretation would be in 

alignment with the conclusion that PIDDosome core particle assembly is highly 

cooperative. On the other hand, it is sensible to be cautious in drawing this inference 

since the achievable signal-to-noise ratio of the signals within the cross peak clusters 

may limit the ability to detect Z- or ZZ-exchange cross peaks. 

Importantly, the data obtained for the PIDDosome core complex are superior to that 

obtained for the Fas-DD:FADD-DD DISC. For example in the latter case one does not 
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completely lose the free-state cross peaks even at very high molar ratio of the binding 

partner. As a result the results obtained here, inversely indicate that the interpretation of 

the spectra obtained for the DISC complex (i.e. that the complex is asymmetric as 

opposed to polydisperse) is sound. 

Chapter 5 highlighted my attempts to obtain a tractable sample of hRIP1-DD. This 

protein was expressed in the form of inclusion bodies and its recovery as a soluble 

folded protein proved highly challenging. Eventually RIP1-DD was purified using on-

column refolding of the inclusion bodies. The refolded hRIP1-DD appears to adopt the 

characteristics of a molten globule state. I have demonstrated by NMR and other 

techniques that the refolded hRIP1-DD is able to interact with its putative binding 

partner, FADD-DD, forming a high MW particle with a mass exceeding 190 kDa as 

measured by SV-AUC experiments. I have also demonstrated that complex formation is 

specific, as hRIP1-DD failed to similarly interact with a panel of other DD proteins. The 

demonstration of the complex formation between FADD-DD and hRIP1-DD is an 

important result that warrants further investigation. The preliminary NMR results 

obtained from the refolded macaque mRIP1-DD appear to indicate a more ordered 

protein that probably makes this ortholog a superior candidate for further structural and 

binding studies. 

6.2 Future work 

6.2.1 PIDDosome core complex 

It is transparent that more work is required to properly understand the mechanism of the 

PIDDosome core formation at a structural level and to further analyse the behaviour of 

the PIDDosome particles in solution particularly using methyl-TROSY experiments. 

There are interesting unanswered questions that can be the topics for future work. 

Observing the flexible stoichiometry for the PIDDosome particles in solution has put 

some doubt about the biological relevance of the 7:5 PIDDosome particles obtained 

crystallographically. Therefore, it would be interesting to investigate the biological 

relevance of the wild type and the RAIDD-E188K-DD mutant (5:5) PIDDosome 

particles using caspase-2 activation assays. Furthermore, post-translational 

modifications of both PIDD and RAIDD might affect the interaction between these two 

proteins in vivo. It has been shown recently that the Ser/Thr protein kinase ATM 

phosphorylates PIDD on Thr788 within the DD and seems to be necessary for 
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recruitment of RAIDD (Ando, Kernan et al. 2012). PIDD-DD Thr788 is a completely 

exposed residue in the PIDDosome core complex, and therefore any role for regulation 

of PIDDosome core complex formation likely involves effects upon the parts of the 

proteins involved that are outside of the DDs. Therefore, it is recommended to 

investigate the effect of the UPA domain within PIDD-CC, upon binding to RAIDD in 

vitro. Also it would be attractive to study the interaction between full-length RAIDD 

with PIDD-DD or, preferably, PIDD-CC (see Chapter 1).  

Sample stability issues limited ability to completely assign the NMR spectra of PIDD-

DD. Full assignment of the cross peaks in the methyl-TROSY spectra of the complex 

will be important to obtain the maximum amount of information about the assembly of 

the PIDDosome complex. In addition other labelling strategies such as Ala or Met 

labelling can be adapted to study the PIDDosome core complex using a TROSY-based 

approach. Furthermore, one can explore the application of specifically methyl-labelled 

acetolactate to label Leu and Val methyl groups in a stereospecific fashion. This 

approach not only enhances the sensitivity of the methyl-TROSY spectra, by limiting 

1
H relaxation pathways, but also simplifies the spectra (Gans, Hamelin et al. 2010). 

Simplification of the spectra would particularly assist further analysis of the multi-

component cross peak clusters in the bound-state of the complex.  

6.2.2 RIP1-DD 

Recent studies have demonstrated the involvement of RIP1 kinase in cell fate 

regulation. The elucidation of TNFR1 signalling pathways is a highly topical area of 

research and there are many unanswered questions particularly regarding the role of the 

RIP1 in different downstream molecular platforms for both this and other receptors. In 

particular understanding the assembly, regulation and degradation of the RIPoptosome 

in more detail would be beneficial for tumour therapy. 

With regard to the formation of the high MW RIPoptosome core complex, it would be 

attractive to analyse the formation of the complex using a TROSY-based approach 

similar to the PIDDosome, and Fas-FADD DISC complex. Furthermore, there is at 

present no high resolution 3D structure information for RIP1-DD. The results presented 

here suggest that mRIP1-DD should be a suitable target to ultimately solve the structure 

of this DD, and probe the interaction with FADD. It has been recently showed that RIP1 

and RIP3 together form an amyloid structure through their RHIMs and this amyloid 
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structures act as a signalling complex that mediates programmed necrosis (Li, McQuade 

et al. 2012). It would be helpful to study a longer construct of RIP1-DD to include 

RHIM motif for further studies. Furthermore, a recent model for caspase-8 activation 

has been proposed, in that DEDs of FADD and caspase-8 interact sequentially to 

forming an oligomeric DED chain for the activation of caspase-8 (Dickens, Boyd et al. 

2012). Additional analysis of the RIPoptosome core complex using a combination of 

biophysical methods including nano-ESI-MS, SAXS, X-ray crystallography and 

negative stain EM, can provide more information about the size and stoichiometry of 

the complex as well as the shape. RIPoptosome assembly is dependent upon the kinase 

activity of RIP1 and can stimulate caspase-dependent and -independent cell death. 

Therefore, it would be interesting to probe the role of trans- and auto-phosphorylation 

of RIP1 on the interaction with FADD and determine the functional role of the RIP1-

DD in cells. 
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Appendix 

Appendix A: Culture Media 

Luria-Bertani (LB) medium: 

Compounds    Amount (g.L
-1

) 

Tryptone     10 

Yeast extract       5 

NaCl        5 

The pH should be adjusted to 7.5. The medium was sterilised by autoclaving. 

 

SOC medium-100 ml: 

Compounds    Amount (g) 

Tryptone     2 

Yeast extract     0.5 

NaCl      0.06 

KCl      0.02 

The compounds were dissolved in 90 ml of distilled water.  The pH of the medium was 

adjusted to 7.5. 

Medium was sterilised by autoclaving. After cooling a filter-sterilised solution of the 

following was added: 

Solution    Volume (ml) 

MgCl2 (1M)     1 

MgSO4       1 

Glucose (20% w/v)     2 

The medium was made up to 100 ml, aliquoted  to 10 ml, and stored at 20°C for further 

use. 
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M9 Minimal medium with supplements: 

M9 salt solution:  

Composition  Amount (g.L
-1

) 

Na2HPO4   60 

KH2PO4   30 

NaCl      5 

The pH of the solution was adjusted to 7.4 and autoclaved. The following components 

were filter-sterilised and added to the media: 

 (NH4)2SO4*         1 g 

Glucose**        2 g 

MgCl2 (1M)       2 ml 

CaCl2 (1M)     10 µl 

FeSO4 (0.01M)        1 ml 

Vitamins solution (1000x)     1 ml 

Micronutrient solution (1000x)       1 ml 

* Nitrogen source was (NH4)2SO4. In case of 
15

N-labelling 
15

N ammonium sulphate was 

used.  

** For double labelled samples 
13

C6-D-glucose was used instead of normal glucose. 

Vitamins solution (1000x) was made as follows: 

Choline chloride    0.4 g/L 

Folic acid     0.4 g/L 

Pantothenic acid    0.5 g/L 

Nicotinamide     0.5 g/L 

Myo-inositol     1.0 g/L 

Pyridoxal HCl      0.5 g/L 

Thiamine HCl      0.5 g/L 

Riboflavin    0.05g/L 

Biotin      1.0 g/L  

Micronutrient solution (1000x) was prepared as follows: 

(NH4)2MoO4      3 µM 

H3BO3                      400 µM 

CoCl2     30 µM 

CuSO4     10 µM 

MnCl2     80 µM 

ZnSO4     10 µM 
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LB agar plates: 

 

Compounds   Amount (g.L
-1

) 

Commercial LB medium  20   

Agar     15 

Distilled water was added up to 1 litre. pH was adjusted to 7.5 and sterilisation was 

done by autoclaving. After cooling to 50°C, suitable filter-sterilised antibiotic solution, 

was added to the medium followed by swirling and pouring into Petri dishes.   

   

 

LIC test-expression medium: 

Composition      Amount 

ZY       48.8 ml 

MgSO4            100 μl 

 Kanamycin         50 μl 

ZY medium: 

 

Composition   Amount (g.L
-1

) 

Tryptone    10 

Yeast extract    5 
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Appendix B: Oligonucleotide sequences 

PIDD-DD expression vector 

PIDD778_For_NdeI: 

5’ GGA ATT CCA TAT GAA CCT GGG TGA TGC GGA A 3’ 

PIDD883_Rev_XhoI: 

5’ CGC TCG AGC GCC GCC GCG CTA TCC TGA TA 3’ 

RAIDD-DD expression vector 

RAIDD94_For_NdeI: 

5’ GGA ATT CCA TAT GAC CGA TCT GCC GGC GGG T 3’ 

RAIDD199_Rev_XhoI: 

5’ CGC TCG AGT TCC AGC ATG TGC AGC AGC AGG CT 3’ 

RIP1-DD expression vectors 

RIP1-pET26b_For_NdeI: 

5’ CGG ATC CAT ATG GCA AAA TAT CAG GCC ATT TTT G 3’ 

RIP1-pET26b_Rev_XhoI: 

5’ CGG AAC TCG AGA TTC TGG CTA ACA TAA ATC AGG 3’ 

RIP1-GB-1a_For-NcoI: 

5’ CGG ATC CCA TGG CAA AAT ATC AGG CCA TTT TTG 3’ 

RIP1-GB-1a_Rev_XhoI: 

5’ CGG AAC TCG AGT TAA TTC TGG CTA ACA TAA ATC AGG 3’ 

RIP1-DD LIC cloning vectors 

Oligonucleotides to increase the length of the original construct in two steps by PCR: 

RIP1-_EXT1_For: 

5’ CAA TAC CAA TTT TAA AGA AGA ACC GGC AGC CAA ATA TCA GGC CAT TTT 

TG 3’ 

RIP1-_EXT2_For: 

5’ ACC AGC AGC AGC CTG CTG GAT AGC ACC AAT ACC AAT TTT AAA GAA G 3’ 

Oligonucleotides for LIC cloning in modified pET47b vector: 

RIP1-552_For_LIC: 

5’ CAG GGA CCC GGT ACC AGC AGC AGC CTG CTG GAT 3’ 

RIP1-554_For_LIC: 

5’ CAG GGA CCC GGT AGC AGC CTG CTG GAT AGC ACC 3’ 

RIP1-556_For_LIC: 

5’ CAG GGA CCC GGT AGC CTG CTG GAT AGC ACC AAT 3’ 
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RIP1-558_For_LIC: 

5’ CAG GGA CCC GGT CTG GAT AGC ACC AAT ACC AAT 3’ 

RIP1-560_For_LIC: 

5’ CAG GGA CCC GGT AGC ACC AAT ACC AAT TTT AAA 3’ 

RIP1-562_For_LIC: 

5’ CAG GGA CCC GGT AAT ACC AAT TTT AAA GAA GAA 3’ 

RIP1-564_For_LIC: 

5’ CAG GGA CCC GGT AAT TTT AAA GAA GAA CCG GCA 3’ 

RIP1-566_For_LIC: 

5’ CAG GGA CCC GGT AAA GAA GAA CCG GCA GCC AAA 3’ 

RIP1-568_For_LIC: 

5’ CAG GGA CCC GGT GAA CCG GCA GCC AAA TAT CAG  3’ 

RIP1-570_For_LIC: 

5’ CAG GGA CCC GGT GCA GCC AAA TAT CAG GCC ATT 3’ 

RIP1-572_For_LIC: 

5’ CAG GGA CCC GGT AAA TAT CAG GCC ATT TTT GAT 3’ 

RIP1-574_For_LIC: 

5’ CAG GGA CCC GGT CAG GCC ATT TTT GAT AAT ACC 3’ 

RIP1-576_For_LIC: 

5’ CAG GGA CCC GGT ATT TTT GAT AAT ACC ACC TCC 3’ 

RIP1-578_For_LIC: 

5’ CAG GGA CCC GGT GAT AAT ACC ACC TCC CTG ACC 3’ 

RIP1-580_For_LIC: 

5’ CAG GGA CCC GGT ACC ACC TCC CTG ACC GAT AAA 3’ 

RIP1-582_For_LIC: 

5’ CAG GGA CCC GGT TCC CTG ACC GAT AAA CAT CTG 3’ 

RIP1-584_For_LIC: 

5’ CAG GGA CCC GGT ACC GAT AAA CAT CTG GAC CCG 3’ 

RIP1-671_Rev_LIC: 

5’ GGC ACC AGA GCG TTA ATT CTG GCT ACA ATA AAT CAG 3’ 

Site-directed mutagenesis: 

RAIDD-DD_E188K_For: 

5’ CGG GCT GCG GGC TGT GAA GGT GGA CCC CTC GC 3’ 

RAIDD-DD_E188K_Rev: 

5’ GCG AGG GGT CCA CCT TCA CAG CCC GCA GCC CG 3’ 
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PIDD-DD_I832V_For: 

5’ GAT CTG GAT GAA CAA GTG CGT CAC ATG CTG TTT AG 3’ 

PIDD-DD_I832V_Rev: 

5’ CTA AAC AGC ATG TGA CGC ACT TGT TCA TCC AGA TC 3’ 

PIDD-DD_I820V_For: 

5’ CGT GAA GTG CAG CGT GTG CGT CAT GAA TTT CGT G 3’ 

PIDD-DD_I820V_Rev: 

5’ CAC GAA ATT CAT GAC GCA CAC GCT GCA CTT CAC G 3’ 
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Appendix C: Vector  maps 

pET-26b 
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pET-47b 
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pETGB-1a 
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Appendix D: Molecular biology protocols, methods and biophysical 

techniques  

In this Appendix I have described the theory behind some of the biophysical techniques and 

molecular biology procedures that have been used in this investigation. In the former category 

the techniques include CD spectroscopy, Analytical ultracentrifugation (AUC), size exclusion 

chromatography (SEC) coupled to multi-angle light scattering (MALS), nanoflow capilliary 

electrospray-ionisation mass spectrometry (nano-ESI-MS), and NMR spectroscopy. 

SEC-MALS 

Multi-angle light scattering (MALS) coupled to SEC (SEC-MALS) is a useful tool for analysis 

of the oligomeric state of protein complexes. MALS is a type of static light scattering that 

gives reliable MW and MW distribution information. Static light scattering experiments 

measure the time-average of scattered light as a function of sample concentration. The product 

of the weight-averaged MW and the concentration of the protein in the sample (C) is 

proportional to the intensity of the scattered light that a molecule produces: 

Light scattering signal ~ MW.C 

 

For rod-like proteins, or unfolded ones, the intensity of the LS varies significantly with the 

scattering angle, therefore, measuring the scattering at additional angles (multi-angle light 

scattering) is necessary to fully characterise the analyte. The MW can be derived from static 

light scattering to a reasonable accuracy, normally to within 5%.  

In SEC-MALS the output of the column is equipped with LS and refractive index (RI) 

detectors that help to determine MW of a molecule independent of its shape. The LS detector 

measures the intensity of the scattered light that is proportional to the size of the eluting 

particles and the RI detector provides measurements of the refractive index when light passes 

through the protein sample and can thereby yield the instantaneous protein concentration 

relevant to the LS output. It is important to note that compared to the loaded sample the 

process of SEC results in about ~10 fold analyte dilution and may result shifting of any 

complexation equilibria present. 

CD spectroscopy 

CD is a spectroscopic technique that has been very widely used in the study of biomolecules. 

CD spectroscopy technique provides valuable structural information, particularly about the 

secondary structure content and environment-dependent conformational changes. CD 

spectroscopy is extremely sensitive to changes in conformation and is normally used to study 
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the secondary structure composition of purified polypeptides. For a CD signal to be present 

CD sample needs to have a chromophore located in an optically asymmetric environment. 

Aromatic residues, peptide and disulfide bonds are considered as natural chromophores for CD 

spectroscopy and the 3D folding of the protein typically provides optically asymmetric 

environment for each of these chromophores. 

In this technique the difference in absorbance (∆A) for left- and right-handed circularly 

polarised light is measured.  The two types of circularly polarised light obey Beer’s law and 

CD is defined as the difference in extinction coefficients (∆ε) multiplied by the concentration 

(C) and the cuvette path length (l): 

 

∆A = ∆AL - ∆AR = (εL-εR) ˣ c ˣ l = ∆ε ˣ c ˣ l 

 

where L and R represent left and right handed circularly polarised light.  

CD spectra of protein samples are normally recorded in far-UV (<250 nm) and near-UV (250-

350 nm) spectral regions. Secondary structure (α-helix, β-sheet, and random coils) can be 

determined using the far-UV region of the spectrum (190-250 nm). In the far-UV region the 

chromophore is the sum response of the peptide bonds. Purely helical proteins show intense 

negative peaks at ~208 and 222 nm and an intense positive peak at ~195 nm. Proteins that 

contain β-sheets display a negative peak at ~215 nm and one positive peak at ~198 nm. These 

peaks for β-sheets are typically less intense (per residue) than those for α-helices. Random coil 

structures show weak positive CD signals at ~220 nm and a strong negative peak at ~195-198 

nm. 

The near-UV CD bands of proteins (310 - 255 nm) reflect the tertiary structure of the protein 

and the chromophore in this region is represented by the aromatic amino acids (Trp, Tyr, Phe) 

and disulphide bonds. The side chains of the aromatic amino acids are placed in a variety of 

asymmetric environment characteristic of the tertiary structure of the protein in its native 

folded state (Kelly and Price 2000). Each of the aromatic amino acids tends to have a specific 

wavelength profile for example phenylalanine, tyrosine, and tryptophan residues give rise to 

signals in the region of 250-270 nm, 270-290 nm, and 280-300 nm, respectively. Disulphide 

bonds also give rise to a broad signal across the whole region of near-UV spectrum. The lower 

concentration of the aromatic amino acid residues relative to the peptide bonds causes the 

near-UV CD spectrum to have peaks with lower intensity compared to the far-UV region.  

Temperature-dependent unfolding/refolding monitored by CD spectroscopy provides 

information about the protein stability. The Gibbs free energy (∆G) of unfolding can be 

analysed by monitoring CD as a function of increasing temperature. The experiment is  

Equation 1 
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performed at 222 nm for a highly α-helical protein. The temperature at the midpoint of the 

transition between the two folded and unfolded states (50% unfolded) is called the melting 

temperature, denoted Tm. At this temperature the Gibbs free energy change between folded 

and unfolded states is zero.  

Analytical ultracentrifugation 

AUC is a versatile tool for studying protein and protein complexes. In this method the 

sedimentation of macromolecules is monitored through a solvent in a centrifugal field that 

allows hydrodynamic and thermodynamic characterisation of macromolecules without 

interaction with any matrix (Lebowitz, Lewis et al. 2002). In AUC, the sample is spinning in a 

rotor with monitoring in real time through an optical detection system either with UV/visible 

absorption optics and/or an interference optical refractive index (RI) system. Thereby one can 

observe changes in sample concentration versus the distance from the axis of rotation in a 

centrifugal field.  

Two types of experiments can be performed denoted sedimentation velocity (SV) and 

sedimentation equilibrium (SE). SV-AUC experiments can be used to determine the 

sedimentation coefficient allowing for modelling of the hydrodynamic shape of the component 

macromolecules, the oligomeric state of the protein, and the stoichiometry of any 

heterogeneous interaction. In this experiment the sample is centrifuged at high speed that 

causes macromolecules to move steadily towards the base of the cell. This causes depletion of 

macromolecules near the meniscus, leading to a characteristic response spectrum as shown in 

Figure A.1.  

In SE-AUC, the use of a lower rotor speed allows for the establishment of an equilibrium 

between molecular sedimentation and diffusion. This method permits  the determination of the 

absolute molecular weight and thereby the elucidation of the stoichiometric ratio with mixtures 

that form protein complexes. The experimental data can be used to determine the 

sedimentation coefficient (S), translational diffusion coefficient (DT), and provide a shape-

independent estimate of the MW of the macromolecule under investigation. In order to 

understand how these parameters are measured first we need to consider the forces acting on a 

particle that is subjected to centrifugal force (Figure A.2). The centrifugal force (Fc) is the 

product of mass and acceleration, itself the product of distance from the axis of rotation and 

square of the angular velocity ω (radian.sec
-1

):  

 

   Fc = m ω
2
r     Equation 2 
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Figure A.1 Schematic representation of the experimental output from a sedimentation 

velocity-analytical ultracentrifugation experiment.  

The absorbance boundaries across fifteen consecutive time points (denoted t1 … t15) are 

illustrated as a function of the radial distance in the cell.  

 

 

 

 

 

 

 

 

 

 

 

Figure A.2 Forces that act on a macromolecule in a centrifugal field.  

There are three forces acting on particle m: Ff: frictional force between the particle and 

solvent, Fc: centrifugal force due to sample rotation, and Fb: buoyant force. ω is the 

angular velocity of the sample tube, and r is the distance of the particle from the axis 

of rotation. 
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The buoyant force (Fb) counteracts the centrifugal force: 

Fb = -m0 ω
2
r    Equation 3 

where m0 is the mass of fluid displaced by the particles. The density of macromolecule 

particles is greater than the density of the solvent so macromolecular particles start to move 

along a radial path towards the bottom of the cell. Particles experience frictional force (Ff) 

when moving through the solvent. 

 

                   Ff = -f v       Equation 4 

Where f is the coefficient of friction that depends on the size and shape of the particle and v is 

the observed radial velocity of the macromolecule. These forces come into balance within a 

short period of time: 

 

           Fc + Fb + Ff = 0 

 

therefore:   

 

            m ω
2
r - m0 ω

2
r – f v = 0                      Equation 5 

                                                              

The mass of the displaced solution (m0) can be determined using the following equation:  

         m0 = m  ρ                   Equation 6 

 

where:     is the partial specific volume of the particle and ρ is the density of the solution. 

Substituting equation 6 into 5 gives: 

 

                ω
2
r m(1-   ρ) – fv = 0                Equation 7 

 

Multiplication of equation 3.7 by Avogadro’s number (NA) and rearrangement gives: 

 

       M (1-   ρ)/ NA f = v/ω
2
r = s                             Equation 8 

 

s is the sedimentation coefficient. This equation is called Svedberg equation. The 

sedimentation coefficient is commonly reported in Svedberg unit (S) units. The diffusion 

coefficient (DT) can be determined using the following equation: 

 

   DT = RT/ NA f              Equation 9 
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where R is the gas constant. Substituting DT in equation 8 can provide an alternative form of 

the Svedberg equation: 

 

           s = M (1-   ρ)/ NA f = v/ω
2
rm = MDT(1-   ρ )/RT              Equation 10 

 

The value for the coefficient of friction for a compact spherical protein can be estimated using 

Stokes equation: 

f0 = 6πɳR0                      Equation 11 

where: f0 is the frictional coefficient of the spherical particle, ɳ is the viscosity of the solution, 

and R0 is the radius of the spherical particle: R0 = (3M  /4π NA)
1/3

. Substituting Equation 11 

into Equation 8, we obtain: 

 

             ssphere = M(1-   ρ )/ 6πɳR0NA    Equation 12 

 

Substituting R0 for the sphere into Equation 12 yields: 

 

       ssphere = M(1-   ρ ) / 6πɳ(3M  /4π NA)
1/3

 NA
    Equation 13 

 

Substituting the values for all constants under standard condition (water is assumed as the 

solution and the temperature is 20°C), and simplifying the equation, the formula for smooth 

compact spherical protein particles in water at 20°C can be rewritten as: 

 

            ssphere = 0.012 M
2/3

(1-   ρ) / (  )
1/3 

                Equation 14 

 

This s-value is the maximum s-value that can be obtained for a particle with a molecular mass 

of M. In order to normalise results obtained under different conditions the experimental s-

value is typically corrected using the standard equation: 

 

     s20,w=sT,B (ɳT,B / ɳ20,w)(1-   ρ )20,w / (1-   ρ)T,B   Equation 15 

 

The T and B values correspond to the temperature and buffer conditions of the experiment and 

20,w refers to the standard conditions (20°C and solvent water).  

At the beginning of the experiment, the analyte macromolecules are uniformly distributed 

throughout the cell. Upon centrifugation the sedimentation of the macromolecules generates a  
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concentration boundary. The solution is depleted of macromolecules between the meniscus 

and the boundary. The boundary moves through the cell as a function of time and its position 

is recorded during the experiment. The rate of flow of particles varies along the radius of the 

cell and can be explained by continuity equation:  

  
  

  
 
 
  

 

 
 
   

  
 
 
 

where J is the flux of component and can be written as: 

 

                     
  

  
     

 

Combining these equations 16 and 17 gives the Lamm equation: 

 

               
  

  
 
 
  

 

 
 

 

  
            

  

  
 
 
  

 
 

In the analysis of SV-AUC recordings, the data from the entire run is fitted to the Lamm 

equation to obtain values for both D
T
 and s. Finally, these two parameters can be used to 

calculate the molecular mass (M) and friction coefficient (f). This analysis is valid only for a 

single component system. In the case of a multi-component system with different 

sedimentation coefficients, a continuous size distribution function C(s) should be used for data 

analysis. In this method the sedimentation coefficient is allowed to vary within a defined range 

and plotting C(s) vs. s creates a peak for each component in the sample. In order to obtain 

information about the shape of protein, the frictional coefficient f0 for a spherical protein 

particle of a given MW can be obtained from Equation 11. Shape anisotropy of the 

macromolecule causes the friction coefficient (f) that is calculated using the Svedberg equation 

to be different from f0. Hence, the frictional ratio f/f0 obtained in the fitting procedure can be 

used as an indication of the shape of a protein under investigation.  

 

Nano-ESI-MS 

NanoESI-MS is an attractive technique for studying the MW and stoichiometry of non-

covalent protein complexes. ESI is an ionisation technique commonly used in mass 

spectroscopy to produce ions in the gas phase. Compared to other more traditional methods 

this technique does not require an initial high vacuum or heat to generate the ions. In this 

ionisation technique, the macromolecular sample passes through a metallic capillary that is 

held at high electrical potential. The metallic capillary is surrounded by a concentric tube 

through which an inert gas is passed to assist nebulisation of the analyte solution. Charges (for 

example positive ions) gather at the tip of the metallic capillary in such a way that the ions are  

Equation 16 

Equation 17 

Equation 18 
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forced away from the tip and a liquid cone is formed that is called the ‘Taylor cone’. The high 

electric field at the tip of the ESI emitter causes the concentration of ions to increase to a high 

level and reaches a point that the surface tension of the liquid cone is lower than the repulsive 

forces between the ions so that the liquid cone explodes and forms a jet of highly charged 

droplets (this is referred to as ‘droplet-jet fission’). The droplets that exit the ESI emitter are 

subjected to solvent evaporation. This evaporation results in shrinkage of the droplets reaching 

a point that the surface tension can no longer bear the charge (the Rayleigh limit) and the 

droplets explode and a fine jet of offspring droplets is produced from the parent droplet. The 

limiting charge on a droplet    can be calculated using the following equation:  

 

                 
  

where    is the number of charges,   is the elementary charge,   is the surface tension of the 

solvent,   is the droplet diameter, and    is the electrical permittivity of the vaccum. This 

equation provides the upper limit of the charge density that causes droplet fission. Further 

solvent evaporation and subsequent droplet fission, results in the production of gas phase ions.  

The nanoflow version of ESI corresponds to an implementation of this principle in which a 

much narrower orifice is employed than in the conventional ESI process. This causes a 

significant reduction in the initial droplet size. Using the appropriate sample concentration and 

the right needle orifice helps to form droplets that contain a maximum of one macromolecular 

complex per droplet. In this method the sample passes through a needle kept at kilovolt (1.0-

1.5 kV) potential. Passing the sample through a high electric-field density causes the liquid 

droplets to gain charge. Desolvation of the particles by the aid of a counter-current flow of gas 

assists shrinkage of the droplets from 100-500 nm to ~10 nm before the formation of gas phase 

ions. Fine control of the desolvation process is necessary in order to capture single non-

covalent interaction complexes within a single droplet (Figure A.3). Desolvation and fission of 

ion clusters is supported by a voltage potential that is known as the ‘declustering potential’. 

The vacuum stage after desolvation assists the maintenance of non-covalent interactions 

between subunits in protein complexes by reducing the translational energy and hence combats 

the build-up of internal energy of the macromolecules due to collisions (Sobott, McCammon et 

al. 2005). 

 

 

Equation 19 
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Figure A.3 Schematic of the nano-ESI process.  

A sample of the macromolecular complex in acetate buffer at concentration in the range 5-20 µM is introduced to a nanoflow 

capillary. A voltage of 1.0-1.5 kV and backing pressure are used to initiate flow. A counter-current flow of an inert gas (e.g. 

nitrogen) is used to promote the desolvation process. The vacuum stages are used to reduce the translational energy and hence the 

internal energy of macromolecules and prevent dissociation of the complex (adapted from (Sobott, McCammon et al. 2005). 
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NMR spectroscopy 

In this section I will explain briefly the theory behind heteronuclear single quantum coherence 

(HSQC) and TROSY NMR experiments. These experiments were used in this thesis to probe 

the interaction between DD proteins.  

2D HSQC NMR 

Figure A.4 shows a schematic representation for a simple implementation of pulse sequence 

for recording a two dimensional 
1
H, 

15
N-HSQC spectrum. An important element of the 

sequence is the insensitive nuclei enhanced by polarisation transfer (INEPT) pulse train at the 

beginning of the sequence (between points a and b). This part of the sequence affects the 

transfer of the longitudinal nuclear polarisation of the amide proton (proportional to the 

gyromagnetic ratio ɣH) to transverse magnetisation of its attached 
15

N atom (with a 

significantly smaller gyromagnetic ratio ɣN). Because the intrinsic polarisation of the proton is 

higher than that of the 
15

N atom (due to the relative magnitudes of the respective gyromagnetic 

ratios) a higher level of 
15

N transverse magnetisation is obtained than by simple 90-degree 

pulse excitation of the equilibrium longitudinal 
15

N polarisation, and hence enhances the 

sensitivity of the experiment by the factor |ɣH|/|ɣN| ~ 10. 

In order to explain the INEPT in detail process, we consider an isolated system consisting of a 

single proton (H) directly attached to a nitrogen nucleus (N) with a one-bond H-N scalar 

coupling, J. At the outset, both the equilibrium 
1
H and 

15
N magnetization are aligned along the 

z-direction of the magnetic field. A 90°x 
1
H pulse rotates 

1
H magnetization into the transverse 

plane, -Hy. The 2∆ delay introduced in the pulse sequence allows for the evolution of the one-

bond H-N J-coupling. A suitable delay time (2∆ = 1/2J) allows the transformation of in-phase 

1
H magnetization into pure antiphase

 
magnetization -2HxNz.  Application of the combined 

180°x 
1
H and 

15
N pulses in the middle of the 2∆ evolution period serves to refocus 

1
H chemical 

shift evolution over the whole delay period whilst permitting evolution of the scalar coupling 

interaction.  

The combination of combined 90°y
1
H and 90°x

15
N pulses applied at the end of the of the 2∆ 

delay converts the antiphase transverse coherence of the amide proton into antiphase 

transverse coherence of the nitrogen spin -2HzNy. Thus at the end of the INEPT pulse sequence 

element, the two magnetisation components of the 
15

N nucleus are in antiphase with respect to 

the attached proton. During the t1 period that follows the INEPT element (i.e. after b in Fig 

2.6) the antiphase 
15

N magnetisation evolves under the influence of the 
15

N chemical shift and 

N-H scalar coupling. Application of a 180° RF pulse applied to 
1
H nucleus in the middle of t1 

period reverses the effect of the J coupling and retains the 
15

N chemical shift information. Thus 

evolution of the magnetization during t1 depends only on the 
15

N chemical shift and the 
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Figure A.4 Outline pulse sequence for 2D 
1
H,

15
N-HSQC spectroscopy.  

Narrow and wide rectangles denote 90° and 180° pulses respectively. Pulses 

are applied along the x-axis unless indicated otherwise.  The triangle with 

the symbol t2 symbolizes the recording of the free induction decay as a 

digitally-encoded time-series of complex points. The delay ∆ is 1/4JNH. 

Pairs of 90° pulses that effect the INEPT antiphase magnetisation transfers 

are indicated by the unfilled rectangles (adapted from (Pelton and Wemmer 

1995). 
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influence of the scalar coupling is suppressed (decoupled). At the end of t1 period, combined 

1
H and 

15
N 90°x RF pulses combined with a further  ∆-180°H,N-∆ period (constituting reverse-

INEPT) convert the instantaneous 
15

N transverse antiphase magnetization (amplitude-

modulated as a function of t1) into in-phase amide proton 
1
H magnetization. During the t2 

period, representing the free induction decay, the signal is encoded with the amide 
1
H chemical 

shift and the evolution due to the 
15

N-
1
H J-coupling is removed by application of broadband 

heteronuclear decoupling applied to the 
15

N nucleus (Pelton and Wemmer 1995).  Phase 

cycling is used to suppress the signal due to the natural equilibrium 
15

N polarisation;  the signal 

starts from 
1
H polarisation. For a fuller description of the pulse sequence and the 

corresponding product operator description of the coherence transfer pathway the reader is 

referred to the standard literature (Cavanagh, Fairbrother et al. 2007).  

The Fourier transformation of the (t1,t2) time domain data set provides a 2D frequency domain 

spectrum (F1,F2) that includes a cross peak with coordinates corresponding to the J-coupled 

15
N and 

1
H chemical shifts respectively.  When applied to a 

15
N-enriched protein sample in 

which there are multiple NH groups the typical 
15

N,
1
H-HSQC spectrum contains many cross 

peaks, e.g. one each for every backbone amide NH group, and in addition signals for side 

chains of arginine (N
ε
H, N

η
H2), tryptophan (N

ε
H), asparagine (C(=O)N

δ
H2) and glutamine 

(C(=O)N
ε
H2). Furthermore, the dispersion of the chemical shifts in the HSQC spectrum 

provides information about the folding state of the protein. In this thesis, the 
15

N-isotope 

labelling and 
15

N,
1
H-HSQC spectroscopy has been employed to monitor the interaction 

between a variety DD proteins, and to assess the folded-ness of constructs corresponding to the 

DD of the RIP1 kinase.  

Transverse relaxation optimised spectroscopy  

The application of NMR spectroscopy to proteins of ever increasing size leads to two major 

problems. The first, more or less trivial problem (unless dealing with symmetric oligomers) is 

the larger number or resonances that lead to increased signal overlap, and loss of resolution. To 

a certain extent this issue can be overcome based upon strategies that either increase the 

dimensionality of the NMR experiment, exploit means to selectively isotope label particular 

subsets of nuclei, or attempt to narrow the resonance line widths (e.g. by selective 

perdeuteration). The second, and arguably more pernicious, problem is that larger molecules 

exhibit longer rotational correlation times leading to enhanced rates of transverse relaxation, 

faster decay of the NMR signals and deleterious line broadening. The one obvious response to 

this issue to heat the sample to accelerate molecular tumbling  is usually not applicable to any 

significant degree with biological macromolecules. Instead it has been recognised that it is 

possible, in favourable circumstances, to use intricate aspects of particular transverse nuclear 
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relaxation mechanisms to counter the effects of the slow tumbling. The methods that have 

emerged are known collectively as transverse relaxation optimised spectroscopy (TROSY).  

Successful application of TROSY NMR usually requires some aspect of specific isotope 

labelling, and almost always a high level of sample deuteration. The development of the 

TROSY technique has significantly increased the upper limit of macromolecular size for 

which tractable NMR spectra can be obtained, and this had lead to a substantially increased 

scope for the application of NMR in the study of large proteins and protein complexes. In this 

thesis TROSY experiments have been used to investigate the PIDDosome core complex. The 

following presents a simplified overview of the important concepts underlying TROSY NMR. 

In a nutshell, the TROSY approach is designed around the effects of constructive and 

destructive interference of relaxation pathways that give rise to different relaxation rates for 

the separate multiplet components of a scalar (J-coupled) spin system. 

The term nuclear relaxation encompasses those processes by which any excited magnetic state 

(or coherence) returns back to equilibrium from a non-equilibrium state. In the Bloch picture, 

the net magnetisation (or polarization) of single spins at equilibrium corresponds to a vector 

quantity along the direction of the externally applied magnetic field B0, collinear with the 

positive z-axis of the laboratory frame. Excitation (e.g. by a radiofrequency pulse) disturbs the 

magnetization away from the equilibrium position, with a resultant that potentially has 

components in all of the x-, y- and z-directions. Following the pulse the system must return to 

the equilibrium state. In general we refer to two major types of different relaxation, denoted 

longitudinal (spin-lattice) and transverse (spin-spin) relaxation. Longitudinal relaxation 

describes the process by which the z-component of magnetisation vector comes into 

thermodynamic equilibrium with the surroundings (lattice). Assuming exponential recovery, 

the rate of longitudinal relaxation is characterised by the so-called spin-lattice relaxation rate 

constant, R1. As indicated above, non-equilibrium magnetic states are often associated with 

non-zero-magnetization in the x-y plane, i.e. net transverse magnetization. The magnitude of 

the transverse magnetization must decay as the system returns to equilibrium (i.e. zero 

transverse magnetization). The corresponding transverse nuclear relaxation rate constant is 

denoted R2. In general, R2 > R1 reflecting that the longitudinal component of the magnetization 

cannot recover faster than the associated transverse components. Often the values of R1 and R2 

are discussed in terms of their reciprocal time constants T1 = 1/R1 and T2 =1/R2 respectively. 

Importantly, other technical aspects aside, the line width of an NMR resonance is proportional 

to R2: the faster the transverse relaxation the broader the line. 

The energy gaps associated with spin-1/2 NMR transitions are so small as to make 

spontaneous emission a negligible contributor to nuclear relaxation phenomena. Rather it is the  
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interaction of the nuclei with local fluctuating magnetic fields present in the sample that gives 

rise to transitions that lead to relaxation.  For our purposes the dominant mechanisms arise out 

of fluctuating interactions of nuclear dipoles separated at a distance (the dipole-dipole or 

dipolar relaxation mechanism) and the fluctuating interaction of the nucleus with its immediate 

electric field (denoted relaxation due to chemical shift anisotropy, or CSA). The origin of these 

fluctuations in these local magnetic fields is due to random translation and rotational 

diffusional processes of the molecule through solution combined with internal dynamical 

modes. The full theory behind nuclear relaxation process is notoriously complex and an in-

depth discussion is beyond the scope of this thesis. Rather I limit the account presented here to 

a small number of mostly qualitative observations relevant to TROSY NMR. 

Consider the HSQC pulse sequence applied to a 
15

N-labelled protein sample in which 

temporarily we can ignore the effects of 
1
H-

1
H interactions and focus only on the (isolated) N-

H groups. Normally this experiment is recorded in fully F1,F2-decoupled mode so that only a 

single cross peak is obtained for each N-H group, despite the presence of the splitting 

associated with the 
1
JNH scalar coupling of around -92 Hz that gives rise to the cross peak in 

the first place. If however we were to record the data in such a way as to obtain the fully 

coupled spectrum (by appropriately cancelling the 
1
H 180 pulse in the middle of the evolution 

period and the composite pulse 
15

N-decoupling during data acquisition) we would find that the 

cross peak has four components in a 2 (F1) x 2 (F2) arrangement each separated by 
1
JNH 

(Figure A.5). Moreover we should observe that each component exhibits a different line width 

in each dimension and thus a different absolute signal height. The origin of the different line 

widths arises out of fact that different spin states of the 
15

N and 
1
H nuclei experience different 

combinations of dipolar and CSA fields. The interference between these two mechanisms 

gives rise to cross-correlated relaxation between dipole-dipole coupling and CSA. As a result, 

for a given J-coupled doublet (either for the 
1
H signal or the 

15
N signal) one component relaxes 

more quickly due to constructive interference, while the other component relaxes more slowly 

due to destructive interference (Riek 2003; Lian and Roberts 2011).  

In more detail, if we assume an axially symmetric 
15

N CSA tensor (the axial component 

parallel to the 
15

N-
1
H vector), the CSA of 

15
N induces a local magnetic field on spin 

15
N that is 

motion-influenced, time-dependent, and B0-dependent (Riek, 2002): 

BCSA = ɣNB0∆σN[3cos
2
θ-1] 

where BCSA is the local magnetic field induced by CSA, θ is the angle between the static 

magnetic field (B0) and axial component of the CSA tensor, ɣN is the gyromagnetic ratio of 

15
N, and ∆σN is magnitude of the CSA tensor (σ) of the 

15
N nucleus.  Tumbling of the molecule 

in the solution causes changes in Ɵ and hence the instantaneous BCSA is modulated with time. 
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The dipole-dipole coupling between 
1
H and 

15
N also induces a local magnetic field (BDD) that 

is again motion-influenced and time-dependent, but B0-independent:  

BDD = ɣHɣN ħ[3cos
2
θ-1] / r

3
HN 

where: ɣH and ɣN  are gyromagnetic ratio of H and N, respectively, ħ is the reduced Planck’s 

constant (h/2π) and r is the inter-spin distance (Riek 2003). Figure A.6 shows a representation 

of the interaction between BDD and BCSA.  The sign for BDD depends on the relative orientation 

of the two spins (parallel or anti-parallel) while the sign of BCSA depends on the spin state of 

the 
15

N nucleus itself (Xu and Matthews 2011). These two effects either add up together or 

subtract based on their relative signs. For parallel orientations of 
15

N and 
1
H spin states, BDD 

and BCSA are subtracted from each other that give rise to the narrow NMR component. 

However, for anti-parallel orientations, BDD and BCSA are added up and result in the broad 

NMR component. There is a optimal value for the applied B0 field (between 800 and 1050 

MHz, depending upon the value of ∆σN, for fixed r) at which the transverse relaxation is near 

zero for the sharp ‘TROSY’ component for the 
15

N doublet. Similar considerations apply for 

the components of the 
1
H doublet.  

The design of the TROSY pulse sequence prevents mixing of the fast and slow relaxing 

components during evolution periods by avoiding any radio-frequency (RF) pulses on the 

attached spin. It means for example, during t1-evolution that 
15

N coherence evolves, no RF 

pulses is applied on 
1
H. Also there is no decoupling during detection period. Applying the 

TROSY pulse sequence allows the retention of two diagonally shifted signals per 
15

N-
1
H 

moiety meaning observation of only two peaks instead of four. The TROSY pulse sequence 

selects the narrow (slow relaxing) component (one of these two peaks) using phase cycling. 

Phase cycling eliminates the unwanted signals by inversion of the phases in alternate scans.  

The overall outcome in the 2D spectrum is that one cross peak component is characterised by a 

broad line width in both dimensions and is relatively weak in intensity, whereas the diagonally 

opposite component displays sharp line widths in both dimensions and appears relatively 

intense. The other two components display ‘mixed’ line width characteristics: sharp in one 

dimension, broad in the other. In these circumstances the extent to which the doublet 

symmetry is distorted depends upon the time-averaged relative magnitudes of the dipolar and 

CSA fields. In general dipolar-CSA interference will be a function of the local ‘chemistry’ of 

interest (here the isolated N-H group) and the magnetic field strength. The overall effect of the 

cross-correlated interference can be so great that it proves advantageous to record only the 

single sharp component of the fully coupled spectrum, despite this representing only one 

quarter of the available magnetization for that NH group. This is the case when the rotational 
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Figure A.5 Experimental example of a undecoupled N-H cross peak in 
15

N-HSQC 

spectrum illustrating the one-bond scalar coupling and the differential multiplet peak 

intensities due to cross-correlated relaxation. 

The spectrum was recorded by Dr Geoff Kelly (MRC-NIMR) at 800 MHz (
1
H frequency) 

using a sample of  
2
H (70%), 

15
N, 

13
C-labelled La protein (4-325) at 25°C.  
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Figure A.6 Schematic representation of the local magnetic fields induced by CSA  and 

dipole-dipole coupling  in a 
15

N-
1
H group.   

The local magnetic fields induced by CSA (BCSA) and dipole-dipole coupling (BDD) 

are shown by orange and blue arrows, respectively. B0 represents the external static 

magnetic field and θ is the angle between 
15

N-
1
H bond vector and B0. The CSA tensor 

σ is shown by a blue ellipse. ρ designates the dipole-dipole interaction between the 

two spins (adapted from (Riek 2003). 
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correlation is long and ‘normal’ transverse relaxation rates are very fast, as applies in the case 

of high molecular weight biological macromolecules (typically larger than 35-50 kDa). 

TROSY NMR pulse sequences are designed to achieve this outcome, and exploit the fact that, 

by selecting the appropriately slowly relaxing component, one can outdo the sensitivity 

performance of the more workaday HSQC experiment where the different component line 

widths are averaged, whilst obtaining relatively well resolved spectra because of the narrower 

line widths. 

Another type of TROSY experiment is called 
13

C-methyl TROSY (using specific 
13

CH3-

methyl isotope labelling and the appropriate TROSY pulse sequence). In this type of 

experiment methyl groups of specific amino acids such as Ile, Leu, and Val are labelled using 

ILV-labelling strategy. As discussed in Section 1.5 
13

C-methyl TROSY is based on the very 

favourable relaxation characteristics of isolated methyl groups and tends to work better for 

high MW systems than 
15

N-TROSY-based methods. Methyl groups are powerful probes for 

studying supramolecules. Methyl resonances are intense and arise from three magnetically 

equivalent 
1
H spins (Ollerenshaw, Tugarinov et al. 2003). The main contribution to the 

relaxation of these isolated 
13

C-methyl groups is the set of dipole-dipole interactions with 

intramethyl protons. The contribution of 
13

C CSA relaxation is negligible (Tugarinov and Kay 

2004).  

The fundamental basis of 
13

C-methyl TROSY can only be properly explained using individual 

density matrix theory. Assuming rapid methyl rotation, there are both slow and fast relaxing 

1
H and 

1
H-

13
C transitions. Isolated 

13
C-methyl groups relax by 

1
H-

1
H and 

1
H-

13
C dipolar 

interactions and the destructive interference of these interactions causes some density matrix 

elements to relax slowly (Ollerenshaw, Tugarinov et al. 2003; Xu and Matthews 2011). There 

are eight single quantum transitions that contribute to 
13

C magnetization. Out of these, six of 

them relax slowly and two of them relax fast (Figure A.7), giving rise to a quartet in a one-

dimenational 
13

C spectrum with intensity ratio of 1:3:3:1. The two fast relaxing transitions 

(horizontal pink line in the figure) are the two extreme upfield and downfield lines and the six 

slow relaxing transitions (horizontal blue lines), are divided into two peaks in the middle.  
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Figure A.7 Energy level diagram for an isolated 
13

CH3 spin system.  

The first spin state in each wavefunction corresponds to 
13

C spin and the other three are 

the 
1
H spins. Vertical red and blue arrows correspond to fast and slow 

1
H relaxing 

transitions, respectively. Horizontal pink and blue lines indicate fast and slowly relaxing 

transitions of 
13

C. Finally yellow and green lines correspond to fast and slow 
1
H-

13
C 

double- and zero-quantum relaxing transitions. Adapted from (Kay 2011).  
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There are also 10 
1
H single quantum transitions: half of them relax slowly and the other half 

rapidly. These transitions give rise to two equally intense 
1
H lines. The upfield and downfield 

lines correspond to the 
13
C α and β states respectively. In a high molecular weight species that 

tumbles slowly (ωcƬM >> 1, where ωc is the 
13
C Larmor frequency and ƬM is the tumbling time) 

the dipolar field of 
1
H-

1
H and 

1
H-

13
C cancel each other and leads to the TROSY effect in 

methyl-groups (Tugarinov, Hwang et al. 2004). Importantly the differential relaxation effects 

are B0-independent.  

In principle 50% of the signal is available in a mode that relaxes slowly and give rise to sharp 

peak in the spectrum. As with 
15

N-TROSY, the 
13

C-methyl TROSY pulse sequence is designed 

in a way that selects only the slow relaxing transitions. It has been proved that the well-known 

heteronuclear multiple quantum coherence (HMQC) pulse sequence is optimal for 
13

C-methyl 

TROSY experiments (Figure A.8). The initial 90° Hx pulse creates both rapidly and slowly 

relaxing single quantum (SQ) 
1
H coherences. During the 2Δ delay (equal to 1/2JHC), these 

coherences become antiphase with respect to the 
13

C spin. These coherences decay by different 

factors for fast and slow components. A 90° Cx pulse is then used to create heteronuclear 

double and zero quantum 
1
H-

13
C coherence. The 

13
C chemical shift evolves during t1/2 - 

Hx(180°) - t1/2 period. The 180° 
1
H pulse refocuses 

1
H chemical shift evolution. A second 90° 

Cx pulse then converts the heteronuclear double and zero quantum coherences to slow relaxing 

single quantum 
1
H coherence. Importantly due to the use of the two 90° 

13
C pulses, the slow 

and fast coherences are not be mixed and the optimal shape for the methyl group signal is 

obtained (Ollerenshaw, Tugarinov et al. 2003).  

It is important to note that both for 
15

N-and 
13

C-methyl TROSY applications proximity of 

‘other’ 
1
H atoms to those in the target amide NH and 

13
CH3-groups and the associated 1H-1H 

dipolar interactions complicates the relaxation landscape and acts to undermine the overall 

fidelity of the relaxation interference mechanisms upon which the TROSY principle is 

founded. As a result it is important to replace the unimportant ‘other’ 
1
H spins with deuterons 

wherever possible, if one is to be able to maximize the benefits of the method. The lower 

magnetogyric ratio of the deuteron compared to the proton means that the contribution of 
1
H-

2
H dipolar interactions makes a much smaller contribution to the overall relaxation 

‘landscape’.   

Triple-resonance experiments  

In the work reported in this thesis triple resonance NMR experiments have been used to assign 

backbone resonances. The main triple resonance experiments that are normally used for 

backbone assignments use the standard HNCACB, HNCA, HN(CO)CA, HNCO, HN(CA)CO, 

and CBCACONH pulse sequences. These spectra were used to correlate 
1
H and 

15
N 
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Figure A.8 Outline pulse sequence for 2D 
1
H,

13
C-HMQC spectroscopy, also known 

in this context at 
13

C-methyl TROSY.  

Narrow and wide rectangles denote 90° and 180° pulses respectively. Pulses are 

applied along the x-axis.  The triangle with the symbol t2 symbolizes the recording 

of the free induction decay as a digitally-encoded time-series of complex points. The 

delay 2∆ is set to  1/2JHC (adapted from (Ollerenshaw, Tugarinov et al. 2003). 
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resonances of each N-H group with one or more carbon-13 atoms of the given or preceding 

residue. The triple resonance correlations can be divided into two groups on the basis of 

coherence transfer pathways. The first group is based on 
15

N-
13

C' coherence transfer across the 

peptide bond and provides connection between the N-H group of residue i and the carbon atom 

of the previous residue i-1. Triple resonance experiments that use this coherence transfer 

pathway are HNCO, HN(CO)CA, CBCA(CO)NH (Figure A.9). The second group involves 

15
N-

13
C
α
 coherence transfer that provides a connection between the NH group of residue i and 

the carbon atom of the same residue (i), as well as the previous residue (i-1) via the 2-bond 

2
JNCα coupling. This type of coherence transfer pathway is used in HNCA, HN(CA)CO, and 

HNCACB experiments (Figure A.9). For further details the reader is refered to the standard 

literature (Cavanagh, Fairbrother et al. 2007). 

Methyl group labelling 

Methyl groups of the Ile, Leu, and Val residues of the recombinant proteins were specifically 

labelled using appropriately isotope-labelled 2-keto-isovalerate, and 2-ketobutyric acid 

precursors as demonstrated by Kay and co-workers. The use of these precursors in 

combination with perdeuterated glucose (U-
12

C/
2
H), 

2
H2O, and (

14
NH4)2SO4 in a defined 

minimal medium allows 
13

C and 
1
H incorporation at the δ and ɣ methyl groups of Val and Leu 

residues, respectively, and the δ1 methyl groups of Ile, in a ‘background’ composition of 
12

C 

and 
2
H atoms (Figure A.10) This method is referred to as‘ʻILV’’ labelling. 

 The strategy allows for separate 
13

CH3-methyl labelling of  Ile residues, or Leu and Val 

residues. Importantly, for a given Leu or Val residue only one of the two prochiral methyl 

groups is 
13

CH3 while the other one is 
12

CD3. These amino acids are often found within the 

hydrophobic cores of globular proteins and correspond to about 21% of all residues found in 

proteins. Recent developments have shown that 
13

CH3–methyl labelling at Ala, Met, Ile (Cɣ2) 

residues can be achieved. In addition it is also proved possible to label single methyl groups of 

Leu and Val stereospecifically (Leu and Val pro-R/S positions) (Gans, Hamelin et al. 2010). 

There are other attractive alternative labelling strategies to obtain isolated 
13

CH3, groups for 

example alanine-labelling. Alanine is one of the most abundant amino acids in proteins (~8%), 

and is distributed in the core as well as the surface regions of globular proteins (Isaacson, 

Simpson et al. 2007). There are two main problems in using alanine. First alanine has a central 

role in many biosynthetic pathways in, for example, E. coli, that over time cause incorporation 

of the atoms of Ala methyl groups into other methyl-containing amino acids. Secondly the 

requisite 3-
13

C,2-
2
H-L-Ala is not yet available commercially. However, the Salmonella 

thyphimurium tryptophan synthase α2β2 complex has successfully been used to produce -3-
13

C, 

2-
2
H-L-Ala from 3-

13
C-L-Ala (Isaacson, Simpson et al. 2007). This product can be used to  
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Figure A.9 Schematic representations of the magnetization trajectories during the triple 

resonance pulse sequences that have been used in this study for backbone resonance 

assignment.  

The atoms correlated by different backbone experiments are indicated by red circles. 

Yellow circles are shown for atoms that that are involved in the magnetization transfer 

pathway but for which the chemical shift is not encoded. Green dashed lines correspond 

to the flow of magnetisation in each experiment (adapted from www.protein-

NMR.org.uk/spectra.html).  
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Figure A.10 Structures of specifically isotope-labelled α-ketobutyrate and α-

ketoisovalerate amino acid precursors added to the M9 minimal media in a 

deuterated background to generate ILV-labelled proteins.  

The colouring scheme is used to show how these reagents are incorporated 

into the particular amino acid (adapted from (Ruschak, Velyvis et al. 2010). 
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supplement defined media to obtain specifically 
13

CH3-Ala in an appropriate 
12

C/
2
H 

background. 

 

LIC cloning 

LIC is a type of cloning that is performed without the need of restriction endonucleases for 

insert preparation, alkaline phosphatase or DNA ligase. Figure A.11 shows a schematic 

representation of the LIC procedure. Pre-cut LIC vectors are treated with T4 DNA polymerase 

in the presence of only a single dNTP (for example, dTTP) to make a linearized vector. The 3’-

to-5’ exonuclease activity of T4 DNA polymerase removes nucleotides until reaching a residue 

corresponding to the dNTP present in the reaction mixture (e.g. dTTP). The 5- to-3’ 

polymerase activity of the T4 DNA polymerase works against the 3’-to-5’ exonuclease activity 

and further excision is halted. This produces a linearized vector with 13-14 base single-

stranded overhangs. PCR products for the target gene with complementary overhangs are made 

by incorporating appropriate 5’ extensions into the amplification primers. Purified PCR 

products are treated with T4 DNA polymerase in the presence of an appropriate dNTP (e.g. 

dATP) to produce vector-compatible overhangs. Mixing of the treated vector with the prepared 

insert allows for annealing of the compatible overhangs. Circular plasmid is produced by 

covalent bond formation by endogenous ligase activity at the vector-insert junctions after 

transformation into E. coli. LIC is a very efficient cloning procedure compared to the classical 

method of that requires the use of a specific ligase enzyme, in part because only the desired 

products are generated by vector-insert annealing.  
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Figure A.11 Schematic representation of the LIC cloning strategy. The PCR product is 

treated with T4 DNA polymerase to obtain vector-compatible overhangs. The treated 

target insert and vector are mixed for annealing. The annealed vector is then transformed 

into E. coli where repair of the DNA breaks and plasmid amplification occur.   
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Preparation of chemically competent E. coli cells 

Cells were streaked from a glycerol stock on an LB agar and incubated overnight at 37°C. The 

following morning a colony was selected from the plate to inoculate 100 ml of LB medium in 

a 250-ml baffled flask. Inoculated culture was incubated at 37°C (shaking speed: 250 rpm) 

until the OD600 reached to 0.4. The culture were transferred into two 50-ml Falcon tubes and 

kept on ice for 10 minutes. Following centrifugation at 4000 rpm at 4°C for 10 minutes, the 

supernatant was decanted and the tubes were inverted for 1 minute to remove medium as much 

as possible. Each pellet was resuspended in 10 ml of sterile cold 0.1 M CaCl2 and incubated on 

ice for 10 minutes. Resuspended pellet was centrifuged at 2500 rpm (4°C) for 5 minutes 

followed by decanting the medium. Incubation in CaCl2 was repeated three times. Finally, each 

sets of pellets were resuspended in 2 ml of sterile cold 0.1 M CaCl2 followed by addition of 0.5 

ml of glycerol (50% w/v) to reach to a final concentration of 10% glycerol. Chemically 

competent cells were aliquoted (200 μl) in sterile cryovials and stored at -80°C. 

 

 

PCR program for colony-PCR  

Step    Temperature (°C)  Time (Sec) 

1) Initial Strand separation  95         120 

2) Strand separation   95           30 

3) Annealing    55           30 

4) Extension    72           60 

5) Repeat steps 2-4 34 times 

6) Final extension   72          120 

7) Cooling      4          300 
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Appendix E: Experimental details of NMR experiments 

 

13
C/

15
N RAIDD-DD NMR experiments at 10°C 

 
1
H 

13
C 

15
N 

Experiment Points SW* Points SW Points SW 

15
N-HSQC 1024 8418   256 2129 

HNCA 1024 8418 64 4577 20 2129 

HN(CO)CA 1024 8418 64 4577 20 2129 

HNCACB 1024 8418 64 11260 20 2129 

CBCACONH 1024 8418 64 11260 20 2129 

 

Experiments run at 700 MHz. 

*SW=Sweep Width  
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13
C/

15
N PIDD-DD NMR experiments at 25°C 

 
1
H 

13
C 

15
N 

Experiment Points SW* Points SW Points SW 

HSQC 1024 7788   64 1946 

HNCA 1024 7788 55 3922 24 1946 

HN(CO)CA 1024 11260 56 4577 25 2341 

CBCACONH 1024 7788 64 9655 20 1946 

 

Experiments were run at 600 MHz except HN(CO)CA that was run at 700 MHz. 

*SW=Sweep Width 
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