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Abstract  
 

The R2TP co-chaperone complex plays a critical role in the assembly of 

multisubunit protein complexes. A number of R2TP targets are recruited via the 

adaptor protein TEL2 which directly interacts with the R2TP subunit PIH1D1 

when phosphorylated by casein kinase 2 (CK2). A recent co-crystal structure of 

the PIH-N domain of PIH1D1 in complex with a TEL2 phospho-peptide, 

revealed a novel phospho-binding mechanism. Here, isothermal titration 

calorimetry (ITC) was utilised to generate a complete thermodynamic 

description of this binding event. These data show that every residue within a 

conserved DpSDD motif of TEL2 along with a number of conserved basic 

PIH1D1 residues are required for the interaction in vitro. Structural studies 

carried out in parallel resulted in a crystal structure of the unbound PIH-N 

domain which reveals additional structural features not visible in the bound 

structure. 

 

Subsequent experiments aimed to probe the phospho-binding capabilities of 

PIH1D1 paralogs. One such paralog, DNAAF2, has been linked to chaperone-

dependent processes, namely the cytoplasmic assembly of axonemal dynein 

arms. The structure of a DNAAF2 PIH-N domain was determined revealing 

similarities with the TEL2 binding site of PIH1D1. ITC experiments confirmed 

that the human DNAAF2 PIH-N domain is able to bind to phospho-peptides 

corresponding to the CK2 site of TEL2. This raises the prospect that DNAAF2 

recruits clients to chaperone assemblies in a manner analogous to the PIH1D1 

subunit of the R2TP complex. Proteomic pull-down experiments then identified 

a number of putative phospho-dependent DNAAF2 binding partners several of 

which are linked to dynein-associated flagellar assembly processes. 
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Chapter 1. Introduction 

1.1 Proteome complexity and post-translational modifications  

The global population of proteins produced by an organism is known as the 

proteome, analogous to the total gene composition or genome. Proteins are, of 

course, encoded by genes and it may therefore be reasonable to assume that a 

single protein form is produced by each individual gene. However this is not the 

case as a proteome is usually far more diverse than its associated genome 

(Walsh, 2006). To give an example, the human genome is believed to contain 

around 20,000 genes while the human proteome is predicted to contain 

potentially billions of distinct protein forms (Consortium, 2012, Smith et al., 

2013). How does this disproportionate diversity in the number of total protein 

species vs genes arise?  

 

Proteome complexity is created at both the RNA level and the protein level. The 

most common origin of protein diversity at the RNA level in eukaryotes is RNA 

splicing. In RNA splicing the non-coding sections of pre-messenger RNA (pre-

mRNA), known as introns, are removed and the remaining coding regions, the 

exons, are stitched together (ligated) to produce a mature messenger RNA 

(mRNA) molecule. While all introns are excised one or more exons can also be 

excised or ‘skipped’ in a process known as ‘alternative splicing’ (Kornblihtt et al., 

2013). Different combinations of exon inclusions and omissions result in 

mRNAs that encode unique proteins of differing sequence and function 

(Blencowe, 2006). It is estimated that around 95% of multiexon genes undergo 

alternative splicing with many isoforms being tissue specific (Pan et al., 2008). 

 

The second main source of protein diversification arises at the protein level in 

the form of post-translational modifications (PTMs). PTMs are chemical 

modifications of proteins, usually catalysed by enzymes following translation 

(Walsh, 2006). While the term PTM includes the functional maturation of 

proteins via proteolytic cleavage and folding processes it is commonly used to 

refer to the enzyme-dependent covalent addition of a functional group to a 
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protein. Such covalent modifications include glycosylation, ubiquitination, 

methylation, acetylation, nitrosylation, lipidation, neddylation and 

phosphorylation (for a review of the different types of PTMs see Walsh et al. 

(2005)). These PTMs can dynamically regulate protein localisation, activity and 

interactions with other molecules. 

 

1.2 Protein kinases and phosphorylation 

Reversible protein phosphorylation is the most common and arguably best 

characterised form of post-translational modification with around 30% of all 

human cellular proteins believed to be phosphorylated at some point in their 

lifetime (Pinna and Ruzzene, 1996, Cohen, 2000). In eukaryotes, 

phosphorylation is limited to the side-chains of three amino acids, serine, 

threonine and tyrosine while bacteria and fungi also have histidine and 

aspartate phosphorylation capabilities (Walsh et al., 2005). The phosphoryl 

group is usually donated by adenosine triphosphate (ATP), although some 

kinases use guanosine triphosphate (GTP) (Taylor and Kornev, 2011, Weller et 

al., 1981). The nucleophilic hydroxyl (-OH) group of the amino acid side-chain 

attacks the terminal γ-phosphate (γ-PO3
2-) of ATP resulting in breakage of the 

high-energy phosphoanhydride bond between the γ- and β-phosphates and 

conjugation of the phosphoryl group to the amino acid side-chain (Figure 1) 

(Walsh, 2006). The reaction requires magnesium (Mg2+) which chelates the 

anionic oxygens of the γ- and β-phosphates thus lowering the energy required 

for phosphoryl transfer. The high amount of free energy released during 

breakage of the phosphoanhydride bond ensures that the reaction is 

energetically favourable and unidirectional with the products being the 

phosphorylated amino acid side-chain and adenosine diphosphate (ADP).  
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Figure 1. Mechanism of serine phosphorylation.  

The enzyme base (-B:) initiates proton transfer from the serine hydroxyl (OH) group 
which promotes nucleophilic attack of the ATP γ-phosphate group. This results in 
transfer of the phosphoryl group onto the serine producing phosphoserine and ADP 
products. The transferring phosphoryl group is shown in red.  
 

 

Phosphorylation reactions are catalysed by kinases, the largest class of PTM 

enzymes. Around 500 putative kinase genes have been identified in the human 

genome, the members of which constitute the human kinome (Manning et al., 

2002). Classical protein kinases contain a catalytic domain of around 250 

residues consisting of a small N-terminal lobe comprised of β-sheets and a 

larger α-helical C-terminal lobe (Figure 2) (Ubersax and Ferrell, 2007). The ATP 

binds to a cleft formed between the two lobes with the nucleoside moiety sitting 

in a hydrophobic pocket and the triphosphate exposed to the surrounding 

solution (Figure 2). The protein substrate binds to this cleft and the transfer of 

the ATP γ-phosphate is catalysed by conserved kinase residues (Walsh, 2006). 
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Figure 2. Kinase structure and catalytic cycle for protein phosphorylation 

A: The crystal structure of cyclin-dependent kinase-2 (CDK2) (PDB: 1QMZ). All 
kinases adopt a similar fold consisting of two lobes.  One lobe consists of mainly β-
strands (shown in blue) and the other α-helices (shown in red). The bound ATP 
molecule is shown as orange sticks.  B: Catalytic cycle for protein phosphorylation. 
Starting top left of the panel, adenosine triphosphate (ATP) binds to the kinase 
active site. The substrate subsequently binds the active site followed by the 
transfer of the γ-phosphate of ATP (pink) to a substrate Tyr, Ser or Thr residue. 
The substrate is then released from the kinase followed by adenosine diphosphate 
(ADP). It should be noted that this is the canonical catalytic cycle for substrate 
phosphorylation and that the order of the steps can vary between different kinases. 
Adapted from Ubersax and Ferrell (2007). 
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One level of substrate specificity is mediated via differences in the structural 

composition of the active site. These structural differences often include varying 

depth, charge or hydrophobicity with the preferred substrate displaying 

complementary characteristics. For example, protein tyrosine kinases typically 

have a deeper catalytic cleft than serine/threonine kinases in order to 

accommodate the bulkier side-chain (Ubersax and Ferrell, 2007). The substrate 

specificity of a protein kinase is determined by the flanking residues in addition 

to the receiving amino acid which together define the consensus motif of the 

kinase. Kinases vary greatly in the number of sites that they can phosphorylate. 

To give an example, the cyclin-dependent kinases (CDKs) and calcium-

calmodulin (CaM) kinases are believed to each phosphorylate hundreds of sites 

while mitogen-activated protein kinase kinase 1 (MAP2K1) is believed to 

phosphorylate only four sites (two in ERK1 and two in ERK2) (Ubersax and 

Ferrell, 2007). 

 

Kinases are highly regulated, switching between active and inactive states, via 

dynamic reorganisation of the molecule (Huse and Kuriyan, 2002, Johnson and 

Lewis, 2001). Activation is usually triggered by phosphorylation either by other 

kinases or by additional copies of the same kinase (autophosphorylation). This 

phosphorylation event often occurs within a region known as the activation 

segment, located near the catalytic centre (Figure 2). The introduction of the 

negatively charged phosphate neutralizes an inhibitory positive charge provided 

by a conserved HRD motif, thereby triggering kinase activity (Taylor and Kornev, 

2011). While most kinases are inactive when unphosphorylated, a minority of 

kinases are constitutively active and are inactivated, or made less effective, 

upon phosphorylation by an upstream kinase. Other highly regulated kinases, 

such as the proto-oncogene Src, are activated in response to a combination of 

phosphorylation and dephosphorylation events (Roskoski, 2005). Adaptor or 

‘scaffolding’ proteins can also regulate kinase activity by coordinating the 

interaction between the kinase, upstream effectors and/or substrates of the 

kinase (Langeberg and Scott, 2015).  
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Phosphorylation is a reversible process with removal requiring a specific 

enzyme, a phosphatase, due to the stable nature of the phosphoryl group. 

Around 200 phosphatase genes have been identified so far in the human 

genome (Sacco et al., 2012). The reversible nature of protein phosphorylation 

makes it ideal for its role in signal transduction cascades, enabling cells to 

quickly and dynamically respond to various intra and extracellular stimuli. 

Signalling cascades involve the physical recognition of a stimulus by a receptor 

followed by activation of downstream kinases which can then relay the signal to 

other kinases or substrates until the desired response is achieved (Berg et al., 

2002).  These signal transduction cascades can be linear with each kinase 

activating a single downstream kinase or branched where a kinase activates 

multiple downstream kinases which in turn activate further kinases. 

 

One way that phosphorylation may have an effect on the target protein is a 

change in the overall protein conformation (Figure 3). The introduction of 

negative charge to the side-chain of a protein generates the potential for local 

hydrogen bonding and charge pairing which can produce either subtle or 

dramatic changes that drive conformational alterations (Johnson and Lewis, 

2001). These allosterically regulated conformational changes can rearrange the 

active site of a kinase resulting in catalytic activation or inactivation. An example 

of this would be the phosphorylation of specific residues within the activation 

segment of the catalytic domain of protein kinases as mentioned previously. 

Conformational changes of this nature are usually very protein specific involving 

numerous intramolecular interactions and are therefore not easily adopted by 

new proteins during evolutionary development (Seet et al., 2006).  

 

In addition to conformational changes, protein phosphorylation can also create 

phosphomotif binding sites (Figure 3). These binding sites are recognized by 

and subsequently recruit a number of proteins containing independently folded, 

structurally conserved, phospho-binding domains in a phosphorylation 

dependent and sequence specific manner. These phospho-motif binding events 

can control the assembly of multi-protein complexes causing proteins to 
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associate with their upstream kinases and downstream effectors and are 

therefore vital components of phospho-dependent signalling cascades (Pawson 

and Nash, 2003). The short, often unstructured, nature of these phosphomotifs 

combined with the modular nature of their cognate phospho-binding domains 

has likely facilitated the evolution of signalling pathways. 

 

 
Figure 3. Target regulation by phosphorylation 

Schematic of the two primary forms of phospho-dependent regulation. A: 
Allosterically regulated change in protein conformation as a result of 
phosphorylation. The yellow square and circle represents the same protein but with 
altered conformations. B: Creation of a binding surface for a phospho-binding 
domain, promoting the formation of a multi-protein complex. In this case 
phosphorylation does not alter the conformation of the target protein.  
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1.3 PhosphoSerine/Threonine-binding domains 

The first modular phospho-binding domains to be identified were the Src-

homology-2 (SH2) and phosphotyrosine-binding (PTB) domains (Sadowski et 

al., 1986). The finding that these domains bound specifically to Tyr-

phosphorylated motifs and not to ones containing pThr or pSer suggested that 

the creation of phosphomotif binding sites may be exclusive to Tyr kinase 

signalling cascades while Thr and Ser phosphorylation events are limited to the 

allosteric regulation of protein activity via conformational changes (Yaffe and 

Elia, 2001). This idea was dispelled when it was discovered that some protein 

domains could specifically bind to pThr and pSer containing motifs in a 

phospho-dependent manner, suggesting that phosphomotif creation and 

recognition was more widespread than once thought (Yaffe, 2002b). The 

following sections give a brief introduction to the structure and function of some 

of these phosphoserine/threonine-binding domain families in addition to their 

associated consensus binding sequences. Many of these sequences were 

derived using in vitro peptide-library screening, the details of which are covered 

in section 2.3.5 (Yaffe and Cantley, 2000). The general technique uses a 

phospho-binding domain fusion protein as bait to pull down optimal peptides 

from an oriented peptide library. Bound peptides are then sequenced via 

Edman degradation and a consensus motif derived.  Phosphomotifs in the 

following sections are named according to the modified Seefeld convention (pS 

= phosphoserine, pT = phosphothreonine, pY = phosphotyrosine, φ = 

hydrophobic, X = any)  (Aasland et al., 2002). 

 

1.3.1 14-3-3 proteins  

The first phospho-binding proteins to be identified that specifically bind to 

pSer/pThr motifs were the 14-3-3 proteins (Muslin et al., 1996). 14-3-3 proteins 

are a highly conserved family that are expressed in all eukaryotic cells with 7 

individual 14-3-3 genes found in humans named β,γ,ε,η,τ,ζ and σ. Lower 

eukaryotes have been found to possess only two 14-3-3- genes while higher 
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eukaryotes have up to fifteen (Wang and Shakes, 1996, Rosenquist et al., 

2001). The first apo 14-3-3 τ and ζ isoform crystal structures were solved in 

1995 by Xiao et al. and Liu et al. respectively (Xiao et al., 1995, Liu et al., 1995). 

The structures revealed that both isoforms form homodimers consisting of 

highly acidic, largely helical, 30 kDa subunits (Figure 4). Each subunit consists 

of 9 antiparallel α-helices (α1-α9) with α-helices α3, α5, α7 and α9 forming a 

concave surface which upon dimerization creates a cup-like assembly. The 

dimer interface is formed between helices α1, α3 and α4 consisting of both salt-

bridges and hydrophobic interactions with mutations at the interface shown to 

prevent dimer formation (Tzivion et al., 1998).  The cup interior contains an 

amphipathic groove and forms the ligand-binding site. Highly conserved 

residues line both the cup interior and dimerization interface while the less 

conserved residues face the cup exterior. Structures of all 7 human 14-3-3 

proteins have since been solved (Yang et al., 2006b). It is worth noting that the 

14-3-3 C-terminus is not visible in any of these structures and exhibits very low 

sequence conservation between the different isoforms. While it has been shown 

that 14-3-3 isoforms β,γ,ε,η,τ and ζ  can all form homo- and heterodimers, σ 

appears to only be capable of forming homodimers (Gardino et al., 2006). 
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Figure 4. 14-3-3 ζ phospho-peptide complex  

Crystal structure of homodimeric 14-3-3 ζ bound to an optimal phospho-peptide 
displaying mode 1 binding (PDB 1QJB). Top: Overall structure of the bound 
complex. The individual 14-3-3 monomers are shown in blue and green with α-
helices labelled α1-9. Bound phospho-peptides are displayed as yellow sticks. 
Bottom: Detailed view of the phospho-peptide binding site. 14-3-3 side chains are 
shown as grey sticks.  
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Phosphoserine-oriented peptide library experiments were carried out by Yaffe 

et al. (1997a) to probe all mammalian and yeast 14-3-3s. Two binding motifs R-

S-X-pS-X-P and R-X-X-X-pS-X-P, denoted mode-1 and mode-2 respectively, 

were identified and can be found within the sequence of most known 14-3-3 

binding proteins (Yaffe et al., 1997a, Rittinger et al., 1999). This information was 

used to obtain co-crystal structures of 14-3-3 ζ in complex with both optimal 

pSer motifs and a peptide corresponding to the phosphorylated binding site of 

the 14-3-3 interactor Raf-1 kinase (Petosa et al., 1998, Rittinger et al., 1999, 

Yaffe et al., 1997a).  In all structures two phospho-peptides were bound per 14-

3-3 dimer with each monomer contributing an individual, high affinity binding 

site. The optimal phospho-peptides sit in a positively charged cleft with Lys 49, 

Arg 56, Arg 127 and Tyr 128 of 14-3-3 ζ forming intermolecular salt bridges and 

hydrogen bonds with the phosphate group of the peptide pSer (Figure 4). The 

positioning of Pro+2 is required in order to produce a sharp turn in the peptide 

backbone enabling the C-terminus of the peptide to leave the 14-3-3 binding 

pocket. The Arg residue of both consensus motifs (pSer -3 in mode 1, pSer -4 

in mode 2) reside in similar positions. However, in mode 2 binding the Arg 

residue fixes the peptide conformation by forming an intramolecular salt bridge 

with the phosphorylated serine (Rittinger et al., 1999). A third 14-3-3 consensus 

motif with sequence pS/pT-X1-2-COOH has since been identified and can be 

found in ligands displaying weaker affinity for 14-3-3 compared with mode 1 and 

2 containing proteins (Wurtele et al., 2003, Ganguly et al., 2005, Coblitz et al., 

2005, Coblitz et al., 2006). Some 14-3-3 proteins have also been shown to bind 

to proteins via motifs that differ greatly from the mode 1, 2 and 3 consensuses, 

sometimes in a non-phosphorylation dependent manner (Masters et al., 1999, 

Petosa et al., 1998, Wang et al., 1999). 

 

Members of the 14-3-3 family have been shown to bind to and regulate 

hundreds of other proteins that are involved in a diverse array of regulatory 

processes including apoptosis, metabolism, transcriptional regulation, cell cycle 

control and the DNA damage response (Fu et al., 2000). Lack of conformational 

change between the apo- and ligand-bound forms suggests that 14-3-3 proteins 
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may act as phospho-dependent molecular chaperones upon which the bound 

target protein can be remodelled (Yaffe, 2002a, Obsil and Obsilova, 2011).  In 

addition to conformational remodelling of the target, 14-3-3s can physically 

occlude sequence-specific or structural features within the target which can 

provide protection against phosphatases and digestive enzymes, affect 

subcellular localization and block protein-protein/protein-DNA interactions 

(Muslin and Xing, 2000, Cahill et al., 2001, Datta et al., 2000, Hsu et al., 1997, 

Zha et al., 1996). It is worth noting that while subsequently discovered phospho-

binding domain families have been found to exist in the context of modular, 

multi-domain proteins (see below), 14-3-3 proteins usually consist of a single 

functional domain. Notable exceptions are the nonsense-mediate mRNA 

regulator proteins SMG5, SMG6 and SMG7 which all contain a 14-3-3-like 

domain adjacent to a helical hairpin domain, together forming a tetratricopeptide 

(TPR) region (Chakrabarti et al., 2014, Jonas et al., 2013, Fukuhara et al., 

2005). SMG5 and SMG6 also contain C-terminal PIN (PilT N-terminus) domains 

which are present in proteins with ribonuclease activity, however this domain is 

believed to be inactive in SMG5 due to the absence of key catalytic residues 

(Glavan et al., 2006). 

 

1.3.2 WW domains 

WW domains are structural motifs consisting of 38-40 residues that form three 

anti-parallel β-strands (β1-3) and contain two invariant Trp residues at either 

end of the domain, in addition to an aromatic di- or tripeptide motif located in the 

centre (Figure 5) (Macias et al., 2000). They function in the context of multi-

domain proteins and are often associated with PPIase (peptidyl-prolyl 

isomerase) domains, PDZ domains, and HECT (homologous to E6-AP carboxyl 

terminus) family ubiquitin ligase domains (Finn et al., 2016). The WW domain 

family have been shown to bind to short Pro-rich motifs and can be grouped 

according to their preferred binding sequence with group I, II, III and V 

recognizing P-P-X-[Y/pY], P-P-L-P, P-G-M and P-P-R motifs respectively 

(Zarrinpar and Lim, 2000, Sudol and Hunter, 2000). However, the group IV WW 
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domain containing proteins, such as the ubiquitin ligase Nedd4 and the peptidyl 

prolyl isomerase Pin1, have been shown to exhibit specificity towards pS-P and 

pT-P motifs in a phospho-dependent manner (Lu et al., 1999). 

 

The group IV WW domain of Pin1 is located at its N-terminus which is joined via 

a flexible linker to a C-terminal PPIase domain (Figure 5). In addition to its 

involvement in the regulation of a number of mitotically phosphorylated proteins, 

Pin1 is associated with the regulation of the C-terminal domain (CTD) of RNA 

polymerase II (Pol II) (Verdecia et al., 2000). Pin1 has been shown to 

specifically bind to the cyclin dependent kinase (CDK) phosphorylated form of 

the heptad repeats (Y-pS-P-T-pS-P-S) located within the Pol II CTD via its WW 

domain (Hani et al., 1999, Albert et al., 1999, Komuro et al., 1999, Morris et al., 

1999, Lu et al., 1999). These phosphorylation events have been shown to 

trigger a cascade of transcriptional, splicing and processing events that are 

associated with elongating Pol II and it is likely that this regulatory activity is 

linked to the ability of Pin1 to bind the phosphorylated CTD (Steinmetz, 1997). 

Structural and functional analysis of Pin1 has found that the PPIase domain 

catalyses cis-trans isomerisation of prolyl-peptide bonds following phospho-

dependent recruitment to pSer-Pro sites, such as the ones found in the Pol II 

CTD, via the Pin1 WW domain (Yaffe et al., 1997b, Ranganathan et al., 1997). 
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Figure 5. WW domain of human Pin1 bound to doubly phosphorylated peptide 

Top: Human Pin1 domain schematic, WW and PPIase domains are shown in 
purple and red respectively. Bottom: Ribbon representation of the Pin1 RNA pol II 
CTD phospho-peptide complex. Pin1 is shown in purple and selected side chains 
as grey sticks (PPIase domain not shown). The Pol II CTD phospho-peptide is 
shown in yellow. Water molecules are represented as red spheres (PDB:1F8A).  
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The nature of this phosphorylation-dependent specificity displayed by some 

WW domains was revealed by a co-crystal structure of human Pin1 in complex 

with a doubly phosphorylated peptide (Y-pS-P-T-pS-P-S) representing the C-

terminal heptad repeats of RNA polymerase II (Figure 5) (PDB: 1F8A) (Verdecia 

et al., 2000). Both pSer-Pro peptide bonds adopt a trans configuration with the 

phosphoserines towards the N and C-termini of the peptide designated as 

positions ‘pSer -3’ and ‘0’ respectively. The phospho-peptide is located in the 

cavity that separates the PPIase domain and the WW domain and forms 

intermolecular bonds with the concave surface of the WW domain. While the 

PPIase domain does not appear to participate in peptide binding (in this crystal 

form) the presence of the peptide appears to promote a conformational change 

that results in an open conformation of the PPIase domain active site compared 

with the apo structure (PDB: 1PIN) (Ranganathan et al., 1997). Further 

conformational changes can be seen within the WW domain upon phospho-

peptide binding. A contraction of the concave binding surface around the CTD 

peptide causes the lower sections of β-strand 1 and 2 to pivot upwards placing 

Ser16 and Arg17 in close proximity to the phosphate of pSer 0 of the peptide. 

This structure shows that the only intermolecular phosphate interactions occur 

between the pSer 0 of the peptide and Tyr23 of the β2 strand and Ser16/Arg17 

within the β1-β2 loop. Tyr23 forms a water-mediated hydrogen bond with one of 

the phosphate oxygens while the side and main-chains of Arg17 collectively 

form three hydrogen bonds with two of the phosphate oxygens, Ser16 forms an 

additional hydrogen bond with the third oxygen. The perpendicular arrangement 

of the aromatic rings of Tyr23 and Trp34 forms a clamp which accommodates 

the pSer +1 proline ring of the peptide. It is interesting to note that both Ser16 

and Arg17 are poorly conserved amongst the WW domain family indicating that 

pSer/Thr binding capabilities are unlikely to be common amongst WW domains 

(Verdecia et al., 2000).  
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1.3.3 FHA domains  

The forkhead-associated (FHA) domains are the only identified phospho-

binding domain family to display high specificity towards pThr, distinguishing 

them from pSer residues (Yaffe and Smerdon, 2004). The first FHA domains 

were identified in forkhead family transcription factors and have since been 

predicted to be present in over 2000 proteins in both prokaryotes and 

eukaryotes (Hofmann and Bucher, 1995). FHA domain containing proteins are 

linked to a diverse set of functions but are particularly prevalent in proteins 

involved in processes that regulate cell proliferation such as cell cycle 

regulation, cell growth, signal transduction, DNA damage responses and DNA 

repair (Scolnick and Halazonetis, 2000, Sun et al., 1998). 

 

While members of the FHA domain family share low sequence conservation 

they all possess common structural features as revealed by numerous solution 

NMR and crystal structures (Mahajan et al., 2008). These structures reveal that 

the domain is much larger than the core FHA domain homology region originally 

predicted by sequence analysis.  The FHA domain contains 11 β-strands that 

form two β-sheets, one antiparallel and one mixed, which assemble into a 

‘twisted’ β sandwich conformation with hydrophobic residues buried between 

the sheets (Figure 6). The FHA domain N- and C-termini interact with one 

another and are distal to the pThr binding site which, unlike other phospho-

binding domains, is composed mainly of loops (Figure 6). These loops can vary 

greatly in length and can contain small α-helical insertions (Liao et al., 2000, 

Liao et al., 1999, Durocher et al., 2000).  
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Figure 6. FHA1 domain of Rad53 in complex with a phosphorylated peptide 

Crystal structure of Saccharomyces cerevisiae Rad53 N-terminal FHA domain 
(FHA1) in complex with a phophothreonine peptide (PDB: 1G6G). Left: Rad53 
FHA1 domain is shown as a ribbon diagram with binding site loops and α-helices 
coloured cyan and orange respectively. The bound phospho-peptide is represented 
as yellow sticks. Right: Detailed view of the phospho-peptide binding site. Notable 
residues are labelled accordingly. 
 

The Saccharomyces cerevisiae DNA damage checkpoint kinase Rad53 

contains two FHA domains denoted FHA1 and FHA2. Peptide screening 

studies identified pT-X-X-D and pT-X-X-L as consensus binding motifs for the 

individual FHA1 and FHA2 domains respectively (Durocher et al., 2000, Liao et 

al., 2000). Together this suggested a pThr+3 rule with pThr and pThr+3 being 

the primary and secondary recognition sites respectively (Durocher et al., 2000, 

Liao et al., 2000). The structures of numerous FHA-phospho-peptide complexes, 

including Rad53, have since been determined (Figure 6) (Mahajan et al., 2008). 

The phospho-peptide typically adopts an extended conformation with the FHA 

residues that constitute pThr binding usually residing within loops connecting β 

strands 3-4, 4-5, 6-7 and 10-11 (Figure 6). Conserved Ser and Arg FHA 

residues form hydrogen bonds and/or salt bridges with the pThr phosphate 
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group while other non-conserved FHA residues often contribute to binding. All 

FHA structures possess a conserved pocket in which the γ-methyl group of 

pThr can sit and form interactions with side chain and main-chain atoms, 

thereby explaining the selection for pThr and not pSer (Mahajan et al., 2008, 

Pennell et al., 2010). The specificity of Rad53-FHA1 for Asp in the pThr+3 

position is provided by Arg 83 located in the loop between β4-β5, however this 

is not a conserved feature amongst FHA domains (Liao et al., 2000, Durocher 

et al., 2000). Despite the presence of the structurally analogous arginine (Arg 

617), Rad53-FHA2 has a preference for Leu or Ile in the pThr+3 position. This 

is primarily due to the formation of a salt bridge between Asp 683 and Arg 617 

which renders Arg 617 unavailable to form an interaction with an Asp located in 

the pThr+3 position (Byeon et al., 2001).  

 

One practical limitation of the peptide-library methodology is that it can only 

cover up to 6 residues either side of the pThr anchor (Yaffe and Cantley, 2000). 

As a result residues located further upstream or downstream are not considered 

and it may be possible that amino acids more distal in primary sequence are 

involved in binding but not identified using this technique. Functional studies 

have since discovered additional optimal binding motifs for FHA domains that 

were not identified by peptide libraries, suggesting ligand specificity is not as 

restricted as originally believed. These alternative binding specificities include 

the recognition of multiple phosphorylated residues, a preference for residues 

N-terminal to pThr and the ability to interact with an extended surface as 

opposed to short phospho-peptides (Bernstein et al., 2005, Lee et al., 2008, 

Cherry et al., 2015, Byeon et al., 2005, Becherel et al., 2010, Lloyd et al., 2009). 

In addition to these phospho-dependent interactions, phospho-independent 

FHA interactions have since been identified (Matthews et al., 2014, Nott et al., 

2009). This was first observed in the Mycobacterium tuberculosis protein 

Rv1827 (Nott et al., 2009). It was found that the Rv1827 FHA domain was able 

to bind to three metabolic enzyme complexes in a phospho-independent 

manner, regulating their catalytic activities. However, phosphorylation of a 

conserved amino terminal motif of Rv1827 by serine/threonine-protein kinase B 
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or G was found to promote the association of this region with the FHA domain, 

thereby blocking the interaction with the metabolic enzyme complexes. This 

suggests that phosphorylation of the N-terminal region acts as a molecular ‘off’ 

switch by providing competition against the metabolic enzyme complexes for 

the Rv1827 FHA domain binding site. The ability of the FHA domain family to 

bind to an extremely diverse set of phosphorylated and non-phosphorylated 

motifs is in contrast to their strict specificity towards pThr and is likely due to the 

flexible nature of the loops that connect the β-strands along with their 

divergence in sequence and variability in length.  

 

1.3.4 WD40 domains of F-box proteins  

The Skp1, Cullin, F-box containing (SCF) complex is a multi-subunit E3 ligase 

complex that catalyses the ubiquitination of proteins, thereby targeting them for 

degradation by the 26S proteasome (Skaar et al., 2013). Targets of the SCF 

complex include inhibitors of Cyclin-dependent kinases (Cdks), the destruction 

of which enables cell cycle progression into S phase. This E3 ligase activity is 

often dependent on phosphorylation of the target which is recognised by the F-

box-containing protein component of the complex (Skaar et al., 2013). F-box-

containing proteins consist of an N-terminal F-box motif followed by either 

WD40 repeats or leucine-rich regions (LRRs) at their C-terminus (Figure 7). It is 

the WD40 repeats of some, but not all, of these F-box-containing proteins that 

provides the pSer/pThr binding capabilities, while the F-box motif is responsible 

for the interaction with the other SCF components (Winston et al., 1999, 

Schulman et al., 2000, Cenciarelli et al., 1999). 
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Figure 7. Cdc4 WD40 domain in complex with an optimal phospho-peptide 

Top: Saccharomyces cerevisiae Cdc4 domain schematic, F-box and WD40 
domains are coloured green and pink respectively. Middle: Crystal structure of the 
WD40 domain of Cdc4 bound to a phospho-peptide with sequence G-L-L-pT-P-P-
Q-S-G (PDB: 1NEX). The WD40 domain is shown as a pink ribbon diagram with β-
propeller blades labelled PB1-8. The phospho-peptide is represented as yellow 
sticks. The F-box domain and Skp1 also present in the crystal structure are omitted 
for clarity. Bottom: Detailed view of the phosphate binding site. Notable residues 
are labelled accordingly. 
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Peptide arrays carried out by Tyers and colleagues determined the consensus 

binding sequence for the WD40 domain of the yeast F-box-containing protein 

Cdc4 to be [L/I]-[LIP]-[pS/pT]-P-<R/K>4 (where <> indicates deselection) (Nash 

et al., 2001). This sequence is referred to as the optimal Cdc4 phospho-degron 

(CPD). Elucidation of this motif led to the determination of a crystal structure of 

the Skp1-Cdc4-CPD phospho-peptide complex (Figure 7) (Orlicky et al., 2003). 

The Cdc4 WD40 domain adopts an eight bladed β-propeller, denoted PB1-8, 

with each ‘blade’ consisting of ~40 amino acids that form four anti-parallel β-

strands. The WD40 domain adopts a shallow cone arrangement with the 

phospho-peptide lying on the extended, 5-stranded, β-sheet of PB2 with the N 

and C-termini of the peptide pointing towards the central pore and the cone rim 

respectively (Orlicky et al., 2003). The phospho-peptide binding pocket is highly 

conserved between Cdc4 homologs with three conserved arginines forming 

electrostatic interactions with the phosphothreonine while the pThr +1 proline 

and pThr -1/-2 leucines sit in their own individual hydrophobic pockets (Figure 

7). The negative selection of basic residues in positions at the C-terminus of the 

consensus motif can be explained by the presence of a positively charged 

patch on Cdc4, proximal to the peptide binding site (Orlicky et al., 2003).  

 

The determination of the optimal CPD motif may have initially appeared 

counterintuitive due to the fact that consensus phosphorylation sites of Cdks 

contain Lys or Arg at pT + 3 position (Endicott et al., 1999). Furthermore, most 

of the Ser/Thr phosphorylated sites of the Cdc4/SCF target Sic1 lack 

hydrophobic residues in the pT-1/-2 positions and possess Lys or Arg between 

pT+2 and pT+5 (Endicott et al., 1999).  Removal of all Cdk phosphorylation 

sites from Sic1 followed by their processive restoration reveals a sharp 

threshold where six phosphorylation events is sufficient for Cdc4-Sic1 binding 

whereas five phosphorylations is not (Nash et al., 2001). A switch-like, 

threshold-based model was therefore proposed where each of the six individual 

phosphorylation sites have a low affinity for Cdc4 but when combined produce a 

high-avidity interaction. The ‘switch’ is only turned on when a threshold of 

phosphorylation, catalysed by Cln1/2-Cdc28 kinases, has been reached. 
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Following binding the Cdc4-containing SCF complex catalyses the 

ubiquitination of Sic1, targeting it for degradation and allowing entry to S phase 

(Bai et al., 1996, Feldman et al., 1997, Schwob et al., 1994, Skowyra et al., 

1997, Nash et al., 2001, Orlicky et al., 2003). 

 

1.3.5 Polo-box domains 

The polo-like kinase (Plk) family are Ser/Thr kinases that are involved in cell 

cycle regulation and proliferation (Archambault and Glover, 2009). As the name 

would suggest Plks contain a kinase domain, which is located towards the N-

terminus followed by a polo-box domain (PBD) at the C-terminus (Figure 8). 

The PBD is believed to carry out a key regulatory role in directing the enzymatic 

activity of the kinase domain towards the appropriate subcellular target, 

primarily in a phospho-dependent manner (Lee et al., 1998). The PBD has been 

found to provide an additional level of regulation by inhibiting the activity of the 

kinase domain in the absence of bound substrate (Lowery et al., 2005, Elia et 

al., 2003b, Xu et al., 2013). Five Plks (Plk1-5) have been identified in mammals 

with each being linked to different cellular functions and expression in varying 

tissues (Archambault and Glover, 2009). Plk1 and Plk 3 have a role in 

regulating mitotic entry and transition into S phase respectively (Zimmerman 

and Erikson, 2007). Both Plk2 and Plk4 have been linked to a role in 

centrosome duplication (Archambault and Glover, 2009, Cizmecioglu et al., 

2008, Warnke et al., 2004). Despite Plk5 lacking kinase activity its 

overexpression has been linked to cell cycle arrest during G1 (de Carcer et al., 

2011). Lower organisms possess fewer Plk orthologs with worms and frogs 

containing four and three respectively, while only one is found in yeast (Lowery 

et al., 2005, Andrysik et al., 2010, de Carcer et al., 2011). While it is possible 

that the lone Plk expressed in yeast carries out the functions of all five 

mammalian orthologs, it is more feasible that the higher organisms have 

developed an expanded range of functionally distinct Plks in order to manage a 

wealth of additional physiological challenges associated with multicellular 

organisms.  
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Sequence alignments of the five mammalian Plk PBD domains show that Plks1, 

2, 3 and 5 contain two major regions of homology known as polo-box motif 1 

and 2 (PB1 and PB2) (Lowery et al., 2005, Archambault and Glover, 2009). 

However Plk4 only appears to contain a PB1 motif followed by a C-terminal 

region sharing low sequence similarity with the other Plks, suggesting that Plk4 

exhibits a different mode of binding (Lowery et al., 2005, Archambault and 

Glover, 2009). Using a library of partially degenerate phospho-peptides based 

on the phosphorylation motifs of specific mitotic protein kinases, Yaffe and 

collegues were able to identify phospho-binding domains that recognise those 

motifs (Elia et al., 2003a). With this approach they identified the PBD of Plk1 to 

be a specific pSer/pThr binding domain and subsequently determined its 

consensus motif to be [P/F]-[ϕ]-[T/Q/H/M]-S-[pS/pT]-[P/X] (Elia et al., 2003a). A 

follow-up study confirmed that human Plk2 and Plk3 were also able to bind to 

pSer/pThr peptides containing a Ser in the pSer/pThr -1 position (Elia et al., 

2003b). This information enabled the subsequent determination of crystal 

structures of Plk1 PBD in complex with an optimal phospho-peptide (M-Q-S-pT-

P-L) (Figure 8) (Elia et al., 2003b, Cheng et al., 2003). The structures reveal 

that PB1 and PB2 have identical folds composed of a six-stranded anti-parallel 

β-sheet and an α-helix. An alpha-helical ‘polo-cap’ (Pc) is believed to aid in the 

stabilization of the domain (Cheng et al., 2003, Elia et al., 2003b). The 

individual PB motifs can be seen to associate and form a single module with the 

phospho-peptide binding site located within a shallow pocket formed by two β-

sheets at the PB1/2 interface, potentially explaining the necessity of the 

presence of both PB motifs in Plk1 subcellular localization (Seong et al., 2002).   
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Figure 8. PBD phospho-peptide complex 

Top: Schematic of human Plk1 domain arrangement, kinase, PB1, Pc and PB2 are 
coloured pink, green, orange and purple respectively. Middle: Crystal structure of 
PBD domain of human Plk in complex with an optimal phospho-peptide of 
sequence M-Q-S-pT-P-L (PDB: 1UMW). PB1, Pc and PB2 motifs are displayed as 
green, orange and purple ribbons respectively. The bound phospho-peptide is 
shown as yellow sticks. Bottom: Detailed view of phospho-peptide binding site. 
Notable residues are labelled accordingly. Water molecules are represented by red 
spheres.   
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Lys540 and His538 of PB2 are the only residues that form direct interactions 

with the negatively charged phosphate group of pThr, adopting a pincer-like 

arrangement (Cheng et al., 2003, Elia et al., 2003b). Other important residues 

include Trp 414 and Leu 490 of PB1 which have Van der Waals interactions 

with the phospho-peptide. The serine in the -1 position forms both hydrogen-

bonds and van der Waals interactions with the side-chain of Trp414 explaining 

why even a conservative substitution with Thr would produce a clash with the 

side-chain of Trp414 (Elia et al., 2003b). While there is currently no structural 

information regarding the PBD of Plk2 and Plk3, all of the key residues involved 

in binding are conserved in most orthologs (Elia et al., 2003b).  

 

1.3.6 BRCT domains 

BRCT (BRCA1-C-Terminal) domains were named as such due to their 

identification within the tumour suppressor protein BRCA1 (breast cancer type 1 

susceptibility protein), a multifunctional protein involved in DNA damage repair 

and cell cycle control (Koonin et al., 1996). Like FHA domains, BRCT domains 

are often found in proteins involved in the DNA damage response (Callebaut 

and Mornon, 1997, Bork et al., 1997). These domains span 90-100 residues 

and adopt a globular βαββαβα fold consisting of a central 4-stranded β-sheet 

flanked by two alpha helices on one side and one alpha helix on the other 

(Figure 9) (Zhang et al., 1998, Clapperton et al., 2004, Shiozaki et al., 2004). Of 

the 23 BRCT encoding genes that have been identified in humans, 12 contain 

two or more BRCT domains within their sequence (Mesquita et al., 2010, 

Woods et al., 2012). These BRCT domains are often packed tightly in tandem 

((BRCT)2). Two studies revealed that a subset of these (BRCT)2 domains have 

phospho-Ser/Thr binding capabilities, including those found within both BRCA1 

and the regulator of transcription protein PTIP (PAX-interacting protein 1) (Yu et 

al., 2003, Manke et al., 2003).  
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Figure 9. BRCA1 (BRCT)2 domain phospho-peptide complex 

Top: Crystal structure of tandem BRCT motifs of human BRCA1 in complex with a 
Bach1 phospho-peptide of sequence S-R-S-T-pS-P-T-F-N-K (PDB: 1T15). BRCT1, 
interdomain linker and BRCT2 motifs are displayed as green, purple and pink 
ribbons respectively. Bottom: Detailed view of phospho-peptide binding site. The 
bound phospho-peptide is shown as yellow sticks. Notable residues are labelled 
accordingly.  
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The consensus binding motifs for the (BRCT)2 motifs of both BRCA1 and PTIP 

were determined using peptide library screening (Manke et al., 2003, Rodriguez 

et al., 2003). The domains recognise phospho-Ser/Thr motifs with BRCA1 and 

PTIP exhibiting a preference for Tyr/Phe and hydrophobic residues in the +3 

position respectively (relative to pSer/Thr). These motifs can be identified in a 

number of confirmed binding partners including BACH1 (BRCA1) and 53BP1 

(PTIP). Structural analysis of the (BRCT)2 domain of BRCA1 in complex with a 

phosphorylated peptide representing the interacting region of the BACH1 

helicase revealed that the phospho-peptide binds across the interface of the 

two BRCT repeats, with both domains forming direct interactions with the 

phospho-peptide (Figure 9)(Clapperton et al., 2004, Botuyan et al., 2004, 

Shiozaki et al., 2004). The pSer/pThr binding pocket is located within the N-

terminal BRCT repeat where the peptide phosphate group forms electrostatic 

interactions with the side-chains of Ser 1655 and Lys 1702 of BRCA1 (Figure 

9).  A secondary hydrophobic pocket is located at the (BRCT)2 interface and 

provide selectivity for the residue in the +3 position.  

 

Another (BRCT)2 domain containing protein named mediator of DNA damage 

checkpoint protein 1 (MDC1) has also been shown to select for aromatic 

residues in the pSer/Thr +3 position (Stucki et al., 2005, Lee et al., 2005). 

However, high affinity binding only occurs when the aromatic residue is at the 

carboxy terminus of the protein. This is due to the fact that the carboxylate 

group fixes BRCT residues in positions required for optimal interactions with the 

phospho-peptide (Stucki et al., 2005). This forms the basis for the interaction 

between the (BRCT)2 domain of MDC1 and the C-terminus of histone H2AX 

which is phosphorylated in response to double-stranded DNA breaks (DSBs).  

 

While these binding modes are representative of Class 1 binding, a second 

class of (BRCT)2 binding pocket has since been identified which displays 

specificity for peptides containing phosphorylated Thr residues (Gong et al., 

2010, Leung et al., 2011). Class 2 binding pockets are largely the same as 

Class 1 but with the inclusion of an arginine residue that locks the peptide 
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backbone in a conformation that allows incorporation of the γ-methyl group of 

the phospho-threonine.  

 

The phospho-binding domain families described above are broadly similar in 

that they recognise short, linear motifs containing phosphorylated serine and/or 

threonine residues with conserved basic residues often forming direct 

interactions with the phosphate group. Despite these similarities 

phosphoserine/threonine binding domains are diverse in both their structure, 

binding motif preferences and cellular functions suggesting that they arose 

independently via convergent evolution (Table 1). Due to this structural and 

functional diversity coupled with the abundance of phosphorylation dependent 

signalling in cells, it is highly possible that there are more 

phosphoserine/threonine domain families that are yet to be identified.  

 
Table 1. Common phospho-binding domain consensus motifs and associated 
functions. 

 
 

The Hsp90-R2TP cochaperone complex has been found to carry out phospho-

dependent recruitment of interacting partners in protein stabilization and 

assembly processes, despite none of its constituent subunits being predicted to 

contain any of the phospho-binding domains covered in this section (Horejsi et 

al., 2010). These phosphoserine/threonine motif binding capabilities are 
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believed to be mediated via the R2TP subunit PIH1D1, making it a promising 

candidate in the search for novel phospho-binding domains.  

 

1.4 PIH1D1 and the R2TP co-chaperone complex 

1.4.1 Components and functions of the R2TP complex  

The Hsp90 chaperone is highly conserved throughout all kingdoms of life and is 

essential for survival of Drosophila melanogaster (van der Straten et al., 1997), 

Caenorhabditis elegans (Birnby et al., 2000), and Saccharomyces cerevisiae 

(Borkovich et al., 1989) suggesting that it is essential for the survival of all 

eukaryotes. Hsp90 homologs all possess the same domain architecture with an 

N-terminal nucleotide binding domain (NTD), a middle domain (MD), and a C-

terminal dimerization site, aiding in the folding and maturation of numerous 

client proteins via ATP driven conformational changes (Ali et al., 2006, Richter 

et al., 2001). It often does this with the help of a range of co-chaperones, which 

act as adaptors that tailor Hsp90 to the exact requirements of the client proteins. 

If Hsp90 fails in its chaperone activities most client proteins are targeted for 

proteasomal degredation (Arndt et al., 2007). More than two-thirds of protein 

kinases depend on Hsp90 (Eckl and Richter, 2013). 

 

In screens for Hsp90-interacting proteins in Saccharomyces cerevisiae, Zhao et 

al. (2005), identified two previously unidentified proteins that were subsequently 

named Protein interacting with Hsp90 (Pih1) and TPR-containing protein 

associated with Hsp90 (Tah1). Pih1 and Tah1 were found to interact with Rvb1 

and Rvb2 to form what was named the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex 

(Zhao et al., 2005). A subsequent proteomic analysis of human Hsp90 

interactors identified the human orthlogs to Rvb1, Rvb2, Pih1, as well as the 

Tah1 conterpart, named RuvB-like 1 (RuvBL1), RuvB-like 2 (RuvBL2), PIH1 

domain-containing protein 1 (PIH1D1), and RNA polymerase II-associated 

protein 3 (RPAP3) respectively. The human R2TP complex was successfully 

immunopurified from human cell lysates soon after, suggesting that the R2TP-
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Hsp90 complex is conserved from yeast to humans (Te et al., 2007, Boulon et 

al., 2008). The mammalian R2TP complex has also been shown to associate 

with a Prefoldin-like complex which consists of the Prefoldin subunits PFDN2 

and PFDN6 and the Prefoldin-like proteins UXT, RPB5, WDR92/Monad, 

PDRG1 and URI (Jeronimo et al., 2007, Boulon et al., 2010, Cloutier and 

Coulombe, 2010, Forget et al., 2010). The Prefoldin complex is thought to be a 

chaperone involved in the correct folding of cytoskeletal proteins tubulin and 

actin (Martin-Benito et al., 2002).  

 

The first two R2TP subunits Rvb1 and Rvb2 are closely related members of the 

ATPases Associated with diverse cellular Activities (AAA+) family of proteins 

and are believed to provide the catalytic activity of the R2TP complex (Jha and 

Dutta, 2009). Rvb1/2 are highly conserved in eukaryotes and have been linked 

to small nucleolar ribonucleoprotein (snoRNP) assembly, RNA polymerase II 

(RNAPII) assembly, phosphatidylinositol-3-kinase like kinase (PIKK) 

stabilisation, transcription chromatin remodelling, telomerase complex assembly, 

mitotic spindle assembly and apoptosis (reviewed in Jha and Dutta et al. 

(2009)). In the context of the R2TP complex, the Rvbs are believed to be 

associated with the maturation and assembly of specific protein complexes. 

Both human RuvBL1/RuvBL2 and yeast Rvb1/Rvb2 contain one AAA+ domain 

consisting of the following conserved motifs: Walker A, an insertion domain, 

Walker B, sensor 1, arginine finger, and sensor 2 (Figure 10) (Matias et al., 

2006). The Walker A and B motifs carry out ATP binding and hydrolysis 

respectively while the sensor I and II motifs detect the presence of either di- or 

tri-phosphates. Recent studies suggest that the Rvbs form a stacked, double 

heterohexameric ring structure with each ring consisting of alternating Rvb1 and 

Rvb2 subunits (Gorynia et al., 2011, Matias et al., 2006, Tosi et al., 2013). The 

arginine finger motif of one subunit is believed to contact the ATPase site of 

neighbouring subunits enabling coordination of ATP hydrolysis between 

subunits (Ogura et al., 2004). 

 

 



Chapter	1	Introduction	

	

44 

	

 
Figure 10. R2TP subunit domain schematic 

Yeast R2TP subunits Rvb1, Rvb2, Tah1, and Pih1 are displayed in the top half of 
the figure. Human R2TP subunits RuvBL1, RuvBL2, RPAP3, and PIH1D1 are 
shown in the bottom half. The Rvbs/RuvBLs contain conserved Walker A, insertion 
region, Walker B, Sensor I, Arg-finger, and Sensor II motifs. Tah1 and RPAP3 
contain two and six TPR motifs respectively. Pih1/PIH1D1 contains an N-terminal 
PIH-N domain and a C-terminal CS domain. Adapted from Kakihara and Houry 
(2012).  
  

The third R2TP subunit in yeast, Tah1 is the smallest known protein (111 amino 

acids) that contains a functional TetratricoPeptide Repeat (TPR) (Figure 10). 

High-resolution solution NMR and crystallisation studies of Tah1 have revealed 

that the two TPRs motifs interact with the C-terminal MEEVD motif of Hsp90 

(Back et al., 2013, Scheufler et al., 2000, Jimenez et al., 2012, Pal et al., 2014). 

Tah1 forms a heterodimer with the final R2TP subunit Pih1 (Eckert et al., 2010). 

The unstructured C-terminus of Tah1 interacts with the Pih1 C-terminal CS 

domain which consists of a seven-stranded β-sandwich (Pal et al., 2014). The 

C-terminal region of Pih1 causes the protein to be unstable in isolation and as a 

result is targeted for degradation in vivo and requires interaction with Tah1 for 

stabilization (Paci et al., 2012, Jimenez et al., 2012, Zhao et al., 2008, Eckert et 

al., 2010). Interestingly, the Pih1-Tah1 complex has been shown to inhibit 
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Hsp90 chaperone ATPase activity, which is thought to facilitate client binding 

(Eckert et al., 2010). Pih1 has also been shown to directly interact with Rvb1 

thereby forming a bridge between Tah1/Hsp90 and the Rvbs, the interaction 

being enhanced in the presence of Rvb2 (Zhao et al., 2008). Furthermore, the 

PIH1D1-RuvBL1 and PIH1D1-RuvBL1/BL2 interactions are eradicated in the 

presence of ATP (McKeegan et al., 2009). While there is no detectable 

interaction between Tah1 and the Rvbs in yeast, the equivalent subunit to Tah1 

within the human R2TP complex, RPAP3, is believed to form a direct interaction 

with RuvBL1, and thereby indirectly associates with RuvBL2 (Te et al., 2007, 

Boulon et al., 2008). It should also be noted that yeast Tah1 and human RPAP3, 

differ greatly in size with Tah1 being 111 residues long and RPAP3 being 665 

residues long, consisting of 2 and 6 TPR motifs respectively (Figure 10). 

 

While the stoichiometry of the R2TP complex is thus far unknown the current 

data appears to suggest that Rvb1-Rvb2-Tah-Pih1 adopt a 3:3:1:1 ratio. 

Electron microscopy (EM) images of the Rvb1/Rvb2 complex reveal that it 

forms different conformations depending on whether ATP, non-hydrolysable 

ATP analogue ATPγS, or ADP are bound. However, the molecular details of 

these nucleotide driven rearrangements are currently not understood (Gribun et 

al., 2008). It has been proposed that a role of Pih1/PIH1D1 and Tah1/RPAP3 is 

to control the activity of the Rvbs/RuvBLs by specifying which protein the 

Rvbs/RuvBLs chaperone activity should target. Despite the known ATPase and 

helicase activities of the Rvbs it is currently unclear how the motor function of 

the Rvbs within the R2TP complex correlates to the target assembly process. 

Additionally, the proposed chaperone activity of the R2TP complex may be 

controlled by other chaperones such as Hsp90 and the Prefoldin-like complex 

via direct interactions. 

 

1.4.2 R2TP-TEL2 mediated PIKK stabilisation 

In addition to a role in the assembly of snoRNPs and RNA polymerases several 

studies reveal that the Hsp90-R2TP/Prefoldin-like complex plays an essential 
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role in the stability and assembly of the PIKK superfamily (Izumi et al., 2010, 

Horejsi et al., 2010, Takai et al., 2010). The PIKKs are key regulators of various 

cellular processes in eukaryotes, notably DNA damage responses (DDRs), 

nutrient-dependent signalling and nonsense-mediated mRNA decay (NMD). 

Among the six known PIKKs, ataxia-telangiectasia mutated (ATM), ATM and 

Rad3-related (ATR), transformation/transcription domain-associated protein 

(TRRAP) and mammalian target of rapamycin (mTOR) are evolutionally 

conserved from Saccharomyces cerevisiae to Homo sapiens, while DNA-

dependent protein kinase catalytic subunit (DNA-PKcs) and suppressor with 

morphological effect on genitalia (SMG-1) appeared during metazoan evolution. 

The PIKKs function as classical serine/threonine protein kinases and are so 

named due to their high sequence similarity with the phosphatidylinositol-3 

kinase (PIK) lipid kinases (Lovejoy and Cortez, 2009). Despite sharing high 

sequence homology with the other PIKKs, TRRAP is an exception lacking 

kinase activity due to the absence of essential conserved catalytic residues 

(McMahon et al., 1998). 

 

The stability of all human PIKKs is believed to be dependent on human 

telomere length regulating protein 2 (TEL2) (Takai et al., 2007). TEL2 was 

originally identified in budding yeast as a gene involved in telomere length 

maintenance although such a role has yet to be demonstrated in mammals 

(Lustig and Petes, 1986). Subsequent studies have revealed that TEL2 is 

involved in the DNA damage response (Ahmed et al., 2001, Collis et al., 2007, 

Shikata et al., 2007, Rendtlew Danielsen et al., 2009). Takai et al. (2007) 

showed that deletion of TEL2 from mouse embryonic fibroblasts (MEF) 

significantly reduced protein levels of all PIKKs with ATM, DNA-PKcs, and 

mTOR exhibiting faster dissipation than the other PIKKs. As a result, the 

cellular response to IR and UV was compromised diminishing the activation of 

checkpoint kinases and downstream effectors. Interestingly, TEL2 deletion did 

not appear to alter PIKK mRNA levels indicating that TEL2 may instead have an 

effect on PIKK protein stability (Takai et al., 2007, Hurov et al., 2010, Horejsi et 

al., 2010). Furthermore, in vivo and in vitro experiments indicate that there is a 
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direct interaction between TEL2 and the N-terminal HEAT repeat segment of all 

PIKKs, raising the possibility that TEL2 aids in the stabilization of PIKKs in a 

chaperone or co-chaperone like manner (Takai et al., 2007, Hayashi et al., 

2007). The ratio of TEL2 to total PIKKs is low with only a fraction of the total 

PIKKs being in complex with TEL2 at any one time (Takai et al., 2010). In 

addition, use of translation inhibitors in combination with quantitative immune-

blotting revealed that TEL2 preferentially binds newly synthesized ATM, ATR, 

mTOR, and DNA-PKcs (Takai et al., 2010). Evidence suggests that TEL2 is 

also required for the formation of certain PIKK complexes. Analysis of in vivo 

labelled nascent protein complexes showed that TEL2 mediates the formation 

of the TORC1 and TORC2 holo-enzyme complexes which contain mTOR in 

complex with Raptor or Rictor subunits respectively and have been shown to 

require the presence of both subunits for protein stability (Kim et al., 2002, 

Sarbassov et al., 2004, Takai et al., 2010). In the same study, TEL2 was also 

shown to be required for the association of ATR with ATR interacting protein 

(ATRIP), the assembly of which is again necessary for the stability of both 

proteins (Takai et al., 2010, Cortez et al., 2001).  

 

TEL2 is not believed to exhibit any catalytic activity. However, 

immunoprecipitates of TEL2 and its essential interacting partners Tti1 and Tti2 

have been shown to co-precipitate the human version of the R2TP complex in 

addition to Heat shock protein 90 (Hsp90) (Horejsi et al., 2010). Together this 

suggests that TEL2 stabilizes the PIKKs by acting as a co-chaperone linking the 

immature PIKKs to the R2TP complex and/or Hsp90. Horejsi et al. (2010) 

showed using a combination of peptide scanning arrays and in vivo co-

precipitations that human TEL2 is constitutively phosphorylated on conserved 

serines 487 and 491 by casein kinase 2 (CK2) (Figure 11).  Proteomic mass 

spectrometry analyses revealed that the CK2 phosphosite of TEL2 confers 

binding to the R2TP/prefoldin-like complex but not Hsp90, acting as a phospho-

dependent protein-interaction surface (Figure 11). The PIH1D1 subunit of the 

R2TP complex was shown to interact directly with the CK2 phosphosite of TEL2 

and is required for the TEL2-R2TP/prefoldin-like complex interaction both in 
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vitro and in vivo. It has therefore been suggested that in addition to its role in 

Hsp90 down-regulation, PIH1D1 acts as an adaptor protein that recruits PIKKs 

to the R2TP/prefoldin-like complex via TEL2.  

 

 
Figure 11. TEL2 contains a highly conserved CK2 phosphorylation site 

Sequence alignment of the CK2 phosphorylation site between TEL2 orthologs. Hs, 
human; Bt, cow; Mm, mouse; Rn, rat; Cf, dog; Gg, chicken; Dr, zebrafish; Ce, 
worm; and Sc, yeast. Serines that are phosphorylated by CK2 are highlighted in 
red with major CK2 sites indicated by a ‘P’ marker above, identical residues are 
shown in black, and similar residues in gray. Adapted from Horejsí et al. (2010). 
 

Unlike the complete loss of TEL2 which results in instability of all PIKKs (Takai 

et al., 2007), TEL2 CK2 site mutants only confer SMG-1 and mTOR instability 

with a minor effect on ATM, ATR, and DNA-PKcs (Horejsi et al., 2010). This 

raises the possibility that different PIKKs may require distinct chaperones for 

their assembly/stability. In support of this hypothesis, TEL2 CK2 site mutants 

have been shown to maintain the interaction with Hsp90 and PIKKs, which may 

prove adequate for ATM, ATR, and DNA-PKcs assembly/stability, but not 

mTOR and SMG-1. This idea is supported by the fact that Hsp90 inhibitors 

result in complete depletion of ATM and DNA-PKcs in cells within 24 hours, 

while SMG-1 and mTOR levels remain largely unchanged (Takai et al., 2007).  

Overall, this suggests that TEL2 acts as a scaffold to coordinate the activities of 

R2TP/prefoldin-like and Hsp90 chaperone complexes during the assembly of 

the PIKKs (Figure 12).  
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Figure 12. R2TP dependent maturation of SMG-1 and mTOR 

Phosphorylation of TEL2 triggers recruitment of immature SMG-1 and mTOR, both 
members of the PIKK superfamily, to the R2TP-Prefoldin complex for stabilization 
and/or assembly into functional complexes. Recognition of phosphorylated TEL2 is 
carried out by the R2TP subunit PIH1D1. Maturation of the remaining PIKKs (ATM, 
ATR, DNA-PKcs and TRRAP) relies on a phospho-independent association 
between TEL2 and Hsp90 and does not require the R2TP-Prefoldin complex (not 
shown). Adapted from Kakihara and Houry (2012).  
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Despite the finding that PIH1D1 is able to interact with the phosphorylated CK2 

site of TEL2, sequence-based domain prediction servers were unable to identify 

the presence of any of the previously characterised phospho-binding domains 

reviewed in section 1.3 (Marchler-Bauer et al., 2015, Sigrist et al., 2013, 

McWilliam et al., 2013, Soding et al., 2005). This raised the intriguing possibility 

that PIH1D1 contains a novel phospho-binding domain.  

 

1.4.3 Crystal structure of PIH1D1-NTD bound to a TEL2 phospho-peptide 

A former member of our laboratory, Dr. Lasse Stach, was recently able to 

determine the crystal structure of the N-terminal region of human PIH1D1, both 

free and in complex with a peptide corresponding to the doubly phosphorylated 

CK2 site of human TEL2 (Figure 13) (Horejsi et al., 2014). This structure 

reveals a fold unique among previously reported phospho-interacting domains 

(see section 1.3), exhibiting a βββββαα topology (Figure 13). The TEL2 peptide 

appears to bind to a positively charged groove produced by an extended C-

terminal section and a β-sheet with 11 TEL2 residues identifiable in the electron 

density map. 
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Figure 13. PIH-N domain of PIH1D1 in complex with a phosphorylated peptide 

Top: Ribbon diagram of the crystal structure of the PIH-N domain of human 
PIH1D1 in complex with a doubly-phosphorylated TEL2 peptide (sequence: Y-A-G-
S-D-pS-D-L-D-pS-D-D-E-F-V-P-Y) (PDB: 4PSI). α-helices, β-strands and 
unstructured regions are coloured blue, red and grey respectively.  The TEL2 
peptide is shown as yellow sticks and pSer 491 is labelled, the first six residues are 
disordered and are therefore not shown. Bottom: Secondary structure topology 
schematic of the PIH-N domain informed by the co-crystal structure. The dashed 
grey line represents a region of disorder. Secondary structure elements are 
numbered accordingly.  The light blue β-strand β0 is formed by four residues of 
vector sequence. Adapted from Horejsi et al. (2014).  
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Figure 14. Detailed view of PIH-N phospho-binding site 

The PIH-N domain of human PIH1D1 is shown as ribbons with residues forming 
intermolecular bonds with the TEL2 phospho-peptide shown as grey sticks and 
labelled accordingly (PDB: 4PSI).  The TEL2 phophopeptide is shown as yellow 
sticks with only the DpSDD motif displayed for clarity.  
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The most noteworthy interaction with PIH1D1 occurs with the highly conserved 

490-DpSDD motif of TEL2 (Figure 14), the only inter-molecular hydrogen-bonds 

visible in the structure. Interestingly the 6 residues N-terminal of Asp488 

including pSer487, which are present in the peptide, are not ordered in the 

electron density indicating that this region only forms non-specific interactions in 

multiple conformations. This ties in evolutionarily as TEL2 Serine 491 is 

conserved from yeast to humans, whereas Serine 487 is not (Figure 11). With 

regards to PIH1D1 itself, a number of conserved basic residues appear to 

contribute to TEL2 binding including the conserved residues K57, K64, and 

R168 which all appear to form intermolecular hydrogen-bonds with the DpSDD 

motif of TEL2. The individual thermodynamic contributions of these residues to 

binding have yet to be established. 

 

Proteomic mass-spectrometry analysis carried out in collaboration with Dr 

Simon Boulton’s laboratory (FCI, Clare Hall) revealed that in addition to TEL2, 

small nucleolar ribonucleoprotein 116kDa (SNRP 116), RNA polymerase II 

subunit RPB1 and protein ecdysoneless homolog (ECD), which is involved in 

the regulation of p53 stability and function, among others all bound to 

immunoprecipitated PIH1D1. Interestingly, mutation of PIH1D1 K64A based on 

the co-crystal structure disrupted these interactions while Hsp90 and members 

of the Prefoldin-like complex remain (Data not shown). Lambda phosphatase 

treatment of the immunoprecipitated SNRP116 disrupted binding to GST-

tagged PIH1D1. All of these proteins contain predicted CK2 phosphorylation 

sites.  The interaction between the PIH-N domain of PIH1D1 and the CK2 sites 

of both TEL2 and ECD was validated in vitro by Dr Lasse Stach, using 

isothermal titration calorimetry (ITC) (Figure 15). An exothermic interaction was 

detected in both cases with the longer singly and doubly phosphorylated 

TEL217mer peptides exhibiting slightly stronger binding than the doubly 

phosphorylated ECD13mer peptide. Together these data indicate that numerous 

proteins bind to PIH1D1 in a similar phospho-dependent manner as TEL2 

suggesting a universal mechanism of substrate recognition. 
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Figure 15. ITC analysis of the binding of PIH1D11-180 to TEL2 and ECD phospho-
peptides 

A: Fitted binding curves for the titrations are overlaid and presented in the graph 
with the sequence of the doubly-phosphorylated TEL217mer and ECD13mer peptides 

noted above. The phosphorylation status of the peptide used in each binding 
experiment is indicated by the key. B: Table showing the thermodynamic 
parameters of the respective interactions. Experiments were carried out by Dr. 
Lasse Stach. 
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1.5 PIH1D1 paralogs 

1.5.1 PIH1D2, PIH1D3 and DNAAF2  

Sequence homology searches have identified three PIH1D1 paralogs in 

humans, PIH1D2, PIH1D3 and DNAAF2/Ktu. All three paralogs exhibit weak 

sequence similarity. PIH1D2 is conserved in mammals and is a similar size to 

PIH1D1 (314 and 290 residues respectively) while PIH1D3 is shorter and 

DNAAF2 is considerably longer (214 and 837 residues respectively) (Figure 

16). The conserved N-terminal region of DNAAF2 exhibits weak similarity to 

PIH1D1 (Omran et al., 2008). Prior to the determination of the structure of the 

NTD of PIH1D1 (see section 1.4.3) there was no information regarding the 

domain architecture of PIH1D1 and its paralogs. Structural studies carried out in 

both our own laboratory and by Pal and colleagues have revealed that PIH1D1 

actually consists of two domains, a phospho-binding PIH-N domain towards its 

N-terminus (residues 51-180) and a β-sandwich CS domain at its C-terminus 

which forms the interface for the interaction with RPAP3 (Figure 16) (Pal et al., 

2014, Horejsi et al., 2014). Alignments of both the PIH-N and CS domains of 

PIH1D1 with the human PIH1D1 paralogs have provided an insight into their 

domain architecture (Figure 16). While PIH1D3 appears to contain a C-terminal 

CS domain it shares very little sequence homology with the PIH-N domain 

suggesting that PIH1D3 does not have phospho-binding capabilities. On the 

other hand both PIH1D2 and DNAAF2 appear to contain an N-terminal PIH-N 

domain followed by a CS domain with DNAAF2 predicted to contain an 

additional CS domain towards its C-terminus (Figure 16).  
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Figure 16. Human PIH1D1 paralog domain schematics 

PIH1D1 paralog domain schematics informed by recently solved PIH1D1/Pih1 
crystal structures. PIH-N domain assignments are inferred from sequence 
alignments with constructs used to produce PIH-N crystal structures (PDB: 4PSI, 
4CV4, 4CHH). CS domain assignments are inferred from sequence alignments 
with the construct used to produce a yeast Pih1 CS domain crystal structure (PDB: 
4CGU) (Pal et al., 2014, Horejsi et al., 2014).  
 
 
No functional information has been published regarding PIH1D2 with the 

exception of one clinical study reporting the genomic deletion of 5 annotated 

genes, including PIH1D2, within the tumour of a patient with a head and neck 

paraganglioma (Cadinanos et al., 2011). The remaining PIH1D1 paralogs, 

DNAAF2 and PIH1D3, have been far more extensively characterised with both 

being linked to a role in the cytoplasmic preassembly of axonemal dynein arms 

prior to their transport into cilia and flagellar compartments.  

 

1.5.2 Role of PIH1D1 paralogs in axonemal dynein assembly 

Flagella and cilia are evolutionarily ancient, highly conserved, hair-like 

organelles that project from the cell membrane and are involved in numerous 

cellular processes (Fliegauf et al., 2007). The best characterised functions of 

motile cilia and flagella are fluid transport over cell surfaces and cell motility 

respectively with more recent work identifying non-motile related sensory roles 

for cilia that affect development and other cellular processes (Fliegauf et al., 

2007). Ciliary and flagellar movement is mediated via a core structure known as 

the axoneme. The axoneme of most motile cilia consists of a 9+2 arrangement 

of microtubules with two central single microtubules known as the central pair 

complex surrounded by nine peripheral doublet microtubules (Figure 17) 
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(Kobayashi and Takeda, 2012). The axonemal microtubules are associated with 

various structures including outer and inner dynein arms (ODA and IDA 

respectively), nexin links and radial spokes (Figure 17). Dynein arms are motor 

protein complexes which provide the ATP-driven powerstroke required for cilia 

and flagella beating with ODAs and IDAs believed to be important for high 

frequency cilia beating and proper ciliary waveforms respectively (Kamiya, 

2002). 

 

 
Figure 17. Schematic of the motile flagellar and ciliary axoneme and associated 
outer dynein arm (ODA) complex 

A cross-section of the 9+2 arrangement of microtubules within the motile axoneme 
is displayed on the left. The central pair microtubules are surrounded by nine 
doublet microtubules which are attached to inner and outer dynein arm complexes 
(IDA and ODA respectively). A detailed view of the fully assembled ODA complex 
is presented on the right with Chlamydomonas gene names overlayed and selected 
human gene names labelled by arrows. Not all ODA components are shown. 
Adapted from Kobayashi and Takeda (2012).  
 
 

Cilia and flagella construction involves targeting of specific proteins, including 

ODA and IDA components, to the cytoplasmic basal body area where they are 

pre-assembled into axonemal substructure complexes prior to being loaded 

onto intraflagellar transport (IFT) complexes and transported into the axonemal 

compartment (Fowkes and Mitchell, 1998, Rosenbaum and Witman, 2002, 

Fliegauf et al., 2007). ODAs and IDAs are believed to be preassembled as 

three sub-complexes, a docking complex (DC), a light chain (LC) complex and 
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an intermediate-chain-heavy-chain (IC-HC) complex (Figure 17) (Fowkes and 

Mitchell, 1998). Defects in cilia (and flagella) have been linked to a large array 

of human diseases known as ciliopathies (Marshall, 2008). 

 

Primary ciliary dyskinesia (PCD) is one such ciliopathy which is caused by the 

complete loss or reduction of axonemal dynein arms resulting in defects in 

flagella and cilia motility. Symptoms of PCD include recurrent infections of the 

respiratory tract, bronchiesctasis, sinusitis, male infertility and randomization of 

left-right body asymmetry (situs inversus) (Zariwala et al., 2007, Lobo et al., 

2014). Sequence analyses of individuals with PCD carried out by Omran and 

colleagues (2008) identified two families displaying loss-of-function mutations in 

DNAAF2. High-speed video microscopy analysis of the sperm tails and 

respiratory cilia of the affected individuals showed that they were completely 

immotile with transmission electron microscopy (TEM) images revealing 

abnormalities in the dynein arms (Omran et al., 2008). Furthermore, mutations 

in the DNAAF2 ortholog, PF13, of Chlamydomonas, a single-celled alga widely 

used as a model organism to study flagella, were shown to result in a similar 

paralyzed flagella phenotype with similar defects in axonemal dynein arms 

(Omran et al., 2008, Huang et al., 1979). While no PIH1D3 mutations have 

been linked to PCD, PIH1D3-/- knockout mice display male sterility due to 

immotile sperm lacking axonemal ODAs and IDAs (Dong et al., 2014). 

Interestingly removal of PIH1D3 appears to only affect sperm motility and not 

cilia such as those found in the trachea (Dong et al., 2014). The sperm of 

PIH1D3-/- mice also exhibit a disrupted microtubular arrangement compared 

with WT (9+2) that is not seen in DNAAF2 mutants (Figure 17) (Dong et al., 

2014). 

 

Immunohistochemistry of the sperm of medaka fish has shown that the 

DNAAF2 ortholog resides in the cytoplasm and not the flagellum (Omran et al., 

2008). In addition, medaka DNAAF2 was found to localise at the apical 

cytoplasm of multi-ciliated renal tubes, near the γ-tubulin-positive pericentriolar 

region and not in the cilia (Omran et al., 2008). Western blots of cell fractions 
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from both human respiratory cells and Chlamydomonas confirm that 

DNAAF2/PF13 localises exclusively to the cytoplasm.  This is consistent with 

the medaka immunohistochemistry but contrasts the intraflagellar transport 

(IFT) proteins which are detected in both the flagellar and cell body fractions 

(Omran et al., 2008). Immunofluorescence staining of the testis of adult mice 

showed that PIH1D3 also resides in the cytoplasm of spermatogenic cells but 

not in mature sperm (Dong et al., 2014).  

 

Cytoplasmic levels of both ODA and IDA dynein heavy chains are significantly 

reduced in PF13 mutants with immunoprecipitation of the residual heavy chains 

failing to co-precipitate any of the other dynein components, suggesting a lack 

of association with the other subunits (Omran et al., 2008). Pull-downs of 

recombinant murine DNAAF2 identified an interaction between the conserved 

N-terminal half (1-398) of DNAAF2 and with the axonemal dynein intermediate 

chain DNAI2 (Omran et al., 2008). Mouse testis extract immunoprecipitations of 

PIH1D3 detected a similar interaction with DNAI2 (Dong et al., 2014). This 

direct interaction of cytoplasmic DNAAF2/PF13 and PIH1D3 with dynein arm 

components combined with paralyzed flagella/cilia phenotypes and the 

destabilisation of dynein arm complexes in DNAAF2/PF13 and PIH1D3 mutants 

indicates an essential role for both proteins in the cytoplasmic preassembly of 

axonemal dynein arms. These dynein preassembly functions of DNAAF2 and 

PIH1D3 are unlikely to be redundant as both null-mutants display phenotypes. 

A third PIH1 containing protein MOT48 has been linked to ODA and IDA 

preassembly in Chlamydomonas although a closely related ortholog is yet to be 

identified in higher organisms (Yamamoto et al., 2010).  

 

It is interesting to note that immunoprecipitations of DNAAF2 and PIH1D3 from 

mouse testis extracts have identified the molecular chaperone Hsp70 as a 

potential interacting partner of both DNAAF2 and PIH1D3 (Omran et al., 2008, 

Dong et al., 2014). Hsp90 was also identified as a PIH1D3 binding partner but 

no such interaction could be detected between Hsp90 and DNAAF2 (Omran et 

al., 2008, Dong et al., 2014).  These interactions raise the prospect that 
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DNAAF2 and/or PIH1D3 may exhibit similar co-chaperone activities to PIH1D1 

and the R2TP complex, albeit with distinct client targets involved in different 

processes (Omran et al., 2008, Dong et al., 2014). It would also be interesting 

to know whether DNAAF2 recruits the chaperone clients phospho-dependently 

in a manner akin to PIH1D1 and whether this interaction is direct or mediated 

via an accessory protein like TEL2. 

 

1.6 Objectives of this study 

The aims of this project were three-fold: 

• More fully characterise the interaction between R2TP subunit PIH1D1 

and the phosphorylated CK2 site of TEL2. This was to be achieved by 

isothermal titration calorimetry (ITC) measurements of binding between 

wild-type PIH1D151-180 protein and wild-type and variant phospho-

peptides corresponding to the phosphorylated CK2 site of TEL2. In 

parallel, additional ITC analysis of binding of point mutants of PIH1D1 

would be carried out with the overall intention of dissecting the 

thermodynamic contribution of individual residues to binding. 	

• To identify common structural features of CK2 dependent interactions 

with PIH1D1. This would be accomplished by attempting to co-crystallise 

and subsequently solve the structure of PIH1D151-180 in complex with 

peptides corresponding to the phosphorylated CK2 sites of other PIH1D1 

interacting proteins. 	

• Investigate potential phospho-dependent interactions of PIH1D1 

paralogs, such as DNAAF2, employing the same techniques as those 

used to investigate PIH1D1, and attempt to identify biologically relevant 

phospho-dependent binding partners of these paralogs using both 
peptide array and proteomic approaches.	
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Chapter 2. Materials & Methods 

2.1 Molecular biology 

2.1.1 Vectors 

Recombinant proteins were expressed using either the pET47b, pET49b (both 

Novagen) or pGEX-6P-1 (GE Healthcare) vectors (Table 2). Both pET47b and 

pET49b vectors were modified in-house by Vangelis Christodoulou in order to 

enable ligation independent cloning (LIC) (see section 2.1.3). pGEX-6P1 inserts 

were introduced by restriction digest cloning (see section 2.1.4). DNA primers 

for PCR amplification were synthesized by Eurofins and designed for use with 

either the in-house LIC system or standard double-digest cloning protocols. 

 
Table 2. Expression plasmids used 
Plasmid Vector Promoter Antibiotic marker Purification tag 

pET47b(+) LIC T7 lac Kanamycin N-terminal 6x-histidine fusion 

pET49b(+) LIC T7 lac Kanamycin N-terminal glutathione S-

transferase (GST) and 6x-

histidine fusion 

pGEX-6P-1 tac Ampicillin  N-terminal glutathione S-

transferase (GST) fusion 

 

2.1.2 Polymerase chain reaction (PCR) 

PCR reactions were carried out using KOD Hot Start Polymerase (Merck) in 

200 µl thin-walled PCR tubes (Abgene). Reaction volumes were 50 µl and set 

up as shown in Table 3. Primer sequences can be found in section 7.1 of the 

appendix. 
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Table 3. Component mixture for a typical PCR reaction 
Reagent Amount 
2x KOD Hot Start Master Mix 25 µl 

Template 10-50 ng 

Forward primer (10 µM) 1.5 µl 

Reverse primer (10 µM) 1.5 µl 

H2O  Up to 50 µl total volume 

 

Thermal cycling was performed using a DNA Engine Dyad thermocycler (MJ 

Research) with the lid set at a constant temperature of 100 °C. Annealing 

temperatures were selected based on the primer melting temperatures and 

ranged between 55 °C and 65 °C. Thermal cycling was set according to the 

manufacturer’s instructions (see Table 4 for typical cycling conditions). Upon 

completion of thermal cycling PCR products were purified using a PCR 

purification kit (Qiagen). 

 
Table 4. Thermal cycling programme for a typical PCR reaction 

Step Temperature Time 

1 95 °C 2 min 

2 95 °C 20 sec 

3 55-65 °C 10 sec 

4 70 °C 15 sec/kb 

5 Cycle to step 2 30 times 

 

2.1.3 Ligation independent cloning  

Ligation independent cloning (LIC) was used to insert the PCR products 

described in section 2.1.2 into plasmid vectors. Unlike double-digest cloning 

(see below) LIC cloning does not require restriction enzymes or an in vitro 

ligation step. The system instead exploits the dual 3’ to 5’ exonuclease and 5’ to 

3’ polymerase activity of T4 DNA polymerase. If the enzyme is deprived of 

deoxynucleotides it primarily functions as an exonuclease. However, when only 

a single type of deoxynucleotide is present in the reaction mixture the 

polymerase will remove the other bases until it meets a base that can be 
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replaced with its polymerase activity. This can be used to create long 

overhangs (>10 bases) which are able to anneal to complementary plasmid 

vector overhangs and can be transformed into competent E.coli cells (see 

section 2.1.6). The repair machinery of E.coli is able to seal the nicks in the 

transformed DNA removing the need for in vitro ligation. 

 
Table 5. Component mixture for LIC treatment of PCR products 
Reagent Amount 

Purified PCR product 0.2 pmol 

25 mM dATP 2 µl 

T4 DNA polymerase buffer (NEB) 2 µl 

T4 DNA polymerase (1U/µl) 0.5 µl 

H2O Up to 20 µl total volume 

 

The PCR primers that were used for LIC cloning have 5’-extensions with the 

first thymidine base located after 10 bases (see appendix, section 7.1 for primer 

sequences). Purified PCR products are treated with T4 DNA polymerase 

supplemented with dATP producing a single-stranded 5’ overhang of 10 bases. 

The reaction was carried out at room temperature for 30 minutes and the 

enzyme heat inactivated at 75 ˚C for 20 min. pET47b(+) and pET49b(+) vectors 

(Novagen) were first linearised using KpnI and SacI endonucleases (New 

England Biosciences) before T4 DNA polymerase treatment in the presence of 

dTTP. 0.02 pmol of the treated insert was mixed with 0.01 pmol of the treated 

vector in a volume of 3 µl and incubated for 5 minutes at room temperature. 1 µl 

of 2 mM EDTA was added after 5 minutes and the reaction was incubated at 

room temperature for a further 5 minutes. 2 µl of the resulting annealed vector 

was directly transformed into chemically competent E.coli NovaBlue cells 

(Novagen) (see section 2.1.6). 

 

2.1.4 Double-digest cloning 

Double-digest cloning was used to insert PCR products into plasmid vectors 

that have not been modified to be LIC compatible. PCR primers with 5’ 
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overhangs containing appropriate restriction sites (see appendix, section 7.1 for 

primer sequences) were used to amplify the coding region of interest as 

described in section 2.1.2. 1 µg of purified PCR product was treated with 10 

units (New England Biolabs) of the appropriate restriction enzyme (see 

https://www.neb.com/products/restriction-endonucleases for recommended 

enzyme specific reaction conditions). The target vector was treated using the 

same restriction enzymes followed by Antarctic Phosphatase treatment to 

prevent reannealing according to the manufacturers protocol (New England 

Biolabs). Restriction enzymes were removed using a QIAquick PCR purification 

kit (Qiagen) prior to ligation. 37.5 ng of treated PCR product was mixed with 

50 ng of treated vector in up to 20 µl total volume (Table 6). 1 µl of Quick T4 

DNA Ligase (New England Biolabs) was added and incubated at room 

temperature for 10 minutes. Ligated product was transformed into NovaBlue 

(Novagen) competent cells and plated onto the appropriate antibiotic selection 

media as described in 2.1.6.  

 
Table 6. Component mixture for ligation with T4 DNA Ligase 
Reagent Amount 

Treated insert DNA 37.5 ng 

Treated vector DNA 50 ng 

10X T4 DNA ligase buffer 2 µl 

T4 DNA ligase 10 unitsµl-1 1 µl 

H2O Up to 20 µl total volume 

 

2.1.5 Quikchange site-directed mutagenesis 

Plasmids containing coding sequences for site-directed mutants were produced 

using the QuikChange II® Site-Directed Mutagenesis Kit (Agilent) according to 

the manufacturer’s protocol. This involves the use of a methylated plasmid 

(obtained from E.coli) containing the wild type (WT) coding sequence as a PCR 

template which is amplified using primers containing the desired mutation 

producing a nicked double stranded DNA plasmid (see Appendix, section 7.1 

for primer sequences). The methylated parental WT DNA is then digested using 
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Dpn I restriction enzyme leaving the unmethylated DNA generated by the PCR 

reaction intact. This is followed by transformation of the mutant plasmids into 

competent cells which repair the nicks.  

 
Table 7. Standard PCR components recommended by the QuikChange II® Site-
Directed Mutagenesis Kit (Agilent) 

Reagent Volume 
10x reaction buffer 5 µl 

dsDNA template X µl (5-50 ng) 

Forward primer (10 µM) 1.5 µl (125 ng) 

Reverse primer (10 µM) 1.5 µl (125 ng) 

dNTP mix 1 µl 

ddH2O Y µl (to a final volume of 50 µl) 

PfuUltra HF DNA polymerase (2.5 

U/µl) 

1 µl  

 

Primers were designed using the Agilent QuikChange Primer Design web tool 

(http://www.genomics.agilent.com/primerDesignProgram.jsp) and synthesized 

and reverse phase desalted by Eurofins. Point mutants were prepared using a 

vector containing WT coding sequence as a template (see Table 10) along with 

the appropriate primer pair. PCR reaction mixtures and thermal cycling 

conditions were designed according to the standard protocol suggested by 

Agilent (Table 7 and Table 8). 

 
Table 8. Standard thermal cycling protocol suggested by the QuikChange II® 
Site-Directed Mutagenesis Kit (Agilent) 

Step Temperature Time 

1 95 °C 30 seconds 

2 95 °C 30 seconds 

3 55 °C 1 minute 

4 68 °C 1 minute/kb of plasmid length 

5 Cycle to step 2 12 times 

6 4 °C 2 minutes 
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Following thermal cycling, 10 units of Dpn I was added to each PCR reaction 

and further incubated at 37 °C for 1 hour followed by transformation of 1 µl 

reaction product into 25 µl of chemically competent E. coli XL-1 cells (Agilent) 

according to the manufacturer’s instructions. 

 

2.1.6 Bacterial strains and transformation 

A total of 3 different bacterial strains were used in this study and are displayed 

in Table 9. The NovaBlue strain (Novagen) was used for plasmid amplification 

following cloning. The BL21 (DE3) strain (Novagen) was used for recombinant 

protein expression. The XL10-Gold strain is supplied with the QuickChange 

site-directed mutagenesis kit (Agilent). 

 
Table 9. Bacterial strains used and their respective genotypes 
Bacterial strain Genotype 

Escherichia coli NovaBlue (DE3) (Novagen) endA1 hsdR17 (rK12
-mK12

+) supE44 thi-1 recA1 

gyrA96 relA1 lac (DE3) 

F’[proA+B+lacIqZΔM15::Tn10] (TetR) 

Escherichia coli BL21 (DE3) (Novagen) F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) 

Epicurian coli XL10-Gold (Agilent) TetrΔ(mcrA)183Δ (mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac 

Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy 

Camr]  

 

For transformations 1-5 µl (5 ng) of vector (Novagen) containing the desired 

coding sequence was added to 25 µl of chemically competent E. coli cells and 

incubated on ice for 5 minutes before being subjected to a 40 second heat-

shock at 42 °C followed by another 5 minutes on ice. 150 µl of SOC media 

(Novagen) was added to the transformed cells and incubated at 37 °C for 

1 hour. 50 µl of the transformation mixture was then plated onto LB agar 

containing the appropriate antibiotic (see Table 2.) and incubated at 37 °C 

overnight. For plasmid amplification single colonies were picked and grown up 

in 5 ml of LB with the appropriate antibiotic at 37 °C overnight. Bacterial pellets 

were harvested by centrifugation and plasmid DNA was purified using a 
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miniprep plasmid purification kit (Qiagen) and sent for sequence validation 

(GATC Biotech). Alternatively, for protein expression, colonies were picked and 

used to inoculate 50 ml of LB with the appropriate antibiotic to be used as a 

starter culture. 

 

2.2 Protein production 

2.2.1 Protein expression 

Plasmids containing the open-reading frame of interest were transformed into 

BL21 (DE3) E.coli cells using the transformation protocol detailed in section 

2.1.6, plated onto L-agar containing the appropriate antibiotic and incubated at 

37 °C overnight. A single colony was picked to inoculate 60 ml of LB medium 

containing the appropriate antibiotic to be used as a starter culture. Following 

incubation with constant shaking for 20 hours at 37 °C 5 ml of starter culture 

was used as inoculum for each of 12x 750 ml LB media in 2-litre conical flasks. 

Cells were grown at 37 °C and 220 rpm to an OD600nm 0.6 before being cooled 

to 20 °C followed by induction with 0.5 mM IPTG.  

 

For the expression of genes controlled by the tac promoter, such as that used in 

the pGEX system (GE Healthcare) (see Table 2), IPTG binds to lac repressor 

protein (LacI) causing dissociation from the operator region allowing E.coli RNA 

polymerase to transcribe the plasmid encoded genes of interest. Induction of 

transcription controlled by the T7 promoter, such as that used in the pET 

system (Novagen), is more complex. A modified DE3 E.coli strain is required 

which contains a chromosomal copy of the phage T7 RNA polymerase gene 

under control of a lac promoter. Addition of IPTG displaces LacI enabling native 

E.coli RNA polymerase to transcribe T7 RNA polymerase. Translated T7 RNA 

polymerase then transcribes the plasmid-encoded genes of interest which are 

under the control of a T7 promoter. The same induction protocol was used for 

all plasmid vectors regardless of the expression system. Following induction, 
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the cells were incubated at 20 °C overnight prior to being pelleted by 

centrifugation at 5,000 x g for 15 minutes and the supernatant discarded. 

 

2.2.2 Bacterial lysis 

Cell pellets were re-suspended in 200 ml lysis buffer: 50 mM Tris pH 7.0-8.0, 

300 mM NaCl, 10 mM imidazole pH 8.0, 10 mM MgCl2, 0.5 mM TCEP pH 8.0. 

1.25 units ml-1 Benzonase (Novagen, Merck) and two Complete EDTA free 

protease inhibitor tablets (Roche) were added to the re-suspension for nucleic 

acid digestion and to prevent protein degradation respectively. Selected buffer 

pH was at least one unit away from the predicted isoelectric point (pI) of the 

protein (http://web.expasy.org/protparam/) while being as close to physiological 

pH as possible (~7.4). The samples were lysed on ice by sonication at 40% 

power on a 40% duty cycle (Branson Sonifier 450) for 10 minutes. The lysate 

was clarified by centrifugation at 48,000 x g and 4 °C for 40 minutes in a 

Beckman JA-25.50 to remove cellular debris, the pellet was then discarded.  

 

2.2.3 Nickel-affinity chromatography 

All proteins containing a 6x histidine tag were subjected to nickel-affinity 

chromatography. Clarified cell lysate was applied to 3 ml of Ni-NTA resin 

(Qiagen) loaded onto a PolyPrep disposable column (BioRad) and washed with 

10 column volumes of wash buffer [50 mM Tris pH 7.0-8.0, 300 mM NaCl, 

40 mM imidazole pH 8.0, 0.5 mM TCEP] followed by elution with 12 column 

volumes of elution buffer collected in 5 ml fractions [50 mM Tris pH 7.0-8.0, 

300 mM NaCl, 300 mM imidazole pH 8.0, 0.5 mM TCEP]. Eluate, load, and flow 

through samples was analysed by SDS-PAGE. Appropriate fractions were then 

pooled and concentrated to <5 ml using a 5 kDa molecular weight cut-off 

(MWCO) VivaSpin concentrator (Sartorius Stedium) in preparation for ion 

exchange or size exclusion chromatography. 
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2.2.4 GST-tagged protein purification 

All proteins that contain a glutathione S-transferase tag were purified using 

reduced glutathione Sepharose resin (GE Healthcare). Clarified cell lysate was 

applied to 3 ml of GSH resin in a 200 ml conical flask and slowly stirred at 4 °C 

for 30 minutes in order to provide enough time for the fusion protein to bind to 

the resin. The bound slurry was loaded onto a PolyPrep disposable column 

(BioRad), lysate allowed to flow through the resin by gravity followed by 30 

column volumes of wash buffer [50 mM Tris pH 7.0-8.0, 300 mM NaCl, 0.5 mM 

TCEP]. For protein preparations that required the GST fusion tag to be intact, 

10 ml of wash buffer was supplemented with 40 mM reduced glutathione pH 8.0 

and incubated with the GSH resin immobilised protein at 4 °C for 30 minutes. 

The free GSH out-competes the GSH resin releasing the GST-tagged fusion 

protein. For production of untagged protein constructs 10 ml of wash buffer was 

supplemented with 240 units of PreScission 3C protease (GE Healthcare) and 

rotated at 4 °C overnight. Flow through was collected and contained the 

cleaved protein of interest. Free GST tag and uncleaved protein remain bound 

to the resin, as does the PreScission 3C protease which also contains an N-

terminal GST tag. Cleavage efficiency was analysed by SDS-PAGE (see 

section 2.2.8). For both cleaved and uncleaved constructs, eluate was 

concentrated to <5 ml using a VivaSpin concentrator (Sartorius Stedium) in 

preparation for ion exchange or size exclusion chromatography. 

 

2.2.5 Ion exchange chromatography (IEX) 

The uncleaved GST- fused constructs produced in section 2.2.4 require an 

extra purification step in order to remove the bound glutathione (GSH) required 

for elution from the GSH resin. Concentrated protein was diluted six fold in 

50 mM Tris pH 7.0-8.0, 0.5 mM TCEP to give a final salt concentration of 

50 mM NaCl with the chosen buffer pH being sample dependent. Protein was 

loaded onto either a 60 ml Source S or Source Q column depending on whether 

the predicted pI of the protein was above or below the buffer pH respectively 
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(calculated using the ProtParam server (http://web.expasy.org/protparam/). The 

chosen column was attached to an Äkta Purifier pump (GE Healthcare). The 

column was washed with 5 column volumes of low salt buffer [50 mM Tris pH 

7.0-8.0, 50 mM NaCl, 0.5 mM TCEP] in order to remove unbound proteins. 

Bound proteins were eluted over 10 column volumes using a linear 50-

1000 mM NaCl gradient in 50 mM Tris pH 7.0-8.0, 0.5 mM TCEP. UV elution 

peaks were analysed by SDS-PAGE (see section 2.2.8). Appropriate fractions 

were pooled, concentrated as described in section 2.2.7 and applied to a size 

exclusion column (see section 2.2.6). 

 

2.2.6 Size-exclusion chromatography (SEC) 

Generally proteins with molar masses of 50 kDa or less were applied to a 

Superdex 75 column (GE healthcare) while proteins with greater molar masses 

were applied to a Superdex 200 column (GE healthcare). The chosen column 

was connected to an Äkta Prime pump (GE Healthcare) and equilibrated in 20 

mM Tris pH 7.0-8.0, 150 mM NaCl, 0.5 mM TCEP with the chosen buffer pH 

being sample dependent. Partially purified sample was concentrated to ~ 5 ml 

and applied to the column with the flow rate set at 0.3 ml min-1, collecting 4 ml 

fractions. Peak fractions detected by UV absorbance were analysed by SDS-

PAGE and those corresponding to the desired product were pooled and, 

depending on the solubility limit of the protein in the given buffer, concentrated 

to 1-15 mg ml-1 using a 5 kDa molecular weight cut-off (MWCO) VivaSpin 

concentrator (Sartorius Stedium). Protein concentration was determined as 

described in section 2.2.7. Concentrated protein samples were flash frozen in 

liquid nitrogen and stored at -80 °C. Protein molar mass was confirmed by mass 

spectrometry. 

 

2.2.7 Protein concentration, concentration determination and storage 

Concentration of protein samples was performed using a VivaSpin concentrator 

(Sartorius Stedium). Concentrators with MWCOs not exceeding half of the 
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molecular weight of the protein, inferred from primary sequence, were used. 

Sample buffer was forced through the concentrator filter by centrifugation at 

15,000 x g until the desired concentration was achieved. Protein concentration 

was determined by UV spectroscopy using a NanoDrop 2000 spectrometer 

(Thermo Scientific). A continuous scan from 220 – 350 nm was recorded and 

the A280 reading used to derive protein concentration. Protein extinction 

coefficients were calculated using the ProtParam server 

(http://web.expasy.org/protparam/) which takes the extinction coefficients of 

individual tryptophan and tyrosine residues to be 5500 M-1cm-1 and 1490 

M-1cm-1 respectively. For the short, presumably disordered, peptides in this 

study a lower tyrosine extinction coefficient of 1280 M-1cm-1 was used. 
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Table 10. Expression constructs used and their respective tags and purification 
strategies 
Protein Tag(s) Plasmid  Purification Origin 
PIH1D151-180 N-His, 3C site pET47b Ni2+, S75  L.Stach, 

FCI 

PIH1D11-180 N-His, 3C site pET47b Ni2+, S75  L.Stach, 

FCI 

DNAAF266-205 N- His, 3C site pET47b Ni2+ (3C), S75 De novo 

 

DNAAF266-201 N- GST/His, 3C 

site 

pET49b GSH (3C), S75 De novo 

DrosDNAAF268-215 N- GST/His, 3C 

site 

pET49b GSH (3C), S75 De novo 

DanioDNAAF258-200 N- GST/His, 3C 

site 

pET49b GSH (3C), S75 De novo 

ChlamyPF1370-264  N- GST/His, 3C 

site 

pET49b GSH (3C), S75 De novo 

MusDNAAF262-212 N- GST/His, 3C 

site 

pET49b GSH (3C), S75 De novo 

PIH1D242-170 N-His, 3C 

cleavable 

pET47b Ni2+ (3C), S75 S.Boulton, 

FCI 

PIH1D151-180 N- GST, 3C site pGEX6P1 GSH, Source Q, 

S200 

De novo 

DNAAF266-201 N- GST, 3C site pGEX6P1 GSH, Source S, 

S200 

De novo 

DrosDNAAF268-215 N- GST, 3C site pGEX6P1 GSH, Source S, 

S200 

De novo 

FLAG-DNAAF266-201 N- GST, 3C site pET49 GSH (3C), S75 De novo 

 

MusDNAAF262-212 N- GST, 3C site pGEX6P1 GSH  De Novo 

 

Abbreviations, Chlamy: Chlamydomonas reinhardtii, Danio: Danio rerio, Dros: Drosophila 

melanogaster, Mus: Mus musculus, N-His: N-terminal 6x Histidine tag, N-GST: N-terminal 

glutathione S-transferase tag, 3C: PreScission 3C protease, Ni2+: Nickel affinity purification, 

GSH: GST affinity purification. S75/S200: size exclusion chromatography using a Superdex S75 

or S200 column (GE Healthcare) respectively, Source S/Q: ion exchange chromatography using 

a Source S or Q column (GE Healthcare) respectively. FCI: Francis Crick Institute. 



Chapter	2	Materials	and	Methods	

	

73 

	

2.2.8 SDS-PAGE 

SDS-PAGE was performed in an XCell SureLock mini-cell gel tank (Invitrogen) 

in 1x MES Buffer (Invitrogen) with NuPAGE 4-10% 1.0 mm Bis-Tris gels 

(Thermo Fisher Scientific) and run for 38 minutes at 200 volts. 10 µl of protein 

sample was mixed with 5 µl of NuPAGE LDS sample buffer (Thermo Fisher 

Scientific) and 1 µl of 1 M TCEP pH 8.0 (Thermo Fisher Scientific) and heated 

at 95 °C for 3 minutes prior to loading. SeeBlue Plus 2 pre-stained protein 

standards (Invitrogen) were used as size-markers. InstantBlue Coomassie stain 

(Expedeon) stain was used to stain the gels. 

 

2.2.9 Protein and peptide buffer exchange 

Proteins were dialysed using 0.5 ml Slide-A-Lyzer dialysis cassettes (Thermo 

Scientific) with a 3 kDa molecular weight cut-off (MWCO). Cassettes were 

soaked in dialysis buffer for 5 minutes prior to being filled with the protein 

sample. Filled cassettes were attached to a flotation device and incubated in 1 

litre of dialysis buffer subjected to constant stirring overnight at 4 °C. A similar 

approach was used to dialyse peptides larger than 1 kDa but Mini Dialysis caps 

with a 1 kDa MWCO (GE Healthcare) were used instead of dialysis cassettes. 

For peptides of 1 kDa or less in size NAP-5 desalting columns (GE Healthcare) 

were used for buffer exchange. 

 

2.3 Biophysical and biochemical techniques 

2.3.1 Circular Dichroism 

Unlike linearly polarised light which consists of wave oscillations that are 

restricted to a single plane, circularly polarised light (CPL) is composed of two 

perpendicular plane waves of equal amplitude that differ in phase by 90˚ 

(Greenfield, 2006).  CPL can be either left polarised (L-CPL) or right polarised 

(R-CPL) which are non-superimposable mirror images of one another. Circular 

dichroism (CD) takes place when L-CPL and R-CPL are absorbed to different 
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extents by an anisotropic medium, including solutions containing chiral 

molecules such as proteins and DNA. When this is measured as a function of 

wavelength (using a polarimeter) it is referred to as CD-spectroscopy. The far-

UV (<260 nm) CD spectrum of a protein sample is largely determined by its 

secondary structural elements and as a result can give an approximation of the 

secondary structure composition of the protein. This can be used to compare 

differences between the secondary structure of a wild type protein and a mutant 

version and therefore determine if the mutant protein is correctly folded. For 

more information regarding the theory and practical aspects of CD, see 

Greenfield (2006).  

 

Purified protein was diluted to ~200 µgml-1 in 20 mM Tris pH 8.0, 100 mM NaCl, 

0.5 mM TCEP. Samples were loaded into quartz cuvettes with a 2 mm path 

length. Spectra were recorded at 20˚C using a Jasco-J715 spectropolarimeter, 

scanning from 200 to 260 nm at a rate of 100 nm min-1 with 2 nm bandwidth. 

Discrete scans were averaged to give the final spectra which was analysed 

using Specpro. All spectra were recorded and processed by Dr Steve Martin 

(Francis Crick Institute).   

 

2.3.2 Isothermal titration calorimetry (ITC)  

ITC is a technique that is used to study biomolecular interactions in a 

quantitative manner. It involves the direct measurement of heat that is either 

released (exothermic) or absorbed (endothermic) when two molecules interact. 

An advantage of ITC over other techniques used to measure binding is that in 

addition to the derivation of binding constants (Ka and Kd), a complete 

thermodynamic profile of the molecular interaction can be obtained including 

accurate values for change in enthalpy (ΔH), stoichiometry (n) and entropy 

(ΔS). Furthermore, ITC does not require modification of the interacting 

molecules through either immobilization or the addition fluorescent tags. As a 

result ITC measures binding parameters of molecules in their native states.  
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ITC experiments are carried out in a microcalorimeter such as the MicroCal 

iTC200 (MicroCal, Malvern). The microcalorimeter has two cells, one containing 

the sample with the other containing sample buffer acting as a reference cell 

(Figure 18). The microcalorimeter aims to maintain the sample and reference 

cell at precisely the same temperature. Temperature sensors detect a 

differential formed between the two cells upon ligand binding which in turn 

triggers the Peltier element to heat or cool the sample cell and restore 

temperature equality with the reference. The amount of heat added or 

subtracted is then equal to the heat change for that injection. In a typical ITC 

experiment the ligand is loaded into a syringe. The syringe is then inserted into 

the sample cell which is filled with the protein of interest. This is followed by 

multiple precise injections of the ligand into the sample cell with any heat 

change being measured by the microcalorimeter (Figure 19). The heat change 

for a single injection is measured until the temperature has returned to 

equilibrium. As more ligand is injected the protein binding sites begin to become 

occupied resulting in a reduction of the levels of heat change detected with 

each subsequent injection. No further heat change is observed once all protein 

binding sites have been completely saturated. 
 
The temperature peak detected as a result of each injection is integrated and 

plotted against the molar ratio of ligand to protein (Figure 19). This produces an 

isotherm from which the change in enthalpy (ΔH), binding constant (Ka) and the 

stoichiometry of the interaction can be derived using the Wiseman isotherm 

theory (Wiseman et al., 1989). From these initial measurements Gibbs free 

energy changes (ΔG) and changes in entropy (ΔS) can be determined using the 

equation: ΔG=-RTlnKa=ΔH-TΔS (where R is the gas constant and T is the 

absolute temperature). For more information regarding the theory of ITC see 

Nienhaus and Humana (2010). 
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Figure 18. Typical isothermal titration calorimetry setup  

Schematic of the experimental setup for a typical ITC binding experiment. The 
syringe, sample cell, and reference cell are coloured blue, green and red 
respectively. The syringe is loaded with ligand which is injected into the sample cell 
containing the protein of interest at regular intervals. The syringe tip has a paddle 
which rotates thereby stirring the contents of the cell. 
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Figure 19. An example of raw ITC data and associated isotherm 

A: An example of raw ITC data with each peak corresponding to the heat change 
associated with an individual ligand injection. The baseline is shown in red. B: 
Following subtractions of heats of dilution, all peaks are integrated and the first 
derivative of each peak plotted as a function of molar ratio. The data is fitted with 
an appropriate binding model thereby producing an isotherm from which the 
various parameters of binding can be derived. 
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The isothermal titration calorimetry (ITC) experiments in this study were carried 

out using an ITC-200 calorimeter (MicroCal, Malvern). PIH-N domain proteins 

were prepared by dialysis against 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM 

TCEP. Synthetic phospho-peptides (synthesized by Nicola O’ Reilly, FCI, see 

Table 11 for sequences) were desalted using an Illustra NAP5 column (GE 

Healthcare) equilibrated in 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP 

and diluted to the appropriate concentration using PIH-N dialysis buffer to 

ensure sample buffers were identical. Protein concentrations were determined 

by UV spectrophotometry as described in section 2.2.7. A typical experiment 

involved 19x 2 µl injections of ~500 µM peptide from the injection syringe into 

~50 µM protein in the sample cell. All measurements were carried out at 20 °C 

unless stated. Data was analysed using the Origin-based software provided by 

the manufacturers. 

 
Table 11. Amino acid sequences of peptides corresponding to CK2 
phosphorylation targets used in this study. 

Protein/Peptide Phospho-sites Designation Sequence 
TEL2488-494* S491 TEL28mer DLDpSDDEY 

TEL2488-494 D490A* S491 TEL28mer D490A DLApSDDEY 

TEL2488-494 S491E* - TEL28mer S491E DLDEDDEY 

TEL2488-494 D492A* S491 TEL28mer D492A DLDpSADEY 

TEL2488-494 D493A* S491 TEL28mer D493A DLDpSDAEY 

TEL2482-498†  S487, S491 TEL217mer pSpS YAGSDpSDLDpSDDEFVPY 

TEL2482-498† S491 TEL217mer SpS YAGSDSDLDpSDDEFVPY 

TEL2482-498† T491 TEL217mer SpT YAGSDSDLDpTDDEFVPY 

TEL2482-498 D490A†  S491 TEL217mer SpS D490A YAGSDSDLApSDDEFVPY 

TEL2482-498†  - TEL217mer SS YAGSDSDLDSDDEFVPY 

TEL2482-498 D492A†  S491 TEL217mer SpS D492A YAGSDSDLDpSADEFVPY 

TEL2482-498 D493A† S491 TEL217mer SpS D493A YAGSDSDLDpSDAEFVPY 

ECD499-511*  S505 ECD13mer RPNEpSDpSDDLDDY 

snRNP11611-24 S19 SnRNP14mer NYIGPELDpSEDDDE 

Tyrosine residues were added in order to enable concentration determination via UV 

spectroscopy. * indicates C-terminal addition, † indicates N-terminal addition.  
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2.3.3 Protein crystallisation  

The first step in an X-ray diffraction experiment is the production of single, well 

ordered protein crystals. A successful crystallisation experiment typically begins 

with a homogenous protein solution within a concentration range of 5-15 

mg ml-1. Crystallisation is achieved by gradually lowering the solubility of the 

protein solution. This can be accomplished with a number of methods, of which 

vapour diffusion is the most commonly used. There are two main configurations 

for a vapour diffusion experiment as shown in Figure 20 (Bergfors, 2009). The 

general principle involves placing a drop composed of a mixture of protein 

sample and crystallisation reagent in vapour equilibration with a reservoir 

containing a higher reagent concentration than the drop. Equilibrium is achieved 

by water leaving the drop and transferring into the reservoir solution. The net 

transfer of water results in the controlled increase in the protein concentration 

within the drop, leading to supersaturation of the sample.  

 
Optimal crystal formation in a vapour diffusion experiment takes place in two 

steps, nucleation and growth (Figure 21). Nucleation occurs when the protein 

solution moves from an undersaturated state into the saturated nucleation zone, 

resulting in the production of microscopic crystallites (Bergfors, 2009). The 

production of these micro-crystals lowers the concentration of protein in solution, 

ideally causing a transition into the metastable zone and resulting in crystal 

growth (as demonstrated by the red arrow in Figure 21). The best reagent 

conditions for the nucleation step are not always the same as those favoured by 

the growth step. For example if the propensity to nucleate is too high an 

excessive number of small, poorly-diffracting crystals may form. Small numbers 

of large, diffraction quality crystals are often produced in conditions that 

disfavour the nucleation step but favour the growth step. 
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Figure 20. Typical experimental setup for protein crystallisation 

A: Schematic of the hanging drop crystallisation setup. The protein sample is 
added to an equal volume of reservoir solution and attached to an inverted 
coverslip suspended above the filled reservoir. The coverslip is sealed with high-
vacuum grease. Protein and reservoir solutions are shown in red and blue 
respectively   B: The sitting drop crystallisation setup. This method is very similar to 
the hanging drop approach but the protein is instead dispensed onto a raised 
platform without inversion. The same colour scheme is used as in A. 
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Figure 21. Protein crystallisation phase diagram 

The red arrow indicates the general route taken by the solution in order to achieve 
crystallisation during a vapour diffusion experiment. The undersaturated solution 
passes through the metastable zone into the nucleation zone. Nucleation results in 
a drop in soluble protein concentration thus shifting the solution back into the 
metastable zone and promoting crystal growth. The solubility is defined as the 
solute protein concentration that is in equilibrium with crystal formation. The 
supersolubility curve separates conditions under which the crystallisation solution is 
clear and those under which spontaneous nucleation, phase separation or 
precipitation occurs. Precipitant and protein concentrations are shown on the x and 
y-axis respectively. 
 
Reagent conditions that are conducive to crystallisation are hard to predict and 

there is no obvious correlation between protein family and crystallisation 

conditions.  As a result, the standard strategy for crystallising a new protein 

construct is to begin with screening trials. This involves testing a variety of 

crystallisation reagents in order to identify leads that suggest particular 

conditions conducive to crystallization. Such leads include small crystals, 

crystalline precipitate and phase separation. The most common screens are 

sparse-matrix and systematic screens. Sparse-matrix screening uses 

formulations based on a selection of conditions that have previously led to 

successful crystallization while systematic screens sample crystallization 

parameters in an organised, rational way, often informed by information 
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regarding the properties of the protein in question. These screening 

experiments are often carried out in a high throughput format using small 

sample volumes (typically ~0.5-0.1 μl of protein sample per drop).   

 

Initial hits usually require optimisation in order to produce diffraction quality 

crystals which typically involve making small stepped changes to the 

crystallisation conditions by varying factors such as protein concentration, buffer 

pH, incubation temperatures and precipitant concentration or by supplementing 

the condition with additives. It is impossible to predict how well a crystal will 

diffract based on its size, shape or appearance. The only way to truly gauge 

crystal quality is to subject it to an X-ray diffraction experiment (see section 

2.3.4). For more information regarding the practical aspects of protein 

crystallisation and the underlying theory, see Chayen and Saridakis (2008) and 

Bergfors (2009). 
 

In this study, initial high-throughput crystallisation screening was carried out 

using commercially available formulations which included a combination of 

sparse-matrix and grid screens (Hampton, Molecular Dimensions, Qiagen). A 

multichannel pipette was used to transfer 150 µl of each crystallisation condition 

into the reservoirs of 96 well MRC 2 drop crystallisation plates with a sitting 

drop conformation (Hampton). An OryxNano (Douglas Instruments) liquid 

handling robot was configured to dispense 0.2 µl drops containing 0.1 µl of 

protein sample and 0.1 µl of the reservoir solution into the drop wells at room 

temperature. Robot operation and maintenance was carried out by Dr Lesley 

Haire and Dr Roksana Ogrodowicz (FCI Structural Biology Technology 

Platform). Plates were sealed using Crystal Clear Sealing Film (Hampton) and 

transferred to a plate imager (Formulatrix) maintained at 18 °C with imaging 

taking place at set intervals. 

 

For crystal hits identified from initial screening, optimisation grid screens were 

set up. Larger scale screens were set up manually in addition to 96 well 

screens set up using a robot as before. For the larger scale optimisation, 
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24-well EasyXtal crystallisation plates (Qiagen) with a hanging drop 

configuration were used. 500 µl of each crystallisation condition was added to 

the reservoirs. A 2 µl drop containing 1 µl of reservoir solution and 1 µl of 

protein sample was dispensed onto the supplied screw-top cover slips, inverted 

and sealed above the appropriate reservoir. Sealed plates were stored at 18 °C 

and drops were imaged manually using a light microscope. Micro-seeding was 

used in an additional attempt to improve crystal quality. Initial protein hits were 

harvested in 20 µl of reservoir solution, transferred into a PTFE Seed Bead tube 

(Hampton) and mechanically crushed by vortexing. The resulting seed stock 

was added to crystallisation drops. Crystallisation conditions and configurations 

for specific protein crystals are provided in the respective results chapters. 

 

2.3.4 X-ray crystallography    

During a single-crystal X-ray diffraction experiment the protein crystal is placed 

in the path of a beam of intense monochromatic X-rays. The incident beam is 

scattered by the electrons of individual atoms within the protein crystal. While 

most of these scattered waves will cancel each other out, some will 

constructively interfere with one another, given that Bragg’s law has been 

satisfied (see Figure 22). These constructively reinforced waves are recorded 

as a spots or ‘reflections’ on an X-ray detector plate. Each reflection 

corresponds to an individual scattering plane, referred to as a Miller plane. The 

crystal is rotated, exposing new reflections to the detector until a complete data 

set has been collected. It is sometimes not possible to collect an entire dataset 

with a single crystal due to radiation damage induced by the X-ray beam and as 

a result multiple crystals must be used. Cryogenic cooling of the protein crystal 

can reduce radiation damage although the crystal must first be soaked in a 

suitable cryoprotectant in order to prevent crystalline ice formation. The 

intensity of each spot is integrated at every crystal orientation and the data 

merged to produce a single set of intensity values (I), their associated 

measurement error (sI) and their Miller index (h, k, l). These values are 

precisely related to the amplitude of the recorded wave (|F|2 ∝ I) and, provided 
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that the accompanying phases are known, can be expressed as a complex 

number known as a structure factor that describes the contents of the unit cell 

in reciprocal space. From the structure factor amplitudes and their associated 

phase angle an electron density map can then be calculated by Fourier 

transformation.  

 
 

 
Figure 22. Bragg diffraction 

Two X-ray beams (dashed lines) with identical phase and wavelength (λ) are 
scattered by two separate atoms (black dots) within the protein crystal. The lower 
beam travels an extra distance of 2dsinθ where d is the distance between lattice 
planes and θ is the scattering angle. Bragg’s law is satisfied when this distance is 
equal to any integer multiple of the beam wavelength (nλ=2dsinθ), thereby resulting 
in constructive interference of the two beams.  
 
 
One of the major hurdles associated with X-ray crystallography is the fact that 

phase information is lost in a native diffraction experiment. This limitation is 

known as the phase problem. However, this problem can be circumvented in a 

number of ways. One such method is molecular replacement (MR) which uses 

a related structure as a model to provide initial phase estimates (Scapin, 2013). 

The model must first be placed in the correct location and orientation within the 

unit cell. A sequential strategy is employed by most MR programmes consisting 

of a rotational search followed by a translational search to determine both the 

correct orientation and position of the model respectively. These initial phase 
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estimates can be used to produce an electron density map, into which a 

molecular model can be built. Model building is based on both visual 

interpretation of the electron density and prior chemical knowledge including 

bond lengths, angles and torsions. Manual model building is followed by 

iterative rounds of structure refinement. Refinement programmes use 

optimization algorithms to change model parameters, thereby improving the fit 

of the model to the experimental data (Afonine et al., 2012). Together with 

manual model building this generates an improved model which can be used to 

calculate improved phases and therefore an improved electron density map. 

 

Validation of the final model is routinely performed based on a number of 

metrics including Rwork and Rfree (Wlodawer et al., 2008). Rwork is a measure of 

the agreement between the crystallographic model and the experimental 

diffraction data and is represented as a value between zero and one. A perfect 

model would have an Rwork of zero. In practice acceptable Rwork values are 

usually less than 0.3 for well refined biological macromolecules with resolutions 

between 2 and 4 Å. Rfree is calculated in a similar manner but using a random 

set of reflections that are omitted from refinement in order to assess potential 

over-modelling of the data. While the Rfree should always be greater than Rwork, 

the two values should be similar as a correct model should predict all of the 

data with uniform accuracy. There are also several dictionaries of coordinate 

standards with which the model can be compared such as the CCP4 monomer 

library which includes a list of all allowed side-chain rotamers in addition to 

deviations from idealised bond lengths and angles. In addition, a 

Ramachandran plot can be used to highlight regions within the model that have 

unfavourable φ and ψ torsion angles. For more information regarding the theory 

of X-ray crystallography, see Rupp (2010). 

 

In this study, crystals were transferred into a suitable cryo-protectant for one 

minute prior to being cooled in liquid nitrogen. Datasets were collected by Phillip 

Walker (FCI) at the Diamond light source I02 beamline using a Pilatus detector 

(DECTRIS). Datasets were indexed, integrated and scaled using the Xia2 
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automated pipeline (Diamond light source). The phases for both structures 

presented in this study were determined by molecular replacement using the 

programme Phaser (McCoy et al., 2007). The initial model was auto-built using 

Arp/Warp (Morris et al., 2003), followed by iterative rounds of refinement and 

model building in PHENIX (Zwart et al. 2008) and COOT (Emsley and Cowtan 

2004). Details of data collection and crystallographic refinement statistics for 

PIH1D151-180 and Drosophila DNAAF268-215 are presented in Table 12 and Table 

14 of the results chapters respectively. 

 

2.3.5 Random peptide library screening using protein fusions 

Random peptide library screening is a technique used to determine the 

consensus binding sequences for protein domains (Yaffe and Cantley, 2000). 

The technique involves immobilisation of the domain of interest via a fusion tag 

prior to incubation with a random peptide library. This is followed by wash steps 

that remove non-specifically bound peptides with the high affinity peptides 

remaining bound to the domain of interest. The high affinity peptides are then 

eluted and their sequence determined by Edman degradation, yielding a 

consensus binding motif for the domain of interest. 

 

GST-tagged DNAAF2 constructs were expressed in BL21 cells using a pGEX-

6P-1 plasmid vector (see Table 9 and Table 2). Despite the fact that both the 

pET49 and pGEX-6P-1 plasmid vectors are capable of producing N-terminal 

GST fusion proteins pGEX-6P-1 was selected as the additional 6x histidine tag 

encoded by pET49 has been known to interfere with peptide library binding. 

Cells were pelleted, resuspended and lysed as described in section 2.2.2. The 

supernatant was clarified by centrifugation. The fusion protein was purified 

using a 3x step purification protocol consisting of GST-affinity purification 

(without tag cleavage), ion exchange chromatography and size exclusion 

chromatography as described in sections 2.2.4, 2.2.5, 2.2.6 respectively. The 

additional ion exchange step was included to ensure that all free GSH used to 



Chapter	2	Materials	and	Methods	

	

87 

	

elute the fusion protein was removed. Protein was concentrated to >10 mg ml-1 

(see section 2.2.7). 

 
1 mg of the bacterially expressed and purified GST tagged fusion protein was 

added to 125 µl of GSH resin (GE Healthcare) in 500 µl of resuspension buffer 

(20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT) and incubated with end-over-

end mixing at 4 °C for 2 hours. Resin was pelleted by slow centrifugation 

followed by aspiration of the supernatant and 3x 500µl washes with 

resuspension buffer. Resin was resuspended in 300 µl of resuspension buffer 

and loaded into a 1ml tuberculin (Plastipak, BD) syringe barrel plugged with 

glass-wool (Sigma-Aldrich). The resin was washed 3x with 1ml of ice-cold 

phosphate buffered saline (PBS) by gravity. The barrel was capped before 

adding 30 µl of the degenerate peptide library with sequence 

MAXXXXpSXXXXXAYKK (X = any amino acid) to the resin at 30 mg ml-1 and 

incubating at room temperature for 10 minutes. The barrel was uncapped and 

washed twice with 1 ml ice-cold PBS + 0.52 % NP-40 using pressure applied by 

the syringe plunger. This was followed in quick succession by two 1 ml washes 

with ice-cold PBS, again using pressure. The barrel was capped and the resin 

was incubated with 200 µl of 30 % acetic acid for 1 minute in order to elute the 

bound peptides. Eluent was collected and dried overnight in a Speed-Vac 

(Thermo Scientific). 80 µl of HPLC grade H2O was added to the pellet followed 

by slow intermittent vortexing over 5 minutes whilst ensuring that the pellet was 

not resuspended. In most cases the denatured bait, which co-elutes with the 

bound peptides, is unable to resolublise due to exposed hydrophobic residues 

leaving only the bound peptides in solution. The insoluble fraction was pelleted 

by centrifugation and supernatant, containing the bound peptides, harvested. 

Samples were sent for 14 cycles of N-terminal sequencing by Edman 

degradation at the protein sequencing facility at Tufts Medical School (Tufts 

University, Boston).  

 

Sequencing results were analysed using Excel (Microsoft). The bound mixture 

was first normalised to give a mole percentage composition for each amino 
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acid. The normalised mole percentages for the bound mixture were then divided 

by the mole percentage of the cognate amino acids present in the starting 

library. This accounts for any compositional bias in the starting library or 

introduced during the sequencing. The resulting raw preference values were 

summed for each sequencing position with individual amino acid abundance 

expressed as a percentage (normalised preference values). Interpretation of the 

acquired data is partly subjective due to a number of biases introduced during 

peptide sequencing. The main factor to consider is tailing which is a 

combination of carry-over of the derivatised material from the previous 

sequencing cycle and ‘cleavage-lag’ which results from incomplete cleavage of 

the labelled residue during the previous sequencing cycle.  

 

2.3.6 Pepspot array screening 

Pepspot array screening is another technique that can be used to detect 

consensus binding motifs for a domain of interest. Synthesised peptides of 

known sequence are immobilised or “spotted” onto a membrane with each spot 

corresponding to a defined sequence. The domain of interest is incubated with 

the membrane and binds to spots for which it has high affinity. Bound protein is 

then detected with an antibody in a similar manner to western blotting with dark 

spots corresponding to high affinity peptide sequences. In this study, all 

peptides were based on the casein kinase 2 (CK2) phosphorylation site of TEL2 

with each spot corresponding to a defined point mutant. 

  

Peptide synthesis and cellulose membrane spotting was carried out by Nicola 

O’Reilly (CRUK, LRI). The membrane was washed in methanol followed by 

water. The membrane was then blocked overnight at 4 °C with 50 mM Tris pH 

8.0, 150 mM NaCl, 0.1 % (v/v) tween-20 (TBST) with 5 % (w/v) skimmed milk. 

Following 3x TBST + milk washes, 1 mg of N-terminal FLAG-tagged 

DNAAF266-201 was added to the membrane in 10 mls of TBST + milk. Unbound 

protein was removed with 5x TBST + milk washes. An anti-FLAG monoclonal 

antibody raised in mice (Sigma) was added to the membrane at a 1:2000 
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dilution overnight at 4 °C. The membrane was washed 5 x with TBST + milk 

prior to incubation with a horseradish peroxidase (HRP)-conjugated secondary 

antibody recognising mouse IgG. Unbound antibody was removed with 3x 

TBST washes followed by 3x 50 mM Tris pH 8.0, 150 mM NaCl (TBS) washes. 

The presence of bound secondary antibody, and therefore bound DNAAF266-201, 

was detected using an enhanced chemiluinescence (ECL) kit (Thermo 

scientific) recorded on photographic film (Kodak). The location of all peptides 

spots was confirmed using Ponceau stain. 

 

2.3.7 Mouse testis extract preparation 

Testes were harvested from BL6 mice. 1 ml of ice-cold buffer A (50 mM Tris pH 

7.5, 25 mM KCl, 5 mM MgCl2, 1 mM PMSF, EDTA free complete protease 

inhibitors (Roche), phosphatase inhibitors (PhoStop, Roche) was added to both 

testis from the same source mouse and mechanically sheared using a scalpel. 

The suspension was transferred to an Eppendorf and the tissue pelleted by 

centrifugation. The supernatant was aspirated and the cells were resuspended 

in 1 ml ice-cold buffer B (Buffer A + 0.1% Nonidet P40 substitute (AppliChem)) 

and vortexed. The suspension was added to 0.5 ml soft tissue homogenization 

tubes (Bertin Instruments) with two ceramic beads and mechanically disrupted 

in the Precellys Evolution homogenizer (Bertin Instruments). 50 µl of sample 

was taken at this point as ‘whole cell lysate’. Remaining material was 

centrifuged for 10 seconds (full-speed), the supernatant collected, aliquoted and 

stored at -80 °C and constituted the cytosolic fraction. Total protein 

concentration was established using a BCA protein assay kit (Thermo 

Scientific). The change in colour produced is proportional to the total amount of 

protein in the sample and can be quantified by comparing spectrophotometer 

absorbance readings at 562 nm with a BSA standard curve.  
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2.3.8 Comparative recombinant DNAAF2 pull-downs 

Recombinant protein pull-down experiments can be used to identify unknown 

binding partners for a protein of interest. In a typical pull-down experiment the 

recombinant bait protein is immobilised via a fusion affinity tag. Cell lysates 

containing the target proteins are then incubated with the bait and non-

specifically bound proteins removed with several wash steps. Specifically bound 

proteins are then eluted, often with high ionic strength buffer, and their identity 

discerned via mass spectrometry. 

 

Competent BL21 E.coli cells were transformed with pGEX-6P-1 plasmid vectors 

containing coding sequences for both WT Mus musculus DNAAF2 62-212 and 

a double mutant (R79,87A) version. Empty vector was also transformed in order 

to produce a GST-only control. Colonies were picked and protein expression 

carried out as described in section 2.2.1. Cells were pelleted by centrifugation 

and resuspended in 125 ml solubilisation buffer (50 mM Tris pH 7.5, 150mM 

NaCl, 0.5 mM TCEP, 5 mM MgCl2, 0.8 % Nonidet P40 substitute (AppliChem), 

EDTA free protease inhibitor tablets (Roche)). Cells were lysed by sonication 

and lysate clarified by centrifugation at 48,000 x g for 45 minutes. The clarified 

lysate was added to 150 µl GSH resin in a conical flask and stirred at 4 °C for 

30 minutes. The suspension was transferred to 50 ml Corning centrifuge tubes 

(Sigma) and centrifuged at 1,000 x g for 10 minutes in order to produce a loose 

GSH resin pellet. The supernatant was aspirated carefully as to not disturb the 

pelleted resin. The resin was then resuspended in 150 µl of solubilisation buffer, 

to give a 50 % slurry, before transferring 100 µl to a 900 µl capacity spin column 

(Thermo Scientific). The resin was washed 3x with 400 µl solubilisation buffer, 

removed by centrifugation through the filter. 10 µl of the resin was set aside for 

SDS-PAGE analysis (see section 2.2.8).  

Spin column outlets were sealed and the resin resuspended in 250 µl binding 

buffer (50 mM Tris pH 7.5, 0.5 mM TCEP 75 mM KCl, 5 mM MgCl2, 0.5 % 

Nonidet P40 substitute (AppliChem), EDTA free protease inhibitors (Roche), 

PhosSTOP phosphatase inhibitors (Roche) with 150 µl of mouse testis cytosolic 
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extract (1 mgml-1). The spin columns were then sealed and incubated at 4 °C 

overnight with end-over-end mixing. Supernatant was removed by slow 

centrifugation through the spin column filter followed by 3x 5 minute washes 

with 300 µl binding buffer. Bait-bound proteins were eluted by incubation with 

high-salt elution buffer (binding buffer + 800 mM MgCl2) at 4 °C for 30 minutes 

followed by centrifugation and collection of the elutate flow through. 10 µl of 

each eluate sample was visually analysed by SDS-PAGE (see section 2.2.8). 

Remaining sample was subjected to a short gel lane extraction protocol prior to 

analysis by mass spectrometry (see section 2.3.9). 

 

2.3.9 Mass spectrometry analysis of pull-down samples 

A short gel lane extraction was required in order to remove detergent, excess 

salts and contaminating nucleic acids prior to mass spectrometry analysis. 8 µl 

of pull-down eluate (see section 2.3.8) was mixed with 5 µl of NuPAGE LDS 

sample buffer (Thermo Fisher Scientific), 1 µl of 1 M TCEP pH 8.0 (Thermo 

Scientific) and 2 µl of water and heated at 95 °C for 6 minutes prior to loading 

onto a 10 well NuPAGE 4-10% 1.0 mm Bis-Tris gel (Thermo Fisher Scientific). 

The gel was run at a constant 200 V for 4 minutes so that the dye front had 

migrated ~8 mm. The gel was stained with InstantBlue colloidal coomassie stain 

(Expedeon) before being transferred to a glass tile cleaned with methanol. 

Lanes were extracted using a clean scalpel and sliced into 8 equally sized (~1-2 

mm) horizontal strips which were in turn sliced into ~1 mm3 cubes. Cubes were 

transferred into the wells of a 96 well plate (provided by The Francis Crick 

Institute Proteomics facility) with each well containing cubes from one individual 

strip. 100 µl of HPLC grade water was added to each well whilst ensuring that 

the gel pieces were fully submerged at the bottom of the well. The plate was 

then sealed and sent to Dr Steven Howell of the onsite mass spectrometry 

proteomic facility for trypsin treatment prior to mass spectrometry analysis.  

 

Digested protein was acidified with trifluoroacetic acid (TFA) and 1-10 μl 

analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
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using an Ultimate 3000 nano high performance liquid chromatography (HPLC) 

system (Thermo Scientific) equipped with a 2 mm x 100 μm Acclaim Pepmap 

C18 trap column (Thermo Scientific) prior to a 50 cm x 75 μm Acclaim Pepmap 

C18 column. Peptides were eluted at 0.3 μl min-1 using a shallow 

acetonitrile/formic acid 3 hour gradient into an LTQ Orbitrap Velos Pro mass 

spectrometer (Thermo Scientific) via a nano-electrospray source (Thermo 

Scientific).  The Orbitrap was operated in “Data Dependent Acquisition” mode 

with a survey scan at a resolution of 60,000 from m/z 300-1500, followed by 

MS/MS of the top 10 ions. Raw files were processed and analysed using the 

Maxquant/Perseus software package (Tyanova et al., 2016, Cox and Mann, 

2008). The decoy database approach was used to set a false discovery rate 

(FDR) of 0.7%.  
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Chapter 3. Characterisation of the PIH1D1 N-
terminal domain  

This chapter describes a series of experiments that aim to characterise the 

phospho-dependent interaction between PIH1D1 and TEL2. As detailed in 

section 1.4 the R2TP complex is involved in supporting the maturation and 

assembly of various multi-subunit complexes. R2TP client proteins are recruited 

in a phospho-dependent manner via the R2TP subunit PIH1D1. Structure 

prediction algorithms have previously failed to identify any phospho-binding 

domains within PIH1D1. A co-crystal structure of the N-terminal domain of 

human PIH1D1 (PIH-N) in complex with a TEL2 phospho-peptide was recently 

solved by our group (section 1.4.3 (PDB entry: 4PSI)). The structure reveals a 

newly identified phospho-binding domain with no structural homologs in the 

protein data bank (PDB) and displays a preference for motifs containing 

phospho-serine residues flanked by acidic amino acids, the phosphorylation of 

which is carried out by casein kinase 2 (CK2). Immunoprecipitation pull-downs 

of PIH1D1 in combination with in vitro binding studies have shown that, in 

addition to TEL2, other proteins containing CK2 sites have the ability to bind to 

PIH1D1 in a phospho-dependent manner. Some of these binding partners have 

been further identified as R2TP clients. However, there is currently no structural 

information regarding these phospho-dependent interactions. 
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3.1 Design of PIH1D1 expression constructs and TEL2 
phospho-peptides 

The initial aim was to determine the thermodynamic contribution of key PIH1D1 

and TEL2 residues to binding, as identified in the co-crystal structure, by 

carrying out isothermal titration calorimetry (ITC) binding studies with mutant 

versions of both interacting partners. Preliminary ITC experiments were carried 

out, by a former member of our laboratory, on wild type PIH1D1 with TEL2 

phospho-peptides spanning residues 482-498 (TEL217mer) (section 1.4.3). 

However, a decision was made to proceed with shorter, singly phosphorylated 

TEL28mer peptides as opposed to the longer doubly phosphorylated version 

present in the co-crystal structure in order to reflect the central contribution of 

the core binding residues and to concentrate purely on the region surrounding 

the phospho-site (Figure 14). These shorter peptides did not include Ser487, 

the phosphorylated version of which was disordered in the co-crystal structure, 

thereby ruling out the effect of any non-specific sampling of this less conserved 

site. Despite the fact that stable PIH1D1 PIH-N domain constructs of varying 

lengths can be produced, all detailed binding studies utilised the PIH1D151-180 

construct in order to remain consistent with the co-crystal structure (section 

1.4.3).  

 

3.2 Mutations within CK2 site of TEL2 disrupt binding to 
PIH1D151-180 in vitro 

Isothermal titration calorimetry (ITC) was used in order to measure the 

thermodynamic parameters of binding between PIH1D151-180 and TEL28mer 

phospho-peptides in solution. PIH1D151-180 with an N-terminal 6x-histidine tag 

was expressed at 20 °C in BL21 (DE3) E. coli cells overnight, followed by cell 

lysis and a 2 step purification strategy consisting of Ni-affinity chromatography 

and size exclusion chromatography. Purified protein was concentrated to ~15 

mg ml-1 and sample purity verified by SDS-PAGE (Figure 23). While some lower 

molar mass contaminants appeared to be present, these made up a small 
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proportion of the total protein content and the sample was therefore deemed 

suitable for subsequent biophysical and structural studies. Sample molar mass 

was confirmed using mass spectrometry. PIH1D151-180 was buffer exchanged 

into 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP by dialysis. The same 

buffer was used to dissolve lyophilized TEL28mer phospho-peptide followed by a 

desalting step using a NAP-5 column (GE Healthcare) in order to remove 

residual trifluoroacetic acid (TFA) carried over from peptide synthesis. 

 

 
Figure 23. SDS-PAGE of PIH1D151-180 purification 

SDS-PAGE analysis of the two-step purification of recombinant PIH1D151-180. The 
first purification step is shown on the left and consists of nickel-affinity 
chromatography. The eluted sample is then concentrated and applied to a 
Superdex 200 26/60 size-exclusion (SEC) column (GE Healthcare) as shown on 
the right. Molar masses of corresponding protein standards are shown on the left. 
Lanes are labelled accordingly with ‘flow-through’ and ‘fraction’ designated ‘FT’ and 
‘Frac’ respectively. Each SEC fraction is 4 ml.  
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~50 µM PIH1D151-180 was placed in the cell of the ITC calorimeter (MicroCal 

iTC200, Malvern) with ~500 µM synthetic TEL28mer phospho-peptide as titrant, 

(Sequence shown in Figure 24). Binding was strong enough to reproducibly 

determine binding constants with the enthalpic contribution being approximately 

-5.2 kcalmol-1 and the entropic contribution around 1.5 kcalmol-1 at this 

temperature, suggesting that the interaction is driven both entropically and 

enthalpically. The Kd was 10 µM, which is ~7 fold and ~3 fold weaker than that 

previously measured using the longer doubly and singly phosphorylated 

TEL217mer peptides respectively (Figure 24). The stronger binding of the doubly-

phosphorylated longer peptide is probably due to non-specific sampling of the 

additional phospho-site. Additionally, the extra residues present in the longer 

peptide may contribute some low affinity stabilising interactions. However, the 

interaction was still strong enough to justify continuing experiments with the 

shorter, singly-phosphorylated peptide (Figure 24).  

 

The binding curves and parameters for the various mutant peptide interactions 

are shown in Figure 24. TEL28mer mutants D490A, D492A, and D493A severely 

compromised binding to PIH1D151-180 suggesting that these residues are 

essential for the interaction. This was unsurprising given the hydrogen bonding 

contributions of these residues to binding as seen in the crystal structure 

(Figure 14). The TEL28mer pS491E mutant was also designed in order to test if 

the negatively charged glutamate could replace the PIH1D1 binding capabilities 

of phosphoserine 491. Replacement of pSer491 with glutamate severely 

reduced binding indicating that the interaction is phosphoserine specific and not 

merely charge dependent. Previous ITC experiments with the longer TEL217mer 

peptides revealed that substitution of pSer 491 with a phosphothreonine 

resulted in a ~5 fold reduction in binding affinity (Figure 24). This reduction in 

affinity is unlikely to be caused by an intermolecular steric clash as no PIH1D1 

residues appear to be in close proximity to the predicted location of the pThr γ-

methyl group. It is possible however that the intermolecular interaction between 

the pThr phosphoryl group and PIH1D1 residues forces the threonine side-

chain into a rotamer conformation that is less conformationally favourable.   
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Figure 24. ITC analysis of the binding of PIH1D151-180 to TEL28mer mutant peptides 

A) Raw data for the interaction between WT PIH1D151-180 and WT TEL28mer peptide 
are shown towards the top of the figure with the WT TEL28mer sequence displayed 
above. Fitted binding curves for the titrations are shown below with the identity of 
TEL2 mutants used in each binding experiment indicated by the key. B) The top 
and bottom tables show the thermodynamic parameters for the interactions 
between PIH1D151-180 and TEL28mer peptides and PIH1D11-180 and TEL217mer 
peptides respectively. Peptide sequences are presented in Table 11.  
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3.3 PIH1D151-180 K57A, K64A and R168A mutations disrupt 
binding to CK2 site of TEL2 in vitro 

To dissect the contribution of individual PIH1D1 residues to TEL2 binding, ITC 

experiments were carried out between the singly phosphorylated wild type 

TEL28mer peptide (DpSDD) and PIH1D151-180 mutants. Mutants were selected 

based on their ability to form hydrogen bonds with the TEL2 peptide as judged 

by the co-crystal structure. Selected mutants were grouped into phosphate, 

side-chain and main-chain interactors depending on which structural elements 

of the peptide they appeared to form an interaction with. The location of all point 

mutants within the structure were deemed unlikely to affect the overall fold of 

the protein as they appear to be solvent exposed (Figure 25).  

 

The selected point mutants were produced using QuikChange II® site-directed 

mutagenesis (Agilent Technologies) and constructs were expressed and 

purified using the same protocol as wild-type PIH1D151-180. Sample purity was 

verified by SDS-PAGE (Figure 26) and sample molar mass was again 

confirmed using mass spectrometry. All mutant PIH1D1 proteins eluted from the 

size exclusion column at the same volume as wild type protein suggesting that 

the proteins were correctly folded. Both PIH1D151-180 and TEL28mer were 

exchanged into 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP as described 

in section 2.2.9. PIH1D151-180 was placed in the cell of the ITC calorimeter and 

synthetic TEL28mer was placed in the syringe at concentrations of ~50 µM and 

~500 µM respectively.    
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Figure 25. Location of PIH1D1 mutations produced for ITC studies 

The DpSDD motif of TEL2 is shown as yellow sticks. PIH1D1 is shown as a ribbon 
diagram with notable side-chains displayed as labelled grey sticks. These residues 
were suspected to be important for the TEL2 interaction and were all individually 
mutated to alanine. The effect of these individual mutations on TEL2 binding was 
measured by ITC. Image derived from PIH1D151-180 co-crystal structure described 
in section 1.4.3 (PDB: 4PSI). 
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Figure 26. SDS-PAGE of purified PIH1D151-180 point mutants 

Lanes are labelled according to the point mutation of the expressed protein. Molar 
masses of corresponding protein standards are shown on the left. 
 
 

The thermograms and binding parameters for each interaction are shown in 

Figure 27. All PIH1D151-180 mutants tested displayed weaker binding than that 

observed for WT PIH1D151-180. Of the phosphate interacting residues, mutation 

of K57 and K64 had the largest effect (Figure 27). This resulted in complete 

abolition of binding to PIH1D151-180. This can be explained by the co-crystal 

structure which shows that K57 and K64 form multiple intermolecular 

interactions with the peptide phosphate group. K57 can also be seen to form an 

interaction with D490 of the peptide, the mutation of which also severely 

compromises the interaction (section 3.2). Both of these lysine residues are 

highly conserved, which together with the co-crystal structure and binding data 

indicate that they are essential for the interaction with TEL2. While K113 was 

originally grouped as a phosphate-interacting residue, mutation of this residue 

only results in a 9-fold reduction in affinity (Figure 27). Unlike K57 and K64, this 
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residue only forms one potential hydrogen-bond with the phosphate group with 

a measured bond length of 3.6 Å, which is close to the maximum distance over 

which a hydrogen-bond can usefully contribute. Furthermore, this residue is not 

particularly well conserved. 

 

Two non-phosphate interacting residues, K163 and K166, form hydrogen bonds 

with TEL2 side-chains. Mutation of these residues has a modest effect on 

binding with K163 and K166 exhibiting an ~11 fold and ~6 fold reduction in 

affinity respectively (Figure 27). In both cases the entropic contribution to 

binding is reduced compared with wild type. The mutation of K166 to alanine 

was expected to have a minimal effect since the interaction with D493 of TEL2 

is mediated via the PIH1D1 peptide backbone. On the other hand, the side-

chain of R163 forms a hydrogen bond with D490 of TEL2 and may be expected 

to be essential for the interaction since this is the case with D490. However, the 

absolute requirement for the presence of D490 is likely due to the combined 

effect of hydrogen bond formation with K57 and R163. Both K163 and K166 

exhibit moderate conservation amongst PIH1D1 orthologs. Together this 

suggests that while these residues are not essential for the interaction with 

TEL2 they may contribute a stabilising effect.  

 

Only PIH1D1 residue R168 can be seen to form an interaction with the main-

chain of TEL2 in the co-crystal structure. Mutation of this residue was found to 

result in complete abolition of the interaction with the TEL2 peptide (Figure 27). 

It is possible that the 2 hydrogen bonds that R168 forms with main-chain 

carbonyl group of D492 fix the peptide backbone in a conformation that is 

required for binding. This could potentially promote further interactions between 

D493 of TEL2 and PIH1D1 main-chain groups. Like K57 and K64, this arginine 

is particularly well conserved amongst PIH1D1 orthologs. 
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Figure 27. ITC analysis of the binding of PIH1D151-180 mutants to TEL28mer 
peptides 

A: Fitted binding curves for the titrations are overlaid and presented in the graph 
with the sequence of the WT TEL28mer peptide noted above. The identity of 
PIH1D151-180 mutants used in each binding experiment is indicated by the key. B: 
Table showing the thermodynamic parameters of the respective interactions. 
Mutations are grouped based on whether they interact with the phosphate, side-
chains or main-chain of the TEL2 peptide.  
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3.4 1.6 Å crystal structure of PIH1D151-180  

In addition to TEL2, the PIH-N domain of PIH1D1 has been shown to interact 

with a number of proteins that contain a CK2 phosphorylation site including 

ECD (section 1.4.3). The phospho-dependent interaction between PIH1D1 and 

TEL2 is well characterised (see section 1.4.3, PDB entry: 4PSI) but there are 

currently no structures of PIH1D1 in complex with other phosphorylated motifs. 

Determination of structures of the PIH-N domain of PIH1D1 in complex with 

phosphorylated sites of other binding partners may reveal common features of 

binding and, in combination with ITC data, allow us to rationalise the effect of 

various residues on binding affinity. Together this information could aid in the 

identification of further PIH1D1 binding partners and by extension, R2TP clients. 

3.4.1 Crystallisation 

Crystallisation trials of PIH1D151-180 in complex with phospho-peptides from 

various PIH1D1 binding partners, including ECD and SNRP116, were set up 

(see Table 11 on page 78 for a list of phospho-peptides used). A 

protein:peptide complex formulation of 450 µM PIH1D151-180 and 600 µM 

phospho-peptide in 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP was used 

giving a protein to peptide ratio of 1:1.33. Sitting drops with 0.1 µl protein 

solution and 0.1 µl reservoir solution were set up in 96-well sitting-drop 

crystallisation plates (MRC 2 Well Crystallization Plate, Hampton) using an Oryx 

6 pipetting robot and imaged periodically. Crystal hits were identified for the 

PIH1D151-180:ECD13mer complex in a condition containing 2% PEG 400, 0.1 M 

imidazole pH 7.0, 24% PEG 5000 (Figure 28). Crystals were transferred to a 

solution containing mother liquor supplemented with 15% (v/v) PEG 400 as a 

cryo-protectant before being flash-frozen in liquid nitrogen.  
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Figure 28. PIH1D151-180 crystals 

The crystal marked with a red plus sign was used to determine structure of free 
PIH1D151-180 to 1.6 Å.  
 
 

3.4.2 Data collection and indexing  

Collection of X-ray diffraction data was carried out at the I02 beamline at 

Diamond Light Source (Oxford, UK) using a Pilatus detector (Dectris). The 

crystal diffracted to 1.58 Å, the highest resolution PIH-N dataset collected to 

date. A complete data-set was collected with 0.5o oscillations. The diffraction 

data was processed using the xia2 automated pipeline (Diamond Light Source), 

the statistics of which can be found in Table 12 (Winter et al., 2013). Systematic 

absences of integrated reflections indicated that the space group was either 

P41212 or P43212.  
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Table 12. PIH1D151-180 crystal data collection and refinement statistics  

  
Data Collection PIH1D151-180 

 
Resolution (Å) 1.58 
Wavelength (Å) 0.92 
Space group P41 21 2 
Unit cell dimensions: a, b, c (Å) 60.62, 60.62, 169.99 
Unit cell dimensions: α, β, γ (°) 90.0, 90.0, 90.0 
Molecules per ASU 2 
No. reflections: total 510005 
No. reflections: unique 44722 
Completeness (%) 100 (100) 
Redundancy 11.4 (11.9) 
I/σI 19.0 (5.8) 
Rmerge 0.068 (0.397) 
  
Refinement  
Resolution (Å) 34.798-1.578 
Reflections 44637 
Free reflections 4.85% (2167) 
Rwork 0.1768 (0.2037) 
Rfree 0.1928 (0.2240) 
R.M.S. deviation: bond distances (Å) 0.006 
R.M.S. deviation: bond angles (°) 1.00 
  
Structure/Stereochemistry  
No. atoms: non-hydrogen, protein 2107 
No. atoms: water 287 
Ramachandran plot: most favoured regions 96.98 
Ramachandran plot: additionally allowed 3.02 

 

3.4.3 Molecular replacement 

Calculation of the Matthews coefficient (CCP4) indicated that 2 copies of the 

protein in the asymmetric unit would give a solvent content of approximately 

46%. The molecular replacement search was carried out using the previously 

solved structure of PIH1D151-180 in Phaser (McCoy et al., 2007). The search 

was carried out using 2 copies of the search model per asymmetric unit, 

resulting in one unique solution. The rotation and translation functions produced 

Z-scores of 5.5 and 9.8 respectively, indicating that a correct solution had been 

found.  
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3.4.4 Model refinement  

The initial model was built using Phenix AutoBuild (Terwilliger et al., 2008). For 

data at resolutions of 2.5 Å or better, as in this example, the AutoBuild software 

can often build a model to near completion. The resulting model and electron 

density map was visually inspected using the model-building programme Coot 

(Emsley and Cowtan, 2004) and the model manually rebuilt in order to produce 

a better fit to the density. This was followed by rounds of structure refinement 

using the programme Phenix Refine (Afonine et al., 2012). 7 iterative rounds of 

model building and refinement were carried out with further rounds failing to 

improve either the Rwork or Rfree values of 0.18 and 0.19 respectively. 
 

3.4.5 The Model 

The final model was validated using the Phenix validation software and 

MolProbity (Chen et al., 2010, Afonine et al., 2012). Figure 29 displays the 

quality indicators for the PIH1D151-180 model compared with PDB entries of 

similar resolution. The R-work and R-free values of 0.18 and 0.19 respectively 

are typical of structures at this resolution. The model has good geometry with 

no residues in the disallowed region of the Ramachandran plot and 3 % of 

residues in the additionally allowed region (Figure 30).  The only quality 

indicator in which the model performed poorly was the average B-factor or 

‘temperature factor’ which gives a measure of the degree of thermal motion 

exhibited by an atom and therefore uncertainty in their positions. This can be 

explained by a single region displaying high B-factors, the details of which will 

be covered in the following sections.  
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Figure 29. PIH1D151-180 crystal structure quality indicators 

POLYGON representation of PIH1D151-180 quality indicators compared with PDB 
entries of similar resolution (Urzhumtseva et al., 2009). Each quality indicator is 
labelled with the number in black corresponding to the PIH1D151-180 crystal 
structure and the red numbers corresponding to the highest and lowest values for 
the associated PDB entries. Coloured lines represent histograms of the related 
PDB entries with red indicating high abundance and blue low. The polygon with 
black edges highlights where the PIH1D151-180 model lies compared with these 
entries. Positions towards the centre are of indicative of higher quality.  
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Figure 30. Ramachandran plot of the PIH1D151-180 protein model 

Ramachandran plot displaying the Torsion angles for all non-Pro/Gly residues 
within the PIH1D151-180 model. Phi and Psi angles are plotted on the X- and Y-axis 
respectively with white dots representing individual residues. The demarcated 
regions that are coloured dark blue correspond to the most-favourable Phi and Psi 
angles with the surrounding area representing the additionally allowed regions. The 
remaining light blue areas correspond to sterically disallowed conformations of the 
polypeptide backbone.  
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Residues 51-173 of PIH1D1 plus 11 residues of vector sequence could be 

identified in the electron density map. The PIH1D151-180 structure adopts a 

ββαβββαα topology (Figure 31). The N-terminus of the vector sequence makes 

a β-strand followed by an unstructured region. This β-strand forms a β-sheet 

with PIH1D1 β-strand 3. As expected this is a near identical fold to the TEL2 

phospho-peptide bound version (Figure 31).  

 

A Fo-Fc difference map was generated for the final model in Coot (Emsley and 

Cowtan, 2004). This type of map represents the difference in electron density 

experimentally derived from the crystal and the theoretical electron density 

explained by the model. These maps are useful for identifying regions of density 

obtained from the experimental data that are not explained by the current model 

and as a result are a good indicator of whether a ligand is bound. The 

difference map suggested that there was no additional unmodelled density 

located in the region corresponding to the TEL2 phospho-peptide binding site 

indicating that the ECD13mer peptide was not present. While the overall fold 

remains largely the same in both the bound and unbound structures, some 

side-chains involved in intermolecular interactions with the TEL2 phospho-

peptide can be seen to adopt slightly different conformations following peptide 

binding (Figure 31). 
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Figure 31. Structural alignment of PIH1D151-180 in free and TEL2 phospho-peptide 
bound forms 

A: Cartoon representation of the 2.5 Å TEL217mer bound and 1.6 Å unbound forms 
of PIH1D151-180 shown in cyan and magenta respectively. TEL217mer phsopho-
peptide is shown in yellow. The additional helix visible in the unbound structure is 
shown in green. B: Updated PIH1D151-180 secondary structure topology diagram 
based on the unbound structure with the additional helix coloured green. C: 
Detailed view of the TEL2 phospho-binding site. The same colour scheme is used 
as in panel A. 
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Figure 32. PIH1D1 α-helix 1 built into the experimental electron density 

The PIH1D1 model and electron density are shown as yellow sticks and blue mesh 
respectively (PDB: 4PSF). The region connecting residues Val 81 and Gly 96, 
which was disordered in the previously solved structure, is displayed (PDB: 4PSI). 
Continuous electron density can be seen for the entire segment which is contoured 
at 1.2 σ. The positions of most side-chains can also be distinguished. Red crosses 
represent water molecules. Image was generated in Coot (Emsley and Cowtan, 
2004). 
 
 

Other than the absence of bound peptide there is one major difference between 

the bound and unbound structure with the addition of a short α-helix, denoted α-

1, between β-strand 2 and β-strand 3 which is disordered in the original, peptide 

-bound structure (Figure 31). While the density in the α-1 region is good enough 

to enable placement of the constituent residues (as shown in Figure 32) it does 

contribute the highest B-factors to the overall model (Figure 33). This is the 

main source of the relatively high overall B-factor for the model of 26.9 Å2 when 

compared with structures of similar resolution.  It is possible that α-helix 1 

formation was induced as a result of crystal packing as it forms a crystal contact 

with a symmetry related molecule within the crystal lattice. However, this is 

unlikely as subsequently deposited murine and yeast PIH-N domain structures 
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also appear to possess a short α-helix at this position (PDB: 4CHH, 4CKT, 

4CSE, 4CV4 (Pal et al., 2014)). The helix is distal to the core fold of the PIH-N 

domain and is connected by two flexible unstructured regions. As a result this 

helix probably exhibits a high degree of free movement as demonstrated by the 

high B-factors. It is possible that the α-1 crystal contact merely locks the helix in 

a fixed position with improved electron density. In any case, this structural 

element is unlikely to have a role in phosphorylation-dependent binding as it is 

located far from the TEL2 binding site (Figure 33). It is also likely that this region 

is functionally unimportant as it does not display particularly high conservation 

between the PIH1D1 orthologs. 
 

 
Figure 33. B-factor putty representation of PIH1D151-180 structure 

Cartoon putty representation of the B-factors for the apo PIH1D151-180 crystal 
structure. Orange to red colours with a wider tube diameter represent regions with 
higher B-factors. Shades of blue with a narrower tube diameter represent regions 
with lower B-factors. The essential residues required for the phospho-dependent 
interaction with TEL2, Lys 57 and Lys 64, are shown as pink sticks. Cartoon 
generated in PyMol. 
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3.5 Summary 

The above experiments show that every residue within the 490-DpSDD CK2 

phosphorylation motif of TEL2 is required for binding to the PIH-N domain of 

PIH1D1 in vitro, explaining the high degree of conservation with other TEL2 

orthologs (Figure 11). This is in good agreement with the previously solved 

PIH1D151-180:TEL217mer co-crystal structure which shows that this motif is the 

only region of the TEL2 peptide that forms intermolecular hydrogen-bonds with 

PIH1D1 (see section 1.4.3, PDB: 4PSI). Based on this structure a number of 

PIH1D1 point mutants were produced that were believed to be involved in the 

interaction. All of these mutations were found to disrupt the interaction to some 

degree. Most notably, mutation of K57, K64 or R168 to alanine substantially 

reduces binding. This was expected for K57 and K64 as they are highly 

conserved between PIH1D1 paralogs and appear to be the only residues that 

make direct interactions with the phosphate group of pSer491. In addition, 

attempts were made to crystallise the PIH-N domain of PIH1D1 with 

phosphorylated peptides derived from other proteins containing the DpSDD 

motif. This would enable comparisons with the PIH-N:TEL2 co-crystal structure 

to be made,  facilitating the determination of common features of binding and 

explaining differences in binding affinity. Unfortunately, we were unable to 

produce diffracting crystals which contained the bound peptide. This 

inadvertently led to the determination of a 1.6 Å structure of the apo PIH1D1 

PIH-N domain. This is the highest resolution PIH-N domain structure deposited 

in the PDB to date and reveals an additional alpha helix that was disordered in 

previously solved structures. The position of the residues within the binding site 

is largely similar to the bound PIH-N structure although the conformations of 

some side-chains do appear to change upon TEL2 binding. 
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Chapter 4. Characterisation of the DNAAF2 N-
terminal domain  

Sequence searches using the program BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) reveal 3 potential PIH1D1 homologs 

within the human genome (section 1.5) (Altschul et al., 1990). Two of these, 

PIH1D2 and DNAAF2, appear to contain a region of sufficient sequence 

similarity (61% and 53% similarity respectively) to the PIH-N domain of PIH1D1 

to suggest a similar overall fold. While PIH1D2 does not appear to possess the 

conserved basic PIH1D1 residues previously shown to be required for phospho-

peptide binding (Figure 34), DNAAF2 does appear to show some level of 

conservation. This raises the prospect that other proteins contain PIH-N 

domains and that some of these may have phospho-binding capabilities. The 

existence of these domains, their ability to bind to phospho-peptides and their 

preferred consensus sequences were therefore tested using a combination of 

structural, biophysical and biochemical techniques as described in the following 

sections. 
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Figure 34. PIH-N domain homolog multiple sequence alignment 

Displayed sequences correspond to the regions of best alignment with human 
PIH1D151-180. The top five sequences correspond to PIH1D1 orthologs while the 
middle five and bottom four sequences correspond to the PIH1D1 paralogs 
DNAAF2 and PIH1D2 respectively. Secondary structure is inferred from the human 
PIH1D151-180 crystal structure described in section 3.4 and displayed above the 
alignment. Human PIH1D1 residues involved in TEL2 binding are labelled with 
asterisks. Alignment was produced using the PRALINE server and colour-coded 
according to residue type (http://www.ibi.vu.nl/programs/pralinewww/). 
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4.1 Expression construct design 

The construct boundaries for the previously solved PIH1D151-180 crystal 

structure in combination with sequence alignments and secondary structure 

prediction aided the design of multiple human DNAAF2 constructs for 

preliminary expression testing. Of these constructs DNAAF266-205 expression 

and solubility tests proved promising with the protein appearing to express well 

and in the soluble fraction. Using the same two-step purification strategy as 

PIH1D151-180 (see section 3.1), a pure N-terminal 6x histidine tagged DNAAF266-

205 sample was produced. This was concentrated for crystallisation with the 

protein aggregating at concentrations above 1.5 mgml-1. This propensity for 

aggregation was confirmed spectrophotometrically with the sample displaying 

increased absorbance at wavelengths >340 nm. Crystallisation trials were 

carried out at this concentration, however no hits were identified with the protein 

precipitating in most conditions. 
 

In order to rule out the possibility that the N-terminal 6x histidine tag was 

promoting protein aggregation an alternative purification strategy was attempted. 

As before, a two-step purification strategy was used but the high imidazole 

elution step was replaced with on-column cleavage of the tag by recombinant 

PreScission 3C protease (GE Healthcare). Cleavage of the tag reduced the 

propensity of DNAAF266-205 to aggregate thus enabling the protein to reach 

higher concentrations (>8 mgml-1) which were required for crystallisation trials. 

SDS-PAGE was used to analyse the purity of the sample with the protein 

running as a doublet (Figure 35). Mass spectrometry analysis of the sample 

revealed that the lower molar mass species corresponded to a shorter DNAAF2 

construct spanning residues 66-201. This is likely to have arisen due to 

premature termination during translation or as a degradation product. While this 

was believed to contribute a small proportion of the total protein, sample 

homogeneity is a desirable factor for crystallisation and this proportion may 

increase over time.  
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Figure 35. SDS-PAGE of DNAAF66-205 purification 

SDS-PAGE analysis of the two-step purification of recombinant DNAAF266-205. The 
first purification step is shown on the left and consists of on-resin cleavage of the 
N-terminal 6x histidine tag using PreScission 3C protease. The cleaved DNAAF266-

205 sample is then concentrated and applied to a Superdex 200 26/60 size-
exclusion (SEC) column (GE Healthcare) as shown on the right. The identities of 
the purified bands were determined by mass spectrometry and are labelled 
accordingly. Molar masses of corresponding protein standards are shown on the 
left. Lanes are labelled accordingly with ‘flow-through’ and ‘fraction’ designated ‘FT’ 
and ‘Frac’ respectively. Each SEC fraction is 4 ml.  
 
 
As a result, a construct corresponding to DNAAF266-201 was subcloned, 

expressed and purified using a similar protocol to DNAAF266-205. An N-terminal 

GST tag was used instead of a 6x histidine tag for affinity purification (see Table 

10 for construct details). GST-affinity purification often achieves higher purity 

than immobilized metal affinity chromatography (IMAC) and can aid in protein 

solubility. In this case the use of a GST tag gave rise to a slight increase in 

protein yield. Sample purity was analysed by SDS-PAGE with only one major 

species identified and the molar mass confirmed by mass spectrometry (Figure 
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36). High-throughput crystallisation trials were carried out as described in 

section 2.3.3 using a range of sample concentrations. Cross-microseeding was 

attempted with PIH1D151-180 crystals in order to promote nucleation without 

success. Over 1000 conditions were screened with no hits identified. 

 

 
Figure 36. SDS-PAGE of DNAAF66-201 purification 

SDS-PAGE analysis of the two-step purification of recombinant DNAAF266-201. The 
first purification step is shown on the left and consists of on-resin cleavage of the 
N-terminal GST tag using PreScission 3C protease. The cleaved DNAAF266-201 
sample is then concentrated and applied to a Superdex 200 26/60 size-exclusion 
(SEC) column (GE Healthcare) as shown on the right. Molar masses of 
corresponding protein standards are shown on the left. Lanes are labelled 
accordingly with ‘flow-through’ and ‘fraction’ designated ‘FT’ and ‘Frac’ respectively. 
Each SEC fraction is 4 ml.  
 

 

4.2 Crystal structure of D.melanogaster DNAAF268-215  

An ortholog structure could still provide insight into the nature of the human 

protein especially when used in conjunction with sequence alignments. A 
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number of DNAAF2 orthologs were chosen based on their sequence similarity 

to human DNAAF2 (Figure 34). Orthologs from the genus Xenopus were ruled 

out due to the fact that they did not appear to possess any conservation at the 

position corresponding to residue K57 in PIH1D1 which was previously shown 

to be essential for phospho-peptide binding. DNAAF2 ortholog constructs from 

Mus musculus, Danio rerio, Drosophila melanogaster and Chlamydomonas 

reinhardtii (named PF13) were designed and subcloned as described in section 

2.1.4. Two constructs were designed for all orthologs (construct boundaries 

displayed in Table 13). The first set of construct boundaries correspond to the 

regions of best alignment with the construct used to produce the PIH1D151-180 

crystal structures described in sections 1.4.3 and 3.4. The second constructs 

were chosen based on their alignment with the longer PIH1D11-180 construct 

that was used in some of the initial binding experiments (section 1.4.3). 

Secondary structure prediction was also carried out using the programme 

PSIPRED in order to ensure that construct boundaries were unlikely to fall 

within regions of secondary structure (McGuffin et al., 2000). 

 
Table 13. DNAAF2 ortholog expression constructs 

Protein Host	organism Construct	boundaries Uniprot	accession	code
DNAAF2 Mus	musculus 1-212,	66-212 Q8BPI1
DNAAF2 Danio	rerio 1-200,	58-200 Q499A3

DNAAF2 Drosophila	
melanogaster

1-215,	68-215 Q0E9G3

PF13 Chlamydomonas	
reinhardtii

1-264,	70-264 B5BUZ8
 

 

The same purification protocol was used as with human DNAAF266-201 (Figure 

37). All of the longer constructs that contained an extended N-terminal segment 

exhibited low solubility (<1 mgml-1) and were prone to aggregation. All shorter 

constructs exhibited improved solubility (>7 mgml-1) and eluted from the size 

exclusion column at similar volumes suggesting that the proteins were correctly 

folded, with the exception of Chlamydomonas  which had a significantly longer 

primary sequence (Table 13).  

 



Chapter	4	Results	

	

120 

	

 
 

Figure 37. SDS-PAGE of DNAAF PIH-N domain ortholog purification 

SDS-PAGE analysis of the first stage in the purification of PIH-N domains of 
various recombinant DNAAF2 orthologs. N-terminal GST-fusion protein was 
immobilised on reduced glutathione resin followed by on-resin cleavage of the N-
terminal GST tag using PreScission 3C protease.  The cleaved sample was then 
concentrated and applied to a Superdex 200 26/60 size-exclusion (SEC) column 
(gels not shown). Molar masses of corresponding protein standards are shown on 
the left. Samples and lanes are labelled accordingly with ‘flow-through’ and 
PreScission 3C protease cleavage designated ‘FT’ and ‘3C’ respectively.  
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4.2.1 Crystallisation 

High-throughput crystallisation trials of DNAAF2 ortholog PIH-N domain 

constructs were carried out. Protein samples were concentrated to ~12 mgml-1 

in 20 mM Tris pH 7.0, 150 mM NaCl, 0.5 mM TCEP. Sitting drops with 0.1 µl 

protein solution and 0.1 µl reservoir solution were set up in 96 well sitting-drop 

crystallisation plates (Hampton). Single Drosophila (Dros) DNAAF268-215 crystals 

grew in a condition containing 30% PEG 300 and 0.1 M sodium HEPES pH 7.5. 

No hits were observed for any other construct. DrosDNAAF268-215 crystals were 

transferred to a solution containing mother liquor supplemented with 10% (w/v) 

glycerol as a cryo-protectant before being flash-frozen in liquid nitrogen. 

 

 
Figure 38. Drosophila DNAAF268-215 crystals 

The crystal marked with a red plus sign was used to determine structure of free 
DrosDNAAF268-215 to 1.9 Å.  
 

4.2.2 Data collection and indexing 

Collection of X-ray diffraction data was carried out at the I02 beamline at 

Diamond Light Source (Oxford, UK) using a Pilatus detector (Dectris). The 

crystal diffracted to 1.9 Å and a complete data-set was collected with 0.15º 

oscillations. As with PIH1D1, diffraction data was processed using the xia2 

automated pipeline the statistics of which can be found in Table 14.  
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Table 14. Drosophila DNAAF268-215 crystal data collection and refinement 
statistics.  

  
Data Collection DrosDNAAF268-215 

Resolution (Å) 1.74  
Wavelength (Å) 0.98 
Space group P43 
Unit cell dimensions: a, b, c (Å) 52.47, 52.47, 66.78 
Unit cell dimensions: α, β, γ (°) 90.0, 90.0, 90.0 
Molecules per ASU 1 
No. reflections: total 76867  
No. reflections: unique 17755  
Completeness (%) 95.4 (76.8)  
Redundancy 4.3 (2.3) 
I/σI 17.4 (1.5) 
Rmerge 0.053 (0.716)  
Rpim 
 

0.027 (0.559) 

Refinement  
Resolution (Å) 32.43-1.74 
Reflections 17726  
Free reflections 4.87% (863) 
Rwork 0.1935 (0.2941) 
Rfree 0.2120 (0.3294) 
R.M.S. deviation: bond distances (Å) 0.0078 
R.M.S. deviation: bond angles (°) 0.972 
  
Structure/Stereochemistry  
No. atoms: nonhydrogen, protein 985 
No. atoms: Zn2+ 1 
No. atoms: water 94 
Ramachandran plot: most favoured regions 97.5 
Ramachandran plot: additionally allowed 2.5 

 

4.2.3 Molecular replacement and model refinement  

The programme Phaser was used to carry out molecular replacement with the 

Matthews coefficient suggesting that the asymmetric unit contained a single 

copy of drosDNAAF268-215 (McCoy et al., 2007). Various PIH1D1/Pih1 crystal 

structures solved by both our own laboratory and Prodromou and colleagues 

were tested as molecular replacement search models (Horejsi et al., 2014, Pal 

et al., 2014). The structure of free Murine PIH1D147-179 (PDB: 4CV4), which 

shares 24% sequence identity with DrosDNAAF268-215, produced a molecular 

replacement solution with rotation and translation function z-scores of 6.4 and 
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9.2 respectively indicating that a correct solution had been determined. The 

initial model was, as with PIH1D1, built using Phenix AutoBuild (Terwilliger et al., 

2008). A near-complete model was produced. This initial model and electron 

density map was visually inspected and rebuilt using Coot followed by iterative 

rounds of structure refinement with Phenix Refine (Emsley and Cowtan, 2004, 

Afonine et al., 2012).  

 

4.2.4 The Model 

The final model was assessed with the Phenix validation software (Chen et al., 

2010, Afonine et al., 2012). The quality indicators for this model compared with 

PDB entries of a similar resolution are shown in Figure 39. The model has R-

work and R-free values of 0.19 and 0.21 respectively which are typical of 

structures at this resolution. The model has good geometry with 2 residues in 

the additionally allowed regions and no residues in the disallowed regions of the 

Ramachandran plot (Figure 40). Like the unbound PIH1D151-180 structure (see 

section 3.4) the only structure quality indicator that was substantially worse than 

structures of a similar resolution was the overall B-factor of 38 Å2.  

 



Chapter	4	Results	

	

124 

	

 

 

 

 
 

 
Figure 39. DrosDNAAF268-215 crystal structure quality indicators 

POLYGON representation of Drosophila DNAAF268-215 quality indicators compared 
with PDB entries of similar resolution (Urzhumtseva et al., 2009). Each quality 
indicator is labelled with the number in black corresponding to the DrosDNAAF268-

215 crystal structure and the red numbers corresponding to the highest and lowest 
values for the associated PDB entries. Coloured lines represent histograms of the 
related PDB entries with red indicating high abundance and blue low. The polygon 
with black edges highlights where the DrosDNAAF268-215 model lies compared with 
these entries. Positions towards the centre are of indicative of higher quality.  
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Figure 40. Ramachandran plot of the DrosDNAAF268-215 protein model 

Ramachandran plot displaying the torsion angles for all non-Pro/Gly residues within 
the DrosDNAAF268-215 model. Phi and Psi angles are plotted on the X- and Y-axis 
respectively with white dots representing individual residues. The demarcated 
regions that are coloured dark blue correspond to the most-favourable Phi and Psi 
angles with the surrounding area representing the additionally allowed regions. The 
remaining light blue areas correspond to sterically disallowed conformations of the 
polypeptide backbone. 
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The DrosDNAAF68-215 model adopts a ββββββαα conformation (Figure 41). This 

fold is largely similar to that of the PIH-N domain of PIH1D1 and other orthologs 

as expected (PDB: 4PSF, 4CHH and 4CV4). One notable difference is that the 

PIH1D1 α-helix 1 (described in section 3.4) is replaced with a β-turn in 

DrosDNAAF2 (Figure 41). This β-turn is composed of two β-strands denoted β3 

and β4 and covers the region spanning K108-S125. Like α1 of PIH1D1, this β-

turn extends far away from the core structure and forms crystal contacts with a 

symmetry related molecule. This region also possesses high B-factors 

compared with the rest of the model, thereby raising the overall average. This 

region makes up the least conserved portion of the DNAAF2 PIH-N domain.  
 
A patch of density was originally misassigned as a water molecule as judged by 

the Fo-Fc difference map. The object that has produced this density appears to 

be coordinated by cysteine and histidine residues of DrosDNAAF2, indicating 

that it is a metal ion such as Zn2+. This is likely to be carried over from the 

purification procedure as no heavy metal ions were present in the crystallisation 

condition. This metal binding site is likely to be a crystal packing artefact and 

not physiologically relevant since the residues that co-ordinate it are not 

conserved. Furthermore, the coordinating residues are contributed by two 

DrosDNAAF2 molecules from separate asymmetric units and would therefore 

promote higher order assembly or aggregation if readily formed in solution. This 

is unlikely to be the case as size exclusion of DrosDNAAF268-215 produced a 

single, symmetrical peak and spectrophotometric analysis of the sample did not 

detect an increase in absorbance at wavelengths >340 nm. 
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Figure 41. Crystal structure of PIH-N domain of Drosophila DNAAF2  

A: Ribbon diagram of the crystal structure of the PIH-N domain of Drosophila 
DNAAF2. α-helices, β-strands and unstructured regions are coloured blue, red and 
grey respectively.  The grey sphere indicates the location of a metal ion that is 
probably zinc. B: Secondary structure topology schematic of the PIH-N domain 
informed by the crystal structure. Secondary structure elements are numbered 
accordingly. C: Cartoon putty representation of the B-factors for the Drosophila 
DNAAF268-215 crystal structure. Orange to red colours with a wider tube diameter 
represent regions with higher B-factors. Shades of blue with a narrower tube 
diameter represent regions with lower B-factors. Residues Lys 85 and Lys 93 are 
shown as pink sticks 
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Structural alignment of the PIH1D1 and DrosDNAAF2 PIH-N domain models 

carried out in Coot reveals similarities in the region corresponding to the TEL2 

binding site. The surface charge in this region is predominantly basic for both 

PIH1D1 and DrosDNAAF2 forming a small cleft (Figure 42). 

 

 
Figure 42. Electrostatic surface potential of PIH1D1 and DrosDNAAF2 PIH-N 
domains 

Calculated electrostatic surface potential for TEL2 phospho-peptide bound 
PIH1D151-180 and unbound DrosDNAAF268-215 shown on the left and right of the 
figure respectively. Regions of positive, negative and neutral charge are displayed 
in blue, red and grey respectively. The TEL2 phospho-peptide is shown as yellow 
sticks with the phosphate group coloured orange. Positioning of the modelled TEL2 
peptide in the context of unbound DrosDNAAF268-215 was determined by alignment 
with the bound PIH1D151-180 structure. Surface potential generated in PyMol. 
 

The positions of K85 and K93 are well defined in the DrosDNAAF2 electron 

density map (Figure 43). The alpha carbons of these amino acids superimpose 

well with the alpha carbons of PIH1D1 residues K57 and K64 respectively, 

which are both essential for TEL2 phospho-peptide binding (Figure 44). The 

side-chains of PIH1D1 K57 and DrosDNAAF2 K85 adopt strikingly similar 

conformations. On the other hand the side-chains of PIH1D1 K64 and 

DrosDNAAF K93 adopt slightly altered conformations. It is of course possible 

that the conformation of these residues changes slightly upon peptide binding, 
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as is the case with PIH1D1 (Figure 31). It should be noted that both of these 

residues are only semi-conserved in human DNAAF2 and are replaced with 

similarly charged R79 and R87. A number of other PIH1D1 residues that are 

involved in TEL2 phospho-peptide binding (see section 3.3) but not essential for 

the interaction also align well with similarly charged DrosDNAAF2 residues 

(Figure 44). The most notable difference between the two binding sites is the 

absence of a basic DrosDNAAF2 residue in the position corresponding to 

PIH1D1 R168 which, like K57 and K64, is essential for TEL2 binding. This 

position is not conserved amongst DNAAF2 orthologs suggesting that if 

DNAAF2 is capable of phospho-dependent binding then this residue is unlikely 

to be involved in the interaction. Together this suggests that PIH-N domains of 

DNAAF2 orthologs may have phospho-binding capabilities akin to PIH1D1 but 

with preferences for slightly different consensus motifs.  

 
Figure 43. Key DrosDNAAF2 residues built into the experimental electron density 

Drosophila DNAAF2 residues are shown as yellow sticks with K85 and K95 
labelled accordingly. These residues align with PIH1D1 K57 and K64 which are 
essential for the interaction with TEL2 (section 3.3). The positions of both side 
chains can easily be distinguished from the electron density which is contoured at 
1.0 σ. Red crosses represent water molecules. Image was generated in Coot 
(Emsley and Cowtan, 2004). 
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Figure 44. Structural alignment of PIH-N domains of human PIH1D1 and  
Drosophila DNAAF2 

Top: Structural alignment of unbound PIH1D151-180 (PDB: 4PSF) and 
DrosDNAAF266-201 crystal structures generated by least-squares superposition in 
Coot. PIH1D1 and DNAAF2 are coloured magenta and green respectively. Bottom: 
Alignment of TEL2 binding site of bound PIH1D151-180 (PDB: 4PSI) and unbound 
DrosDNAAF266-201. PIH1D1 residues involved in TEL2 binding and closely 
positioned DrosDNAAF2 residues are labelled accordingly.   
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4.3 Human DNAAF266-201 binds to phosphorylated CK2 site of 
TEL2 in vitro 

Based on the knowledge that the PIH-N domain of Drosophila DNAAF2 shares 

similarity with the TEL2 binding site of human PIH1D1 it was hypothesised that 

DNAAF2 orthologs may be able to bind to similar CK2 phosphorylated motifs. 

ITC experiments were therefore carried out between human DNAAF266-201 and 

singly and doubly phosphorylated TEL217mer peptides as described in section 

2.3.2. These longer peptides were selected since they exhibited higher affinity 

for PIH1D1 than the shorter 8mer peptides used in the PIH1D1 mutant studies 

(sections 3.1 and 3.3). It was assumed that any interaction with DNAAF2 would 

be weaker, since the consensus motif was unknown, and that the longer 

peptides would maximise the chance of detecting an interaction. DNAAF266-201 

does appear to exhibit binding to both the singly and doubly phosphorylated 

versions of the TEL217mer peptide albeit with slight reductions in binding affinity 

compared with PIH1D151-180 (Figure 45). Whilst the interactions between 

DNAAF266-201 and TEL2 phospho-peptides are substantially less exothermic 

than with PIH1D151-180 the entropic contribution to binding is greater (Figure 45). 

It should be noted that while this binding event can be observed in vitro it does 

not necessarily mean that the interaction between DNAAF2 and TEL2 occurs in 

biological systems. 
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Figure 45. ITC analysis of the binding of PIH1D11-180 and DNAAF266-201 to TEL217mer 
peptides 

A: Raw data for the interaction between WT DNAAF266-201 and the doubly 
phosphorylated WT TEL217mer peptide are shown towards the top of the figure with 
the WT TEL217mer sequence displayed above. Fitted binding curves for the titrations 
are shown below with the identity of the PIH-N domain and TEL217mer 
phosphorylation variant used in each binding experiment indicated by the key. B: 
Table showing the thermodynamic parameters of the respective interactions. 
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As before the thermodynamic contribution of TEL2 residues to binding was 

determined by carrying out ITC analysis of the interaction between wild type 

DNAAF66-201 and mutant TEL2 phospho-peptides. Due to the minimal difference 

in binding affinity between doubly and singly phosphorylated wild type TEL217mer 

peptides (Figure 45), the decision was made to proceed with the singly 

phosphorylated version. As with PIH1D151-180, mutation of aspartate 490 to 

alanine substantially reduced binding to DNAAF266-201 as did removal of the 

phosphate group (Figure 46). This was expected as all of the PIH1D1 residues 

involved in equivalent intermolecular interactions with the D490 side-chain and 

the pSer phosphate group (K57, K64 and R163) are at least semi conserved in 

most DNAAF2 orthologs (Figure 34). Mutation of aspartates 492 and 493 to 

alanine did not completely abolish the interaction but reduced binding ~5 and 

~4 fold respectively. This suggests a slightly altered mode of binding for 

DNAAF2 compared with PIH1D1. 
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Figure 46. ITC analysis of the binding of DNAAF266-201 to mutant TEL217mer 
peptides 

A: Raw data for the interaction between WT DNAAF266-201 and the singly 
phosphorylated WT TEL217mer peptide are shown towards the top of the figure with 
the WT TEL217mer sequence displayed above. Fitted binding curves for the titrations 
are shown below with the identity of TEL2 mutants used in each binding 
experiment indicated by the key. B: Table showing the thermodynamic parameters 
of the respective interactions. Peptide sequences are reported in section 2.3.2. 
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As with PIH1D1, the thermodynamic contribution of DNAAF2 residues to 

binding was determined by carrying out ITC analysis of the interaction between 

mutant DNAAF66-201 and wild type TEL2 phospho-peptides. The 

DrosDNAAF268-215 crystal structure was used as a template for the production 

of an in silico model of the PIH-N domain of human DNAAF2 (Figure 47)(Kelley 

et al., 2015). This model, in combination with multiple sequence alignments, 

was then used to design point mutations that were predicted to abrogate 

TEL217mer binding. The identity of these point mutants and their predicted 

locations are shown in Figure 47. All point mutants were deemed unlikely to 

affect the overall fold of the protein as they were all predicted to be surface 

exposed.  

 

As with PIH1D1, point mutants were produced using QuikChange II® site-

directed mutagenesis (Agilent Technologies) and constructs were expressed 

and purified using the same protocol as wild-type DNAAF266-201. All mutant 

DNAAF2 proteins eluted from the size exclusion column at the same volume as 

wild type protein suggesting that the proteins were correctly folded. Due to the 

lack of structural information regarding human DNAAF266-201 it is hard to predict 

whether these mutations will disrupt the overall domain fold. To confirm that 

these mutants were correctly folded, all samples was analysed by far-UV 

circular dichroism which showed that they all have identical secondary structure 

content (Figure 48). Sample purity was verified by SDS-PAGE (Figure 49) and 

sample molar mass confirmed using mass spectrometry. 
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Figure 47. Location of DNAAF2 mutations produced for ITC studies 

Human DNAAF2 residues suspected to be important for the TEL2 interaction are 
shown as labelled cyan sticks. These residue positions were predicted using an In 
silico model produced with the Phyre2 protein structure prediction server (Kelley et 
al., 2015). The DrosDNAAF268-215 crystal structure was used as a homology 
template/model (see section 4.2). All labelled residues were individually mutated to 
alanine in order to measure the contribution of these residues to TEL2 binding. The 
PIH1D151-180:TEL217mer co-crystal structure is overlayed with notable PIH1D1 side-
chains and the DpSDD motif of TEL2 shown as magenta and yellow sticks 
respectively (see section 1.4.3)(PDB: 4PSI). 
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Figure 48. CD analysis of DNAAF2 PIH-N domain point mutants 

Far UV spectrum of the wild type and mutant DNAAF266-201 proteins. Colours match 
the equivalent PIH1D151-180 mutations displayed in Figure 27. Wavelength and 
molar circular dichroism absorption units are shown on the x and y axis 
respectively. 
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Figure 49. SDS-PAGE of purified DNAAF266-201 point mutants 

Lanes are labelled according to the point mutation of the expressed protein. Molar 
masses of corresponding protein standards are shown on the left.  
 
 
Both the mutant DNAAF266-201 constructs and WT TEL217mer phospho-peptide 

were dialysed into 20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP buffer. The 

increased molar mass of the TEL217mer relative to the TEL28mer (1,974 Da and 

1,050 Da respectively) enabled the use of a 1 kDa molecular weight cut-off 

dialysis membrane for buffer exchange instead of the NAP5 column desalting 

column used previously. The cell and syringe of the ITC calorimeter were filled 

with ~50 µM mutant DNAAF266-201 and ~500 µM WT TEL217mer phospho-peptide 

respectively.  

 

All DNAAF266-201 mutants exhibited a reduction in binding affinity compared to 

WT (Figure 50). These point mutants can be grouped in the same manner as 

PIH1D1, although this time groupings were assigned based on the DNAAF2 

PIH-N model and not a co-crystal structure (section 3.3). Of the residues 
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predicted to interact directly with the TEL2 phosphate, only mutation of R79 

reduced binding to undetectable levels. This was to be expected, as it aligns 

with K57 of PIH1D1 which was also found to be essential for TEL2 phospho-

peptide binding (section 3.3). This arginine exhibits semi-conservation between 

DNAAF2 orthologs, with lower organisms often containing a lysine. One notable 

exception can be found in orthologs from the genus Xenopus, where it is 

replaced with a hydrophobic leucine (Figure 34). While mutation of K64 in 

PIH1D1 also reduced TEL2 phospho-peptide binding to near undetectable 

levels, the same cannot be said of the structurally equivalent DNAAF2 R87. 

Mutation of R87 to alanine only resulted in a ~7 fold reduction in affinity 

compared with wild type. While the effect is not as drastic as the equivalent 

mutation in PIH1D1, it does constitute the second largest reduction in affinity 

amongst the DNAAF2 mutants. Like R79, this residue is at least semi-

conserved with some lower organisms containing a lysine. R134 appears to 

have only a minor effect on binding with its mutation resulting in a ~2.5 fold 

reduction in affinity. This is even less of an effect than that exhibited by 

mutation of the similarly positioned PIH1D1 residue K113 (section 3.3). While 

PIH1D1 K113 aligns well with K140 in the DrosDNAAF2 PIH-N crystal structure, 

sequence alignments and the in silico model suggest that R134 of human 

DNAAF2 may actually adopt a more N-terminal position within the protein 

backbone, possibly explaining its reduced contribution to binding.  
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Figure 50. ITC analysis of the binding of DNAAF266-201 mutants to TEL217mer 
peptides 

A: Fitted binding curves for the titrations are overlaid and presented in the graph 
with the sequence of the WT TEL217mer peptide noted above. The identity of 
DNAAF266-201 mutants used in each binding experiment is indicated by the key. 
Colours match the equivalent PIH1D151-180 mutations displayed in Figure 27. B: 
Table showing the thermodynamic parameters of the respective interactions.  
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Two DNAAF2 residues, K186 and K189, were predicted to interact with TEL2 

residue side-chains. Despite being at least semi-conserved amongst all 

DNAAF2 orthologs, mutation of K186 had only a ~3 fold reduction in binding 

affinity (Figure 50).  This could be explained by the in silico model where the 

K186 side-chain points away from the peptide D490 side-chain. It is possible 

however, that this region of the model is inaccurate or that there is a slight 

change in the side-chain conformations upon peptide binding, as is the case 

with PIH1D1 (section 3.4.5). As expected K189A had the smallest effect of all 

mutants tested with a <2 fold reduction in binding affinity, despite being semi-

conserved in many orthologs. Like the equivalent PIH1D1 residue K166, this is 

likely due to the fact that the side-chain faces away from the peptide binding 

site with any intermolecular interaction likely mediated via the main-chain amine 

group which would be largely unaffected by the mutation. 

  

The most notable difference between the PIH1D1 and DNAAF2 TEL2 binding 

sites is the absence of a conserved basic DNAAF2 residue in the position 

corresponding to PIH1D1 R168. This residue is essential for the interaction 

between PIH1D151-180 and TEL28mer peptide due to the formation of an 

intermolecular hydrogen bond with the TEL2 main-chain (section 3.3). This may 

partly explain why mutation of TEL2 residues D492 and D493 did not affect the 

interaction with DNAAF2 as substantially as the equivalent interaction with 

PIH1D1 (Figure 46). Absence of an equivalent residue strongly suggests an 

altered mode of binding to PIH1D1 and potentially a different consensus binding 

motif. 

 

It was also hypothesised that K193 may play a role in phospho-peptide binding 

due to its high conservation amongst DNAAF2 orthologs (Figure 34), combined 

with the fact that its side-chain points towards the TEL2 binding region in the 

DrosDNAAF2 structure (Figure 47). However, mutation of this residue resulted 

in a minimal effect on binding. The slight reduction in affinity is more likely 

explained by the disruption of an intramolecular hydrogen-bond that the K193 
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side-chain forms with the DNAAF2 main-chain resulting in minor destabilisation 

of this region. 

 

While these binding data provide an insight into the binding mode of DNAAF2 it 

would still be useful to obtain a crystal structure of the DNAAF2 PIH-N domain 

in complex with a phosphorylated TEL2 peptide. Not only would this provide 

further evidence of the phospho-binding capability of DNAAF2 but it could aid in 

the rational prediction of an optimal DNAAF2 interaction motif and, by 

extension, potential DNAAF2 binding partners. Additionally, engagement of an 

interacting partner may induce minor conformational changes that promote the 

formation of new crystal contacts. Co-crystallisation trials of the PIH-N domains 

of numerous DNAAF2 orthologs in complex with the singly and doubly 

phosphorylated TEL2 peptides have been attempted but thus far without 

success. 

 

4.4 PIH1D242-170 does not bind to the phosphorylated CK2 site 
of TEL2 in vitro 

A more detailed analysis of the putative PIH-N domain containing paralog 

sequences and their respective orthologs provided further insight into their 

individual phospho-binding capabilities (Figure 34). Both Lys 57 and Lys 64 of 

PIH1D1, which are essential for the interaction with phosphorylated TEL2 

peptides, are absent in PIH1D2 indicating that phospho-binding is unlikely. In 

order to test this a PIH1D242-170 construct corresponding to the region of best 

alignment with previously characterised PIH-N domains was expressed in E.coli 

and subjected to a two-step purification protocol (see sections 2.2.4 and 2.2.6). 

N-terminally 6x histidine tagged PIH1D242-170 was immobilised on nickel resin 

and subjected to on-column tag cleavage by recombinant PreScission 3C 

protease. Cleaved PIH1D242-170 was applied to a Superdex 75 size-exclusion 

(SEC) column (GE Healthcare) and fractions containing the protein of interest 

were pooled and concentrated to ~10 mgml-1 (Figure 51).  
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Figure 51. SDS-PAGE of PIH1D242-170 purification 

SDS-PAGE analysis of the two-step purification of recombinant PIH1D242-170. The 
first purification step is shown on the left and consists of on-resin cleavage of the 
N-terminal 6x histidine tag using PreScission 3C protease. The cleaved PIH1D242-

170 sample is then concentrated and applied to a  HiLoad 16/600 Superdex 75 size-
exclusion (SEC) column (GE Healthcare) as shown on the right. Molar masses of 
corresponding protein standards are shown on the left. Lanes are labelled 
accordingly with ‘flow-through’ and ‘fraction’ designated ‘FT’ and ‘Frac’ respectively. 
Each SEC fraction is 4 ml.  
 
 
The ability of the PIH-N domain of PIH1D2 to bind to the phosphorylated CK2 

site of TEL2 was tested by ITC. ITC experiments were set up as described in 

section 2.3.2 with the calorimeter cell and syringe filled with ~50 µM 

PIH1D242-170 and ~500 µM of singly phosphorylated TEL217mer peptide 

respectively. Unlike the PIH-N domains of PIH1D1 and DNAAF2 no binding was 

detected between PIH1D242-170 and TEL217mer phospho-peptide (Figure 52). 

The lack of conserved basic PIH1D2 residues combined with an inability to bind 

to a CK2 phosphorylated site of TEL2 indicated that PIH1D2 does not possess 

phospho-binding capability. This suggests that there is an additional role for 

PIH-N domains outside of the phospho-dependent recruitment of clients to 

chaperone complexes. 
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Figure 52. ITC analysis of the binding of PIH1D242-170, PIH1D11-180 and DNAAF266-

201 to TEL217mer peptides 

A: Raw data for the interaction between WT PIH1D242-170 and the singly 
phosphorylated WT TEL217mer peptide are shown towards the top of the figure with 
the WT TEL217mer sequence displayed above. Fitted binding curves for the titrations 
are shown below with the identity of the PIH-N domain used in each binding 
experiment indicated by the key. B: Table showing the thermodynamic parameters 
of the respective interactions. 
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4.5 Summary  

Sequence alignments reveal that two PIH1D1 paralogs, DNAAF2 and PIH1D2, 

may also contain a PIH-N domain leading to the hypothesis that they may also 

have phospho-binding capabilities (Figure 34). Initial attempts to produce a 

crystal structure of the human DNAAF2 PIH-N domain were unsuccessful. 

However, crystallisation screens with various DNAAF2 orthologs led to the 

determination of the structure of the PIH-N domain of Drosophila melanogaster 

DNAAF2. This revealed that DrosDNAAF2 shares a high degree of similarity 

with the TEL2 binding site of PIH1D1 and suggested that DNAAF2 orthologs 

are likely to have phospho-binding capabilities with a similar preference to the 

CK2 phosphorylation site of TEL2 (Figure 44). To test this, ITC binding studies 

were carried out between the PIH-N domain of human DNAAF2 and 

phosphorylated TEL2 peptides. DNAAF2 was found to bind to TEL2 phospho-

peptides, albeit with a reduced affinity compared to PIH1D1 (Figure 45). Like 

PIH1D1, mutation of any of the conserved aspartates within the TEL2 490-

DpSDD motif severely reduces binding with removal of the phosphate group of 

pSer491 having the same effect (Figure 46). Mutant binding studies also 

identified DNAAF2 residues that are involved in the interaction with TEL2, most 

notably R79 which aligns well with the PIH1D1 residue K57 required for TEL2 

binding (Figure 50). Together these data confirm that the PIH-N domain of 

DNAAF2 has phospho-binding capabilities with similarities in binding preference 

to the PIH-N domain of PIH1D1. ITC binding studies between phosphorylated 

TEL2 peptides and the PIH-N domain of PIH1D2 failed to detect an interaction 

(Figure 52). This is likely due to the absence of basic PIH-N residues required 

for recognition of the acidic DpSDD motif, raising the prospect that PIH-N 

domains have functions outside of phospho-dependent recognition (Figure 34).  
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Chapter 5. Identification of phospho-dependent 
DNAAF2 binding partners 

5.1 Identification of DNAAF2 consensus binding motif 

The structural and binding data presented in Chapter 4 would suggest that PIH-

N domain of DNAAF2 has a similar binding preference to PIH1D1. However, 

the reduced binding affinity of DNAAF2 for phosphorylated TEL2 peptides 

relative to PIH1D1 combined with the fact that they are involved in distinct 

processes within the same cellular compartment suggests that DNAAF2 may 

have a different, albeit similar, binding consensus motif to PIH1D1. 

Determination of such a motif would facilitate the identification of potential 

interacting partners from protein or nucleic acid databases and would pinpoint 

the location of the putative binding site within the primary sequence. 

 

5.1.1 Random peptide library screening using protein fusions 

Oriented peptide library screening has previously been used to determine the 

consensus binding sequences for numerous phospho-binding domains (Yaffe 

and Smerdon, 2004). The technique requires a peptide library containing an 

invariant amino acid, in this case phosphoserine, surrounded by random N and 

C terminal sequences composed of equimolar amounts of all 20 amino acids 

(Yaffe and Cantley, 2000). The peptide library is applied to a resin upon which 

the domain of interest, such as the DNAAF2 PIH-N domain, is immobilized via a 

fusion tag. Peptides that do not interact with the domain of interest are removed 

in a wash step while peptides exhibiting a high affinity for the domain of interest 

remain bound. Following elution of the high affinity peptides with acetic acid it is 

possible to discern the relative abundance of each individual amino acid at each 

position by N-terminal Edman degradation sequencing. The abundance of a 

particular amino acid detected during a specific sequencing cycle can be 

normalized relative to the initial peptide mixture in order to account for bias 

introduced during peptide synthesis and/or sequencing. One advantage of the 
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soluble peptide library methodology is that a quantitative measure of the 

preference for a particular amino acid within the deduced binding motif can be 

determined irrespective of the identity of the flanking residues. The inclusion of 

the single fixed amino acid that dominates the interaction, in this case the 

phosphoserine, ensures that the peptides will bind in register with respect to 

this orienting residue. 

 
It was decided that the DNAAF2 PIH-N domain would be immobilised via an N-

terminal GST tag which has a high affinity for reduced glutathione resin. Despite 

the fact that a pET49b (Novagen) expressed, GST fused, version of both 

DNAAF266-201 and DrosDNAAF268-215 had already been produced (as described 

in Chapter 4) the presence of an additional 6x histidine tag preceding the PIH-N 

domain could potentially interfere with the experiment.  As a result, human 

DNAAF266-201 and Drosophila DNAAF268-215 were subcloned into the pGEX-6P-

1 expression vector (GE Healthcare), transformed into E.coli and expressed as 

described in sections 2.1.4, 2.1.6 and 2.2.1. Both constructs were subjected to 

a three step purification consisting of glutathione resin affinity, ion-exchange 

and size exclusion steps (see sections 2.2.4, 2.2.5, 2.2.6). Cleavage of the N-

terminal GST tag was not performed as this was required to immobilise the 

domain of interested for incubation with the degenerate peptide library. 

Constructs corresponding to a double mutant version of human DNAAF266-201, 

which is incapable of binding to phosphorylated TEL2 mutants, along with WT 

PIH1D151-180 were also produced as negative and positive controls respectively. 

Purity of the GST fused bait was analysed by SDS-PAGE as displayed in 

Figure 53 and library screening was carried out as described in section 2.3.5.  
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Figure 53. SDS-PAGE analysis of bait used for random peptide library screening 

Lanes are labelled according to the identity of the N-terminal GST fused bait. Molar 
masses of corresponding protein standards are shown on the left. Gel was imaged 
using an Odyssey CLx scanner (LI-COR).  
 
 
Random peptide library screening experiments were performed in the 

laboratory of Prof. Michael Yaffe (Massachusetts Institute of Technology) as 

described in section 2.3.5. Eluted peptides were subjected to 14 rounds of N-

terminal sequencing by Edman degradation. The abundance of each amino 

acid for a specific sequence cycle is divided by the abundance of the same 

amino acid in the corresponding cycle of the starting peptide mixture. This 

corrects for variations in the levels of specific amino acids in the starting mixture 

as well as variations of amino acid yields obtained during sequencing. 

Unfortunately no consensus motif could be discerned for any of the PIH-N 

domain constructs including the positive control PIH1D151-180 for which a 

consensus motif was already known. The only identifiable “motif” of 

MSPILGYWK… was determined for human DNAAF266-201 which corresponds to 

the first 9 N-terminal residues of the GST tag, such a result is rare and is 
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usually due to undesirable resolubilisation of the denatured fusion bait prior to 

Edman sequencing.  
 

5.1.2 Pepspot array screening 

An alternative strategy for determining the consensus binding motif of a protein 

domain is to carry out pepspot array screening (Volkmer et al., 2012). 

Synthesised peptides are immobilised or “spotted” onto a membrane with each 

spot corresponding to a reference sequence with a defined, single mutation. 

The purified domain of interest is incubated with the membrane. The protein 

should bind to the various peptide sequences and, following a wash step, be 

detected with an antibody in a similar manner to western blotting. Dark spots 

correspond to peptide sequences that the protein of interest has a strong affinity 

for, allowing the determination of mutations at specific sites within the reference 

sequence that improve and or reduce binding. 

 

Pepspot screening of PIH1D11-180 was previously carried out in order to 

determine residues essential for binding (Horejsi et al., 2014). An array was 

synthesised that was based on the CK2 phosphorylation site of TEL2 with each 

spot corresponding to mutation of a single position within the reference 

sequence to a defined amino acid. Bound PIH1D151-180 was detected using a 

commercially available anti-PIH1D1 antibody. This confirmed that multiple fixed 

residues within the TEL2 sequence need to be present for binding, in particular 

the conserved 490-DpSDD motif, while being less sensitive to mutations at 

other positions (Figure 54). Each column contains a single spot that 

corresponds to the WT sequence, each of which display a comparable level of 

intensity suggesting experimental consistency throughout the array. The 

background signal is also fairly uniform and exhibits little nonspecific binding. 

The rows containing mutations to tryptophan and cysteine were ignored since 

they displays a consistently strong signal for nearly all positions, likely due to 

non-specific hydrophobic interactions. 
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Figure 54. Attempts to determine a minimal consensus motif for DNAAF2 PIH-N 
domain binding 

Pep-spot arrays were synthesized in which each residue in the TEL216mer phospho-
peptide was substituted with all other amino acids. Peptides were spotted on a 
peptide array. Residue position within the primary sequence and the corresponding 
amino acid substitutions are displayed on the top and left of the membrane 
respectively. Arrays were incubated with purified 6× His-tagged PIH1D11-180 and N-
terminal FLAG tagged DNAAF266-201 displayed on the left and right of the figure 
respectively. 
 

 

Since this technique was successful for PIH1D1 we aimed to reproduce this 

using the paralog DNAAF2. Whilst with PIH1D1 the rationale of the experiment 

was to test which residues are essential for TEL2 binding, the aim with DNAAF2 

would be to discern mutations that improve binding and potentially reveal an 

optimal binding motif. All commercially available DNAAF2 antibodies to our 

knowledge target the extreme N-terminus of the protein. Unfortunately, longer 

DNAAF2 PIH-N constructs that include this region prove to be unstable and 

prone to aggregation in our hands. As a result a version of DNAAF266-201 with 



Chapter	5.	Results	

	

151 

	

an N-terminal FLAG epitope tag was produced which can be recognised by a 

commercially available anti-FLAG antibody (M2 monoclonal, Sigma). Based on 

the drosDNAAF268-215 crystal structure it was decided that it would be 

inadvisable to add the FLAG tag to the C-terminus of DNAAF266-201 as it may be 

too close to the phospho-binding site to leave the FLAG tag exposed for 

antibody recognition.  

 

No spots could be detected using the standard strength enhanced 

chemiluinescence (ECL) substrate. The highest strength ECL (Thermo 

Scientific) did reveal some spots, however the signal was very weak with some 

spots being obscured by non-specific background binding making the results 

hard to interpret (Figure 54). Unlike PIH1D1, the spots corresponding to the wild 

type peptide were found to vary in intensity indicating inconsistencies in blotting. 

Whilst the non-uniform blot makes the discernment of a consensus motif 

impossible, the reduced signal for spots corresponding to mutations within the 

DpSDD motif is in agreement with the ITC data presented in section 4.3. 

Attempts have since been made to optimise the Pepspot array protocol in order 

to reduce the non-specific background signal without success, although further 

experiments are ongoing. 

 

5.2 Comparative phospho-dependent proteomic pull-downs 

Since the determination of a DNAAF2 consensus phosphorylated binding motif 

was proving elusive, an alternative strategy to identify phospho-dependent 

binding partners was employed. The aim was to detect protein-protein 

interactions between the PIH-N domain of DNAAF2 and unknown binding 

partners using a comparative pull-down approach. In a typical pull-down 

experiment of this nature the bait protein is immobilised via a fusion affinity tag. 

The target proteins, which are usually either present in the bait expression 

system or introduced in the form of cell lysates, should remain bound to the 

immobilised bait fusion. Following the removal of non-specifically bound 

proteins with several wash steps the proteins that are specifically bound to the 
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bait are eluted and their identity verified via mass spectrometry. This is a more 

direct method for identifying binding partners than determination of a consensus 

binding motif. However, once a candidate binding partner has been detected 

the interacting region still needs to be determined. 

 

Similar experiments had previously been carried out on PIH1D1 (Horejsi et al., 

2014). FLAG-tagged PIH1D1 was transiently transfected and expressed in HEK 

cells and immunoprecipitated in order to identify binding partners present in the 

expression system. This was likely to be an inappropriate approach for 

identifying DNAAF2 binding proteins due to the fact that DNAAF2 is chiefly 

expressed in tissues known to have motile cilia/flagella such as the brain and 

testis (Omran et al., 2008). Cells from these tissues are often difficult to culture 

and manipulate genetically meaning that bait overexpression in these cells was 

not feasible. While low level DNAAF2 expression has been detected in other 

tissues there is no guarantee that the DNAAF2 interacting partners involved in 

dynein assembly are expressed in these cells (Omran et al., 2008). 

Furthermore, as we are dealing with phospho-regulated interactions it is 

possible that these modifications will be absent in the wrong cellular 

environment. 

 

The decision was made to use mouse testis cytosolic extract, the preparation of 

which is described in section 2.3.7. Many of these cells should be engaged in 

the process of cilliogenesis and actively participating in axonemal dynein 

assembly thereby increasing the chance of DNAAF2 binding partners being 

identified. The cytosolic fraction was used to ensure that a minimal amount of 

nuclear/organellar proteins were introduced since DNAAF2 localises exclusively 

in the cytoplasm. The bait corresponding to the PIH-N domain of the murine 

DNAAF2 ortholog (MusDNAAF62-212) was overexpressed as an N-terminal GST 

fusion in E.coli and two negative bait controls were also introduced. The first 

control was a GST-tagged version of MusDNAAF62-212 harbouring mutations of 

both arginine 79 and 87. These residues align with the essential arginines (also 

79 and 87) in human DNAAF2 that are required for TEL2 binding in vitro (see 
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section 4.3). This control should account for any proteins that bind to the 

domain either non-specifically or in a non-phospho-dependent manner. The 

second control was free GST which accounted for any proteins binding non-

specifically to the GST tag and/or reduced glutathione resin. 

 

The chosen protocol was loosely based on a similar study that identified 

phospho-dependent binding partners of 14-3-3 proteins from embryonic murine 

brains using a recombinant proteomic pull-down approach (Ballif et al., 2006). 

Bait fusion proteins were expressed in E.coli and, following cell lysis, were 

immobilised on reduced glutathione resin as described in section 2.3.8 (Figure 

55). Immobilised bait was washed to ensure that non-specifically bound E.coli 

proteins were removed. Cytosolic mouse testis extract was then incubated with 

the immobilised bait followed by several washes. Specifically bound proteins 

were eluted using a high salt buffer and prepared for mass spectrometry as 

described in section 2.3.9. Wash and elution conditions were optimised by 

visual analysis of the eluate by SDS-PAGE until a significant difference could 

be detected between the WT and control samples (Figure 55). 
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Figure 55. SDS-PAGE of DNAAF2 PIH-N domain pull-down bait and eluate 

SDS-PAGE analysis of murine DNAAF262-212 pull-downs. Recombinant bait 
samples are shown on the left. Mouse testis extract eluate samples are shown on 
the right. Lanes are labelled accordingly. Molar masses of corresponding protein 
standards are shown on the left.  
 
 
Samples were sent to Dr Steven Howell of the onsite mass spectrometry 

proteomic facility for trypsin treatment prior to mass spectrometry analysis 

(section 2.3.9). Identified peptides were assigned a parent protein based on 

their match to an annotated murine protein sequence database. This type of 

proteomic approach often produces far more candidates than can be 

individually analysed or validated, including many non-biologically relevant false 

positives. As a result, hits were filtered according to certain desirable criteria 

using the program Perseus (Tyanova et al., 2016). Highly abundant common 

contaminants such as keratin were not included. A total of 1840 proteins from 

all samples remained, of which 324 hits were deemed to be significantly over-

represented in the wild type sample compared with the mutant. These 
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remaining candidates were investigated to see if they had been implicated in 

biologically relevant processes, molecular functions or cellular components as 

annotated by the Gene Ontology Consortium database (Ashburner et al., 2000). 

No hits were identified with searches for specific terms with which DNAAF2 is 

associated such as: axonemal dynein assembly, outer dynein arm assembly or 

primary ciliary dyskinesia.  However, a number of hits were identified using less 

specific search terms which included: cilium, cilia, flagella, flagellum, axoneme 

and dynein. The proteins identified in this search are shown in Table 15. All of 

these candidates were also significantly over-represented in the wild type 

sample relative to the GST only control. 

 
Table 15. Filtered MusDNAAF2 PIH-N pull-down hits  

Protein	name UniProt	ID Gene	name Assemblies/functions
Adenylate	kinase	7 Q9D2H2 Ak7 Ciliary	maintainance
Clusterin-associated	protein	1 Q8R3P7 Cluap1 IFT-B	complex	
Cytoplasmic	dynein	1	intermediate	chain	1 O88485 Dync1i1 Cytoplasmic	dynein	
Dynein	light	chain	1,	cytoplasmic P63168 Dynll1 Cytoplasmic	dynein	
Intraflagellar	transport	protein	46	homolog Q9DB07 Ift46 IFT-B	complex	
Intraflagellar	transport	protein	52	homolog Q62559 Ift52 IFT-B	complex	
Intraflagellar	transport	protein	74	homolog Q8BKE9 Ift74 IFT-B	complex	
Intraflagellar	transport	protein	81	homolog O35594 Ift81 IFT-B	complex	
Nephrocystin-1 Q9QY53 Nphp1 Regulation	of	IFT
Radial	spoke	head	protein	6	homolog	A Q8CDR2 Rsph6a Radial	spoke	
Radial	spoke	head	protein	9	homolog Q9D9V4 Rsph9 Radial	spoke	
Sperm-associated	antigen	17 Q5S003 Spag17 Central	pair	apparatus
Tetratricopeptide	repeat	protein	26 Q8BS45 Ttc26 IFT-B	complex	
Tetratricopeptide	repeat	protein	30A2/B Q9CY00 Ttc30a2;Ttc30b IFT-B	complex  
 

None of the known DNAAF2 binding partners, including the axonemal dynein 

components DNAH5 and DNAI2 and the axonemal dynein assembly factor 

DYX1C1, were identified in any of the pull-down samples (Omran et al., 2008, 

Tarkar et al., 2013). Hsp70 has also been shown to interact with DNAAF2 and 

was detected in all samples but was not significantly over-represented in the 

wild type. The cytoplasmic dynein components Dync1i1 and Dynll1, which 

function in the context of cytoplasmic dynein 1, were identified. While the 

related cytoplasmic dynein-2 complex is linked to intraflagellar transport (IFT), 

which is required for the function of motile cilia/flagella, the cytoplasmic dynein-



Chapter	5.	Results	

	

156 

	

1 complex has not been linked to cilia related processes (Hou and Witman, 

2015). 

 

Other hits included adenylate kinase 7 (Ak7) which is a phosphotransferase 

enzyme that catalyses the interconversion of adenine nucleotides, providing 

energy for the beating of cilia (Panayiotou et al., 2014). Like DNAAF2, mutation 

of Ak7 has been linked to a primary ciliary dyskinesia (PCD) phenotype 

although a role in axonemal dynein assembly is yet to be established (Milara et 

al., 2010, Mata et al., 2012). Three axonemal structural components were also 

identified as hits, radial spoke head proteins 6 and 9 (rsph6 and rsph9) and 

sperm-associated antigen 17 (spag17). The radial spoke is a T-shaped multi-

subunit structure which consists of a stalk and head region that is believed to be 

involved in the local control of dynein-driven microtubule sliding and the 

maintenance of the 9+2 arrangement exhibited motile cilia and flagella (Figure 

56) (Yang et al., 2006a). The spoke stalk binds to the outer microtubule 

doublets, where the assembled axonemal dynein components are located, 

while the head faces in towards the central microtubules of which spag17 is a 

component (Ishikawa, 2013). It is within the head region that the Rsph6/9 

proteins reside (Pigino et al., 2011). Mutations in Rsph9 have been linked to 

PCD, although this is believed to be due to the loss of central microtubules and 

not the absence or reduction of dynein arms (Castleman et al., 2009). 

Furthermore, these complexes are present even in the absence of DNAAF2, 

suggesting that they are not reliant on DNAAF2 for their assembly or 

stabilisation (Omran et al., 2008).  
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Figure 56. Schematic of the motile flagellar and ciliary axoneme 

A cross-section of the 9+2 arrangement of microtubules within the motile axoneme. 
The central pair microtubules are surrounded by nine doublet microtubules which 
are attached to inner and outer dynein arm complexes (IDA and ODA respectively). 
Adapted from Kobayashi and Takeda (2012).  
 
 
The most promising potential interactors constitute members of the IFT-B 

complex, of which 7 components were identified (Table 15) (Boldt et al., 2016). 

The IFT complexes are responsible for the import of cytosplasmic cargo into the 

ciliary compartment and their subsequent intraciliary transport and localisation. 

Selected cargo includes the inner and outer axonemal dynein arms (IDA and 

ODA) in addition to radial spoke components (Figure 56) (Qin et al., 2004). 

Suppressor mutations of IFT-B component IFT46 in Chlamydomonas have 

been shown to produce cells that are unable to recruit ODAs into flagella, while 

displaying an intact axonemal ultrastructure (Hou et al., 2007). This suggests 

that IFT46 is specifically required for the transport of ODAs into the flagellum, 

potentially via an interaction with the adaptor protein ODA16 (Ahmed et al., 

2008). This raises the prospect of an indirect link between DNAAF2 and 

axonemal dynein arms via components of the IFT-B complex. It is unlikely that 

DNAAF2 is directly involved in the intraflagellar transport process itself since 

immunohistochemical experiments carried out on respiratory cells detect 

DNAAF2 in the cytoplasm and not the cilia (Omran et al., 2008). It should be 

noted that it is possible that there are DNAAF2 binding partners for which a 

function has yet to be assigned and may have been omitted as a result of the 

filtering stage. 
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All filtered hits were scanned for a conserved DpSDD consensus binding motif 

using the programme PhosphoSitePlus (Hornbeck et al., 2012). Unfortunately 

no hits were identified. It is of course possible that DNAAF2 has a similar but 

non-identical phospho-binding consensus motif to PIH1D1 (as highlighted in 

Chapter 4), thereby stressing the advantage of having a definitive consensus 

binding motif when trying to identify binding partners. It is also worth noting that 

no known PIH1D1 phospho-dependent interactors such as TEL2 and ECD were 

identified in any of the samples. IFT46 does contain a DSDD motif near its N-

terminus in both the mouse and human orthologs. While there is no 

experimental evidence to suggest that this site is phosphorylated, analysis of 

the IFT46 primary sequence using the kinase target prediction server Scansite 

suggested that it is highly likely that casein kinase 2 (CK2) is capable of 

phosphorylating this site (Obenauer et al., 2003). This region does not appear 

to be particularly well conserved amongst IFT46 orthologs, although the vast 

majority do at least contain a number of serine or threonine residues 

surrounded by acidic amino acids. It is important to stress that any of the hits 

identified by these pull-downs could be non-biologically relevant artefacts, 

especially given the large number of total protein species identified, thereby 

highlighting the need for future follow-up validation experiments. 

 

5.3 Summary  

Armed with the knowledge that DNAAF2 contains a PIH-N domain capable of 

binding to phosphorylated motifs, we aimed to discover a consensus binding 

motif for DNAAF2. Not only would this facilitate the identification of potential 

DNAAF2 interacting partners from protein or nucleic acid databases but also 

pinpoint the location of putative binding sites within the primary sequence. Two 

types of peptide library screening experiments were carried out, with both failing 

to identify a consensus motif. An alternative strategy was therefore employed 

with the intention of identifying DNAAF2 binding partners using a recombinant 

protein pull-down strategy. Putative targets were identified by mass 

spectrometry, a number of which have been implicated in similar processes to 
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DNAAF2. The most promising candidates appear to be members of the 

intraflagellar transport complexes (IFTs) which have a role in the import and 

transport of axonemal dynein components within the ciliary compartment. No 

definitive phosphorylated DNAAF2 binding sites have been identified thus far, 

calling for further experimental validation. 
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Chapter 6. Discussion  

The main focus of this thesis has been the structural and biophysical 

characterisation of members of a novel family of phospho-binding domains first 

identified within the R2TP cochaperone complex. This complex is involved in 

the assembly and stabilisation of a number of macromolecular assemblies 

including members of the phosphatidylinositol-3-kinase like kinase (PIKK) 

superfamily (section 1.4.2). The R2TP subunit PIH1D1 has been shown to 

recruit a number of these target proteins via a direct interaction with the adaptor 

protein TEL2. This interaction is dependent on the phosphorylation of TEL2 by 

casein kinase 2 (CK2), however the structural basis of the interaction was 

unknown. A co-crystal structure solved by our group revealed that PIH1D1 

contains a novel N-terminal phospho-binding domain, named PIH-N, which 

forms specific intermolecular interactions with a conserved DpSDD motif of 

TEL2. These findings were supported by mutational isothermal titration 

calorimetry (ITC) binding data that both validated the crystal structure and 

dissected the thermodynamic contribution of individual PIH1D1 and TEL2 

residues to binding. Three human paralogs of PIH1D1 were then investigated to 

assess their phospho-binding capabilities. The PIH1D1 paralog DNAAF2, which 

has a role in axonemal dynein assembly, also contains a PIH-N domain that is 

capable of recognising phosphorylated motifs. Attempts to determine a 

consensus binding motif for DNAAF2 using peptide arrays were unsuccessful, 

although a number of candidate phospho-dependent binding partners were 

experimentally determined using a proteomic pull-down approach. The findings 

of these experiments and their broader implications will be discussed here. 
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6.1 PIH1D1 contains a conserved N-terminal phospho-binding 
domain 

Shortly after the publication of our findings regarding the characterisation of the 

phospho-dependent recognition of R2TP substrates by PIH1D1, a similar study 

was released by Pal and colleagues (Horejsi et al., 2014, Pal et al., 2014). One 

of the main focuses of this study was the structural characterisation of the 

phospho-dependent interaction between PIH1D1 and TEL2. In total 4 PIH-N 

crystal structures accompanied the publication. Two of these correspond to the 

unbound PIH-N domains of PIH1D1 orthologs found in Mus musculus and 

Saccharomyces cerevisiae (PDB: 4CV4 and 4CHH). The remaining two 

structures correspond to the PIH-N domain of murine PIH1D1 bound to a 

doubly phosphorylated murine TEL2 peptide (sequence: 484-

QGSDpSELDpSDDEF) (PDB: 4CSE, 4CKT). These PIH-N domains share 

largely the same fold as the human structure (Figure 57), with the most notable 

difference being a ~9 residue insertion within the yeast PIH-N domain which 

forms an extended flexible loop between β-strands 1 and 2.  

 

The TEL2 binding modes of human and murine PIH1D1 orthologs appear to be 

largely the same, with the DpSDD motif of the TEL2 peptides adopting strikingly 

similar conformations in both structures (Figure 57). ITC binding experiments 

showed that the PIH-N domain of murine PIH1D1 binds to doubly and singly 

phosphorylated TEL2 peptides with affinities of 0.17 and 0.39 µM respectively 

which is approximately ten times stronger than the equivalent interactions 

between the human versions (Pal et al., 2014). Mutation of either K57 or K64 in 

both studies resulted in a complete abolition of binding, as judged by ITC, with 

both residues forming direct interactions with the phosphate group. PIH1D1 

residues R163 and K166 which contributed to, but were not essential for, 

binding in the human ITC studies are located in similar positions in the murine 

structure although portions of their sidechains are disordered and were 

therefore not included in the final model.  
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Figure 57. Structural alignment of the PIH-N domains of PIH1D1 orthologs 

A: Cartoon representation of the unbound PIH-N domains of human, murine and 
yeast PIH1D1 orthologs (PDB: 4PSF, 4CKT and 4CHH respectively). The yeast 
Pih1 extended loop region is labelled accordingly. B: Detailed view of the TEL2 
phospho-binding site of human and murine PIH1D1 (PDB: 4PSI and 4CSE 
respectively). The same colour scheme is used as in panel A. The DpSDD motifs of 
human and mouse TEL2 are shown in yellow and magenta respectively. Other 
peptide residues are omitted for clarity  
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R168 was deemed to be essential for the interaction in the human complex as 

judged by mutational ITC binding data (section 3.3). This was believed to be 

due to the formation of intermolecular bonds between the arginine guanidino 

group and the main-chain of TEL2 D492 located in the pSer +1 position. 

However, in the murine structure the guanidino group of R168 is not within 

hydrogen-bonding distance of the +1 aspartate main-chain. It is of course 

possible that R168 is required for binding in the human and not the murine 

complex, however this seems unlikely given the high similarity in conformation 

of the DpSDD motif. The contribution of this residue to the interaction in the 

murine complex could be assessed by carrying out mutational binding 

experiments similar to those presented in this study (section 3.3). Unfortunately, 

the authors did not report any binding data testing the effect of such a mutation. 

It is also possible that the abolition of binding exhibited by the human PIH1D1 

R168A mutant is instead caused by destabilisation of the overall protein fold 

and not by the disruption of intermolecular hydrogen-bonds with the peptide. 

Although this seems unlikely given that the R168 side-chain does not appear to 

contribute to any intramolecular interactions, this could easily be tested by 

performing secondary structure content analysis as measured by circular 

dichroism (section 2.3.1). 

 

The TEL2 phospho-peptide forms a 310 helix conformation in the murine 

complex which is not seen in the human structure, although this arrangement is 

not adopted by all molecules within the asymmetric unit.  The formation of this 

helix is in part due to the different conformation of the Phe residue in the 

pSer+4 position of the human and mouse structures. In the human structure, 

the Phe benzyl group faces away from PIH1D1, while in the murine structure it 

sits within a hydrophobic pocket (Figure 58). There are many possibilities for 

why this may be. It is of course possible that the human and murine complexes 

merely exhibit slight different binding modes although this seems unlikely given 

the high sequence similarity shared by the two complexes. It is also conceivable 

that the human and murine complexes sample both of these alternative 

conformations in solution and that one of them is selected for in each crystal 
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form. This idea is supported by the fact that residues flanking the DpSDD motif 

are disordered in other crystal forms presented in this study. Alternatively, the 

murine peptide conformation could be a crystal packing artefact arising from the 

fact that the Phe residue in the pSer+4 position constitutes the terminal residue 

of the peptide, which is not the case in either the human structure or the 

endogenous murine TEL2 primary sequence. This is the most likely explanation 

as the free carboxy-terminus of the peptide does appear to form two salt 

bridges with the positively charged guanidino group of a symmetry related 

arginine residue (Arg98). 

 

 
Figure 58. TEL2 peptide conformations 

The human and murine TEL2 peptides are shown in yellow and magenta 
respectively, residue positions are numbered accordingly (PDB: 4PSI and 4CSE). 
The conserved DpSDD motif can be seen to form a near-identical conformation in 
both structures. Residues C-terminal to the DpSDD motif begin to diverge with the 
Phe residues in the pSer+4 positions adopting drastically different conformations in 
the two structures. Other peptide residues are omitted for clarity. 
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A less conserved phopho-serine residue adopts the pSer-4 position in both the 

human and murine TEL2 peptides. While this residue is disordered in the 

human structure, the density for the murine complex was good enough to 

enable placement of the main-chain. This amino acid is a considerable distance 

away from any PIH1D1 residues, potentially explaining the minimal effect that 

phosphorylation of this residue has upon binding (section 4.3). The slight 

increase in affinity exhibited by doubly-phosphorylated peptides is more likely 

explained by sampling of a weak interaction between the main PIH1D1 

phospho-binding region and the secondary phosphorylation site which has a 

similar sequence to the primary consensus binding motif (DpSDL and DpSEL in 

the human and mouse sequences respectively). Overall the binding modes 

adopted in both the human and murine co-crystal structures display a large 

degree of similarity with the greatest variations found in the regions surrounding 

the DpSDD motif which forms a near identical conformation in both structures 

thereby explaining the high degree of conservation amongst TEL2 orthologs.  

 

6.2 PIH-N domains are structurally distinct from other 
phospho-binding domain families 

Like the majority of phospho-binding domains (with the exception of the 14-3-3 

family) PIH-N domains operate in the context of modular multi-domain proteins. 

For example, the PIH-N domain of human PIH1D1 is composed of ~130 amino 

acids and operates within the context of a 290 residue protein containing a 

separate β-sandwich CS-like domain towards its C-terminus (see Figure 16 on 

page 56). The structures produced by both our laboratory and Pal and 

colleagues reveal that the folds of the PIH-N domains of the PIH1D1 orthologs 

and Drosophila DNAAF2 are largely the same, displaying ββαβββαα and 

ββββββαα secondary structure arrangement respectively (Horejsi et al., 2014, 

Pal et al., 2014). Of the previously identified phospho-binding domain families, 

14-3-3, WW, FHA and WD40 domains are all mainly comprised of a single type 

of secondary structure (reviewed in section 1.3). Only polo-box domains (PBDs) 

and BRCA1-C-Terminal (BRCT) domains contain a substantial mixture of both 
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α-helices and β-strands. Like PIH-N domains, both polo-box (PB) motifs and 

BRCT domains consists of α-helices packed against a central β-sheet. While 

the α-helices of BRCT domains pack onto both faces of the core β-sheet, the α-

helices of PB motifs and PIH-N domains pack exclusively onto one side of their 

respective sheets and are distal from the phosphate binding region. 

Furthermore, the secondary structure connectivity of BRCT domains differs 

greatly from that of both PIH-N domains and PB motifs, while the connectivity of 

certain PB motifs and PIH-N domains are remarkably similar. For example, both 

the PIH-N domain of Drosophila DNAAF2 and the PB2 motif of human Plk1 

have a ββββββαα arrangement (Figure 59) (Elia et al., 2003b, Cheng et al., 

2003). However the tertiary arrangement of these structural elements differ, 

with the core β-sheet of DNAAF2 PIH-N and Plk1 PB2 consisting of four and six 

β-stands respectively while the β-strands 3 and 4 of DNAAF2 form a β-hairpin 

that is not closely associated with the central β-sheet. Unlike PIH-N domains, 

which are capable of binding to phosphorylated motifs in isolation, both PB 

motifs and BRCT domains are only capable of optimal phospho-recognition 

when tandemly associated with a similar motif/domain (PBDs and (BRCT)2 

respectively) (sections 1.3.5 and 1.3.6). Together these features suggest that 

PIH-N domains are structurally unrelated to the previously characterised 

phospho-binding domain families. This is corroborated by structural similarity 

searches carried out using the PDBe fold server (http://www.ebi.ac.uk/msd-

srv/ssm/) which failed to identify any similarly folded proteins currently 

deposited in the PDB (Krissinel and Henrick, 2004).  
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Figure 59. Structural comparison of polo-box motifs and PIH-N domains 

A: Crystal structure of the polo-box 2 (PB2) motif of human Plk1 (PDB: 1UMW). B: 
Crystal structure of the PIH-N domain of Drosophila DNAAF2. The two structures 
are displayed in approximately equivalent orientations in respect to the positions of 
the main β-sheet and longest α-helix. Cartoons are coloured in a rainbow spectrum 
with the N- and C- termini shown in blue and red respectively. Unstructured regions 
flanking the core secondary structural elements are excluded for clarity. 
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Like the majority of the previously identified pSer/pThr-binding domains, the 

PIH-N domain of PIH1D1 recognises short linear phosphorylated motifs and 

forms direct intermolecular interactions with the target phosphate group via 

conserved basic residues. While PIH1D1 is capable of recognising sequences 

containing either pSer or pThr, its affinity towards pThr epitopes is reduced 

approximately 5 fold (section 3.2). The majority of the other phospho-binding 

domains also display dual specificity for both pSer and pThr motifs while FHA 

domains which have a strict selectivity towards pThr motifs (section 1.3.3).  

PIH1D1 has a preference for motifs containing aspartate residues located in the 

-1, +1 and +2 positions which are also recognised by a number of basic 

residues. Mutation of any of these aspartates to alanine resulted in complete 

abolition of binding to a phosphorylated TEL2 peptide as measured by ITC 

(section 3.2). Some FHA domains have also been shown to display a 

preference for similar acidic motifs that are phosphorylated by casein kinase 2 

(CK2). These include FHA domains from the DNA damage response proteins 

Nbs1 and Aprataxin which both bind to the CK2-phosphorylated pSDpTD motif 

of Mdc1 (Becherel et al., 2010, Lloyd et al., 2009). More recently Aprataxin has 

also been shown to recognise a conserved (CK2) YXXpSpTDE motif within 

X-ray repair cross-complementing proteins 1 and 4 (XRCC1 and XRCC4) 

although a co-crystal structure shows that the peptide binds in a more extended 

conformation than that adopted by the DpSDD motif in the PIH1D1:TEL2 

structure (Cherry et al., 2015). These similar binding preferences raise the 

intriguing notion that PIH-N domains may compete with other phospho-binding 

domains for common binding sites, thereby acting as an additional level of 

regulation.   

 

6.3 PIH-N domains are involved in chaperone-dependent 
processes 

Pull-down experiments carried out in collaboration with Dr Simon Boulton’s 

laboratory (FCI) have identified a number of novel PIH1D1 interacting partners 

in addition to TEL2 (Horejsi et al., 2014). These include the p53 stabilising 
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protein ECD, the small nucleolar ribonuclear protein (snoRNP) component 

SNRP116, the RNA polymerase II subunit RPB1 and the E3 ubiquitin ligase 

UBR5. A K64A mutant version of PIH1D1, based on the TEL2 bound structure, 

failed to pull down these binding partners indicating that the interactions are 

dependent on the phospho-binding site of PIH1D1. Furthermore, all of these 

proteins contain experimentally confirmed phosphorylation sites that resemble 

the CK2 site of TEL2. A number of these proteins are linked to R2TP-

dependent processes, suggesting a universal phosphorylation-dependent 

mechanism of R2TP substrate recognition mediated via the PIH-N domain of 

PIH1D1 (Figure 60).  Initial ITC binding studies carried out previously, 

confirmed that a peptide corresponding to a CK2 phosphorylated motif within 

ECD is able to bind to the PIH-N domain of PIH1D1, albeit with reduced affinity 

compared with TEL2 (section 1.4.3). The capability of PIH1D1 to recognise 

non-R2TP associated motifs should not be ruled out however, nor should the 

ability of the R2TP components to recruit substrates in a non-PIH1D1 phospho-

independent manner.  

 

PIH1D1 has a central role within the R2TP complex and domains C-terminal to 

the PIH-N domain have been linked to interactions with the other subunits. A 

constitutive interaction has been shown to link yeast Pih1 and Rvb1/2, requiring 

a central region within Pih1 (Figure 60) (Paci et al., 2012). It is however not 

known which region of mammalian PIH1D1 interacts with RuvBL1/2 since 

mammalian PIH1D1 orthologs do not contain an intermediate domain. The final 

R2TP subunit, Tah1/RPAP3 interacts with the C-terminal region (~110 

residues) of Pih1/PIH1D1 which is unstable in isolation  (Figure 60) (Horejsi et 

al., 2014, Paci et al., 2012, Jimenez et al., 2012, Zhao et al., 2008, Eckert et al., 

2010, Pal et al., 2014). The structural details of this interaction in yeast have 

recently been elucidated by X-ray crystallography and nuclear magnetic 

resonance (NMR) (Pal et al., 2014, Quinternet et al., 2015).  Both structures 

show that the C-terminal region of Pih1 adopts a seven-stranded β-sandwich 

fold with the topology of CHORD containing proteins and Sgt1 (CS) domains 

which are frequently found in proteins involved in Hsp90 regulation (Prodromou, 
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2016). An intermolecular β-sheet connects the Pih1 CS domain and the Tah1 

C-terminal tail (Figure 60). The C-terminal tail of Tah1 is preceded by an N-

terminal tetratricopeptide repeat (TPR) domain which forms an α-helical cradle 

which has been shown to accommodate an interaction with the unstructured C-

terminal tail of Hsp90 (Figure 60). Two molecules of Tah1 are able to bind to a 

Hsp90 dimer and are each able to recruit a single Pih1 molecule, thus 

producing a symmetric (Pih1)2-(Tah1)2-(Hsp90)2 complex (Pal et al., 2014, 

Chagot et al., 2015). The human Tah1 homolog RPAP3 is much larger and 

contains two TPR domains which together mediate an interaction with the two 

C-terminal tails of a single Hsp90 dimer (section 1.4.1). Like Tah1, an individual 

RPAP3 molecule is capable of recruiting a single Pih1 molecule, thereby 

creating an asymmetric (Pih1)1-(RPAP3)1-(Hsp90)2 complex (Pal et al., 2014).  
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Figure 60. Known and putative interactions mediated by PIH1D1 and DNAAF2 

A: Schematic representation of experimentally determined interactions mediated by 
PIH1D1/Pih1. PIH1D1 recruits immature target proteins such as the PIKKs to the 
R2TP complex. The PIH-N domain of PIH1D1 recognises phosphorylated acidic 
motifs within either the target or an associated adaptor protein such as TEL2. 
Interactions with the remaining R2TP subunits are mediated via the other PIH1D1 
domains. Yeast R2TP proteins are labelled with the equivalent human protein 
names in brackets.  B: Putative interactions mediated by DNAAF2. While the 
interaction between DYX1C1 and DNAAF2 has been confirmed experimentally, the 
interacting regions have been inferred by their similarity with the R2TP 
components. Proteins that are proposed to have similar roles to those displayed in 
panel A are coloured accordingly. Adapted from Vaughan (2014). 
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The PIH1D1 paralog DNAAF2 has previously been implicated in the 

coordination of similar chaperone-dependent processes, namely the 

cytoplasmic assembly of axonemal outer dynein arms (ODAs) which are 

required for flagellar beating at high frequency (Omran et al., 2008).  These 

dynein complexes are required for the motility of cilia and flagella, the disruption 

of which leads to primary ciliary dyskinesia (PCD). Sequence-based domain 

prediction servers have identified a region within DNAAF2 that is homologous to 

the C-terminal CS domain of PIH1D1, in addition to a second downstream CS 

domain (Marchler-Bauer et al., 2015, Sigrist et al., 2013, McWilliam et al., 2013, 

Soding et al., 2005). DNAAF2 forms an interaction with the axonemal dynein 

assembly protein DYX1C1, mutation of which has also been linked to PCD 

(Tarkar et al., 2013). Like Tah1/RPAP3, DYX1C1 contains a TPR domain that is 

capable of binding to the C-terminal tails of both Hsp90 and Hsp70 (Chen et al., 

2009). While an interaction between DNAAF2 and RuvBL1/2-like components 

has yet to be shown RuvBL2 has also been implicated in axonemal dynein arm 

assembly (Zhao et al., 2013). Furthermore, transcription of Chlamydomonas 

homologs of both RuvBL1 and RuvBL2 is strongly induced during flagellar 

regeneration (Stolc et al., 2005). These observations suggest that DNAAF2 

may coordinate the activities of an R2TP-like co-chaperone complex in a 

manner analogous to PIH1D1, potentially via phosphorylation-dependent 

recognition of an adaptor and/or target protein (Figure 60).  

 

Prior to this study the phospho-recognition capabilities of DNAAF2 were 

unknown. Our crystal structure of the PIH-N domain of Drosophila 

melanogaster DNAAF2 revealed similarities with the TEL2 binding site of 

PIH1D1. ITC binding studies showed that like PIH1D1 the PIH-N domain of 

human DNAAF2 is capable of binding to peptides corresponding to the doubly 

and singly phosphorylated CK2 site of TEL2, albeit with reduced affinity (section 

4.3). Despite being able to interact with these peptides in vitro there is no 

evidence to suggest that TEL2 is a biologically relevant binding partner of 

DNAAF2. As such the identification of phosphorylation-dependent DNAAF2 

binding partners was attempted using a proteomic pull-down approach. A 
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number of candidate proteins were identified, some of which have been 

implicated in processes related to cilia assembly and/or maintenance (section 

5.2). Selected hits were scanned for a conserved DpSDD consensus motif 

using the programme PhosphoSitePlus (Hornbeck et al., 2012). No matches 

were identified, although small differences between the PIH1D1 and DNAAF2 

phospho-binding sites, combined with the fact that DNAAF2 has a lower affinity 

for phosphorylated TEL2 peptides may suggest that DNAAF2 has an altered 

consensus binding motif. Determination of an optimal DNAAF2 binding motif 

would aid in the validation of a number of these candidate binding partners. 

While attempts were made to determine such a motif using peptide libraries 

they have thus far been unsuccessful.   

 

The most promising pull-down hits are members of the intraflagellar transport 

(IFT) complexes which function in ciliary assembly and maintenance (Lechtreck, 

2015). IFT is the bidirectional, motor protein-driven, movement of cargo along 

axonemal microtubules within the cilia. The IFT complexes bind to cargoes near 

the basal body before entering the cilia and moving towards the ciliary tip where 

cargo unloading occurs. IFT particles consist of IFT-A and IFT-B subcomplexes 

which are composed of at least 6 and 16 individual subunits respectively (Cole 

et al., 1998, Lechtreck, 2015). Seven members of the IFT-B subcomplex were 

identified in the pull-down experiments (Table 15). IFT cargo includes the outer 

dynein arms and radial spoke complexes which are destined for the axoneme 

(Fok et al., 1994, Fowkes and Mitchell, 1998). Chlamydomonas cells 

expressing a truncated version of the IFT-B subcomplex component IFT46 

produce intact axonemes lacking outer dynein arms (ODAs) whereas IFT46 

knockout mutants lack cilia entirely (Hou et al., 2007). This raises the possibility 

that DNAAF2 recruits unassembled dyneins to chaperone complexes via the 

putative adaptor protein IFT46. The N-terminal region that is missing in the 

truncated construct contains a SESES motif and global phosphoproteomic 

studies have detected singly, doubly and triply-phosphorylated versions of this 

sequence (Wang et al., 2014, Atteia et al., 2009). This N-terminal region is not 

particularly well conserved amongst IFT46 orthologs although most sequences 
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contain a long stretch of acidic amino acids interspersed with serine or 

threonine residues. It should be noted that none of the IFT complex 

components have been previously linked to a role in the cytoplasmic 

preassembly of axonemal dyneins and current models propose that IFT 

complexes engage the dyneins after they have been assembled (Lechtreck, 

2015). These models would also explain the absence of ODAs in IFT46 mutant 

cilia. It is also conceivable that the phospho-binding capabilities of DNAAF2 

may be independent of its role in dynein assembly and are instead required for 

the loading of fully assembled dynein cargo onto the IFT complex. Another 

possibility is that the IFT-B components have been pulled down indirectly via 

their association with a true DNAAF2 binding partner. This would not be 

surprising given their close association with ODAs, emphasising the need for 

biophysical confirmation of these putative interactions in isolation. It is also 

possible that like PIH1D1, DNAAF2 has a broad spectrum of phospho-

dependent binding partners that are involved in processes other than axonemal 

dynein assembly.  

 

Two additional PIH1D1 paralogs have been identified in humans: PIH1D2 and 

PIH1D3. Alignments between these paralogs reveal that PIH1D2 contains a 

region of similarity to the PIH-N domain of PIH1D1, raising the prospect that 

PIH1D2 has phospho-binding capabilities akin to PIH1D1 and DNAAF2 (Figure 

34). More detailed analysis of these alignments reveal that a number of 

residues that are essential for the interaction between PIH1D1 and TEL2 are 

not conserved in PIH1D2. This suggests that it is unlikely that the PIH-N domain 

of PIH1D2 confers phospho-binding capabilities. ITC binding experiments 

carried out in this study failed to detect an interaction between the PIH-N 

domain of PIH1D2 and phosphorylated TEL2 peptides (section 4.4). This of 

course does not rule out the fact that PIH1D2 may be able to bind to other 

phosphorylated motifs. These observations raise the prospect that PIH-N 

domains may confer additional functionalities beyond phosphorylation-

dependent binding, possibly by acting as a non-phospho-dependent interaction 

module. This is analogous to a number of phospho-binding domains and related 
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families. These include non-group IV WW domains which recognise short 

proline-rich sequences that lack phosphorylation sites, selected FHA domains 

which can bind to both phosphorylated and un-phosphorylated binding partners 

and certain BRCT domains which have distinct phospho-dependent and 

phospho-independent interacting regions (Leung and Glover, 2011, Matthews 

et al., 2014, Nott et al., 2009, Zarrinpar and Lim, 2000, Sudol and Hunter, 

2000). There are however no published studies addressing the functional role of 

PIH1D2.  

 

The final PIH1D1 paralog, PIH1D3, does not appear to contain a PIH-N domain 

as judged by multiple sequence alignments. Most of the similarity between 

PIH1D1 and PIH1D3 resides within a region towards the C-terminus which 

includes the CS domain of PIH1D1 (section 1.5.1) (Pal et al., 2014). These 

domains are often found in Hsp90 chaperones such as Sgt1 and p23/Sba1 (Ali 

et al., 2006, Zhang et al., 2008). Like DNAAF2, PIH1D3 has been linked to a 

role in axonemal dynein assembly and has been shown to interact with both 

axonemal dynein intermediate chain 2 (DNAI2) and Hsp70 in addition to Hsp90 

(Omran et al., 2008, Dong et al., 2014). This suggests that the CS domain of 

some PIH1D1 paralogs may have a role in dynein assembly that is independent 

of phospho-dependent target recognition. An additional PIH1D1 homolog 

named MOT48 has also been identified in Chlamydomonas reinhardtii 

(Yamamoto et al., 2010). MOT48 has been shown to be involved in the 

cytoplasmic assembly of inner dynein arms which are required for proper 

flagellar waveforms (Brokaw and Kamiya, 1987). Domain prediction servers 

indicate that MOT48 is likely to contain a PIH-N and CS-like domain at its N- 

and C-termini respectively (Marchler-Bauer et al., 2015, Sigrist et al., 2013, 

McWilliam et al., 2013, Soding et al., 2005). Alignment with the human PIH1D1 

primary sequence shows that all of the basic residues tested in the mutational 

binding studies presented in section 3.3 are conserved in MOT48 with the 

exception of R163 which is replaced with a lysine.  It is therefore highly likely 

that Chlamydomonas MOT48 has phospho-binding capabilities akin to human 

PIH1D1 and DNAAF2.  Genome database searches carried out by Yamamoto 
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and colleagues found that eukaryotic organisms with motile cilia/flagella 

possess at least 3 PIH1D1 homologs while organisms without motile 

cilia/flagella had either 1 or 0. This raises the prospect that PIH-N domain 

containing proteins have a general role in the preassembly of axonemal dynein 

arms, although human PIH1D1 and PIH1D2 have yet to be linked with such a 

function. 

 

6.4  Future perspectives 

The recombinant proteomic pull-down experiments described in section 5.2 

have identified a number of candidate DNAAF2 phospho-dependent binding 

partners including proteins involved in cilia and flagella related processes. The 

next obvious step would be to attempt to validate a number of these putative 

interactors. This would firstly involve confirmation of the mass spectrometry 

results by carrying out western blots on the pull-down samples using 

commercially available antibodies that are specific for the proteins of interest, 

including axonemal dynein components. Not only would this validate the 

interactions under these experimental conditions but it would allow a semi-

quantitative comparison between wild type and mutant samples. This would 

also enable the stringency of the interactions to be tested using an array of 

wash conditions. In addition, the phosphorylation-dependence of these binding 

events could be confirmed by repeating the above experiments with or without 

phosphatase inhibitors and/or the addition of broad-spectrum phosphatases. 

These findings could be corroborated by immunoprecipitating full-length 

endogenous DNAAF2 from mouse testis and western blotting for the putative 

interacting partners. Such an approach would also enable the proposed 

interactions between full-length DNAAF2 and R2TP subunits to be probed. 

 

The ability of the putative phosphorylation sites of selected candidates to bind 

to the PIH-N domain of DNAAF2 could also be tested via ITC binding 

experiments. Not only would this confirm the ability of DNAAF2 to bind to these 

motifs in vitro but it would enable quantitative comparisons with the binding 
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affinities obtained using phosphorylated TEL2 peptides (section 4.3). It is likely 

that a physiologically relevant binding partner would exhibit tighter binding than 

that observed with TEL2 phospho-peptides. This could form the basis for further 

peptide arrays with the aim of revealing a consensus binding motif. Given the 

knowledge of such a motif, co-crystallisation trials could be attempted with the 

aim of identifying structural similarities and differences between the binding 

modes of PIH1D1 and DNAAF2. If crystallisation attempts are unsuccessful it 

may be possible to use NMR methods, to determine the protein’s structure, due 

to the relatively low MW of the protein (~15 kDa) (Ziarek et al., 2011). In 

addition, chemical shift mapping using two-dimensional 1H-15N heteronuclear 

single-quantum coherence (HSQC) spectroscopy could be used to determine 

which residues are involved in the binding event. The identification of 

phosphorylation-dependent DNAAF2 binding partners and discernment of a 

consensus binding motif supported by structural data should help to further our 

understanding of the molecular mechanisms that control the cytoplasmic 

preassembly of axonemal dyneins. 

 
DNAAF2 knockout mice have been shown to exhibit primary ciliary dyskinesia 

(PCD)-like phenotypes including impaired sperm motility, leading to reduced 

fertility (Omran et al., 2008). However, the recent development of the 

CRISPR/Cas system has since made more targeted genome editing 

approaches possible (Mali et al., 2013, Cong et al., 2013). This technology is 

capable of introducing individual point mutations within a mouse genome in a 

relatively short period of time (~1-2 months) and it should therefore be possible 

to generate a strain containing specified mutations within the endogenous 

DNAAF2 gene (Inui et al., 2014). The human DNAAF2 R79A mutant has been 

shown to severely reduce binding to phosphorylated TEL2 peptides in vitro 

(section 4.3). Introduction of the equivalent mutation within a mouse genome 

should thereby provide the ideal model for testing the effect of the disruption of 

DNAAF2 phospho-binding in vivo. If this is in fact required for axonemal dynein 

assembly then the resulting strain may also be expected to display phenotypes 

associated with PCD. The absence of such a phenotype would either suggest 
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that the phospho-binding capabilities of DNAAF2 are not required for axonemal 

dynein assembly or that there is a certain level of redundancy exhibited by 

axonemal dynein assembly proteins. 

 

There are currently no functional data relating to the PIH1D1 paralog PIH1D2. 

Production of a PIH1D2 knockout mouse strain could potentially give an insight 

into the processes with which PIH1D2 is involved. For example mice displaying 

a PCD-like phenotype may suggest that, like DNAAF2 and PIH1D3, PIH1D2 

has a role in the assembly of axonemal dynein arms. Given this scenario, the 

presence or absence of assembled dynein arms within the axoneme could be 

confirmed by electron microscopy (Dong et al., 2014, Omran et al., 2008).  Wild 

type PIH1D2 tissue expression profiles and subcellular localisation could also 

be determined using immunohistochemical and cellular fractionation 

approaches respectively (Omran et al., 2008). Sequence alignments supported 

by ITC binding experiments (section 4.4) suggest that PIH1D2 does contain a 

PIH-N domain but is unlikely to display phospho-binding capabilities. While this 

may in fact be the case, PIH1D2 could still have a role in chaperone-dependent 

processes, raising the prospect that the PIH-N domain may act as a phospho-

independent interaction module for the recruitment of target proteins. 

Immunoprecipitation of endogenous PIH1D2 from human cell lines would 

enable potential interactions with chaperone complex components, including 

members of the R2TP complex, to be tested. It is possible that the different 

interaction modes of the various PIH-N domain containing paralogs define 

multiple classes of R2TP-like cochaperone complexes.  
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Chapter 7. Appendix 

7.1 Primer Directory 

Primer sequences used for PCR amplification of DNA templates are shown 

below. Synthesis and HPLC purification of all primers was carried out by 

Eurofins. 

 
Table 16. LIC primers 
Name Template Sequence (5’-3’) 

PIH1D1_FWD_51 PIH1D1_cDNA CAGGGACCCGGTCAGCCTGGTTTCTGCATAAA 

PIH1D1_REV_180 PIH1D1_cDNA GGCACCAGAGCGTTAGCGGATGTTCTGCTGCGAGA 

DNAAF2_FWD_66 DNAAF2_GS CAGGGACCCGGTGAAGTTCGTTTTGTTCATCC 

DNAAF2_REV_201 DNAAF2_GS GGCACCAGAGCGTTACAGCACTGCTGCTTCCGGTG 

DNAAF2_REV_205 DNAAF2_GS GGCACCAGAGCGTTACAGCGGTGTACGCAGCACTG 

MusDNAAF2_FWD_1 MusDNAAF2_GS CAGGGACCCGGTATGGCAAAAGCAGCAGCAAG 

MusDNAAF2_FWD_62 MusDNAAF2_GS CAGGGACCCGGTGAACGTGGTGTTGATGTTCG 

MusDNAAF2_REV_212 MusDNAAF2_GS GGCACCAGAGCGTTACGGCTGTGCCGGAACGCCAC 

ChlamyDNAAF2_FWD_1 ChlamyDNAAF2_GS CAGGGACCCGGTATGCCTGGCAAAGAAGAAAA 

ChlamyDNAAF2_FWD_70 ChlamyDNAAF2_GS CAGGGACCCGGTGAAGATGTTTATGGTGCAGG 

ChlamyDNAAF2_REV_264 ChlamyDNAAF2_GS GGCACCAGAGCGTTATGCGCCTGCAGCGGCTGCTG 

DanioDNAAF2_FWD_1 DanioDNAAF2_GS CAGGGACCCGGTATGGATGCAGATCGTCTGGC 

DanioDNAAF2_FWD_58 DanioDNAAF2_GS CAGGGACCCGGTGAACGTGGTGCAGCCGTTCA 

DanioDNAAF2_REV_200 DanioDNAAF2_GS GGCACCAGAGCGTTACTGACCCGGATTCGGACGGC 

DrosDNAAF2_FWD_1 DrosDNAAF2_GS CAGGGACCCGGTATGAGCGCAAGCCGTAGCCG 

DrosDNAAF2_FWD_68 DrosDNAAF2_GS CAGGGACCCGGTGAACGTGGTGTTGAAGTTCG 

DrosDNAAF2_REV_215 DrosDNAAF2_GS GGCACCAGAGCGTTATGCGGTCGGATTATCTGCCA 

PIH1D2_FWD_42 PIH1D2_cDNA CAGGGACCCGGTAAACAGCTCTGTGCTGCCCC 

PIH1D2_REV_170 PIH1D2_cDNA GGCACCAGAGCGTTATTGGATTCCCATCAGATTTT 

Template sequences produced by gene synthesis (GeneArt, Thermo Fisher Scientific) are 

displayed in section 7.2. cDNA template sequences for PIH1D1 and PIH1D2 can be retrieved 

from the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) using GenBank 

accession numbers BC001108.2 and BC019238.2 respectively. Abbreviations, Chlamy: 

Chlamydomonas reinhardtii, Danio: Danio rerio, Dros: Drosophila melanogaster, Mus: Mus 

musculus, FWD: forward primer, REV: reverse primer, GS: gene synthesis. 
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Table 17. Double digest primers 
Name Template Sequence (5’-3’) 

PIH1D1_FWD_51_BamHI PIH1D1_cDNA GACTGGATCCCAGCCTGGTTTCTGCATAAA 

PIH1D1_REV_180_XhoI PIH1D1_cDNA GACTCTCGAGTTAGCGGATGTTCTGCTGCGAGA 

DNAAF2_FWD_66_BamHI DNAAF2_GS GACTGGATCCGAAGTTCGTTTTGTTCATCC 

DNAAF2_REV_201_XhoI DNAAF2_GS GACTCTCGAGTTACAGCACTGCTGCTTCCGGTG 

DrosDNAAF2_FWD_68_BamHI DrosDNAAF2_GS GACTGGATCCGAACGTGGTGTTGAAGTTCG 

DrosDNAAF2_REV_215_XhoI DrosDNAAF2_GS GACTCTCGAGTTATGCGGTCGGATTATCTGCCA 

MusDNAAF2_FWD_62_BamHI MusDNAAF2_GS GACTGGATCCGAACGTGGTGTTGATGTTCG 

MusDNAAF2_REV_212_XhoI MusDNAAF2_GS GACTCTCGAGTTACGGCTGTGCCGGAACGCCAC 

Restriction endonuclease recognition sites are indicated by the primer name. Template 

sequences produced by gene synthesis (GeneArt, Thermo Fisher Scientific) are displayed in 

section 7.2. The cDNA template sequence for PIH1D1 can be retrieved from the NCBI 

nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) using GenBank accession number 

BC001108.2. Abbreviations, Dros: Drosophila melanogaster, Mus: Mus musculus, FWD: 

forward primer, REV: reverse primer, GS: gene synthesis. 
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Table 18. Quikchange site-directed mutagenesis primers 
Name Template Sequence (5’-3’) 

PIH1D1_FWD_K57A PIH1D1_cDNA CGAGGAGTTGGTCGCTATGCAGAAACCAGGCTGAGGCT 

PIH1D1_REV_K57A PIH1D1_cDNA AGCCTCAGCCTGGTTTCTGCATAGCGACCAACTCCTCG 

PIH1D1_FWD_K64A PIH1D1_cDNA GCAGATGTTGATGAAAACCGCCCCTTCCGAGGAGTTGGTC 

PIH1D1_REV_K64A PIH1D1_cDNA GACCAACTCCTCGGAAGGGGCGGTTTTCATCAACATCTGC 

PIH1D1_FWD_K113A PIH1D1_cDNA CATCCCTGGCCTGCTGCATCCAGTTCTGCATGAGGCT 

PIH1D1_REV_K113A PIH1D1_cDNA AGCCTCATGCAGAACTGGATGCAGCAGGCCAGGGATG 

PIH1D1_FWD_R163A PIH1D1_cDNA CCGGTTCTTCATCATGGCCCATTCCGGATTCAGC 

PIH1D1_REV_R163A PIH1D1_cDNA GCTGAATCCGGAATGGGCCATGATGAAGAACCGG 

PIH1D1_FWD_K166A PIH1D1_cDNA CATGAATGGCCGGTTCGCCATCATGCGCCATTCCG 

PIH1D1_REV_K166A PIH1D1_cDNA CGGAATGGCGCATGATGGCGAACCGGCCATTCATG 

PIH1D1_FWD_R168A PIH1D1_cDNA GGAGCCCATGAATGGCGCGTTCTTCATCATGCGC 

PIH1D1_REV_R168A PIH1D1_cDNA GCGCATGATGAAGAACGCGCCATTCATGGGCTCC 

DNAAF2_FWD_R79A DNAAF2_GS CCATCCAGGCTGGTAGCCAGAACATGACCCGG 

DNAAF2_REV_R79A DNAAF2_GS CCGGGTCATGTTCTGGCTACCAGCCTGGATGG 

DNAAF2_FWD_R87A DNAAF2_GS TACAAACATTAACAAAACAAGCACGTGCACCATCCAGGCTG 

DNAAF2_REV_R87A DNAAF2_GS CAGCCTGGATGGTGCACGTGCTTGTTTTGTTAATGTTTGTA 

DNAAF2_FWD_R134A DNAAF2_GS CATATAACGACTGCTGCTAGCACCTGCATATTCACGACCC 

DNAAF2_REV_R134A DNAAF2_GS GGGTCGTGAATATGCAGGTGCTAGCAGCAGTCGTTATATG 

DNAAF2_FWD_K186A DNAAF2_GS ATTTTGCTTTCAGGGTTGCTGCATTACGACGATCCAGTTTAAC 

DNAAF2_REV_K186A DNAAF2_GS GTTAAACTGGATCGTCGTAATGCAGCAACCCTGAAAGCAAAAT 

DNAAF2_FWD_K189A DNAAF2_GS GGTGTACCTTTGTATTTTGCTGCCAGGGTTTTTGCATTACGAC 

DNAAF2_REV_K189A DNAAF2_GS GTCGTAATGCAAAAACCCTGGCAGCAAAATACAAAGGTACACC 

DNAAF2_FWD_K193A DNAAF2_GS TGCTTCCGGTGTACCTGCGTATTTTGCTTTCAGGGTTTTTGC 

DNAAF2_REV_K193A DNAAF2_GS GCAAAAACCCTGAAAGCAAAATACGCAGGTACACCGGAAGCA 

MusDNAAF2_FWD_R79A MusDNAAF2_GS CCATCCAGGCTGGTAGCCAGAACATGACCCGG 

MusDNAAF2_REV_R79A MusDNAAF2_GS CCGGGTCATGTTCTGGCTACCAGCCTGGATGG 

MusDNAAF2_FWD_R87A MusDNAAF2_GS TGCAAACATTAACATAACAAGCATGTTCACCATCCAGGCTGG 

MusDNAAF2_REV_R87A MusDNAAF2_GS CCAGCCTGGATGGTGAACATGCTTGTTATGTTAATGTTTGCA 

Mutant primers were designed using the Agilent QuikChange Primer Design tool 

(http://www.genomics.agilent.com/primerDesignProgram.jsp). Mutant identities are indicated by 

the primer name. Template sequences produced by gene synthesis (GeneArt, Thermo Fisher 

Scientific) are displayed in section 7.2. The cDNA template sequence for PIH1D1 can be 

retrieved from the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) using 

GenBank accession number BC001108.2. Abbreviations, Dros: Drosophila melanogaster, Mus: 

Mus musculus, FWD: forward primer, REV: reverse primer, GS: gene synthesis. 
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7.2 PCR template sequences 

Template DNA sequences produced by gene synthesis (GeneArt, Thermo 

Fisher Scientific) are displayed below in the FASTA format. All sequences were 

codon optimised for expression in Escherichia coli and subcloned into the 

GeneArt pMX vector. 

 
>DNAAF2 Gene Synthesis  
     ATGGCAAAAG CAGCCGCAAG CAGCAGCCTG GAAGATCTGG ATCTGAGCGG TGAAGAAGTT        60 

     CAGCGTCTGA CCAGCGCATT TCAGGATCCG GAATTTCGTC GTATGTTTAG CCAGTATGCA       120 

     GAAGAACTGA CCGATCCGGA AAATCGTCGC CGTTATGAAG CAGAAATTAC CGCACTGGAA       180 

     CGTGAACGTG GTGTTGAAGT TCGTTTTGTT CATCCGGAAC CGGGTCATGT TCTGCGTACC       240 

     AGCCTGGATG GTGCACGTCG TTGTTTTGTT AATGTTTGTA GCAATGCACT GGTTGGTGCA       300 

     CCGAGCAGCC GTCCGGGTAG CGGTGGTGAT CGTGGTGCAG CACCGGGTAG CCATTGGAGC       360 

     CTGCCGTATA GCCTGGCACC GGGTCGTGAA TATGCAGGTC GTAGCAGCAG TCGTTATATG       420 

     GTTTATGATG TTGTTTTTCA CCCGGATGCA CTGGCCCTGG CACGTCGTCA TGAAGGTTTT       480 

     CGTCAGATGC TGGATGCAAC AGCACTGGAA GCAGTTGAAA AACAGTTTGG TGTTAAACTG       540 

     GATCGTCGTA ATGCAAAAAC CCTGAAAGCA AAATACAAAG GTACACCGGA AGCAGCAGTG       600 

     CTGCGTACAC CGCTG                                                        615 

 

>MusDNAAF2 Gene Synthesis 
     ATGGCAAAAG CAGCAGCAAG CAGCGCACTG GAAGATCTGG ATCTGAGCCG TGAAGAAGTT        60 

     CAGCGTTTTA CCAGCGCATT TCAGGATCCG GAATTTCGTC GTATGTTTAG CGAATATGCA       120 

     GCCGAAATTA CCGATCCGGA AAATCGTCGC CGTTATGAAG AAGAAATTAC AGCACTGGAA       180 

     CGTGAACGTG GTGTTGATGT TCGTTTTGTT CATCCGGAAC CGGGTCATGT TCTGCGTACC       240 

     AGCCTGGATG GTGAACATCG TTGTTATGTT AATGTTTGCA GCAATAGCCT GGTTGGTGTT       300 

     CCGAGCAGCC GTCCGGGTCC TGGTCGTGGT GGTACAGCAG CAGGTAGCCA TTGGAGCCTG       360 

     CCGTATAGCC TGGCACCGGG TCGTCAGTAT GCAGGTCGTA ATGGTGCACG TTATACCGTT       420 

     TATGATGTTG TTTTTCATCC TGAAGCACTG GCCCTGGCAC GTAGCCATGA ACGTTTTCGT       480 

     GAAATGCTGG ATGCAACAGC CCTGGAAGCA GTTGAACAGC AGTTTGGTGT TCGTCTGGAT       540 

     CGTCGTAATG CAAAAACCCT GAAAATCAAA TACAAAGGTA TGCCGGAAGC AGCAGTGCTG       600 

     CGTACACCGC TGCCTGGTGG CGTTCCGGCA CAGCCG                                 636 
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>ChlamyDNAAF2 Gene Synthesis 
     ATGCCTGGCA AAGAAGAAAA CGATACCCTG GAAAAAAGCC TGAAAGAACT GAATCTGACC        60 

     AGTGATGAAA TGACCAAATT TGAAAAAGCC TTTAAAGATC CGGAATTCAT CAAACTGTTT       120 

     GAAGAGTATG CCAAAGAAGT GAGCGATCCG AAAGTTAAAG CAGAAACCGA TGCATATCTG       180 

     CGTCAGATTG AACAGCAGGG TCGTGCCGAA GATGTTTATG GTGCAGGCAC CCAGCTGATT       240 

     GTTCCGGATC CTGCCGGTGC AGTGATTAAA ACCAAAGTTG TTAGCAGCAG CGCAAGCAAA       300 

     AAACAGCAGC AAGAACAAGA AAAACAAGAG AAAGAACAGC AACAGCAGGC AGCGGGTGCA       360 

     GGTAAACCGG AAGGTCCGGG TAAACAGGGT GCACTGCCGG TTGGTCAGAA AGTTTTTATC       420 

     AATATTTGCA CGTGCGACAA ACTGGAACGT TATAGCCTGA CCGATGCACA GGATCCAGCA       480 

     ACCGGTCGTC TGCGTCCGAA ACTGACCATT CCGCTGAGCC TGGGTCCGGT TCGTCAGGGT       540 

     GCAGACAAAC AAGGTGCTCC GGCAGCAGTT TATGATTTTG TTGTTCATCC GGATAGCTGG       600 

     ACCTTTGCAG CAGGTAATGC AGCCGGTCTG GCAACCCTGG CAGATACCGC ACTGGATCAT       660 

     GTTGAACAGG TTGGTCGTTG TCGTCTGGTT CGTGCATGGA AACGTCTGAA TTGTCGTTAT       720 

     AAAGGCACCG AAGGTGCAGC AGAACCGCCT GTTCAGTGTA TTCGTACCAG CGCAGCAGCC       780 

     GCTGCAGGCG CA                                                           792 

 

>DanioDNAAF2 Gene Synthesis 
     ATGGATGCAG ATCGTCTGGC AGAACTGCAG CTGACCCGTG CAGAAATGCG TCGTATTGGT        60 

     GAAGCACTGC AGGATCGTCG TTTTCGTGAA CTGCTGACCG AATATGTTGA AGAAATTAGC       120 

     AGTCCGGAAA ATCGTCGTCG TTATGAAGAA GAAATTCGTC GTCTGGAAGA GGAACGTGGT       180 

     GCAGCCGTTC AGTTTATTCA TCCGACACCG CATCATGTTC TGAAAGGTCG TGGTCCGAGC       240 

     GGTAAATGTT TTATCAATAT TTGTAGCGAC CAGCTGATCG AAAAACCGCG TAGCGAAGCA       300 

     GCAACCGATG ATCGTGGTCG TAGCGGTCAT AGCTGGCGTA TTCCGTATAG CCTGACACCG       360 

     GGTCGTGCAG GTCGTGATGC AGCGGGTGCA CCGTGTGTTC TGTTTGATGC CGTTTTTCAT       420 

     CCTGATGCAC TGCTGATGGC AGAAAATAAT GCACGTTTTA TGACCCTGAT TCATCGTACC       480 

     GCAACCGGTG GTATTCAGGA TAATTTTCGT ATTCGCCTGG AACATGTTAC CCGTCTGAAA       540 

     ATGATGAAAT ACAAAGGTGA ACCGCAGCCG ACCATGATTC GCCGTCCGAA TCCGGGTCAG       600 

 

>DrosDNAAF2 Gene Synthesis 
     ATGAGCGCAA GCCGTAGCCG TAATAAACAG AGCAAACTGT GTGATGATGA ACGCCTGGAT        60 

     ATTAGCCGTG ATGAATTTAA TCGTTTTCAA GAGGCCTTTG GCAAAGAAGA ATTTCGCAAA       120 

     CTGTTCTTCG ATTACGTGGA TGAAATTCAG GATCCGGAAA ACCGCAAAAT CTATGAAAGC       180 

     GAAATTACCC AGCTGGAAAA AGAACGTGGT GTTGAAGTTC GTTTTATTCA TCCGAAACCG       240 

     GGATTTGTGA TTAAAACCGC ACTGGATGGT GAACTGAAAT GCTTTATTAA CATTGCCAGC       300 

     TGCGAAGAAA TTCAGCGTCC GAAAAATGAA GTTGCAACCG ATCCGAGCAG CGGTAGCCGT       360 

     GGTCTGAGCT GGTCAATTCC GATGGCACAG ACCACCAGTC GTGATGATTT TGATGCAAAA       420 

     AACAACCATT GCAAAGTGTT TGATGTGGTG TTTCATCCTG ATGCACTGCA TCTGGCCATG       480 

     CGCAATAAAC AGTTTCGTCA GTGTCTGATT GATACAGCCC TGGATGCAAT TGAACGTGAA       540 

     TATAAAGTTA GCCTGGATCG TGCCAATCTG AAATTTCCGA AACTGGATTA TAAAGGTATT       600 

     CCGCGTCCGA CCGTTATTCG TAAAATGGCA GATAATCCGA CCGCA                       645 
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