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 Abstract 

Polymerase δ-interacting Protein 2 (POLDIP2) is composed of 368 amino acids, with a molecular 

weight of the 42 kDa and 37 kDa, respectively, before and after post-translational cleavage of the 

mitochondrial-targeting sequence (Hernandes, Lassègue and Griendling, 2017; Liu et al., 2003). 

POLDIP2 was shown to be involved in the replication of  cell cycle, lung functioning, maintenance 

of cellular homeostasis (Hernandes et al., 2017). Also, POLDIP2 is involved in bone and DNA 

maintenance, neurodegenerative diseases, cancer and proliferation (Hernandes et al., 2017). 

Although, the POLDIP2 is a multifunctional protein it remains unknown how POLDIP2 can bind 

so many different proteins in different subcellular compartments. Moreover, it remains unknown 

if the two POLDIP2 forms (37 kDa and 42 kDa) have different functions. The POLDIP2 

biochemistry remains completely untouched, therefore this project focused on structural and 

functional POLDIP2 characterisation.  

All stages of recombinant POLDIP2 structure determination pipeline were attempted; starting from 

the POLDIP2 gene sub-cloning and ending with protein structure crystallization. The POLDIP2 

structure was nearly solved (~99.8%) at 2.9 Å. The obtained POLDIP2 3D structure was used for 

the surface charge distribution and B factor analysis. The POLDIP2 B factor analysis and 

predicted/known secondary structure elements superimposition revealed that both rigid and 

flexible POLDIP2 secondary structure elements are involved in protein-protein interactions. The 

POLDIP2 B factor analysis was superimposed with known/predicted secondary POLDIP2 

structure elements, revealing that both rigid and flexible POLDIP2 secondary structure elements 

are involved in protein-protein interactions.   
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 Moreover, it was attempted to crystallise the POLDIP2 in complex with the proliferating cell 

nuclear antigen (PCNA), as POLDIP2 structure with a binding partner is required for the detailed 

understanding of POLDIP2 function. Furthermore, in vitro crosslinking and size exclusion 

chromatography were used to understand the PCNA-POLDIP2 binding stoichiometry. Finally, the 

initial negative grid staining of the PCNA-POLDIP2 complex for further cryogenic electron 

microscopy (cryo-EM) studies was attempted giving future work directions.  
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1. Introduction 

1.1. POLDIP2, a poorly characterized cellular protein   

Polymerase delta-interacting protein 2 (also known as POLDIP2, Mitogenin I and PDIP38) - is a 

multifunctional human protein, initially, discovered as a binding partner of DNA polymerase δ 

and proliferating cell nuclear antigen (PCNA). This suggested its role in DNA repair and 

replication (Hernandes et al., 2017; Naokatu et al., 2006; Liu et al., 2003).  POLDIP2 is very 

conserved in metazoa, but it is absent in prokaryotes, fungi and plants (Hernandes et al., 2017). 

Interestingly, the POLDIP2 gene encoding for POLDIP2 is a unique gene, which does not have 

any paralogous genes (Hernandes et al., 2017; Sutliff et al., 2013). As a consequence POLDIP2 

does not belong to any protein family, thus being a unique member, and making its function 

completely unpredictable (Hernandes et al., 2017; Sutliff et al., 2013).  POLDIP2 is composed of 

368 amino acids, with a molecular weight of 42 kDa and 37 kDa, respectively, before and after 

post-translational cleavage of the mitochondrial-targeting sequence (Hernandes et al., 2017; Liu 

et al., 2003). Structurally, POLDIP2 comprises of the N-terminal mitochondrial targeting 

sequence, a hemimethylated DNA binding domain (YccV-like domain) and a DUF525 domain 

and (Figure 1) (Fukasawa et al., 2015; Claros and Vincens, 1996; Emanuelsson, Nielsen, Brunak 

and Heijne, 2000).   
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Figure 1. General representation of predicted POLDIP2 domains. According to TargetP, Mitoprot and 

MitoFates online software tools, the N-terminal POLDIP2 region from residue 1-49 was predicted to be a 

cleavable mitochondrial targeting peptide (mTP) (Fukasawa et al., 2015; Claros and Vincens, 1996; 

Emanuelsson et al., 2000). National Centre for Biotechnology Information (NCBI) identified the homology 

to 2 domains: low homology YccV-like domain residues 74-200 (E = 1.3e-12) and higher homology YccV-

like domain 234-355 residues (E = 1.3e-12) (Hernandes et al., 2017; Figure created using PowerPoint).  

 

1.2. POLDIP2 predicted structure  

Determination of the POLDIP2 structure/structure of complexes is required to uncover its function. 

Although, nothing is known about POLDIP2 3D structure, two domains were predicted to be 

present in POLDIP2 using informatics tools: YccV-like domain and DUF525 domain (Hernandes 

et al., 2017). The YccV-like domain is often found in eukaryotic metabolic enzymes including 

cysteine proteases and is also present in prokaryotic heat shock protein Q (HspQ) (Brown et al., 

2014; Shimuta et al., 2004; Nishimura et al., 2015). Moreover, YccV domain was found in Clp 

proteases, which are located in prokaryotic/plant mitochondria and/or chloroplasts depending on 

species (Nishimura et al., 2015).  

In E. coli the YccV protein is known to stimulate protein degradation (for example DnaA) during 

the heat shock stress, as well as, it is known to bind preferentially hemimethylated DNA thus 

stabilising other proteins during the replication initiation process (Brown et al., 2014; Shimuta et 

al., 2004; d’Alencon et al., 2003; d'Alençon et al., 2003). Maga et al., (2013) based on the 

knowledge that POLDIP2 shares 34% sequence identity to the YccV domain which binds DNA 
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performed an electrophoretic shift assay. The performed electrophoretic shift assay revealed that 

POLDIP2 does not bind to the undamaged or damaged DNA (Maga et al., 2013).  

The ApaG domain (also known as DUF525) is a very rare motif which is found in humans 

(Krzysiak et al., 2016). The ApaG domain appears only in 2 human proteins: POLDIP2 and F-box 

only protein 3 (FBxo3) (Krzysiak et al., 2016).  These 2 proteins are similar to the bacterial ApaG 

protein. However, in contrast to bacterial ApaG domain, human ApaG domain found in FBxo3 

protein seems to have a different function (Krzysiak et al., 2016). Human ApaG domain does not 

have an ability to bind metal ions (Mg2+; Co2+), whereas the bacterial ApaG protein seems to be 

responsible for the maintenance of divalent cation homeostasis in the cell and potentially could be 

involved in protein-protein interactions (Krzysiak et al., 2016).  Although, the structure of human 

ApaG domain was determined, its biochemical role remains unknown (Krzysiak et al., 2016; Ilyin, 

Rialland, Pigeon and Guguen-Guillouzo, 2000). ApaG protein found in human FBxo3 protein has 

a very similar structure to the bacterial ApaG protein (Krzysiak et al., 2016). Same as in bacteria 

the human ApaG domain is comprised of 7 β-sheet strands which are surrounded by 4 extending 

loops (Krzysiak et al., 2016). Hernandes et al., (2017) using bioinformatics tools, such as Phyre2 

and I-TASSER software and 5 available ApaG homologous proteins in the PDB, predicted the 3D 

structure of POLDIP2 DUF525 (ApaG) domain which is shown in Figure 2. Also, the 

bioinformatics tools, predict the POLDIP2 YccV-like domain to have mainly β-sheet secondary 

structure with a terminating α-helix (Brown et al., 2014; Shimuta et al., 2004; Nishimura et al., 

2015).  
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Figure 2. C-terminal POLDIP2 DUF525 domain 3D structure prediction. Ribbon DUF525 

representation is shown on the panel A and DUF525 surface charge representation is shown on the panel B 

(I-TASSER and Phyre2 software) (Hernandes et al., 2017). Red, blue and grey (surface charge figure on 

the right) correspond respectively to positive, negative and neutral amino acids surface charge.   

 

Interestingly, POLDIP2 protein has a highly conserved GXGXXG motif which is known to be 

responsible for the binding to DNA and known to be present in kinases (Liu et al., 2003; Aravind 

and Koonin, 1998). The presence of such motif suggests that POLDIP2 might be able to bind 

pyrophosphate or nucleotide triphosphate (Liu et al., 2003; Aravind and Koonin, 1998; Ryazanov 

et al., 1997). Also, POLDIP2 has a GXGVVGXXPX motif, which actually corresponds to the 

NAD- and FAD-binding proteins GXGXXG motif, suggesting POLDIP2 potential involvement in 

NAD and/or FAD binding (Liu et al., 2003; Rossmann, Moras and Olsen,1974; Dym and 

Eisenberg, 2001). 

 

1.3. POLDIP2 cellular localization and tissue expression 

Human POLDIP2 is found in the nucleus, mitochondria, cell membrane or cytoplasm depending 

on cell type and can bind many different proteins (Figure 3) (Hernandes et al., 2017).  POLDIP2 

expression in humans was reported in different cell types, for example, POLDIP2 expression was 

found in aortic smooth muscle cells, vascular smooth muscle cells, astrocytes, epithelial cells, brain 

endothelial cells, kidney fibroblasts and cortical neurons (Lyle et al., 2009; Hernandes et al., 

A B 
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2017).  This suggests that POLDIP2 can be involved in many different processes, depending on 

its subcellular localization and the binding partners available in specific cell types (Figure 3). At  

first glance it may seem unlikely- to have so many functions. However, several proteins which 

switch their function depending on the nucleus and cytoplasmic localization have been found (e.g. 

some families of LIM domain proteins) (Hernandes et al., 2017).  Therefore, POLDIP2 has many 

functions, which seem to be a consequence of a specific interaction with one of many binding 

partners (Figure 4).  

 

 

 

 

 

 

 

 

 

Figure 3. POLDPI2 binding partners. POLDIP2 interaction with other proteins is dependent on the sub-

cellular compartment.  
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Figure 4. Multiple POLDIP2 functions. POLDIP2 plays role in cell cycle, lungs functioning, maintains cellular homeostasis, involved in bone and 

DNA maintenance, neurodegenerative diseases, cancer and proliferation. 
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Upon the entry to the mitochondria the POLDIP2 mitochondrial targeting sequence (mTS) is 

cleaved (Xie et al., 2005). Thus, truncated POLDIP2 forms tagged with C- terminal GFP were 

used to reveal the mTS sequence (Xie et al., 2005). The result showed that the construct containing 

the first 35 N-terminal residues are sufficient for the POLDIP2 targeting into mitochondria (Xie et 

al., 2005). Moreover, the first 35 N-terminal residues tagged to the GFP alone, show the 

mitochondrial localization, further confirming the importance of this sequence (Xie et al., 2005). 

However, even though an actual mTS cleavage site corresponds to the first 35 N-terminal residues, 

the consensus MPP cleavage recognition region predicted by the TargetP and MITOPROTII 

programs is located, respectively between 50-51 and 58-59 N-terminal POLDIP2 residues and is 

predicted to form an usual N-terminal mTS α-helix (Xie et al., 2005). Both predictions could be 

correct as mitochondrial proteins could be cleaved in two steps, first by mitochondrial processing 

peptidase (MPP) at 58-59 residues and then by major intrinsic protein (MIP) at 50-51 residues (Xie 

et al., 2005). Thus, the first approximately 50 residues are believed to be cleaved by MPP upon 

the POLDIP2 entry into the mitochondria (Xie et al., 2005).   

Although, the mTP sequence is predicted to target the newly synthesised proteins to the 

mitochondria, Klaile et al., (2007) showed that there is another molecule which is also responsible 

for POLDIP2 cellular translocation. Yeast-two hybrid screen, co-immunoprecipitation, surface 

plasmon resonance, indirect immunofluorescence and differential centrifugation proved that 

carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) can bind POLDIP2 

(Klaile et al., 2007). In vivo studies using specific antibodies against POLDIP2 revealed its 

interaction with both long and short CEACAM1 isoforms (CEACAM1-L and CEACAM1-S) 

(Klaile et al., 2007). CEACAM1 can bind to POLDIP2 and translocate POLDIP2 to another 
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cellular compartment, for example from the cytoplasm to the nucleus and vice versa (Klaile et al., 

2007). Using truncated CEACAM1-L and POLDIP2 forms it was found that cytosolic C-terminal 

domain of CEACAM1-L and C-terminal residues 330–348 –POLDIP2 are essential for this 

interaction and therefore for POLDIP2 translocation into another cellular compartment (Klaile et 

al., 2007).  

POLDIP2 mRNA expression level varies between different types of rat tissue (Lyle et al., 2009).  

For instance, POLDIP2 expression levels are extremely low in spleen and thymus, while the 

highest POLDIP2 expression level is observed in the diaphragm (Lyle et al., 2009). Besides that, 

the variability between different POLDIP2 forms is observed in different tissue (Lyle et al., 2009). 

Notably, 42 kDa POLDIP2 is mainly expressed in heart and aorta, whereas 37 kDa POLDIP2 has 

higher expression level in kidney, diaphragm and lung (Lyle et al., 2009). Such diverse POLDIP2 

expression makes this protein highly multifunctional (Lyle et al., 2009). 

 

1.4. A general overview of DNA replication and the role of POLDIP2 

In human two main DNA polymerases (Pol), Pol δ and Pol ε are involved at the DNA replication 

fork (Lujan, Williams and Kunkel, 2016; Tsurimoto, Melendy and Stillman, 1990; Sun et al., 

2015). Pol δ is responsible for the DNA synthesis in 5′- to 3-′ direction predominantly on the 

lagging DNA strand, but it is also able to carry the DNA synthesis on the leading DNA strands 

(Tsurimoto, Melendy and Stillman, 1990; Johnson, Klassen, Prakash and Prakash, 2015; Nick 

McElhinny et al., 2008; Garbacz et al., 2018). Pol δ with the aid of the PCNA synthesizes the 

lagging DNA strand discontinuously in 5′- to 3′- direction, by forming Okazaki fragments until it 

reaches the 5-’ end of another Okazaki fragment (Stodola and Burgers, 2016; Lujan, Williams and 
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Kunkel, 2016). Whereas, the leading DNA strand is synthesised continuously by Pol ε bound to 

the PCNA (Foley, Couto, Rauf and Boyke, 2019; Pursell et al., 2007; Stodola and Burgers, 2017; 

Hedglin, Pandey and Benkovic, 2016). However, currently the DNA replication is not properly 

understood and the exact way how Pol δ and Pol ε synthesise the DNA remains an active area of 

research (Foley et al., 2019; Aria and Yeeles, 2018). 

Human Pol δ is a pentameric protein, made of p125, p50, p68 and dimeric p12 subunits, 

(Khandagale, Peroumal, Manohar and Acharya, 2019). Lie et al., (2003), used both 125 kDa and 

50 kDa Pol δ subunits as a bait in a yeast two hybrid screen. Among the 22 identified 50 kDa 

subunit (Pol δ) binding proteins one of them was POLDIP2 (Liu et al., 2003). Also, co-

immunoprecipitation assay, yeast two hybrid screen, size exclusion chromatography and 

crosslinking identified that PCNA binds to 125 kDa Pol δ subunit (Zhang et al., 1999). Moreover, 

using the pairwise yeast two hybrid assays, pull down assay and western blotting it was found that 

POLDIP2 binds to PCNA (Liu et al., 2003). Liu et al., (2003) identified 3 putative POLDIP2 

motifs 81-88, 151-158 and 193-200 residues which could be potentially involved in the interaction 

with the PCNA QXXZXXF(F/Y) (Z-aliphatic residue) motif (Cox, 1997).  As Pol δ is a multimeric 

protein and both PCNA and POLDIP2 bind to different Pol δ subunits and POLDIP2 can bind both 

PCNA and Pol δ, this could suggest that such Pol δ interaction with PCNA might be indirect during 

DNA replication/repair/cell cycle regulation process and could be mediated by POLDIP2 (Liu et 

al., 2003; Klaile, Kukalev, Obrink and Müller, 2008). Moreover, POLDIP2 and PCNA binding to 

different Pol δ subunits suggest that POLDIP2 and PCNA could be in close proximity to each other 

(Liu et al., 2003). Maga et al., (2013), showed that POLDP2 stimulates Pol δ by increasing Pol δ 

affinity for the PCNA binding, suggesting that POLDIP2 might mediate the Pol δ and PCNA 

interaction by acting as a chaperone.   
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Interestingly, POLDIP2 also interacts with human papillomavirus 16 E7 (HPV 16 E7) oncoprotein 

(Xie et al., 2005). HPV 16 E7 can replicate viral DNA both in vivo and in vitro and the presence 

of p68 and p50 subunits of Pol δ enhances the DNA replication (Xie et al., 2005). This raises the 

possibility that Poldip2 might mediate viral DNA replication via Pol δ and human papillomavirus 

16 E7 oncoprotein, acting as a bridging protein (Xie et al., 2005). 

 

1.5. DNA repair and POLDIP2 role in faithful genetic information transmission 

To achieve faithful transmission of genetic information from one generation to another, DNA 

replication accuracy is tightly controlled (Guo, Kosarek-Stancel , Tang and Friedberg,  2009). One 

of such ways, which allows to maintain the accurate transmission of genetic information is the 

presence of Pol δ and pol ε 3’- to 5’- exonuclease activity (Shevelev and Hübscher, 2002). 

Furthermore, protective mechanisms exists in our cells to ensure accurate DNA replication 

following damaging insults to the DNA (Dahal, Dubey and Raghavan, 2018; Carell, 2015; Guo et 

al., 2009).Such mechanism which maintain the DNA integrity are the following: base excision 

repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), non-homologous end 

joining (NHEJ), homologous recombination (HR) and microhomology-mediated end joining 

(MMEJ) (Dahal et al., 2018; Carell, 2015). However, Pol ε and Pol δ could also participate in these 

mechanisms (Johnson et al., 2015; Hübscher and Berg, 1993). For example, Pol δ could be 

involved in MMR, BER, HR and NER, whereas Pol ε could participate in BER and HR (Johnson 

et al., 2015; Jessberger, Podust, Hübscher and Berg, 1993; Loeb and Monnat, 2008; Longley, 

Pierce and Modrich, 1997; Maloisel, Fabre and Gangloff, 2008; Prindle and Loeb, 2012).  
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However, some lesions can escape these DNA repair pathways, resulting in a DNA synthesis 

prohibition and putting in danger cells viability (Guo et al., 2009).  One of the ways to remove 

such lesions is the use of special translesion synthesis (TLS) DNA polymerases (Guo et al., 2009). 

TLS polymerases gather on the DNA upon the removal of Pol δ and Pol ε which are unable to 

bypass many DNA lesions causing DNA synthesis arrest (Schmitt, Matsumoto and Loeb, 2009; 

Hirota et al., 2016; Schmitt, Matsumoto and Loeb, 2009). The TLS polymerases such as Rev1, Pol 

η, Pol ι, and Pol κ belong to Y-family (Guo et al., 2009; Barnes, Hile, Lee and Eckert, 2017). Such 

polymerases have less spatially constrained active site and as a result can accommodate/fit 

disordered/bulky bases exhibiting much more weaker proofreading activity or do not possess 

proofreading ability in comparison to the DNA replicative polymerases (Hirota et al., 2016; Sale, 

2013; McCulloch and Kunkel, 2008; Prakash et al., 2005). Therefore, TLS polymerases are 

recruited onto the Dna only for short DNA stretches synthesis (Prakash, Johnson and Prakash, 

2005).  

A physical interaction of POLDIP2 and Pol λ was confirmed by co-immunoprecipitation (Maga et 

al., 2013).  Additionally, POLDIP2 physical interaction with Pol η was confirmed by pull down 

and yeast two hybrid screens (Maga et al., 2013; Tissier et al., 2010). It was found out that, 

POLDIP2 enhances the activity of Pol λ and Pol η, whereas it has no effect on Pols β or Pol ι 

(Maga et al., 2013). In the presence of POLDIP2 and the Pol λ or Pol η the synthesised DNA 

length is increased, while Pols β or Pol ι synthesised DNA length remains the same (Maga et al., 

2013).  Such result suggests that binding of POLDIP2 to Pol η and/or Pols λ induces 

conformational changes in the polymerase which result in the ability to bind the DNA more tightly 

(Maga et al., 2013).       
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Interestingly, enzymatic assay shows that Pol η and Pol λ containing POLDIP2 after the addition 

of PCNA and Replication protein A (RPA), synthesise even longer DNA fragments (Maga and  

Hubscher, 2003; Maga et al., 2013).  Although, the presence of POLDIP2, PCNA and RPA 

enhance both pol η and Pols λ, the effect on pol η is weaker than on Pols λ (Maga et al., 2013; 

Mondol, Stodola, Galletto and Burgers, 2019). Such results could suggest that POLDIP2 changes 

PCNA and RPA conformation and, as a result, enabling PCNA to stabilise the polymerase on the 

DNA more tightly (Maga et al., 2013).  Moreover, this result shows that POLDIP2, PCNA and 

RPA have more influence on the most accurate human TLS Pol λ capable to bypass the 8-oxo-7, 

8-dihydroguanine lesion in comparison to Pol η (Maga et al., 2013; Johnson, Prakash and Prakash, 

1999). A similar result was obtained using the truncated Pol λ 255-574, corresponding to the Pol 

λ region which possesses the catalytic activity and is still capable of TLS (Maga et al., 2013). 

Truncated Pol λ 255-574 synthesises the DNA more slowly that the full-length Pol λ, however, 

POLDIP2 addition increased the Pol λ 255-574 processivity (Maga et al., 2013). This points out 

that the Pol λ 255-574 region which represents the catalytic Pol λ domain could be the binding 

region of POLDIP2 (Maga et al., 2013).    

Using various truncated Pol η forms the Pol η region binding the POLDIP2 was revealed (Tissier 

et al., 2010). It was established that POLDIP2 (38 kDa) directly interacts with ubiquitin-binding 

zinc finger domain (UBZ) of Pol η (Tissier et al., 2010). Pol η mutagenesis studied show that parts 

of UBZ motif which is involved in zinc chelation does not interact with POLDIP2 (Tissier et al., 

2010).  Pol η mutation of H650A and H654A (two hydrogens which interact with Zn2+) or residue 

D (D652A) which are involved in the C-terminal α-helix formation lead to an inability to bind 

ubiquitin, but such Pol η mutation does not perturb POLDIP2 binding to the polymerase (Plosky 

et al., 2006; Tissier et al., 2010). Therefore, it can be concluded that the residues which are the 
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most important for the ubiquitin binding are not the residues which are involved in the interaction 

with the POLDIP2 (Tissier et al., 2010).     

POLDIP2 is also capable of interacting with Rev1 and Pol ζ (via Rev7) (Tissier et al., 2010). 

However, no interaction was observed between POLDIP2 and Pol κ or Pol ι (Tissier et al., 2010). 

The interaction region between POLDIP2 and other DNA polymerases was not studied yet, but 

for example, Rev7 does not have a ubiquitin-binding domain (UBD), yet is still able to interact 

with POLDIP2, suggesting that except UBD domain there are other important unidentified 

domains involved in POLDIP2 interaction with other TLS polymerases (Tissier et al., 2010). Some 

translesion DNA synthesis polymerases, for example, REV1 and Pol η bind Lys-164 mono-

ubiquitinated PCNA which is ubiquitinated by ligase RAD18 (Garg and Burgers, 2005; Choe and 

Moldovan, 2017; Bienko et al., 2005; Kannouche, Wing and Lehmann, 2004). Such TLS 

polymerase interaction with Lys-164 mono-ubiquitinated PCNA induces conformational proteins 

changes, which increase TLS polymerase’s activity and on their way facilitate DNA lesion bypass 

process (Garg and Burgers, 2005; Choe and Moldovan, 2017; Bomar, Pai, Tzeng, Li and Zhou, 

2007; Sabbioneda et al., 2009). Hence, as UBD is also important in binding ubiquitylated PCNA 

it could serve as a crosstalk, which switches replicative polymerases to TLS polymerases then 

lesions are encountered at the replication fork (Garg and Burgers, 2005; Choe and Moldovan, 

2017). 

 

1.6. Unique human polymerase and POLDIP2 

DNA-directed primase/polymerase protein (PrimPol) is a protein with both DNA polymerase and 

DNA primase activities, found across prokaryotes, eukaryotes, archaea and even mini-viruses 

(Guilliam, Bailey, Brissett and Doherty, 2016; Gupta, Lad, Ghodke, Pradeepkumar and 
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Kondabagil, 2019). Unlike other primases found in human genome, PrimPol is able to start primer 

synthesis straight away using dNTPs instead of NTPs, in a such way eliminating the need to ‘erase’ 

the short ribonucleotide primers made by RNA polymerase (Guilliam et al., 2016; Baranovskiy et 

al., 2015; Torregrosa-Muñumer et al., 2017; Perera et al., 2013). Interestingly, but this is a unique 

PrimPol feature as none of other known 17 human DNA polymerases is able to synthesise the 

primer, thus initially requiring the RNA polymerase (primase) (García-Gómez et al., 2013; Frick 

and Richardson, 2001).  

An interaction between POLDIP2 and PrimPol was identified using pull-down assays (Guilliam 

et al., 2015). Among POLDIP2, other PrimPol binding partners involved in DNA replication and 

repair were identified, such as: single-stranded binding proteins (SSBs), SSBs mitochondrial 

equivalent protein (mtSSB) and replication protein A (RPA) (Guilliam et al., 2015; Martínez-

Jiménez, Lahera and Blanco, 2017). Surprisingly, PrimPol-PCNA interaction was not observed in 

the pull down-assay, while POLDIP2 is known to directly interact with the PCNA (Liu et al., 2003; 

Guilliam et al., 2015). PrimPol directly binds to POLDIP2 and this was confirmed using mass 

spectrometry and cross-linking (Guilliam et al., 2016). Crosslinking studies revealed that the 

highest crosslinking was between N-terminal POLDIP2 residues 1-8 and Lysine 70 in the PrimPol 

(Guilliam et al., 2016). Interestingly, the PrimPol region which binds to POLDIP2 has strong 

sequence similarity to the Pol η region which also binds to POLDIP2 (Guilliam et al., 2016; Klaile 

et al., 2007; Tissier et al., 2010). Both PrimPol and Pol η bind to the POLDIP2 N-terminus which 

is known to be the mitochondrial targeting sequence (Guilliam et al., 2016; Klaile et al., 2007). 

Moreover, the truncated POLDIP2 51-368 does not enhance PrimPol processivity, activity and 

DNA binding further suggesting the importance of POLDIP2 mitochondrial targeting sequence 

for the binding with these 2 proteins (Guilliam et al., 2016; Klaile et al., 2007).   
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POLDIP2 binding enhances PrimPol capacity to bind to DNA and reinforce polymerase activity 

(Guilliam et al., 2016). Such POLDIP2 ability to enhance PrimPol efficiency/fidelity is very 

similar to the PCNA ability to enhance Pol η and Pol λ efficiency/fidelity (Maga et al., 2013).  

Moreover, POLDIP2 binding to PrimPol enhances PrimPol ability to bypass pyrimidine 6-4 

pyrimidone photoproducts (6-4PPs) and 8-oxo-7,8-dihydrodeoxyguanosine (8-oxoG) DNA 

lesions (Guilliam et al., 2016; García-Gómez et al., 2013). Furthermore, in the presence of 

POLDIP2, PrimPol can synthesise longer/extended primers (Guilliam et al., 2016). 

Electrophoretic mobility shift assay showed that full-length PrimPol in the presence of POLDIP2 

has a higher affinity for DNA (Guilliam et al., 2016). This suggests that POLDIP2 is capable of 

binding to the PrimPol on the DNA and such interaction occurs via the PrimPol catalytic domain, 

while POLDIP2 alone is not able to bind the DNA (Guilliam et al., 2016). It is of significant 

importance to further investigate the role of PrimPol-POLDIP2 interactions in mitochondria. 

Current research on PrimPol-POLDIP2 proves their mitochondrial localization and prompts that 

Pol γ and PrimPol are not the sole polymerase/primase involved in the human mitochondrial DNA 

replication, suggesting mitochondrial genome integrity is of considerable greater complexity than 

currently thought (Falkenberg, Larsson and Gustafsson, 2007; Guilliam et al., 2016).  

 

1.7. POLDIP2 and cancer  

POLDIP2 could be involved in different cancer types. Chen et al., (2018), studies show that 

POLDIP2 gene might be implicated in one of the most common cancer types, the lung cancer. In 

vitro and in vivo studies show that POLDIP2 knockdown reduced tumorigenicity and metastasis 

in non-small cell lung cancer (NSCLC) which accounts for 80% of lung cancers (Chen et al., 

2018). It was observed that POLDIP2 knockdown down-regulates other genes involved in cancer 
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such as: Cyclin D1, SLUG, CDH2 and TWIST (Chen et al., 2018; Burch and Heintz, 2005). Chian 

et al., (2016), using peripheral blood mononuclear cells (PBMC) containing nucleic acid markers, 

also proved POLDIP2 involvement in NSCLC. Using real-time PCR (RT-PCR) and statistical 

analysis of 187 and 310 blood samples, from unhealthy and healthy humans respectively, 8 genes 

were potentially identified to be tumorigenic and POLDIP2 was one among them (Chian et al., 

2016). Moreover, 14 NSCLS tissue samples obtained from patients revealed decreased POLDIP2 

mRNA expression levels (Chen et al., 2018).  Nevertheless, even if there are some indications that 

POLDIP2 might be involved in the lung cancer formation, it remains unclear how POLDIP2 plays 

a role in lung cancer formation (Chen et al., 2018).   

Additionally, POLDIP2 could be involved in liver cancer as decreased NADPH oxidase 4 (Nox4) 

protein levels are observed in liver tumor cell lines derived from the mouse  and POLDIP2 is 

known to interact directly with Nox4 protein (Crosas-Molist et al., 2014; Weyemi  et al., 2012; 

Lyle et al., 2009; Manuneedhi, Cartland and Kavurma, 2017). Increased levels of Nox4 expression 

leading to an imbalance of H2O2 homeostasis (increased levels) have been recently proposed to be 

the cause of thyroid cancer (Ameziane-El-Hassani, Schlumberger and Dupuy, 2016; Salmeen, 

Park and Meyer, 2010). Moreover, Rodrigo et al.,(2014), showed that POLDIP2 binding to Nox 4 

increases reactive oxygen species (ROS) production by 3 fold in rat thyrocytes and could 

potentially lead to the DNA damage causing the carcinogenic effect. As both POLDIP2 and Nox4 

have high expression level in thyrocytes, this suggests that POLDIP2 could be involved in thyroid 

cancer formation caused by DNA damaging (Ameziane-El-Hassani, Schlumberger and Dupuy, 

2016; Rodrigo et al., 2014).  
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1.8. POLDIP2 and neurodegenerative disease  

POLDIP2 may be involved in the progression of neurodegenerative disease formation (Kim et al., 

2015). Alzheimer's disease (AD) is a neurodegenerative disorder resulting in dementia and 

inability to learn (Kumar, Singh and Ekavali, 2015). Tau protein (accumulation of which is 

associated with neurodegenerative diseases) was observed to form aggregates when POLDIP2 is 

overexpressed in neuronal cells (Kim et al., 2015; Kumar et al., 2015; De Felice et al., 2008). 

Interestingly, mouse neuron treatment with different pathogenic factors which are known to be 

involved in the neurodegenerative diseases such as amyloid beta, tumor necrosis factor alpha 

(TNF-α) or H2O2 increased the expression of POLDIP2 (Kam et al., 2013; Kim et al., 2015). 

However, in SH-SY5Y human neuroblastoma cells, POLDIP2 knock-down reduces H2O2 

production level leading to Tau protein aggregation (Kim et al., 2015). This suggests, that POLDIP 

concentration should be tightly regulated in the cell, as POLDIP2 concentration imbalance either 

way leads to Tau aggregation (Kim et al., 2015).  

Two truncated POLDIP2 forms, which have YccV-like domain and DUF525 domain were used 

to examine if both domains are necessary for the autophagy and Tau aggregation (Kim et al., 

2015). Results revealed, that DUF525 POLDIP2 domain sufficiently increases Tau aggregation 

and is crucial for the autophagy inhibitory function modulation (Kim et al., 2015). It can be 

concluded that POLDIP2 regulates the autophagy flux through the DUF525 POLDIP2 domain 

(Kim et al., 2015). Also, it should be taken into account that Alzheimer’s disease is a multifactorial 

disease as no single gene induces this disease, meaning that POLDIP2 is not the only protein which 

controls the Tau aggregation process (Kim et al., 2015; Kumar et al., 2015; De Felice et al., 2008).  
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1.9. POLDIP2 and bone physiology 

Osteoporosis-is one of the most morbidity associated disorders, in which bone mass and strength 

are reduced, such wise increasing bone fracture risk (Katsumura et al., 2016). The two cell types 

playing a crucial role in bone homeostasis: osteoblasts and osteoclasts (Schröder, 2019). 

Osteoblasts-build the organic bone matrix by being responsible for collagen, osteocalsin and 

osteopontin protein synthesis, while osteoclasts secrete collagenase and are the major source of 

matrix metalloproteinase 9 (MMP-9) (which could be also involved in bone resorption) (Bruni-

Cardoso, Johnson, Vessella,  Peterson and Lynch,  2010; Schröder, K, 2019).  In osteoporosis, the 

balance between bone formation and resorption, by osteoblasts and osteoclasts respectively is 

abolished (Katsumura et al., 2016). 

Both POLDIP2 and fibroblast growth factor 2 (FGF2) (responsible for morphogenesis, 

metabolism, fracture healing and bone growth mineralization, are expressed in MC3T3-E1 

osteoblast cells (Katsumura et al., 2016; Coffin, Homer-Bouthiette and Hurley, 2018). Katsumura 

et al., (2016), found that FGF2 silences POLDIP2 expression in osteoblasts. POLDIP2 small 

interfering RNA (siRNA) silencing significantly reduced osteoblastic MC3T3-E1 cell migration 

in in vitro scratch wound healing assays (Katsumura et al., 2016). These data suggest that 

POLDIP2 might be involved in the migration of osteoblastic cells, potentially leading to 

osteoporosis (Katsumura et al., 2016).  

The ROS can play a role in osteoporosis pathogenesis (Manolagas, 2010). Nox4, a constitutively 

active enzyme responsible for ROS production (particularly of H2O2) also contributes to the 

development of osteoporosis (Goettsch et al., 2013; Schröder, 2019). It was observed that 

increased Nox4 expression level in human patient showed to exhibit increased osteoclast activity 

leading to higher bone resorption and reduced bone density (Goettsch et al., 2013). As POLDIP2 
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directly interacts with the p22phox subunit of Nox4, its role in the aforementioned process cannot 

be neglected (Lyle et al., 2009).   

 

1.10. POLDIP2 and cellular homeostasis  

It has been proposed that POLDIP2 could have a key role during hypoxia and cancer cell metabolic 

adaptation, as lipoylation of the pyruvate dehydrogenase (PDH) and α-ketoglutarate 

dehydrogenase (αKDH) complexes may be regulated by POLDIP2 in the mitochondria (Paredes  

et al., 2018). POLDIP2 protein levels decrease under hypoxia or cancer, leading to the inhibition 

of lipoylation of the pyruvate and α-KDH complexes, as well as, during mitochondrial dysfunction 

(Paredes, Williams and San-Martin, 2017; Paredes et al., 2018). Therefore, the POLDIP2 could be 

involved in the regulation of the caseinolytic peptidase (Clp)-protease complex, as well as, in the 

degradation of the lipoate-activating enzyme Ac-CoA synthetase medium-chain family member 1 

(ACSM1) (Paredes et al., 2018; Golias, Kery, Radenkovic and Papandreou, 2019). This, in turn, 

leads to decreased lipoylation and αKDH levels resulting in the PDH inhibition (Paredes et al., 

2018; Golias et al., 2019).  

Jiang et al. (2019), has also found that POLDIP2 deficiency in type 2 diabetes mellitus (T2DM) 

dampens lipid and glucose homeostasis. POLDIP2 expression levels decreased in T2DM humans, 

while Nox4 level was not significantly changed (Jiang et al., 2019). Under normoglycemic 

conditions, insulin and leptin do not effect POLDIP2 expression (Jiang et al., 2019). Hence, 

POLDIP2 appears to also play a central role in the control of aerobic metabolism.  
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1.11. POLDIP2 and vascular function 

POLDIP2 maintains vascular structure, as in POLDIP2+/- mice, the disorganisation of aortic 

structures is observed (Sutliff et al., 2013; Amanso et al., 2014). POLDIP2+/- mice have aortas with 

an increased collagen deposition, as well as, an excess matrix and disordered and broken elastic 

laminae (Sutliff et al., 2013). Such aortic changes become the risk factors for the development of 

cardiovascular diseases, as they lead to the loss of vascular smooth muscle (arterial) contractility 

and can cause arterial stiffness (Laurent, Alivon, Beaussier and Boutouyrie, 2012).  

Compared to POLDIP2+/+ mice, the aorta extracted from POLDIP+/- mice had stiffer arteries, 

reduced elasticity and reduced ability to generate arterial force (Sutliff et al., 2013; Griendling, 

2018). Moreover, the abnormally increased collagen I and fibronectin secretion levels were 

detected in heterozygousPOLDIP2 mice in the vascular smooth muscle cells (VSMC), as well as, 

in mouse aortic smooth muscle cells (MASMC) (Sutliff et al., 2013; Fujii, Amanso, Abrahão, 

Lassègue and Griendling, 2016; Griendling, 2018).The increase in fibronectin and collagen 

secretion levels were also observed in homozygous POLDIP2+/+ mice, treated with siRNA against 

POLDIP2 (Sutliff et al., 2013). Interestingly, collagen I secretion can be restored upon the addition 

of H2O2, suggesting that this reaction might be mediated by ROS (Sutliff et al., 2013). Matsushima 

et al., (2016), proposed that in VSMCs, POLDIP2 negatively regulates focal adhesion turnover 

and cytoskeletal remodelling through the redox-dependent activation of PI3K/Akt/mTOR 

signalling pathway. Also, Matsushima et al., (2016), propose that POLDIP2 downregulation could 

lead to the collagen accumulation in VSMC through the activation of PI3K/Akt/mTOR signalling.   

Sutliff et al., (2013), showed that in VSMC cells POLDIP2 increases the activity of NADPH 

oxidase 4 (Nox4), which is involved in the reactive oxygen species (ROS) production, POLDIP2 

in vivo knockdown studies using siRNA against POLDIP2 revealed that decreased POLDIP2 level 
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diminishes H2O2 level. Such results suggest that in VSMC the moderate H2O2 production protects 

aortic dilatation by an increase of collagen and fibronectin secretion which makes vascular wall 

more elastic, thus increasing the ability to generate arterial force (Sutliff et al., 2013; Amantea et 

al., 2015; Cook-Mills, Marchese and Abdala-Valencia, 2001). It is interesting and important to 

note that decrease in Nox4, as well as, POLDIP2 are observed during human aortic valve stenosis, 

suggesting that these two proteins might be involved in myocardium remodelling (Moreno et al., 

2013). 

 

1.12. POLDIP2 and cell cycle regulation  

POLDIP2 could be involved in the cell cycle control via regulation of p21 (Datla et al., 2019). p21 

is involved in cell cycle regulation (Waga, Hannon, Beach & Stillman, 1994; Datla et al., 2019). 

Cyclin-dependent kinase (CDK) complexes, positively regulate cell cycle progress (Ekholm and 

Reed, 2000). CDK complexes together with p21 (inhibitors) negatively regulate cell cycle 

(Ekholm and Reed, 2000). PCNA expression was significantly reduced and p21 (cell cycle 

inhibitor) expression was increased causing the delay in cell cycle progression in POLDIP2+/- mice 

in comparison to POLDIP2+/+ (Datla et al., 2019).  

Flow cytometry showed that POLDIP2 protein is arrested/delayed in G2/M and G1 phases 

(Hernandes et al., 2017). Such POLDIP2 delaying in mouse embryonic fibroblasts (MEFs), results 

in the decrease of cell number during the S phase (Hernandes et al., 2017). Also, the POLDIP2 

deficiency increases p53 phosphorylation level during G1 and G2/M phases (Hernandes et al., 

2017). 
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1.13. Project aims 

POLDIP2 appears to be involved in the cell cycle, proliferation, cancer, bone homeostasis, DNA 

replication/repair, neurodegenerative and cardiovascular system control/function (Hernandes et 

al., 2017). Although, POLDIP2 is a multifunctional protein it remains unknown how POLDIP2 

can bind so many different proteins in different subcellular compartments and to be involved in 

different protein-protein intercations. Moreover, it remains unknown if two POLDIP2 forms (37 

kDa and 42 kDa) have different functions. Also, POLDIP2 biochemistry remains completely 

untouched, as POLDIP2 3D structure alone or with binding partners has not been yet discovered. 

In order to understand POLDIP2 function, POLDIP2 3D structure is required. Ideally, POLDIP2 

structure with a binding partner is required for the detailed understanding of POLDIP2 function. 

Therefore, several objectives were addressed in this research. Objectives: A) To sub-clone already 

existing POLDIP2 constructs into pGTVL2 vector containing GST-tag, as well as, to express all 

constructs in TB/LB media to optimize POLDIP2 expression levels. B) Purify POLDIP2 

constructs which will have good expression level using IMAC/IEC/SEC and to optimize POLDIP2 

constructs purification. C) Subject POLDIP2 into crystallization trials and attempt to reveal the 

protein’s 3D structure. D) Attempt to solve the POLDIP2 structure in combination with one of its 

known binding partners (PCNA) using cryo-EM and X-ray crystallography, as well as, to 

determine PCNA-POLDIP2 complex stoichiometry.  
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2. Materials and methods 

2.1. Materials  

All chemicals were from Fisher Scientific (Ispwich, MA, USA). All enzymes were from New 

England Biolabs (Ispwich, MA, USA) and all protein purification columns were from GE 

Healthcare.  

 

2.2. Molecular Biology 

2.2.1. Polymerase chain reaction (PCR)  

Touch-down PCR (BIORAD, California, United States) was used to amplify full-length POLDIP2, 

as well as, it’s 11 truncated forms (Appendix 1-3) (Korbie and Mattick, 2008). A cloned 

proliferating cell nuclear antigen (PCNA) construct was used as a positive PCR control. The PCR 

mix for 1 reaction was the following:  5x Phusion HF buffer (Ispwich, MA, USA), 2 U Phusion 

DNA Polymerase, 0.2 mM dNTP mix (0.2 mM for each dNTP), nuclease-free H2O, to a final 

volume of 25 μL. After the master mix was aliquoted, the following reagents were added separately 

into each tube: 1 μL of 2.5 ng/μL of template DNA and 2.5 μM primers (2.5 μM of each forward 

and reverse, synthesised by Eurofins, Luxembourg) (see Appendices 1-3, Table 1). PCRs were 

analysed on an agarose gel (section 2.2.2).  
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Table 1. Touchdown PCR conditions. Information on times and temperatures is provided for each PCR 

cycle.  

 

2.2.2. DNA Agarose gel electrophoresis 

50 mL of 1.5 % agarose gel (w/v) made in 1x TBE buffer was used for the estimation of the correct 

DNA fragment amplification. Agarose was mixed with 1x TBE buffer and was microwaved until 

an agarose melted. 2 μL (4% v/v) of SYBR-safe (Invitrogen, California, United States) per 50 mL 

gel was added after cooling and poured unto a gel casting tray with combs.  

Samples were mixed with 6x DNA loading dye (ThermoFisher, Massachusetts, United States) and 

loaded, alongside a 2-LOG DNA ladder (NEB, Massachusetts, United States). Gels were resolved 

for 60 min at 80 V. The DNA was visualized/analysed under UV transilluminator and image 

capture software (SynGene).   

 

2.2.3. Competent E. coli cells 

Rosetta2 cells (E. coli BL21 (DE3) containing pRARE2) cells (Appendix 4) required for the 

protein expression and purification purposes were grown from the glycerol stock/colony in 10 mL 

LB media (without antibiotics) overnight at 180 rpm, 37°C (IOX400 XX1C, Gallenkamp, 
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Loughborough, UK) (Figure 5). 1 mL from the overnight culture was sub-cultured into 100 mL 

LB media in 500 mL flask. Then the OD600 has reached ~0.5 cells were placed on ice for 30 min. 

After incubation Rosetta2 cells were centrifuged for 5 minutes at 2000 rpm (Mistral 3000i, MSE, 

East Sussex, UK).  The supernatant was discarded and the pellet was gently re-suspended in ice 

cold, sterile 100 mM CaCl2. Sample was incubated on ice for 30 min, centrifuged and re-suspended 

in 5 mL pre-chilled 50 mM CaCl2/ 20%  (v/v) glycerol as described above. Rosetta2 cells were 

incubated on ice for additional 30 min and 300 μL of cells were aliquoted in pre-chilled PCR tubes. 

Competent Rosetta2 cells were flash frozen in liquid nitrogen and stored at -80°C.  

 

Figure 5. Flow chart of competent E. coli preparation. All steps, starting from the overnight E. coli 

growth and finishing with E. coli storage are described.  
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2.2.4. E. coli culture preparation 

Overnight cultures were prepared from the E. coli glycerol stocks/colonies. MACH1/Rosetta2 E. 

coli cell were grown in 5 mL LB media with appropriate antibiotics (Kan for the MACH1; Kan/Chl 

for the Rosetta2) in 50 mL falcon tubes at 37°C, 180 rpm overnight for 12-16 hours (Appendix 4). 

Kan/Chl concentration were made respectively at 50 μg/mL and 34 μg/mL and they were added 

at 1:1000 antibiotic:media ratio.  

 

2.2.5. Transformation 

MACH1/Rosetta2 cells were thawed on ice. 2 μL (50-150 ng) of DNA (pGTVL2 constructs; 

PCNA was used as a positive control) were added to 25-40 μL cells gently pipetting once to mix 

the sample and incubated on ice for 1 hour. E. coli-DNA mix was heat-shocked in water bath for 

45 seconds at 42°C. After, heat-shock cells were immediately placed on ice for 5 minutes. 100 μL 

of pre-warmed at 37°C LB media (without antibiotics) was added under aseptic conditions. Cells 

were incubated for 60 minutes at 180 rpm at 37°C. 60-100 μL culture was gently spread on pre-

warmed (37°C) LB-Kan/5% Sucrose (w/v) or LB-Kan/Chl agar plates, respectively if MACH1 or 

Rosetta2 cells were used for the transformation. Plates were incubated overnight for 12-16 hours 

in the incubator (MIR-262 Sanyo, Panasonic, Osaka, Japan) at 37°C.  

 

2.2.6. E. coli glycerol stock preparation 

1 mL of overnight E. coli culture grown in 5 mL LB/antiobiotics was mixed gently by pipetting 

up and down with 0.333 mL of 60% (v/v) filter sterilised glycerol. If samples were prepared after 
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transformation they were stored in eppendorf tubes in -20°C, until the colony PCR screen showed 

positive results. Then, the cells were transferred into cryogenic tubes and stored in -80°C for the 

overnight culture preparation.  

 

2.2.7. Ligation independent cloning (LIC)  

2.2.7.1. pGTVL2 vector restriction digest 

5 µg of vector (pGTVL2), 10x NEBuffer™ 3.1 and  30 U BsaI enzyme were mixed in order to 

linearise the vector. Nuclease free water was added to make the total reaction volume 100 µL. The 

mix was incubated at 50oC in a heating block overnight. If restriction digest was not successful in 

the first instance the reaction was repeated prolonging the incubation time up to 3 days. The BsaI 

enzyme was inactivated by incubation at 65°C for 20 minutes. Plasmid digestion was checked on 

an agarose gel.  

 

2.2.7.2. DpnI treatment of PCR products. 

The PCR products were DpnI treated in order to remove the original DNA template. 35 µL of non-

purified PCR DNA mix, 10x NEB 2.1 buffer, 5 U of DpnI and the nuclease free water was 

combined to a total volume of 50 µL and incubated for 1 hour at 37°C. Following the incubation, 

samples were heated for 20 minutes at 80°C for the enzyme inactivation. The PCR products were 

purified using QIAquick PCR purification kit (QIAGEN, Hilden, Germany), as was described in 

the manufacturers protocol (see Figure 6).  
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          Figure 6. Flow chart of the DNA purification. All DNA purification steps are shown. 

 

2.2.7.3. T4 DNA polymerase treatment of pGTVL2 vector and PCR fragment 

 

For vector preparation, 50 μL of BsaI digested plasmid (50-60 ng/μL), 7.5 U T4 DNA polymerase, 

100 mM DTT, 10x NEB buffer TM 2.1, and 25 mM dGTP were combined and water was adjusted 

to make total volume of 100 μl. For PCR T4 treatment, 5ul of PCR product was combined with 

the same components (substituting dGTP for dCTP), to a total volume of 10 μL. The mix was 

incubated at room temperature for 30 minutes. Enzyme was inactivated following the incubation 

at 75oC for 20 minutes in a bench heating block. For the annealing, 1 µL of treated plasmid was 

mixed with 2 µL of the treated PCR insert and incubated for 30-40 min at room temperature. The 

transformation was performed as described in section 2.2.5.and E. coli cells were spread on the 

LB-Kan/5% (w/v) D-Sucrose plates. If the transformation was not successful for the first time, it 
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was repeated again using 1:2 and 1:4 volume ratios (vector:PCR product). Next day, the PCR 

colony screen was performed.   

 

2.2.7.4. Whole cell PCR colony screen 

Colonies were screened by PCR to check for the correct plasmid construct. Initially, one colony 

was screened for each construct. However, for those with apparently missing constructs (for 

example due to contamination), several other colonies were screened to detect the presence of 

plasmid. 5-7 ng of cloned PCNA was used as a positive PCR control. The reaction mix comprised 

10 µM pLICfor/pLICrev primers (synthesised by Eurofins, Luxembourg; Appendix 2), 5x Red 

buffer, 3% DMSO (v/v), 3% glycerol (v/v), 1 U MyTaq Red DNA polymerase (Bioline, UK), to a 

total of 20 µL. 0.5 µL of overnight culture grown from a single plate colony or alternatively 10 ng 

of plasmid DNA were added separately into each tube. The PCR conditions used for the colony 

screen are shown in Table 2 and the thermocycler was pre-heated to 95°C prior to inserting the 

samples. 10 µL of PCR reaction was run on an agarose gel, as described in section 2.2.2, but 

without the 6x loading dye. Colonies which contained the plasmid with the expected size were 

grown overnight, following glycerol stock preparation (section 2.2.6; 1 mL used) and plasmid 

isolation (section 2.2. 8; 4 mL used). 

Table 2. PCR running conditions. Time and temperature are shown for each PCR cycle.  
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2.2.8. Plasmid miniprep 

4 mL of overnight culture were centrifuged for 20 min at 2400 rpm at 4°C. The pellet was re-

suspended in 250 µL of P1 buffer, transformed into small eppendorf tubes and stored at -20°C 

until the PCR colony screen showed positive results. Next, the plasmids were isolated using 

QIAquick PCR purification kit (QIAGEN, Hilden, Germany) according to the manufacturers 

protocol (Figure 7). Plasmids were prepared and sent for the sequencing (by Dr Christopher 

Cooper).  

Figure 7. Plasmid DNA isolation. All plasmid DNA isolation and purification steps described in the QIA 

prep Spin Miniprep Kit manufacturer’s protocol are shown.  

 

2.2.9. DNA quantitation 

The DNA concentration and purity was measured based on the DNA absorbance at 260 nm and 

A260/A280 nm absorbance ratios (Sambrook and Russell, 2001). A260/A280 absorbance ratio of 
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1.8-2 served as an indication of DNA purity (Sambrook and Russell, 2001). TE buffer was used 

as a blank. 2 µL of purified DNA were used for the NanoDrop. 

 

2.3. Overexpression and purification of recombinant protein 

2.3.1. Small scale recombinant protein expression 

Rosetta2 cells transformed with plasmid expression constructs were grown overnight (section 

2.2.6). In the morning, 500 µL of the overnight culture was inoculated into 50 mL LB-Kan or TB-

Kan media in 250 mL plastic baffled flask (Ultra Yield Generon). Rosetta2 cells were incubated 

for 3-4 hours at 37°C, 180 rpm until OD600   reached ~0.6-0.8 or 1.5-2, for LB and TB media, 

respectively. When the cells have reached the right OD they were cooled for 15-30 min at 18°C, 

with the occasional shaking. Protein expression was induced with 50 µL of 100 mM IPTG and 

cells were incubated at 18 °C, 180 rpm for 12-16 hours. Cultures were transferred to 50 mL Falcon 

tubes and harvested by centrifugation for 30 min at 4000 rpm, 4°C. Harvested pellets were stored 

at -80°C.  

 

2.3.2. Small scale E. coli cell lysis 

Cells were thawed in a 37°C water bath for 2 minutes. From this point, all samples and solutions 

were kept on ice. Bacterial pellets were re-suspended in 3 mL lysis buffer 1 (LB1) (Appendix 5) 

by vortexing until the pellet was completely resuspended. Cells were sonicated (Vibra-Cell, VCX 

130 PB, Connecticut, United States) on ice for 2-3 minutes (20 seconds on, 20 seconds off; 

amplitude 60%) respectively, for LB and TB media. The re-suspended cells were centrifuged at 

13500 rpm, 4°C for 30 min.   
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2.3.3. Ni-NTA affinity chromatography small scale 

3 mL of supernatant was transferred to a 15 mL falcon tube and 1 volume of lysis buffer 2 (LB2) 

was added, as well as, 200 µL of 50% Ni-NTA beads (v/v). The sample was incubated for 1 hour 

at 4°C and 100 rpm.  The lysate was applied into a 30 mL Econo-Pac column and allowed to drip 

through. The sample was washed 5 times with 2 mL wash buffer (WB) (Appendix 5).  200 µL of 

elution buffer (EB) were added to each column. The eluted protein was stored at -20°C. 

Small scale Ni-NTA beads preparation: 1 volume of beads (200 μL) was washed with 1 volume 

of Milli-Q-H2O. Next, Ni-NTA beads were equilibrated with 1 volume of lysis buffer 0 (LB0).  

 

2.3.4. Large scale recombinant protein expression 

10 mL of overnight culture were poured to 1L LB/TB-Kan media (no Chl for the large scale 

expression) in a 5 L flask (Figure 8). The flask was shaken at 180 rpm at 37C for approximately 

3-4 hours until the OD600 had reached 1.5-2 (culture and blank were diluted 1/5, so the expected 

OD600 reading was 0.3-0.4). The LB/TB media were used as a reference. When the media reached 

the right OD600 flasks were put on the bench to cool down for 45-60 minutes and a short shake was 

given every 10 minutes while the flasks were cooling.  Overnight expression (12-16 hours) was 

induced with 0.1 mM IPTG (final concentration) at 18°C and 180 rpm. Next day the samples where 

centrifuged for 30 min at 4C and 7,800 g in JLA 10.50 rotor (Beckman Coulter AvantiRJ-26XPI). 

The supernatant was discarded and the cells were re-suspended in 1x PBS buffer. Cells were 

transferred into 50 mL tubes and re-centrifuged at 4000 rpm for 1 hour at 4C and the pellet stored 

at -80C.  
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Figure 8. Flow diagram of large scale protein expression. All steps starting from E. coli inoculation and 

ending up with the E. coli pellet storage are shown.  

 

2.3.5. Large scale E. coli cell lysis 

Frozen cells were thawed in water bath for 20 min at 36-39°C. From this step all buffers and cells 

were kept on the ice at all times. 50 mL LBa buffer (Appendix 6) was used per litre of cell culture 

to re-suspend the pellet. Cells were fully re-suspended by vortexing, following the incubation at 

4°C, 100 rpm for 1 hour or longer, until sample viscosity was reduced. Next, cells were disrupted 

by pulsed sonication (80% amplitude; 10 minutes; 10 seconds on and 10 seconds off). Cells were 

sonicated on ice for 5-6 minutes sonication process with mixing. Lysates were clarified by 

centrifugation for 1 hour at 4°C at 33.000 g in JA-25.50 rotor.  
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2.4. Large scale protein purification   

2.4.1. Ni-NTA Affinity Chromatography (IMAC) and Tobacco Etch Virus (TEV)- 

Ni-NTA Affinity Chromatography. 

2.4.1.1. Ni-NTA Affinity Chromatography (IMAC)  

Ni-NTA affinity chromatography was used to purify 6x His-tagged recombinant proteins from E. 

coli (Crowe et al., 1994). 2 mL bed volume of Ni-NTA agarose beads were applied to a 30 mL 

Econo-Pac column. The sample was allowed to flow through by gravity. 10 column volume (CV) 

of ddH2O were passed through the column to remove the beads storage solution which contained 

20% (v/v) ethanol. 10 CV of LB equilibration buffer was then applied to the column. Followed by 

clarified E. coli supernatant. Flow-through, 10 CV LB, 10 CV, W30 and 3 x 4 mL E300 elution 

fractions were collected. All samples were run on the SDS-PAGE gel. SDS-PAGE gel was 

analysed and protein dialysis was set (section 2.5.). Minimum of 1:20 TEV:protein mass ratio was 

used for the dialysis (gift from Structural Genomics Consortium (Oxford), purified by Dr 

Christopher Cooper. 6x His-tagged so it is removed during the reverse Ni-NTA). However, usually 

600 μL of TEV protease (4-5 mg/mL) were added per 4 L of POLDIP 2 (51-368)/POLDIP2 (178-

368) (E4/E7); 8 L of POLDIP2 (1-368) (E1) and 4 L of PCNA.  

 

2.4.1.2. Reverse Ni-NTA Affinity Chromatography 

30 mL Econo-Pac column was prepared as described above. Dialysed protein was applied to the 

column and allowed to drip through. The protein was passed through the column twice. 2 CV 

elutions of lysis buffer containing 20 mM, 40 mM, 100 mM and 300 mM imidazole pH 8 were 

collected. All samples were run and analysed on SDS-PAGE.  
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2.4.2. Ion exchange and heparin chromatography (IEC) 

An ÄKTA Pure FPLC (GE Healthcare) was used for the IEC purification. 3 different columns 

were used for the purification: HiTrap-Q/HiTrap-SP/HiTrap-Heparin, depending on the protein 

and the experiment. Proteins isoelectric point (pI) was estimated using the Expasy, ProtParam 

program (http://www.expasy.ch/tools/protparam.html) (Gasteiger et al., 2003). If protein pI was 

above 7.5 HiTrap-SP (- charge) column was used, and if pI was below 75 HiTrap-Q (+ charge) 

column was used (for pH 7.5 buffers). For the use of HiTrap Heparin column the pI determination 

was not necessary. The appropriate column was equilibrated with the 20 CV of the appropriate 

buffer (Appendix 7). The protein was concentrated (section 2.3.8) and diluted 5 fold (5% glycerol 

(v/v), 20 mM Tris/Hepes (pH 7.5) for Q/SP-IEC respectively) to bring the final NaCl concentration 

to 100 mM before loading onto the column. 2/5 mL concentrated protein was loaded into 2/5 mL 

washed capillary loop depending on volume of sample. The sample was then eluted in 100-1000 

mM NaCl elution gradient with a flow rate of 1 mL/min at 9°C in 2 mL fractions. The column was 

stored in Milli-Q-H2O or 20% ethanol (v/v) at 9°C until needed. Samples were analysed by SDS-

PAGE.  

 

2.4.3. Size Exclusion Chromatography (SEC) 

2/5 mL concentrated protein was loaded onto equilibrated 2/5 mL capillary loop, respectively, 

following removal of aggregates by syringe filtering through 0.2 m filters. Protein was run on 1.5 

CV pre-equilibrated S200 16/600 column (20 mM HEPES pH 7.5, 500/100 mM NaCl, 5% glycerol 

(v/v) and 1mM DTT, added immediately before use). Protein was eluted at 1 mL/min at 9°C in 2 

mL fractions. The column was stored in 20% ethanol (v/v) or Milli-Q-H2O at 9°C until needed.  

http://www.expasy.ch/tools/protparam.html
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After, SEC SDS-PAGE gel was run, pooled fractions were concentrated. Usually, the fresh protein 

was used further, however sometimes the protein was flash frozen in the liquid nitrogen and stored 

at -80°C until was used.   

 

2.5. Protein Dialysis 

Protein was dialysed in pre-chilled dialysis buffer (Appendix 8). Protein:dialysis buffer ratio was 

1:167. Protein dialysis was carried in snakeskin dialysis membrane (3500 Da MWCO) for 1-3 days 

in a cold cabined at 9°C with stirring. Before sealing the dialysis bag air bubbles were removed. 

 

2.6. Protein Concentration 

30 kDa or 10 kDa protein concentrators (Vivaspin® 20; 10,000 MWCO; PES Membrane 

(Generon)) were washed with Milli-Q-H2O following the centrifugation for 5 minutes, at 4°C and 

2500 rpm. The protein was applied to the concentration column and centrifuged at 2500 or 4000 

rpm, respectively for 15 or 10 minutes at 4°C until the desired proteins concentration was reached.  

 

2.7. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

2.7.1. Gel casting 

Spacers, combs and glass slides were cleaned with 70% (v/v) ethanol and dried. 10% resolving gel 

(v/v) and 4% staking gel (v/v) were used for the protein visualization unless stated otherwise. 

Reagents were added in the order provided in the Table 3.  After 15-25 min the clear band was 
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formed between the gel and water layer.  The water was completely removed using filter paper. 

4% stacking gel (v/v) was poured to the very top of the edges and the well-forming combs were 

inserted. The gels were stored at 4°C until they used.  

 

    Table 3. The recipe for the resolving and stacking gels is shown. SDS-PAGE gel components.  

 

 

2.7.2. SDS-PAGE protein sample preparation 

4x SDS loading dye (4x LDS sample buffer, 0.2 M DTT) was mixed with protein sample. 5-20 µL 

of sample were loaded for all other gels, unless stated otherwise. Precision plus protein dual color 

standard marker (Bio-Rad) was sued for molecular weight comparisons. 

 

2.7.3. Gel running conditions and staining 

Gels were resolved for ~100 min at 100 V in 1x TGS buffer, until the dye has reached the bottom 

of the gel. The gel was stained with InstantBlue™ protein stain overnight at room temperature 

with gentle agitation. In the morning the gel was de-stained with dionised water.  
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2.8.   Protein spectrophotometry 

Expasy ProtParam program (http://www.expasy.ch/tools/protparam.html) was used to calculate 

E1, E4 and E7 (POLDIP2 constructs) molecular weights (MW) and Extinction coefficients (EC), 

see Table 4. The average EC and MW were used to estimate E1, E4 and E7 concentration at 280 

nm wavelength. The PCNA concentration was determined at 280 nm assuming that 1 Abs = 1 

mg/ml.   

 

Table 4. POLDIP2 constructs EC and MW. ProtParam predicted values are shown for E1, E4 and E7 

POLDIP2 constructs.  

 

2.9. Protein characterisation 

2.9.1. Mass spectrometry (MS) 

Tandem mass spectrometry (MS/MS): bands were cut from the gel and stored in 200 µL of 10% 

methanol (v/v). Intact mass spectrometry (MS): protein concentration was 0.02 mg/mL and the 

sample was diluted in 0.1% formic acid (v/v) making the total volume of 200 µL. Both MS/MS 

and intact MS samples were stored at 4°C until analysis (performed by Dr Rod Chalk, University 

of Oxford).  

 

http://www.expasy.ch/tools/protparam.html
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2.9.2. Analytical Size Exclusion Chromatography (SEC) 

Analytical SEC was performed as described in section 2.4.3. but was run against Bio-Rad SEC 

standards (1350 MW, 17000 MW, 44000 MW, 157000 MW, 670000 MW).  Also, for the PCNA-

POLDIP2 complex salt concentration was lowered to 100 mM NaCl (samples were co-incubated 

for 3 hours before SEC purification).  

 

2.9.3. In vitro protein crosslinking 

For crosslinking 1 μg of protein was used (1 μg of each for the complex) in a total. Final olume 

was 10 μL. Protein was diluted in SEC buffer (varying NaCl concentration for a final 140 mM 

NaCl concentration). 2 crosslinkers were used BS3 and glutaraldehyde. From the 50 mM/1% 

BS3/Glutaraldehyde stock the following final concentrations were made: 10, 5, 1, 0.5, 0.1, 0.05, 0 

mM (BS3 (w/v)) and 0.2%, 0.1%, 0.04%, 0.02%, 0.01%, 0.002%, 0% (Glutaraldehyde (v/v)).  2.5 

μL of BS3/Glutaraldehyde was added into a tube containing 10 μL of protein and mixed gently by 

pipetting up and down. The mixture was incubated on ice for 1 hour and then 2.5 μL of the 

quenching solution (250 mM Tris-HCl, pH 7.5) was added. The sample was incubated for 15 

minutes on ice. 4 x SDS loading dye was added and the sample incubated for 2 min at 95°C. 20 

μL was loaded on the SDS-PAGE gel. 
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2.10. Structural Characterisation 

2.10.1. Circular Dichroism (CD) 

The protein was dialysed overnight in 8 kDa membrane Mini GeBaFlex tube Dialysis Kit, in a 

non-chiral 50 mM KHPO4 buffer (pH 7.5) overnight at 10°C. Protein was spun down for 5 min at 

13300 rpm at 4°C to remove aggregates and quantitated. CD was performed with the kind 

assistance of G. Nasir Khan (University of Leeds).  CD Chirascan Plus (Applied Photophysics) 

spectropolarimeter was used with the grand code 094232-Welcome Trust. 50 mM KHPO4 buffer 

was used as a blank. 200 μL of 0.450 mg/mL was used. Protein was scanned 2 times at 5°C. Far-

UV Protein scans were conducted in 180-260 nm range with scan-time of 2 minutes. The AutpPM 

millidegree was used, with 2 nm band-with, 1 second response time, 1 nm resolution and 0.1 cm 

path length. 2 reads for each wavelength were averaged following the buffer blank spectra 

subtraction. The noisy data below 190 nm was not taken for the data analysis.  The obtained data 

was analysed using DICHROWEB software suite using reference set 4 and CONTIN program 

(Whitmore and Wallace, 2004). 

 

 

2.10.2. Electron microscopy (EM) 

Negative stain EM was performed with the kind assistance of Dr Emma Hesketh (University of 

Leeds). PCNA-POLDIP2 complex was run in the SEC buffer (section 2.9.2.), except that 100 mM 

NaCl was used. Protein complex was spun down for 3 min at 14000 rpm, 20°C. Few drops of 5.15 

mg/mL were used. The grid was glow discharged for 50 seconds at 15mAmp and 0.38 mBar using 

a PELCO easiGlow, before being washed with 2-3 droplets of water twice and then treated twice 
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with 2-3 droplets of 1% (w/v) uranyl acetate. The excess liquid was removed from the grid using 

a filter paper.  After the second addition of 1% (w/v) uranyl acetate the sample was allowed to dry 

at room temperature for 5 minutes. FEI T12 microscope with 120 keV Lab6 electron source was 

used for the carbon-coated, 400 mesh Cu grid visualization. Micro-graphs were recorded on Gatan 

US4000/SP 4k x 4k CCD camera.  

 

2.10.3. Crystallography  

2.10.3.1. Vapour diffusion crystallography 

96 well MRC crystal plates were set manually using the sitting drop vapor diffusion method at 

varying proteins concentration and incubated at 4° or 20°C (Appendix 9). 4 screens were used: 

Morpheus® HT-96, JCSG-plus™, PACT premier™ and The BCS Screen HT-96 (Molecular 

Dimensions).  50 μL of mother liquor was pipetted into the reservoir.  1 μL mother liquor was 

mixed with 1 μL of protein. The plates were sealed, incubated and checked after 1,2, 3, 5, 14 and 

then each 30 days. 

 

2.10.3.2. Screen design and optimization 

For the optimization, a grid screen based on the mother liquor components with a finer screen was 

prepared in house. The same sitting drop vapor diffusion method was used and the detailed method 

description is given in section 2.10.3.1.and Appendix 9. 
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2.10.3.3. Crystal mounting and screening 

Protein crystals were extracted from the crystallization drop under stereomicroscope. (Trinocular 

Stereomicroscope with Transmitted and Incident Light Base (Molecular Dimensions)). Single 

crystals were usually picked, however clumps of crystals were broken and screened as well. Cryo-

protectant was not typically added, as all conditions screened contained sufficient cryoprotectant. 

Crystals were flash frozen in the liquid nitrogen, placed on the goniometer (D8 VENTURE 

experimental setup) and centered by spinning on the Phi axis. A copper X-ray radiation source (D8 

Venture Bruker) was used, with a wavelength of 1.5 Å.The following screening parameters were 

applied: 2theta=0; omega=0; Phi=0 or 90° (always checked at two angles); image width=0.5; 

exposure time=10-20 seconds; detector distance=100 mm; temp-120K. If ice rings appeared or the 

diffraction pattern showed high mosaicity (spots overlap/not resolved/streaking) the crystal was 

annealed by warming the flash frozen crystal at room temperature for 2-5 seconds, and then flash 

cooled again under the liquid nitrogen stream.   

 

2.10.3.4. Protein structure refinement  

Data Collection: a single dataset consisting of 360 images, each of 0.5֯ oscillation was collected 

resulting in a total rotation of 180֯. Data reduction (integration and scaling) was performed using 

Proteum3 (Bruker) and default settings. The resultant unmerged reflection file in XDS format 

(.hkl) was then converted to CCP4 (.mtz) file format using POINTLESS (CCP4). SCALA was 

then used to merge the data and add a FreeR column for 5% of the data. Systematic absences were 

analysed to determine the space group. The SCALA log file suggested a P62 screw axis 

(probability 0.994). P62 and P64 are indistinguishable by systematic absences, and so the 

molecular replacement was attempted in both space groups. 
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As part of the SCALA run, the program TRUNCATE was used to convert intensities to structure 

factor amplitudes.  MATTHEWS was then used to calculate the Matthews coefficient, which was 

2.79 for 1 molecule per asymmetric unit. Models for molecular replacement were identified by a 

BLAST search of the PDB and by Fold and Function Assignment System (FFAS). PDB accession 

code 1VBV was used as a model for the N-domain. Two structures of the C-domain were identified 

as potential models, 5HDW and 2F1E, which differ slightly in loop regions and the N- and C-

termini. Structures of 5HDW and 2F1E were superimposed in PyMOL and loop regions that were 

visibly different between the two structures were deleted from the model. All side-chains were 

then deleted from both models using PDBSET to generate a main-chain of poly-alanine ready for 

MR.  

Molecular replacement was conducted in PHASER using these polyalanine models based on 

5HDW (32% sequence identity) and 1VBV (15% sequence identity) prepared as described above 

(loops and side-chains deleted). Phaser was instructed to search for 1 copy of 5HDW then 1 copy 

of 1VBV. 

Structure refinement then proceeded by alternating between manual real-space refinement in 

COOT and reciprocal space refinement in REFMAC. Polyalanine was built into areas of positive 

difference density in Fo-Fc maps. Density modification was conducted using DM before automatic 

chain tracing in BUCCANEER. This allowed 73% of the structure to be built (211 residues). The 

remainder of the structure was modeled manually by alternating between COOT and REFMAC. 

CCP4 Program Suite v7.0.078 including SHELX and COOT v0.8.9.2 was used and molecular 

replacement and refinement was conducted by Dr Richard Bingham.  
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2.10.3.5. Protein structure visualization in PyMOL 

Protein 3D structure visualization and figure production was made using PyMOL (The PyMOL 

Molecular Graphics System, Version 2.3.1 Schrödinger, LLC). 
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3. Results-discussion  

All stages of recombinant POLDIP2 structure determination pipeline were attempted. POLDIP2 

constructs were sub-cloned into pGTVL2 vector containing a GST tag. POLDIP2 constructs 

expression levels were determined and samples with the acceptable expression levels were selected 

for the further large scale protein purification and crystallisation trials. Obtained POLDIP2 crystals 

were screened and the protein which had the best diffraction was used to solve POLDIP2 structure. 

POLDIP2 structure was nearly fully solved (~99.8%) at ~2.9 Å. Further, POLDIP2 B factor and 

surface charge distribution were analysed. POLDIP2 3D structure was related to predicted and 

known binding partners, revealing the secondary structure elements which are involved in protein-

protein interaction. Moreover, attempts to crystallise PCNA-POLDIP2 complex were made. An 

attempt to understand PCNA-POLDIP2 stoichiometry was made using in vitro crosslinking and 

size exclusion chromatography. Also, an initial negative staining EM for PCNA-POLDIP2 

complex, towards cryo-EM complex structure determination was attempted.  

 

3.1. Ligation independent cloning (LIC) 

3.1.1 The use of highly parallelized LIC for POLDIP2 construct cloning   

Existing constructs were sub-cloned into a new expression vector (pGTVL2 containing an N-

terminal TEV protease cleavable 6xHis-GST affinity tag), in order to test if protein expression 

level could be enhanced in comparison to previously cloned constructs in pNH-TrxT (6xHis-

Thioredoxin tag, cloned by Klaudia Maruszczak). Not only the full length POLDIP2, but truncated 

protein fragments were cloned using the highly parallelised LIC approach, as protein 

fragmentation is very often the key to obtaining highly-expressing/crystallising proteins (Savitsky 
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et al., 2010). Truncated proteins (or domains) could be more stable and rigid, hence more likely to 

form crystal contacts (Dale, Oefner and D'Arcy, 2003). The schematic representation of the LIC 

process is shown to aid the subsequent process understanding described further in this thesis 

(Figure 9). 

LIC cloning as a cloning method eliminates the need to check insert’s insertion orientation, as well 

as preventing plasmid self-ligation due to the presence of long non-complementary overhangs 

(Aslanidis and Jong, 1990). Generation of longer cohesive ends allows the formation of more 

stable insert-vector complex through the formation of multiple hydrogen bonds, allowing the 

omission of the ligation step in comparison to the traditional sticky end cloning which utilizes 

short cohesive ends (Li and Evans, 1997). Non-covalently associated vector-insert molecules can 

be repaired and covalently joined upon the entry into the E. coli cell after successful survival of 

the transformation process, as linear DNA in E. coli will be degraded by heterotrimer RecBCD E. 

coli exonuclease (Aslanidis and Jong, 1990; Kuzminov and Stahl, 1997; Benoit et al., 2016).   
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Figure 9. The schematic representation of the Ligation independent cloning and pGTVL2 vector preparation. The PCR product preparation 

is represented in the first top row. The second row shows pGTVL2 vector preparation, afterwards merging with the PCR products in the ligation 

reaction. 
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3.1.2. PCR product analysis 

F1-12 POLDIP2 constructs (Table 5) were successfully amplified by touch-down PCR (Figure 10) 

from the pNH-TrxT vector which has full length POLDIP2 insertion (cloned by Klaudia 

Maruszczak). The touch-down PCR reduces non-specific primer binding (Don, Cox, Wainwright, 

Baker and Mattick, 1991). Don et al., 1991; Korbie and Mattick, 2008). This in turn increases the 

amplification rate of the desired PCR product and avoids non-specific PCR product formation 

(Don et al., 1991; Korbie and Mattick, 2008). Next, after the touch-down PCR the amplification 

of the correct DNA fragment was confirmed by running 1.5% agarose gel, confirming the presence 

of PCR products of specific DNA amplification. No extra fragments were detected on the gel, 

pointing out to the specific DNA amplification.  The final gel with two combined PCR reactions 

is shown in Figure 10. Further, PCR products were DpnI treated before purification in order to 

digest the original template pNH-Trxt vector at homomethylated or hemimethylated (cleaved at 

much slower rate) palindromic 5'-GATC-3' sites (Siwek,  Czapinska , Bochtler, Bujnicki  & 

Skowronek, 2012; Mierzejewska et al., 2014). Such vector treatment eliminates the appearance of 

false positive colonies, which can appear as a result of contaminating template pNH-TrxT vector 

transformation in E. coli, as both vectors encode kanamycin resistance (Siwek et al., 2012; 

Mierzejewska et al., 2014).  
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Figure 10. PCR amplification POLDIP2. 

A: 1.5% agarose gel containing all expected 

POLDIP2 (E1-12) amplification fragments, 

as well as, the PCNA which was used as 

amplification positive control is shown on 

the left. M-marker; E- POLDIP2 construct 

cloned into pGTVL2 vector.  

 

 

Table 5. Expected POLDIP2 construct 

amplification protein size (bp) and respective 

protein boundaries (residues). The first 

column includes construct name; second 

column states construct size (bp); third column 

shows construct residue boundaries. In all other 

experiments which will be further discussed in 

this work (except LIC section and if not 

otherwise stated) the annotation of the third 

column (on the right) will be related to E1-12 

construct size.   
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3.1.3. Vector restriction digest 

pGTVL2 vector was successfully linearized by treatment with the BsaI restriction enzyme (Figure 

11). The expected restriction digest fragments are 1931 bp and 6016 bp in length and can be seen 

on an agarose gel. Precipitated, circular or supercoiled forms of non-digested pGTVL2 vector were 

not observed on the final agarose gel allowing further T4 DNA polymerase treatment and 

transformation.  

                                                     

Figure 11. pGTVL2 vector restriction digest with BsaI. 3 μL of the purified DNA was loaded on 1.5 % 

agarose gel. 2-Log DNA Ladder (NEB) is shown on the left. Black arrows on the right indicate the presence 

of the predicted vector digestion fragments.  

 

3.1.4 PCR colony screen  

Following ligation and cloning of purified POLDIP2 PCR products into pGTVL2, F1-12 

constructs (Table 6), as well as, the PCNA were successfully amplified by colony PCR. The PCR 

was performed with the addition of DMSO/Glycerol and amplified PCR products, matching the 

expected size. An agarose gel which was run to verify the presence of the correct DNA fragments 

is shown in Figure 12.  
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Figure 12. PCR colony screen agarose gel.  The expected F1-12 PCR fragments (Table 6) can be seen on 

1.5% agarose gel on the left. 2-Log DNA Ladder (NEB) is shown on the left.  

 

 

Table 6. POLDIP2 F1-12 and PCNA construct sizes 

(bp). Construct name is shown on the left; construct 

length in bp is shown in the middle column; construct 

length with the N-/C- terminal primer amplification 

region addition size (285 + 681 bp) is shown on the 

right.  
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3.2. Protein expression and purification  

3.2.1. Small scale protein expression analysis using 2 growth media and 2 vector 

systems 

 

Successfully cloned pGTVL2-POLDIP2 constructs (Table 7) were expressed in LB/TB media, 

comparing with the previously-cloned equivalent POLDIP2 constructs in the pNH-TrxT 

background. 50 ml test expression clearly shows how the presence of different tags (TrxT/GST) 

and media (LB/TB) makes an impact on protein’s expression (Figure 13). Comparing POLDIP2 

E1-12 constructs (pNH-TrxT) and PCNA expression in LB (A) and TB (C) it can be seen that the 

expression levels of these constructs is generally higher in TB media than in LB media. Also, in 

all 4 gels the PCNA is highly expressed, whereas CHDL1 has low expression level, as expected. 

CHDL1 expression levels are known to be poor, a common feature for the large human DNA 

binding proteins (Dr Christopher Cooper, pers. comm.). Generally, higher expression levels of 

PCNA (especially) and CHD1L are observed in TB media than in LB media. TB media is richer 

than LB, as it contains glycerol (also, additional inducing nutrients) and potassium phosphates, 

which respectively provide additional energy source and help to maintain appropriate pH (Lessard, 

2013). This consequently leads to better cell growth and higher bacterial cell density accumulation 

(Lessard, 2013).  
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Table 7. POLDIP2 constructs length and size with and without TrxT/GST tags. Table shows POLDIP2 

constructs boundaries which corresponds to the expected untagged, as well as, TrxT or GST tagged protein. 

E-POLDIP2 constructs cloned into pGTVL2 vector; F-POLDIP2 constructs cloned into pNH-TrxT vector.  

 

Very weak expression of E2, E5 and E6 constructs is seen in LB media, whereas E3, E8-12 

construct expression is not observed. E3 has a low expression in TB media. The E8-12 in TB media 

correspond to contaminating E. coli proteins which has bound to the purification beads, as the size 

of the bands does not match the predicted construct’s size. Also, elutions which do not seem to 

have the expression of the predicted construct can be seen in F6, F8-9 and F12 constructs which 

are fused with GST-tag in pGTVL2 and expressed in LB/TB media, such assumption is based on 

the comparison to other nearby elution. For example, in F6 the band which is located nearby the 

F5 construct (which has an expected size, hence the correct protein is expressed) is located a little 

bit above the observed F5 band. However, F5 is 63 kDa and F6 is 31 kDa suggesting that the 

presence of F6 construct should be below the F5 construct due to the smaller proteins size.  



66 
 

 

Figure 13. POLDLIP2 constructs expression in TB/LB media using TrxT/GST- tags. The expected 

POLDIP2 constructs sizes are shown in Table 7.  The first well in all gels (A-D) always contained Precision 

Plus Protein Dual Colour Standards Marker. POLDIP2 F1-12 constructs containing GST-tag expressed in 

TB and LB media, respectively are shown in (B) and (D). The same POLDIP2 constructs containing the 

TrxT-tag and expressed in TB and LB media, respectively are shown in (A) and (C). PCNA was used as a 

high expressing positive control, while CHD1L was used as expressing positive control.  Other co-purified 

contaminants (proteins) can be seen in all wells and in all gels represented in this figure. A/B were expressed 

in LB media and C/D were expressed in TB media.   

 

Although, E1, E4 and E7 have the better expression with a TrxT-tag in TB media, some protein 

constructs such as F2, F3, F5 and F10 are better expressed with the GST-tag in LB/TB media. F11 

construct is only expressed with GST-tag in TB media. Interestingly, most POLDIP2 F1-12 

constructs were better expressed in LB than TB media, except the full-length POLDIP (F1), F11 

and PCNA, but such difference could be due to the poor bacterial cell lysis and experimental 

variability, as there is a small amount of background proteins present in these elutions, comparing 
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to the nearby elutions. Also, low protein levels, lower cell density and slower bacterial growth is 

observed then recombinant protein has toxic effect and interferes with normal cell’s homeostasis 

(Miroux and Walker, 1996). For example, by binding to other proteins  recombinant protein could 

interfer with important biological functions, such as bacterial proliferation (Doherty, Connolly and 

Worrall, 1993; Dong, Nilsson and Kurland, 1995).  

GST and TrxT fusion tags can not only act as chaperones by stabilizing and solubilizing the 

recombinant protein, but can also protect the recombinant protein from proteolytic cleavage 

(Jacquet et al., 1999; Martinez et al., 1995; Kapust and Waugh, 1999; Davis, Elisee, Newham and 

Harrison, 1999; Esposito and Chatterjee, 2006). GST tag has the poorest recombinant protein 

solubility enhancement capability (Bird, 2011; Hammarström, Woestenenk, Hellgren, Härd and 

Berglund, 2006). Whereas, thioredoxin is one of the best and smallest available protein tags, as it 

displays much better recombinant protein solubility enhancement and often does not interfere with 

proteins activity (Costa, Almeida, Castro, Domingues and Besir, 2013; Rosano and Ceccarelli, 

2014). For the reasons mentioned above TrxT samples were selected for the further experiments. 

As proteins yield was high for the E4/E7 and full-length POLDIP2 (E1) had a significant 

expression levels, these constructs were selected for the further study and were sent for the DNA 

sequencing.  

 

3.2.2 Large scale POLDIP2 protein expression  

POLDIP2 constructs (POLDIP2 (1-368) (E1), POLDIP2 (51-368) (E4), POLDIP2 (178-368) (E7)) 

resulting in a high protein yield were selected for the large scale purification. Several reasons 

which will be discussed below had an impact on high recombinant protein expression levels. First 
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of all, the vector contains strong T7 RNA promoter which leads to high protein expression levels 

(Kar and Ellington, 2018; Studier and Moffatt, 1986; Tabor and Richardson, 1985; Rosenberg et 

al., 1987). Also, for the successful human POLDIP2 protein expression the Rosetta2 E. coli strain 

was used. Rosetta2 strain contains a plasmid which encodes for rare tRNAs (Sørensen, Sperling-

Petersen and Mortensen, 2003; Sørensen and Mortensen, 2005). Such rare tRNA supplementation 

is particularly important for the start of recombinant proteins synthesis/production and it helps to 

overcome codon bias problems which can lead to a premature translational termination, frame-

shift mutations and/or even wrong amino acid incorporation (McNulty et al., 2003; Kurland and 

Gallant, 1996; Sørensen, Sperling-Petersen and Mortensen, 2003; Sørensen and Mortensen, 2005). 

Moreover, several bacterial colonies were screened for protein expression, as gene expression 

variability is observed between different colonies containing the same recombinant gene (Mitarai,  

Jensen and  Semsey, 2015). In some cases such variability can be caused by the presence of 

chromosomal T7 RNA polymerase mutation(s), which can lead to diminished polymerase 

expression levels and as a result to decreased recombinant protein expression (Vethanayagam and 

Flower, 2005; Kar and Ellington, 2018). Interestingly, even toxic human proteins show expression 

level variability between different colonies (Sivashanmugam et al., 2009). Additionally, 

recombinant protein expression was carried out at low temperature, as low temperatures slow 

down hydrophobic protein-protein interactions preventing inclusion body formation (San-Miguel, 

Pérez-Bermúdez and Gavidia, 2013; Schein, 1989; Vasina and Baneyx, 1996; Baldwin, 1986). 

Likewise, slower rates of protein synthesis allow newly transcribed protein to fold correctly, 

preventing loss of activity (Vera, González-Montalbán, Arís and Villaverde, 2007). 
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3.2.3. Large scale protein purification  

3.2.3.1. POLDIP2 (1-368) IMAC purification 

Protein purity is the key step which determines the success of crystallisation and the quality of the 

solved protein three dimensional structure (McPherson, 2004).A highly pure and homogeneous 

protein sample is required, as other proteins (contaminants) may interfere with the packing of 

desirable protein into a crystal lattice leading to the pour crystal diffraction (McPherson, 2004).  

Hence, more ordered crystal lattice has higher diffraction power giving rise to a higher resolution 

of solved crystal structure (McPherson, 2004). 

During the first purification step towards the purification of POLDIP2 (1-368) protein from the 

crude bacterial extract, Ni-NTA affinity chromatography was performed. From the first 

purification (Panel A, Figure 14) gel it can be seen that the majority of E. coli proteins did not bind 

to the column successfully passing through. In order to improve POLDIP2 (1-368) purification an 

imidazole (10 mM and 30 mM, Appendix 6) was used to eliminate weakly bound protein 

contaminants which were bound to the column (Gräslund et al., 2008; GE Healthcare, 2006; 

Robichon, Luo, Causey, Benner and Samuelson, 2011). However, some bacterial proteins likely 

containing patches of histidines or even nonconsecutive histidines, as well as, functionally relevant 

metal binding sites which are located on proteins 3D surface can also bind to the column and 

sometimes such protein-column interaction can be quite strong (Frances, 1991; Cheung, Wong 

and Ng, 2012; Porath, Carlsson, Olsson, and Belfrage, 1975). Thus, these proteins were bound to 

the column and therefore were eluted together with 6xHis-tagged recombinant POLDIP2 (1-368) 

protein contaminating our sample (Frances, 1991; Porath et al., 1975). 
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Figure 14. POLDIP2 (1-368) (E1) purification (8 L lysed). 20 µL of the protein sample was loaded onto 

the first IMAC gel (Panel A) and 5 µL of protein sample was loaded onto the second gel (Panel B). The 

black arrow points to the fragments which correspond to 42 kDa and 54 kDa, respectively indicating cleaved 

and TrxT-tag containing POLDIP2 (1-368) protein. Samples which were pooled and taken for further 

purification step are denoted with the red cross. The above explained legend relates to all gel purification 

figures which will be discussed in this thesis. A. This gel shows the initial protein purification by Ni-NTA 

Affinity Chromatography. B. The gel shows the second purification step, Ni-NTA Affinity 

Chromatography performed after dialysis and TrxT-tag cleavage with TEV protease. M-marker; FT-flow 

through; LB-lysis buffer; W300- wash buffer; E300 (1-3)- elution buffer. The following legend applies for 

all purification gels in this thesis. S200 16/600 column was used for all SEC experiments and all gels were 

12% unless otherwise stated.  

 

After dialysis and 6xHis-tag removal, POLDIP2 (1-368) was purified further (Panel B, Figure 14). 

POLDIP2 sample was still quite contaminated, because cleaved POLDIP2 strongly interacts with 

the column even at 100 mM imidazole levels. Such strong protein interaction with the column 

could be due to the presence of additional His patches or nonconsecutive His or non-specific ion 

exchange effects with the resin. In an ideal situation TEV-cleaved POLDIP2 (1-368) should pass 

through the column, whereas His-rich proteins, TrxT tag and TEV protease would be stuck to the 



 
 

71 
 

column resulting in a POLDIP2 (1-368) purification (Gräslund et al., 2008). However, the TEV 

cleavage was successful, as the change of proteins size from 54 kDa to 42 kDa can be observed on 

the gel.  On the gel POLDIP2 (1-368) decrease in size by ⁓12 kDa was observed, indicating 

removal of the ~12 kDa TrxT tag. This suggests no need to move TrxT tags position form N-

terminus to C-terminus, as N-terminal TrxT tag does not exhibit conformational hindrance and 

allows TEV protease to cleave the TrxT tag (Block et al., 2009; Raran-Kurussi and Waugh, 2016; 

Sørensen and Mortensen, 2005). The TrxT-tag was not cleaved completely however, resulting in 

the inability to pool the 300 mM imidazole elution (it has quite high amount of uncleaved 

POLDIP2 (1-368), as priority was given for the achievement of high proteins purification quality 

versus quantity). Imperfect TrxT tag cleavage could be due to short dialysis time, presence of high 

POLDIP2 (1-368) concentration and/or low TEV protease amount (Sørensen and Mortensen, 

2005).  

 

3.2.3.2. POLDIP2 (1-368) IEC purification 

IEC is a purification method which separates proteins according to their net surface charge, which 

influences protein Ni-NTA binding ability (Alpert et al., 2010). Increase of ionic strength of the 

buffer allows gradient proteins unbinding from the column resulting in a gradual protein separation 

(Alpert et al., 2010). Moreover, even if proteins have the same net charge, they will have different 

surface charge distribution and that influences protein binding to the IEC column resulting in a 

better proteins separation (Alpert et al., 2010). Three different columns (HiTrap Q; HiTrap SP and 

HiTrap Heparin), as well as, different pH ranges (6.5; 7; 7.5) were used for the POLDIP2 (1-368) 

IEC optimisation.  The use of SP-IEC column with a combination of buffer pH 7 gave the best 

POLDIP2 (1-368) purification results, as in comparison to other tested conditions higher POLDIP2 

percentage was bound to the column (data not shown). Thus, POLDIP2 (1-368) with net positive 

charge pI 8.8 was purified using the negatively charged SP-IEC column (pH 7 buffer) for all other 
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experiments, but  still some POLDIP2 (1-368) protein did not bind to the column resulting in 

protein loss as can be seen in the (Figure 15, Panel A-B, (samples 1-3))|. POLDIP2 (1-368) IEC 

chromatogram (Panel C, Figure 15) shows 2 peaks, the first one corresponds to the unbound 

POLDIP2 (1-368) and the second peak is POLDIP2 (1-368) bound to the column. The first 

fractions containing POLDIP2 (1-368) could not be taken as they contained predominantly 

contaminating E. coli proteins which pass through the negatively charged SP-IEC column, thus 

leading to our bound to the column POLDIP2 (1-368) purification (Schwartz, Ting, and King, 

2001).  Samples 13-14 (Panel A-B), were not taken as they contain quite large amount of 25 kDa 

contaminants in comparison to POLDIP2 (1-368) amount. 

Figure 15. POLDIP2 (1-368) construct IEC purification. 5 µL of fractions were loaded on gels. Panel A 

and B represent the  gels after IEC using SP-IEC column. Panel C represents the chromatogram from ÄKTA 

Pure for IEC. The POLDIP2 elutes in the range between ~200-300 mM NaCl. 
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3.2.3.3. POLDIP2 (1-368) SEC purification 

The size exclusion chromatography was used as the final POLDIP2 (1-368) polishing step.  

POLDIP2 (1-368) SEC resulted in very successful removal of small <30 kDa proteins (the 

fragment close to 25 kDa could be the product of proteolytic POLDIP2 cleavage), as well as, some 

other contaminants suggesting that only minor contamination remained (Panel A, Figure 16). The 

final POLDIP2 (1-368) gel is approximated to be >97% pure. Additionally, SEC can be used not 

only for the protein purification, but also for the protein oligomerization state determination 

(Sakashita, Kiyoi, Naoe and Urano, 2018; Gavrilov and Monteiro, 2015). Although, SEC separates 

proteins based on their size, sometimes proteins 3D shape can have an influence on proteins 

retention time (Sakashita et al., 2018; Gavrilov and Monteiro, 2015).  
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Figure 16. POLDIP2 (1-368) construct SEC purification (8 L lysed). 5 µL of the protein sample were 

loaded on the gel. (A). Gel represents the final purification step by size exclusion chromatography. (B). The 

chromatography obtained after SEC with the calibration plot inset. The calibration plot was made using 

molecular size markers consisting of 5 proteins for POLDIP2 (1-368) (E1) oligomeric state estimation. 

Both protein and markers were run in the same SEC buffer.  

3.2.3.4. POLDIP2 (51-368) IMAC purification  

For the first POLDIP2 (51-368) purification step the Ni-NTA affinity chromatography was 

applied. The first purification gel (Panel A, Figure 17) shows that 6xHis-tagged POLDIP2 (51-

368) is bound to the column (E300 (1)), while the large quantity of contaminating E. coli proteins 

passed through the column (FT, LB). After dialysis and 6xHis-tag removal, the POLDIP2 (51-

368) proteins construct was applied to the Ni-NTA affinity column again (Panel B, Figure 17) and 

the major fraction of cleaved POLDIP2 (51-368) successfully passed through the column, but 
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some cleaved POLDIP2 (51-368) was bound to the column (probably due to the presence of His 

on proteins 3D surface). POLDIP2 (51-368) TrxT tag cleavage, can be confirmed by the POLDIP2 

(51-368) change in mass. For example, FT and E300 (3) shown in Panel B, Figure 17, correspond 

to 49 kDa and 37 kDa. Difference in 12 kDa corresponds to TrxT tags size, indicating tag cleavage. 

Thus, POLDIP2 (51-368) N-terminal TrxT tag does not produce any steric hindrance and TEV 

protease is capable of cleaving the tag (Block et al., 2009). However, TrxT tag is not full cleaved 

and that could be due to: high POLDIP2 (51-368) concentration; small TEV protease 

concentration; too short dialysis time) (Sørensen and Mortensen, 2005). As POLDIP2 (51-368) 

was not fully cleaved fractions which contained un-cleaved POLDIP2 (51-368) were not taken, as 

TrxT-tagged POLDIP2 (51-368) may interfere with further assays/experiments (Sørensen and 

Mortensen, 2005). Thus, 100 and 300 mM Imidazole samples (Panel B, Figure 17) were not taken 

for further experiments as they contained quite large fraction of uncleaved POLDIP2 (51-368), as 

well as, Ni-NTA bound contaminating E. coli proteins (Gräslund et al., 2008). However, most 

contaminants remained bound to the column at this step, suggesting that only one additional 

purification step is needed. Bands near 25 kDa (Panel B, Figure 17) could be POLDIP2 (51-368) 

degradation bands. Therefore, one of those bands was cut out from the SDS-page gel and was send 

for the mass spectrometry analysis (performed by Dr Rod Chalk, University of Oxford). 
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Figure 17. POLDIP2 (51-368) IMAC purification (4 L lysed). 20 µL of the protein sample was loaded 

onto the IMAC gel shown on the left (Panel A) and 5 µL of protein sample was loaded onto the gel shown 

on the right (Panel B). Panel A gel shows the initial protein purification by Ni-NTA Affinity 

Chromatography. Panel B gel shows the second purification step, Ni-NTA Affinity Chromatography 

performed after dialysis and TrxT-tag cleavage with TEV protease. The black arrow points to the fragments 

which correspond to 37 kDa and 49 kDa, respectively indicating cleaved and TrxT-tag containing POLDIP2 

(51-368) protein. 

 

3.2.3.5. POLDIP2 (51-368) SEC purification 

The size exclusion chromatography (Figure 18) was used as the final ‘polishing’ step and resulted 

in further removal of contaminants suggesting that only minor contamination remained, and to 

ensure homogeneity. It can be approximated that the taken fractions are >97% pure, as the gel is 

overloaded. POLDIP2 (51-368) oligomerization state was determined based on the observed MW 

from the calibration (Panel B, Figure 18) and calculated MW from the proteins sequence. 

POLDIP2 (51-368) observed and calibration calculated MW ratio is 1.04, which can be rounded 

up to 1. Therefore, from the obtained calibration graph it was estimated that POLDIP2 (51-368) is 
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a monomer. However, full length (FL) POLDIP2 could be oligomer, as N-terminal POLDIP2 

terminus could be involved in the oligomer formation (discussed in POLDIP2 (1-368) SEC 

purification). Lower bands near 25 kDa, could be POLDIP2 (51-368) degradation fragments. 

Samples 19-21 were not taken as they contained un-cleaved POLDIP2 (51-368) protein (Panel A, 

Figure 18).  

Interestingly, POLDIP2 (1-368) has later retention time than the truncated POLDIP2 (51-368). 

However, POLDIP2 (1-368) is larger than POLDIP2 (51-368) and should come out from the 

column before POLDIP2 (51-368). Such non-standard POLDIP2 (1-368) behaviour, could be 

presumably due to the unstructured/flexible N-terminus which causes such non-ideal behaviour 

(e.g. difference in proteins 3D shape) (Kopaciewicz and Regnier, 1982). Also, POLDIP2 (1-368) 

N-terminus could potentially interact with the SEC column matrix, as a result causing the 

difference in the retention/elution time. From the obtained calibration graph it was observed that 

FL POLDIP2 is smaller than the calculated monomeric size (Panel B, Figure 18), while POLDIP2 

(51-368) came out as a monomer. As the FL POLDIP2 (1-368) is larger than POLDIP2 (51-368) 

it should be expected to resolve larger than a monomer. Such, estimation is based on the observed 

MW from the calibration (Panel B, Figure 18) calculated MW from the proteins sequence using 4 

different molecular size markers of known Mr. POLDIP2 (1-368) and POLDIP2 (51-368) 

observed and calibration calculated Mr ratios were, respectively 0.77 and 1.04.  Also, it is 

important to note that then POLDIP2 (1-368) was resolved at 100 mM NaCl, the protein 

precipitated on the column making impossible to analyze the POLDIP2 (1-368) oligomerisation 

state at low ionic concentration. Thus, POLDIP2 (1-368) could potentially be oligomeric (dimer, 

trimer etc.) as the high salt concentration prevents electrostatic protein-protein interaction.  
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Figure 18. POLDIP2 (51-368) SEC purification. Panel A gel represents the final purification step by size 

exclusion chromatography. Panel B represents the chromatography obtained after SEC with the calibration 

curve inset. Panel B shows the calibration plot made using molecular size markers consisting of 4 proteins 

for the POLDIP2 (1-368) oligomeric state estimation. The 1350 Da protein in the marker was the outlier, 

hence unsuitable for the S200 SEC column, therefore was excluded from the calibration plot. Both protein 

and markers were run in the same SEC buffer.    
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3.3. Structural protein characterization  

3.3.1. POLDIP2 (51-368) secondary structure characterisation by circular dichroism  

As the circular dichroism (CD) spectrum of a protein is the sum of the spectra that represent the 

secondary structural elements, CD spectra can be used to approximate the secondary structural 

content found in the protein (Greenfield, 1999). From the obtained far-UV spectra it is clearly seen 

that POLDIP2 (51-368), also referred as E4 is not a disordered protein (Figure 19), but mainly it 

has well-structured regions, as no positive peak was observed in the region near 217 nm and no 

negative peak observed near 200 nm region (Greenfield, 1999; Bannister and Bannister, 1974). 

Figure 19. Far-UV circular dichroism spectra of POLDIP2 (51-368, E4). 2 repeats were performed. 

The slight mismatch between two repeats in the 195-203 nm region is potentially due to POLDIP2 (51-

368) degradation (Nasir Khan, pers. comm.).  
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Indeed, the peak is mostly in the β-strand range, as the broad negative band is located near 218 nm 

and a positive band is present near 195 nm (Whitmore and Wallace, 2004). The presence of high 

β-strand content in POLDIP2 was confirmed by DICHROWEB software which predicted it to be 

57.2% (Whitmore and Wallace, 2004). The region of 220 nm in β-sheets is usually less ‘smooth,’ 

suggesting the presence of some α-helical content (Whitmore and Wallace, 2004). Structures as α-

helices contain a very long and smooth peak near 222 nm (Greenfield, 1999; Bannister and 

Bannister, 1974). Such prediction does not contradict the DICHROWEB software prediction, as 

the estimated α-helical content in POLDIP2 is 23.4% (Whitmore and Wallace, 2004). The 

observations mentioned above were made with an aid of an idealized proteins CD spectra, taken 

from the Figure 20. Generally, β-sheets contain intermediate loops which join 2 β-strands together, 

thus it would be expected to have some flexible loops (Whitmore and Wallace, 2008). The 

presence of flexible loops/turns was predicted to be 19.3% using DICHROWEB software 

(Whitmore and Wallace, 2004).     

 

Figure 20. Idealized CD proteins spectra. 

Figure shows peaks which corresponds to 

proteins secondary structure. The figure 

taken from Greenfield (2006).  
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3.3.2. Protein Crystallography towards POLDIP2 structural determination 

The schematic representation of the protein structure determination process is shown in Figure 21, 

to aid the subsequent process understanding described further in this thesis.  

 

Figure 21. Schematic representation of steps leading to POLDIP2 (51-368) structure solution. MAD- 

Multi-wavelength Anomalous Dispersion; MR- Molecular replacement; MIR- Multiple Isomorphous 

Replacement.  

 

3.3.2.1 Crystallisation of POLDIP2 (51-368)  

There is no any correlation between proteins 3D structure and crystal forming condition (Chayen 

and Saridakis, 2008). Crystallisation conditions cannot be predicted a priori, hence multiple 

conditions should be tried (Jancarik and Kim, 1991). The sitting drop technique was used to obtain 

protein crystals using commercial JCSG, PACT, BCS and Morpheus kits, hence, covering a wide 

range of chemical ‘space’ sampling, which could potentially promote proteins crystallisation 

https://en.wikipedia.org/wiki/Multi-wavelength_anomalous_dispersion
https://en.wikipedia.org/wiki/Molecular_replacement
https://en.wikipedia.org/wiki/Multiple_isomorphous_replacement
https://en.wikipedia.org/wiki/Multiple_isomorphous_replacement
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(Snell et al., 2008). All these screens are designed, based on the observed conditions under which 

many other proteins were crystalized (Jancarik and Kim, 1991). Then conditions under which 

protein crystallises are found, such proteins crystallisation condition can be used as a ‘’hint’’ for 

the crystallisation optimisation. Protein crystals usually grow at a preferable temperature which is 

however in not known for a new protein (Liu et al., 2011). Thus, the first crystal plates with JCSG 

and BSC were set at 4°C and 20°C. POLDIP2 (51-368) was sensitive to the change in the 

temperature, as difference in crystal growth was observed (data not shown). Plates which were 

incubated at 4°C resulted in very small microcrystals, which did not grow any further even then 

plates were checked after 5 months (Table 8; Figure 22, A(1)). Although, small crystals can have 

very good diffraction (there is no correlation between proteins size and diffraction quality), the 

observed crystals were too small to be scooped from the mother liquor for the screening purposes 

(Sitsel and Raunser, 2019). It can be concluded that probably even if evaporation has occurred 

during this 5 months, there was no protein left in the solution to form any larger crystals due to 

access nucleation. Also, it is likely that POLDIP2 (51-368) was exhausted with the multiple 

nucleations, so once nucleated POLDIP2 (51-368) crystals could not grow larger (McPherson, 

2004). High nucleation rate could occur due to the presence of dust or denatured particles (Chayen 

and Saridakis, 2008). Protein could be filtered through the syringe filter before setting crystal 

plates, but in this case there is a possibility that nucleation might be not observed as these particles 

might be important for the crystal growth (Chayen and Saridakis, 2008).  It was attempted to 

crystallise the POLDIP2 (178-368) construct using the same screens JCSG/BCS (using 4°C and 

20° C), however, POLDIP2 (178-368) construct did not yield any crystals (Appendix 9). This 

suggests that the slight N-terminal extension of POLDIP2 (51-368) is important for crystal 

packing. Moreover, this suggests that POLDIP2 (51-368) 3D structure could be more stable/tightly 
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packed, presumably due to the additional secondary structure formation in comparison to 

POLDIP2 (178-368) which could be less tightly packed/less stable.  

However, the same condition incubated at 20°C resulted in a three hexagonal mono-crystals 

(crystals not fused to each other) Figure 22, (A (1)-(3)). These three crystals are most likely to be 

located in the region of the ‘super solubility curve’- the best area to grow large crystals, the area 

where the lower nucleation zone meets with the upper metastable zone (Luft, Wolfley, and Snell, 

2011; McPherson and Gavira, 2013). The crystallisation of POLDIP2 (51-368) (Figure 22, Panel 

A) was reproducible, as the frozen protein from the same preparation, as well, as the protein from 

a new preparation, both resulted in the formation of very similar crystals. Under other conditions 

(B-E) small crystals appeared probably being in the nucleation zone. Even the crystals (A) were 

observed in the first set plate, further optimisation was required in order to gain a crystal which 

could give better diffraction.  
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Figure 22. POLDIP2 (51-368) protein crystals obtained using commercial kits. A corresponds to the 

same protein crystallisation conditions, but A1 was incubated at 4°C while A (1)-(3) at 20°C. A (1)-(3), 

represents the same crystals growth after 21 hours, after 2 days and 7 days (crystal growth stopped). The 
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A1 figure was taken after 21 hours, however, the crystal growth stopped at this stage. Figure 22, B-E shows 

other conditions were POLDIP2 (51-368) crystals were observed. The drop volume was 2 µl, protein and 

buffer were mixed in equal volumes. Scale bar represent approx. 0.92 mm and is applicable for all wells. 

Conditions under which the illustrated POLDIP2 (51-368) crystals were observed are shown in Table 8.  

 

 

Table 8. Conditions under which POLDIP2 (51-368) protein crystals were obtained using commercial 

kits.  

 

3.3.2.2. POLDIP2 (51-368) crystallisation optimisation  

Following the initial observation of crystals, new crystals screens were designed, taking into the 

account conditions under which initial crystal formation was observed. 2 plates were designed 

combining different conditions shown in Table 8. POLDIP2 (51-368) optimisation was made in 

order to obtain crystals which could have higher internal order (crystalline order), hence leading 

to a better diffraction and resolution (McPherson, 2004). This is because slight variation in 

polypeptide side chain conformations can be observed between different crystals (McPherson, 

2004). Although, POLDIP2 (51-368) successfully crystallises in the presence of cacodylic acid, 

the use of this reagent was avoided in the optimization, due to the reagent’s toxicity. Optimisation 
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involved varying salt concentrations (100 and 200 mM CaCl2) the pH (6.5; 7; 7.5; 8), buffer (Tris, 

Hepes and MOPS) different precipitants (PEG300; PEG500 MME; ethylene glycol and MPD), 

different precipitant percentages which were above and below the observed percentage under 

which crystals formed. CaCl2 was used as it was observed in 3/5 conditions were POLDIP2 (51-

368) crystals formed and Ca2+ was observed in the rest 2/5 conditions (see Table 8). Cations can 

dehydrate proteins as they both compete for the water, thus molecules which are deprived of 

solvent will seek to associate with one another (Collins, 2004). All used precipitants except MPD 

were observed under conditions where POLDIP2 (51-368) crystallised. However, MPD is often 

found to be important for the precipitation and can act as a cryo-protectant, thus was also used for 

the POLDIP2 (51-368) crystallisation (Jancarik and Kim, 1991). Ideally cryo-protectant should be 

present in the crystallisation solution in order to avoid crystal damage during cryo-protectant 

addition (Garman, 1999; Garman and Schneider, 1997).  Precipitants usually do not directly 

interact with proteins, but they can produce volume exclusion effect causing protein molecules to 

separate from the solution and hence potentially form a crystal (Ingham, 1990). For the 

optimization, conditions under which POLDIP2 (51-368) crystallization was observed were 

further optimized (pH and buffers).  

The same sitting drop method was used during the optimisation. POLDIP2 (51-368) crystal 

formation was observed in the wide range of different pH 6.5-8. Interestingly, hexagonal POLDIP2 

(51-368) monocrystals were observed in the pH 6.5 which is very close to POLDIP2 (51-368) pI 

6.45 (A1-3; Figure 23; Table 9). A1-3 crystals are more likely to be present in the region of the 

‘’super-solubility curve’’. No particular crystal formation pattern was observed, except for A1-6 

conditions. In A1-6 larger crystals were formed under the lower PEG300 concentration, while the 

subsequent increase in PEG300 concentration lead to the smaller crystal formation, finally causing 
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protein precipitation.  POLDIP2 (51-368) crystals were observed when higher molecular weight 

PEG500 was used at higher pH 7.5-8 (F1-11). However, no particular crystal formation pattern 

was observed and some wells did not contain any crystals. Higher molecular weight PEG500 MME 

produced crystals at 100 mM Ca2+, but at 200 mM Ca2+ protein precipitation increased and if 

crystals were present they were quite small. For the PEG300 at 200 mM Ca2+ smaller crystals were 

observed, but less precipitation in comparison to PEG500 MME. In general, more crystals and 

bigger crystals were observed at 100 mM Ca2+ than 200 mM Ca2+. No crystals were observed in 

wells where MPD or ethylene glycol was present.  
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Table 9. Conditions under which crystals were observed
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Figure 23. POLDIP2 (51-368) optimisation under conditions stated in Table 9. All shown crystals were 

observed after 24 hours. All crystals are from 100 mM Ca2+ plate. Most crystals shown in the figure appear 

to be in the metastable zone, while F1, E6, E11, A5 and A6 appear to be in the nucleation zone. Scale bar 

represent approx. 0.92 mm and is applicable for all wells. L, lower well; U, upper well.  

 

3.3.2.3. Crystal mounting and X-ray diffraction screening         

A loop containing a POLDIP2 (51-368) protein  crystal was mounted and flash frozen, prior to 

placing on a goniometer (Figure 24). Loops were positioned precisely within the X-ray beam by 

spinning it at Phi 90°C and 180°C until the crystal appeared to be in the centre in all directions. 

Applied cryo-cooling on the goniometer can cause lattice disorder (increased mosaicity) and ice 

ring formation leading to poor crystal diffraction (Kriminski, Caylor, Nonato, Finkelstein and 

Thorne, 2002).  For this reason crystals were warmed up for few seconds and the frozen again 
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(Kriminski et al., 2002). This was done in order to promote crystal lattice relaxation and ice ring 

disappearance leading to a better crystal diffraction (Kriminski et al., 2002). The crystal generally 

showed diffraction pattern with low mosaicity, as no spot overlap was visually identified and spots 

were resolved (Sarvestani, Walenta, Busetto, Lausib & Fourmec, 1998). The diffraction spots 

which were furthermost from the diffraction pattern centre were identified in the higher resolution 

region to be ~2.89 Å. Although, multiple crystals were screened the POLDIP2 (51-368) which was 

crystalized at 20°C (condition A, Table 8; Appendix 9) had the better predicted diffraction and 

was further used for the molecular replacement.  

 

 

 

 

 

 

 

 

Figure 24. Images of POLDIP2 (51-368) protein crystal and corresponding X-ray diffraction pattern. 

The crystal in the loop, as well as, the diffraction pattern belongs to one of three crystals which were shown 

in Figure 22, A (1)-(3) images. However, only the small part of the crystal is present in the loop as the 

crystal broke into smaller parts during the harvesting. A. POLDIP2 (51-368) crystal in the loop. B. Black 

spots are the result of constructive x-ray waves interference, while the space in between belongs to 

destructive x-ray waves interference. The white ring indicates the resolution rings. The right Panel shows 

diffraction to ~2.89 Å resolution.  
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3.3.2.4. POLDIP2 (51-368) structure solution 

3.3.2.4.1. Molecular replacement of POLDIP2 (51-368)  

Similar sequences were searched using BLASTP for POLDIP2 (51-368) to solve proteins structure 

using the Molecular Replacement (MR) method (Evans and McCoy, 2008). The models of these 

proteins were used to obtain the phases, and to build the electron density map in the unit cell by 

combining them with the experimentally observed amplitudes (Evans and McCoy, 2008). Five 

similar sequences were identified for the POLDIP2 (51-368) sequence (Figure 25). The obtained 

sequences showed low sequence identity. However, the amino acids composition was ~32-33% 

identical to the POLDIP2 (51-368) sequence and the identified sequence appeared to be quite short 

covering only ~30-31% of the POLDIP2 (51-368) sequence. All 5 found protein were found to 

cover POLDIP2 (51-368) sequence from residues ~237-241 to 353, the region which shows the 

sequence similarity to YccV- like domain. However, the level of positive substitutions between 

the POLDIP2 (51-368) and similar sequences was quite high ranging from 43% to 52%. All these 

5 similar sequences were used further separately for the molecular replacement (MR) using Phaser 

(undertaken by Dr Richard Bingham).   

Results of MATHEWS Coefficent: 

Nmol/asym  Matthews Coeff  %solvent       P(2.69)     P(tot) 

_____________________________________________________________ 

  1         2.79            55.95         0.99         0.99 

  2         1.40            11.89         0.01         0.01 

_____________________________________________________________ 

 

 



 
 

92 
 

Figure 25. Similar sequences alignment for POLDIP2 (51-368). BLASTP for POLDIP2 (51-368) was run against protein database (PDB) using 

BLASTP BLASTP algorithm. A. The obtained values describing proteins sequence homology are shown. B. Query (POLDIP2 (51-368)) sequence 

alignment with homologous proteins sequence. Conserved amino acids are represented with +; a gap is shown for non-conserved amino acids; 

identical amino acids are represented by one letter amino acid code.
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3.3.2.4.2. POLDIP2 (51-368) refinement in COOT 

Coot/REFMAC was used for model building/refinement which involves the manual fitting of 

amino acids to the electron density map based on the prior knowledge of the protein’s primary 

sequence (Emsley, Lohkamp, Scott and Cowtan, 2010).  As a result, this process helps to optimise 

the calculated structure factor diminishing the mismatch between the calculated and visually 

observed differences in the structure factor (Emsley et al., 2010). An electron density map which 

is used for the manual amino acid fitting is built by combining the phases (taken from the molecular 

replacement protein model) and amplitudes (taken from collected diffraction data) (Taylor, 2003).  

Figure 26 shows POLDIP2 (51-368) real space refinement in COOT. In Panel A, Figure 26 the 

Glu215 does not fit into this electron density region, because Glu215 does not reach the positive 

electron density (yellow dashed circle 2), as well as, Glu215 leaves behind the clear positive 

electron density (yellow dashed circle 1). The Glu215 displacement (into yellow dashed region 1) 

allows the addition of Arg214, which successfully occupies the positive green electron density. As 

a result, both Glu215 and Arg214 fit into the green electron density allowing further real-space 

refinement and amino acid addition. Figure 26 was produced during the refinement process, thus 

amino acids which are not labelled in the figure were not yet modeled. For example (Panel A, 

Figure 26) the density region circled in violet indicates the presence of an aromatic side chain. 

Therefore, Phe, Tyr or His should be fitted into this electron density region (based on the POLDIP2 

(51-368) amino acid sequence knowledge) replacing Leu.  
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Figure 26. Example of Real-Space Refinement in COOT.  Positive density on the Fo-Fc electron density 

map (green) indicates the correct positions of Glu215 and Arg214. The model was adjusted accordingly 

(red arrow). The α-helix has been extended by one residue (Glu215). Orange arrow points to amino acids 

which are modeled. On Panel A, 1 and 2 yellow circle dash line indicates areas with the positive electron 

density, where according to POLDIP2 (51-368) sequence Glu215 (1) and Arg214 (2) should be located. On 

Panel B, correctly positioned Glu215 and Arg214 are highlighted in red dashed circles. The electron density 

is shown in blue. 

 

During real-space refinement process a strong positive electron density was identified near Cys266 

(Figure 27). As cacodylic acid was present in POLDIP2 (51-368) crystallisation conditions, an 

assumption that it could react with Cys266 was made. This was further proved based on the 

knowledge that cacodylic acid can react with thiols (R-SH group), hence with protein cysteines 

(Jacobson, Murphy and Das-Sarma, 1972). Thereby, cacodylic acid was placed into the strong 

positive (green) electron density containing area attached to Cys266.  
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Figure 27. POLDIP2 (51-368) real-space refinement in COOT and the presence of positive electron 

density near Cys266.  Positive density on the Fo-Fc electron density map (green) indicates the presence of 

electrons which should occupy this region. The region were cacodylic acid should be positioned is 

highlighted in yellow dashed circle. Cys266 to which cacodylic acid is attached is highlighted in red dashed 

circle. The electron density is shown in blue. 

 

Loops often have weak/diffuse electron densities due to their mobile nature (Emsley and Cowtan, 

2004). The POLDIP2 (51-368) structure is nearly fully resolved. However, the problem of 

modeling 2 loops arose due to poor electron density. Figure 28 was produced when all residues 

(except Asp141- Ser166 and Ser109-Val126 regions) were modeled into electron density regions. 

However, it is difficult to rebuild regions Asp141- Ser166 and Ser109-Val126 due to poor electron 

density and low resolution. The electron density in Panel A, Figure 28, is very poor (no electron 

density can be seen). The electron density in Panel B, Figure 28 is better as positive electron 

density regions are present (appeared after manual refinement in COOT and run of REFMAC5). 

However, it is still poor and it remains difficult to build amino acids accurately into this region 

(Murshudov, Vagin and Dodson, 1997).  Although, in Panel B, Figure 28 positive electron density 
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appeared after refinement in COOT and REFMAC5, the observed electron density can be used 

only to build the proteins backbone. No electron density can be seen for the side chain location 

making it difficult to build correctly. However, the electron density in Asp141- Ser166 region 

(Panel B, Figure 28) could improve by further refinement in COOT and REFMAC5 making it 

possible to build Asp141- Ser166 region more accurately (Dr Richard Bingham pers. comm.).  

 

Figure 28.  POLDIP2 (51-

368) real space refinement 

in COOT and weak loop 

electron density. Panel A: 

Loop region between Ser109 

and Val126 is disordered. 

There is no significant 

electron density on the map. 

Panel B: Loop between 

Asp141- Ser166 which is not 

yet modelled yet. Ser109, 

Val126 and Ser166 amino 

acids highlighted in the red 

dashed circle represent the 

loop region(s) after/before 

which modeling become 

impossible due to the poor 

electron density. Orange 

arrows points to the amino 

acid side chains. The 

electron density is shown in 

blue. Positive density on the 

Fo-Fc electron density map 

is shown in green.   
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3.3.3. Characterisation of the POLDIP2 (51-368) protein structure 

3.3.3.1. POLDIP2 (51-368) secondary structure comparison between PRISPED 

predicted and x-ray solved model. 

PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) predicted POLDIP2 (51-368) region to contain 3 α-

helices and 19 β-strands. 2 such strands are very short might be excluded due to inaccuracy of 

prediction for the short regions, namely, the second β-strand in the 60-70 residue region, as well 

as, β-strand in the 300-310 residue region (Panel A, Figure 29). 1 α-helix and 3 short β-strands 

located in POLDIP2 (1-50) will be not taken into account, as this region was not crystallised. In 

comparison to PRIPRED predicted secondary structure, the solved protein structure revealed 

POLDIP2 (51-368) secondary structure consists of 2 α-helices and 17 β-stands, which is similar 

to the PSIPRED prediction.   

2 β-strands predicted by PSIPRED to be located in the 60-70 residue region are missing in the 

POLDIP2 (51-368) observed structure. However, the β-strand predicted to be located around 

residues 80-90 is present in both the resolved structure and PSIPRED predicted model (2 amino 

acids longer in solved structure). The first 2 β-strands in the 90-100 amino acid region predicted 

by PSIPRED actually form 1 long β-strand (β2 in the Panel C). However, the β3 strand observed 

in the solved POLDIP2 (51-368) structure was predicted correctly by PSIPRED in 100-110 residue 

region. The β-strand predicted by PSIPRED in the residue 120-140 region is also present in the 

solved structure (β4 in Panel C, Figure 29), but the β-strand in the solved structure is shorter by 3 

amino acids. β-strand in the 160-170 region and α-helix in 190-200 predicted by PSIPRED is 

missing from the solved structure. 2 observed short β-strands (β5; β6) and 1 short α-helix (α1) and 

in the 170-190 region, as well as, 1 short β-strand (β7) in the 200-210 residue range were not 

predicted by PSIPRED, but are present in the solved structure (Figure 29). An α-helix predicted to 

http://bioinf.cs.ucl.ac.uk/psipred/
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be in the 190-200 residue region is not present in the solved POLDIP2 (51-368) structure. β-strand 

(β8) in the 210-220 residue region is present in the observed and predicted structure. Also, the 

predicted α-helix (α2) is present in the predicted and observed structure, but in the solved structure 

it is longer by approximately 9 amino acids. PSIPRED predicted α-helix in the 230-240 residue 

range, however in the solved POLDIP2 structure this region corresponds to the β-strand (β9). Both 

PSIPRED predicted and POLDIP2 (51-368) solved structures have β-strand (β10) in the 240-250 

residue range, but in the PSIPRER prediction this β-strand is longer. β-strand (β11) in the 250-270 

residue region is also present in both predicted and solved structure, but  this β-strand is longer in 

the PSIPRED predicted version.  β-strand (β12) located in the 270-290 residue region is present in 

both. β-strand (β13) in the 290-300 residue region is also present in both, but it is longer in the 

observed structure. The short β-strand in 300-310 amino acid region is not observed in the solved 

structure. However, β-strand (β14) is also present in both, but is much shorter in PSIPRED than in 

the solved structure. β15 located in 320-340 region is present in predicted and observed sequences. 

β16 located in region is present in both, but is shorter in the PSIPRED predicted version. Observed 

short β17 strand in the 350-360 residue region is absent in the PSIPRED prediction. This result, 

suggests that PSIPRED can predict proteins structure to some extent, however in order to prove 

such predictions proteins structure should be solved by wet lab techniques (NMR, Cryo-EM, X-

ray crystallography).  

In the solved POLDIP2 (51-368) structure two domains can be seen. The N-terminal domain will 

be referred as domain A and C-terminal domain will be referred as domain B, respectively to the 

domain shown on the right and on the left (Panel C, Figure 29). Domain A has 2 α-helices, 8 β-

strands. Domain B is composed of 9 antiparallel β strands. Domain A has higher loop content in 

the comparison to the domain B. Disulfide bonds were not observed in the POLDIP2 structure. 
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Figure 29. POLDIP2 predicted and obtained secondary structure composition comparison, followed 

by POLDIP2 3D structure cartoon representation. Panel A: predicted POLDIP2 (1-368) secondary 

structure motifs from the primary sequence by PSIPRED. Panel B: experimentally obtained POLDIP2 (51-

368) secondary structure elements (X-ray crystallography). The secondary structure of the first 50 residues 

was not experimentally determined as this region was not crystallised. β-strands are labeled in yellow and 

α-helices are labeled in red. Panel C: POLDIP2 (51-368) 3D cartoon structure. Two POLDIP2 (51-368) 

domains are shown on the left and on the right side. POLDIP2 (51-368) structure is colored accordingly 

proteins secondary structure composition. Green represents loops; yellow represents β-strands and red color 

represents α-helices. Visually observed secondary structure elements in POLDIP2 (51-368) (Panel C) are 

numbered accordingly POLDIP2 (51-368) sequence starting from the N-terminus (Panel B).  
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3.3.3.2. POLDIP2 (51-368) secondary structure elements and bound molecules.  

 

In Figure 30, POLDIP2 (51-368) with reduced loop content is shown. In domain A, 2 α-helices 

(very short α1 and quite large α2 helices) are shown (Panel A, Figure 30). Panel B, Figure 30 

shows the cacodylic acid (CAD) bound to the Cys266 residue, which could be necessary for the 

POLDIP2 (51-368) structure stabilization. Panel C Figure 30, shows visible A and B domain 

interface. In A domain β3 strand interacts with β9 strand present in the B domain, forming double 

stranded parallel β-sheet. In POLDIP2 (51-368) structure the positively charged Na+ ion is bound 

to the negatively charged Glu94 residue, potentially stabilizing the structure. Na+ ion interaction 

with negatively charged Glu94 might be necessary to make POLDIP2 (51-368) molecules more 

hydrophobic.  Neutralization of the net negative-charges in POLDIP2 (51-368) could weaken the 

repulsive intermolecular interactions between POLDIP2 (51-368) molecules leading to a protein 

crystallisation (Collins, 2004). 

 

 

 

 

Figure 30. POLDIP2 (51-368) domain A and B cartoon domain representation. POLDIP2 (51-368) 

domains A and B are shown respectively in green and orange. A. Shows separated POLDIP2 (51-368) 

domains with a reduced flexible part content, emphasizing on the secondary structure elements (α-helices 
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and β-strands). B Cacodylic acid (CAD) bond to Cys266. C. Visible domain A and B interface. D. Na+ 

bound to Glu94 residue.  

 

3.3.3.3. POLDIP2 (51-368) labeling by B factor 

B factors help to measure the flexibility/mobility which is associated with specific atoms (Henzler-

Wildman and Kern, 2007). However, B factors cannot be interpreted simply as the amplitude of 

atomic fluctuations, as not only the intra-molecular motion, but crystal contacts with lattice 

disorder contribute to them (Henzler-Wildman and  Kern, 2007). Generally, lower B factor values 

are observed for the β-sheet forming secondary structures as they are more stable and less flexible 

in comparison to protein loops (Emsley and Cowtan, 2004). This can be also seen in the POLDIP2 

(51-368) structure colored by the B factor (Figure 31). On the whole, low B factors are observed 

for β-strands/sheets in the POLDIP2 (51-368) structure. Increase in mobility is observed in α2 

helix in comparison to the β-strands. Higher flexibility levels are observed in loops (mostly yellow-

red). This could suggest that α2 and loop dynamics might help in protein-protein interaction.  
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Figure 31. POLDIP2 (51-368) colored by B factor. Atoms with low temperature values are colored in 

blue and high temperature values are colored in red. Intermediate color such as light blue, green, yellow 

represent the scale of increasing temperature values.  

 

3.3.3.4. POLDIP2 (51-368) surface charge distribution 

POLDIP2 (51-368) surface charge distribution shows that POLDIP2 (51-368) could be involved 

in the interaction with proteins which have both/or negatively/positively charged surfaces (Figure 

32), as proteins usually interact on the surface interface (Ma, Elkayam, Wolfson and Nussinov, 

2003). From the Figure 32 below it can be seen that POLDIP2 (51-368) top and bottom areas 

mainly have red patches (POLDIP2 is negatively charged at these areas). Hence, these POLDIP2 

parts could be involved in binding proteins which have a positive surface charge.   

Also, POLDIP2 (51-368) has a positively charged spanning ring (Figure 32). This suggests that 

POLDIP2 (51-368) could bind (be wrapped around) circle shaped molecules with a negatively 

charged hole inside, as both proteins shape and chemical complementarity should be considered 

(Ivarsson and Jemth, 2019). Hence these areas could be involved in the binding with the negatively 

charged DNA/RNA, poly(ADP-ribose) or protein molecules (Lipfert, Doniach, Das and 

Herschlag, 2014; Chang, Jacobson and Mitchison, 2004; Bolden, Fry, Muller, Citarella and 

Weissbach, 1972). One POLDIP2 (51-368) side (Figure 32, 3rd orientation from the left) has 

mainly negatively charged surface (blue), suggesting that this area could be involved in the 

interaction with positively charged protein areas. 

Additionally, some hydrophobic areas located at the interface between positively and negatively 

charged areas are present in POLDIP2 (51-368) suggesting its possible involvement in 

hydrophobic protein-protein interactions. Interestingly, strong protein interaction sites are usually 
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more hydrophobic, while sites involved in transient interactions usually tend to have more polar 

residues (La et al., 2013). Hence, POLDIP2 (51-368) could be involved both in transient/weak and 

stronger protein-protein interactions, however from visual surface assessment POLDIP2 (51-368) 

has more charged surface areas than hydrophobic. This could reflect the ability of POLDIP2 to 

interact with multiple protein partners. Additionally, the charge distribution in PyMol is based only 

on the POLDIP2 amino acid sequence, so it does not take into account protein's crystallisation 

conditions, as well as, subtle pH changes which occur within protein grooves and pockets (Dr 

Georgios Psakis, pers. comm.). Therefore, POLDIP2 charge distribution will be analyzed with 

molecular dynamics simulation which predicts protein's surface charge more accurately, when 

protein's structure will be completely solved (Dr Georgios Psakis, pers. comm.). 
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Figure 32. POLDIP2 (51-368) surface electrostatic potential. In blue are the negatively charged patches, 

in red are positively charged patches and grey corresponds to the hydrophobic patches. Surface electrostatic 

potential was calculated using PyMol.  
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3.3.3.5. POLDIP2 (51-368) statistics  

 

 

 

 

 

 

Table 10. Structural refinement statistics and 

Ramachandran plot. A. Data collection information, 

refinement statistics, Ramachandran plot and B factors 

values. R-factor calculated using equation R= 

(∑││Fobs│-│Fcalc││) / ∑│Fobs│, Rfree based on 5% of 

reflections calculated using the same equation.  B. The 

Ramachandran plot. Psi and Phi angels in degrees are 

shown, respectively on y and x axis. Preferred regions are 

colored in pink, allowed regions are shown in yellow and 

disallowed regions are shown in the white background.  

 

The statistics are within expected ranges for X-ray data of this resolution (2.9 Å). Most of residues 

(233) fall into a preferred region (89.6% are located in the pink area) (Table 10, Panel A and B). 

Small amount of amino acids (23) are located in allowed region (8.9% are in the yellow region) 

and only 4 amino acids are located in disallowed region (1.5% are in the white background) (Panel 

B, Table 10). However, POLDIP2 structure is only partially refined and will be further refined. 
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POLDIP2 structure is nearly fully solved (~99.8%). The Rwork and Rfree should decrease further 

with more cycles of refinement in COOT/REFMAC5 (Dr Richard Bingham pers. comm.). 

 

3.3.3.6. Relating POLDIP2 (1-368) structure to protein interaction partners  

PrimPol-POLDIP2 (1-368) crosslinking mass spectrometric studies showed that interaction was 

mediated by POLDIP2 residues: 1-8, 115-129 and 215-223 (Guilliam et al., 2016). This suggests 

that multiple POLDIP2 (1-368) regions could be involved in the binding with PrimPol. The whole 

POLDIP2 (215-223) region corresponds to α2-helix (Panel A, Figure 33). Another POLDIP2 

V126-K129 region which interacts with PrimPol forms a loop (after β4), however 115-126 region 

is missing in the figure as it is located in the flexible loop which was not yet modeled (Panel B, 

Figure 33). Loops and α-helices are more commonly involved in protein-protein interactions 

(account for 92%) than β-strand interactions (Yu and Guo, 2008). Interestingly, loops upon binding 

to protein can undergo disorder to order transition, gaining secondary structure (α-helix; β-strand) 

or can remain structurally heterogeneous (Ivarsson and Jemth, 2019). Also, such gain of secondary 

structure elements can increase proteins affinity for the binding partner(s) (Ivarsson and  Jemth, 

2019).  In yeast two hybrid screens using truncated POLDIP2 and CAECAM1 constructs, it was 

revealed that C-terminal POLDIP2 residued 330-348 are sufficient to bind CAECAM1 (Panel C, 

Figure 33) (Klaile et al., 2007). The use of truncated CAECAM1 constructs revealed that C-

terminal CAECAM1 450-519 residues are involved in the interaction with POLDIP2 (Klaile et al., 

2007). 
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Figure 33. POLDIP2 (51-368) regions involved in PrimPol and CEACAM1 interaction represented 

as sticks. POLDIP2 (51-368) domain A is shown in blue and domain B is shown in purple. A-B Regions 

which are potentially involved in PrimPol-POLDIP2 interaction are shown in orange. K129 and T216 which 

were crosslinked with the PrimPol are highlighted in yellow. PrimPol K232 was bound to the POLDIP2 (1-

368) T216. PrimPol T235 was bound to POLDIP2 (1-368) K129 (Guilliam et al., 2016). POLDIP 1-8 region 

could not be shown as it not present in the solved POLDIP2 (51-368) expression construct. C. POLDIP2 

(1-368) region corresponding to β15-loop-β16 structure involved in CAECAM1 binding is shown in green.  

 

Liu et al., (2003) predicted that POLDIP2 (1-368) could interact with PCNA via 3 motifs: Q81-

F88 (Panel B, Figure 34), Q193-F200 (Panel C, Figure 34) and Q151-L158 (not modeled). Also, 

the G59 shown in Panel A, Figure 34 is predicted to be cleaved in the mitochondria (Liu et al., 
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2003). Moreover, Panel E, Figure 34 shows the R299-V307 region which contains a potential 

NAD and FAD binding motif, as well as, the predicted DNA binding motif is shown as well (Panel 

D, Figure 34) (Liu et al., 2003; Rossmann, Moras and Olsen,1974; Dym and Eisenberg, 2001). 

From the statistical point of view, conserved residues/regions are often important for the function, 

but it does not mean that POLDIP2 (1-368) will be able to bind such ligands (Halperin, Wolfson 

and Nussinov, 2004). For example, the binding could be not possible due to steric 3D hindrance, 

hence all bioinformatically/ statictically predicted assumptions must be verified using biochemical 

and biophysical analysis. 
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Figure 34. POLDIP2 (51-368) regions predicted by bioinformatics tools to be involved in the protein-

protein interaction. Predicted regions involved in the binding are represented using stick model. A. The 

region between 58-59 amino acids is predicted to be cleaved. E. R299-V307 region contains a putative 

NAD and FAD binding motif. Conserved residues are highlighted in blue. D. R299-G303 region contains 

predicted DNA binding motif. Conserved residues are highlighted in blue. Panel B-C shows predicted 

PCNA-POLDIP2 interaction regions: Q81-F88 (Panel B) and Q193-F200 (Panel C). The third predicted 

interaction region Q151-L158 is not shown as it is missing from the structure.  
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3.4. Production of PCNA-POLDIP2 complexes  

3.4.1. PCNA purification  

3.4.1.1. PCNA IMAC purification 

PCNA and POLDIP2 interaction was confirmed using the pairwise yeast two hybrid assays, pull 

down assay and western blotting (Liu et al., 2003). Thus, further PCNA-POLDIP2 complex studies 

would help to uncover the mechanism of interplay between PCNA and POLDIP2 in regulating 

TLS polymerases and common binding partners. 

Ni-NTA affinity chromatography was used for the initial human PCNA purification, using a C-

terminally tagged 6xHis-FLAG PCNA fusion (from Dr Christopher Cooper). From the first 

purification gel (Panel A, Figure 35) it can be seen that 6xHis-tagged PCNA is bound to the 

column, while the majority of E. coli proteins successfully passed through the column. However, 

some bacterial proteins likely containing patches of histidines or even nonconsecutive histidines, 

as well as, functionally relevant metal binding sites which are located on proteins 3D surface can 

also be seen bound to the column contaminating our E300 1-3 samples (Panel A, Figure 35) 

(Frances, 1991; Cheung, Wong and Ng, 2012; Porath et al., 1975). 

After dialysis and 6xHis-tag removal, the PCNA protein was purified further (Panel B, Figure 35) 

and the major fraction of cleaved PCNA (FT) successfully passed through the column, but some 

cleaved PCNA molecules were still interacting with the column (40; 100; 300 mM imidazole) 

(Panel B, Figure 35). However, FT and 20 mM imidazole samples (Panel B, Figure 35) were 

reasonably pure, as the majority of E. coli proteins, as well, the TEV protease and FLAG tag 

remained bound to the column and did not elute, before Imidazole was added.  As most 

contaminants remained bound to the column at this step, this suggested that only one additional 
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purification step is needed. Also, TEV cleavage was successful, as the change in proteins size from 

30 kDa to 29 kDa can be seen. The 1 kDa difference corresponds to the 6xHis-FLAG tags size. 

The E300 fraction containing FLAG tagged PCNA (used as a control in Panel B, Figure 35) is 

located above all other fractions (FT-300 mM imidazole) which correspond to the successfully 

cleaved PCNA protein (Panel B, Figure 35). Samples for further purification were selected, 

balancing protein yield with purity. Although, 40, 100 and 300 mM imidazole fractions (Panel B, 

fig x) contained quite large quantities of PCNA, those were relatively impure, and thus were 

subjected for the further purification steps.    

 

 

 

 

 

 

 

Figure 35. IMAC PCNA purification (4 L lysed). 20 µL of sample was loaded onto the first IMAC gel 

(Panel A) and 5 µL of protein sample was loaded onto the second gel (Panel B). Panel A shows the initial 

PCNA purification by Ni-NTA Affinity Chromatography. Panel B shows the second purification step, Ni-

NTA Affinity Chromatography performed after dialysis and FLAG fusion-tag cleavage with TEV protease.  
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3.4.1.2. PCNA SEC purification 

The size exclusion chromatography (Figure 36) was used as the final polishing step and resulted 

in further removal of contaminants suggesting that only minor contamination remained. It can be 

approximated that the gel is >95% pure, as the gel is overloaded. From the obtained calibration 

graph it was estimated/observed that the PCNA forms a trimer (observed 97 kDa; actual 89 kDa).  

Such, estimation is based on the observed MW from the calibration (Panel B, Figure 36) and 

calculated molecular weight (MW) from the protein sequence using 5 different molecular size 

markers of known MW. PCNA observed and calibration calculated MW ratio was 3.28 and that 

can be rounded to 3 (non-ideal behavior could be due to the PCNA torroidal shape which 

influences elution rate). Such results agree with March et al., (2017), where they solved PCNA 

structure using X-ray crystallography and PCNA was show to form a trimer. Samples 15-19 were 

taken for further experiments, as the priority was given for the achievement of high proteins 

purification quality versus protein quantity (Panel A, Figure 36).  
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Figure 36. PCNA purification (4 L lysed). 5 µL of the protein sample was loaded. (A) Gel represents the 

final purification step by size exclusion chromatography. (B) The chromatography obtained after SEC with 

the calibration curve inset. The calibration plot was made using molecular size markers consisting of 4 

proteins for PCNA oligomeric state estimation. The 1350 Da protein in the marker was the outlier, hence 

unsuitable for the S200GF column used, therefore was excluded from the calibrations. Both protein and 

markers were run in the same SEC buffer.  

 

3.4.2. Analysis of PCNA-POLDIP2 (1-368) complex formation by in vitro 

crosslinking  

Crosslinking was performed to determine the oligomeric state of POLDIP2 following inconsistent 

SEC results (section 3.4.3.), as well as, to probe potential POLDIP2-PCNA protein-protein 
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interactions (Figure 37). Then BS3 and glutaraldehyde cosslinkers were used, in the gel (A) and 

(C) Figure 37, a weak band was observed between 75 and 100 kDa, suggesting that POLDIP2 (1-

368, 42 kDa) alone could potentially form a dimer of ~84 kDa size. Also, between 75 kDa and 100 

kDa in the same figure cross-linked PCNA (29 kDa) can be seen forming a trimer (~87 kDa). It is 

also supported by the analytical PCNA SEC data, which suggests that PCNA is a trimer. Moreover, 

Gulbis et al., (1996) using X-ray crystallography confirmed that human PCNA is a trimer. Two 

bands can be seen in the PCNA trimer formation region possibly due to different PCNA forms 

(closed torroidal PCNA and open linear PCNA). The upper band could correspond to the PCNA 

trimer in which only two BS3 crosslinking molecules hold together 3 domains, as a result, making 

the molecule linear.  The bottom band could be fully closed circular PCNA molecules, where 

PCNA domains are connected together via 3 BS3 cross-linkers, making the protein more compact 

and allowing to move faster through the gel. In the gel (B) the PCNA trimer and potential 

POLDIP2 (1-368) dimer location overlap. In the bottom part of the gel, high amounts of non cross-

linked POLDIP2 (upper band) and PCNA (lower band) can be seen. In the gel (D) the POLDIP2 

(1-368) (dimer) or PCNA (trimer) crosslinking was not observed. However, gel (D) and gel (B) 

have a band between 100 and 150 kDa, which could be the PCNA-POLDIP2 (1-368) complex 

formation in 1:3 ratio (129 kDa). In general BS3 cross-linked proteins of interest better than 

glutaraldehyde, but still, most of the PCNA-POLDIP2 (1-368) remained non cross-linked.  This 

could result from the accessible surface lysine residues not being close enough for glutaraldehyde 

to modify and crosslink (spacer arm length is 5 Å), as BS3 has longer 11.4 Å spacer arm (Turk 

and Chapkin, 2015; Krohn, Yanagisawa and Grasser, 2002). A small fraction of PCNA-POLDIP2 

(1-368) crosslinking could suggest the formation of a weakly-bound complex, but western blotting 



116 
 

or band excision followed by mass spectrometric identification would validate if this is a true 

POLDIP2-PCNA complex. 

 

Figure 37. Investigation of POLDIP2-PCNA stoichiometry by in vitro crosslinking with BS3 and 

glutaraldehyde. Gel (A) and (B) represent the crosslinking with BS3 cross-linker. Gel (C) and (D) 

represent the crosslinking with the glutaraldehyde crosslinker. Samples were cross-linked with decreasing 

concentrations of the cross-linker. The final cross-linker concentrations are shown on the bottom of the gel. 

Black arrows indicate the non cross-linked or crosslinked (dimer) POLDIP2, red arrows indicate non-

crosslinked or crosslinked (trimer) PCNA and orange indicate potential POLDIP2/PCNA complex.  

 

3.4.3. PCNA-POLDIP2 (1-368) complex co-purification 

As POLDIP2 crosslinking with PCNA suggested complex formation an effort to reconstitute this 

complex biochemically using co-purification SEC, further proving that POLDIP2 interacts with 

the PCNA was made. Low salt concentration was used in order not to interfere with protein-protein 
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complex formation by causing electrostatic interaction disruption (Curtis, Montaser, Prausnitz and 

Blanch, 1998). 

POLDIP2 (1-368) protein which does not bind the PCNA at 100 mM NaCl, is lost after SEC due 

to high precipitation at low salt concentration. Also, the PCNA-POLDIP2 (1-368) binding 

stoichiometry is not clear, as in samples 9-17 it could be possible that complex forms at 3:1 ratio, 

respectively for the PCNA and POLDIP2 (1-368) proteins. In this case a PCNA trimer could bind 

one POLDIP2 (1-368) molecule (Gulbis et al., 1996). Such, estimation is based on the PCNA-

POLDIP2 observed MW (120 kDa) from the calibration graph (using 4 different protein markers 

of known size) and calculated molecular weight MW (129 kDa) from the protein sequence (Panel 

B, Figure 38). PCNA-POLDIP2 complex observed and calibration calculated MW ratio was 0.93 

and that can be rounded to 1 (non-ideal behavior could be due to the PCNA-POLDIP2 complex 

shape which influences elution rate). However, visual examination of 18-22 samples suggests that 

protein interaction occurs at 1:1 ratio. Thus, further studies are required to explain PCNA-

POLDIP2 (1-368) stoichiometry. Likewise, it is also possible that PCNA-POLDIP2 (1-368) 

interaction could be transient. In such case if PCNA-POLDIP2 (1-368) interaction is 

transient/weak the POLDIP2 (1-368) protein which unbinds from the PCNA could precipitate (fall 

out of the solution) making it impossible to rebind the PCNA molecule again, as it will be lost. 

Interestingly, when PCNA-POLDIP2 (51-368) were co-purified (data not shown) two peaks were 

present on the SEC chromatograph and gel clearly showed two distinct regions for the PCNA and 

POLDIP2 (51-368). Such result suggests that N-terminal POLDIP2 (1-368) terminus is required 

for the interaction with PCNA. Also, this data supports the Guilliam et al., (2016) data, where it 

was showed using crosslinking that the N-terminal POLDIPI2 1-8 region is involved in the protein 

binding (PrimPol). Moreover, although POLDIP2 (1-368) expression level is high, upon TrxT tag 
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removal POLDIP2 (1-368) precipitates and after the final purification step there is approximately 

40 µl (5 mg/ml) remaining. This suggests that POLDIP2 (51-368) is more rigid and stable due to 

the lack of N-terminal region as in comparison, high quantities of POLDIP2 (51-368) were 

obtained even after TrxT tag removal.  The purified PCNA-POLDIP2 (1-368) complex from the 

same preparation (shown in Figure 38) was taken for the further crystallisation and cryo-EM 

studies.  
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Figure 38. PCNA and POLDIP2 (1-368) SEC.  5 µL of the protein sample was loaded. A. Gel represents 

the PCNA-POLDIP2 (1-368) co-purification step by size exclusion chromatography. B. The 

chromatograph obtained for PCNA-POLDIP2 (1-368) potential complex after SEC (100 mM NaCl). The 

calibration plot was made using molecular size markers consisting of 4 proteins for PCNA-POLDIP2 

complex oligomeric state estimation. Both proteins and markers were run in the same SEC buffer. 

 

3.4.4. PCNA-POLDIP2 complex studies  

Usually protein co-crystallisation results in better crystallisation in comparison than if full length 

protein is attempted to be crystallised alone (McPherson, 2004). Protein-protein interaction may 

stabilize the desired protein, while protein alone might be more flexible and not stable 

complicating the process of crystal formation process (McPherson, 2004). Moreover, protein 

complex can yield us the detailed information regarding protein-protein interaction allowing to 

understand such process/mechanism in details (McPherson, 2004). Therefore, as POLDIP2 (51-
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368) contains loops which were not modeled due to poor electron density it would be useful to co-

crystalize the protein in order to obtain the better electron density for these loop regions. 

Additionally, POLDIP2 (1-368) could be more stable in complex structure than alone leading to 

the crystal formation. Additionally, POLDIP2 (1-368) structure in complex could lead to the better 

understanding of POLDIP2 (1-368) ability to bind different proteins. Moreover, if interaction 

occurs via flexible loops, upon binding such loop could adopt secondary structure, potentially 

making it easier to crystallise (Tompa and Fuxreiter, 2008). 

Liu et al., (2003) using yeast two hybrid screen, co-immunoprecipitation, GST pull down, 

immunoaffinity chromatography and native gel showed that POLDIP2 interacts with PCNA. As 

PCNA was the most studied POLDIP2 binding partner this protein was selected for further PCNA-

POLDIP2 complex studies. Sitting drop crystallisation technique was applied in this experiment 

and two screens were used JCSG/Morpheus, with potential PCNA-POLDIP2 (1-368) complex in 

the upper well and PCNA alone in the lower well.  Nearly all drops remained clear, suggesting the 

insufficient protein concentration in JCSG screen, while nearly all conditions in Morpheus screen 

resulted in protein precipitation. Figure 39, A and B show the presence of nucleation only in the 

well which contains PCNA-POLDIP2 (1-368) complex, but the drops which have only PCNA 

remained clear (Table 11). C and D have crystals for PCNA-POLDIP2 (1-368) complex, but not 

for the PCNA alone. Figure 39, C and D crystals with undefined shape were observed after 1 

month. This is likely to be due to water evaporation, which increased protein concentration leading 

to the crystal contact formation (nucleation) and crystal growth (Luft, Wolfley and Snell, 2011). 

These crystals will be mounted and screened in the near future.  
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Figure 39. PCNA-POLDIP2 (51-368) crystals. Figures of obtained PCNA-POLDIP2 (1-368) complex 

crystals. The upper well contained PCNA-POLDIP2 (1-368) and the lower well contained only PCNA 

which was used as the control. For PCNA-POLDIP2 (1-368) and PCNA 5.15 mg/ml protein concentration 

was used. 

 

Table 11. PCNA-POLDIP2 (1-368) crystals. Conditions under which the potential PCNA-POLDIP2 (1-

368) complex could be formed shown in Figure 39.  
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3.4.5. Negative staining EM for PCNA-POLDIP2 (1-368) complex, towards cryo-

EM. 

Prior to negative stain EM analysis, POLDIP2 was mixed with PCNA and incubated for 3 hours. 

The final SEC was run for the complex resulting in the single peak in the chromatogram, which 

was further confirmed by the SDS-PAGE gel, which proved the appearance of PCNA and 

POLDIP2 in the same fractions and the lack of other contaminants (same preparation was sued as 

for the complex crystallisation studies (Figure 40).    

The proteins solution is likely to be heterogeneous, as no homogenous proteins or PCNA-

POLDIP2 (1-368) complex can be seen. Protein degradation and soluble aggregation (the sample 

was centrifuged just before applying it on the grid) may potentially be seen on the grid. Protein 

particles/proteins can be differentiated from the background by eye. However, the image contrast 

was not very good judging by the apparent contrast due to the glycerol presence in the buffer which 

strongly reduces the image background, thus making it incompatible with the cryo-EM grid 

preparation and further studies (Renaud et al., 2018).    

However, the grid shows good particle distribution. Particles are distributed randomly and are 

present at different parts of the grid being not centred just in the grid’s edge, suggesting satisfactory 

protein, as well as, stain concentration (good blotting and drying time was applied) (Drulyte et al., 

2018).  
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Also, molecules adopt random orientations resulting in different projections which are required 

for the further computational analysis. However, such molecules cannot be identified on Negative 

stained cryo-EM micrographs (Drulyte et al., 2018). However, a molecule highlighted in the red 

circle could be PCNA, due to the visible hole in the middle. Gulbis et al., (1996) confirmed using 

X-ray crystallography that it is a trimer which has hole in the middle. Further studies will be 

performed to optimise negative staining, to attempt to structurally determine POLDIP2 with at 

least one protein binding partner. 

Figure 40. Negative stained cryo-EM micrographs of potential POLDIP2-PCNA complex. A. Due to 

the high contamination, it was impossible to observe potential POLDIP2-PCNA complex. B. The same 

protein as on the left diluted 10x. A potential PCNA molecule is highlighted in the red circle. The black 

arrow shows potential protein soluble aggregation. Scale bar represents 100 nm in length.  
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4. Conclusion 

4.1. Conclusion and future work suggestions 

In conclusion, full length and truncated POLDIP2 constructs were successfully sub-cloned into a 

new pGTVL2 vector containing 6xHis-GST fusion tag. 12 POLDIP2 constructs tagged with TrxT 

tag and 12 POLDIP2 constructs tagged with GST tag were expressed in TB/LB media. After results 

were analyzed three POLDIP2 constructs were selected for further studies: POLDIP2 (1-368), 

POLDIP2 (51-368) and POLDIP2 (178-368). Both POLDIP2 (51-368) and POLDIP2 (178-368) 

were subjected to crystallisation trials, however, no crystal formation was observed for the 

POLDIP2 (178-368) construct. Nonetheless, using commercial crystallization kits five conditions 

led to POLDIP2 (51-368) crystal formation. As POLDIP2 (51-368) crystallization optimization 

did not yield crystals with better diffraction in comparison to the first obtained crystal form the 

commercial screening kit, an attempt to solve POLDIP2 (51-368) structure was made using the 

crystal from the commercial kit. The best crystal diffraction pattern was obtained at 20°C under 

the following conditions: 0.2 M Calcium acetate, 0.1 M Sodium cacodylate, 40% vv PEG300, pH 

6. 5. 

 

POLDIP2 (51-368) structure is ~99.8% complete, lacking Asp141-Ser166 and Ser109-Val126 

regions. With further refinement in COOT/REFMAC5 it could be possible to build the lacking 

amino acids into the electron density map. Latterly, positive electron density appeared for the 

Asp141-Ser166 region, thus an attempt to build this region could be made. Also, although multiple 

POLDIP2 (51-368) optimisation crystals were already screened and did not yield any better 

diffraction, some remained unscreened crystals should be checked, perhaps using an X-ray source 

stronger than the in-house source used herein, such as the Diamond synchrotron (Walter et al., 
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1995). Moreover, data from the POLDIP2 (51-368) crystal which had the best diffraction was 

collected, and an attempt was made to solve its structure. X-ray crystallography lacks information 

about dynamic behavior, as it is a static snapshot which does not represent native conditions 

(Fenwich et al., 2014). Therefore, NMR could be used to study POLDIP2 protein dynamics and 

conformational cycles, revealing the major conformational states (Fenwich et al., 2014). Also, the 

chemical shift difference between different conformations can be taken into account and the 

interconversion time between different conformations can be estimated on a wide range of 

timescale giving the quantifying indication of protein’s motion (Fenwich et al., 2014; Fenwick, 

Bedem, Fraser and Wright, 2014).  Additionally, as high-resolution NMR can be used for 

visualization of the flexible region, it would be good to solve POLDIP2 (1-368) structure using 

this technique. In such case, NMR could allow to solving POLDIP2 (51-368) unstructured 

Asp141- Ser166 and Ser109-Val126 regions, superimposing NMR data with already obtained 

POLDIP2 (51-368) x-ray solved data. 

As POLDIP2 (1-368) has a predicted flexible N-terminus and is less stable in the buffer than 

POLDIP2 (51-368) or POLDIP2 (178-368) an attempt was made to crystallise POLDIP2 (1-368) 

in complex with PCNA. Before PCNA-POLDIP2 (1-368) complex crystallisation these proteins 

were SEC co-purified and in vitro cross-linked.  SEC and in vitro cross-linking data suggest that 

PCNA-POLDIP2 (1-368) could potentially form a complex. However, these experiments did not 

reveal a definitive PCNA-POLDIP2 (1-368) complex stoichiometry, suggesting that complex 

formation might be transient. Therefore, the following techniques can be used in the future to 

reveal POLDIP2 (1-368) or PCNA-POLDIP2 (1-368) complex oligomerization state: mass 

spectrometry (on cross-linked samples), small-angle x-ray scattering, multi-angle light scattering 

analysis combined with size exclusion chromatography, analytical ultracentrifugation, dynamic 
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light scattering and isothermal titration calorimetry (Korasic and Tanner, 2018; Wohlgemuth, Lenz 

and Urlaub, 2015; Gell, Grant and Mackay, 2012). Also, in order to test if PCNA-POLDIP2 (1-

368) association is transient surface plasmon resonance, fluorescence polarization and isothermal 

titration calorimetry could be used (Vedadi et al., 2010). PCNA-POLDIP2 (1-368) SEC co-

purification and in vitro crosslinking suggested complex formation, hence the co-purified proteins 

were set to crystallization trials. Using PCNA as a control several conditions were identified where 

the potential PCNA-POLDIP2 (1-368) crystal complex could be formed. These crystals will be 

screened in the near future. Also, an attempt was made to assess the formation of PCNA-POLDIP2 

(1-368) complexes using negative staining, towards cryo-EM structural determination. However, 

the obtained results showed that complex was not stable even though the buffer contained glycerol. 

Thus, the buffer should be optimized (get rid of glycerol) in the future to make the complex more 

stable and suitable for the cryo-EM studies (Thompson et al., 2016). 

 

Experimentally-determined and bioinformatically predicted POLDIP2 protein interaction regions 

were analysed in the resolved POLDIP2 (51-368) structure. The related experimentally-

determined regions involved in the protein-protein interaction turned out to be α2, β15-loop-β16 

and loop (followed after β4 strand). The predicted POLDIP2 (1-368) binding proteins are located 

in different cellular compartments (Introduction section, Figure 3). This suggests, that POLDIP2 

(1-368) function could be different in different cellular compartments. Also, compartmentalisation 

eliminates the presence of some potential binding partners and even higher POLIDP2 binding 

specificity could be achieved due to the presence of different POLDIP2 isoforms (Stein, Pache, 

Bernadó, Pons & Aloy, 2009; Perkins, Diboun, Dessailly, Lees and Orengo, 2010). It is also 

possible that PCNA-POLDIP2 (1-368) complex could recruit third common binding partner 
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(Figure 41). Interestingly, POLDIP2 (1-368) is not the only protein which is present in different 

cellular compartments and is able to bind PCNA. The Apurinic/apyrimidinic (AP) endonuclease 2 

(APE2) protein is also present in both nuclear and mitochondrial compartments and can bind the 

PCNA (Tsuchimoto et al., 2001). To find new binding partners: yeast two-hybrid screen and 

affinity blotting can be used (Phizicky and Fields, 1995).  Also, in vivo crosslinking, co-

immunoprecipitation, western-blot/mass spectrometry could help to identify new POLDIP2 (1-

368) or POLDIP2 (51-368) binding proteins, verifying the POLDIP2 (1-368) N-terminal 

importance in protein-protein interaction (Phizicky and Fields, 1995). Likewise, POLDIP2 (1-368) 

and POLDIP2 (51-368) construct function can be studied in different cellular compartments 

separately, as POLIDP2 is found in nucleus, cytoplasm and mitochondria. Moreover, POLDIP2 

(1-368) could be studied in the eukaryotic organism, as POLDIP2 (1-368) protein is a human 

protein and hence could be in vivo post-translationally modified. Post-translational modifications 

could be one of the POLDIP2 (1-368) protein-protein interaction controlling points, suggesting 

that POLDIP2 (1-368) could bind different proteins depending on the post-translational 

modification. 

 

 

 

 

 

 

 

 

Figure 41. Common POLDIP2 (1-368) and PCNA binding proteins. Proteins which both POLDIP2 (1-

368) and PCNA can bind are shown at the intersection. From all studied literature no evidence was found 

if PCNA can directly interact with HPV 16 E7, as well as, no confirmation was found it POLDIP2 (1-368) 
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can directly interact with Pol β (Moldovan, Pfander and  Jentsch, 2007; Stoimenov and Helleday, 2009; 

Boehm, Gildenberg and Washington, 2016; Guilliam et al., 2015; Maga and Hubscher, 2003; Witko-Sarsat 

et al., 2010; Tsuchimoto et al., 2001; Haracska et al., 2001; Haracska et al., 2002; Naryzhny and Lee, 

2010; Sykora et al., 2017; Vaisman, Masutani, Hanaoka, & Chaney, 2000; Vidal et al., 2004; 

Zhang, Yuan, Wu & Wang, 2000; Zhuang et al., 2008). Figure created using PowerPoint.  

 

Xie et al., (2005), performed an electrophoretic shift assay using POLDIP2 (1-368) and showed 

that POLDIP2 (1-368) does not interact with the DNA. Such assumption might be wrong, as 

POLDIP2 (1-368) YccV domain shares 34% homology with the bacterial YccV like domain 

(Maga et al., 2013). Bacterial YccV like domain predominantly binds hemimethylated DNA and 

as a result becomes able to stabilize other proteins during the DNA replication initiation process 

(Brown et al., 2014; Shimuta et al., 2004; d’Alencon et al., 2003). Hence, an electrophoretic shift 

assay should be performed using the hemimethylated DNA. Also, it should be taken into account 

that POLDIP2 (1-368) could bind specific hemimethylated DNA sequences. Additionally, our 

POLDIP2 (51-368) surface charge representation model also confirms the presence of positively 

charged patches suggesting POLDIP2 (1-368) might be able to bind negatively charged DNA.  

 

To sum up, project aims were met, with a nearly fully resolved POLDIP2 protein structure 

(99.8%). As was predicted by circular dichroism and PSIPRED, X-ray crystallography proved that 

POLDIP2 is mainly β sheet protein. POLDIP2 surface charge distribution analysis revealed that 

POLDIP2 contains hydrophobic, positively and negatively charged regions, suggesting and 

partially explaining its ability to interact with a numerous number of binding partners. POLDIP2 

has large positively charged surface area, which could be involved in the interaction with 

negatively charged molecules, such as DNA, RNA or poly(ADP-ribose) (Chang, Jacobson and 

Mitchison, 2004). Additionally, B factor analysis suggested that α2 and loops are more flexible 
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(these regions are involved in the PrimPol interaction) in the structure, whereas the part forming β 

sheet structure is more rigid (POLDIP2 β15-loop-β16 secondary structure is involved in 

CAECAM1 binding). Therefore, both rigid regions, as well as, regions which exhibit some 

flexibility can be involved in protein-protein interaction. Interestingly, co-purification SEC shows 

that truncated POLDIP2 (51-368) form does not bind PCNA, whereas PCNA-POLDIP2 complex 

formation is observed then full length POLDIP2 protein is used. POLDIP2 structure solution is 

the first part of “journey” and in order to better understand how POLDIP2 bids multiple partners, 

POLDIP2 structure should be solved in combination with other binding partners. Therefore, future 

work will focus on POLDIP2-TLS polymerase structure determination, as well as, further PCNA-

POLDIP2 complex studies in order to unravel POLDIP2 role at the DNA replication fork.  
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Appendices  
 

Appendix 1- Table 1. POLDIP2 construct length, used primers and gene length.  

 

Appendix 2-Table 2. POLDIP2 primer sequences.  
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Appendix 3- Figure 1. POLDIP2 primer sites.  

 

Appendix 4-Table 3. Genotypes of E. coli strains used in this study and media composition. 
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Appendix 5- Table 4. Buffers used for the small scale E. coli lysis and purification.  

 

 

Appendix 6. Table 5.  Large scale E. coli lysis buffers. 
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Appendix 7. Table 6. Columns and buffers used for IEC.  

 

Appendix 8. Table 7. Dialysis buffer recipe.  
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Appendix 9. Table 8. All POLDIP2, POLDIP2 optimization and POLDIP2-PCNA complex plates. 
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