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4.2 Crystallography 

Since we have established that the SIM from ATAD5 interacts with UAF1’s SLD2, we 

wanted to characterize the structural features of the interaction, to see if it is indeed similar 

to the interaction between SUMO and the SUMO-interacting motif. In order to do this, 

crystallization trials were initiated to determine the crystallization condition for this 

complex. Protein from the ITC experiments were concentrated to 9 mg/mL and used in 

crystallization trials. The final molar ratio of ATAD5_SIM to UAF1_SLD2 was 

approximately 3:1. Aside from sample preparation, screening was carried out as before 

using a limited number of commercial crystal screen kits. A hit was observed and 

corresponded to the condition: 0.1 M HEPES pH 7.5, PEG 8000, 8 % ethylene glycol. One 

solitary hexagonal plate was observed in this condition 2 weeks after the screen was set up 

(Figure 19A). Longer incubation of the crystal did not encourage visible crystal growth. 

The crystallization of the ATAD5_SIM:UAF1_SLD2 complex in this condition could not 

be reproduced. Varying the concentrations of the components (precipitant, buffer pH, or 

protein concentration) did not produce any crystals either. IZIT dye (Hampton Research) 

was used in order to determine whether or not the crystal was protein, as crushing of the 

crystal was undesirable. The dye was able to permeate through the solvent channels of the 

crystal, indicating it is made of protein (Figure 19B). The crystal was mounted onto a 0.05 

mm loop and streaked through the mother liquor spiked with an additional 50 % ethylene 

glycol and frozen in liquid nitrogen. Unfortunately, no diffraction was seen on the CMCF-

081D beam line at the Canadian Light Source (figure 19D). 
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Figure 19. Crystal of the complex between ATAD5_SIM and UAF1_SLD2. A) The crystal 

was grown at 18 oC from protein complex at 9 mg/mL at a ratio of 1:3 (SLD2 to SIM) in 

0.1 M HEPES pH 7.5, PEG8000, 8% ethylene glycol 3 weeks after initial set up. The 

crystal is indicated by a blue arrow. B) Attempts to reproduce the crystal were unsuccessful 

so it was tested with IZIT dye. Crystal took up the dye and was stained blue. C) The crystal 

was mounted onto a 0.05 mm loop and treated with 30 % ethylene glycol before flash 

frozen in liquid nitrogen. D) Diffraction image from the crystal. No diffraction pattern was 

observed other than from ice. 
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CHAPTER 5: DISCUSSION 

5.1 ATAD5 contains a PIP box motif 

In this work, we have demonstrated that ATAD5 contains a PIP box motif that 

mediates its interaction with PCNA. Previous reports have suggested that PCNA may 

interact with ATAD5, however, any binding had yet to be investigated. We have identified 

a PIP box in the N-terminal of ATAD5 through sequence analysis that resembles that of 

the Y-family polymerases and rfc1 of the RFC complex. ATAD5’s PIP box contains a Pro 

at position 1 of the consensus sequence instead of the canonical Gln and an Ile, Tyr, and 

Phe at positions 4, 7, and 8.  

We determined that this putative PIP box motif was able to bind to PCNA using a 

GST pull-down assay (Section 3.2) and a yeast two-hybrid system. GST-ATAD5_PIP co-

eluted with PCNA in the assay.  The amount of PCNA that co-eluted with GST-APIP 

compared to GST-p21 was significantly lower (Figure 7). This suggests that the interaction 

between PCNA and the PIP box from ATAD5 is weaker than that of p21. To confirm the 

results of the pull-down assay, the interaction was studied in a yeast two-hybrid system. 

Yeast cells were transformed with plasmids expressing recombinant protein fused to either 

the BD or AD of the transcriptional activator protein Gal4 and spot plated to determine the 

phenotype of the resultant yeast. Consistent with the previous results, yeast cells co-

transformed with the native N-terminal 250 amino acids of ATAD5 and PCNA showed the 

phenotype indicative of interaction and were able to grow on the desired selection media.  

Mutation of the conserved PIP box residues (at position 4, 7, and 8) to Ala abolishes 

the interaction between ATAD5 and PCNA in both the GST pull-down assays, as well as 

the yeast two-hybrid system. The result of the experiments with the mutants agrees with 
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what is known about PIP box/PCNA interactions. Without the proteins that make up the 

“hydrophobic plug”, the interactions that stabilize the PIP box in PCNA’s hydrophobic 

pocket cannot occur. 

Taken together, our results show that the putative PIP box identified interacts with 

PCNA, and that the conserved PIP box residues are important for interaction.  

 

5.2 Comparing ATAD5’s PIP box to other known structures 

5.2.1 ATAD5 does not possess a canonical PIP box 

A reason that ATAD5’s PIP box was yet to be identified may be that it does not 

completely conform to the canonical consensus sequence (Figure 2). In the place of a Gln, 

there is a Pro at position 1 of the motif. There have been relatively few non-canonical PIP 

boxes studied where the residue at position 1 was not Gln. Many of the Y-family 

polymerases have non-canonical PIP Boxes and contain either a Lys (polymerase  and 

polymerase ) or a Met (polymerase ) at this position (65). The Gln from other PIP box 

motifs interact with the main chain carbonyl of A252 on PCNA, and a well-ordered water 

molecule bridges the O of Gln and the amide-nitrogen atom of A208 at the C-terminal end 

of the F2 strand of PCNA. Kroker et al. (2015) identified it as the second highest 

contributor to p21’s high binding affinity in an in silico alanine scanning experiment (67). 

In contrast, the Pro at position 1 of ATAD5’s PIP box does not form any hydrogen bonds 

with surrounding residues or water molecules. Previous experiments where the residue at 

position 1 is mutated to Gln to conform to the consensus sequence, the binding affinity 

between the peptide and PCNA increased 4-fold (65). The presence of a Pro instead of a 

Gln may contribute to the lower binding affinity observed between ATAD5’s PIP box and 
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PCNA. Proline is a proteinogenic amino acid with a secondary amine, so the α-amino group 

is part of the side chain. This property usually causes disruption to the secondary structure 

of proteins. 

Interestingly, most of the polymerases that are involved in TLS do not have 

canonical PIP boxes and have alternative amino acids at position 1. ATAD5, which is 

responsible for deubiquitinating of PCNA and controlling retention of TLS polymerases 

on the replication fork also does not have the conserved Gln at position 1 either. There is 

currently no data to ascertain the significance of why these proteins involved in the DNA 

damage tolerance pathways contain non-canonical PIP boxes.  

 

5.2.2 ATAD5’s PIP box binds PCNA in a topologically conserved manner 

The binding of ATAD5’s PIP box is topologically conserved, many other crystal 

structures of peptides containing PIP boxes derived from other proteins in complex with 

PCNA show the formation of the characteristic hydrophobic plug where residues at 

position 4, 7, and 8 interacts with the hydrophobic pocket (47, 64, 65). Despite being 

predicted to be disordered, ATAD’s PIP box confers a 310 -helix structure when bound to 

PCNA. The PIP box forms a “hydrophobic plug” that interacts with a hydrophobic pocket 

on PCNA (Figure 15A). Figure 20A shows a superposition of known structures of PIP box 

binding with PCNA. As seen in Figure 15A, hydrophobic residue I62 points towards the 

minor hydrophobic groove of PCNA and the two aromatic residues (Y65 and F66) point 

towards the major hydrophobic pocket.  

The three residues at positions 4, 7, and 8 are important for the interaction with 

PCNA, and it has been hypothesized that the identities of these residues are responsible for  



 

   

67 

 

 
 

 
 

Figure 20. Comparison of human PIP box binding to PCNA. A) Cartoon representation of 

PCNA monomer (from this study, in gray) and the superposition of PIP boxes after 

structural alignment against other structures of PIP box peptides binding to PCNA. Peptide 

derived from ATAD5 is shown in yellow, other structures represented in this diagram are: 

1U7B (red), 1U76 (orange), 2ZVK (green), 3P87 (cyan), 4RJF (blue), 4ZTD (purple) and 

4D2G (pink). B) Surface representation of PCNA monomer (from this study, in gray) with 

cartoon representations of peptides derived from ATAD5 in yellow and p21(PDB ID: 

1AXC) in blue. PIP box residues (labelled with respective colours) are represented as 

sticks. 
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tuning binding affinity (67). Comparing the binding of the hydrophobic residue 

from ATAD (our structure) and p21 (PDB ID: 1AXC), p21’s PIP box packs tighter into 

the hydrophobic pocket compared to ATAD’s (Figure 20B). In our structure, the nitrogen 

from the amine group of the Ile forms a hydrogen bond with His 44 carbonyl group’s 

oxygen from PCNA in the two aromatic residues at position 7 and 8 forms many non-

bonded contacts with many of the amino acids that make up the hydrophobic pocket of 

PCNA. In the p21 structure, a well-ordered water molecule helps stabilizes the interaction 

of the peptide with PCNA by forming many non-bonded contacts with the Tyr at position 

8. Phe at this position on our structure only forms one hydrogen bond with G127 of PCNA.  

The identities of the PIP box residues that form the hydrophobic plug is only one 

factor that affects the overall binding affinity of the PIP box peptides to PCNA. Residues 

can also interact with PCNA’s IDCL.  

 

5.2.3 ATAD5 peptide’s interaction to the IDCL  

 The C-terminal of the peptide derived from ATAD5 used in our study does not have 

many amino acids that make contacts with the IDCL of PCNA compared to the peptide 

from p21. Only three residues are resolved after F66 in the C-terminal in the final structure. 

The remaining residues are most likely do not interact with PCNA and are hence too 

flexible to be seen in the structure and point toward the bulk solvent. In contrast to the p21 

peptide structure, the C-terminal of the ATAD5 peptide does appear to make extensive 

contacts with the IDCL. In p21, the C-terminal nine amino acids form a -strand that 

interacts with the IDCL. A recent article was published where in silico alanine scanning 
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identified two Arg residues four amino acid residues downstream from the last PIP box 

residue that contribute to p21’s high binding affinity (71). 

The resolved residues that follow the last PIP box residue (RKT) interact with 

PCNA’s IDCL. Four hydrogen bonds exist here: Arg forms two hydrogen bonds with Gly 

127 between an oxygen from their carboxyl and nitrogen from their amine groups. 

Threonine also forms two hydrogen bonds, one between its nitrogen-amine group and an 

oxygen from the carboxyl group of Gln 125, and the second between O1 and the nitrogen 

amine group of Gly 127. It is interesting that the residues after position 8 form more 

hydrogen bonds with the IDCL of PCNA than the aromatic residues in the PIP box. 

Therefore, it is important to not only take into consideration the binding of the hydrophobic 

pocket but the IDCL as well when designing agents to inhibit PCNA binding.  

 

5.3 UAF1 interacts with ATAD5  

 Prolonged replication by TLS polymerases may become a source of mutations, so 

regulation of their lifespan on the replication machinery is critical. Removal of ubiquitin 

from PCNA facilitates the switching from TLS polymerases to regular high-fidelity 

polymerases. ATAD5 contains a SIM in its N-terminal domain that recruits the DUB 

complex UAF1-USP1. We wanted to characterize this interaction to assess ATAD5’s 

ability to act as an adapter between ubiquitinated PCNA and UAF1. ATAD5 may form a 

complex with UAF1 that can compete with the binding of Y-family polymerases to 

ubiquitinated PCNA.  
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5.3.1 UAF1_SLD2/ATAD5_SIM interaction was not detectable in affinity pull-down 

assay 

The interaction between ATAD5’s SIM and UAF1’s second SLD could not be 

detected in our affinity pull-down assays. No interaction was detected as UAF1’s SLD2 

did not co-eluted with GST fused to ATAD5’s SIM. There are several reasons for this 

occurrence. Firstly, the GST-affinity pull-down technique is more suited for stronger 

interactions, weak or transient interactions may not be detected by this method. Secondly, 

the cloned portion of the SIM is not sufficient to facilitate interaction, only 39 amino acids 

(the SIM was flanked by ten amino acids) were amplified out of ATAD5; this may not be 

enough for it to fold correctly. Lastly, Yang et al. (2011) studied this interaction using co-

IP experiments using extracts from cells transfected with the proteins of interest (where 

intercellular concentrations were high) (43). Additional cofactors may be present in the cell 

extract that facilitates the binding.  

 

5.3.2 ITC reveals µM binding between UAF1_SLD2 and ATAD5_SIM 

Despite not seeing a positive result from the pull-down assays, the interaction 

between ATAD5_SIM and UAF1_SLD2 was determined to have a Kd of 19.1 ± 6.48 µM. 

ITC experiments can detect a wide range of binding affinities (from nM to mM). With the 

assumption that the protein is weak (from the GST pull-down experiments), we used high 

concentrations of proteins. ATAD5_SIM was loaded into the syringe and titrated into a 

cell containing UAF1_SLD2. The Kd of this reaction was approximately 3-4 fold lower 

than the ATAD5 PIP box/PCNA interaction. The binding affinity seen in the ITC 

experiments were not completely unexpected. Lee et al. (2010) found that the chromatin-
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bound USP1 level was not changed after ELG1 knockdown and USP1 or UAF1 foci was 

not formed in response to DNA damage (72). Mutation of a lysine important for the 

interaction between ATAD5 and UAF1 resulted in a 4-fold reduction in binding affinity, 

the dissociation constant of this reaction was found to be 77.82 ± 11.24 M. This result 

agrees with the observations made by Yang et al. (2011) where they observed a reduction 

in ATAD5 binding to UAF1 bearing the same mutation (43).  

We were able to determine that UAF1 binds to ATAD5’s SIM in the low µM range. 

The binding affinity between these proteins is reduced upon mutation of a lysine on UAF1. 

Our experiments contribute to the confirmation that the binding between the SLD2 

sequence of UAF1 with ATAD5’s SIM has conserved binding characteristics to known 

SUMO/SIM interactions previously described in the literature (73).  

 

5.4 Functional implications 

 Many proteins interact with PCNA by the way of the PIP box motif. Almost 200 

different biological PIP boxes have been proposed from a bioinformatics analysis. From 

the data available, not all PIP boxes interact with the same affinity (Table 5). The variations 

of the amino acid at each position allows for the “tuning” of the binding affinities, possibly 

linking it to the protein’s function (67). What guides the binding of various proteins to 

PCNA during different pathways is unclear, as PIP boxes binding to PCNA’s hydrophobic 

pocket with low affinity can be displaced those of higher affinity, such as p21’s PIP box 

(47).  

 PCNA-PIP box interactions may not have been optimized for high affinity during 

evolution. PCNA is thought to be a “toolbelt” for replication machinery, allowing multiple 
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Table 5. Summary of PIP box-containing peptides from crystal structures available from the Protein Data Bank (www.pdb.org). 

Positions 1, 4, 7 and 8 of the PIP box consensus sequence are bolded. 

 

 

PDB ID Author Peptide Sequence Kd Ligand Notes 

4ZTD S. Hoffmann(69) KQRVRVKTVPSLFQAKLDTFLWS 30.7 µM TRAIP  

4RJF A. Kroker(67) GRKRRQTSMTDFYHSKRRLIFS 82.6 nM CDK1  

4D2G A. De Biasio(68) GNPVCVRPTPKWQKGIGEFFRLS

PKDSE 

5.56 µM P15  

3P87 D. Bubeck(66) DKSGMKSIDTFFGVKNKKKIGKV N/A RNASEH2B  

2ZVL A. Hishiki(65) CIKPNNPKHTLDIFFKPLTH 4.9µM Polκ  

2ZVM A. Hishiki(65) CAKKGLIDYYLMPSLST 0.29 µM Polι  

2ZVK A. Hishiki(65) CKRPRPEGMQTLESFFKPLTH 0.4 µM Polη  

1U76 J. Bruning(64) KANRQVSITGFFQRK 15.6 µM P66 1.53 µM with 

QRKRRLIFS added to C 

terminal 

1U7B J. Bruning(64) SRQGSTQGRLDDFFKVTGSL 60.0 µM FEN1  

1AXC J. Gulbis(47) GRKRRQTSMTDFYHSKRRLIFS 82.6 nM P21  

1VYJ G. 

Kontopidis(70) 

SAVLQKKITDYFHPKK 100 nM PL  

 T. Bui APPLPSNILDYFRKTSPT 6.17 µM ATAD5 From this study. 
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different proteins of the same pathway to bind. The low binding affinities afford the 

components (or tools) to be changed on the PCNA (toolbelt) scaffold, allowing it to 

facilitate a wide variety of functions while maintaining the hierarchy of binding.   

Bruning et al. (2004) reported that the PIP box from p66, a subunit of polδ, binds 

to PCNA with an affinity of 15.6 µM (64). Additional contacts outside of the PIP boxes 

exists. In vitro studies have shown that most replicative DNA polymerases have nanomolar 

affinity for the primer-template junction of DNA, but significantly less affinity for duplex. 

Polδ has significantly higher affinity for PCNA when it is loaded onto DNA due to the 

additive effects of the PIP box interaction. Reaching a lesion on DNA and stalling of the 

replication fork may disrupt its interaction with DNA, allowing other “tools” to replace 

polδ to make repairs. 

Some proteins have other domains that interact with PCNA when it is modified. 

For example, many of the Y-family polymerases contain additional ubiquitin-binding 

motifs (UBMs) in the form of ubiquitin binding zinc fingers (UBZs). These UBMs may 

allow the Y-family polymerases to bind to PCNA in place of existing proteins at stalled 

replication forks (where PCNA is monoubiquitinated). Even without the aid of the UBZ 

motif, the PIP-Boxes from Y-family polymerases have been reported to bind from 4.9 µM 

up to 290 nM (Table 5).  The additional binding between the UBMs and ubiquitin may 

facilitate the exchange of polymerases with the normal high-fidelity ones.  

We have determined that ATAD5’s PIP box binds to PCNA with low µM affinity 

(6.17  0.78 M). Since ATAD5 is also known to recruit the UAF1-USP1 DUB complex 

and knockdown of ATAD5 causes an accumulation of ubiquitinated PCNA on chromatin, 

we wanted to determine if it directly interacts with ubiquitin. We tested whether or not 
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ATAD5 contains a ubiquitin-binding domain using a yeast two-hybrid system and in silico 

sequence analysis. There did not appear to be any interaction between ATAD5 and 

ubiquitin (data not shown). As an adapter, the combination of ATAD5’s PIP box/PCNA 

and SIM/UAF1 interactions may be strong enough to displace the TLS polymerase from 

the replication fork after TLS, allowing the ubiquitin to be removed and normal high-

fidelity polymerases to continue replication. 

 

5.5 Conclusion and future directions 

We hypothesized that ATAD5 acts an adaptor that interacts with PCNA and UAF1. 

Although we did not assess whether or not ATAD5 was able to interact with these two 

proteins at the same time, we were able to characterize the interaction between its PIP box 

and SIM with PCNA and UAF1’s SLD2. In our study, we have demonstrated that ATAD5 

contains a PIP box and that it interacts with PCNA in the low micromolar range. Based on 

the comparison of PIP boxes from other human proteins, we can see that the residues that 

make up the hydrophobic plug are important for tuning the affinity of the peptide towards 

PCNA. Interactions with the IDCL are also important for binding affinity. Furthermore, 

we were able to characterize an interaction between ATAD5 and UAF1. 

A SIM on the N-terminal of ATAD5 interacts with the second SLD from UAF1. 

We have determined that the interaction between these two polypeptides have a binding 

affinity of 20 µM. A mutation on a lysine (K595) to Glu in the second SLD of UAF1 

reduced its binding affinity to PCNA 3-fold. Yang et al. (2011) initially made this mutation 

based off of a model of the SLD2 domain with SUMO-2, as the corresponding lysine is 

critical in SUMO/SIM interactions. The SUMO moiety of sumoylated proteins is able to 
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mediate enzyme-substrate interactions and is found in many protein pathways (73). 

ATAD5’s SIM may also interact with other sumo-modified proteins. It would be 

interesting to assess whether or not ATAD5’s SIM is able to interact with SUMO1-4 or if 

it is similar to FANCDI’s (another substrate of the UAF1-USP1 DUB) SIM, which 

exclusively interacts with SLDs. Finally, a crystal structure of the complex formed between 

the SIM of ATAD5 and SLD2 of UAF1 could provide mechanistic insight on how similar 

(if at all) it is to SIM-SUMO interactions.  

ATAD5 functions to recruit the UAF1-USP1 DUB complex to monoubiquitinated 

PCNA, however, it also functions to unload PCNA during DNA replication. These two 

functions are probably separate as previous studies have demonstrated that formation of 

the RFC-like complex containing ATAD5 is not required to control levels of PCNA 

ubiquitination. The C-terminal is responsible for ATAD5’s association with RFC subunits, 

however, the N-terminal 500 amino acids of ATAD5 alone, is sufficient to reduce levels 

of monoubiquitinated PCNA. It is unlikely that the PCNA unloading by the RFC-like 

complex containing ATAD5 is required in order to deubiquitinate PCNA (72). Previous 

reports have knocked down ATAD5 or used partial ATAD5 fragments in their studies (32, 

41). With the knowledge of the residues responsible for the interaction between ATAD5 

and PCNA, mutations can be made to the full-length protein and studied. Similar 

phenotypes to ATAD5 knockdown cells are expected upon DNA damage by DNA 

alkylating agents or ionizing radiation. Cells expressing mutant ATAD5 will have an 

impaired DNA damage response, leading to increased cell death. More specifically, 

monoubiquitinated PCNA will accumulate on chromatin, leading to increased mutation 

rates due to prolonged replication by Y-family polymerases and gross genomic instability. 
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Furthermore, inactive replication factories will begin to accumulate on DNA and prevent 

cell replication and eventually lead to cell death.  

Knowledge of how each residue of the PIP box, as well as the flanking residues, 

interact with PCNA will allow us to develop more effective drugs to combat cancer. 

Inhibition of PCNA at the mRNA and protein level has been shown to inhibit proliferation 

and cell growth, sensitizing cancer cells to chemotherapeutic agents. However, no clinical 

trials are being conducted on inhibitors of PCNA. Current inhibitors often have low 

potency, cell permeability, bioavailability, and undesirable off-target effects (67).  A more 

thorough understanding of the binding between PCNA and its many binding partners will 

allow for effective inhibitors to be developed.  
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APPENDIX 

 

 
 

 

Figure I. Vector map of pMCSG9 (left) and pMCSG10 (right). Unique restriction 

enzyme cutting sites are indicated along with notable features of the plasmid. Maps were 

created with SnapGene Viewer. 

 

 

 
 

Figure II. Vector map of pACT2. Unique restriction enzyme cutting sites are indicated 

along with notable features of the plasmid. Maps were created with SnapGene Viewer. 
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