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Figure 24: Elg1 binding surface mapped on the Smt3. 

The Elg1 binding surface was mapped utilizing the Smt3 structure from PDB ID: 3V62 

(panel A and B) and 2EKE (panel C and D). Smt3 structures are presented in gray. Residues 

with overall chemical shifts above the average based on our NMR data were mapped the 

Elg1-Smt3 interacting surface in blue. 

A) The structure of Smt3 from 3V62. The Elg1-Smt3 interacting surface is mapped in blue. 

B) The structure of Smt3 binding to Srs2 SIM. The surface of Srs2 SIM is presented in red. 

It shows that Elg1 binds to Smt3 in the same side as Srs2 binds to Smt3. 

C) The structure of Smt3 from 2EKE. The Elg1-Smt3 interacting surface is mapped in blue. 

D) The structure of Smt3 binding to yUbc9. The structure of yUbc9 is presented in red. It 

shows that Elg1 binds to Smt3 in the opposite side as yUbc9 binds to Smt3. 
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data) were mapped in blue (Figure 24A). Interestingly, it resembles the surface where Srs2 

SIM binds (Figure 24B). Another structure we used is the structure of Smt3 binding to 

yUbc9 (PDB ID: 2EKE) [65]. Those shifted residues were also mapped in that structure 

(Figure 24C). We found out that the interface of Smt3 binding to yUbc9 is on the opposite 

face of where we mapped (Figure 24D). It is likely that Smt3 binds to Elg1 in a similar 

manner as Srs2, instead of yUbc9. 

4 Discussion 

4.1 Elg1’s interaction with PCNA 

4.1.1 Two PIP boxes participate in the interaction with PCNA  

Despite the lack of a canonical PIP box sequence, Elg1 has been shown to bind to PCNA 

in the yeast-2-hybrid assay. Elg1 also preferentially binds to sPCNA [2]. In this work, two 

biochemical methods, GST pull-down assay and ITC, have been employed to assess the 

interaction between Elg1 and PCNA. In our hypothesis, we speculated that two PIP boxes 

are involved in the interaction with PCNA. The first one is very similar to the PIP box 

proposed by Parnas et al. [2], and the second one is based on our lab’s previous 

investigations.  

Parnas et al.’s analysis proposed the PIP box of Elg1 located between amino acids 43 and 

67 using different Elg1 N-terminal fragments in yeast-2-hybrid assays [2]. Similarly, our 

results in the pull-down assays confirmed Elg1’s binding ability with PCNA. In our GST 

pull-down assays, only Elg1L3 (46-84) and Elg1L3+ (33-84), the fragments containing two 

PIP boxes and excluding all three SIMs, demonstrate PCNA binding. Although the shorter 

fragment Elg1L5 (64-84) fails to show the interaction with PCNA, it does not exclude the 

weak binding of PIP2 and the possibility that two PIP boxes work together to facilitate the 

interaction with PCNA. In addition, we also used ITC for further investigations, where we 

titrated PCNA to Elg1L3+. But the ITC result fails to provide solid evidence for 

characterizing this interaction. There are two possibilities for this failure on ITC. One is 
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that the titration of the Elg1 fragment to PCNA is prone to aggregations. It would be similar 

to the case of titrating Elg1 fragment to sPCNA. Second is that the concentration we used 

may cause the Elg1 fragment to not fold properly. Although Elg1 fragment was expressed 

together with GST tag for better solubility, there remains the possibility that Elg1 fragment 

becomes less functional to the interaction with PCNA due to the improper folding at high 

concentration for titration. Collectively, our GST pull-down assays have confirmed Elg1 

N-terminus’s interaction with PCNA in vitro, and two PIP boxes participate in this 

interaction. 

4.1.2 SIM1 and/or SIM2 may inhibit the interaction with PCNA 

Elg1 contains three SIMs that were shown to interact with SUMO in yeast-2-hybrid assays 

[2]. Armstrong et al. [26] have demonstrated the PIP box’s interaction with PCNA and 

SIM’s interaction with SUMO are independent of each other in Srs2. But our GST pull-

down assays suggest that the SIM(s) of Elg1 may interfere with the interaction with PCNA. 

With sPCNA as prey, multiple fragments, including Elg1L3 (46-84), Elg1N, and Elg1L1 

(21-102), were detected to show binding with sPCNA. Elg1N contains all three SIMs, and 

Elg1L1 only contains SIM1 and SIM2, while Elg1L3 contains no SIMs. However, Elg1N 

and Elg1L1 did not show interactions with PCNA, while Elg1L3 showed binding with 

PCNA. We suspect that SIM1 and/or SIM2 inhibit the interaction with PCNA. When PCNA 

was SUMOylated, SIM1 and/or SIM2 bind to SUMO that is conjugated to PCNA and 

possibly changed the conformation of the Elg1 N-terminus, subsequently promoting the 

PIP box’s interaction with PCNA. 

In order to exclude the possible inhibitory effects of SIMs and test if the PIP box1 can bind 

to PCNA alone, we attempted to use synthesized peptide that contains original residues 50-

66 of Elg1 for further investigations. Several past studies have determined the structure of 

the PCNA-peptide complex [26, 43]. We hoped that a higher concentration of peptides 

could allow for a more accurate analysis in the ITC and form the complex with PCNA for 

screening. Despite the prediction that the peptide would be soluble, this was not the case, 

especially for the aqueous buffers. We directly mixed the PCNA and the pH-adjusted 
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peptide solution, and the mixture was directly used to screen for crystals. Although several 

hits were observed, those crystals needed to be verified as protein-peptide complexes, 

instead of PCNA alone, and those conditions needed further optimization. Without a clear 

structure of the PCNA complex with the Elg1 PIP box, it is difficult to identify the PIP box 

residues that formed the hydrophobic plug that interacts with the IDCL of PCNA. Though 

our attempt to use the synthesized peptide did not work, other approaches, such as in silico 

alanine scanning, can be employed to derive more information. 

4.2 Elg1’s interaction with sPCNA 

4.2.1 Elg1 N-terminus is confirmed to bind sPCNA with µM affinity 

According to previous research [1-2], Elg1 would preferentially bind to sPCNA and this 

binding is mediated by the SIMs in the N-terminal. Our GST pull-down assays confirmed 

the binding with sPCNA, via using Elg1 46-84, Elg1 21-150, and Elg1 21-102 as bait 

(Figure 13). In addition, we determined the apparent Kd of interaction between the Elg1 N-

terminus and sPCNA through ITC. Elg1 WT binds to sPCNA with an apparent Kd of 

8.23±3.31 µM, and an N value of 1.122±0.073 (Table 4). 

However, this binding affinity is much weaker than expected. Armstrong et al. [26] have 

established that the Srs2 C-terminal can bind to sPCNA with a Kd of approximately 25 nM 

via fluorescence polarization assays, which is a much tighter binding than what we 

observed. The reason for the large difference is probably because the PIP box of Elg1 binds 

to PCNA in a much weaker manner than the Srs2 C-terminus. We were able to determine 

that the Elg1 N-terminal binds to sPCNA in µM affinity with ITC, but further 

characterizations are required to uncover how the two protein-protein interactions, namely 

SIM binding to SUMO and the PIP box binding to PCNA, accommodated each other. 

4.2.2 SIMs mutations have subtle effects on the interaction with sPCNA 

Previous research has shown that all three SIMs are capable of interacting with Smt3 via 

yeast-2-hybrid assays [2]. From our GST pull-down results, SIM1 and SIM2 are needed for 
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the interaction with sPCNA. Deletion of SIM3 seems to have minor effects on the 

interaction with sPCNA. Moreover, ITC experiments with various SIMs mutants were 

conducted to shed some light on the mechanism of the binding with sPCNA. The results 

show that the interaction with sPCNA is not affected dramatically by mutations on SIMs. 

The apparent Kd decreased at most 2-fold with mutant Elg1 SIM23m. These results indicate 

that the interactions between SIMs and SUMO slightly contribute to Elg1’s interaction with 

sPCNA. Since the mutations on all three SIMs only hinder the interaction with sPCNA to 

a small extent, we suspect that SIMs probably play a minor role in anchoring to PCNA. 

Only the mutation in the SIM1 exhibit a 1.5-fold decrease in the apparent binding affinity. 

However, with mutations on the double SIMs, their ΔS have significant differences, despite 

still having a similar level of apparent Kd. It implied that three SIMs in the Elg1 N-terminal 

may bind to sPCNA with different binding mechanisms. To be noticed, most ITC titrations 

have an N value of close to 1, except for the SIM12m. It is probably because this titration 

between sPCNA and SIM12m were conducted at last, which the protein may not be as 

effective as the fresh protein. 

To discover the role of the SIMs in the interaction with sPCNA, various combinations of 

mutations on SIMs were generated and tested. Unexpectedly, SIMs mutations have subtle 

effects on the interaction with sPCNA.  

4.3 Elg1’s interactions with Smt3 

4.3.1 Elg1 N-terminus is confirmed to bind Smt3 weakly 

Parnas et al. have shown that the Elg1 N-terminus can bind Smt3 in yeast 2-hybrid 

experiments, and all three SIMs can also bind Smt3 [2]. To better characterize the 

interaction with Smt3, GST pull-down assays and ITC experiments were employed. 

However, our GST pull-down assays did not show a detectable interaction between the 

Elg1 N-terminus and Smt3. 

Our ITC experiments determined that the Elg1 N-terminal binds to Smt3 with an apparent 
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Kd of approximately 80 μM (Table 5), while Elg1 binds to sPCNA with an apparent Kd of 

approximately 8 μM (Table 4). Additionally, our NMR experiments further confirmed that 

Elg1 binds to Smt3 weakly. As shown in Figure 21, some residues of Smt3 have chemical 

shift changes upon Elg1 binding. Those residues with large chemical shifts were used to 

calculate the Kd. With the assumption of an n value as 3.0 (n represents the number of 

binding sites on Elg1), the Kd is calculated to be approximately 150 µM (Figure 22). The 

reason why the Kd that measured via ITC and NMR are different is that ITC has large 

deviation when determining the Kd of low-affinity interaction. For low-affinity interaction, 

the inflections of ITC titrations are not well defined to accurately determine Kd. To be noted, 

the fitting strategy we used is not accurate, since all three SIMs would not be identical. 

Characterizing the interaction between the Smt3 and only one SIM would be the practical 

strategy for further investigation. The NMR experiments with peptides that only contain 

one SIM titrating to Elg1 would be suitable to better characterize this binding model.  

4.3.2 All three SIMs contribute to the interaction with Smt3 

In our ITC experiments, we were able to determine the apparent Kd of binding Smt3 is 

80.5±34.3 µM (Table 5). This also gives an N value of 1.096±0.417, which support our 

assumption that one Elg1 binds three Smt3.  

In order to understand the role of SIMs in the interaction with Smt3, various constructs that 

contain SIMs mutations were generated and the expressed proteins were utilized in the ITC. 

Also, as shown in Table 6, mutations on single SIMs dramatically affect the apparent Kd. 

Mutations on SIM1 have the largest impaired effects on the apparent Kd, which decreased 

1.6-fold to approximately 132 µM. This result suggests that SIM1 may be the dominant 

SIM for the interaction with Smt3, likely the same case for interacting with sPCNA. 

Mutations on SIM2 and SIM3 maintain the similar apparent binding affinity, compared to 

the Elg1 WT, suggesting SIM2 and SIM3 bind to Smt3 in a manner weaker than SIM1. 

Collectively, all three SIMs contribute to the interaction with Smt3, and SIM1 probably is 

the major one that is responsible for the interaction.  
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4.3.3 Elg1’s interaction with Smt3 is likely to resemble Srs2 interactions 

Our NMR experiments not only provide us a clue about the apparent Kd, but also shed more 

light on the mechanism of how the SIM(s) of Elg1 bind(s) to Smt3. Based on the assignment 

of Smt3, the chemical shifts of most residues on the Elg1 N-terminus were calculated. 

Shown in Figure 23, most residues that have large chemical shifts were located on β sheet-

1, β sheet-2, and the α helix in the Smt3 N-terminus. Based on the chemical shifts, we 

mapped the Elg1 binding surface using two known Smt3 structures, Srs2 bound by C-

terminus and Smt3 in complex with yUbc9. Interestingly, the mapped surface resembles 

the one from Srs2’s C-terminus (Figure 24B). In addition, it is unlikely that all three SIMs 

bind to one single Smt3. It is possible that all three SIMs play different roles in the 

interaction with Smt3 or sPCNA. Despite more questions having arisen during our 

investigations, determining the structure of Elg1 binding to Smt3 could provide insight into 

the SIM-SUMO interaction models. Approaches, such as NMR with Elg1 SIM mutants, 

can be employed to help determine the structure of Elg1’s SIM binding to Smt3. 

4.4 Proposed model for interactions with PCNA/sPCNA 

Combining our results, we propose the following model for Elg1 and PCNA/sPCNA 

interaction (the schematic model is presented in Figure 25): 

To maintain normal replication processes, Elg1 exhibits a weaker ability to bind PCNA than 

other PCNA partners, such as polymerases. SIM(s) may partially cover the PIP box on the 

Elg1 N-terminus and inhibit the interaction between Elg1 and PCNA. Upon DNA damage 

and/or other cofactors, PCNA undergoes SUMOylation to promote its binding with Elg1, 

which subsequently promoting Elg1-RLC’s unloading function. Therefore, PCNA would 

not stay on the replication fork, and the replication process can proceed. With 

SUMOylation, SUMO is conjugated to PCNA, mostly at K164. The SIM(s) in the Elg1 N-

terminal would bind to the Smt3, anchoring Elg1 and stabilizing Smt3’s orientation, and 

the SIM(s) cease(s) to interfere with the interaction between the PIP box and PCNA, 

subsequently promoting the PCNA unloading activity. 
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4.5 Future directions 

In this study, we have made progress to elucidate the interaction of the Elg1 N-terminus 

with PCNA, sPCNA, and Smt3. For the interaction with PCNA, we have shown that two 

PIP boxes participate in the PCNA binding. The binding is significantly weaker than that 

of most PIP boxes and PCNA interactions, and SIM(s) may play an inhibitory role in this 

interaction. Based on the results, we propose the model for Elg1’s interactions with 

PCNA/sPCNA, which provides us with a better understanding about the role of Elg1 as a 

general unloader of PCNA. Although we currently cannot pinpoint the exact residues of the 

PIP box and determine the structural basis of Elg1-PCNA interaction, we have a clue on 

this interaction, which is probably from the inhibitory effect from SIM(s). Better construct 

design is required to investigate the interaction with PCNA, and experiments, such as 

alanine scanning and NMR, can be employed for further characterizations. 

Upon DNA damage, PCNA would be SUMOylated. The feature that Elg1 preferentially 

binds to sPCNA implies a role of Elg1 in DNA damage. We determined that the interaction 

has an apparent Kd of approximately 8 µM. Mutations on SIMs have subtle effects on the 

apparent Kd. In addition, we have shown that all three SIMs in the Elg1 N-terminus 

contribute to the binding with Smt3. However, since one Smt3 can only accommodate one 

SIM, all three SIMs may contribute to different roles. These results indicate that SIMs play 

different roles in the interaction with sPCNA. Characterizing their different roles would 

help us understand how Elg1 regulates the PCNA unloading and how SUMOylation affects 

PCNA unloading. NMR experiments with peptide that contains only one SIM would better 

characterize the binding model between Elg1 and Smt3, and some in vivo work about the 

SIMs would be shed some light on Elg1’s functions.  

Although several aspects of this study require further investigations, progress has been 

made to understand the interactions between Elg1 and PCNA/sPCNA. Further 

investigations on these interactions will provide us with more insight into the PCNA 

unloading process and better understanding about the roles of Elg1 in DNA replication and 

damage response.



 
 

 
 

 

 

Figure 25: Proposed model of the interactions between Elg1 and PCNA/sPCNA.  

Based on our results, we proposed a model to describe the interactions between Elg1 and PCNA/sPCNA. PCNA is shown as the blue ring. 

The motifs in the Elg1 N-terminus are colored as yellow for SIMs and gray for the PIP box. The S represents the SUMO. 

A) During normal replication, the interaction between the PIP box of Elg1 and PCNA is inhibited by adjacent SIMs. The PIP box of the Elg1 

binds to PCNA, which is represented by the black dashed line. 

B) Upon DNA damage, PCNA would undergo SUMOylation and SUMO would be conjugated to PCNA at K164.  

C) After PCNA is SUMOylated, SIM1 or SIM2 would bind to the SUMO, alleviating the inhibitory effects on the interaction between the 

PIP box and PCNA. The PIP box of Elg1 can bind to PCNA in a much stronger manner. 

6
8 
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6 Appendices 

Appendix A: Table of primers that were used to generate new constructs. 

For Mutations Sequence 

I26A, I28A (SIM1) 
5’- gccaccgcagatgacgaaaatgatactgaatcaggcac -3’ 

5’- gtcatctgcggtggctgtagagcatcttgccaggattg -3’ 

L92A, I93A, V94A, I95A 

(SIM2) 

5’- gcagcggcagccagtgataagagtcccaaaagtgagactaattg -3’ 

5’- actggctgccgctgcatcatcatcgtcgtcatcgc -3’ 

I118A, I120A, I121A 

(SIM3) 

5’- gcgtctgcagcctccacatcgagaatcaaatcatcgcttc -3’ 

5’- ggaggctgcagacgcatcatcttcatgctcctgcg -3’ 

6 histidines were directly 

linked to Smt3 

5’- catcatcattcccgccctgagactcacatcaatttaaaggtgtcc -3’ 

5’- agggcgggaatgatgatgatgatggtgcatatgtatatctccttc -3’ 

 

 

 

Appendix B: SUMOylation tested at different time points. 

The reaction took place in a 1 ml system, and 10 µl of sample were taken at each time point 

for SDS-PAGE analysis. The lane labeled “noATP” represent the reaction sample that has 

not added ATP to initiate the reaction. The following lanes represent the situation of the 

reaction samples after various time points. The amount of PCNA and Smt3 gradually 

decreased, while more sPCNA was produced.  The positions of double-SUMOylated 

PCNA, sPCNA, PCNA, and Smt3 are indicated on the right. 
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Appendix C: ITC titration of Elg1 and PCNA. 

Protein 830 µM PCNA were titrated into 79 µM GST Elg1L3+ (33-84) at 25°C with a 

stirring speed of 250 rpm. This titration presented as a situation of no saturation after full 

injection, which makes the analysis inaccurate. This titration was analyzed by the program 

with an apparent Kd of over 424 µM and N of 0.775±1.206.  



78 
 

 
 

Curriculum Vitae 

Name: Jingwei Yan 

  

Post-secondary Central South University 

Education and Changsha, Hunan, China 

Degrees: 2009-2013 

 Bachelor of Science in Life Science 

  

 University of Western Ontario 

 London, Ontario, Canada 

 2015-2017 

 Master of Science 

  

Experiences  Leader on the project “the role of RTN3 in endothelial cells  

and Honours: injury induced by reactive oxygen species and its mechanism”, 

 

granted by University’s Undergraduate Training Programs for 

Innovation and Entrepreneurship (2010-2013) 

  

 Honorable Award 

 

Second National Colleges of Basic Medicine Innovation 

Experiment Design Competition (2012) 

  

 Western Graduate Research Scholarship (2015-2016) 

  

Publication: Journal article: 

 

XIANG Rong, YAN Jingwei, FAN Liangliang, et al. Interactions 

between inflammation and endoplasmic reticulum stress in 

atherosclerosis[J]. Basic and Clinical Medicine, 253-256, 34(2), 

2014. 

 

 Conference paper: 

 

XIANG Rong, YAN Jingwei, CAO Beibei, et al. Reticulon 3 is 

involved in the endoplasmic reticulum stress of endothelial cells 

induced by lipopolysaccharide. The conference abstract collection 

of Genetics Society of Hunan Province, 34-35, Xiang Tan, Hunan, 

2012. 

 


