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Abstract 
The carboxyl terminal domain (CTD) of large subunit of RNA polymerase II (LS RNAPII) is the regulatory platform of 
multi-subunit enzyme in mediating transcription events. It consist of heptapeptide repeats and regulated by post translational 
modifications and its protein partners. CTCF is a transcription factor that interact with the CTD through its C-terminus. 
RNAPII is also regulated by CTCF during alternative splicing. The regulation and binding sites of the interaction is still 
unclear. This study aims to validate the interaction between CTCF and LS RNAPII in glioblastoma, RGBM cell line using ex 
vivo immunoprecipitation. Presence of interaction between CTCF and CTD encourage the discovery of potential binding 
regions based on their properties as intrinsically disorder proteins (IDPs) using bioinformatics tools. PepSite2 webs server 
was used to discover possible interactions between predicted molecular recognition features (MoRFs) in the C-terminus with 
CTD peptides retrieved from structural model of RNAPII protein complexes. All MoRFs had lowest binding score (P-value 
< 0.15) with the CTD peptides from 3D9K (phosphorylated at Ser2 and Ser5) and 3D9L (phosphorylated at Ser2). Both CTD 
peptides consist of functional unit of CTD which started with tyrosine. Hence, we suggested the required CTD sequence and 
its phosphorylation status for the interaction with C-terminus. Phosphorylation motifs in C-terminus were discovered and 
analysis was done by PepSite2 to predict the interaction of the motifs in unphosphorylated and phosphorylation 
serine/threonine residues with the CTD peptides. The adjustment of binding score and accuracy was varied among the motifs 
based on the protein kinases. These findings provide a preliminary and suggestive insights on the physical interactions 
between RNAPII and CTCF. 
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INTRODUCTION 
RNA polymerase II (RNAPII) mediates eukaryotic RNA 
transcription, which is the multi-subunit enzyme that 
transcribes protein-coding genes. The largest subunit of 
RNAPII or also known as Rpb1 provides the regulatory 
platform through its carboxyl-terminal domain (CTD) 
(Corden et al., 1985). The CTD plays a central role in 
coordinating the entire transcription cycle from initiation, 
elongation and termination of the transcription process as 
well as co-transcriptional RNA maturation process 
(Nakahashi et al., 2013). CTD consists of multiple 
heptapeptide repeats (consensus Tyr1–Ser2–Pro3–Thr4–
Ser5–Pro6–Ser7), varying in number from 26 in yeast to 
52 in vertebrates (Hsin and Manley, 2012). CTD is 
subjected to extensive post-translational modification 
predominantly phosphorylation which is critical in 
determining its functional role (Dahmus, 1993; Dahmus, 
1995; Dahmus, 1996; Meinhart and Cramer, 2004). Hence, 
the “CTD code” is introduced to describe the formation of 
dynamic pattern in the heptads of the CTD by post-
translational modifications (Buratowski, 2003). The best 
elucidated CTD residues are Ser2 and Ser5 in which their 
phosphorylation status is critical in mediating the 
interacting partners and the progress of transcription 
(Bataille et al., 2012). 
CTCF or CCCTC binding factor is an ubiquitous, 11 zinc 
finger transcription factor (Filippova et al., 1996), which is 
known as the master weaver of genome and architectural 
protein by mediating chromosomal topology and 
boundaries(Phillips and Corces, 2009; Ong and Corces, 
2014). Interaction of CTCF with LS RNAPII was 
discovered by Chernukhin et al. (2007) in which the 
CTCF interacts with the CTD via the C-terminus. 

Nevertheless, the regulation of the interactions is still 
unclear. Despite of this, regulation of RNPII during 
elongation phase is correlated with epigenetic 
reprogramming which is mediated by CTCF and 
methylation at exon 5 of CD45 locus during alternative 
splicing (Shukla et al., 2011). Henceforth, regulation of 
RNPII and CTCF in the choice of exons during pre-
mRNA splicing is significant in gene regulation. In 
addition, CTCF is also a potential tumor suppressor 
whereby deregulation of CTCF such as hyper methylation 
at CTCF binding sites and loss of CTCF binding could 
cause disruption of chromosomal topology and promoting 
cancer such as glioma genesis (Flavahan et al., 2016). As 
alternative splicing is regulated by methylation of CTCF 
binding site and RNAPII, deregulation of CTCF might 
cause aberrant alternative splicing which is also a hallmark 
of cancer (Oltean and Bates, 2014). Besides that, aberrant 
alternative splicing also implicates pathogenesis of 
glioblastoma multiform which is an invasive primary brain 
tumor (Thorne et al., 2015). 
In this report, we describe the interaction of RNAPII CTD 
with CTCF by performing co-immunoprecipitation in 
glioblastoma multiform, RGBM cell line, to display the 
presence of interaction between the CTD and CTCF in 
RGBM cell line. Next, we demonstrate the in silico 
interaction via the functional features of intrinsically 
disordered proteins (IDPs). IDPs are protein that can be 
totally unstructured or being partially unstructured, 
consisting with intrinsically disordered regions (IDRs) in 
native condition (Dunker et al., 2001; van der Lee et al., 
2014). CTCF contains IDRs at the terminal segments 
especially within the C-terminal domain, hence the region 
is reported to be disordered(Martinez and Miranda, 2010), 
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as well as CTD of RNAPII (Corden, 1990; Meinhart and 
Cramer, 2004). Hence, both proteins are IDP. Functional 
features such as molecular recognition features (MoRFs) 
and short linear motifs (SLiMs) mediate the protein-
protein interactions in IDRs/IDPs (Mohan et al., 2006; 
Davey et al., 2012). These features were employed to 
discover potential binding and phosphorylation sites for 
the interaction between C-terminus of CTCF and RNAPII 
CTD using several bioinformatics tools. The findings may 
provide preliminary and suggestive insights on the 
interaction of CTCF and RNAPII. 
 

MATERIALS AND METHODS 
Cell line and culture conditions 
Glioma RGBM? ATCC, USA and was grown in complete 
growth medium RPMI 1640 (GIBCO@Invitrogen, USA), 
supplemented with 10% fetal bovine serum and 1% 
Penicillin-Streptomycin in a humidified incubator 
containing 50 mL/L CO2 at 37 ℃. 
Co-immunoprecipitation (CO-IP) 
Ex vivo protein-protein interaction was characterized via 
CO-IP method. For this assay, RGBM cells 
(1x107cells/mL) were collected, washed and lysed. The 
RGBM total cell lysate was precipitated with the addition 
of ice-cold acetone at the ratio of 1:1 to obtain a higher 
concentration of protein from the cell line. After 
incubation and centrifugation, the pellet was retrieved and 
resuspended in cold PBS. To investigate CTCF and 
RNAPII interaction ex vivo, the total cell lysate was 
precipitated with RNAPII antibody (ABCAM?). Protein 
complex bound to the RNAPII antibody was then 
incubated with protein G sepharose. The 
immunoprecipitation formed was resolved in SDS PAGE 
and probed with CTCF antibody for Western blot analysis. 
In order to confirm the presence of CTCF and RNAPII 
interaction, the reciprocal CO-IP experiment was 
performed in which the total cell lysate was precipitated 
with CTCF antibody and then probed with RNAPII 
antibody in the Western blot.  
Prediction of MoRFs and phosphorylation motif in C-
terminus 
Amino acid sequence of human CTCF (UniProt IDs: 
P49711) and human RNAPII large subunit (UniProt IDs: 
P24928) were obtained from UniProt 
(http://www.uniprot.org/). Both CTCF and RNAPII 
contain IDRs. Hence, the extent of disorder across these 
proteins were assessed using IUPred (Dosztányi et al., 
2005) (http://iupred.enzim.hu/). Next, the disorder-based 
protein binding regions or MoRFs were also predicted by 
ANCHOR (Dosztányi et al., 2009) 
(http://anchor.enzim.hu/) in both protein. In addition, 
MoRFCHiBi_Web (Malhis and Gsponer, 
2015)(http://morf.chibi.ubc.ca:8080/mcw/index.xhtml) 
was also applied for extended analysis and conservation of 
the MoRFs. The phosphorylation motifs in C-terminus 
were discovered using eukaryotic linear motif (ELM) 
resource (http://elm.eu.org/). Itis a hub for collecting, 
classifying and curating information about SLiMs (Dinkel 
et al., 2015). 
 

Prediction of interaction between C-terminus and CTD 
Protein Data Bank (PDB) structures of RNAPII complex 
with respective protein targets were retrieved from Protein 
Data Bank (http://www.rcsb.org/pdb/home/home.do). 
PepSite2 (Trabuco et al., 2012) 
(http://pepsite2.russelllab.org/) requires a PDB structure in 
order to predict the binding position of a peptide. The 
binding of predicted MoRFs at the C-terminus of CTCF 
with the CTD peptide chain from the retrieved complexes 
was postulated using PepSite2.The peptide binding score 
was calculated in which the lower P-value represents the 
accuracy of the prediction due to the stronger signal. 
 

RESULTS 
CTCF interacted with CTD of RNAPII ex vivo 
This study was carried out to determine the ex vivo 
interaction between CTCF and RNAPII in the RGBM cell 
line via CO-IP experiment. In this assay, CTCF antibody 
was coupled to the protein-G-sepharose and the interaction 
with RNAPII was characterized in the RGBM cell line. 
The complex formed was resolved with SDS- PAGE and 
the presence of an interacting protein partner was 
determined with RNAPII CTD antibody. 
Figure 1 displays the results from Western blot which 
shown the migration of RNAPII as a doublet with a 
molecular weight of 220 kDa and 240 kDa proteins in lane 
1. Lane 2 shows the result of total proteins 
immunoprecipitated with CTCF antibody and probed with 
RNAPII antibody in western blot. The protein detected 
was a thick band with a molecular weight from 150-240 
kDa. Based on this observation, CTCF could be a part of 
RNAPII complex, especially via the CTD of LS RNAPII 
which has been discovered by Chernukhin et al. (2007) to 
interact with the CTCF C-terminus. We attempted to 
elucidate interaction by predicting the site/s of C-terminus 
of CTCF that responsible for the interaction with the CTD 
of RNAPII using in silico analysis. 

 
Figure 1. Western blot image of ex vivo interaction of 
CTCF and LS RNAPII. The interaction was characterized 
in the RGBM total cell lysate. Lane 1 shows the result of 
RGBM total cell lysate probed with RNAPIICTD antibody 
whereas lane 2 shows the result of total proteins being 
immunoprecipitated with CTCF antibody and probed with 
RNAPII antibody in Western blot. 
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Figure 2. The disorder propensities and disorder-based binding regions in CTCF and RNA RNAPII. The disorder 
threshold is indicated as a thin line (at score =0.5) in all plots to show a boundary between disorder (>0.5) and order 
(<0.5) for IUPred and binding (>0.5) and non-binding (<0.5) regions by ANCHOR. Both C-terminus of CTCF and RNA 
RNAPII CTD were disordered and four binding regions were discovered in the C-terminus.  

 
Figure 3A. Plot of MoRFs within C-terminus of CTCF by MoRFCHIBI_Web. Four MoRFs or binding regions were 
predicted by ANCHOR in the C-terminus as shown in the shaded regions. Through MoRFCHIBI_Web,several parameters 
were also measured. MCW (in black) represents overall MoRF prediction propensity score. MC (in red) is the prediction 
score for local physiochemical properties of the amino acid sequence. MDC (in orange) is the prediction score which is 
based on protein disorder prediction and conservation information. Suggested cut-off value is 0.66 (Malhis et al., 2015). 
All predicted MoRFs had MCW score >0.66. MoRFCHIBI_Webalso predicted the presence of additional MoRFs as indicated 
by the arrow. The residues at third and fourth MoRFs were well conserved (MDC score >0.66). 
 
 
Evaluation of IDRs in CTCF C-terminus and CTD of 
RNAP II 
Both C-terminus and CTD are unstructured in native 
condition. In silico analysis was conducted to elucidate the 
functional features between these unstructured regions 
using the disorder-function paradigm (van der Lee et al., 
2014). The evaluation of disorder propensities by IUPred 
are displayed in Figure 2 in which both CTCF C-terminus 
and CTD of RNAPII were totally disordered, thus 
agreeing with the previous reports (Corden, 1990; 

Meinhart and Cramer, 2004; Martinez and Miranda, 
2010).As both regions were unstructured, the MoRFs 
within IDRs could mediate the interactions between CTCF 
and RNAPII. Thus, the disorder-based protein binding 
regions or MoRFs were discovered within the IDRs 
through ANCHOR.  
Discovery and examination of MoRFs in C-terminus of 
CTCF 
There were four MoRFs were predicted in the C-terminus 
of CTCF (Figure 3A). Additionally, the sequences were 
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also subjected to MoRFCHiBi web to evaluate the MoRFs 
prediction parameters which are MCW (based on 
propensity score), MC (based on local physiochemical 
properties of the amino acid sequence) and MDC (based 
protein disorder prediction and conservation information). 
All predicted MoRFs by ANCHOR had high MCW based 
on the suggested cut-off value (0.66), depicting accuracy 
of the regions being MoRFs (Malhis et al., 2015). 
Notwithstanding, there were other regions with high 
MCW score in the MoRFCHiBi_web plot. This is might due 
to the high specificity and sensitivity of MoRFCHiBi_web 
compared to ANCHOR (Malhis et al., 2015). 
In addition, conservation of the MoRF residues than 
average IDR residues indicates the involvement of the 
functional residues in binding (Meszaros et al., 2007). 
Based on the analysis by MoRFCHiBi_web, the third and 
fourth predicted MoRFs had high MDC value (>0.66), 
depicting the regions to be well-conserved. Nevertheless, 
the cut-off value is not static and could not be used as the 
definite value for categorical prediction (Malhis et al., 
2015). Hence, all predicted MoRFs could still mediate the 
interactions with targeted proteins.  
MoRFs from CTD of RNAPII complex structural 
model 
The CTD in RNAP II is composed of up to 52 
heptapeptiderepeats (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-
Ser7) which are disordered and important in mediating the 
interactions with other proteins. On the contrary, only one 
MoRF were predicted by ANCHOR within the CTD as 
shown in Figure 3B. The protein sequence was also 
subjected to MoRFCHiBi_Web to analyse the MoRFs in the 
CTD. Figure 3B shows high MCW (>0.66) near the 37th to 
52th heptapeptide while ANCHOR predicted the 52th 
heptapeptide to be disordered binding sire. As 
MoRFCHiBi_Web has higher accuracy and sensitivity 
compared to ANCHOR, there could be possibilities for 
ANCHOR to erroneously treat some true MoRF residues 
with high prediction scores as non-MoRF residues (Malhis 
et al., 2015). Hence, all heptapeptides could also be 
MoRFs in the CTD. 
Based on previous study by Hsu et al. (2013), three 
MoRFs were discussed which mediate the interactions 

involving the CTD of RNAPII. They were examined from 
three structural model of RNAPII complex with CTD 
small phosphatase 1 (PDB: 2GHQ), protein 1 of cleavage 
and polyadenylation factor I (PDB: 1SZA) and mRNA 
capping enzyme alpha subunit (PDB: 1P16). However, 
only MoRF from the first complex is derived from human 
RNA polymerase II. Thus, we retrieved other complexes 
from PDB and 10 complexes were found from the PDB as 
listed in Table 1. Each interacting proteins were bound 
with the peptide or MoRFs in the disordered CTD (Hsu et 
al., 2013). The peptides in the CTD complexes were 
characterized by phosphorylation of serine residues (Ser2, 
Ser5 and/or Ser7).Human Scp1 mutant interacted to singly 
(Ser5) and doubly phosphorylated (Ser2/Ser5) peptides 
spanning both a single and double CTD repeat (Zhang et 
al., 2006). Binding of SCAF8 via CID towards the CTD of 
RNAPII is mediated by heptapeptide repeats with 
phosphorylated Ser2, Ser5 and Ser7 (Becker et al., 2008). 
Another complex is the interaction of RPRD1A and 
RPRD1Bvia CTD interaction domains (CIDs) with CTD 
repeats phosphorylated at Ser2, and Ser7(Ni et al., 2014). 
Interestingly, all the CTD peptides were the MoRFs that 
positioned near 28th to 30th heptapeptide repeats in CTD 
(Figure 3B). 
Hypothetical interaction between MoRFs and ELM of 
CTCF C-terminus with          RNAPII CTD 
As both regions are unstructured, in silico analysis via 
structural modelling is unreliable when predicting the 
interactions between the IDRs. Currently there is no in 
silico tool can be used to predict the interaction between 
IDRs as their structure do not have binding surface in 
native condition. PepSite2 is a web server that could 
predict the peptide-mediated interactions from solved 
protein structure models (Trabuco et al., 2012). However 
in this study, we attempted to predict the interactions of C-
terminus of CTCF with the CTD peptide chain from the 
protein complexes in Table 1 as there is no solved protein 
structure for the CTD and RNAPII. As PepSite2 prediction 
is limited to 10-mer peptides, the analysis was performed 
in a sliding window of 10 residues to assess the binding of 
the third and fourth MoRFs of C-terminus with the CTD 
peptides.  

 
Figure 3B. Plot of MoRFs within CTD of RNAPII by MoRFCHIBI_Web. One MoRFwas predicted by ANCHOR as shown 
in the shaded regions. Suggested cut-off value is 0.66 (Malhis et al., 2015).MoRFCHIBI_Webpredicted high MCW (>0.66) 
near the 37th to 52th heptapeptide as shown by the arrow. Meanwhile, the CTD peptides from RNAPII-protein 
complexes were the MoRFs that positioned near 28th to 30th heptapeptide repeats. 

28th – 30th heptapeptide 
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Table 1 List of RNAPII complexes with respective interacted proteins with the sequence, position and phosphorylation 
status of CTD peptide sequence in each complexes and chain. Abbrevitions: Scp1; Human synaptonemal complex 

protein 1, RPRD1A/1B; Regulation Of Nuclear Pre-MRNA Domain Containing 1A/1B, SCAF8; SR-Related CTD-
Associated Factor 8. 

# RNAPII 
complex 

Interacted 
protein 

Chain CTD peptide 
 sequence 

Position Phosphorylation References 

1 2GHT 

CTD-specific 
phosphatase Scp1 

C SPTSP 1798-
1802 

Ser-2/Ser-5 (Zhang et al., 
2006) 

D SYSPTSPS 1796-
1803 

2 2GHQ C SPTSP 1798-
1802 

Ser-5 

 D PSYSPTSPS 1795-
1803 

3 4JXT human RPRD1A 
CID 

B PSYSPTSPSYS 1788-
1798 

Ser-7 (Ni et al., 
2014) 

4 4Q94 
human RPRD1B 
CID 

C PSYSPTSPSYS 1788-
1798 

Ser-2 

5 4Q96 C PSYSPTSPSYS 1788-
1798 

Unphosphorylated 

6 3D9K 

RNA processing 
factor SCAF8 

Y PSYSPT 1795-
1800 

Ser-2/Ser-5 (Becker et al., 
2008) 

  Z YSPTSPSYS 1790-
1798 

7 3D9L Y YSPTSPSYSP 1790-
1799 

Ser-2 

  Z PSYSPTSP 1795-
1802 

8 3D9M  Y YSP 1797-
1799 

Ser-5 

  Z PSYSPTSPS 1795-
1803 

9 3D9N Y PSYSPTSP 1795-
1802 

Ser-2/Ser-7 

  Z PSYSPTSPS 1795-
1802 

Unphosphorylated 
10 3D9O Z PSYSPTSPS 1795-

1803 
 

 
Based on the analysis, PepSite2 predicted lowest peptide 
binding score between the MoRFs and the CTD peptide in 
3D9K-z and 3D9L-y complexes with score p-value < 0.15 
as shown in Table 2. The CTD peptide from these 
complexes contained the double repeat peptides that 
started with Tyr1 and included the following repeat with 
Tyr8-Ser9 in 3D9K-z and Tyr8-Ser9-Pro10 in 3D9L-y. 
For the third and fourth MoRFs, the first ten residues 
displayed significant peptide binding score to the CTD 
peptides from both complexes. The lower the peptide 
binding score represents the accuracy of the prediction due 
to the strong signal. Even though the predictions could not 
produce any reliable score, this method performs with the 
efficiency of 55% of correct prediction (Petsalaki et al., 
2009). 
 
Phosphorylation of motifs might implicate the 
interaction of C-terminus to CTD peptide 
Post-translational modification especially phosphorylation 
is thought to regulate the interaction and binding affinity 
of CTCF to CTD of LS RNAPII (Chernukhin et al., 2007). 

Hence, we would like to discover potential 
phosphorylation motifs in C-terminus that might implicate 
the interaction with the CTD peptide from both 
complexes. 
ELM resource was used to retrieve the information about 
SLiMs in CTCF, particularly the phosphorylation motifs 
in the C-terminus. Four phosphorylation motifs were 
discovered which were MOD_CK1, MOD_CK2, 
MOD_NEK2_1 and MOD_ProDKin_1. MOD_CKI and 
MOD_CK2 are phosphorylation motifs for casein kinase 1 
(CK1) and 2 (CK2) while the other two sites are targeted 
by Never in mitosis A (NimA)-related kinases (NEK) and 
Proline-directed kinases (ProDKin). Nevertheless, only the 
phosphorylation sites by CK2 within the C-terminal region 
are experimentally validated (Klenova et al., 2001). Like 
MoRFs, SLiMs could also mediate the formation of 
protein complexes(Davey et al., 2012). Hence, the motifs 
were subjected to the PepSite2 to predict the potential 
interaction with the CTD peptides.  
Phosphorylated serine and threonine were also substituted 
with the residues in the motifs. The peptide binding scores 
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for unphosphorylated and phosphorylated motifs in C-
terminus with CTD peptide in 3D9K-z and 3D9L-y were 
tabulated in Table 3. The scores involved binding that 
include the unphosphorylated or phosphorylated 
serine/threonine residues. Based on the analysis, motifs 
that been phosphorylated by CK1, CK2 and NEK 
displayed reduction of p-value score compared to 
unphosphorylated motifs when interact with CTD peptide 
from the two complexes. As low peptide binding score 
indicates a better accuracy for the interaction to occur, 

phosphorylation of the motifs might contribute to the 
accuracy of the interaction. On the other hand, 
phosphorylation of threonine by ProDKin showed 
increment in the peptide binding score, causing the 
accuracy of the interaction become reduced. Here, 
phosphorylation of threonine in the second MoRF results 
with the increasing of these compared to the 
unphosphorylated status, thus decreasing the accuracy of 
the interaction. 

 
Table 2 Prediction of interaction between MoRFs in C-terminus with CTD peptide from 3D9K-z and 3D9L-y complexes 

by PepSite2. These interactions presented lowest peptide binding score compared to the interactions with CTD peptide 
from other complexes. The lower the P-value indicate the accuracy of the interactions. 

 MoRFs in C-terminus of CTCF Position Peptide binding score (P-
value) 

   3D9K-z 3D9L-y 
I PAVEIEP 628-634 0.1279 0.1088 
II VTPAPP 641-646 0.07398 0.08498 
III QNQPTAIIQVEDQNTGAIENIIVEVKKEPDA 664-694 01972 0.197 
IIIa qnqptaiiqv 664-653 0.07652 0.04308 
IIIb edqntgaien 654-663 0.1937 0.2042 
IIIc iivevkkepd 664-673 0.3216 0.3437 
IV EEAQPAATDAPNGDLTPEMILSMMDR 702-727 0.1398 0.1766 
IVa eeaqpaatda 702-711 0.0757 0.08458 
IVb pngdltpemi 712-720 0.176 0.1965 
IVc lsmmdr 721-727 0.1676 0.2487 

 
Table 3 Prediction of interaction between phosphorylation motifs in C-terminus with CTD peptide from 3D9K-z and 

3D9L-y complexes by PepSite2. Four phosphorylation motifs which were MOD_CK1, MOD_CK2, MOD_NEK2_1 and 
MOD_ProDKin_1. Phosphorylation of the serine residues by CK1, CK2 and NEK2 were predicted to reduce the binding 
score and improve the accuracy, in contrast to the phosphorylation by MOD_ProDKin_1. The scores denoted by (*) were 

not the first rank match. Each binding involved interactions with the serine and threonine residues. 
 Phosphorylation motifs Position ELM Peptide binding score (P-value) 
    3DKz 3D9Ly 
I KMRSKKE 601-607 MOD_CK2 0.2058 0.2958 
 KMRjKKE S-604  0.1909 0.2315 
II EDSSDSE 607-613 MOD_CK2 0.3279 0.2484 
 edSsdse S-609  0.279 0.193 
 edsSdse S-610  0.279 0.2289 
 edssdSe S-612  0.266 0.2041 
III SSDSENA 609-615 MOD_CK1 0.1888 0.2463 
 Ssdsena S-609  0.1899 0.2052 
 sSdsena S-610  0.2153 0.1778 
 ssdSena S-612  0.1531 0.2003 
IV VTPAPP 628-634 MOD_ProDKin_1 0.09865* 0.08498 
 vTpapp  641-646  0.1289 0.0941 
V QPVTPAP 639-645 MOD_ProDKin_1 0.03843* 0.03393 
 qpvTpap T-642  0.0432 > 0.1 
VI GDLTPEM 714-720 MOD_ProDKin_1 0.1207 0.1689* 
 gdlTpem T-717  0.1341 0.2008* 
VII MILSMM 720-725 MOD_NEK2_1 0.2317* 0.2921 
 milSmm S-723  0.2078 0.2566 

 
DISCUSSION 

Endogenous largest subunit of RNAPII, LS RNAPII 
(Rpb1) expression was detected using anti-RNAPII 
antibody which was raised against the CTD region. In this 
experiment, the endogenous expression of RNAPII was 
detected as a doublet with molecular weights of 220 and 

240 kDa in SDS-PAGE. These two subunits of RNAPII 
were labeled as hypophosphorylated (LS RNAPIIa) and 
hyperphosphorylated (LS RNAPIIo) respectively. The 
phosphorylation of RNAPII occurs at the CTD that 
contained multiple phosphorylation sites (Dahmus, 1995; 
Dahmus, 1996).  
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The earlier study proved the interaction of LS RNAPII 
with CTCF through its CTD (Chernukhin et al., 2007). 
Previous reports have stated that CTD appeared to frame 
itself to its binding partner, adopting different 
conformations during the interaction. The flexibility of 
CTD binding to its target sequences, combined with post-
translational modification by phosphorylation, provides a 
way for the CTD to interact with multiple structure 
dissimilar partners.  
Post-translational modification especially phosphorylation 
is thought to regulate the interaction of CTCF with CTD 
of LS RNAPII. Based on the CO-IP result, both forms of 
LS RNAPII were retained by CTCF which could be due to 
the lack of post-translational modifications in the C-
terminus (Chernukhin et al., 2007). Notably, 
phosphorylation of C-terminus with casein kinase 2(CK2) 
is found to reduce the binding affinity with LS RNAPII 
(Chernukhin et al., 2007). In addition, CTCF mediates 
RNAPII pausing during alternative splicing of CD45 and 
implicates the RNAPII elongation dynamics (Shukla et al., 
2011). Elongation event is carried out by LS RNAPII0 
which is in hyperphosphorylated form where 
phosphorylation of Ser2 and Thr4 phosphorylation would 
occur in the CTD (Hsin and Manley, 2012). Henceforth, 
the interaction between the C-terminus could also be 
determined by the phosphorylation status of CTD. 
Nevertheless, the mechanisms of this interaction is still 
unclear. 
In order to deduce the potential binding sites within the C-
terminus and CTD, in silico analysis was conducted based 
on their features as unstructured domain. Four MoRFs 
were predicted in the C-terminal domain which gave the 
lowest peptide binding score (p-value <0.15) and more 
accuracy with the phosphorylated CTD peptide from 
RNAPII complex with SCAF8 (structural model: 3D9K-z 
and 3D9L-y). In addition, the CTD peptide in 3D9K-z was 
phosphorylated at Ser2(Ser(P)2) while the peptide was 
phosphorylated at Ser2and Ser5 (Ser(P)2 and Ser(P)5) in 
3D9L-y.Ser(P)2 indicates elongation while both Ser(P)2 
and Ser(P)5 could mediate the late elongation phase 
during transcription cycle(Mayfield et al., 2016). In 
addition, SCAF8 is bound to three consecutive 
phosphoserine residues Ser(P)2-Ser(P)5-Ser(P)9 (3D9K-z) 
in the CTD of elongating RNAPII with highest 
affinity(Becker et al., 2008). Henceforth, it could be 
assumed that the interaction could occur in the similar 
manner which correlate with the implication of CTCF to 
the dynamic elongation phase by RNAPII (Shukla et al., 
2011). 
In contrast with the CTD peptides from other complexes, 
the CTD peptide from 3D9K-z  and 3D9L-y complexes 
contained the double repeat peptide that started with Tyr1 
and included the following repeat with Tyr8-Ser9 in 
3D9K-z and Tyr8-Ser9-Pro10 in 3D9L-y. We would like 
to assume that the potential MoRFs in C-terminus might 
require to the double peptide region that starts with Tyr1 
to interact with the CTD. This region serves as functional 
unit of the CTD which comprises one full heptapeptide 
repeat including the next four residues of the following 
repeat (Eick and Geyer, 2013).Nevertheless, the 

conformation of CTD peptides were fixed with the 
binding-site environment in the globular protein partners 
(Petsalaki et al., 2009). In both models, the CTD peptide is 
bound to the CID which is the scaffold for CTD-binding 
proteins. The CID has well-defined structure which 
consists of eight α-helixes that are arranged into a right-
handed super helix (Meinhart and Cramer, 2004). This 
will be the limitation of the accuracy of the interaction 
analysis using PepSite2.  
Formation of complexes involving IDPs are radically 
diverged from the complexes formed by ordered proteins 
(Uversky and Dunker, 2013). Aside of common insight of 
disorder-to-order transition that occur after the interaction 
of IDRs with globular protein, structure formation might 
not occur after interaction between IDRs whereby some of 
the residues would remain unstructured after binding due 
to the lack of electron density in the crystal structures 
(Mohan et al., 2006). In this case, there is possibility that 
the unstructured C-terminus of CTCF could interact with 
the unstructured CTD without specific structure 
conformation in the final complex. As reviewed by 
Uversky and Dunker (2013), there are three alternative 
mechanisms for the interactions to occur between the 
disordered regions and one of them is via electrostatic 
interactions. It is thought that electrostatic interactions 
keep the motifs of an IDP to the binding sites of its 
disordered protein partner, mediating the interactions 
between the IDPs (Borg et al., 2007). More importantly, 
electrostatic interaction between a dynamic IDP and its 
partner is correlated with the binding affinity mediated by 
phosphorylation motifs (Borg et al., 2007).  
As phosphorylation is thought to mediate the regulation of 
CTCF and LS RNAPII interaction and binding affinity, the 
conformational ensemble might be altered by 
phosphorylation adjacent to the binding motif. Not to 
mention that post-translational modification, especially 
phosphorylation can be classified as a functional switch 
which plays major role in major part in modulating the 
conformational ensemble and interactions of IDPs (Wright 
and Dyson, 2015). In this study, phosphorylation sites 
were found frequently located in the C-terminus by the 
ELM resource and while CTD is regulated extensively by 
phosphorylation (Dahmus, 1993; Dahmus, 1995; Dahmus, 
1996). Functional phosphorylation of C-terminus by CK2 
is associated for reduction of CTCF activity (Klenova et 
al., 2001) while another study reported its role in 
switching the CTCF as repressor to activator (El-Kady and 
Klenova, 2005). Based on the result, phosphorylation by 
CK2 at the motifs resulted with the decreasing of peptide 
binding score indicating better accuracy of the interaction. 
Although CK2 phosphorylation is assumed to reduce the 
binding of CTCF to RNAPII (Chernukhin et al., 2007), 
there is no clear explanation about the finding. As 
interactions between IDRs could be transient, the 
downstream experiments on these complexes would be 
challenging and there is been a tendency to over-interpret 
the results of in-cell experiments (Gibson et al., 2015). 
Ser612 resulted with the lowest peptide binding score 
compared to other phosphorylated residues when 
interacted with Ser(P)2 and Ser(P)5 CTD peptide (3D9K-
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z). Ser612 has been identified as a critical residue in the 
functional regulation by phosphorylation whereas Ser604 
is not critical for CTCF function (El-Kady and Klenova, 
2005). On the other hand, binding of motifs with 
phosphorylated Ser609 by CK2to the CTD peptide with 
Ser(P)2 (3D9L-y) displayed low binding score compared 
to other residues. Nonetheless, phosphorylation of Ser609 
could also be regulated by Ser612 (El-Kady and Klenova, 
2005). Besides CK2, phosphorylated residues by CK1 and 
NEK2 also resulted with reduction of binding score 
whereas phosphorylation of ProDKin in C-terminus 
increased the P-value. Unfortunately, phosphorylation by 
other protein kinases is unknown and no experimental 
validation is carried out so far. As modifications of and 
IDR/IDP by different kinases can result in different 
signaling outputs (Wright and Dyson, 2015), it is 
imperative to validate the functional phosphorylation of 
these motifs in C-terminus. 
 

CONCLUSION 
This study is our attempt to use peptide docking tool, 
PepSite2 to predict possible interactions between IDRs in 
C-terminus of CTCF and CTD of RNAPII. With ex vivo 
interaction between the domains was confirmed in this 
study and previous study by Chernukhin et al. (2007), it is 
important to elucidate the regulations and mechanisms of 
this interaction. Here, we obtain preliminary insight on the 
possibilities for C-terminus to interact with the functional 
unit of CTD via the linear motifs and/or the MoRFs. 
Notably, both phosphorylation status of the CTD 
functional unit and the modifications in the C-terminus of 
CTF are critical to the binding affinity of this protein-
protein interactions. As PepSite2 could only analyses the 
interaction with the fixed-position peptides, our results are 
imperfect to infer the accuracy of the interaction as other 
factor such as electrostatic interaction could play major 
role in IDPs interaction. Nevertheless, this in silico 
analysis serves as the initiation to gain insight about the 
regulation of CTCF and RNAPII interactions based on 
their functional features as IDPs. 
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