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ARTICLE INFO ABSTRACT

Keywords: RBBP6 is a multidomain protein, with four splice variants translated into four functional isoforms. RBBP6 iso-
RBBP6 form 1 has been reported to interact with TP53 and pRb as well as with proteins that regulate transcriptional
I?I\I;vKI\éN response to tumorigenesis such as HDM2, ZBTB38, YBX1 and NEK6. Experimental validation of isoforms 2 and 4

is yet to be conducted. The third isoform, consisting of only the DWNN domain and a short unordered ¢ terminus,
has been shown to be down-regulated in several human cancers and demonstrated as a regulator of G2/M cell
cycle arrest. A number of studies have supported the role of DWNN in cell cycle regulation, however, its
mechanism in these processes remains obscure. Posttranslational modification of DWNN could be critical for its
function and this study was formulated to understand how the DWNN regulates the cell cycle. Our study
identified 12 cell cycle-related proteins interacting with DWNN using various bioinformatics tools. We also
identified 10 ubiquitin ligases that interact with DWNN. The most relevant interacting partner, the cell cycle
regulator Nek6, has been reported to interact with DWNN during the cell cycle. It was therefore critical to
interrogate the interaction between Nek6 and DWNN by homology modelling and docking. The DWNN mutants
had a reduced affinity for NEK6 with at least one of the mutants having changes that affect at least one phos-
phorylation site. It is likely that NEK6 promotes cell proliferation by phosphorylating DWNN. This work suggests
that DWNN co-regulates RNA splicing, ubiquitination, and cell cycle control. DWNN may therefore, be targeted
for novel anticancer therapies through cell cycle regulation.

Homology modelling
Protein docking

Cell cycle regulation
Cancer

containing 38 (ZBTB38), which controls the levels of replication factor
mini-chromosome maintenance 10 (MCM10). Consequently, the

1. Introduction

The retinoblastoma binding protein 6 (RBBP6) gene is conserved
across a wide range of eukaryotic organisms [1]. Its protein isoforms
have been implicated in various biological processes that include cell
cycle regulation [2] and mRNA processing [3,4]. In order to facilitate
these cellular functions, RBBP6 proteins contain a number of functional
domains, which include the N-terminal Domain With No Name
(DWNN), zinc knuckle and E3 ligase activity RING finger domain.
Through the RING finger domain, RBBP6 has been shown to promote
MDM2-mediated ubiquitination and proteasomal degradation of p53
[5] and the pro-proliferation transcription factor, box binding Protein 1
(YB-1) [6]. Additionally, due to its E3 ligase activity, RBBP6 ubig-
uitinates a transcription repressor, zinc finger and BTB domain
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knockdown of RBBP6 led to reduced replication fork movement [7]. In
addition to classical domain configuration, the mammalian RBBP6
comprises of the retinoblastoma (Rb)-binding, p53-binding domains,
proline-rich and serine rich regions. In fact, RBBP6 was first identified in
mouse as Rb- [8,9] and p53-binding protein [10] from which it derived
names such as p53-associated cellular protein testes derived (PACT) and
proliferation potential-related protein (P2P-R or PP-RP) [11].

RBBP6 has been demonstrated to be essential for cell viability, as its
absence leads to early embryonic lethality in mice [5], flies [12] and
worms [13]. Knock-down of truncated derivative of RBBP6 in mice was
shown to significantly decrease the p53-Hdm2 interaction, reducing p53
poly-ubiquitination and degradation, and thereby enhancing p53
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accumulation [5]. The accumulation of p53 leads to both apoptosis and
cell growth retardation. Overexpression of RBBP6 in mice leads to
apoptosis [14,15] and equally, silencing of RBBP6 variant 1 by RNA
interference technology in mouse 3T3 cells led to resistance towards
camptothecin-induced apoptosis [16]. In humans, the single copy of
RBBP6 gene is found on chromosome 16p12.2 encoding four protein
isoforms due to alternative splicing and poly-adenylation (Fig. 1).
Human RBBP6 is a promising target for cancer immunotherapy, its
upregulation was strongly correlated with cervical [17], gastric [18],
colon [19] and lung [20] cancer progression. Indeed, enhanced levels of
RBBP6 correlates with poor clinical progression and has been linked to
low survival rates in esophageal cancers [21]. Furthermore, cytotoxic
T-cells specific to RBBP6 derived peptides were able to lyse cultured
esophageal cancer cells and regress esophageal tumors in mouse xeno-
graft models [1].

At present, not much is known about the role of DWNN, which is
strictly found at the N-terminus of RBBP6 proteins and, through the use
of alternative polyadenylation sites is spliced into an independent
module, referred to as RBBP6 isoform 3 (Fig. 1) [22-24]. Although
RBBP6 isoform 3 is comprised of the DWNN domain (1-76) and an
unstructured C-terminal region, only the DWNN domain which adopts a
ubiquitin-like fold has been resolved by nuclear magnetic resolution
(NMR) [1]. The DWNN domain has been shown to mediate an interac-
tion to cleavage stimulation factor (CstF-64), in which the other RBBP6
isoforms and RBBP6 isoform 3 compete for binding [3]. Overexpression
of isoform 3 inhibits the cleavage of newly synthesized mRNA, raising
intriguing possibilities of modulation of 3’ processing by fine tuning the
levels of the two RBBP6 isoforms. Furthermore, RBBP6 isoform 3 ap-
pears to be involved in both cell cycle regulation and camptothecin
(CPT)-induced apoptosis. Also, higher expression levels of isoform 3
were seen in colorectal, breast, cervical, ovarian, and prostate cancer
when compared to normal samples. This expression was also localized to
regions with increased levels of apoptosis [24]. The expression of RBBP6
isoform 3 is known to be high in certain cancers such as esophageal,
colon and uterine [24]. While the expression of isoform 1 can be
described as low to medium in most cancers [25] (proteinatlas.
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org/ENSG00000122257-RBBP6/pathology). Differences in the expres-
sion of these isoforms has been determined through the use of antibodies
developed against DWNN determined that isoform 1 is expressed at
much lower levels than isoform 3. This is possible because isoform 3
appearing as a 10 kDa band and isoform 1 as a 200 kDa band. In addition
to this, detection intensity using antibodies specific to DWNN has been
compared to the intensity in the same samples using antibodies specific
for the other regions of RBBP6 not found in isoform 3 but present in
isoform 1,2 and 4 [26].

Importantly isoform 3 lacks the nuclear localization signal (Fig. 1).
However, while isoform 3 is found predominantly in the cytoplasmic
extracts from cells not exposed to stress. The nuclear expression of iso-
form 3 increases following exposure of the cells to stress conditions in
the form of heat or DNA damage [26]. Following stress RBBP6 isoform 3
localises to nuclear speckles which also contain the splicing factor SC35
(Spector [27], and are implicated in DNA damage repair and mRNA
processing ( [28].

Taken together, the difference in the expression of the two isoforms
of RBBP6, isoform 1 and 3 during cancer progression, combined with
their competition for binding Cst64 during mRNA processing suggest
that the two isoforms do not play complimentary roles. We suspect that
the low expression of RBBP6 isoform 3 in cancer cells may facilitate the
evasion of cell cycle control and apoptosis. Indeed, a number of studies
have suggested that RBBP6 plays a role in the regulation of cell cycle,
although the mechanism remains unclear. The focus of this study is to
identify proteins that potentially interact with RBBP6 isoform 3 and
investigate its interaction with Nek6. Neké6 is one of the 11 members of
the Nima (never in mitosis, gene A)-related kinases (Neks) family serine/
threonine kinases. These share 40-45% amino acid sequence identity to
Aspergillus nidulans mitotic regulator, NIMA, within their catalytic do-
mains. Neks play important roles in cell cycle regulation and have
recently been described as playing an important role in pathologies such
as cancer. Human Nek6, 7 and 9 are involved in the control of mitotic
spindle formation [29].
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Fig. 1. Schematic diagram of RBBP6 isoforms. This figure depicts the domain structure of all four RBBP6 isoforms. Isoforms 2 and 4 arise from alternate splicing.
Isoform 3 arises from the use of an alternate polyadenylation site after exon 3. Adapted from Refs. [22-24].
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2. Materials and methods

The computational framework used for studying the interaction of
RBBP6 isoform 3 (NP_116,015) with other proteins is given in Fig. 2.
Briefly, the RBBP6 isoform 3 interaction network construction and
annotation, homology modelling and protein-protein docking were done
using various bioinformatics tools, namely, KEGG, PFAM, CDD, Net-
Phos, KinasePhos, Modeler, ClusPro and Haddock. The proteins inter-
acting with RBBP6 isoform 3 were mapped on KEGG and classified using
PFAM. They were then aligned using CDD-BLAST. Kinase predictions
was conducted with the use of KinasePhos and NetPhosK. The Nek
models were built using Modeler and lastly, protein-protein docking was
conducted using ClusPro and Haddock.

2.1. Protein-protein interaction network

To obtain a proper perspective of the RBBP6 isoform 3 protein-
protein interaction network, a literature based search for experimen-
tally detected partner proteins was constructed by combining hits ob-
tained from the following databases: BioGrid [30,31], DIP [32], HPRD
[33], InnateDB [34] and IntAct [35]. These open source PPI databases
are populated with manually curated protein-protein interaction data
for all model organisms. In addition, the StringDB repository, which
contains predicted protein interactions obtained from direct (physical)
and indirect (functional) associations [36,37], was also searched for

v

Exclude proteins binding to the Zinc and RING fingers as well as
to the p53 and Rb binding domains

v

Functional analysis. DWNN/RBBP6 interacting proteins

v

Functional annotation:
KEGG, PFAM and CDD-
Partner proteins
associated with the cell
cycle and apoptosis

DWNN: Prediction of
phosphorylation sites

(NetPhos and
KinasePhos)

Generate 3D models for Nek6, other interactors and mutants of

DWNN.

Protein- protein docking using ClusPro and HADDOCK

Fig. 2. Computational framework used to identify the partner proteins of
RBBP6 and characterize its interaction with Nek6.
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proteins interacting with RBBP6. Searching these databases using
RBBP6 isoform 3 (Accession number: NP_116015.2) led to no in-
teractions. Therefore, the full length RBBP6 isoform 1 (Accession num-
ber: NP_008841.2) was used as a query. The overlapping proteins that
were returned from these multiple databases were used to construct a
network of interacting proteins. This network of proteins was then
refined by removing those proteins that were predicted to interact with
RBBP6 isoform 1 through its p53, RB1, RING finger or Zinc finger do-
mains. In addition to this the proteins that were determined to experi-
mentally interact with RBBP6 isoform 1 were also removed. The
remaining protein sequences and data were obtained from Uniprot [38].
These proteins were then functionally enriched by using them as queries
in the KEGG pathway database which mapped each protein to canonical
pathways and families [39]. Proteins involved in the cell cycle and
ubiquitination were selected for further analysis. This resulted in a
group of proteins involved in the cell cycle and ubiquitination that
would presumably only interact with the DWNN domain, and therefore
these proteins and not the excluded proteins could interact with RBBP6
isoform 3. PFAM was used to search and classify the queries into protein
families using the large and comprehensive collection of proteins fam-
ilies which are each represented by multiple sequence alignment and
hidden Markov models (HMMs) profiles [40]. The CDD-BLAST resource
contains well-annotated multiple sequence alignment models for
ancient domains and full length proteins. It relies of RPS-BLAST, a
modified version PSI-BLAST to quickly scan a set of pre-determined
position-specific score matrices (PSSMs) with a protein query [41,42].

2.2. Mutagenesis and homology modelling

The phosphorylation sites of DWNN were predicted using Kin-
asephos 2.0, a kinase-specific phosphorylation site prediction tool,
which adapts the sequence-based amino acid coupling-pattern analysis
and solvent accessibility [43] and NetPhosK 1.0 server that generates
NN predictions of kinases specific eukaryotic protein phosphorylation
sites [44]. Homology modelling was done for Nek6 (Uniprot accession:
Q9HC98) as well as the other proteins with no crystal or NMR structure
that were identified as closely interacting with RBBP6 isoform 3.
Namely, MZT2 (Uniprot accession Q6NZ67), GINS2 (Uniprot accession
Q9brt9), RNF115 (Uniprot accession Q9Y4L5), MAX (Uniprot accession
P61244), UBE2L2 (Uniprot accession Q7Z7E8), RLIM (Uniprot accession
QINVW?2), PRKAA (Uniprot accession Q13131), CUL5 (Uniprot acces-
sion Q93034), TRIP12 (Uniprot accession Q14669), UBE2L3 (Uniprot
accession P68036) and UBE2Q2 (Uniprot accession Q8WVNS8).

Homology modelling was also performed on other cell cycle regu-
lation proteins, identified to interact with RBBP6 isoform 3. These
included PLK1 (Uniprot accession 014,777), PRKAA1 (Uniprot accession
Q12121), SMAD3 (Uniprot accession P48022), MAX (Uniprot accession
P61242) and MZT2 *Uniprot accession Q6ZN7). The template utilized
for modelling Nek6 (Nek?7 PDB ID: 2WQM) was identified using HHPred
webserver [45]. The PROfile Multiple Alignment with predicted local
structures and 3D constraints (PROMALS3D) alignment tool [46] was
then used to generate an accurate target to template alignment. The
models were built using MODELER 9v18 with slow refinement [47].
Loop refinement was also carried out to predict the most plausible 3D
model of Nek6 with the least stereo-chemical violations [48]. Hundreds
of models were generated for each protein and ranked on the basis of
energy score. The best three models were selected by DOPE Z score
calculations. Final evaluations were performed using RAMPAGE [49,
501, Verify3D [51] and ProSA [52]. The Nek6 model had a Z Score of
0.76 and a QMEAN score of —2.66 while the RBBP6 isoform 3 model has
a Z score of 0.63 and a QMEAN score of —2.68. These models therefore
show a good fit with experimental model structures.

2.3. Protein-protein docking

Protein-protein docking studies were carried out by docking the



Z. Mbita et al.

RBBP6 isoforms 3 homology model with the 3 D models obtained for
NEK6, MZT2, GINS2, RNF115, MAX, UBE2L2, RLIM, PRKAA, CULS,
TRIP12, UBE2L3 and UBE2Q2 using ClusPro V2 [53,54] and HADDOCK
[55,56]. Protein data bank files were downloaded for the other proteins
that RBBP6 isoform 3 interacts with and did not therefore require 3D
modelling. These included TUBG1 (Uniprot accession P23258), NDC80
(Uniprot accession 014777), UBE2G2 (Uniprot accession P60604),
CHMP4B (Uniprot Accession Q9H444, UBE2Q1 (Uniprot accession
Q7Z7E8), RNF126 (Uniprot accession Q9BV68), PCNA (Uniprot acces-
sion Q15004) and HECW2 (Uniprot accession Q9P2P). To remove false
positives, we selected the first 20 poses from ClusPro server (comprise of
a cluster of 10 poses and 10 poses of favourable hydrophobic in-
teractions) and top 10 poses from HADDOCK for evaluation using with
Dock Score server [57]. The structural analysis of protein-protein
interface interactions, details of contacts, and the statistics, were car-
ried out on PDB sum webserver [58,59]. Moreover, residues involved in
probable hydrophobic interactions, hydrogen bond and electrostatic
interactions were determined using the Protein Interaction Calculator
(PIC) webserver [60]. ClusPro models where interacting residues were
identified were illustrated showing amino acid side chains involved in
the interaction using Swiss-PDB viewer.

2.4. Analysis of DWNN mutants and phosphorylation

Additionally, homology modelling was performed for the two RBBP6
isoform 3 mutants, S25A and T49A. These mutants which were modelled
from the wildtype NMR structure of DWNN (PDB ID: 2C7H). The SWISS
model program was used to model the change to the 3D structure of
DWNN caused by the amino acid changes in the two DWNN mutants,
S25A and T49A. The prediction of residues within RBBP6 isoform 3 that
could possibly be phosphorylated was carried out by Netphos bioinfor-
matics program [61].

3. Results

3.1. RBBP6 interaction network and enrichment through pathway
analysis

Based on the relative lack of knowledge regarding RBBP6 in-
teractions, an effort to construct its protein network map was under-
taken by using 6 databases. This resulted in the identification of a total of
133 unique partner proteins across all databases. No hit was obtained
from DIP while the interactions derived from three other literature based
PPIs InnateDB [62] (28 interactors), IntACT [63] (38 interactors), Bio-
Grid (122 interactors), HPRD [64] (11 interactors) and StringDb (10
interactors). Of all these interactors 133 unique proteins overlapped
across all databases (Table 1). This network of 133 human and mice
interactors with RBBP6 [5,6,10,65-80] were further refined by isolating
proteins that only interact with the DWNN domain. This would allow us

Table 1
Stages in the identification of proteins predicted to interact with RBBP6 isoform
3 through the DWNN domain.

Database searches

Biogrid Innate db Intact STRINGDB HPRD DIP
122 28 38 10 11 0

Unique proteins across all databases
Proteins interacting with the DWNN domain

133 proteins
83 proteins

Pathways enriched using KEGG analysis

Cell Cycle proteins 24 proteins

Ubiquitin ligases 10 proteins
Apoptosis 2 proteins
Metabolism 6 proteins
mRNA processing 24 proteins
MAPK 7 proteins
FOXO signalling 10 protein
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to better characterize the role of RBBP6 isoform 3 through its protein
interactions, all interactions that occur through partner proteins, which
interact with RBBP6, such as p53, RB1, the RING finger as well as
experimentally verified interactions, were removed. The remaining
protein sequences and data were obtained from Uniprot [38].

The KEGG analysis of RBBP6/DWNN interacting proteins revealed
that the 6 significantly enriched pathways were metabolism, mRNA
surveillance, ubiquitin mediated proteolysis, cell cycle, MAPK and
FOXO signalling pathways. These findings are consistent with experi-
mental studies which have implicated all the isoforms of RBBP6
(through the DWNN domain) in mRNA surveillance, ubiquitin mediated
proteolysis and MAPK signalling pathway. It is important to note that as
all the isoforms of RBBP6 have the DWNN domain, the interaction be-
tween Nek6 and the DWNN domain is not unique to isoform 3. This is
true of all the identified interacting proteins. However, the interaction of
isoform 3 with these proteins may serve to regulate the interaction of the
other isoforms with these proteins by competing for binding sites.
Additionally, if these proteins are a target for DWNNYlation, Isoform3
may not only inhibit the binding of the other RBBP6 isoforms to the
identified proteins but may also lead to their degradation. . These pro-
teins were analyzed further.

3.2. mRNA processing

Polyadenylation of mRNA precursors is a crucial step in the synthesis
of functional eukaryotic mRNAs and is facilitated by a large multi-
subunit protein complex. RBBP6 isoform 1 and RBBP6 isoform 3
(through the DWNN domain) have been implicated as regulators of
3'mRNA processing with AU-rich UTRs such as c-Fos and c-Jun [1,3]. All
RBBP6 isoforms are suspected of associating with core factors of the
mRNA processing; CPSF1, CPSF2, CPSF4, CPSF6, CSTF2 and CSTF3 [3].
This interaction is mediated by the ubiquitin-like domain, DWNN which
has been shown to out compete RBBP6 for binding to CstF64 (CSTF2)
[3]. It has also been suggested that RBBP6 interacts with Pinin [81],
which binds to the E-box 1 core sequence of E-cadherin which leads to
the promotion of gene transcription. The stringDB identified two
Trp-Asp (WD) repeat containing proteins (WDR33 and WDR82) and
another component of the cleavage and polyadenylation factor (CPF)
complex, RNA polymerase II subunit A C-terminal domain phosphatase
SSU72 as interacting partners of all isoforms of RBBP6 through
the/DWNN domain. The molecular architecture and dynamics of the 3’
processing complex remains poorly understood, we therefore, suggest
that experimental validation of these interactions to RBBP6 isoform 3
may serve as an important step towards this understanding. It is possible
that RBBP6 along with Pinin, WDR82, WDR33 and the known CPF
complex factors constitute a functional mRNA processing complex.

3.3. Ubiquitin mediated proteolysis and cell cycle regulation

StringDB mapped 11 more unique protein partners of RBBP6
(Fig. 3A). These proteins are all involved in ubiquitination and are E2 or
E3 ubiquitin ligases. The proper control of the levels of proteins within a
cell is vital to the proper functioning of an organism. The proper regu-
lation of protein degradation is vital for the correct functional of mo-
lecular pathways within an organism in living organisms. Indeed,
ubiquitination regulates apoptosis, antigen processing, DNA repair,
protein quality control, signal transduction and stress response [82,83].
It has been specified that over 600 human genes contain the RING-based
E3 ligase domain which transfers ubiquitin from an E2 ubiquitin ligase
to a target protein. Indeed, RBBP6 isoforms other than isoform 3 contain
a RING finger and has been proposed to play a role as an E3 ligase, and
has been found to be involved in protein degradation by binding to one
of the four subunits of the ubiquitin protein ligase called
SKP1-cullin-F-box (SCFs) of the ubiquitin ligase FBXO7 [67]. It has been
suggested that the RING finger domain of RBBP6 mediates an interac-
tion with ubiquitin conjugating enzyme UBE2I which also interacts with
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Fig. 3. Cell cycle and ubiquitin ligase related proteins interacting with RBBP6 isoform 3/DWNN. This figure shows the basic domain structure of the (A) 10
Ubiquitin ligases and the (B) 11 cell cycle regulators that were predicted to interact with RBBP6-isoform 3.

p53. Although most studies have focused on the role of RBBP6 isoform 1
in ubiquitination, the, DWNN has been shown to be similar to ubiquitin
since it is superimposable with ubiquitin. Ubiquitin tags proteins for
degradation by the proteasome [1]. The interaction between DWNN and
heat shock protein HSPA14 supports the hypothesis that DWNN is
involved in chaperone mediated ubiquitination of unfolded proteins
[80]. The possibility that DWNN interacts directly with HECW2, PSME1,
UFL1 and UFM1 remains to be experimentally validated. RBBP6 iso-
forms through the DWNN domain, probably co-regulate p53 activity by
ubiquitination and possibly the transfer of a DWNN group to the protein,
a process that can be easily coined as “DWNNlyation”.BBP6 also plays a
role in important cellular processes such as cell cycle control, because it
has been shown to interact with cell cycle related proteins MAD2L2 [84]
and the spindle-regulating protein TPT1 [85]. Protein-protein interac-
tion network predictions found 12 cell cycle-related proteins possibly
related to DWNN (Fig. 3B).

3.4. Homology modelling of Nek6

The 3D structural model of human Nek6 was constructed using the
3D structure of human Nek7, which was determined experimentally
using crystallography. This structure was obtained from the PDB data-
base (PDB entry 2WQM) and used as a template [86]. Nek7 is able to
play the role of a template as it shares approximately 77% sequence
identity with Nek6 (Fig. 4 A) and ~86%, within the catalytic domains.
Based on the sequence alignment, a truncated model of Nek6 was con-
structed (starting at residue 21). Following loop refinement, the primary
3D model of Nek6 resulted from the homology modelling as shown in
Fig. 4 B and C. Based on the model quality assessment and stereo-
chemistry quality analysis, our model is improved from Merielles et al.
(2011) and Srinivasan et al. (2014) [29,87]. The Ramachandran plot of
the Nek6 model compares well with that of Nek7 showing 88.1% most
favourable regions, 11.6% additionally allowed regions and only 0.3%
disallowed region (Ser 206) as compared to the template with these
values 90.8%, 8.8%, 0.4% and 0.0%, respectively (Fig. S1). It is
important to note that the crystallographic structure of Nek7 has
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Fig. 4. Homology model of Nek6. (A) The homology modelling used Nek7 as a template (A) the alignment of Nek 7 and Nek6 sequences shows that Nek7 shares
approximately 77% sequence identity with Nek6. (B) The 3D structure of Nek 7, showing some important structural feature. (C) The 3D structural model of Nek6

using Nek7 as a template.

relatively long regions where the phases could not be solved by X-ray
crystallography [86]. Consequently, the homology modelling may not
be so accurate in these regions, although the high identity of the
target-template sequences makes the whole model plausible. The results
revealed that the majority of the amino acids are in a y distribution
consistent with a right-handed a-helix and is therefore likely to be a
good quality reliable model). Further validation of the predicted model
of Nek6 results and its quality assessment were done by comparison to
the template using the Z-scores of —7.59 and —7.02 for Nek7 and Nek6,
respectively, indicating that the residue energies together with pair
energy, combined energy, and surface energy were all negative and had
comparable surface energy affinity with template. Altogether, no ab-
normalities were observed in the validation process, which indicated a
good model for the protein.

3.5. Protein-protein docking

Docking analysis between the 3D homology model of Nek6 and the
NMR structure of the DWNN domain using ClusPro, resulted in 25
models with energetically and hydrophobically balanced favourable
member numbers ranging from 106 to 7. The ClusPro algorithm takes
the 1000 models with the lowest energy. It then rotates the ligand
(DWNN) within a space of 9 A and calculates the number of these new
variations of the central model are viable positions for docking. These
are then presented as a cluster of models and the number of viable
models are called cluster or member numbers. Models are then ranked
by their member numbers. The most energetically favourable model has
135 members and is only slightly more energetically favourable energy
of centre docking model (—679.6), lowest energy configuration
(—719.3) than the model with the most members (176 member’s energy
of centre docking model —544.1, lowest energy configuration —659/
01). However, the use of the protein interaction calculator
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bioinformatics software [60] showed that these models did not form
bonds within the 6 A (A) cut off. In other words, it only searches for
probable bonds that can form between interacting protein sidechains or
backbones that can be within 6A of each other. The most energetically
favourable model with predicted interactions had 91 members and an
energy of centre docking model (—636.6), lowest energy configuration
(—681.3). This docking model is shown in Fig. 5.

3.6. Homology modelling of RBBP6 isoform 3 mutants and
phosphorylation prediction

Homology modelling of the two mutant forms of RBBP6 isoform 3
were carried out using the NMR structure of DWNN. The results ob-
tained here do not show many structural differences between the mu-
tants and wild type proteins. The wild-type DWNN contains 7 Beta

DWNN

Fig. 5. Docking model for the interaction between Nek6 model and DWNN
NMR structure: DWNN interacts with the area of NEK6 that corresponds with
the ADP binding site of NEK7. (A) The ribbon structure of the model, showing
the sidechains of the DWNN domain and the NEK6 proteins that are involved in
the interaction which are shown as stick structures. (B) The space filling model
of the interaction.
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sheets and a single alpha helix. The amino acid substitutions in the
mutants S25A and T49A do not cause major changes to the 3D structure
of the protein. Residue 25 is located between 1 and p2. However, there
is no change to the protein structure in this region. Residue 49 is located
at the beginning of the p4 beta sheet. However, the amino acid substi-
tution does not change the structure of the protein. Despite this, the
mutants interact very differently with NEK6, as can be seen in Fig. 6A.
While S25A interacts in roughly the same region as the wild type pro-
tein, T49A binds to a different part of the protein and both mutants bind
to the protein with different regions of themselves. These docking
models are also more energetically unfavourable than the docking
model with the wild type (Table 2). This indicates that these mutant
forms of RBBP6 isoform 3 bind to Nek6 less efficiently than the wild type
protein. Predictions of the residues of DWNN that may be phosphory-
lated shows 13 possible phosphorylation sites (Fig. 6B). The Serine at
position 25 is one of the regions predicted to be phosphorylated. This
residue is substituted with an alanine in the mutant. This alanine is
predicted to interact with NEK 6 when the mutant binds to NEK6.

3.7. Protein docking between RBBP6 isoform 3 and different cell cycle
regulators and ubiquitin ligases

ClusPro was used to model RBBP6 isoform 3 interactions with the 12
identified cell cycle regulators that were previously identified as asso-
ciating with RBBP6 isoform 3 (Fig. 7) and the ubiquitin ligases (Fig. 8)
that were identified to interact with RBBP6 isoform 3. Once these
models were obtained, they were analyzed using the Protein Interaction
Calculator tool (PIC) [60]. Those proteins, which were predicted to form
interactors within the 6 A cut off range are shown in Table 3 and are
illustrated in Figs. 7 and 8. Those models that did not show any bonds
within the 6 A cut off were discarded. The cell cycle regulator with the
most energetically favourable interactor are all involved with regulating
cell division by interacting with microtubules during cell division. These
include TUBG1, NDC80, MZT2 and CHMPB4. MAX is a transcription
regulator that promotes cell cycle progression. GINS2 is a proteasome
component that inhibits progression through the cell cycle [88]. Those
E3 ligases that interact with RBBP6 isoform 3 with predicted bond for-
mation are shown in Fig. 8. Three of these proteins are E2 ligases
UBE2L2, UBE2Q1 and UBE2L2. The remaining two are both E3 ligases,
RNF115 and RLIM.

The remaining cell cycle regulators and ubiquitin ligases were
docked with RBBP6 isoform3 using ClusPro. These interactors do not
have residues involved in probable hydrophobic interactions, hydrogen
bond and electrostatic interactions as determined using the Protein
Interaction Calculator (PIC) webserver.

4. Discussion and conclusion

This paper uncovers further interactions of RBBP6 that are vital
hallmarks of cancer. Here we show the interaction of protein Nek6 with
human RBBP6 isoform 3 and particularly the DWNN domain. Under-
standing these protein interactions are important to reveal the under-
lying mechanisms of RBBP6 and its role in RNA splicing, ubiquitination,
and cell cycle control.

Similar to most proteins that interact with DNA and play a role as an
E3 ubiquitin ligase, RBBP6 contains the RING finger E3 ligase domain
which is responsible for ubiquitination. The full length isoform of RBBP6
is generally overexpressed in most cancers and contributes to prolifer-
ation. In cancers such as colorectal, breast and cervical, the RING finger
E3 ligase domain is often associated with metastasis and poor prognosis
[89,90]. Xiao et al. (2019) demonstrated that the RBBP6 activation of
the NF-xkB pathway induces the epithelial-mesenchymal transition
required for metastases [90]. In contrast, RBBP6 isoform 3/DWNN is
shown to be downregulated in some cancers and has anti-proliferative
activities. Reduced expression of RBBP6 isoform 3 is implicated in the
G2/M cell cycle arrest and its overexpression has the opposite effect on
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NEKG6-RBBP6 isoform 3 wild type NEK6-RBBP6 isoform 3 S25A NEK6-RBBP6 isoform 3 T49A

MSCVHYKFSSKLNYDOTVTFDGLHISLCDLKKQIMGREKLKAADCDLQITNAQTKEEYT
DDNALI PKNSSVIVRRI P I GGVKSTSKTYVISRTEPAMATTK AVCKNTISHFFYTLLLPL

Fig. 6. Docking models for interactions between NEK6 and mutants of RBBP6 isoform 3 and predicted phosphorylation sites in RBBP6 isoform 3. (A) The
amino acid substitutions in the mutants of RBBP6 isoform 3 do not alter the 3D structure of the protein. However, these changes result in completely different
interactions between NEK6 and the mutants. (B) The amino acid sequence of RBBP6 isoform 3, showing the predicted phosphorylation sites.

cell cycle by allowing progression [22,89]. Attributed to its involvement
in cell cycle regulation, these results demonstrate that targeting RBBP6
isoform 3 phosphorylation could serve as a potential therapeutic target

Table 2
Energy and model numbers for Nek6 and RBBP6 isoform 3 docking models.

Clusters  Centre Lowest Clusters  Centre Lowest for cancer.
enersy energy In this study, we were able to show the interaction between Nek6 and
RBBP6 91 —-636.6  —681.3 99 —622.2  -759.7 the DWNN domain. NEK 6 is a protein kinase that is involved in chro-
-3 mosome segregation and promotes cell cycle progression. It is known to
S25A 86 -552.9  —635.5 106 -618.7  —699.1 .. - .
T49A 82 _578.3  _586.2 106 6195 —691.8 phosphorylate RBBP6 [66,91]. This interaction may therefore result in

the phosphorylation of the DWNN domain in the isoforms of RBBP6 by
Nek6. The phosphorylation of RBBPBBP6 isoform 1 promotes cell

A) TUBGI
)

E) CHMP4B

F) MAX

C)MZT2

G) PSME1

\/
PMSE1

DWNN

Fig. 7. Cell cycle regulators interacting with RBBP6 isoform 3. These are representations of the ClusPro docking models for the interaction of these cell cycle
regulators with RBBP6 isoform 3. (A) TubG1, (B) NDC80, (C) MZT2 and (E) CHPB4 all regulate the cell cycle by interacting with the microtubule during cell division
(D) GINS2 and (F) MAX are associated with the DNA replication complex. (G) PSMEL1 is a negative regulator of cell cycle progression.
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A) UBE2G2 B)RNF115

DWNN DWNN

C) UBE2Q1 D) UBE2L2

DWNN

E) RLIM

DWNN

Fig. 8. Ubiquitin ligases interacting with RBBP6 isoform 3. These are
representations of the ClusPro models for the interaction of these ubiquitin li-
gases with RBBP6 isoform 3. Three of them are E2 ligases (A, C and D) while the
remaining two are E3 ligases (B and E).

proliferation. Our study identified 17 probable phosphorylation sites in
the sequence of RBBP6 isoform 3. The association of RBBP6 with cancer
is well documented. Nek6 is also known to play a significant role in
cancer progression and is often upregulated in most advanced cancers
such as breast, liver, prostate, gastric and colorectal cancer [89]. Nek6
has previously been implicated in the transforming growth factor beta
(TGFp) pathway. Using hepatocellular carcinoma as a model disease,
Zuo et al. showed that the overexpression of Nek6 suppresses tran-
scription activity mediated by the TGFp pathway and the arrest of cell
progression [92]. The overexpression of Nek6 is attributed to enhanced
cell progression by suppressing the G2/M cell cycle arrest. Targeting the
expression of Nek6 could have the opposite effect [93]. Moreover, Jee
et al. confirmed that the downregulation of Nek6 is required to activate
G2/M cell cycle arrest following DNA damage [94]. Our results indicate
that phosphorylation of RBBP6 isoform 1 at its/DWNN domain by Nek6
promotes cell proliferation as reduced affinity was seen in the DWNN
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mutants. Since the nuclear localization of RBBP6 isoform 3 increases to
response to cell stress, we suggest that this isoform serves as a regu-
latorby associating with Nek6 via its DWNN domain and inhibiting the
ability of Nek6 to associate with RBBP6 isoform 1 via its DWNN domain.
These results suggest the interaction of RBBP6 isoform 3/DWNN and
Nek6 can serve as targets for novel anti-cancer therapy.

We have identified 11 other proteins involved in cell cycle regulation
that could potentially be related to DWNN with functions in the cell
cycle. By analyzing ClusPro models of these proteins interacting with
DWNN, 7 were identified to form bonds with DWNN with bond lengths
within 6 A. Two with the lowest energy of interaction were both proteins
that associated with microtubules during cell proliferation. Tubulin,
gamma 1 (TUBG1), a member of the tubulin family, binds to microtu-
bules at the centrosome, facilitating microtubule formation. This has
been shown to result in cell division and progression of the cell cycle
[95]. RBBP6 may prevent the degradation of this protein allowing for
the protein to remain active within the cell. NDC80 is a component of
the kinetochore and binds to the microtubule. It is involved in spindle
checkpoint signalling, detecting if chromosome segregation is proceed-
ing correctly. NDC80 is known to interact with members of the NEK
family. This may provide a clue as to the function performed by RBBP6
isoform 3 binding to this protein [96,97]. Two of these proteins GINS2
and MAX are associated with the DNA replication complex. GINS2
promotes DNA replication by promoting the extension of the replication
fork. Recently, GINS2 has been identified as a biomarker for cervical
cancer and implicated in cancer progression. GINS2 plays a vital role in
DNA replication and cell proliferation is observed in patients with low
levels of GINS2 and also inhibiting metastases [88,98]. MAX is a tran-
scriptional regulator and binds to other transcription factors and either
promoting or inhibiting the transcription of specific genes. One of the
target genes that can either be up or down regulated depending on the
transcription factor that MAX binds to is the Myc oncogene [99]. The
role played by RBBP6 isoform 3 associating with MAX would need to be
established as this isoform normally acts as a cancer suppressor. The
final protein in this group is a proteasome component, Proteosome
activator subunit complexl (PSME1). This protein is a negative regu-
lator of the cell cycle. It and other members of the PSME family are
found to be up-regulated in skin cancer [100] and acute lymphoblastic
leukaemia [101]. In an unpublished data, RBBP6 isoform 3 is highly
expressed in Jurkat cells and this interaction requires further
interrogation.

Of the identified cell cycle regulator proteins that do not form bonds
within the 6 A cutoff, the Polo-like kinase 2 (PLK2) protein is mostly
expressed in the G2/M phases of the cell cycle. It is actively involved in
mitosis, cytokinesis and centriole duplication [102], a function similarly
to Nek6 in mitotic progression. Inhibition of Nek6 impedes cell
cycle-related activities and could result in mitotic arrest, spindle defects
and apoptosis [103,104]. Addition to cell cycle regulation, proteins
overexpressed in cancer could serve as potential biomarkers or targets
for drug development. One of these proteins, Smad3, has been shown to
be downregulated in cancer. Smad3 is involved in TGF-p signaling
pathway, well-established in cancer. Daly et al. demonstrated low levels
of Smad3 in highly proliferative cancer cells [105]. By activating the
up-regulation of Smad3, tumor proliferation could be controlled through
the activation of the TGF-p signaling pathway.

The interaction of RBBP6 isoform 3 with both E3 and E2 ligases is
unsurprising. If the existence of a protein that is composed almost
entirely of the ubiquitin like DWNN domain implies that this is a new
type of modification (DWNNylation), then the DWNN domain would
bind to both E2 and E3 ligases as part of the DWNNylation chain, similar
to the ubiquitination chain. Alternately, the binding of DWNN to these
proteins may serve to block Ubiquitin from binding to them. In this way,
RBBP6 isoform 3 may be preventing ubiquitination and the resulting
protein degradation.

Taken together, the potential interaction of these proteins with
RBBP6 isoform 3/DWNN indicates its role in tumor progression through
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Table 3

Informatics in Medicine Unlocked 23 (2021) 100522

ClusPro docking results for cell cycle regulators and ubiquitin ligases that interact with RBBP6 isoform 3 with identified probable interacting residues.

Protein Uniprot accession PDB ID Balanced scores Electrostatic scores
Clusters Centre Lowest energy Clusters Centre Lowest energy

NEK6 Q9HC98 135 —679.6 -719.3 99 —-622.2 —759.7
TUBG1 P23258 6V5V 102 —687.2 -812.2 90 -779 —945.2
NDC80 014777 31Z0 54 —733.4 —810.4 71 -715.4 —904.5
UBE2G2 P60604 2CYX 53 —639.9 —639.9 61 -713.5 —830.4
MZT2 Q6NZ67 None 78 —629.6 —647.4 70 —656.9 —658
GINS2 Q9brt9 None 62 —625.9 —678.4 45 —663.9 -767.7
RNF115 Q9Y4L5 None 166 —630.8 —646.5 140 —591.6 —709.1
CHMP4B Q9H444 4ABM 138 —585.8 —610.3 152 —672.4 —682.1
MAX P61244 None 47 —484.6 —594. 45 —587 —679.3
UBE2Q1 Q7Z7E8 2QGX 158 -502.3 —591.5 237 —575.4 —649.7
PMSE1 Q06323 1AVO 46 —476.5 —581.4 40 —546.8 —640.9
UBE2L2 Q7Z7E8 None 58 —503.2 —545.8 58 —520.3 —635.2
RLIM QINVW2 None 114 —455.4 -561.3 95 —527.4 —552.4

the cell cycle regulation rendering these proteins as targets for novel
anticancer therapies. Interactions between DWNN and these proteins
require further validations. It is important to note that as all the isoforms
of RBBP6 have the DWNN domain, all the isoforms can interact with the
identified proteins. However, the interaction of isoform 3 with these
proteins may serve to regulate the interaction of the other isoforms with
these proteins by competing for binding sites. Additionally, if these
proteins are a target for DWNNYlation, Isoform3 may not only inhibit
the binding of the other RBBP6 isoforms to the identified proteins but
may also lead to their degradation.

In conclusion, the interaction of RBBP6 isoform 3/DWNN and Nek6
could promote tumorigenesis through cell proliferation. Therapeutic
agents or inhibitors that can induce inhibitory effects of the interaction
of RBBP6 isoform 3/DWNN and Nek6 can potentially reverse the effects
and serve as novel anti-cancer strategies.
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