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Abstract— Cyclin dependent kinase inhibitor p27Kip1 (also
known as CDKNI1B) is an atypical tumor suppressor
implicated in cell cycle regulation, proliferation and
differentiation. Although, the impaired p27Kipl protein
expression and mislocalization is anticipated in various
cancers, however, it is rarely reported to be mutated. We
report novel mutations: c.4 6insGTT and c.520delA in
Kipl gene, cloned from an invasive ductal carcinoma
patient. The protein sequence analysis revealed
c.4 6insGTT resulted in addition of valine at codon 2.
Whereas, ¢.520delA mutation lead to frameshift mutation
that altered entire series of codon followed by codon 173.
By protein -protein interactions, we found mutations
altered the distance between ATP binding pocket of AKT1
with p27Kipl phosphorylation sites. In addition,
electrostatic potential maps showed an excessive
distribution of positive charges at C terminal end.
Collectively, the analysis of the effect of these mutations on
the protein function might provide molecular insight for
future treatments.
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I INTRODUCTION

P27¥® a cyclin dependent kinase inhibitor (CDKIs)
negatively regulates eukaryotic cell cycle *. It binds and
inhibits the kinase activity of cyclins-cdk complexes which
arrests cell cycle progression from G1 to S phase® °. Thus,
p27""! acts as a tumor suppressor and any alteration in its
function could trigger tumorgenesis *. The intrusion of p27"'*
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protein in the pathogenesis of invasive ductal carcinoma,
either by loss of p27 protein expression or inactivation of its
activity via mutation has been focused in several studies. In
breast carcinoma, low p27""* protein level is associated with
higher cell proliferation and histological grade ° °.
Nevertheless, P27 gene mutation and biallelic losses are
uncommon in breast cancers ’. Considering the importance of
p27""* as a potent tumor suppressor we were interested to
explore p27""* gene mutations in invasive ductal carcinoma.
Hereby, we report a novel p27""' mutation, found in an
invasive ductal carcinoma patient from Pakistan. Combining
sequencing analysis, protein modeling, protein-protein
interactions and electrostatic charge distribution, we predict
the probable implication of these mutations in oncogenesis.

II.  METHODOLOGY
A- RNA Extraction and Cloning —

A 60 year old female was diagnosed with invasive ductal
carcinoma with no family history of cancer. On laboratory
examination, the tumor was estrogen, progesterone and
Human epidermal growth factor 2 (Her2) receptor negative.
The malignancy was found to be of grade II with metastasis in
lymph nodes. Fresh breast cancer biopsy sample was collected
after a patient’s consent. Total RNA was extracted with Trizol
reagent  (Invitrogen, Carlsbad, CA) according to
manufacturer’s protocol. Sequence specific primers were
designed from CDKN1B sequence retrieved from NCBI
database. The sequences of the primers were forward primer
GGATCCACCATGGTTTCAAACGTGCGAGTGT and
Reverse primer
CTCGAGGAGCTGTTTACGTTTGACGTCTTCTGA.

Extracted RNA was then used as a template for cDNA
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synthesis. Initially, 11pl of RNA and 1ul of Oligo(dT)18
primer (Fermentas) was diluted with DEPC water up to 12.5ul
and kept at 70 degrees for 5min and then on ice for 5 min.
Later, 2ul of (10Mm) dNTPs,4ul of 5x RT Buffer, 0.5ul of
RiboLock Tm RNase inhibitor and 20 units of RevertAid Tm
reverse transcriptase enzyme (Fermentas, Canada) were added
to the reaction mix. Final volume was 20ul and the cDNA
synthesis was carried out at 42 degrees for 60 minutes,
followed by 70 degrees for 10 minutes. CDKN1B gene was
amplified using conventional PCR. The PCR reaction mix
contained 3ul of cDNA as template, 10 pmol each of Forward
and Reverse primer, 2ul of (2mM) DNTPs, 2ul of (25mM)
MgCI2, 2ul of 10X of Taq buffer (Fermentas, Canada), 40
units of Tag polymerase and nuclease free water to make up
the volume. The cycle conditions for PCR were as follows:
Initial denaturation step at 95°C for 5 minutes, followed by 35
cycles of first denaturation step at 94°C for 40 seconds,
annealing at 58°C, 30 minute and extension at 72°C for 30
seconds. The final extension was carried at 72°C for 10
minutes. As expected, 615 base pair band was observed when
the PCR product was checked on 2% agarose gel. Amplified
CDKN1B gene was purified by silica bead gel extraction kit
(Fermentas) according to manufactures protocol. The purified
PCR product was cloned in TA vector (Thermo Scientific: Inst
TA cloning kit). In short, 19ul of PCR product was mixed with
6ul of 5 x ligation buffers, 1ul of T4 DNA ligase, 3ul of TA
vector and 1ul of nuclease free water. The ligation mix was
kept at 4 degrees overnight and later was transformed into
DHS a cells by the heat shock method. Initially, the
transformed cells were subjected to blue, white selection and
then positive clones were screened by restriction digestion

B. Sequencing and Mutational Analysis —

Three clones of the sample were sent for sequencing to Sure
BioDiagnostics, Karachi, Pakistan. Sequencing was carried
out both from sense and antisense primers and sequence was
submitted in Genebank
(http:/lwww.ncbi.nlm.nih.gov/genbank) with an accession
number JX628784. All existing human CDKN1B protein
sequences were retrieved from Uniprot
(http://lwww.uniprot.org/) and were aligned to generate a wild
type consensus sequence by CLC work bench
(www.clcbio.com). The wild type protein sequence was
aligned with our generated sequence and then the sequence
was analyzed for probable mutations. Later, C terminal end of
the wild type p27 protein sequence was aligned with
sequences of CDKN1B orthologs present in uniprot (ID no:
H2Q5H2, P46414, Q6SLL5, 019001 and Q8JIV2).

C. Protein structure Modeling-

Protein sequences of CDKN1B (ID no.P46527) and AKT1 (ID
no. P31749) were retrieved from Uniprot database. Sequences
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were submitted to NCBI provided protein specific iteration
(PSI)-BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to
obtain homologous sequences of three dimensional structures
available in protein data bank (PDB).

Two PDB structures, including PDB codes: 1JSU (Crystal
structure of p27"** cyclin dependent kinase inhibitor bound to
the cyclin A-Cdk2 complex determined at 2.3A)® and 3096
(Crystal structure of human Aktl with an allosteric inhibitor
resolved at 2.7A)° have a maximum sequence identity with
P27""' and Aktl respectively. So for the complete 3D
structure of p27<"* protein the structure was built using ab-
initio modeling techniques. P27""' protein sequence was

submitted in I-TASSER (lterative threading assembly
refinement) ° and Phyre2 (Protein Homology/analogy
Recognition Engine \Y, 2.0 I-TASSER

(http://http://zhanglab.ccmb.med.umich.edu/I-TASSER/)
construct models by reassembling continuous fragments
excised from homologous templates generated via multiple
threading program. Models generated by these software’s
were evaluated by online servers such as ERRAT,
PROCHECK, QMEAN and Z score >3, However, all models
showed low ERRAT, OQMEAN and Z scores. In
Ramachandran plot, most of the residues were found in
unfavorable regions. P27%" sequence was submitted in ab
initio modeling servers such as QUARK and ROBETTA
(http://robetta.bakerlab.org/). QUARK build low to high
resolution structures by assembling continuous fragments (1-
20 residues) retrieved from unrelated protein structures.
However, ROBETTA combines template based homology
modeling with ab initio methods. Multiple models were
generated and one target model was selected with highest
ERRAT and QMEAN scores, least Z score and with favorable
Ramachandran plot statistics. Mutated model was generated
using the finest model obtained in earlier steps. The modeling
of mutated model was performed using homology modeling
program MODELLER *. The energy minimizations were
performed in Molecular modeling and simulation (MOE)
software (Chemical computing group’s MOE software,
version 2013) and then analyzed using the same criteria as
were used for a wild type model of P27""* (Nmp27). Apo-
AKT1 model was derived from Human Aktl bound with an
alloesteric inhibitor (PDB ID no. 3096) using MOE.

D. Protein-protein interaction of Aktl and P27

Protein protein interactions of both non-mutated and mutated
models of P27""* (termed as Nmp27 and Mp27, respectively)
were studied by using High Ambiguity Driven Molecular
Docking web server (HADDOCK) (haddock.science.uu.nl) .
The webserver generates 10 clusters. Scoring is based on
Haddock score, desolvation energy, Z score, RMSD value,
electrostatic energy, buried surface area, restrains violation
energy and van der Waals energy. Possible active and passive
residues of of Nmp27, Mp27 and Aktl were predicted by
CPORT (Consensus Prediction Of interface Residues in
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Transient complexes) webserver '® and were integrated in

haddock program. Haddock server predicted most probable
protein- protein interaction interfaces (PPI) between Nmp27-
Aktl and Mp27-Aktl. The best complexes were selected with
the least Haddock score. Additionally, the distance between
the Aktl, ATP binding pocket GKGTFG' and
phosphorylation sites within Mp27 and Nmp27 were
determined by pymol (v1.3). Further Delphi *® was used for
calculating electrostatic charges on the surface of Nmp27,
Mp27, Nmp27-Aktl and Mp27-Aktl protein complexes.

1. RESULTS

A-Cloning, sequencing and Mutational analysis

In order to confirm the positive clones with CDKN1B
gene, extracted plasmids were restricted digested with
EcoR1( Fast digest: Fermentas) and BamH1 (Fast digest:
Fermentas) restriction enzymes and analyzed on 1% agarose
gel, represented in supplementary Figure 1a. An insertion of 3
nucleotides; GTT was found at position 4-6 nucleotides
(c.4_6insGTT as shown in supplementary Figure 1b). This
insertion mutation resulted additional hydrophobic residue
valine at the second position of p27"* protein shown in
Figure la. Moreover, there was no change in the secondary
structure elements at this site of mutations. Moreover, a
deletion of a single nucleotide Adenine was found at 520th
position (c.520delA as seen in supplementary Figure 1b),
which implicated a frame shift mutation at C terminus and
resulted in alteration of entire reading frame as shown in
Figure 1a. In addition, an Aktl phosphorylation site RKRPAT
present at its nuclear localization sequence (NLS; amino acids
151-166) remained unaltered. In addition, B hairpins (61-71),
B strand (75-81) and helix (residues 85-90) which interact
with Cdk2 and the LFG motif which binds with cyclin A all
remained unchanged. Wild type amino acid residues following
from 174th position
NVSDGSPNAGSVEQTPKKPGLRRRQT were replaced by
MFQTVPQMPVLWSRRPRSLASEDVKR  amino  acid
residues (Figure 1a). Interestingly, this mutated region at C
terminus was found to be conserved in all p27 orthologs other
than Mus musculus and Gallus gallus whereas N terminus was
conserved in all species (Figure 1b).
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Fig. 4. Multiple-sequence alignment of p27kipl protein with
functional regions (a) Predicted secondary structure elements for p27
Kip1 protein shown by strand, helix and coil and important regions in
p27 Kipl protein are represented: phosphorylation sites Ser10, T157,
T187 and T198, Cyclin A binding domain, LFG motif, CDK2
binding site, Nuclear Localization signal. Sequence alignment of the
wild type and mutated p27 Kipl. Uncolored residues are identical in
both. Mutated residues are highlighted with yellow color. (b) Highly
conserved consensus sequence of N and C terminal ends of p27 Kipl
orthologs.

B- Protein Structural Modeling

Protein sequence of CDKN1B which was submitted in (PSI)-
BLAST facility showed 80% sequence identity with P27
(PDB codes: 1JSU). However, this structure lacked complete
query coverage and our interest areas: N and C terminus.
Webservers QUARK and ROBETTA generated fifteen 3D
models for complete P27X"* protein. Model 4 generated from
ROBETTA was rated as the best model on the basis of
ERRAT, Rampage and QMEAM scores. PROCHECK-based
Ramachandran map statistics found 87.8 % of Model 4 amino
acid residues in the favored region, 11% in the additionally
allowed region and only 0.6 % residues in the disallowed
region. These results indicate that this model has protein
structure with favorable sterio-chemical property*. Moreover,
Z score was found to be -2.97 and the Qmean score of 0.488.
After refinement of predicted residues present in disallowed
regions, the overall quality factor of the ab initio model was
90.86 % in the ERRAT plot and it showed few atomic
attractions creating steric hindrance between amino acids
which are represented in Figure 2.
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Fig. 2. Evaluation of model 4. a PROCHECK based Ramachandran
map, b ERRAT plot, c Q-mean Z-score plot.

Kipl
Protein —protein interactions of Aktl and P27 P

P27K" was docked with Aktl via Haddock web server, 145
water refined complexes were generated, grouped in 10
clusters. The Haddock score, buried surface area, Z score,
RMSD, Electrostatic energy, Cluster size, van der waals
energy, desolvation energy, restrains violation energy for all
the clusters are shown in Figure 3. A complex of p27<** and
Aktl with a haddock score of -71.5+ 10.2 was selected as the
best probable complex. Further, Haddock predicted 147 water
refined complexes for Mp27 and Aktl. Cluster 2 was rated as
the best complex with a Haddock score of -138.4+ 10.1 and
the rest of the criterion generated by haddock are represented
in Figure 4.
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Fig. 3. (a) Graphical representation of scores generated by Haddock
for clusters 1-10
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Fig. 4. (a) Haddock generated scores of protein protein interaction
(PPI) between mutated p27 and AKT1. (b) Cartoon representation of
complexes 1-10 (MP27: AKT1) generated by Haddock, mutated P27
highlighted in blue and AKT1 in green colour
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Fig. 5. Ribbon representation of Nmp27 and Mp27 protein structures
bound with Aktl shown. Structural analysis revealed varied distance
between Aktl (ATP binding pocket) and Aktl phosphorylation sites:
T198, T157, and K198, T157, S10 of Nmp27 and Mp27 respectively.
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Fig. 6. Structural models and electrostatic potential maps of non-
mutated p27kipl, mutated p27kipl and Aktl. (a) Altered amino acids
at C terminal are shown in non-mutated and mutated p27kip1 protein
models. Human AKT in complex with an alloesteric inhibitor (shown
in sticks) bind with human Aktl into the deep ATP-binding cleft. (b)
Electrostatic potential maps on the surface of residues for all
structures. It is demonstrated that in non-mutated p27 model the C
terminal region is somewhat mixture of negatively and positively
charged residues, whereas in mutant model the coulombic surface is
showing a trend of positively charged regions. Aktl demonstrates
even distribution of coulombic charges (Blue positive charges, red
negative charges).

Additionally, the distance between the Aktl (ATP binding
pocket GKGTFG) *’ and phosphorylation sites within Mp27
and Nmp27 were determined by pymol (v1.3). Interestingly
the distance for S10 phosphorylation site for mutated p27<*
decreased, however the distance between T157 and ATP
binding pocket increased shown in Figure 5.

Further, electrostatic potential maps were used to illustrate
charge distribution on the surface of Aktl (Figure 6), Nmp27,
Mp27 and their complexes. In non-mutated model (Nmp27),
negative (depicted by red color) and positive charges (blue
color) were uniformly distributed at its C terminal (Figure 6).
However, in Mp27 the positively charged surfaces were more
in comparison with negative charges at its mutated C terminal.

V. DISCUSSION

p27XP* is known as tumor suppressor, mediator of apoptosis, a
regulator of cell cycle and cellular differentiation *°. There are
growing numbers of reports demonstrating the oncogenic
potential of various genetic mutants of tumor suppressive
genes/ cell cycle regulators. However, unlike some genes such
as the p15 and p16, mutations in p27""** gene seem to occur
rarely °. Two different mechanisms have been implicated in
p27""! inactivation during tumour development: its nuclear
export and enhanced protein degradation Shin %*. During G1-S
transition, p27 is actively phosphorylated at Thr187 by cyclin
E-CDK2 %. Thr187-phosphorylated p27""** is recognized by
Skp2-containing E3 ubiquitin ligase, Skp, Cullin, F-box
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containing complex (SCF complex) and its cofactor, Cdk
subunitl (Cks1) which promote its degradation by proteasome
2 However, the sub cellular localization of p27KP is
dependent on the phosphorylation of three key amino acid
residues S10, T157, T198 by Aktl. Mutation at T157 impedes
AKT1 induced phosphorylation and promotes its nuclear
localization. A complete reversion of AKT1 induced
cytoplasmic re-localization was demonstrated in the presence
of double mutation at T157A and T198A *. _
In this study, we report novel mutations found in p27<™*
MRNA isolated from invasive ductal carcinoma patient.
Firstly, there was an addition of GTT nucleotides at position
4-6 in the coding sequence which lead to an addition of valine
a hydrophobic residue at codon 2. The concept of kozak
consensus sequence GCCRCCaugG (where R = purine and
“aug” is the initiation codon), with the -3R and +4G being
particularly important for translation initiation. Kozak ?* found
+4G enhances translation initiation, but does not when it
occurs in a GUN codon (coding for valine). Another study in
Escherichia coli demonstrated consistent findings that valine
at penultimate site (second position) reduces initiator Met
cleavage in comparison with amino acids such as Ala, Cys,
Gly, Pro, or Ser ?°. In contrast, few studies on prokaryotes and
eukaryotes propose that cleavage of Met occurs with valine at
this position ?’. Kozak consensus sequence is not the only
criterion which initiates translation thus any outcome of this
mutation cannot be predicted until further validation. In
addition, a deletion of a single nucleotide Adenine was found
at 520th position in the coding sequence, which implicated a
frame shift mutation at C terminus and resulted in alteration of
the entire reading frame. Wild type amino acid residues
following  from  174™  position  which  were
NVSDGSPNAGSVEQTPKKPGLRRRQT were replaced by
MFQTVPQMPVLWSRRPRSLASEDVKR  amino  acid
residues. This C terminal region was found conserved in all
p27<"* orthologs other than mouse and chicken thus implying
its significance in p27""®* functionality. These mutations have
been reported for the first time. Although Norihiko et al and
M. Veronica Ponce-Castaneda et al in independent studies
found neither deletions, nor rearrangements in p27<** gene
when screened in various solid tumors ** ?°. Besides a
hemizygous deletion in p27*"* was found in a B-cell non-
Hodgkin’s lymphoma %°. In adult T-cell leukemia, a stop
codon mutation at 76 was found . In addition two point
mutations were found during 36 primary breast carcinomas.
One of the mutations in the breast carcinomas was a
polymorphous mutation at codon 142 and the other a nonsense
mutation at codon 104 .

Recent advances in computational methods provide insights
into the effect of mutations on protein structure and make it
plausible to interpret its interactions with other proteins. In
this study we have used in silico tools to model non mutated
and mutated p27<"*. The reliability of the protein models were
evaluated on several parameters including by ERRAT,
Ramachandran, Qmean and Z score. Where, 90.86% ERRAT,
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-2.97 Z score with 0.488 Qmean score. The final p27 model
which was selected had bond angles, lengths, dihedrals and
interaction energy within the allowed range without atomic
clashes. These results supported the use of this model as a
template to model mutated p27, followed by protein-protein
interactions (PPIs) of P27 with Akt1. The predicted models
of Nmp27 and Mp27 showed no structural difference relative
to each other. Protein—protein interactions play a vital role in
various biological processes including signal transduction, cell
metabolism and muscle contraction **. However, experimental
analyses of PPIs have certain limitation such as a need to
anticipate the likelihood of interactions before initiating an
experiment. Therefore, computational tools can blindly predict
binding interfaces between proteins. In our study Haddock
tool was used to predict most probable PPIs interfaces for
Nmp27- Aktl and Mp27- Aktl with a haddock score of -71.5+
10.2 and -138.4+ 10.1. Electrostatic interactions are non-
covalent interactions, which occur between electrically
charged atoms having both positive and negative interactions
%1 1t plays a key role in determining the nature and strength of
the PPIs. Here electrostatic potential maps of Aktl, Nmp27,
and Mp27 were determined. Aktl and Nmp27 show even
distribution of positive and negative charges. However Mp27
demonstrated excessive positive charges at its mutated C
terminal. Thus, it is most likely that Mp27 binds less strongly
with Aktl in comparison with Nmp27 due to electrostatic
repulsion. Further, whether a C terminal frameshift mutation
had any effect on the remaining Aktl phosphorylation sites:
S10 and T157 were determined by measuring distance
between the phosphorylation site and ATP binding pocket
(GKGTFG) . The distance of S10-Aktl decreased from
32.3A in Nmp27 to 11.35A in Mp27. Moreover, the distance
of T157-Aktl changed from 26.8A to 38.2A due to mutation.

V. CONCLUSION

In conclusion, T198 and T187 phosporylation sites are altered,
which enhances nuclear import and decreases the proteasome
mediated degradation. Thus we predict that C terminal
mutation will also affect the interaction of S10 and T157 with
Akt which might increase p27*"* nuclear localization.
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