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Abstract

The Wnt signalling pathway plays a vital role in cell proliferation and hence plays a

crucial role in the embryonic development stage of the cells. This pathway is usually

inactive in well grown cells. But, it is seen that in cancerous cell lines, especially

colorectal cancer cells, the Wnt signalling pathway is active, due to which there is an

increased concentration of the protein  β-catenin in the cell.  Β-catenin then enters

the nucleus and replaces the groucho protein, to interact with T-Cell  Factor. This

complex  acts  as  a  transcriptional  activator  and  hence  leads  to  cell  proliferation.

Given the importance of discovering strategies to inhibit  this pathway, one of the

important ways of achieving this is to inhibit the  β-catenin/TCF complex. There are a

number of commercially available molecules that are known to inhibit this complex

but  there  are  not  enough  computational  studies  that  demonstrate  the  binding

affinities of these molecules to the different “Hotspots” present in this complex. The

goal  of  this  project  was  to  calculate  the  free-energy  of  interactions  for  different

molecules,  some known and some newly designed, and compare them to get  a

quantitative  idea  about  the  binding  affinities.  The  calculations  showed  that  the

molecule BC2 has a great affinity towards “Hotspot 2” when compared to BC1 and

BC4, where BC1, BC2 and BC4 are moleules that were newly designed. The free-

energy  of  BC2  molecule  was  found  to  be  very  similar  to  CHEMBL1334062,  a

commercially known inhibtor.  



1.Introduction

1.1  Canonical Wnt signalling pathway

The canonical Wnt signalling pathway is one of the signal transduction pathways,

which  plays  a  vital  role  in  a  variety  of  processes,  like,  cell  proliferation,  cell

differentiation, etc [1]. One of the primary role of the pathway is during the embryonic

development stage and in stem cells, where it is really important for cell proliferation

to occur. Naturally, the Wnt signalling pathway in developed tissues are expected to

be mostly inactive, as the genes that are activated by the pathway correspond to

enhanced cell proliferation [2]. To understand the relevance of studying the pathway, it

becomes necessary to look into the mechanism of the pathway. 

 

 

Figure 1: A representation of the active and inactive states of the canonical Wnt signalling pathway

Figure 1 gives a representation of the active and inactive states of the Wnt signalling

pathway [3]. One of the most important components of the pathway is the protein β-

catenin. As the concentration of the protein increases in the cytoplasm, it gets into

the nucleus. Now, it  replaces the groucho protein which was bound to the T-Cell

Factors (TCF), and forms an activation complex that binds to the activator sequence.

This over-expresses the parts of gene that is responsible for cell proliferation [4]. 



In normal cells the levels of  β-catenin is controlled by this elaborate degradation

procedure involving the formation of a destruction complex, which occurs in the Wnt

inactive  state.  The  β-catenin  molecule  is  first  phosphorylated  by  the  destruction

complex, followed by ubiquitinylation and at last proteosomal degradation. Whereas,

in the Wnt active state, that is, when Wnt binds to the Frizzled, it phosphorylates the

cystolic domain and thus facilitates the binding of the destruction complex to the

domain  through  the  components,  Axin  and  Dishevelled  [5].  Thus,  the  destruction

complex gets inhibited which in turn leads to an increased concentration of the  β-

catenin in the cell. This in turn leads to the cell proliferation, as discussed before. 

It is found that the Wnt signalling pathway is found to be in the active state in certain

kinds  of  cancerous  tissues,  especially  colorectal  cancer  [6].  Hence,  this  pathway

becomes one of the targets for which one can try to discover inhibtors. As it is an

elaborate pathway involving multiple steps, one can think of multiple possibilities of

inhibiting the pathway. For example, there have been methodologies developed that

activate the destruction complex so that the  β-catenin levels are decreased  [7]. But

this method would not work in the case where the destruction complex is completely

inactivated. Another, such strategy is to curb the biosynthesis of the Wnt molecule

itself  [8]. One of the way that is very common nowadays is to inhibit the  β-catenin

from binding with TCF, hence preventing the formation of the transcription activator

complex. 

This thesis will  be focusing on using the strategy of inhibiting the  β-catenin/TCF

interaction in an attempt find inhibitors for the Wnt signalling pathway. 

1.2  β-catenin and protein-protein interactions

The structural feature of β-catenin that is relevant to study its interaction with other

proteins and small molecules is the repeating armadillo motifs. Armadillo motifs are

typically 40 amino acid long and is found in a number of proteins like β-catenin,  α-

importin,  plakoglobin,  etc.  These  armadillo  repeats  are  found  between  residue

numbers 140-700 [9]. For example, the human β-catenin has a total of 781 residues

and the armadillo repeats are found between 149-691. As seen in  Figure 2,  the



protein comprises of  α-helices, with armadillo repeat comprising of three  α-helices

each. 

Figure 2:  β-catenin protein (PDB ID: 2Z6H)

To find inhibitors for β-catenin it  becomes important to study its interactions with

other proteins like TCF. Typically, protein-protein interactions are spread over a large

surface area. In the case of β-catenin/TCF3 complex, the interacting surface area is

around 4800 Å2  . Though the interacting surface area is large, the interaction is not

uniform in all the regions. There are some regions which contribute considerably to

the overall interaction between the two protein molecules. These regions are called

the “hotspots”.  A total  of  six  such  “hotspots”  were  found  for  the  β-catenin/TCF3

complex by Trosset et. al., upon studying the system with the PASS program [10]. 

Figure 3:  β-catenin/TCF3 complex with the 6 detected hotspots marked. Green ribbon is the TCF3

protein and the surface representation depict “Hotspot 2”, which is of our interest. 



Figure 3  shows the  β-catenin/TCF3 complex with all the hotspots marked. These,

hotspots were studied further to determine the contribution of each of these hotspots

to the overall interaction strength. Trosset et. al., determined the solvent-accessible

surface using the FLO_QXP program. This revealed multiple clefts that are present

in “Hotspot 2” proposing that it is the strongest hotspot. It was further ascertained by

the  results  obtained  by  docking  a  molecule,  PNU-74654,  shown  in  Figure  4,

according to which the molecule bound 1000 times better “Hotspot 2” than “Hotspot

3”. So, it becomes very important to study the interaction of small molecules with

“Hotspot 2”.

Figure 4: PNU-74654 (Image source: PubChem)

Let us look at some of the known and commercially available inhibitors for the  β-

catenin/TCF complex. 

1.3  List of some commercially available inhibitors and their discovery

The comound shown in Figure 4, was discovered through a combination of virtual-

screening and biophysical  screening techniques like NMR WaterLOGSY and ITC

measurements. Proposed mode of interaction of the drug with the hotspot is shown

in Figure 5. 



Figure 5: Proposed binding of PNU-74654 with hotspot “2” 

Next set of compunds are 2,4-Diamino-quinazoline derivatives[11].  Figure 6 shows

both the lead compound (1) and the most efficient derivative (16). 

 

Figure 6: Initial lead compund 1. When R group was 4-fluorobenzyl IC50 was 0.22um. 

The lead compound was obtained by screening a huge compound library. After some

set of modifications, compound  16  was obtained. The mechanism of action of this

compound  is  not  known  as  its  activity  was  found  through  biological  cell-based

reporter assay. 

The next compound is Quercetin, shown in  Figure 7,  which belongs to a class of

compounds called Flavanoids. This compound was also discovered to be active by

conducting studies on SW480 and HEK293 cell lines [12]. 



 

Figure 7: Quercetin 

Figure 8, shows a set of compunds which was discovered by screening over 7000

compounds using a GST based screening technique [13].

Figure 8: Structures of compounds that were discovered by a GST based screening technique. 



1.4  Outline of the methodology

This thesis will focus on evaluating the free energy of interaction of selected known

and  newly  generated  molecules,  to  “Hotspot  2”  and  thus  compare  the  binding

affinities. 

Firstly, the molecules shall be chosen from the known pool of commercially available

inhibitors.  Then,  five  molecules  with  the  least  binding  energies  from the  pool  of

molecules generated from our group, shall also be chosen. Figure 9, shows all these

molecules. 

a)

                                                          

                                     BC1                                                               BC2

                     BC3                                                BC4                                              BC5

Figure 9:The chosen molecules from the pool of known commercially available inhibitors and the new

molecules developed.  



These molecules shall be docked at “Hotspot 2” of the β-catenin protein.  Once the

molecules  are  docked,  the  system shall  be  equilibriated  using  regualr  Molecular

Dynamics  simulations.  After  this,  well-tempered  metadynamics  shall  be  used  to

evaluate the free-energy change involved in the unbinding process. To monitor this

process,  the  Collective  Variable  (CV),  that  maybe used is  MINDIST. This  CV, in

principle, calculates all the pair-wise distances between two atoms from the protein

and  the  ligand  group  and  takes  the  minimum  of  those  distances.  Among  other

possible CVs like distance between COM, distance along with a distance vector, etc.

MINDIST is rather less complex to define and more accurate. For example, defining

a distance and a vector may do the job, but since it has two degrees of freedom, it is

more prone to error propagation. 

A simple run, monitoring the above mentioned CV would give an idea about the σ of

the wells that can be deposited during the metadynamics run. Then, the system shall

be subjected to a well-tempered metadynamics run, at the end of which we shall be

able  to  procure  the  free-energy  surface.  Once  the  surface  is  obtained,  other

properties  like,  interaction  energies  between  protein-lagand,  protein-water  and

ligand-water, the RMS Fluctuation of the protein, the number of hydrogen bonds, etc

can be calculated to get more insight into the unbinding event. 

In order to get some indirect information about the entropy change, one can use the

Q6 and Q4 CVs found in PLUMED driver. 



2.  Methodology

2.1  Molecular Docking

Molecular docking is the procedure which is used to predict the binding modes of a

molecule  to  a  specified  binding  pocket  in  the  macromolecule,  like  protein,  DNA,

Lipids,  etc,  through  a  computational  algorithm.  Given  the  large  number  of

conformations  that  the  computer  has  to  explore  before  arriving  at  the  minimum

energy conformation, it will be computationally very expensive to sample all these

using Molecular Dynamics. So, it becomes easier to use docking softwares if the

goal is to just predict the binding modes.

Typically,  these  softwares  use  some  scoring  function  that  helps  in  ranking  the

different conformations obtained based on the affinity. These scoring functions are

can  be  broadly  categorized  as  Force-Fields  based  scoring  function,  Empirical

scoring  function  and  Knowledge-based  scoring  function.  There  is  also  this  new

category of scoring functions known as Consensus scoring functions. These scoring

functions  employ  more  than  one  strategies  from the  above  mentioned  list.  The

software  that  was  used  to  carry  out  the  docking  studies  for  this  thesis  is  Vina

AutoDock [14]. 

The scoring function implements experimental affinity measurements and also the

preferred conformations from empirical observations. As a result, the predictions are

not only computationally cheap, but also accurate to a good extent. 

The shortcomings of docking is that it is not quantitatively accurate. As the scoring

functions do not include all  the force fields, the docking energy obtained will  not

correspond to the actual free energy of binding of the ligand to the receptor. So, the

docking studies can be applied to just to predict the binding modes. This has to be

further studied using other advanced Molecular Modelling techniques to get a better

quantitative picture.



All the dockings were carried out holding the receptor region regid and making all the

possible rotatable bonds in the ligand flexible. The region that was chosen to carry

out the docking is shown in Figure 10. 

Figure 10:  β-catenin protein with the docking region marked

2.2  Molecular Dynamics simulations:

Regular Molecular Dynamics simulations were carried out to equilibriate the docked

structures before carrying out the well-tempered Metadynamics run. The software

GROMACS  4.5.5  [15-19]  patched  with  PLUMED  1.3.0  [20]  was  used  to  run  these

simulations.

Since, over 100 residues were missing in the β-catenin PDB file that was used, these

residues  were  predicted  using  the  software  MODELLER  [21]  and  the  obtained

complete PDB file was used for further studies. It was made sure that the new PDB

wasn’t structurally different from the obtained PDB, around the hotspot of interest.  

The force  field  that  was used for  the  protein  was  AMBER99SB.  The  force  field

paramters for the molecules were generated using the software REDIII [22], which in



turn used GAUSSIAN 03  [23]  for charge calculation. The generated tripos mol2 file

was supplied to amber tools to generate the topology file for the ligand [24]. 

The system consisting  of  β-catenin  and ligand  molecule  was  taken in  a  cubical

simulation box of side 18 nm. After addition of TIP3P water molecules and addition of

ions, the system’s energy was minimized by using the steepest descents method.

Then  the  sytem  was  heated  to  300K  in  steps,  using  a  berendsen  thermostat,

followed by the release of restraint  in 5 steps. Then, the sytem was equilibriated

under NPT ensemble condition using the Parinello-Rahman barostat and berendsen

thermostat for a duration of 5 ns. This was followed by NVT equilibriation with a

Nose-Hoover thermostat for a duration of 5 ns. Then, NVT ansemble production run

was carried out with a Nose-Hoover thermostat,  for a duration of 5 ns. The final

configuration  that  was  obtained  was  used  to  carry  out  further  metadynamics

calculations. 

  

2.3  Well-Tempered Metadynamics:

Well-tempered metadynamics is one of the adaptive nonquilibrium methods which

employs external biasing potential so that the system is able to sample even the

higher barrier regions. This aids in the estimation of the Free Energy Surface (FES)

of  a  given  process  and  the  Collective  Variable  (CV).  Unlike  in  a  Metadynamics

simulation, the deposited gaussian potentials’ height decrease with time according to

the Equation 1. In case of a Metadynamics simulation there is an issue of overfilling

of the potential wells. This is avoided to an extent in welltempered Metadynamics.

                   ...Equation 1

Since the height of the well deposited decreases with time, some of the irreversible

high energy states won’t be sampled in the case of well-tempered Metadynamics

simulation.  In  Equation 1,  the situation in  which  ΔT = 0 would correspond to  a

regular Molecular dynamics simulation and  ΔT→∞ would correspond to a regular

Metadynamics. A right choice of the the bias factor γ (shown in Equation 2), would

ensure good sampling of all the states and thus improves the accuracy of the free-

energy of calculation [25]. 



                                                                                                                

                                 ...Equation 2

                                                       

All the well-tempered Metadynamics simulations for this thesis were performed using

PLUMED 1.3.0. The simulations were run for 20 ns. 

The CV that was used to carry out the well-tempered Metadynamics simulation was

the  MINDIST  CV. As  the  name  suggests,  this  CV  determines  all  the  distances

between the atoms from the protein and the ligand pairwise, and takes the minimum

value of all of them. The distance CV would need to be supplied with the vector as

well to study an unbinding event. Since, the definition of a vector for a protein is not

straightforward, the MINDIST was decided to be used as the CV. 

All the metadynamics simulations were carried out for a duration of 20 ns, where the

hills height was 0.3, the simulation temperature T for well-tempered metadynamics

as 300 and the bias factor γ as 10. One-third of the sigma that was obtained as the

standard deviation for each of the system, was used to carry out the well-tempered

metadynamics simulations.  



3.  Results and Discussion

3.1  Docking

Figure  11,  represents  the  docking  energies  obtained  after  docking  the  chosen

known and new molecules to “Hotspot 2”.  As we can see, the new inhibtors are

quite comparable to the existing commercially available inhibitors when it comes to

the docking energy. Though the docking data, in general, is not quantitative, it still

gives  a good preliminary idea about the feasibilty of binding. Hence, it becomes

important to take these docked structures forward to calculate the free-energy of

unbinding.  

Figure 11: Bar chart representation of the docking energies obtained for the known molecules and

new molecules repsectively. 



3.2  Well-tempered metadynamics

3.2.1  BC1 and β-catenin

Figure 12:  MINDIST CV (in nm) plotted vs time (in ps) for the BC1 and β-catenin system

In Figure 12, we can observe that the MINDIST is oscillating around the value 0.18

nm till  around 1 ns and then oscillating around the value 0.3 nm till  around 3 ns

before  leaving  the  hotspot.  Figure  13  shows  some  snapshots  from  the

metadynamics simulation trajectory, which might help in investigating the reason for

this observation. 

                                   a)                                                               b)



                                c)                                                                d)

Figure 13:  Snapshots of the system (solvent molecules removed for visibility) at different time points

in the well-tempered metadynamics simulation a) 0.5 ns b) 2.6 ns c) 4.0 ns d) 4.7 ns

As we can observe in the first  two snapshots,  0.5 ns and 2.6 ns there are two

relatively feasible binding modes near “Hotspot 2”. This can be observed even in the

free-energy surface shown in  Figure 14.  Around 4 ns,  the  BC1 molecule  starts

leaving the hotspot. 

Figure 14:  Free-energy surface obtained after well-tempered metadynamics simulation of the BC1

and β-catenin system



 3.2.2  BC2 and β-catenin

Figure 15: MINDIST CV (in nm) plotted vs time (in ps) for the BC2 and β-catenin system

Figure 15 shows the MINDIST CV (in nm) as a function of time (in ps), during the

well-tempered metadynamics simulation of the BC2 and β-catenin system. With the

run parameters being same, we can see that the this molecule is taking longer time

to unbind and leave the hotspot. This could mean that BC2 molecule is better at

binding than the other molecules. Figure 16 shows some snapshots of the system

from the well-tempered metadynamics trajectory. 

                               a)                                                                     b)



                                c)                                                                   d)        

Figure 16: Snapshots of the system (solvent molecules removed for visibility) at different time points

in the well-tempered metadynamics simulation a) 4.0 ns b) 12.0 ns c) 14.0 ns d) 15.0 ns

Figure  17  shows  the  free  energy  plot  obtained  after  the  well-tempered

metadynamics simulation of the BC2 and  β-catenin system. The value obtained is

around 60kJ/mol. 

Figure 17:  Free-energy surface obtained after well-tempered metadynamics simulation of the BC1

and β-catenin system



3.2.3  CHEMBL1334062 and β-catenin system

Figure 18: MINDIST CV (in nm) plotted vs time (in ps) for the CHEMBL1334062 and β-catenin

system

As we can see from Figure 18, the molecule is leaving the hotspot at around 14 ns. 

Hence, we can say that the affinity is on the stronger side. Figure 19, shows some 

snapshots along the metadynamics simulation. 

                                  a)                                                             b)



 

                                                                     c)

Figure 19: Snapshots of the system (solvent molecules removed for visibility) at different time points

in the well-tempered metadynamics simulation a) 10.0 ns b) 14.0 ns c) 15.0 ns 

Figure  20  shows  the  free-energy  surface  obtained  after  the  well-tempered

metadynamics simulation of the drug CHEMBL1334062 with β-catenin system. 

Figure 20: Free-energy surface obtained after well-tempered metadynamics simulation of the

CHEMBL1334062 and β-catenin system



3.2.4  BC4 and β-catenin system

Figure 21: MINDIST CV (in nm) plotted vs time (in ps) for the BC4 and β-catenin system

From  Figure  21  we can  conclude  that  the  BC4 molecule  is  readily  leaving  the

hotspot and thus is not a great binder to “Hotspot 2” of β-catenin. Some snapshots of

the  system  at  different  time  points  through  the  well-tempered  metadynamics

simulations, is shown in Figure 22. 

                            a)                                                                    b) 

Figure 22: Snapshots of the system (solvent molecules removed for visibility) at different time points

in the well-tempered metadynamics simulation a) 1.0 ns b) 3.0 ns 



Figure 23  shows the free energy surface obtained on running the well-tempered

metadynamics simulation with the BC4 and β-catenin system. We can observe that it

very low, further justifying the fact that it is a poor binder to “Hotspot 2” of β-catenin.

Figure 23: Free-energy surface obtained after well-tempered metadynamics simulation of the BC4

and β-catenin system



3.3  Comparitive study: 

Figure 24: A plot contaning all the free-energy surfaces obtained, with black corresponding to BC1

molecule, red corresponding to BC2 molecule, green corresponding to CHEMBL1334062 molecule

and blue corresponding to BC4 molecule

The free energy profiles shown in Figure 24, clearly show that the binding of BC2 is

much more favoured than BC1 and BC4 among the new molecules. The free-energy

profile of BC1 even shows two local minimas implying that the binding of BC1 to

Hotspot 2 is not very specific, unlike in the case of BC2 and BC4 molecule which has

a single minima. We can also observe that the free-energy profile of BC2 molecule is

very similar to that of CHEMBL1334062 which is a well-known inhibitor  of the β-

catenin/TCF complex. This result shows that the molecule BC2, among the others,

could be used as a potential inhibitor to conduct further studies.

Since,  the  metadynamics  is  a  non equilibrium process  it  becomes necessary  to

calculate average energies for each value of the CV, which is MINDIST in this case.

To do this, all the frames from the trajectory that belong to every particular value of



MINDIST and within a narrow range around that value, were collected so that all the

average energies can be calculated. 

Figure 25: The plots show the coulombic and lennard-jones components of the interaction energy

between β-catenin and the molecules. (Black – BC4, Red – BC1 and Green – BC2)

From Figure 25,  we can see that the predominant interaction between the protein

and BC1 is coulombic and in the case of BC2 it is the covalent interaction, i.e. the

lennard-jones  component.  Compound  BC4  is  found  in  between  the  two  other

molecules with respect to both the coulombic and the Lennard-Jones component.

This  fact  is  further  justified  by  the  plots  shown  in  Figure  26,  which  shows  the

interaction of the molecules with water and chloride ions. We observe a similar trend

in the interaction energies between the molecule, water and chloride ions.

Figure 26: The plots show the coulombic and lennard jones components of the interaction energy

between the molecules and water and chloride ions. (Black – BC4, Red – BC1 and Green - BC2)



Given the difference in the nature of interactions between the molecules and the

protein molecule, another property that might help in studying the interaction would

be hydrogen bonds number. Figure 27, shows the plot consisting of the number of

hydrogen bonds between the molecules, BC1 and BC2, and the protein in all the

frames obtained from the trajectory which are around the minima.  

Figure 27: Plots of number of hydrogen bonds vs time for BC1, BC2 and BC4 respectively. 

From the hydrogen bond number plots we can observe that in the case of BC1 and

BC4 the average number of hydrogen bonds in the bound state is between 2 and 3,

whereas in the case of BC2 the number of hydrogen bonds found in the bound state

is on an average equal to 1.  

Though, the fact that the interaction energies and the hydrogen bond analysis imply

that BC1 and BC4 have a stronger interaction than BC2, we also know that the free-

energy value obtained for BC2 is much more negative than that of BC1 and BC4. So,

to explain this discrepancy one might have to study the entropy changes involved in

the process. Though, it might be difficult to evaluate the entropy changes directly,

there are other indirect ways of measuring the same. One such way is to determine

the 4th order and the 6th order Steinhardt’s parameter, which in a way determines the

orderliness of atoms around a defined group of atoms. These are refferred to as Q4

and Q6 CVs, respectively, in the plumed driver software.    



4.  Conclusion

The free-energy studies reveal that the molecule BC2 is definitely a great binder to

“Hotspot  2” of  the  β-catenin molecule and its  binding free-energy is  found to  be

comparable to that of CHEMBL1334062 molecule, which is a commercially known

inhibitor of β-catenin. Though the interaction energies of BC1 and BC4 seems to be

better than BC2, the entropy might be playing a huge role in determining the binding

affinity  of  the  molecule.  This  kind  of  study can be further  carried  out  with  other

molecules to get a better picture about all the factors that contribute in determining

the  binding  affinity  of  a  molecule.  The  free-energy  studies  can  be  further

strengthened by carrying out umbrella sampling studies to these molecules. 
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