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ABSTRACT 
  

Bak is a pro-apoptotic protein, member of the Bcl-2 family that plays a key role in apoptosis, 
a programmed cell death mechanism of multicellular organisms. Its activation by death stimuli triggers 
the permeabilization of the mitochondrial outer membrane that represents a point of no return in the 
apoptotic pathway. This process is deregulated in many tumours where Bak is inactivated, whereas in 
other cases like in neurodegeneration, it exhibits an excessive response leading to disorders such as 
the Alzheimer disease. Members of the Bcl-2 family share a common 3D structure, exhibiting an 
extremely similar orthosteric binding site, place where both pro and anti-apoptotic proteins bind. This 
similarity raises a selectivity issue that hampers the identification of new drugs, capable of alter Bak 
activation in a selective manner. An alternative activation site triggered by antibodies has been 
recently identified, opening the opportunity to undertake new drug discovery studies. Despite this 
recent identification, an exhaustive study to identify cryptic pockets as prospective allosteric sites, has 
not been yet performed. Thus, the present study aims to characterize novel hotspots in the Bak 
structure. For this purpose, we have carried out extensive molecular dynamics simulations using three 
different Bak systems including Bak in its apo form, Bak in complex with its endogen activator Bim and 
an intermediate form, set up by removing Bim from the previous complex. The results reported in the 
present work shed some light on future docking studies on Bak through the identification of new 
prospective allosteric sites, not previously described in this protein. 
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INTRODUCTION 
Apoptosis is a programmed cell death mechanism essential for tissue homeostasis, embryonic 

development or immunity that takes place in multicellular organisms. This process is tightly 
regulated,1 so that its deregulation has a major impact on a wide variety of diseases. Thus, while an 
excessive response to apoptosis can lead to an increased ischemic condition or produce 
neurodegeneration, a defective response has a major impact on tumour development and 
autoimmune diseases.2 

 Apoptosis is accomplished through two different signalling pathways: the extrinsic and the 
intrinsic.1 While in the former, the process is initiated by cell surface death receptors that recognize 
specific signals from other cells that activate initiator caspases, the latter is initiated when a cell 
experiences stress or damage. In this case, the process is regulated by members of the B-cell 
lymphoma-2 (Bcl-2) family of proteins through a mitochondrial outer membrane permeability 
(MOMP) mechanism,3,4 facilitating the release of pro-apoptotic factors, such as cytochrome c, into the 
cytosol. Regulation of MOMP is critical, because once it is produced cells experience an irreversible 
bioenergetic collapse, even if the caspase activity is blocked.5 The two pathways finally lead to the 
activation of effector caspases 3, 6 and 7 that carry out much of the proteolysis observed during the 
demolition phase of apoptosis.1,6  

 As mentioned above, members of the Bcl-2 family of proteins are involved in the regulation 
of the apoptosis intrinsic pathway. These proteins share one or more conserved regions, known as 
Bcl-2 homology (BH) domains that are necessary for their function, since their deletion via molecular 
cloning affects survival rates. They can be classified into pro-apoptotic and pro-survival proteins. In 
the former group, Bak, Bax and Bok exhibit three BH domains (BH1-BH3), whereas the rest of the 
members of this group, collectively known as BH3-only proteins including Bim, Bid, Puma, Bad, Bik, 
Bmf, Hrk and Noxa exhibit little sequence homology with the previous ones, apart from the BH3-
domain that is necessary for mitochondrial apoptosis signalling. Specifically, some of the BH3-only 
proteins like Bim, Bid, and Puma to a lesser extent, are direct activators of the pro-apoptotic effector 
proteins, whereas the rest are sensitizers that indirectly activate Bak and Bax by sequestering the anti-
apoptotic proteins, preventing a proper development of their function.7 In contrast, members of pro-
survival group including Bcl-2, Mcl-1, Bcl-xL, Bcl-w, A1, exhibit four BH domains (BH1-BH4) and prevent 
cell death by binding and inhibiting pro-apoptotic effector proteins. 

The last decades have witnessed major advances in the knowledge of the mechanisms played 
by pro-apoptotic proteins. However, specific details of their regulation are not yet fully understood.8,9 
Thus, it is well established that relative concentrations of pro- and anti-apoptotic proteins are key for 
a cell to undergo apoptosis. Therefore, in healthy cells, under normal conditions, anti-apoptotic 
proteins sequester pro-apoptotic proteins to prevent apoptosis. However, after a cytotoxic stimulus, 
massive production of BH3-only proteins activates pro-apoptotic effectors either by binding directly 
to them or by sequestering anti-apoptotic proteins, producing the MOMP that results in apoptosis.4,7  
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Figure 1. Crystal structure of Bak (PDB ID: 2YV6). The structure consists of a core domain (α2, α3, α4 and α5 
helices) and latch domain (α6, α7 and α8 helices). Full-length pro-apoptotic Bak embodies a ninth helix (α9) 
utilized for mitochondrial outer membrane insertion, not observed in the crystal structure. 

 Members of the Bcl-2 family that exhibit multi-BH domains share a common all-α globular 
structure, consisting of nine α-helices (Figure 1). Helices α2 to α5 conform the core domain, whereas 
helices α6 to α8 conform the latch domain. Helix α9, which has not been crystallized for Bak is utilized 
for mitochondrial outer membrane insertion. The core and latch domains are directly involved in the 
activation process, as they are separated after activation by BH3-only proteins to allow 
oligomerization, as required for MOMP.10 Upon activation, helix α1 is destabilized, detaching from 
helix α6 and favoring the separation between domains. Moreover, it has recently been observed that 
active pro-apoptotic Bak can trigger the activation of dormant Bak structures.11 This autoactivation 
process cooperates with the direct-activation in BAK-mediated poration, since in both cases a 
destabilization of the α1 is observed. Helices from the core domain are packed in such a way to define 
a hydrophobic groove between helices α3, α4 and the α5 N-terminus, where BH3-proteins bind.10 In 
addition, the groove serves as dimer interface for Bak and Bax to undertake oligomerization.12,13 It has 
also been observed that this oligomerization process might be facilitated by the membrane.14 For 
many years, the hydrophobic groove has been the only functional binding site known of these 
proteins. It is highly conserved among diverse members of the family, representing a major challenge 
to identify small ligands capable of activating or inactivating Bcl-2 family members selectively. This 
challenge has recently been overcome by targeting allosteric sites that reduce the capacity of the 
hydrophobic groove to bind BH3-proteins, as demonstrated in some anti-apoptotic members, such as 
Mcl-1.15,16 In the case of Bak, it has been recently identified an alternative allosteric activation site 
triggered by antibodies, located at the N-terminus of the α1-α2 loop at the site of the recognition 
epitope (G51-D57).17 The mechanism behind apoptosis activation through this allosteric site upon 
antibody binding still remains unclear. However, it has been observed that the binding of the antibody 
disrupts interatomic interactions in the monomeric structure of Bak, lowering the energy barrier and 
consequently, facilitating the transition to the symmetric BH3 dimer.18 The relevance of these 
interatomic interactions is supported by the observation that adding an interaction between a 
modified form of the BH3-peptide Bim to α1 transformed this endogen activator into an inhibitor.19 
Thus, binding of the antibody triggers the separation of helix α1 from the core domain, an essential 
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step in Bak activation as previously observed in Bax.17 Despite the mechanism between BH3-only 
proteins and the antibody is slightly different, there is enough experimental evidence to support a 
conserved activation mechanism.20,21 Accordingly, further studies focusing on this allosteric site could 
shed some light into a complete understanding of the Bak activation mechanism and also serve as a 
guide to design novel allosteric regulators. A recent computational study on the pro-apoptotic Bax has 
provided information on the identification of prospective allosteric sites that can modulate protein 
activity.22 This kind of studies can be helpful to cope with the challenges associated to finding selective 
ligands targeting the diverse members of the Bcl-2 family.  

 During the last decade, some studies of molecules capable of alter Bak activity have been 
developed. In addition to the antibody 7D10, which has been mentioned before, the antibody 3C10 
showed an ability to trigger cytochrome c release via mitochondrial but not cytosolic Bax, which would 
mean that Bax translocation to the MOM are blocked by this antibody.17 Moreover, Niu et al. 
discovered a small molecule capable to inhibit both pro-apoptotic Bak and Bax,23 and in a recent study 
the authors identified a small molecule SJ572946, that mimics the role of the BH3 peptides and directly 
activates Bak selectively over Bax.24 Furthermore, Park et al. identified BKA-073, a small compound 
capable of activating Bak with a potent antitumor activity against lung cancer.25   

Despite the number of structure-activity relationships studies and the small molecules 
identified on Bak, a detailed study on the already known, as well as novel prospective allosteric sites 
of the whole protein have not yet been reported. Accordingly, the present study describes the results 
of a modelling study addressing the characterization of already known activation sites of Bak and the 
identification of hotspots, as novel prospective allosteric sites. For this purpose, we have carried out 
a detailed study using Molecular Dynamics (MD) simulations using the structures of three different 
Bak complexes: Bak in its apo form (apoBak), Bak bound to the BH3-peptide Bim 
(DMRPEIWIAQELRRIGDEFNAYYARR) (Bak/Bim) and an intermediate molecular system constructed by 
removing the BH3-Bim peptide (intBak) from the Bak/Bim structure. 300ns MD trajectories were run 
for each of the three systems in triplicate and using two different sampling techniques. Extensive MD 
calculations provide the opportunity to sample the conformational space of molecules beyond the 
details provided by actual crystallographic structures, permitting to identify hotspots as prospective 
novel allosteric sites. This study can be considered as the necessary starting point for identifying novel 
ligands capable to activate or inhibit Bak, targeting not only to its orthosteric site but also, other 
allosteric sites. 

METHODS 
Preparation of apoBak, intBak and Bak/Bim Complexes 

The three-dimensional structure of the Bak/Bim complex was retrieved in a previous work 
recently published, where the 5VWZ Protein Data Bank (PDB) accession code was used as starting 
point of the preparation procedure.26 The structure of intBak was prepared by removing the BH3-
peptide Bim from the Bak/Bim complex. The apoBak structure was retrieved from the PDB accession 
code 2YV627. Residues of the gap in the loop between helices α1 and α2 were obtained from the 
Bak/Bim complex and missing atoms from these residues were completed using the LEaP module of 
the AMBER18 software.28  

Molecular dynamics of Bak and the Bak/X Complexes 

300ns MD trajectories were run for each of the three systems in triplicate and using two 
different sampling techniques. All calculations of the present work were performed using the PMEMD 
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(Particle Mesh Ewald Molecular Dynamics) code of the AMBER18 software in its CUDA version29 using 
the AMBER ff14SB force field.30,31  

As explained elsewhere,26 systems were prepared for molecular dynamics (MD) simulations 
according to the following protocol. First, each protein was soaked in a cubic box with equilibrated 
TIP3P32 water molecules and certain water molecules were substituted with Na+ or Cl- ions to 
neutralize de system using the electrostatic potential before solvation as a guide. Each cubic periodic 
box was constructed imposing a minimal distance of 16Å between the protein and the edges of the 
box and water molecules near to 1Å to the protein were also removed. Subsequently, energy 
minimization was carried out stepwisely: first, the positions of the water molecules and ions were 
optimized using the steepest descent (SD) algorithm33 up to 5000 cycles of minimization, keeping the 
rest of the system fixed; in a second step, the modelled residues were relaxed in two stages, each one 
of 5000 cycles of SD, keeping fixed the backbone positions of these modelled residues and using a 
decreasing force constant of 5.0 and 0.1 kcal/Å; in the last step, the minimization of the whole system 
was carried out without any restrictions using 10000 cycles of SD method. After minimization, the 
systems were heated in steps of 30 K every 20 ps, using a force constant of 1.0 kcal/mol·Å to maintain 
all backbone atoms constrained. The heating process was performed under the canonical (NVT) 
ensemble. After the heating process, a 200 ps trajectory at constant pressure (NPT ensemble) was 
performed for density equilibration using the Berendsen barostat to control and maintain the pressure 
at 1atm.34 The final structures were used as starting points for the production MD simulations in the 
NVT ensemble. Trajectories were performed at 300 K using the Langevin thermostat35 to keep the 
temperature constant with a collision frequency of 3.0 ps-1. All bonds involving hydrogen atoms were 
fixed using the SHAKE algorithm,36 allowing us to use a time step of 2 fs for all the simulations. Non-
bonded interactions were truncated using a cutoff of 9 Å, and long-range interactions were treated 
with the particle-mesh Ewald summation method37 with a grid spacing in the direct lattice of about 1 
Å, a fourth-order B-spline interpolation for the gridded charge array and a direct sum tolerances of 
10−5.  For each system, we performed three conventional MD (cMD) and three Gaussian Accelerated 
Molecular Dynamics (GaMD)38 of 300 ns length to enhance conformational sampling. The GaMD 
method consists in adding a harmonic boost potential to smooth the potential energy surface of the 
system and decrease the energy barriers to accelerate the transitions between different low-energy 
states.39 Sampling was carried out using multiple molecular dynamics trajectories with different initial 
velocities, which results in a more thorough exploration of the conformational space, reducing 
chances the system gets trapped in a local minima.40  

Root-Mean Square Deviation and Root-Mean Square Fluctuation 

 To assess the structural stability of the systems along the MD simulation, Root-Mean Square 
Deviation (RMSD) was computed along the simulation time using the cpptraj module from Amber18.41 
RMSD was computed using the respective initial structure obtained from LEaP as reference. Each of 
the frames of all trajectories were reoriented over the residues from helices α1 to α6, using the α 
carbons (Cα) of all the residues. For each of the three complexes: apoBak, intBak and Bak/Bim, the 
Root-Mean Square Fluctuations (RMSF) for all Bak residues was computed to monitor their 
fluctuations during the MD simulations using also cpptraj of the Amber18 program, providing 
information of the local conformational flexibility of each residue.41 
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Block Average and Autocorrelation 

The block average method is a simple approach to determine , correlation time and a good 
estimation of variance for a non-independent data. The general idea behind is to divide our data into 
different blocks and analyse the trends on the average of each block. The more blocks we take, the 
lower the standard deviation of the averaged value. However, if the blocks are too small, average 
values will highly differ between them and 𝜎𝜎 will increase. Thus, the blocks must be long enough to 
consider that each estimation of the desired property is independent from the other. The system 
relaxation time will determine the minimum length of each block. Thus, we divided all the simulation 
trajectory (300 ns) in blocks of different length, plot the block standard error and look for the point at 
which the standard deviation levels off. 

 Autocorrelation is a statistical tool that measures the degree of similarity between a given 
time series and a lagged version of itself over successive time intervals. The autocorrelation function 
(ACF) measures the correlation between a current value of the variable and its past values at different 
lag times. A positive autocorrelation coefficient indicates a positive relationship between the current 
value and past values, while a negative autocorrelation coefficient indicates a negative relationship. 
From it, the autocorrelation time can be estimated as the time lag at which the autocorrelation 
function drops below a certain threshold value, which is typically taken to be 0.1 or 0.2. This lag 
represents the characteristic time scale of the correlations in a time series.  

Principal Component Analysis 

Principal Component Analysis (PCA) was used to determine and analyse the principal 
structural variations of the diverse systems studied. PCA is a multivariate statistical technique which 
captures the essential features of protein dynamics, using the least number of dimensions. PCA is used 
to reduce the dimensionality of the dataset that is needed to describe protein dynamics. This 
reduction is performed through a decomposition process that describes motions from the largest to 
the smallest spatial scales, in order to obtain lower-dimensional data while preserving as much 
variation of the data as possible. In this method, a covariance matrix constructed using the atomic 
coordinates of the alpha carbons (Cα) of every residue is diagonalised to produce a set of eigenvectors 
or Principal Components (PC(i), i=1, 3N, where N is the number of residues of the protein), as well as 
their corresponding eigenvalues λ(i). Thus, this covariance matrix is a 3N x 3N symmetric matrix. PCA 
transforms correlated variables into uncorrelated variables and once they are rank ordered, the first 
principal modes or eigenvectors can be used to characterize large-scale protein motions. In other 
words, these first modes are enough to define the “essential” space or motions of the protein. The 
percent contribution of the ith principal component PC(i), to the structural variance in the dataset is 
given by: 

 
𝑐𝑐% = 100 ∗

𝜆𝜆(𝑖𝑖)

∑  𝜆𝜆(𝑖𝑖)3𝑁𝑁
𝑖𝑖=1

 (1) 

where the summation is performed over all 3N components.42 Moreover, this analysis can be used to 
obtain projections of the MD trajectory snapshots that provide information about the extension of 
the sampling process. 

Free-energy landscape was computed by projecting it onto the first two principal components 
PC1 and PC2. Thus, a two-dimensional histogram was constructed with a bin width and height of 1 Å 
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(∆PC1 and ∆PC2) and each frame k with coordinates (PC1,PC2) was assigned to its corresponding bin 
i=(PC1,PC2). In this representation, differences of the free energy are given by the following equation: 

 ∆𝐺𝐺 = −𝑘𝑘𝑏𝑏𝑇𝑇 ln(𝑛𝑛𝑖𝑖 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚⁄ ) (2) 

where ni  nmax is referring to the number of configurations located in a bin i (defined by increments 
∆PC1 and ∆PC2), and nmax is the number of configurations  in the most populated bin in order to assign 
a zero value to the most populated bin. In GaMD, Maclaurin series expansion was applied as a 
reweighting algorithm.43 

Cluster Analysis 

Identification of the different structural features from the three complexes used, apoBAK, 
intBAK and Bak/Bim was performed by grouping similar structures in each complex into 10 different 
clusters using the average linkage algorithm,44 as implemented in the cpptraj module of AMBER18. 
For this process, the RMSD of the Cα in helices α3, α4 and the N-terminus of helix α5 were used as 
distance. The rationale for using the residues from these helices was their involvement in the direct 
interaction between Bak and the BH3 peptides and to analyse more accurately the changes from these 
three complexes in the orthosteric binding site. 

FTMap 

In order to identify the protein hotspots in our systems, we used the FTMap server.45 FTMap is 
a computational mapping server used to identify binding hot spots in macromolecules. The algorithm 
consists in distributing a huge amount of positions of small organic molecules of varying size, shape 
and polarity (probes), and scoring the poses from these probes using a detailed ligand binding free 
energy. The probes used in FTMap are acetaldehyde, acetamide, acetone, acetonitrile, benzaldehyde, 
benzene, cyclohexane, dimethyl ether, ethane, ethanol, isobutanol, isopropanol, methylamine, N,N-
dimerthylformamide, phenol and urea). Binding hot spots are those regions where clusters of multiple 
probe types bind.  

Receptors used in this software are those obtained from the cluster analysis carried out on the 
3 cMD and the 3 GaMD for all 3 different complexes: apoBak, Bak/Bim and intBak. Structures obtained 
from the cluster analysis were the first five most represented for each system and sampling method 
(see Table S1). 

D3Pockets 

 D3Pockets is a web server used to explore different dynamic properties of a protein pocket 
from a molecular dynamics simulation trajectory or a single structure.46 This software studies pocket 
stability, continuity and correlation. All three protein dynamic features are calculated using a set of 
trajectory points from all MD simulations. The working procedure consist in three basic steps: first, 
the potential pockets of the different conformations included in the trajectory are detected. Second, 
a grid of points is created for each detected pocket on each conformation. Finally, the pocket dynamic 
properties are calculated by analysing the number of times a particular grid point appears along the 
MD trajectory.   

The stability of the pocket (PS). We define the stability of each of the grid points that define the pocket  
𝑆𝑆𝑖𝑖 as : 

 𝑆𝑆𝑖𝑖 =
𝑛𝑛
𝑁𝑁

 (3) 
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where n is the number of conformations that have the ith grid and N is the total number of 
conformations in the trajectory. If m is the number of grid points in the pocket, the stability of the 
pocket (PS) is defined as an array containing the stability of all the grid points defining the pocket:  

 𝑃𝑃𝑆𝑆 = {𝑆𝑆1,𝑆𝑆2, … , 𝑆𝑆𝑖𝑖, … , 𝑆𝑆𝑚𝑚} (4) 

D3Pockets colors the grid points that compose a pocket. Thus, red points are the most frequented 
points during the MD and the blue ones lest frequented. Then, the red regions of one pocket are more 
stable than the other regions.  

Pocket Continuity (PC) is calculated by tracing the change of the pocket in terms of appearance, 
disappearance, merging and volume change. This PC is defined by: 

 𝑃𝑃𝐶𝐶 = �𝑃𝑃𝑖𝑖�𝑃𝑃𝑖𝑖 ∩ 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 > 0�, 𝑖𝑖 = 1, 2, … ,𝑛𝑛 (5) 

where Pref is the first conformation of the studied pocket, Pi is the ith pocket that is spatially overlapped 
with Pref, n is the number of all pockets from the whole MD simulations, and PC is the ensembles of 
pockets Pi. 

Pocket Correlation. First, all potential binding pockets that appear in a MD trajectory are clustered, 
based on residues, generating sets of protein conformations corresponding to each cluster (Ci ).  Next, 
for each conformation that belong to cluster i, its volume is calculated (Vi). Finally, the coexistence 
and correlation matrices are calculated with the following equations: 

 𝐶𝐶𝑖𝑖,𝑗𝑗 = 𝐶𝐶𝑖𝑖 ∩ 𝐶𝐶𝑗𝑗 (6) 

 𝜌𝜌𝑖𝑖,𝑗𝑗 =
𝑐𝑐𝑐𝑐𝑐𝑐�Vi, Vj�
𝜎𝜎Vi𝜎𝜎Vj

 (7) 

where Ci and Cj are the conformation sets of the protein corresponding to the ith and jth cluster 
pockets, respectively; Vi and Vj are the volume sets of the ith and jth cluster pockets in the 
corresponding conformations; cov(Vi, Vj) is the covariance of Vi and Vj; and σ is the variance of V. A 
positive correlation coefficient means a positive correlation between pockets (maximum +1) while a 
negative coefficient stands for a negative correlation between pockets (minimum -1). As the volume 
is used for correlation, a positive volume correlation between pockets i and j means that when pocket 
i gets bigger in its volume, volume of pocket j increases as well. On the contrary, negative correlation 
means that when pocket i increase its volume, pocket j gets smaller.  

RESULTS AND DISCUSSION 

 The great challenge for the discovery of novel selective small ligands targeting Bcl-2 proteins 
arises from the similarity of the orthosteric site among members of the family, including both pro-
apoptotic and anti-apoptotic members. Based on previous results on Mcl-1,15,16 the design of allosteric 
ligands can be considered as an appropriate strategy to circumvent these difficulties. The present 
study was designed to identify cryptic sites in Bak that can be subsequently investigated as prospective 
allosteric sites, capable to modulate Bak activity. For this purpose, we performed MD calculations both 
using classical and accelerated sampling methodologies on three Bak complexes: apoBak, intBak and 
Bak/Bim. The results were analysed using different computational tools and are reported below. 



10 
 

Principal Component Analysis (PCA) 

 To carry out the PCA analysis, different variants were performed by changing the residues 
used to construct the covariance matrix and contributions of the first 10 PCs for each variant are 
shown in Table S2. Firstly, the covariance matrix was constructed using the alpha carbons (Cα) of Bak 
residues (from Ala22 to Leu183) disregarding both termini. The first Principal Component (PC1) 
recovers about 19% of protein fluctuations and jointly with the second, the two first PCs describe 
about 31.5% of protein fluctuations. Next, we tested how removing the α1-α2 loop affects the PCs 
contributions. Thus, the covariance matrix was constructed considering all the Cα of the Bak residues 
except those from the terminals and those from the loop between helix α1 and α2 (Ala22-Gln47 and 
Ser68-Leu183). In this case, the two first PCs describe more than 40% of the fluctuations of the system.  

However, we finally decided to focus our attention in the orthosteric binding site. For this 
purpose, a covariance matrix was constructed using only those Cα of the residues involved in the 
interaction with BH3-peptides, including helices α3, α4 and α5 (Ile85-Leu100, Tyr110-Ser121 and 
Asn124-Phe134). Projection of each MD trajectory snapshots onto the respective two principal 
components for each system and type of sampling either classical or accelerated are shown in 
Supplementary Figures S1 and S2, respectively. Inspection of these Figures point to a wider sampling 
of the intBak systems. It can also be observed that the sampling of the three replicas is not necessarily 
the same, in support of the observation that multiple MD sampling may be more efficient than a single 
trajectory.40 Finally, these Figures also show that GaMD explores different sections of the 
conformational space than cMD.47 In this case, the first two PCs describe about 58% of protein 
fluctuations. Figure 2A-B displays the projection of trajectory snapshots onto the first two PCs for each 
system for both sampling modalities cMD and GaMD, respectively. These plots are representations of 
the free energy of the system. Accordingly, in this case, the lowest energy minimum is computed 
according to the following procedure. For each plot and system, a mesh of bins is constructed with 
specific ∆PC1 and ∆PC2 dimensions and the bin occupancy frequency computed. The most populated 
bin will exhibit the lowest free energy. Accordingly, a “0” energy value is assigned (dark blue), and the 
non populated bin an energy value of 12 in cMD and 18 in GaMD (red). Inspection of Figure 2 shows 
that apoBak and Bak/Bim are in different positions, and intBak “moves” from Bak/Bim to apoBak 
during the sampling, exploring all the conformational space between both. Thus, using these different 
conformations of Bak in multiple cMD and GaMD allows us to explore a large variability of Bak 
structures, making it possible to better decipher the potential Bak hotspots.  
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Figure 2. Conformational space sampled for the three systems studied and for the two sampling methods used 
cMD (A) and in GaMD (B) shown pictorially by their projections onto the first two principal components (PC1 
and PC2), respectively. The free energy of the systems is drawn according to a colour code so that the lowest 
values are dark blue and the largest dark red.  

Block Average Analysis – Autocorrelation 
 Block Average method has been used with the average RMSD values (shown in the RMSD-
RMSF section) for each Bak system and sampling method. Although all systems have different 
asymptote and thus standard error, the correlation time is always smaller than 50ns , far from the 
total length of simulation (Supplementary Figure S3A). In this representation, only the block length 
between 1 to 100ns is shown. 

 On the other hand, autocorrelation between the different RMSD values for each Bak system 
and sampling method has been analysed. As it can be seen in Supplementary Figure S3B, the 
correlation time obtained for all the systems is similar to those obtained by the block average method, 
supporting the fact that the correlation time is rather less than the total time.   

Cluster Analysis 
Structures of the simulations of the three systems using the two sampling methods were 

subjected to cluster analysis as described in the method section. The whole trajectories from all 
systems and sampling methods have been used for the clustering analysis to include all the accessible 
states during the full length of the MD. We have clustered 90000 frames for each system and sampling 
method, which corresponds to extracting one structure every 10ps. Moreover, sieve option equals to 
3 was used in the clustering process, which means that it uses only 30000 frames and adds the other 
frames to the closest cluster in each case. As can be seen in Table S1, considering the first five clusters 
in all three systems and both sampling methods, it is accounted about 95% of all the structures 
explored. Thus, for each system and sampling method, the centroids of the first five clusters were 
chosen as representatives to elucidate, using FTMap, the potential hotspots in Bak structure.  

Identification of Cryptic Pockets - FTMap 

The computational mapping server FTMap45 was used to identify cryptic pockets in Bak that 
were subsequently characterized by their potential to serve as allosteric sites. We carried out the 
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analysis on the representative structures of the first five clusters for the three systems: apoBak, 
Bak/Bim and intBak and for both sampling methodologies: cMD and GaMD. Figure 3A, and 
Supplementary Video 1 show pictorially a compendium of the diverse hotspots found in the present 
study and Figures 3B-3D shows pictorially the detailed results obtained for each of the three systems 
studied in the present work. Supplementary Figure S4 shows the rear view of all the systems studied. 
Moreover, as a complementary information (Supplementary Figure S5), we also used FTMap to 
identify the pockets for different crystallographic structures, with PDB accession codes 5VWZ19 (Bim-
BH3 bound), 2M5B20 (Bid-BH3 bound), 5FMI48 (apo-Bak) and 5VX119 (apo-Bak). Analysis of the results 
show that both the orthosteric binding site as well as the allosteric site activated by antibodies17 are 
identified in the process. In addition, four novel cryptic pockets are identified.  

 

Figure 3. Bak hotspots identified with FTMap software. (A) Hotspots from all three systems studied combined. 
(B) Hotspots from apoBak complex. (C) Hotspots from intBak complex. (D) Hotspots from Bak/Bim complex. 
Colour code: the orthosteric binding site is shown as three neighbouring hotspots labelled O1-O3, respectively 
and shown in a scale of reds; the Ab-site is shown in gold; the rear-site in green; the B1 in blue; B2 in purple and 
B3 in yellow.  

As described above, the orthosteric binding site is a hydrophobic groove formed by helices α3 
and α4 together with the N-terminus of helix α5, and is the site where BH3-peptides bind and activate 
Bak, triggering a series of conformational changes needed to activate Bak. Since the orthosteric 
binding pocket is large, it is described here by means of three different sites (O1, O2 and O3), shown 
in different tones of red colour in Figure 3. On the other hand, the activation site triggered by 
antibodies, from now on termed Ab-site, is shown in Figure 3 with amber colour. Despite the site is 
large and exposed to the solvent, the specific region involved in the antibody binding involves the 
epitope Gly51 to Pro55 (GVAAP) at the N-terminus of the loop between helices α1 and α2. Thus, as 
this epitope is very close to our site, we decided to term this site the Ab-site. This site is formed by the 
C-terminal of helix α1, the N-terminal of the loop between helices α1 and α2, and the C-terminal of 
helices α2, α3 and α5. Residues in this pocket include Arg42 to Thr62; Asp83 to Gln94 and Arg137 to 
Gln144. Moreover, a recent study showed the importance of these residues in Bak activation as well 
as Met60, located in the middle of the α1-α2 loop, which could have a role in stabilising the inactive, 
monomeric form of Bak.18 Present results support these experimental studies since the epitope 
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GVAAP together with Met60 are part of the cryptic pocket identified. In addition to the orthosteric 
binding site and the Ab-site, four more cryptic pockets were identified. 

Rear-site 

This site is located on the interface between helices α1 and α6, at the antipodes of the 
orthosteric binding site of the protein surface and shown in green in Figure 3. The site was previously 
described in Bax as the rear activation site, deemed necessary for the protein to trigger the release of 
helix α9 from its hydrophobic groove to allow its translocation to the mitochondrial outer membrane 
(MOM).49–51 Since Bak is constitutively inserted in the MOM, the release of helix α9 from the core-
domain is not required as a first activation step. However, as has been already pointed the role of this 
rear site is not only to trigger the release of helix α9, but also to increase the accessibility to the 
hydrophobic groove of BH3-only proteins.52 

Binding Site 1 (B1) 

This cryptic pocket represented in blue in Figure 3 is located beneath the hydrophobic groove. 
It is located between the C-terminal side of helices α3 and α5 as well as the N-terminal of helices α4 
and α6 with their respective loops comprising residues His99 to Ala107; Leu138 to Phe157. In 
Supplementary Figure S6, three different orientations of this site are represented. This is a 
hydrophobic pocket since residues pointing to the interior of the site are mainly hydrophobic (Leu97, 
Leu100, Phe111, Ile114, Phe134, Val142, Leu147, Phe150 and Val154).  

The site has previously been described regarding Bax activation. On the one hand, Bax 
activators BAM7 and BTSA1 bind this site,53,54 and on the other, the vMIA (viral mitochondrial inhibitor 
of apoptosis) binds to the outermost part of it to prevent apoptosis. A NMR structure of the latter is 
also vailable55 (2LR1 PDB accession number). This findings suggested that the activation mechanism 
should be considered as a cooperative process in which multiple sites are involved.22 These results, 
permit us to speculate that the B1 site can play a similar role in Bak, since the structural domains 
defining the site are similar in both Bak and Bax. However, to support the ability of the B1 site in 
modulating Bak activity further experiments are needed.  

Binding Site 2 (B2) 

B2 site is located at the C-terminus side of the loop between helices α1 and α2 and helix α2, 
close to the Ab-site, shown in purple in Figure 3. Residues from this site comprise those from the C-
terminal of α1 (Ser37, Phe40 and Gln44) as well as those from C-terminal of the α1-α2 loop and the 
N-terminal of α2 (Pro64 to Ile80). B2 is a solvent exposed site and its closeness to both, the Ab-site 
and the α1-α2 loop suggests its relevance. Despite the antibody mentioned above that activates Bak 
interacts with only a few residues on the Ab-site, ligands binding to B2 could hinder the movement of 
helix α1 during activation modulating Bak activation mechanism.  

Binding Site 3 (B3) 

 B3 is located close between the α4-α5 loop and the C-terminal of helix α6 and the N-terminal 
of helix α7 and represented in pale yellow in Figure 3. It comprises residues between Ala115 to Ile123 
and from Phe161 to Ile171. The site, called the BH groove was previously identified as the binding site 
used by the protein kinase C inhibitor chelerythrine, to the pro-survival member of the Bcl-2 family, 
Bcl-xL.56 However, binding affinity is small and its role as a Bcl-xL inhibitor poor.57 Moreover, a recent 
study has revealed the groove between α4, α6 and α7, where this B3 site is located, as an alternative 
Bak binding site for specific BH3-proteins, such as BMF and HRK.58 However, the mechanism how these 
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BH3-proteins bind to this site still remains unclear, and their ability to activate Bak might be exerted 
by a prior binding to the orthosteric binding site.   

 Detailed comparison of the cryptic pockets found individually in the three systems studied is 
shown in Figures 3B-3D. As it can be seen, the results for apoBak (Figure 3B) and intBak (Figure 3C) 
are qualitatively the same, so that all the pockets are easily identified. These results support that MD 
simulations were long enough to permit the necessary conformational rearrangements to bring intBak 
back to the apoBak conformation. In contrast, comparison to the results obtained for the Bak/Bim 
system (Figure 3D) shows important differences. Thus, in this case, cryptic pockets like the Ab-site, the 
Rear-site, B2 and B3 are predicted in similar fashion, but only the O1 site from the orthosteric site due 
to the BH3 Bim occupation. However, what is more relevant is that the hotspot B1 does not show up, 
suggesting that binding of a BH3-peptide in the hydrophobic groove produces a series of 
conformational changes that close the B1 pocket. These results suggest that the B1 site a prospective 
allosteric site since it modulates the orthosteric site geometry.  

Root-Mean-Square Deviation and Fluctuations (RMSD/RMSF) 

 RMSD was computed for all the trajectories to establish if the MD simulations performed were 
stable in structural terms. Superimpositions of the residues from all the helices (α1-α6) have been 
included. Average values from all three replicas of each system are represented in Supplementary 
Figure S7. As it can be observed, after a short period of stabilisation, all systems are stable in structural 
terms. As expected, intBak systems exhibit a higher RMSD as they are rearranging to fill the space left 
by the BH3-peptide.    

The RMSF was computed to assess the fluctuations of different regions of Bak structure in all 
three different complexes. As expected, due to the starting structure, fluctuations of helix α3 in the 
intBak complex are considerably higher when compared to the apoBak structure and the Bak/Bim 
complex (Figure 4). Another interesting outcome is that fluctuation of the residues conforming the 
pocket B1 are significantly higher in the apoBak structure than in Bak/Bim (Figure 4). Accordingly, 
binding of BH3-Bim not only rigidizes helices α3, α4 and α5 that surround the pocket, but also the loop 
between helices α3 and α4, making the access to the B1 pocket difficult for possible molecules 
targeting this site.  

 

Figure 4. Backbone atoms RMSF (Å) of the segment including helices α3 and α4 and the loop connecting them, 
computed as an average from the three cMD and three GaMD trajectories, respectively for the apoBak, intBak 
and Bak/Bim complexes. The average RMSF for apoBak complexes in cMD (red) and GaMD (light red), for intBak 
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complexes in cMD (green) and GaMD (light green) and for Bak/Bim complexes in cMD (blue) and GaMD (light 
blue) are shown respectively. 

D3Pockets 
  D3Pockets46 software was used to analyse protein pockets dynamics. This software assesses 
the robustness of the pockets identified by analysing their continuity throughout the MD simulation. 
In addition, it also determines if there is correlation between them.  

Continuity 

 The continuity analysis of the different pockets shows that the volume of the Ab-site changes 
constantly in the three systems studied during the sampling process. In the case of the intBak, 
movements are more dramatic since the starting structure is not equilibrated, as can be easily 
observed in the results of the PCA. Thus, at the beginning of the MD simulations helix α3 is close to 
the C-terminus of helix α1 and far from helix α4, and by the end of the simulation, helix α3 has moved 
towards the helix α4, reducing the volume of the orthosteric pocket and increasing that of the Ab-site 
(Figure 5).  

 

Figure 5. Continuity of the pockets in intBak systems. The initial and final conformations of a single trajectory 
are represented. A decrease in the volume of the orthosteric (red) site and an increase in the volume of the Ab-
site (gold) are observed between the initial and the final conformations. 

Stability 

 When comparing the robustness of the predicted pockets in the apoBak system, it can be 
easily seen that the Ab-site is stable in all the MD simulations. Similarly, to the orthosteric binding site, 
although not as stable as the former. When comparing to intBak complexes, similar results can be 
observed. In these complexes, as the orthosteric binding site is in a more open conformation in the 
beginning, with the α3 further from the α4, the surroundings of the α3 helix are more unstable, due 
to the movement of this helix during the MD simulation. On the other hand, in the case of the Ab-site, 
although it is also stable, its stability is lower in comparison with apoBak systems, due to the proximity 
of the α3. When analysing the stability of the pockets in Bak/Bim systems, lower stability can be 
observed in the Ab-site. However, the highest stability is found in the surroundings of the epitope 
GVAAP. Also, in Bak/Bim systems, low stability can be observed in pocket B2 and the Rear-site. These 
results are illustrated in Figure 6. 
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Figure 6. Stability of the Bak hotspots identified by D3Pockets software in apoBak, intBak and Bak/Bim systems. 
The BH3-peptide Bim is represented in dark grey.  

Correlation 

 D3Pockets is capable to calculate a correlation between cryptic pockets appearing during the 
MD trajectory. These cryptic pockets are clustered based on the residues that conform them, and a 
correlation is calculated. This parameter allows us to determine how a conformational change in a 
particular site induces conformational changes in other.  

 The results show multiple correlations between cryptic pockets in the different systems. In 
the apoBak system, we found a negative correlation (-0.71) between the orthosteric binding site and 
the Ab-site (Figure 7A), which means that when the orthosteric binding site increases its volume, the 
Ab-site decreases. Helix α3 is the key structural element managing it. Thus, when helix α3 is in a more 
open conformation, away from helix α4, the orthosteric binding site is larger, while the Ab-site reduces 
its size. On the other hand, when helix α3 is closer to α4, the Ab-site is larger and the orthosteric 
binding site is smaller. This correlation can be observed also in the intBak (-0.62) and in Bak/Bim (-
0.67) systems, despite in Bak/Bim this correlation concerns the O1 subsite, since the orthosteric 
binding site is occupied by the BH3 peptide.  

There is also a correlation between B1 and the Ab-site in apoBak. In this case, the correlation 
is positive (0.54) and is tightly linked to the correlation previously described between the orthosteric 
site and Ab-site. Thus, when the helix α3 moves closer to the helix α4, the latter slightly moves its N-
terminus, opening the B1 cryptic site, as can be seen in Figure 7B. 
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Figure 7. Correlation between the different Bak hotspots. (A) Negative correlation between the orthosteric 
binding site (red) and Ab-site (gold). (B) Positive correlation between B1 (blue) and Ab-site (gold) hotspots. (C) 
Negative Correlation between B2 (gold) and B3 (purple) hotspots. 

Finally, another correlation was identified in the Bak/Bim system between the Ab-site and the 
B2 pocket. The correlation is in this case negative (-0.58). This finding together with the proximity 
between these two pockets gives relevance to B2 and its potential role in modulating Bak structure 
and activity. Thus, a volume increase of the B2 site may affect the accessibility to the Ab-site by 
reducing its volume (Figure 7C). 

CONCLUSIONS 

 The present work reports the results of a computational study addressing the characterization 
of Bak structure, using multiple lengthy MD simulations. Specifically, calculations were performed on 
three different complexes: Bak in its apo form (apoBak), Bak bound to the BH3-peptide Bim 
(DMRPEIWIAQELRRIGDEFNAYYARR) (Bak/Bim) and an intermediate form, obtained from the Bak/Bim 
structure by removing the BH3-Bim peptide (intBak), aimed at identifying cryptic pockets that could 
be considered prospective allosteric sites of the protein. For this purpose, 300ns MD trajectories were 
run for each of the three systems and using two different sampling techniques in triplicate. Analysis 
of the trajectories permitted to identify cryptic pockets as prospective allosteric sites of the protein 
that can be targeted to design more small selective molecules within the members of the Bcl-2 family.  

Structures collected at regular intervals from the trajectories were classified using cluster 
analysis. The representative structures from the diverse clusters were subsequently screened for 
hotspots using FTMap. This procedure identified known Bak binding sites, such as the orthosteric 
binding site and the site triggered by antibodies,17 but also of novel cryptic pockets. These include: the 
Rear-site, a solvent exposed site, located on Bak rear side, in the interface between helices α1 and α6; 
B1, a small, hydrophobic site located between the C-terminus of helices α3 and α5 and the N-termini 
of helices α4 and α6, including the respective loops between helices α3-α4 and helices α5-α6; B2, also 
a solvent exposed site, located between the N-terminus of helix α2 and the C-terminus of the loop 
between helices α1-α2, also near to helix α1; and B3, located behind the hydrophobic groove, 
between the α4-α5 loop and the C-terminus of helix α6 and the N-terminus of helix α7. 
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Figure 8. Conformational changes responsible for the B1 hotspot. Conformations that allow the emergence of 
the B1 site are represented in white; whereas conformations that do not allow the emergence of the site are 
shown in red. (A) Opening of the α3-α4 loop. (B) Opening of the α1-α2 loop, followed by a movement of the α5 
helix. (C) Hydrophobic gate of the pocket involving residues L100, A104, V142 and F150. 

B1, occurs in apoBak and intBak, but not in Bak/Bim complex. The presence of the BH3-peptide 
Bim reduces the flexibility of the loop between helices α3 and α4 (Figure 4), preventing accessibility 
to this pocket. Thus, the absence of B1 in the Bak/Bim complex hinders the presence of this site in the 
structure. The opening of this site is shown in the Supplementary Video 2. In this video, the distance 
between Ala104 and Leu147 is shown in two different orientations. A more detailed analysis on the 
apoBak and intBak systems suggests that there are specific conformations required to accomplish the 
pop-up of the site. First, the loop between helices α3 and α4 has to be in an open form, further from 
the loop between helices α5 and α6, as it can be observed in Figure 8A. Opening of the loop depends 
on its flexibility that is reduced when de BH3-Bim peptide is bound. Second, another structural 
element playing a role is the C-terminus of helix α5 that needs to be in open conformation, getting 
closer to helix α1 and the α1-α2 loop (Figure 8B). This small opening is produced when the N-terminus 
of the α1-α2 loop adopts an open conformation, away from helix α5 that induces B1 site opening. This 
latter specific conformation is observed with the positive correlation between B1 and Ab-site (Figure 
7B). Finally, the last structural feature, closely related to the previous ones, is the orientation of four 
hydrophobic residues Leu100 and Ala104 (α3-α4 loop), Val142(α5) and Phe150 (α5-α6 loop) at the 
entrance of the site. These residues act as a “gate” preventing access to the site. However, an 
increased flexibility of the α3-α4 loop or the movement of the helix α5 produces an opening on this 
exterior part of the B1 site, these four residues cannot act as a barrier, allowing the entrance of 
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molecules. Moreover, when Phe150 is not interacting with the other residues, its lateral chain is 
oriented toward the exterior part of the site, as can be seen in Figure 8C. What gives special interest 
to this site is that it is located in the same spot where vMIA, a known inhibitor of apoptosis, binds in 
Bax. Moreover, the similarity of this region in both Bak and Bax allows us to hypothesize that this site 
could have a similar allosteric effect in Bak. However, the mechanism of how vMIA prevents apoptosis 
in Bax remains unclear. During Bak and Bax activation, a crucial step prior to dimerization is the 
separation of the core (α2-α5) and latch (α6-α8) domains, in other words, the loop between helices 
α5 and α6 must be flexible enough to allow this separation. Thus, the presence of the peptide vMIA 
in the neighbouring regions of this loop could block this separation, preventing apoptosis. However, 
it has been observed that BAM7 and BTSA1 are able to bind to the deep part of the vMIA site in Bax.22 
These two molecules are known Bax activators, although their role in Bax activation also remains 
unclear. To fully understand the mechanism behind ligand binding to this site in Bax and Bak, 
additional docking studies and experimental studies need to be performed to better understand a 
potential allosteric effect of this site.  

Moreover, a study using FTMap for the hotspots in different crystallographic structures has 
been made. Two different apoBak crystals (5FMI and 5VX1), Bak/Bim (5VWZ) and another BH3-only 
endogenous activator, Bak/Bid (2M5B), have been used (Supplementary Figure S5). The analysis of 
this rigid conformations produces a limited study of the cavities or hotspots identified, indicating that 
the use of MD simulations is needed to improve the conformational exploration and the identification 
of new potential hotspots in Bak. B1 site has not been found in any of these systems. However, for 
the crystal 5VWZ it has been identified a pre cavity of this site, located in the external part 
(Supplementary Figure S5A). It cannot be considered as part of the B1 site because the rigidity of this 
conformation makes impossible the accession to the site, which is something that it can be observed 
in the MD simulations. 

Present study permits also a close analysis to the known Bak activation sites. This is the case 
of the site triggered by an antibody, the Ab-site. Analysing the dynamics of the site, we have observed 
that it exhibits great stability despite having the loop between helices α1 and α2 nearby. Moreover, a 
negative correlation between the orthosteric binding site and this Ab-site was observed in all three 
complexes, which means that when the former exhibits a spacious conformation, the latter dwindles. 
This negative correlation implies that the presence of a molecule bound to the Ab-site has structural 
effects on the orthosteric binding site. The negative correlation can also be analysed by computing 
the continuity of the pocket in the intBak system. At the beginning of the MD simulation, helix α3 is 
closer to α1 and the loop α1-α2 forced by the presence of the BH3-Bim peptide bound to the 
hydrophobic groove in the starting conformation. However, as the MD evolves, helix α3 tends to move 
closed towards helix α4, reducing the volume of the orthosteric binding site and increasing the volume 
of the Ab-site at the same time. Finally, a positive correlation is observed between the Ab-site and B1 
in the apoBak complex. This cross-talking between B1 and Ab-site has a major impact on Bak structure, 
since the Ab-site has been postulated as a Bak activation site. The presence of a molecule bound to 
the Ab-site increases the volume of the pocket, producing an increased width and a more flexible 
conformation of B1, facilitating the separation between domains during Bak activation. Thus, the 
activation mechanism behind the Ab-site ligands may be explained as due to the facilitation of the 
core-latch domain separation, a crucial process for Bak dimerization. However, further experiments 
analysing the structural features of these two pockets when molecules are bound to them are needed 
to fully understand Bak activation mechanism behind the Ab-site. 

 This study reveals crucial insights into the structure of Bak, identifying not only the activation 
site that has already been discovered (Ab-site) but also new potential binding sites, B1 and B2, in 
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promising Bak locations and with interesting protein dynamics characteristics. These pockets, 
especially B1, could solve the selectivity problem of the orthosteric binding site in the Bcl-2 family of 
proteins and could be good directed sites to perform screenings of compounds and docking 
experiments.  

DATA AND SOFTWARE AVAILABILITY 
 MD trajectories produced during the execution of this work can be obtained from the authors 
upon request. In-house scripts, input files, topologies and PDB structures of all cluster representative 
used for the analysis are placed in the public repository Github: 

https://github.com/DrugDesignUBUJA/BakPockets.git 
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 Detailed results regarding PCA and cluster analysis including the PDB structures of cluster 
representative are available in the supplementary material. 
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