
HeCaTos: Grant Agreement Number: 602156 | Hepatic and Cardiac Toxicity Systems modelling 1 

 

 

Funded by the Seventh Framework 
Programme of the European Union 
 

 
 

Project full title: 

Hepatic and Cardiac Toxicity Systems modelling 
 

Project acronym: 

HeCaToS 
 

Collaborative project 
HEALTH.2013.1.3.-1: 

Modelling toxic response in case studies for predictive human safety assessment 
 

FP7-HEALTH-2013-INNOVATION-1-602156-HeCaTos 
 
 

Deliverable Report D1.2: 
Report on predictions for small molecule passive membrane transfer 

of known toxicants and their metabolites using MD 
 

Work package 1 
 

Due date of deliverable: M36 
Actual submission date: October 2016, M37 

 
 
Start date of project: October, 2013      Duration: 60 months  
 
 
Maastricht University (UM) 

Project co-funded by the European Commission within the 7th Framework Programme 
(2013-2018) 

Dissemination Level  

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  



HeCaTos: Grant Agreement Number: 602156 | Hepatic and Cardiac Toxicity Systems modelling 2 

 

Contributions to deliverable - Internal review procedure   
 

Deliverable produced by: Date: 

Ian R Gould - Partner ICL-ICB October 2016 

Matt Segall - Partner Optibrium October 2016 

Deliverable internally reviewed by: Date:  

Jos Kleinjans - Partner UM October 2016 

  

 

Contents 

Publishable Summary.................................................................................................................................... 3 

Objectives ..................................................................................................................................................... 4 

Introduction .................................................................................................................................................. 5 

Results ........................................................................................................................................................... 6 

Self-Assembly Simulations ........................................................................................................................ 6 

Translocation of BODIPY molecular rotors comparison with experiment ................................................ 9 

SEP Inhibitor modelling ........................................................................................................................... 10 

Anthracycline Parameterization and Validation ..................................................................................... 13 

Difficulties ................................................................................................................................................... 14 

References .................................................................................................................................................. 14 

 
  



HeCaTos: Grant Agreement Number: 602156 | Hepatic and Cardiac Toxicity Systems modelling 3 

 

PUBLISHABLE SUMMARY 

We have applied our Lipid 14 force field [1] to investigate the process of small molecule translocation in 
model lipid bilayers. This work has necessitated a degree of methodological validation of the force field 
through the simulation of the self-assembly process of lipid bilayers which has resulted in the 
publication of two papers [2,3]. Figure 1. below ilustrates the fundamental processes of self-assembly of 
bilayers.

 
Figure 1: General mechanism of the all-atom bilayer self-assembly. Representative snapshots from one of the 
DOPC simulations illustrate four characteristic stages in the self-assembly process. The phospholipids are 
represented as stick models, with the head group phosphorus atoms highlighted as orange spheres. For clarity, 
water, ions and hydrogens are not shown. Note that each snapshot not onlyincludes the primary simulation box, 
but also portions of surrounding periodic images. 

 
Subsequent to the successful validation of our underlying force field we have advanced to investigating 
the translocation of a series of BODIPY based molecular rotors in different lipid bilayers, DOPC and 
DPPC, which we have been able to successfully interpret and corroborate through fluorescence lifetime 
spectroscopy; this work has been published [4,5]. 
 

 
Figure 2: Molecular dynamics simulations showing the orientations of (a) rotor 1, (b) rotor 2, and (c) rotor 3 in a 
DOPC bilayer, and (d) and (e) the two orientations of rotor 1 in a gel phase DPPC bilayer. Simulated DOPC bilayers 
have a membrane thickness of 37.0 0.2 Å and DPPC bilayers have a membrane thickness of 37.9 0.5 Å. 

 
The published work has constructed the framework from which we have been able to investigate the 
mechanism of translocation of a series of human bile salt export pump (BSEP) inhibitors; it has been 
suggested that inhibition of BSEP activity by drugs could be one of the mechanisms that initiate human 
DILI. We have identified a set of 12 matched molecular pairs exhibiting unexpected activity profiles and 
have applied our MD methodology to discern their behavior in two different lipid bilayers [6]. We have 
discerned that for a passive model of translocation there is a very high level of correlation between the 
permeation time and IC50 value of the molecule, which is consistent for both lipids. This work is 
currently being written up for publication.  
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Figure 3: Rates of permeation into bilayer for the 12 matched molecular pairs. 

 
We are currently investigating the process of translocation for these molecules through the application 
of our recently implemented Potential of Mean Force (PMF) code, which allows for a more rigorous 
thermodynamic interpretation of the process of insertion. This work is almost complete and will lead to 
a publication. 
  

 
Figure 4: PMF profiles of insertion of the first four ligands in two different lipids, POPC AND DMPC. 

 
We have parameterized the Anthracyclines, Doxorubicin, Daunorubicin, Idarubicin and Epirubicin for 
AMBER and so their interaction with lipid bilayers or with identified protein targets can be explored. 
From the parameterization process we have a large amount of quantum mechanically derived data 
which can be compared with experiment and this will form the basis of a publication. 
 

OBJECTIVES 

- To model the translocation of small ligands (toxicants) through model membrane bilayers to 
determine if correlation with molecular properties, such as diffusion rate and position in the bilayer, 
could rationalise the efficacy/toxic capacity of the ligand; 

- Creation of MD protocols, techniques and analysis tools to implement and apply this methodology. 
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INTRODUCTION 

Membranes are integral components of the cell, separating intracellular compartments from the 
cytosol. Such membranes consist of a back-to-back arrangement of lipid molecules, driven into a bilayer 
structure by the hydrophobic effect, leaving the polar lipid head groups exposed to water, and bringing 
the nonpolar lipid tail groups together. The composition of cell membranes is complex, with constituent 
species including, but not limited to, saturated and unsaturated PC and PE lipids, sphingomyelin and 
cholesterol, which serve as a matrix in which membrane proteins may reside [7]. Cell membranes 
possess functions such as regulating transport in to and out of the cell and modulating the activity of 
membrane embedded ion channels and proteins [8,9].  
 
In order to probe the many roles of membranes in the cell, membrane structures are studied 
experimentally using techniques such as X-ray and neutron scattering, IR/Raman, and NMR spectroscopy 
[10,11]. To gain atomic-level resolution, however, membranes may also be simulated computationally 
using molecular dynamics (MD). The validity of results obtained using MD methods depends, to a large 
extent, on the potential energy function, or force field, that is used. Membranes can be simulated using 
all-atom, united-atom, or coarse-grained models [12−19] with the increasing simplicity of each 
representation allowing access to larger models and longer time scales, at the expense of atomic detail. 
All-atom models may be preferred for bilayer simulations due to their ability to reproduce NMR order 
parameters and easy combination with all-atom protein, nucleic acid, carbohydrate, and small molecule 
force fields [20-22]. 
 
Translocation of small ligands across the cell membrane are of inherent interest in trying to rationalise 
their potential toxic effects. To facilitate a molecular understanding of the mechanism of transport and 
therefore interactions with the lipid bilayer MD simulation protocols and parameters, for the ligands and 
lipids, need to be developed and applied. We have been developing over the past few years the 
necessary force fields [1] to address the MD modelling of membranes. This has led to the necessity to 
validate such force fields in respect of their ability to reproduce known experimental data before they 
can be applied to a wider variety of problems with a significant degree of confidence.  
 
One of the most stringent tests that can be applied to all atom simulation of lipid bilayers is to assess 
whether the force field capable of correctly producing self-assembled bilayers from completely 
randomized homogenous mixtures of lipid and water. It should be noted that this has never been 
attempted or achieved at the all atom level of simulation. This test is one of the first investigations we 
have undertaken to determine the validity of the Lipid 14 [1] force field; we have shown that for 
symmetric zwitter-ionic and anionic lipid systems we are capable of reproducing the experimentally 
determined bilayers [2,3]. 
 
One of the main parameters controlling the rate of diffusion of molecules in membranes is the viscosity 
of the surrounding environment, so precise measurements of intracellular viscosity are necessary in 
order to fully understand the dynamics of reactions within a cell [23]. This is particularly true within 
membrane systems, where viscosity and the subsequent lipid diffusion dynamics play a vital role in the 
activity of the membrane [24]. Therefore, to assess the ability of our modelling of small ligands in lipid 
bilayers we have identified a series of boron-dipyrromethene (BODIPY) based molecular rotors which we 
have simulated in two different bilayers, dioleoyl-phosphatidylcholine (DOPC) and dipalmitoyl 
phosphatidylcholine (DPPC). For these ligands it is necessary to paramaterize them using the general 
AMBER force field (GAFF) [22] which provides a robust test of the methodolgy that will be applied for 
subsequent ligand paramaterization. The results of these simulations has been published in 
collaboration with experimental validation [4,5]. 
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Having determined the methodolgoical basis and validation of the pipeline for performing MD 
simulations of lipid bilayers and their interaction with small ligands, the next step is the investigation of 
a series of small ligands for which there is experimental data. We have chosen to invesitgate the 
mechanism of translocation of a series of human bile salt export pump (BSEP) inhibitors, it has been 
suggested that inhibition of BSEP activity by drugs could be one of the mechanisms that initiate human 
drug-induced liver injury (DILI). We have identified a set of 12 matched molecular pairs exhibiting 
unexpected activity profiles and have applied our MD methodology to discern their behavior in two 
different lipid bilayers [6]. We have discovered that there is a strong correlation between the passive 
diffusion time of the ligands and their corresponding IC50 values, the 12 ligands were chosen explicitly as 
other in silico predictors could not correctly correlate with the IC50’s. This work will be written up shortly 
for publication in a peer reviewed journal.  
The passive diffusion model that we have applied to the BSEP inhibitors is amenable to analysis in 
respect of the permeation time taken and to analysis of the orientation of the molecules in the bilayer.  
However, this type of methodology does not impart any energetic information on the barriers to 
insertion or translocation across the membrane. We have recently implemented the Potential of Mean 
Force (PMF) method within the GPU version of our AMBER MD code. This facilitates the capability to 
interrogate the energetic profile of a ligand as it is “pulled” through the bilayer. We are performing 
these simulations in the same two different lipid bilayers as for the passive modelling. These are ongoing 
and we will be analyzing and publishing the results in due course. 
From the set of reference drugs in the MS 5 reference compound library we have focused upon the 
Anthracyclines, Doxorubicin, Epirubicin, Daunorubicin and Idarubicin, which are key HeCaToS 
compounds [25]. We have parametrised these for use in AMBER and so they can be simulated in lipid 
environments or with identified proteins. 
 

RESULTS 

Self-Assembly Simulations 

The simulation of the self-assembly of lipid bilayers, both zwitter-ionic and anionic, at the all atom level 
of description is a World’s first [2,3]. The impact of these papers is extremely high, paper [2] published in 
chem comm in 2015 has 7 citations, and paper [3] published in 2016 has an Altimetrics score of 2. 
The subsequent figures and tables highlight both the mechanism of self-assembly and the high level of 
correlation between the simulated and experimentally determined properties. Figure 2, is extremely 
pertinent as it illustrates the level of agreement in respect to the dynamical properties of the lipids 
through comparison with NMR order parameters.  
 

 
Figure 1: General mechanism of the all-atom bilayer self-assembly. Four characteristic stages were observed 
during the self-assembly process and are illustrated here by representative snapshots from one of the simulations. 
Phospholipids are shown as stick models, with the phosphorus atoms in the constituent head groups represented 
as orange spheres. Water, ions and hydrogens have been omitted for clarity. Please note that the snapshots 
include portions of neighbouring periodic images in addition to the simulation unit cell, which is indicated by 
dashed-lined squares. 
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           Table 1: Simulation system details 

 
 
Table 2: (a) Formation time, number of lipids per leaflet and volume per lipid for self-assembled bilayers. (b) 
thickness and isothermal compressibility moduli for the self-assembled bilayers 
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Figure 2: Deuterium order parameters (SCD) for self-assembled bilayers and comparison with experiment. 
Simulation values for each lipid/force field combination were calculated as averages across all repeats. The Lipid14 
profiles are shown as blue squares, Charmm C36 (simulated with strict cut-off and denoted cut in Table 2a) and b) 
as red diamonds and Slipids as downward green triangles. The sn-1 acyl chain is indicated by filled symbols and 
solid lines, while sn-2 is represented by open symbols and dashed lines. For each repeat, the analysis was done on 
the interval from 50 ns after the bilayer was fully formed to the end of the simulation. Experimental data, where 
available, are given as black spheres for the sn-1 and gray spheres or upward triangles for the sn-2 acyl chain.  

 
Translocation of BODIPY molecular rotors comparison with experiment 

Validation of the quality of the lipid force field and the GAFF parameterized ligands is illustrated through 
the publications [4] and [5]. Reference [4] was published in PCCP in 2015 it has already accumulated 10 
citations and an Altimetrics score of 4, reference [5] is only very recently published. Figure 3 illustrates 
the level of information that can be obtained from such simulations 
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Figure 3: Molecular dynamics simulations showing the orientations of (a) rotor 1, (b) rotor 2, and (c) rotor 3 in a 
DOPC bilayer, and (d) and (e) the two orientations of rotor 1 in a gel phase DPPC bilayer. Simulated DOPC bilayers 
have a membrane thickness of 37.0 0.2 Å and DPPC bilayers have a membrane thickness of 37.9 0.5 Å. 

 
Table 3 below illustrates the level of agreement that is obtained from the simulations and the 
fluorescence lifetime spectroscopy. This is a further validation of the applicability of both force fields 
developed and applied for small ligands in lipid bilayers. 
 
Table 3: Diffusion coefficients calculated for the three rotors in DOPC bilayers using molecular dynamics 
simulations, FCS and the Saffman–Delbruck equation to calculate diffusion coefficients from the viscosity values 
calculated from the fluorescence lifetimes of the BODIP Y rotors. 

  
 
SEP Inhibitor modelling 

We have chosen to study through the application of our modelling pipeline to 12 matched molecular 
pairs exhibiting unexpected activity profiles [6]. In Figure 4 below, the ligands are grouped in respect of 
their chemical composition. Group a) contains molecules with both carboxylic group, hydroxyl groups 
and in two cases primary amines; they are all small molecules of approx. MW 150 and all exhibit low 
calculated values of clogP. Group b) are composed of compounds of approx. MW 300, all have carboxylic 
acid moieties, a hydroxyl and a ketone oxygen; clogP values are all comparable between 4 and 5. Group 
c) consists of tertiary amines of approx. MW 270 and clogP values in the range of 3 to 4. The final group 
d) has only two members whose IC50 values differ by more than 3 orders of magnitude despite very 
similar composition and molecular properties.  
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Figure 4: a–d, matched molecular pairs exhibiting unexpected activity profiles. Structures are displayed from left to 
right in order of increasing clogP. The molecular weight and calculated logP of each compound are expressed 
below the BSEP activities in the format molecular weight/clogP. The most potent BSEP inhibitor in each row is 
represented in red.  

 
We have discovered that there is a clear correlation between the rate of permeation and the IC50 Value. 
The choice of Lipid bilayer has not effect on the result.  
 

 
Figure 5: Rates of permeation into bilayer for the 12 matched molecular pairs. The numbering corresponds to 
group a) 1 to 4 from left to right b) 5 to 7 c) 8 to 10 and d) 11 to 12. 
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Whilst the rate of permeation is an interesting metric it does not impart any energetic information 
which can then be used in thermodynamic rationalization of the behavior of the ligands with the bilayer.  
We are, currently, investigating the thermodynamic profiles of inserting the ligands into the same lipid 
bilayers as for the passive diffusion model described above, this is being modelled by the application of 
the Potential of Mean Force (PMF) method. This is an extremely technically challenging method and has 
only recently been implemented in our MD GPU engine. As can be seen from Figure 6 below we have 
completed the study for group a) and are currently in the process of investigating group b), group c) and 
d) will be investigated shortly. Dr Toroz is currently in the process of writing a software suite to facilitate 
the detailed analysis of results from these simulations.  
 

 
Figure 6: PMF profiles of insertion of group a) ligands in two different lipids, POPC and DMPC. 

 

 
Figure 7: PMF profiles of insertion of group b) ligands in two different lipids, POPC AND DMPC. 
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Anthracycline Parameterization and Validation 

We have performed extensive parameterization work on the Anthracyclines: Doxo-, Epi-, Ida- and 
Dauno-rubicin. This has required significant application of high level quantum mechanical calculations. 
  
A result is that we now have a set of validated GAFF parameters [22] to facilitate the modelling of the 
Anthracyclines in lipid bilayers and/or with proteins. We will be able to publish a paper on this process 
and the level of agreement between our QM and MM results in particular in respect of Raman Spectra. 
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DIFFICULTIES 

The one year gap between Dr Dickson and Dr Toroz starting on the project has meant that we are 
currently 6 to 12 months behind on this component of the project. 
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