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ABSTRACT We present PACKMOL-Memgen, a simple-to-use generalized workflow for 

automated building of membrane-protein/lipid-bilayer systems based on open-source tools 

including packmol, memembed, pdbremix, and AmberTools. Compared to webinterface-based 

related tools, PACKMOL-Memgen allows setting up multiple configurations of a system in a 

user-friendly and efficient manner within minutes. The generated systems are well packed and 

thus well suited as starting configurations in MD simulations under periodic boundary 

conditions, requiring only moderate equilibration times. PACKMOL-Memgen is distributed 

with AmberTools, runs on most computing platforms, and its output can also be used for 

CHARMM or adapted to other molecular simulation packages. 
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INTRODUCTION 

More than half of the current drug targets are integral membrane proteins, although they only 

represent about a third of the human proteome1. This highlights the functional importance of 

membrane proteins for physiology: Membrane proteins participate in essential processes such 

as ion and molecule transport, signal transduction and enzymatic catalysis2. These 

characteristics, together with an increase in available structures and computational resources, 

has motivated the proliferation of computational studies focusing on this type of proteins3 and 

the lipid bilayer they are embedded in or associated with4. 

One of the challenges of studying membrane systems or membrane proteins by computational 

techniques is building a system that is representative of the in vivo conditions. This is 

particularly true when one considers the anisotropic nature of the lipid bilayer, making the 

assembly of lipids to form a membrane and the placement of a protein within or at a membrane 

a non-trivial task (“membrane-protein packing problem”) 5-6. Multiple tools have been 

developed to help in the process of generating such systems 5-6. In general, they can be 

subdivided into methods that pack the systems from scratch (self-assembly, grid-, or geometry-

based) and methods that use pre-equilibrated membrane systems to merge them with the 

components of interest (insertion or replacement methods)5. The former have the advantage of 

letting the user generate any composition they need, at the cost of requiring longer simulation 

times in order to equilibrate the membrane system. This challenge is partially overcome by the 

latter methods, at the cost of having only a limited amount of pre-equilibrated membrane 

patches available, while still having to equilibrate the protein-membrane interface. 

Popular tools that are widely used to solve the membrane-protein packing problem are 

CHARMM-GUI7, VMD (through the Membrane plugin)8, Maestro9, and Packmol10. Of these 

tools, CHARMM-GUI stands out for having multiple lipids available and a user-friendly web 

interface, making the packing process easier for newcomers but at the same time dependent on 
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the web interface 7. This dependency turns into a challenge when a user needs to generate 

multiple systems with different proteins or different membrane compositions, or requires 

different starting configurations, as the process becomes time-consuming. Packmol stands out 

for having functionalities that allow building complex and intricate simulation systems10. These 

functionalities build upon solving the packing problem with the GENCAN optimizer, which 

minimizes an objective function that describes the molecular overlap11. To do so, appropriate 

PDB files for the individual system components and system-specific geometric constraints to 

restrict the packing are required as input. Together with the requirement of command line-

usage, this makes applying Packmol difficult for non-expert users. 

Therefore, we developed PACKMOL-Memgen, a Python-based program that uses Packmol 

as the packing engine but wraps the main procedures required to build complex membrane 

systems, such that only single-line commands of the user are required. Further advantages of 

PACKMOL-Memgen are that its protocol is easily parallelizable when working with multiple 

proteins, membrane compositions, or starting configurations, the packing is achieved on the 

order of minutes for common system sizes, and it is user-friendly and easy to grasp. 

PACKMOL-Memgen generates formatted PDB files that can be used both with AMBER’s 

LeAP with the Lipid17 forcefield12-13 and with VMD’s psfgen with the CHARMM c36 

forcefield14. 

The program is distributed under a GPL license together with AmberTools13 

(http://ambermd.org/AmberTools.php). 

 

WORKFLOW DESCRIPTION  

The general workflow of PACKMOL-Memgen is depicted in Figure 1. It follows similar 

principles as the CHARMM-GUI membrane builder7. The user can decide to either pack a 

membrane-only system, or embed a protein structure into the membrane. For the latter, a PDB 
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file of the protein structure following the conventional formatting is used as input (step 1). The 

user needs to make sure that this PDB file represents the system of interest adequately, e.g., the 

protein configuration is representative of the process to be studied, ligands of interest are 

included (which can be kept for further processing with the flag keep), and/or relevant 

protonation states are set. Next, unless otherwise specified, hydrogens are added to the input 

structure with reduce 15, as this helps to correctly determine the protein volume in later steps 

(step 2). This step can be skipped by the user if the structure was previously protonated. To 

determine the placement of the protein within the membrane, the structure is oriented with 

memembed 16, which employs a knowledge-based potential function to mimic embedding of 

the protein in a membrane slab centered at the origin of the coordinate system (step 3). By 

default, the orientation is optimized during five cycles of the memembed genetic algorithm.  

From the placement of the protein, the size limits of the system to be packed are determined 

(step 4). Unless specified differently by the user, a distance of at least 15 Å to the boundaries 

in the x-y plane ( dist) and a water slab with a thickness of at least 17.5 Å above and below 

the membrane are used ( dist_wat). The determined geometry is used to prepare the 

placement of lipids, waters, ions, and possible additional solutes, which, together with specified 

molecule concentrations (e.g., sol_con or salt_con) and lipid ratios ( lipids, 

ratio), determines the number of molecules to be used. The placement of the center of the 

membrane slab is set to be on the z-coordinate origin, with the lipids oriented parallel to this 

axis and a leaflet width of 23 Å by default ( leaflet). To ensure the correct leaflet 

orientation, restricted volumes for I) the phosphorous atom together with the terminal atom of 

the headgroup ( headplane) and II) the carbon atoms of the terminal methyl groups of the 

tails ( tailplane) are set (step 4.1). 

The default behavior of the program is to estimate the number of lipids per leaflet based on 

the calculated leaflet area and the area per lipid (APL). APL values are obtained for systems at 
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or close to 300 K from the literature17-22, taken from the maximum value of lipids with the same 

headgroup, or set to 75 Å2 otherwise. If lipid mixtures are used, the APL is computed as a 

weighted average according to the composition ratio. The number of water molecules in the 

upper and lower water slabs is determined based on the respective volume and the density of 

water. The volume occupied by the protein in each water slab, as well as in the membrane 

leaflets, is calculated by a grid approach derived from pdbremix 23 (step 4.2). The algorithm 

adds equidistant grid points (0.5 Å by default) within the radius of the atoms in the structure, 

representing the volume of the protein as a sum of cubes, with the grid spacing as the cube edge. 

This volume is used to reduce the previously calculated number of molecules in the different 

system sections by the numbers of lipids and waters that would occupy the protein volume. For 

this, the lipid molecular volume is obtained from literature22, 24-27 or estimated based on the 

length of the acyl chains as described previously28. If solutes are added, a similar approach is 

applied by using the pdbremix-computed volume to adapt the numbers of lipids or waters as 

appropriate. By default, potassium and chloride are added as counterions to reach 

electroneutrality with respect to the charges in the protein and the lipids. Extra ions can be 

included by specifying the salt flag, and a concentration of 0.15 M in the water volume is 

used by default ( salt_con). 

The user can select multiple lipids ( lipids) and define complex lipid mixtures at desired 

ratios ( ratio), including different compositions per leaflet. For this, corresponding colon-

separated lists of lipids and ratios have to be provided, separated by two consecutive slashes 

(“//”) in case a different composition per leaflet is desired. For example, lipids

POPE:POPC:POPS//POPC:POPE ratio 3:1:1//4:1 would add a lower leaflet with 

POPE, POPC, and POPS in a 3:1:1 ratio, and an upper leaflet with POPC and POPE in a 4:1 

ratio. Table 1 lists lipids available in the current version, which can be extended with new lipids 

as long as parameters such as APL and molecular volume are provided. For example, 
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parameters for phosphoinositides and lysophospholipids have been added to the AmberTools19 

PACKMOL-Memgen release, extending the range of lipids in the Lipid17 force field towards 

that available in other lipid force fields 29 (Table S1). 

In addition, multiple bilayers can be generated by calling the corresponding flags once per 

bilayer. This is useful if, e.g., an electrochemical gradient is required to study a system as in the 

case of “computational electrophysiology”30. 

To initiate the molecule packing (step 5), the calculated number of molecules of each type and 

the geometrical constraints associated with each section of the system are written to a Packmol 

input file, and Packmol is started. If a protein is included, its position is considered fixed during 

the packing, and all other molecules will be packed such that they accommodate to the protein. 

By default, the system is packed with 20 iterations of the optimization algorithm per molecule 

section (or per entry in the Packmol input file) and 100 iterations system-wide. This is 

considerably less than the Packmol default value for iterations of 200 times the number of 

molecule sections, but is usually more than enough to obtain the best possible solution from the 

GENCAN algorithm for the given input constraints. This is evidenced by the fact that, after the 

system-wide packing starts, usually only few cycles are required for the objective function of 

Packmol to reach a plateau (see Figure S1 for an example). Still, as the number of iterations 

required to pack a system depends on the system size and the complexity of the mixture, the 

number of iterations can be specified by the user if required ( nloop and nloop_all). 

The Packmol PDB file output is, by default, transformed into an AMBER-compatible file using 

an adapted version of charmmlipid2amber.py from Benjamin Madej13; this step can be skipped 

if desired. The resulting assembled system has the best possible packing given the input 

molecules and geometrical restraints but might not be an overlap-free solution. Thus, prior to 

using the system in MD simulations, usually a thorough energy minimization is required, which, 

if using the AMBER suite of programs, should be performed with the CPU code of pmemd31. 
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To simplify this step, functions to parametrize (using, by default, the ff14SB parameters 32for 

the protein, LIPID17 from Skjevik et al.12-13 for lipids, and the TIP3P water with AMBER 18 

default ion parameters 33-35) and minimize simple protein-membrane systems after the packing 

are included. 

 

Example case 1: Bacteria-like membrane 

As a first example, packing of a membrane bilayer composed of a mixture of DOPE:DOPG 

lipids with a 3:1 ratio is shown. This composition has been proposed as a representative model 

of the inner membrane of Gram-negative bacteria 36. The packing of such a system can be 

performed with a single command line: 

packmol-memgen --ratio 3:1 --lipids DOPE:DOPG --distxy_fix 100 

Since no protein is included, a desired length in the xy dimension has to be set (

distxy_fix, using 100 Å for this particular example). The resulting packed system is 

depicted in Figure 2A. The whole packing process took less than 13 minutes on a single i5-

4590 CPU. In order to evaluate the stability of this system, MD simulations were performed as 

described in the Supporting Information, and a representative structure after 500 ns of 

production time is shown in Figure 2B. Parameters including the APL36, the SCD order 

parameter12, 37, membrane thickness38, electron density38-39, and the average lipid mean square 

displacement12 correspond with values reported previously (see Supplementary Methods and 

Figures S2-S4); this result demonstrates that the packed system is appropriate for performing 

all-atom MD simulations without requiring extensive equilibration times. Along these lines, the 

average xy cross sectional area is less than 5% smaller than the size of the system at the 

beginning of the production run, suggesting that the amount of lipids and geometrical 

constraints used for the packing are close to the equilibrium values. 
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Example case 2: KcsA potassium channel 

The packing is more challenging when a protein is included, because the other system 

components need to adapt to the protein during the equilibration phase of the MD simulations, 

and there may be different volumes in the membrane leaflets or water sections. As an example, 

we use the potassium channel of Streptomyces lividans, KcsA. The structure with PDB ID 1BL8 

was capped in the termini and a protonated glutamic acid in position 71 was used, as reported 

previously40-41. As keep was not used, crystallization ions were removed. The resulting 

packed system including the protein, lipids (DOPE:DOPG 3:1), water, and ions is shown in 

Figure 2C. The packing of this system was performed with the following command line: 

packmol-memgen --pdb 1BL8.pdb --lipids DOPE:DOPG --ratio 3:1 

The packing time is comparable to the one of the membrane-only example. A script to pack 

this system is included with the software as a test case. Furthermore, animation of the packing 

process performed by PACKMOL is shown in Videos S1 and S2. MD simulations were 

performed to investigate whether the packed system is suitable as a starting structure. A 

representative structure after 500 ns of production is shown in Figure 2D. The protein structure 

shows slight deviations during the MD simulations, as indicated by C -atom RMSD to the 

crystal structure < 2.5 Å and RMS average correlation reaching 1 Å within 200 ns (Figure S5). 

The membrane maintains its bilayer structure as in the case of simulations with lipids only 

(Figures S4A and B). The KcsA channel has been investigated by MD simulations in detail 

before, particularly regarding the binding and flux of potassium ions into and through the 

selectivity filter42. Yet, the exact mechanism is still a matter of debate43-44. While a thorough 

discussion of the dynamics of the protein and protein/potassium interactions is beyond the scope 

of the present work, the simulation results reveal that potassium stays bound mainly to the exit 

of the channel (Figures S4B and S6). These results resemble those of previously performed 

simulations of the protein started without potassium bound in the selectivity filter, where the 
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protein stayed in an inactivated state45. Additionally, the selectivity filter adopts a conformation 

closer to a structure crystallized at low K+ concentrations where the selectivity filter is 

unoccupied 46 (Figure S7). This finding is consistent with the observation that the channel 

becomes inactivated due to carbonyl repulsions in the selectivity filter and the hydration that 

follows45. Overall, the simulations show previously described structural dynamics for this 

protein, indicating that the packed system is a suitable starting structure. 
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DISCUSSION 

In this study, we developed PACKMOL-Memgen, a simple-to-use generalized workflow for 

automated building of membrane-protein/lipid-bilayer systems based on open-source tools 

including packmol, memembed, pdbremix, and AmberTools. As demonstrated, the built 

systems are well suited as starting configurations in MD simulations under periodic boundary 

conditions, requiring only moderate equilibration times. As discussed before5-6, there is more 

than one way of building a membrane system for performing computational studies, and the 

choices may depend on the molecular simulation package and the force field used, or the user 

preference. Until recently, users of the AMBER biomolecular simulation programs were 

primarily dependent on webservers such as CHARMM-GUI to build membrane-protein/lipid-

bilayer systems. While user-friendly, providing support for many lipids, including glycolipids 

and lipopolysaccharides47, and yielding input for current molecular simulation packages48-49, 

the use of a web interface becomes inconvenient if very many systems need to be built, e.g., for 

performing umbrella sampling simulations, when different membrane compositions are to be 

tested, or replicas are to be started from different configurations. A command line 

implementation helps to save time when such broad studies are performed, allowing to script 

the system generation and, thereby, reducing the chances to make input errors. As shown in the 

example cases, the PACKMOL-Memgen workflow is both user-friendly and efficient, 

generating well-packed starting structures in minutes for typical simulation systems.  

While the workflow automatizes a large part of the building process, the user is still required 

to critically evaluate if the built system is representative from a molecular and physiological 

point of view. As an example, for packing a porin/lipid-bilayer system, one needs to consider 

the appropriate knowledge-based potential in memembed for the -barrel type protein 

(available through the barrel flag). Furthermore, since the packing of lipids depends 
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exclusively on reducing the molecular overlap, lipids may be inserted in the protein tunnel, 

which needs to be fixed manually prior to performing simulations. 

PACKMOL-Memgen generates output with atom and residue names compatible with 

AMBER’s Leap with the Lipid17 force field and with VMD’s psfgen with the CHARMM c36 

forcefield. Finally, the current implementation of the Windows Subsystem for Linux (WSL) in 

Windows 10 makes AmberTools and the included PACKMOL-Memgen workflow available 

on most computing platforms, including common Linux distributions and MacOS. 
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Table 1. Lipids and cholesterol available in PACKMOL-Memgena

DAPA DMPA DPPA PLPA SDPA 

DAPC DMPC DPPC PLPC SDPC 

DAPE DMPE DPPE PLPE SDPE 

DAPG DMPG DPPG PLPG SDPG 

DAPS DMPS DPPS PLPS SDPS 

DLPA DOPA DSPA POPA PSM 

DLPC DOPC DSPC POPC SSM 

DLPE DOPE DSPE POPE CHL1 

DLPG DOPG DSPG POPG 

DLPS DOPS DSPS POPS 

a Abbreviations used are: DA = diarachidonoyl; DL = dilauroyl; DM = dimyristoyl; 

DO = dioleoyl; DP = dipalmitoyl; DS = distearoyl; PL = palmitoyl lauroyl; 

PO = palmitoyl oleoyl; SD = stearoyl docosahexaenoyl; PSM = palmitoyl 

sphingomyelin; SSM = stearoyl sphingomyelin; CHL1 = cholesterol; 

PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; 

PG = phosphatidylglycerol; PS = phosphatidylserine 



18 

 

 

Figure 1. PACKMOL-Memgen workflow applied to the protein structure PDB ID 1BL8. 
The process comprises multiple, often optional, steps that are controlled by flags available in 
the software. The most important flags are mentioned in the figure. For a detailed description, 
see the workflow section. 
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Figure 2. Representative structures for the membrane-only system (A, B) and the KcsA 

channel embedded in a membrane (C, D) generated as described in the main text, 

immediately after packing with PACKMOL-Memgen (A and C) and after 500 ns of MD 
simulations (B and D). 


