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Multiscale simulation has been conducted for the formation of a surfactant-protein complex that entails sodium dodecyl sulfate (SDS), a 

negatively charged surfactant, and aquaporin Z (AqpZ), a membrane protein that facilitates water transport across lipid membranes. A 

detailed analysis of the molecular driving forces of the self-assembly at different pH values reveals distinctive contributions of 

electrostatic and hydrophobic interactions to the complex structure and formation kinetics. The electrostatic interactions become more 

significant at low pH and are responsible for the formation of larger complexes. A comparison of the protein conformation in the SDS 10 

complex with that in the lipid bilayer of palmitoyloleoyl phosphatidyl ethanolamine (POPE) shows that the SDS molecules have only 

marginal effects on AqpZ conformation including the water channel structure. The simulation indicates that AqpZ preserves its 

secondary structures after bound with SDS molecules, while the arrangement of the helical structures leads to a coiled-coil to single helix 

transition as suggested by experiments. AqpZ may lose water permeability either due to the blockage of the water channel by individual 

SDS molecules or due to the attachment of micelle-like structures at the hydrophilic ends of the water pore. Reconstitution of the AqpZ 15 

complex into a POPE bilayer shows that the membrane protein regains its activity after the complete removal of SDS molecules from the 

protein pores. The molecular insights gained from multiscale simulation will be helpful for future development of AqpZ-embedded 

membranes.

Introduction 

Aquaporins are homotetrameric membrane proteins1 prevalent in a 20 

wide range of organisms including bacteria, archaea, plants, insects 

and mammals2. These proteins contain water channels that are 

essential for the cellular regulation of osmotic pressure in response 

to the fluctuations of water content in the extracellular 

environment. Aquaporins facilitate water permeation across 25 

biological membranes at an impressive rate of 3×109 molecules 

per second per channel3, 4. The high permeability and near perfect 

selectivity make aquaporin an ideal candidate for water 

purification and biomedical applications. Over the past decades 

both theoretical and experimental approaches have been actively 30 

pursued for extraction of aquaporins from bacteria cells and their 

incorporation into artificial membranes5 such as supported lipid 

bilayers6, 7 and block copolymer lamellae8, 9. From a practical 

perspective, one major challenge for the fabrication of the 

biomimetic membranes is to reconstruct aquaporin proteins into an 35 

artificial membrane that preserves water permeability and 

selectivity9. For that purpose, the membrane proteins must be 

extracted from the bacteria cells with suitable surfactants10. To 

ensure the protein integrity and functionality, practical applications 

require a good understanding of the surfactant-protein complex 40 

formation and the influences of surfactant molecules on the protein 

structure and water permittivity. 

A number of experimental procedures have been applied to 

studying the interactions of aquaporin proteins with surfactant 

molecules. Because membrane proteins and surfactant molecules 45 

have distinctly different electron densities, their complex formation 

makes the analysis of SANS or SAXS data extremely difficult11. 

Recently, Berthaud et al. reported that, at adequate conditions, n-

dodecyl-β-D-maltopyranoside molecules and aquaporins form an 

elliptical, toroid-shaped corona in an aqueous solution. The shape 50 

of the protein-surfactant complex was deduced from 

complementary results from size exclusion chromatography, 

SAXS, refractometry experiments and coarse-grained modelling12. 

Because this work accounts for only surfactants adsorbed at the 

hydrophobic trans-membrane regions of aquaporin proteins, it 55 

provides no information on the microscopic structures of the entire 

aquaporin-surfactant complexes, in particular those pertinent to the 

hydrophilic domains that directly affect the functionality of the 

water channels. Little is known on how the surfactant affects 

molecular level events underpinning the kinetics of water transport 60 

through aquaporin channels. Direct inspections of the structure and 

functionality of membrane proteins surrounded by surfactant 

molecules are experimentally challenging. For example, the strong 

binding of sodium dodecyl sulfate (SDS), a negatively charged 

surfactant, with membrane proteins changes the extinction 65 

coefficient of the peptide carbonyl group, causing difficulties for 

the interpretation of the secondary structure from circular 

dichroism (CD) data13.  

In the present work, we use all-atom and coarse-grained molecular 

dynamic simulations to investigate the interactions of SDS 70 

surfactant molecules with aquaporin Z (AqpZ) and the effects of 

the surfactant on the protein stability and water permeability at two 

different pH values14-16. The objective is to identify the molecular 

driving forces of the surfactant-protein complex formation and 

examine the effects of SDS on the aquaporin structure and 75 

functionality. SDS has been used for the extraction of AqpZ from 

recombinant E.coli and in subsequent reconstitution of the 

surfactant-protein complex into a lipid bilayer. It is known that the 
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surfactant may change the secondary or tertiary structures of 

certain membrane proteins such as diacylglycerol kinase17, 

bacteriorhodopsin18, 19 and rhodopsin20.  However, the effect of 

SDS on the AqpZ structure and water permeability remains 

inconclusive. Previous research indicates that AqpZ can form 5 

stable tetramers in SDS solutions. While CD spectroscopy 

confirms the stability of the helical structure at high SDS 

concentrations, it is not clear whether the tertiary structure was 

also stable under similar conditions21. By examining SDS-AqpZ 

interaction in a random mixture of the protein and the surfactant at 10 

pH 4 and 7, we will attain a better understanding on the effects of 

SDS on both singular helix and the tertiary conformation of the 

protein. The simulation will also allow us to investigate the effect 

of SDS binding on water permeability.  

Materials and Methods 15 

Molecular Models 

Protein model 

All simulations conducted in this work are concerned with 

aquaporin Z (AqpZ), a common membrane protein from 

Escherichia coli. The all-atom structure of this protein is available 20 

from the RCSB Protein Data Bank (PDB code: 1RC2). We use the 

united atom force field Gromacs ffG43a122 to describe the protein 

interacting with water and surfactant molecules. To determine the 

charge distribution of AqpZ at different pH conditions (pH=4 and 

7), we obtained the internal pKa values of the titratable amino acids 25 

(i.e., lysine, arginine, histidine, glutamic acid, and aspartic acid) 

from the H++ web tool (http://biophysics.cs.vt.edu). A brief 

summary of the protein net charges and the total numbers of atoms 

at different pH values are given in Supplement Materials (Table 

S1). For efficient sampling, we have also developed a coarse-30 

grained model for AqpZ on the basis of the MARTINI force 

field23. Briefly, each amino acid is represented by one backbone 

site and up to 4 interaction sites are used for each side chain. The 

coarse-graining procedure is consistent with the standard rules for 

the MARTINI force field.  35 

SDS, POPE and water models 

The atomic parameters for SDS were determined from existing 

atom types and force constants in the Gromacs ffG43a1 force field. 

The isoelectric point for SDS is 1.0, indicating that the surfactant 

molecules are in the deprotonated state at both pH = 4 and 7. The 40 

atomic charges for the SDS molecules were adopted from the 

literature24. It has been shown by Sammalkorpi et al16 that the SDS 

model is able to reproduce the experimental results for the SDS 

micelle structure, the degrees of ionization and hydration. The 

parameters for palmitoyloleoylphosphatidylethanolamine (POPE) 45 

were adopted from Berger and co-workers25. The simple point 

charge (SPC) model was used for water molecules. 

The MARTINI model for SDS includes one Qa site for the 

hydrophilic head group and three C1 sites, each representing four 

CH2/CH3 groups, for the hydrophobic tail23. The water cluster, Na+ 50 

and Cl- ions are modelled as single polar sites, P4, Qd and Qa, 

respectively. We assume that all polar sites have the mass of 72 

a.m.u 

Simulation methods 

 55 

Fig. 1 The initial random configurations of AqpZ and SDS molecules for 

all-atom (a) and coarse-grained simulations (b). For clarity, the water 

molecules are not shown. 

We used the GROMACS 4.5.3 package for all molecular dynamics 

(MD) simulations described in this work26. In all-atom simulations, 60 

a typical setup includes an AqpZ tetramer placed at the centre of a 

10 nm cubic box. Fig. 1(a) shows a representative snapshot of the 

starting configuration. In the initial configuration, 300 SDS 

molecules are placed randomly inside the simulation cell. The 

molar ratio of SDS to AqpZ conforms to the typical range of SDS 65 

concentration used in experiments27. At pH=7, the AqpZ tetramer 

and SDS molecules were solvated with 23,403 SPC water 

molecules, 390 Na+ ions, and 90 Cl- ions. At pH=4, the number of 

water molecules, sodium ions, and chloride ions were 23,441, 350, 

and 90, respectively. The slight difference in the particle numbers 70 

reflects the change in protonation of amino acid residues at 

different pH values. In both cases, the salt concentration amounted 

to 0.15 M in the bulk, and there was no net charge for the 

simulation box. All-atom MD simulations were performed with 

periodic boundary conditions in the NPT ensemble. The Particle-75 

Mesh Ewald method was used to account for the long-range 

electrostatic interactions28. The covalent bonds were constrained 

by LINear Constraint Solver29 (LINCS). In all simulations, the 

temperature and pressure were fixed at 310 K and 1.0 bar, 

respectively. The Nose-Hoover thermostat30 was used for 80 

temperature coupling (with coupling constant of 0.2 ps), and the 

Parrinello-Rahman method31 was used for isotropic pressure 

coupling (with coupling constant of 5 ps). In all-atom simulations, 

the systems were first subjected to 5000 steps of steepest-descent 

energy minimization. The integration step was 0.002 ps. To 85 

investigate the assemble dynamics of SDS molecules, 100 ns long 

MD simulation were applied to small ions, water and surfactant 

molecules without changing the AqpZ position and conformation.  

To study the complex structure and the configurations of SDS 

molecules around the AqpZ protein, we carried out five rounds of 90 

simulated annealing with the temperature decreased from 450 K to 

250 K within 10 ns. The positions of AqpZ atoms were fixed 

during the simulated annealing processes. It has been shown32 that 

simulated annealing can speed up the system to reach equilibrium 

by 10 times without compromising the accuracy. After simulated 95 

annealing, MD simulation were carried out for 40 ns at 310 K so 

that the configuration of AqpZ can be fully relaxed in the presence 

of water and SDS molecules.  

Fig. 1(b) shows a snapshot of the starting configuration of the 

protein-surfactant complex in the coarse-grained molecular 100 

dynamics (CGMD) simulation. The system includes an AqpZ 

tetramer, 300 SDS molecules, 60,338 water molecule, 1,023 Na+ 

and 723 Cl- ions. NPT ensemble MD simulation was carried out in 
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a cubic simulation box, 20.0 nm for the side length, with the 

periodic boundary conditions in all directions. As in all-atom MD 

simulations, the particle-mesh Ewald method was used to deal with 

the electrostatic interactions33. The temperature was again fixed at 

310 K, while the pressure was fixed at 1.0 bar, both implemented 5 

with the Berendsen method with a coupling coefficient of 2.0 ps. 

After initial energy minimization, we ran coarse-grained molecular 

dynamics for 500 ns with a 0.025 ps integration step. 

To investigate water permeability through AqpZ, we incorporated 

the protein tetramer, either with or without SDS molecules, into a 10 

preformed POPE lipid bilayer according to the protocol proposed 

by Wolf et al.34. Subsequently, we conducted energy minimization 

and 1.0 ns MD dynamics with the protein configuration fixed. 

After the removal of the constraint for protein configuration, the 

system runs for 50 ns MD steps to study water permeation through 15 

the aquaporin channel. 

Analysis method 

The simulation results were analysed with the tools provided by 

the GROMACS (version 4.5.3) software package plus home-

written codes. The snapshots were drawn with VMD (version 1.9). 20 

The pore diameter profiles of AqpZ tetramer were analysed using 

the HOLE software35. These profiles were obtained by averaging 

over 100 snapshots, taken every 10 ps during the last 1.0 ns of the 

simulation. To monitor the structural changes of AqpZ tetramer, 

we followed the RMSD of the AqpZ backbone, namely all atoms 25 

in the main chain. The stability of the protein pores was evaluated 

in terms of all atoms from amino-acid residues lying in the water 

channel, i.e., Phe43, Gly60, His61, Phe62, Asn63, Pro64, Ala65, 

His174, Thr183, Ser184, Val185, Asn186, Pro187, Ala188 and 

Arg189. A cylindrical pore with a radius of 0.8 nm was used to 30 

evaluate the statistics of water permeation events during the last 20 

ns of MD simulations with AqpZ reconstituted in the POPE 

bilayer. The upper and lower ends of the cylinder coincide with the 

positions of ASN63 and ARG189 residues, which are located at 

the entrance and exit regions of the AqpZ pore, respectively. If a 35 

water molecule enters from either end of the pore and leaves from 

the opposite side, we consider this water molecule having 

successfully penetrated through the channel and count it as a 

permeation event. 

Results and discussion 40 

The dynamics of SDS assembling around AqpZ 

To investigate the effect of pH (or equivalently electrostatic 

interactions) on the dynamics of the complex formation, we 

conducted 100 ns all-atom NPT simulations (T=310 K, P=1.0 bar) 

at two different pH values (i.e., pH = 4 and 7).  The MD simulation 45 

was carried out right after energy minimization by simulated 

annealing with a fixed AqpZ configuration. Approximately, the 

dynamics of complex formation between SDS and AqpZ 

molecules can be measured by monitoring the number of 

neighbouring surfactant molecules, i.e., those with the centre of 50 

mass to the closest atom at the AqpZ surface less than 1.0 nm. The 

distribution of surfactant molecules around the protein can be 

directly monitored with MD simulation.  

 
Fig. 2 The number of SDS molecules with the centre of mass less than 1.0 55 

nm from the protein surface in the first 10 ns of all-atom MD simulation for 

the surfactant-AqpZ complex formation. 

Fig. 2 presents the variation of the number of neighbouring SDS 

molecules around the AqpZ surface with time within the first 10 ns 

of the MD simulation. At pH=7, the number of neighbouring SDS 60 

molecules increases from 70 to 100 during the first nanosecond of 

simulation, and reaches an equilibrium value (~110) in a few 

nanoseconds. At pH=4, the protein has a net charge of +10 e per 

monomer and attracts more SDS molecules at equilibrium (~ 150). 

The larger protein-SDS complex can be explained by the increased 65 

electrostatic attraction between the protein and surfactant 

molecules. The stronger electrostatic attraction also accelerates the 

dynamics of self-assembly.    

To analyse the driving forces of protein-surfactant complex 

formation, we monitored the motions of the hydrophobic and 70 

hydrophilic segments of the surfactants moving toward the protein. 

Fig. 3 gives the evolution profiles for the positions of SDS heads 

and tails to the centre of mass of AqpZ tetramer within the first 10 

ns of MD simulation. At the early stage of the assembling process, 

SDS heads are closer to AqpZ than SDS tails on average, 75 

indicating that the SDS molecules prefer an orientation with their 

heads pointing toward AqpZ. When SDS molecules are far from 

the AqpZ surface, the long-range electrostatic force is stronger 

than the van der Waals force, leading to the preferential attraction 

of negatively charged SDS heads. Near equilibrium configurations, 80 

however, the SDS molecules are so close to AqpZ that their 

orientations are dominated by the short-range hydrophobic 

interactions. While the mean distance of surfactant heads near the 

surface varies little with time, significant changes can be identified 

in the SDS tail positions, suggesting that the dynamics of the 85 

protein-surfactant complex formation is mainly determined by the 

hydrophobic effects.   
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Fig. 3 Evolution of the distance between SDS heads or tails and the AqpZ 

tetramer at pH=4 and 7. Here the distance is defined as the centre of mass 

for all SDS tails/heads to that of the tetramer. 

 
Fig. 4 The binding energy between AqpZ and SDS molecules. Here EC and 5 

ELJ stand for, respectively, the electrostatic and LJ contributions to the 

change in the total non-bonded energy of the system during the 40ns MD 

simulation. 

Fig. 4 shows the average electrostatic (EC) and the Lenard-Jones 

(ELJ) binding potentials between AqpZ tetramer and SDS 10 

molecules at different pH values. Here the binding energy is 

defined as the change in the total non-bonded average energy 

between AqpZ and all SDS molecules in the system at the 

beginning and the final 1ns of MD simulation. Both the 

electrostatic and LJ energies are enhanced at pH=4 because, as 15 

shown in Fig. 2, the complex contains more SDS molecules when 

AqpZ carries a net positive charge. Not surprisingly, the binding 

energy is dominated by LJ interactions regardless of the protein 

charge, suggesting the importance of hydrophobic interactions in 

complex formation. 20 

 
Fig. 5 Evolution of radial distribution function (RDF) of SDS tails (a) and 

heads (b) in all-atom MD simulation of the assembling process. Each line 

represents 1 ns interval. 

In addition to the overall distance between the protein and the 25 

surfactant molecules, we have calculated the radial distribution 

functions (RDF) of SDS heads and tails from the surface of AqpZ 

tetramer. Here RDF is defined as the reduced SDS head/tail 

density (i.e., the local density of the centre of the mass/average 

SDS density) as a function of the distance from the mass centre of 30 

the protein tetramer. In Fig. 5(a) and (b), each line corresponds to 1 

ns sampling interval. While both SDS tails and heads are moving 

toward AqpZ during the first 30 ns of MD simulation for the 

assembling process, the change in the local density of the SDS tails 

is more dramatic than that for the SDS heads, indicating again that 35 

the hydrophobic interaction between SDS and AqpZ dominates the 

dynamics of the complex formation.  

According to Figs. 2 and 5, the dynamics of surfactant-protein 

complex formation may be approximately divided into two stages. 

The first stage occurs within about the first 2 ns of MD simulation, 40 

in which SDS molecules move fast towards AqpZ, driven 

primarily by electrostatic interactions. In the second stage, which 

occurs between 2ns and 30ns, the SDS tails continue approaching 

AqpZ even though there is no appreciable movement of the mass 

centre of the entire SDS molecules. At this stage, the dynamics is 45 

dominated by the rearrangement of SDS molecules around the 

AqpZ surface. This stage is driven by the hydrophobic interactions 

between SDS and AqpZ, leading to a more compacted structure of 

the complex. As shown by the arrows in Fig. 5, the RDF curves do 

not change much after 30 ns, indicating that the time scale of the 50 

self-assembly is around 30 ns. This time scale is consistent with 

previous studies for the formation of SDS micelles in aqueous 

solutions16. It should be noted that the time scale of protein 

structure evolution do not necessarily coincide with that pertinent 

to the self-assembly of SDS molecules, i.e. the protein 55 

configuration may change in a time scale much longer than that for 

the SDS assembling process.  

The structure of SDS-AqpZ complex 

We have analysed the equilibrium structure of the SDS-AqpZ 

complex using both all-atom and coarse-gained models. To obtain 60 

an equilibrated structure of SDS within the atomistic model, we 

conducted 10 ns simulated annealing before each production run. 

To ensure that the equilibrium state is reached in all-atom 

simulations, we compared the simulation results with those from a 

500 ns long coarse-grained MD simulation. Figs. 6(a) and (b) show 65 

the RDFs of the SDS tails and heads around the geometry centre of 

the AqpZ tetramer at equilibrium from all-atom and coarse-grained 

simulations, respectively. We can see that the profiles from coarse-

grained agree well with those from all-atom simulations, 

confirming the validity of simulated annealing involved in all-atom 70 

MD simulations.  

 
Fig. 6 RDFs of SDS tails and heads from the geometry centre of the AqpZ 

tetramer for all-atom MD (a) and coarse-grained MD (b). The snapshots 

show three representative positions of the surfactant molecules in all-atom 75 

MD (c,d,e). 

The RDF profiles of SDS tails shown in Fig. 6(a) allow us to 

identify three major clusters of peaks around 0.5 nm, 2.0 nm, and 

3.5 nm. Similar distribution patterns are observed for the RDF of 

SDS heads, but at 1.0 nm, 2.5 nm and 4.0 nm, respectively. These 80 
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patterns suggest that the distribution of SDS molecules around 

AqpZ can be classified into three different types. Recall that, 

approximately, the AqpZ tetramer has a cylindrical shape with the 

diameter and the height about 6 nm and 3 nm, respectively. 

Accordingly, the nearest peaks shown in Fig. 6(a) should be 5 

affiliated with the SDS molecules migrated inside the AqpZ 

channels. The snapshot shown in Fig. 6(c) confirms the existence 

of SDS molecules inside the water pore. Although there is only one 

SDS molecule inside the channel, its influence on water 

permeability is significant. As to be discussed later, these SDS 10 

molecules may occlude the permeation of water molecules.  

The relatively weak peaks around 2-3 nm are affiliated with SDS 

molecules accumulated at the entrance of the AqpZ pore. This 

hypothesis is supported by a snapshot at the hydrophilic side of the 

AqpZ pore as shown in Fig. 6(d). In this case, some SDS 15 

molecules do not bind to the AqpZ surface. Instead, they associate 

with other SDS molecules to form a micelle-like structure, which 

then attaches to the AqpZ surface by hydrophilic interactions. The 

weak binding between the micelle and protein is evident in the 

wider and more fluctuated peaks between 2-3 nm in the RDFs of 20 

both SDS tails and heads shown in Figs. 6(a) and (b). 

It is interesting to note that the farthest peaks are most distinctive 

in comparison with other peaks in the RDFs for both SDS heads 

and tails. These peaks correspond to surfactants adsorbed at the 

hydrophobic regions of AqpZ, namely the trans-membrane 25 

regions, as shown in Fig. 6(e). The large value of the farthest peak 

in the RDF of SDS tails implies a strong hydrophobic interaction 

between SDS tails and AqpZ. The assembly of SDS around the 

trans-membrane region of AqpZ is rather different from 

micellization, but resembles the random adsorption of the 30 

surfactant molecules on the protein surface. Recently, Berthaud et 

al. demonstrated a similar adsorption behaviour for complex 

formation between n-dodecyl-β-D-maltopyranoside molecules and 

aquaporin. The formation of an elliptical, toroid-shaped corona 

around the aquaporin surface has been validated with 35 

complimentary results from size exclusion chromatography, 

SAXS, and refractometry12. For SDS tails, the farthest peak 

appears around r=3.5 nm; while for SDS heads, the farthest peak 

appears at 4nm. The difference in these peak positions suggests 

that, on average, the hydrophobic tails are closer to the AqpZ 40 

surface, and that the hydrophilic heads stand up normal to the 

surface. The equilibrium structure is born out of the conformation 

changes of SDS molecules after being adsorbed at the AqpZ 

surface (see Figure S1). The self-organization of SDS molecules 

around the hydrophobic region of AqpZ resembles surfactant 45 

adsorption on carbon nanotubes (CNTs) as studied before by both 

experiments36 and simulations37. Because both AqpZ and CNT are 

extremely hydrophobic at the side surface, it is not surprising that 

the SDS adsorption on the trans-membrane region of AqpZ is 

similar to surfactant adsorption at the CNT surface.  50 

AqpZ structure and water permeability 

Table 1 Structures of AqpZ in surfactant solutions and in POPE 

bilayer 

 RMSD (nm) 

 
Backbone of AqpZ 

tetramer 

Atoms of residues in 

water pore 

in POPE bilayer 0.193 (0.004) 0.234 (0.010) 

in pH 4 at 310 K 0.201 (0.005) 0.236 (0.011) 

in pH 7 at 310 K 0.212 (0.007) 0.229 (0.012) 

CG, in POPE at 310 K 0.524(0.010) 0.558(0.013) 

CG, in SDS at 310 K 0.535 (0.012) 0.558 (0.015) 

In addition to surfactant distributions, we have examined the AqpZ 

structure and functionality. Table 1 gives the root-mean-square 55 

deviation (RMSD) of the AqpZ backbone and RMSD for the water 

channels in the surfactant aggregation for the last 1 ns (10 ns) of 

all-atom (coarse-grained) MD simulation. Also shown are the 

corresponding RMSD results for the protein in palmitoyloleoyl 

phosphatidylethanolamine (POPE) bilayer. Both all-atom and 60 

coarse-grained models indicate that there is no significant 

difference among the RMSD values for the AqpZ tetramer at 

different environments. In other words, the AqpZ structure in the 

surfactant solutions is similar to that in the native lipid 

environment. To further study the protein structure, Table 2 gives 65 

the percentage of the helical structure of AqpZ in its crystal state in 

comparison with those at different solution conditions in all-atom 

MD simulation. We find that the secondary structure does not 

show appreciable changes in three different cases, which is 

consistent with the previous experimental investigation.  70 

Table 2 AqpZ helical structure in crystal form and in different 

SDS solutions 

 
Percentage of helical 

structure 
Standard deviation 

Crystal 68.9% - 

in pH 4, at 310 K 68.2% 0.776% 

in pH 7, at 310 K 68.7% 0.859% 

 

Figs. 7 A and B present the evolutions of the angle between helix 1 

and helix 2 of AqpZ monomer in all-atom MD and coarse-grained 75 

MD simulations, respectively. Both all-atom and coarse-grained 

simulations show a decrease of the angle in the first 30 ns, which 

corresponds to the alignment of AqpZ helices in the SDS 

environment. The SDS-induced transition of the helical 

arrangement in AqpZ corroborates the circular dichroism results 80 

reported by Hansen et. al.21 who demonstrated that SDS leads to 

transition from a coiled-coil helix to a single helix. 

 
Fig. 7 Evolution of the angle between the axis of the first and second 

helices in AqpZ monomer from all-atom MD (a) and coarse-grained MD 85 

(b) simulations. 
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Fig. 8 Radial profile of the water channel for ApqZ in POPE bilayer. Z 

stands for the position of the foremost surface atom along cylindrical 

direction of the water channel (see Fig. 1). 

Fig. 8 gives the radial profile, the radius of water channel along Z 5 

direction, for AqpZ in the POPE bilayer and in different SDS 

solutions. We see minor deviations of the AqpZ structures in both 

natural lipid environment and SDS solutions from that in the 

crystal structure. The minor deviations indicate that the intact 

structures of water channels are maintained in the SDS solutions 10 

even though the arrangement of the helixes changes when 

embedded in the SDS aggregations.  

 
Fig. 9 Starting conformation for MD simulation of AqpZ embedded in 

POPE bilayer. The AqpZ in these MD simulations is extracted from AqpZ 15 

SDS assemble with different residual SDS. (a) AqpZ with all neighbouring 

SDS molecules; (b) AqpZ with SDS molecules attached at the trans-

membrane region; (c) Only AqpZ in the assembly 

The structural integrity of AqpZ is essential to preserve its superior 

water permeability. Will the small changes in AqpZ structure by 20 

SDS affect water permeation? To address this question, we carried 

out three additional sets of MD simulations. In Case 1, AqpZ with 

all neighbouring SDS molecules was embedded into a POPE lipid 

bilayer.  In Case 2, AqpZ with SDS molecules attached at the 

trans-membrane region was embedded into a POPE lipid bilayer. 25 

In Case 3, only AqpZ is inserted into the lipid bilayer. Fig. 9 gives 

a snapshot of the starting conformation for each case. 

Table 3 Water permeation in the last 20 ns of the NPT-MD 

simulations 

Cases 
Permeation events 

Monomer A Monomer BMonomer CMonomer D Total 

1 0 0 1 0 1 

2 3 6 9 7 25 

3 9 3 16 0 28 

 30 

Fig. 10 Typical water structure in the pore region of AqpZ corresponding 

to the three cases shown in Fig. 9. Only one subunit is shown for each case; 

water, SDS and lipid molecules are not shown for clarity. 

Fig. 10 shows typical configurations of the water chain inside each 

AqpZ channel. In Case 1, there is no water permeation through the 35 

AqpZ channels, indicating that the SDS molecules at the pore 

entrance or exit, as well as those penetrating into pore, prohibit the 

transport of water molecules. The snapshot shown in Fig. 10(a) 

indicates no single-filed water chain formed in the pore region of 

AqpZ, affirming the breakage of the water hopping process. In 40 

Case 2, two of the pores are totally open, as indicated by the 

persistent water permeation (Table 3). In Case 3, three water pores 

of the AqpZ tetramer are opened for water permeation, and the 

fourth one is permanently closed. The open or close status of each 

channel depends on a randomly determined orientation of amino 45 

acid residue Arg189, located at the restriction site of the pore 

region. The single-filed water chain forms only when the Arg189 

side chain is parallel to the channel surface, namely, in its up 

state38. In both cases, a single file of water molecules is formed 

inside the open channel, as shown in Figs. 10(b) and (c). The 50 

simulation results suggest that, despite a minor alternation in the 

conformation of AqpZ caused by SDS binding, the AqpZ 

functionality is preserved after the protein is reconstituted into the 

lipid bilayer. While the SDS molecules surround the hydrophobic 

trans-membrane part of the AqpZ protein do not hinder the water 55 

permeation, those at the entrance and exit of the aquaporin pore 

block the water transport. 

Conclusions 

We used all-atom and coarse-grained molecular dynamics (MD) 

simulation to examine the interaction of a common anionic 60 

surfactant (SDS) with aquaporin (AqpZ) in an aqueous solution at 

neutral and acidic pH values. The simulation results indicate that 

electrostatic forces drive the formation of SDS and AqpZ complex 

at the beginning stage while the hydrophobic forces play a major 

role at the late stage. The analysis of the radial distribution 65 

functions (RDF) of the SDS heads and tails suggested that SDS 

molecules are distributed around AqpZ in three different modes, 

namely 1) monolayer formation at the hydrophobic surface of the 

trans-membrane region of the protein by random adsorption; 2) 

formation of micelle-like structures at the entrance of AqpZ 70 

channels, and 3) insertion of SDS molecules inside the water pore 

of the AqpZ. 

The simulation suggested that, although the secondary structures of 

AqpZ remain intact in SDS solutions, the helix arrangement might 

change from a coiled-coil to a single helix configuration as 75 

suggested by earlier experiments. SDS molecules lead to only a 

minor change of the radius profile of the monomeric water pores. 

Reconstitution of SDS assembled AqpZ into POPE lipid bilayer 

showed that water permeation is unaffected when SDS molecules 

bound at the entrance or exit of the water pores are removed. In 80 
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other words, SDS may influence the AqpZ activity only by 

clogging at the monomeric pores. SDS molecules bound at the 

hydrophobic region have negligible influence on the protein 

functionality. The simulation results provide molecular-level 

insights into the formation of the SDS-AqpZ complex useful for 5 

the design, synthesis and practical applications of AqpZ-

incorporated membranes.  
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