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Conformational Dynamics and Interfacial Interactions
of Peptide-appended Pillar[5]arene Water Channels in
Biomimetic Membranes†

Yong Liu and Harish Vashisth ∗a

Peptide appended pillar[5]arene (PAP) is an artificial water channel resembling biological water
channel proteins, which has shown a significant potential for designing bioinspired water purifica-
tion systems. Given that PAP channels need to be incorporated at a high density in membrane
matrices, it is critical to examine the role of channel-channel and channel-membrane interactions
in governing the structural and functional characteristics of channels. To resolve the atomic-scale
details of these interactions, we have carried out atomistic molecular dynamics (MD) simulations
of multiple PAP channels inserted in a lipid or a block-copolymer (BCP) membrane matrix. Clas-
sical MD simulations on a sub-microsecond timescale showed clustering of channels only in the
lipid membrane, but enhanced sampling MD simulations showed thermodynamically-favorable
dimerized states of channels in both lipid and BCP membranes. The dimerized configurations
of channels, with an extensive buried surface area, were stabilized via interactions between the
aromatic groups in the peptide arms of neighboring channels. The conformational metrics char-
acterizing the orientational and structural changes in channels revealed a higher flexibility in the
lipid membrane as opposed to the BCP membrane although hydrogen bonds between the chan-
nel and the membrane molecules were not a major contributor to the stability of channels in the
BCP membrane. We also found that the channels undergo wetting/dewetting transitions in both
lipid and BCP membranes with a marginally higher probability of undergoing a dewetting transition
in the BCP membrane. Collectively, these results highlight the role of channel dynamics in gov-
erning channel-channel and channel-membrane interfacial interactions, and provide atomic-scale
insights needed to design stable and functional biomimetic membranes for efficient separations.

1 Introduction1

Protein channels are known to efficiently transport water or ion2

molecules across cellular membranes with high in vivo selectivity.3

Aquaporins (AQPs) are one family of these protein channels that4

have also been employed in vitro as water channels embedded in5

synthetic polymeric membranes for designing biomimetic separa-6

tion materials.1–5 For example, AqpZ water channel was inserted7

into a self-assembled synthetic block copolymer (BCP) membrane8

to achieve high efficiency in water transport.6 However, laborious9

and expensive methods of fabrication and low stability of biologi-10

cal water channels make it challenging to integrate them in large-11

scale applications.3–5
12
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† Electronic Supplementary Information (ESI) available: Additional analyses and
snapshots from simulations are provided in Figures S1-S11 in the supporting infor-
mation. See DOI: 10.1039/cXCP00000x/

Inspired by the separation mechanism of protein chan- 13

nels,1,5,7–11 self-assembling channels and unimolecular chan- 14

nels are two main types of biomimetic artificial water chan- 15

nels (AWCs) that have been proposed as alternatives to pro- 16

tein channels, primarily due to simplicity of synthesis and low 17

energy input. Among these, self-assembling channels are de- 18

signed using several building blocks including imidazole quar- 19

tets,12,13 dendritic dipeptides,14,15 hexa(m-phenylene ethyny- 20

lene) molecules,16 aquafoldamers,17 and triarylamines18, while 21

unimolecular channels are typically single supramolecules includ- 22

ing carbon nanotubes19,20 and (peptide or hydrazide) appended 23

pillar[5]arenes.21–24
24

In this work, we have studied molecular details of the func- 25

tional behavior of a ∼5 Å pore-size peptide-appended pil- 26

lar[5]arene (PAP) channel (Figure 1A) that can self-assemble into 27

two-dimensional arrays25,26 and has shown a high water per- 28

meability (∼108 molecules/s/channel).21–23,25,26 Specifically, the 29

water permeability values measured for liposomes containing PAP 30

channels were 3.7×106 water molecules/s/channel and 3.5×108
31
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Fig. 1 (A) The molecular structure of the PAP channel is shown with the
central pillar-arene ring (brown sticks) and the peptide arms (transparent
gray sticks). (B, C, D, and E) Shown are the top-views of four simulation
systems in two types of membranes (panels B and C, POPC; and panels
D and E, PB-PEO). All molecules are shown in space-filling representa-
tions: PAP (black), POPC and PEO chains (white), and PB chains (gray).
Water molecules are not shown for clarity.

water molecules/s/channel under vesicle shrinking and swelling32

conditions, respectively. From a practical membrane design per-33

spective, it is worth noting here that the lipid matrix suffers from34

low chemical and mechanical stability,4 but the synthetic counter-35

parts of lipids are amphiphilic BCPs that have been employed as36

alternative membrane matrices with the ability to assemble water37

channels into two-dimensional crystals.5
38

In a recent study,26 we have reported on the conformational39

dynamics of a single PAP channel in lipid as well as in BCP mem-40

branes. We also highlighted that an increase in the length of the41

hydrophobic block in BCP membranes led to less favorable in-42

sertion of the PAP channel likely due to the physical hydropho-43

bic mismatch.27–29 Moreover, long time-scale molecular dynam-44

ics (MD) simulations of a single PAP channel indicated a decrease45

in the flexibility of the channel in the BCP membrane in compar-46

ison to the lipid membrane likely due to the chemical hydropho-47

bic mismatch.26 However, from an application standpoint, it is48

desirable to have a higher packing density of channels per unit49

surface area of the membrane for efficient separations, which sig-50

nificantly increases the likelihood of channel-channel interactions51

that can alter the conformational and functional behavior of chan-52

nels. As an example, the proximity of channels due to a denser53

packing could result in the clustering of channels, where the clus-54

ters could be stabilized by a hydrogen bonding network between55

the phenylalanine chains of neighboring PAPs.25
56

Although the effect of channel-channel interactions and cluster-57

ing on the permeability and selectivity of the PAP channel remains58

unknown, keeping channels in their active functional states is a59

desired characteristic for designing efficient separation systems.60

Besides the clustering of channels, it is critical to examine pertur-61

bations resulting from lipids or polymers which could affect the62

function of channels.30 This is evidenced by the observation that63

the pore of the PAP channel can be blocked by lipid molecules 64

transiently entering the channel pore.25 Although it is non-trivial 65

to predict the molecular details of the effect of the membrane ma- 66

trix on channel’s functional characteristics, MD simulations are 67

emerging as a useful tool to probe atomistic details of channel- 68

channel and channel-membrane interactions, thereby assisting in 69

the knowledge required to overcome challenges in designing sta- 70

ble membranes.31
71

To address these questions, we report here results from 72

four systems in which multiple PAP channels were in- 73

serted in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) or 74

a polybutadiene (PB)/polyethylene-oxide (PEO) membrane ma- 75

trix (Figure 1B-E). To understand channel-channel and channel- 76

membrane interactions in our four systems, we performed long 77

time-scale classical MD simulations totaling 6 µs of simulation 78

time. Besides classical MD simulations, we employed metady- 79

namics as an enhanced sampling method to study the dimeriza- 80

tion propensity of two PAP channels and to resolve the thermo- 81

dynamics of channel dimerization in both lipid and BCP mem- 82

branes. We also characterized interactions between the channels 83

and their surrounding membrane environment. Our results pro- 84

vide molecular-scale insights into factors that should be consid- 85

ered in designing membranes with a high density of channels 86

while maintaining their activity. 87

2 Methods 88

2.1 System Setup 89

We studied the dynamics of PAP channels in a POPC and a PB- 90

PEO membrane matrix. For each type of membrane, we created 91

two types of systems containing 2 PAP channels (2PAP/POPC and 92

2PAP/PB-PEO) and 4 PAP channels (4PAP/POPC and 4PAP/PB- 93

PEO) (Figure 1B-E). We used the membrane builder plugin in the 94

Visual Molecular Dynamics (VMD)32 software to create a square- 95

shaped patch (90 Å × 90 Å) of the POPC membrane containing 96

215 lipids before the insertion of PAP channels. After inserting 97

two or four PAP channels with an initial inter-channel center of 98

mass distance of ∼30 Å, we removed overlapping lipids within 99

1.5 Å of each PAP channel. We then obtained 194 and 170 POPC 100

lipids in 2PAP/POPC and 4PAP/POPC systems, respectively. For 101

the BCP membrane, we used the PB12PEO9 architecture which 102

has been successfully used to incorporate PAP channels in our pre- 103

vious work.26 We placed PB-PEO chains on a grid and arranged 104

them in a diblock configuration over an area of 90 Å × 90 Å. Af- 105

ter inserting two or four PAP channels, similar to systems in the 106

POPC membrane, we obtained 228 and 210 PB-PEO chains in 107

2PAP/PB-PEO and 4PAP/PB-PEO systems, respectively. We then 108

solvated four systems with explicit water molecules (TIP3P) while 109

keeping the membrane-domains free of water molecules. Details 110

of all systems are given in Table 1. 111

2.2 Classical MD Simulations 112

We performed classical MD simulations of our four systems in 113

three stages. In the first stage, after performing an initial min- 114

imization of each system for 4000 steps, we performed a brief 115

(0.25 ns; time-step: 1 fs) MD equilibration of lipids and polymers 116
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Table 1 Details of classical MD simulations

# POPC PB-PEO
2PAP 4PAP 2PAP 4PAP

PAP 2 4 2 4
POPC 194 170 - -

PB-PEO - - 228 210
atoms 55867 53710 84276 83139
water 9467 9330 13692 13783
runs 3 3 3 3

length/run 0.5 µs 0.5 µs 0.5 µs 0.5 µs

in the NVT ensemble. During this first stage, only POPC/PB-PEO117

atoms were allowed to move while all other atoms were fixed.118

In the second stage, the initial coordinates of systems from the119

first step were used to conduct a 0.5 ns MD equilibration of each120

system with a time-step of 2 fs and in the NPT ensemble at a con-121

stant membrane area. All atoms, except those in PAP channels,122

were allowed to move while additional forces via a tcl-script were123

applied to keep water molecules out of membranes. In Figure 1124

(panels B, C, D, and E), we show snapshots for each system after125

the second stage. For the final stage, we performed triplicate MD126

simulations with a time-step of 2 fs in the NPT ensemble for each127

of our four systems, where each trajectory was 0.5 µs long. We128

controlled temperature (at 303 K) using a Langevin thermostat129

and pressure (at 1 atm) using a Nosé-Hoover barostat.130

2.3 Metadynamics Simulations131

To study the thermodynamics of dimerization of channels in the132

POPC/PB-PEO membrane matrices, we adopted the initial coor-133

dinates of 2PAP/POPC and 2PAP/PB-PEO systems from the last134

snapshots of the second stage of classical MD simulations. We135

then employed metadynamics as an enhanced sampling method136

to resolve the free-energy profiles of two PAP channels dimerizing137

as a function of the inter-channel distance as a collective variable138

(CV). Briefly, in metadynamics, a history-dependent biasing po-139

tential Vmeta, defined as a sum of a set of Gaussian functions, is140

applied33,34:141

Vmeta(s) =
t ′<t

∑
t ′=τG,2τG,...

W
NCV

∏
i=1

exp(− [si− si(t ′)]2

2δ 2
si

) (1)

where, τG is the time interval, si is the current CV value, si(t ′) is142

the CV value at t = t ′, NCV is the number of CVs, W is the height143

of Gaussian energy packets, and δ is the Gaussian width. In144

this study, we used one CV (the distance between the central pil-145

lar[5]arene rings of two PAP channels: dCV), spanning between146

10 Å and 30 Å. We performed metadynamics simulations for both147

systems with a timestep of 2 fs, W = 0.2 kcal/mol, δ = 0.05148

Å, and τG = 1 ps, where each trajectory was 0.63 µs long. We149

have previously applied metadynamics simulations with similar150

parameters to study several biophysical problems.35–37 We per-151

formed all classical and enhanced sampling MD simulations us-152

ing NAMD38, and system setup and analyses using VMD.32 The153

force-field parameters for POPC, TIP3P water, and PEO used here154

are from the CHARMM force-field39–41, and the parameters for155

the PAP channel and the PB block were adopted from the litera- 156

ture.25,42
157

2.4 Metrics for Conformational and Functional Analyses 158

Buried Surface Area (BSA): We used the BSA as a measure to 159

characterize channel-channel interactions. The BSA between a 160

pair of PAP channels, a and b, was measured using the following 161

equation: 162

BSA = SASAa +SASAb−SASAab (2)

where SASAa, SASAb, and SASAab are the solvent accessible 163

surface areas (SASAs) of channel a, channel b, and the pair of 164

channel a and channel b, respectively. A probe radius of 1.4 Å 165

was used to compute SASA. For systems with 2 PAP channels, 166

we measured the BSA between adjacent PAP channels, while for 167

systems with 4 PAP channels, we measured the BSA between 168

adjacent as well as diagonally opposite pairs of PAP channels. 169

170

Distance between the Center of Mass (COM) of PAP Channels: 171

We measured two different distances to quantify channel-channel 172

interactions: the distance between the all-atom COM of PAP 173

channels (dCOM) and the distance between the central pil- 174

lar[5]arene rings (dCV). The distance dCV was also used as a CV 175

in metadynamics simulations, where it spans between 10 Å and 176

30 Å to facilitate observation of dimerization and dissociation of 177

a pair of PAP channels. 178

179

Root Mean Squared Distance (RMSD): Since the peptide 180

arms of the PAP channel can undergo structural changes due to 181

perturbations and constraints from each membrane, we evalu- 182

ated RMSD values of channels in each membrane to quantify 183

conformational changes. The RMSD calculations were based 184

upon all atoms and the initial configuration of the PAP channel 185

was used as a reference. 186

187

Orientational Angle: To quantify changes in the orientation of 188

channels, we measured the angle of the channel axis relative 189

to the membrane normal (θ). Initial conformations of channels 190

were perpendicular to the membrane plane (θ = 0◦). 191

192

Two Dimensional (2D) Number Density: We characterized the 193

dynamics of membranes (POPC or PB-PEO) with 2D number den- 194

sity maps computed over the last 5 ns of each simulation to high- 195

light the distribution of POPC and PB-PEO atoms. By defining 196

grids of 0.5 Å × 0.5 Å size in the xy-plane that span the full z-axis, 197

we counted the number of atoms (Natom) over the last 5 ns and 198

used the following equation to compute the 2D number density: 199

ρatom = Natom/(Nframe×V) (3)

where ρatom is the 2D number density in one grid, Natom is the 200

total number of atoms we counted in one grid over the last 5 ns 201

simulation, Nframe is the number of frames which is 250, and V is 202

the volume of the chosen slab. 203

204

Hydrogen Bonds (H-bonds): We measured the number of 205
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Fig. 2 Snapshots from one of the three MD runs highlighting the evo-
lution of each system at different time points are shown. All panels are
labeled, where panels A and B correspond to systems with 2 PAP chan-
nels and panels C and D correspond to systems with 4 PAP channels.
All PAP channels and membrane molecules are shown in black and gray
wireframe representations, respectively.

H-bonds (NH) between the POPC/PB-PEO molecules and each206

PAP channel using VMD. We used a cutoff distance of 3 Å and a207

cutoff angle of 20◦, and the acceptors of H-bonds included N, S,208

O, F, C, and P.209

210

Number of Water Molecules: To quantify water transport,211

wetting, and dewetting characteristics of channels, we computed212

the number of water molecules (NW) within PAP channels by213

defining a cylindrical volume (with diameter = 5 Å and height =214

12 Å) centered around the pillar[5]arene ring of each channel.215

216

Permeability: To measure the permeability of each PAP chan-217

nel in all systems, we applied the collective diffusion model43
218

which has been used in previous studies of PAP25,26 and other219

proteins.44 By defining a cylindrical channel volume (3 Å in ra-220

dius and 8 Å in height) centered around the pillar[5]arene ring221

of each channel, the mean squared displacement of the collective222

displacement coordinate n(t) was obtained for each simulation223

with trajectories divided into 1 ns segments, where n(0) = 0 for224

each segment. The diffusion coefficient of the collective displace-225

ment coordinate (Dn) was then used along with the volume of a226

single water molecule (vw) to obtain the osmotic permeability of227

each channel as vwDn.228

Fig. 3 The evolution of interfacial buried surface area (BSA) vs. simu-
lation time (ns) between pairs of PAP channels from three independent
runs is shown. Data shown in panels on the left correspond to systems
in the POPC membrane, while that on the right correspond to systems
in the PB-PEO membrane. The pair of PAP channels for which the BSA
is reported are highlighted by filled black circles on the top left corner of
each panel. For systems with 4 PAP channels, BSA data are reported for
adjacent as well as diagonally opposite channels.

3 Results 229

3.1 Clustering Propensity of Channels 230

To understand the clustering propensity of channels in mem- 231

branes, we carried out classical MD simulations of solvated PAP 232

channels in a POPC or a PB-PEO membrane matrix. For each of 233

the four systems, three independent MD simulations (each 0.5 234

µs long) were carried out, thereby resulting in 6 µs of simula- 235

tion data. The initial distance between the COM of neighboring 236

PAP channels (dCOM) was ∼30 Å (Figure 2 at t = 0 ns). In Fig- 237

ure 2, we show snapshots from the conformational evolution of 238

2PAP and 4PAP systems in POPC (Figures 2A and 2C) and PB- 239

PEO (Figures 2B and 2D) membranes. In the 2PAP/POPC system, 240

we observed clustering of two PAP channels into a dimer after 241

∼263.5 ns simulation (Figure 2A). In fact, a cluster of two PAP 242

channels was observed only after 10 ns in another independent 243

simulation of this system (Figure S1A). We also observed that the 244

cluster size can be up to four PAP channels in the 4PAP/POPC sys- 245

tem (Figures 2C and S1B), indicating that a higher density of PAP 246

channels likely increases the propensity of clustering. Compared 247

with the clustering behavior of PAP channels in POPC, the aggre- 248

gates of PAP channels in PB-PEO (Figures 2B and 2D) were not 249

observed in our classical MD simulations. 250

Besides the visual inspection of the clustering behavior of chan- 251

nels, we measured the interfacial BSA between a pair of PAP chan- 252

nels (Figures 3, S2A, S2C, and S3) and the distances between 253
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their COM (Figures S2B, S2D, and S4). An increase in the BSA254

indicates a stronger interaction between a pair of PAP channels.255

We observed a significant difference between the BSA in the POPC256

vs. PB-PEO membrane. Triplicate runs of the 2PAP/POPC system257

showed that BSA can be more than 300 Å2 (Figure 3A; left panel),258

while the BSA in the 2PAP/PB-PEO system on similar time-scales259

remains around 0 Å2 (Figure 3A; right panel).260

In the POPC membrane, the BSA of adjacent PAP channels in-261

creased with more PAP channels (four channels), as larger values262

of BSA up to 795 Å2 were observed (Figure 3B; left panel). Also,263

a BSA of more than 100 Å2 between a pair of diagonally oppo-264

site PAP channels was identified (Figure 3C; left panel). In con-265

trast to the POPC membrane, the BSAs between pairs of adjacent266

PAP channels (Figure 3B; right panel) or diagonally placed PAP267

channels (Figure 3C; right panel) were about 0 Å2 in 2PAP/4PAP268

systems in the PB-PEO membrane. The results from other in-269

dependent simulations in the PB-PEO membrane showed similar270

behavior (Figures S2 and S3).271

These results are further reinforced by measurements on dis-272

tances between the COM of pairs of PAP channels. Initially, we273

placed all PAP channels side by side with a dCOM of ∼30 Å. The274

dCOM decreased from ∼30 Å to 23 Å when the clustering of PAP275

channels was observed in the 2PAP/POPC system (Figure S2B),276

and a shorter dCOM of 20 Å was observed in the 4PAP/POPC sys-277

tem (Figure S4). On the contrary, in the PB-PEO membrane we278

observed that the distances were sufficiently large (30 Å and 40279

Å for adjacent and diagonal channels, respectively) to keep PAP280

channels dissociated (Figures S2D and S4).281

3.2 Conformational Flexibility of PAP Channels282

We hypothesized that the conformational behavior of PAP chan-283

nels may alter their functional characteristics. To probe the con-284

formational dynamics of channels in each membrane, we quan-285

tified the conformational metrics of the orientational angle (Fig-286

ure 4) of the channel axis relative to the membrane normal (θ)287

and the RMSD (Figure 5) relative to the initial structure of the288

PAP channel (Figure 1A). These variables inform about the con-289

formational flexibility and stabilization of the PAP channel in each290

membrane.291

The initial conformations of PAP channels in all simulations292

were perpendicular to the membrane plane (θ = 0◦). During293

simulations, the conformations of PAP channels evolved due to294

interactions with the surrounding lipids or BCPs. In Figure 4,295

we show distributions of θ for 2PAP and 4PAP systems in both296

POPC and PB-PEO membranes. These distributions are based297

upon the data from three independent runs of each system. For298

the POPC systems (Figure 4A and 4B), we observed that there299

were two major orientational states for PAP channels correspond-300

ing to θ = 11◦ and θ = 23◦. The predominant orientation of301

channels in the 2PAP/POPC system was at θ = 11◦ (Figure 4A),302

while in the 4PAP/POPC system was at θ = 23◦ (Figure 4B). For303

the 2PAP/POPC system (Figure 4A), an average θ of ∼18◦ was304

observed and θ spanned a range between 0◦ and 48◦. For the305

4PAP/POPC system, the averaged θ increased to ∼22◦, spanning306

a range between 0◦ and 55◦. Contrary to relatively wider distribu-307

Fig. 4 Probability distributions of the data on the orientational angles (θ )
of PAP channels are shown for all four systems (panels A and B, systems
in the POPC membrane; and panels C and D, systems in the PB-PEO
membrane). The distributions included data on θ values computed from
three independent runs. The traces in black indicate the Gaussian func-
tions fitted to describe the data in distributions.

tions of θ in the POPC membrane, the distributions in the PB-PEO 308

membrane are sharply peaked (Figure 4C and 4D). The most 309

probable angle was ∼12◦ for both 2PAP/PB-PEO and 4PAP/PB- 310

PEO systems. 311

In Figure 5, we show distributions of all-atom RMSD relative 312

to the initial structure (Figure 1A) for all systems in both POPC 313

and PB-PEO membranes. We also show snapshots corresponding 314

to different RMSD values in Figure S5. In the POPC membrane 315

(Figures 5A and 5B), we observed three major states correspond- 316

ing to RMSD values of ∼5.6 Å, ∼6.1 Å, and ∼6.6 Å, except that in 317

the 4PAP/POPC system, where we also observed a low-populated 318

new state with a higher RMSD value of ∼7.3 Å. The most proba- 319

ble RMSD value was∼5.6 Å for both 2PAP/POPC and 4PAP/POPC 320

systems. 321

We also observed that there were three major states, corre- 322

sponding to RMSDs of ∼4.8 Å, ∼5.2 Å, and ∼6.0 Å, in the 323

2PAP/PB-PEO system (Figure 5C). However, we observed an ad- 324

ditional low-populated state with an RMSD value of 4.5 Å in 325

the 4PAP/PB-PEO system (Figure 5D). The most probable RMSD 326

value for channels in the PB-PEO membrane was 4.8 Å, which is 327

smaller than the RMSD of channels in the POPC membrane (5.6 328

Å). In addition, the RMSD values up to 8 Å were observed in the 329

POPC membrane, while the largest RMSD was ∼7 Å in the PB- 330

PEO membrane. 331

3.3 Conformational Behavior of Lipids and BCPs 332

In all systems, PAP channels were inserted in the hydrophobic re- 333

gions of membranes and therefore likely affect the arrangements 334

of hydrophobic segments of lipids or BCPs. To probe the arrange- 335

ment of lipid or BCP molecules surrounding PAP channels, we 336
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Fig. 5 Data similar to Figure 4 are shown for the distributions of RMSD
of PAP channels in all four systems. The distributions included data on
RMSD values computed from three independent runs.

Fig. 6 The 2D number density maps for the hydrophobic tails of lipids or
hydrophobic (PB) blocks of BCP membranes are shown. Panels A and B
are for systems in the POPC membrane, respectively, and panels C and
D are for systems in the PB-PEO membrane. Blue to red color indicates
lower to higher values of the number density (ranging between 0 and 150
Å−3 for the POPC membrane and between 0 and 80 Å−3 for the PB-PEO
membrane).

Fig. 7 Probability distributions of the data on the number of hydrogen
bonds (NH) between the PAP channel and the surrounding POPC or PB-
PEO matrix are shown for all four systems (panels A and B, systems
in the POPC membrane; and panels C and D, systems in the PB-PEO
membrane). The distributions included data on NH averaged over all PAP
channels and three independent runs.

first analyzed (over the last 5 ns in all simulations) the 2D atomic 337

number density for the hydrophobic regions of POPC or PB-PEO 338

molecules. In Figure 6, we show color-coded atomic density maps 339

for 2PAP and 4PAP systems, where blue indicates lower densities 340

and red indicates higher densities. For systems in the POPC mem- 341

brane (Figures 6A and 6B), we observed larger areas with uniform 342

colors (similar densities) indicating that lipid molecules likely dif- 343

fuse in a larger volume instead of localizing in a specific region. 344

However, in the PB-PEO membrane (Figures 6C and 6D), we ob- 345

served that the atomic density maps have many small patches of 346

isolated areas with yellow-to-red color indicating a higher local 347

density of atoms. These observations are further corroborated 348

by measurements on radially distributed positions of the center 349

of mass of lipid and BCP molecules surrounding PAP channels 350

which showed that some of the lipid molecules that were initially 351

closer to the PAP channel diffused significantly away (Figure S7A) 352

during the course of simulation, while the PB-PEO chains mostly 353

stayed near the channel (Figure S7B). 354

3.4 Hydrogen-bonding Interactions 355

To understand the interactions of PAP channels with the lipid or 356

BCP molecules, we analyzed hydrogen-bonding interactions be- 357

cause non-covalent H-bonds are assumed as a major contribu- 358

tor to structural stabilization in biological systems.45,46 There- 359

fore, it has been suggested that water channels could be stabi- 360

lized through the formation of H-bonds between the channel and 361

membrane molecules.30 Specifically, we investigated the number 362

of hydrogen-bonds (NH) between the PAP channel and POPC or 363

PB-PEO molecules (Figure 7). We observed NH values up to 8 for 364

systems in the POPC membrane, although the mean value of NH 365
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Fig. 8 Free-energy profiles of channel dimerization in each membrane
(panel A, POPC; and panel B, PB-PEO) are plotted against the chosen
collective variable (dCV). The free-energy scale is plotted to have the
free-energy minimum in each profile corresponding to a free energy value
of zero. Shown also are side-view snapshots of both PAP channels at
the free-energy minima (labeled 1 and 1′) and at the free-energy barrier
(labeled 2 and 2′) to dissociation. The central pillar[5]arene rings are
colored as yellow or green spheres, the backbone of the peptide arms
of each channel is colored as cyan or magenta sticks, and the aromatic
rings in each peptide arm are colored in blue sticks. The corresponding
top-views of channel snapshots are shown in Figure S7.

was 2 (Figure 7A, B). However, increased number of PAP chan-366

nels did not result in an increase in NH, which is likely because367

channel-channel interactions led to a decreased contact area be-368

tween the channels and lipids. On the contrary, for systems in369

the BCP membrane, we observed the highest probability for the370

occurrence of no hydrogen bonds and significantly lower proba-371

bilities for 1 or 2 hydrogen bonds. Unlike systems in the POPC372

membrane, this suggests that the hydrogen bonds between the373

PAP channel and the PB-PEO molecules are likely not a major374

contributor to the flexibility and/or stability of the channel in the375

BCP membrane.376

3.5 Thermodynamic Analysis of PAP Dimerization377

While we observed the spontaneous dimerization of PAP chan-378

nels in the POPC membrane in our classical MD simulations (Fig-379

ure 2), we did not observe it in the PB-PEO membrane on a 0.5380

µs timescale. Therefore, we used metadynamics as an enhanced381

sampling method for studying the dimerization propensity of a382

pair of PAP channels in each type of membrane, where two chan-383

nels were initially placed at a distance of 30 Å. In Figure 8, we384

show free-energy profiles as a function of the chosen CV (dCV;385

see methods) as well as the snapshots of both channels at the386

minima (near association) and the maxima (near dissociation).387

Each profile shows a free energy minimum where stable PAP-388

dimers were formed in the POPC membrane (Figure 8A; dCV389

∼13.6 Å) and in the PB-PEO membrane (Figure 8B; dCV ∼12.7390

Å). The dimerized configuration of channels at each free energy391

minimum suggests that two PAP channels were adjacently posi-392

tioned (Figure 8 and Figure S7), while a further decrease in dCV393

to lower values shows an increase in the free energy (Figure 8)394

and thereby distortions in channels (Figure S8). For the dimer-395

ized configurations, the BSA between the channels was 1032 Å2
396

(POPC) and 918 Å2 (PB-PEO) which indicates an extensive dimer-397

ization interface.398

From each free energy profile, one can further infer the free399

energy barrier that needs to be overcome for the dissociation of400

Fig. 9 (A) The channel volume selected for measuring the number of
water molecules (Nw) is highlighted as a transparent cylinder centered
around the pillar-arene ring of the PAP channel. (B and C) Probabil-
ity distributions of Nw are shown for 2PAP configurations (panel B) and
4PAP configurations (panel C) in each membrane. The distributions were
computed from data averaged over all PAP channels and from three in-
dependent MD simulations.

dimerized configurations. This barrier is the free energy differ- 401

ence between the energy maxima observed at higher values of 402

dCV (occurring at ∼14.6 Å in POPC, and at ∼14 Å in PB-PEO) and 403

the minima corresponding to the dimerized states. These barriers 404

are ∼3 kcal/mol (in the POPC membrane) and ∼7 kcal/mol (in 405

the PB-PEO membrane) indicating that the dimerized channels 406

are less likely to dissociate in the PB-PEO membrane relative to 407

that in the POPC membrane. 408

3.6 Water Transport Characteristics 409

It is of interest to understand the influence of membranes on 410

the functional transport behavior of PAP channels. To quantify 411

this, we measured the averaged number of water molecules in 412

all PAP channels over three independent classical MD simula- 413

tions. Specifically, we counted the number of water molecules 414

within a cylindrical volume (Figure 9A) centered around the pil- 415

lar[5]arene ring of each channel. When two PAP channels were 416

inserted in each membrane, the most probable scenario was the 417

presence of two water molecules (Figure 9B). The probability of 418

observing states with no water molecules within the cylindrical 419

volume was marginally higher in the 2PAP/PB-PEO system than 420

in the 2PAP/POPC system. 421

We also observed that the increased density of PAP channels 422

affected their water transport characteristics. The systems with a 423

higher density of PAP channels showed a marginally higher prob- 424

ability of observing the state with no water residence (Figure 9C): 425

the probability of a drying state increased from 4% to 22% for sys- 426

tems in the POPC membrane, and from 10% to 18% for systems in 427

the PB-PEO membrane. More than four fold increase (from 4% to 428

22%) in the probability of no water residence in the POPC mem- 429

brane indicates that stronger channel-channel interactions in the 430

4PAP/POPC system in comparison to the 2PAP/POPC system may 431

pose a blocking effect on water transport. 432

Furthermore, we measured the osmotic water permeability 433

of individual PAP channels in each system for each simula- 434

tion (Figure 10). We observed an averaged permeability of 435

2.99 × 10−14 cm3/s/channel in the 2PAP/POPC system (Fig- 436

ure 10A), while the averaged permeability slightly decreased 437

to 2.89× 10−14 cm3/s/channel in the 4PAP/POPC system (Fig- 438
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Fig. 10 Permeability of each PAP channel in both POPC (panel
A, 2PAP/POPC; and panel B, 4PAP/POPC) and PB-PEO (panel C,
2PAP/PB-PEO; and panel D, 4PAP/PB-PEO) membranes. The perme-
ability values for each channel are reported from three independent sim-
ulations.

ure 10B). The averaged permeability for the 2PAP/PB-PEO sys-439

tem was 2.72×10−14 cm3/s/channel (Figure 10C) and decreased440

to 1.70× 10−14 cm3/s/channel the 4PAP/PB-PEO system (Fig-441

ure 10D). While these permeability values are of the same order442

of magnitude as observed in our previous study of a single PAP443

channel in both membranes,26 individual PAP channels showed444

significant differences in permeability values: the lowest and445

the highest permeability values respectively were 0.58 ×10−14
446

cm3/s and 8.77 ×10−14 cm3/s (2PAP/POPC), 0.55 ×10−14 cm3/s447

and 9.78 ×10−14 cm3/s (4PAP/POPC), 0.45 ×10−14 cm3/s and448

7.14 ×10−14 cm3/s (2PAP/PB-PEO), and 0.24 ×10−14 cm3/s and449

5.42 ×10−14 cm3/s (4PAP/PB-PEO). Correspondingly, we also ob-450

served in each membrane that the PAP channel with a higher per-451

meability has a lower mean RMSD, while the one with a lower452

permeability has a higher mean RMSD (Figure S9), thereby sug-453

gesting a correlation between the channel flexibility and its per-454

meability.455

Furthermore, we observed wetting/dewetting transitions in456

PAP channels in both membranes, where fully transitioning from457

a dewetting state to a wetting state required less than 3 ns (Fig-458

ure 11). Such transitions have been explained as capillary con-459

densation switching with capillary evaporation, as observed in460

AQPs and AWCs.47,48 These observations highlight that water461

molecules in PAP channels are likely in a metastable state. The462

transport characteristics of the PAP channel can be further af-463

fected by the membrane molecules. Unlike a previous study in464

which it was observed that a lipid chain could enter the PAP465

channel and block its pore,25 in our simulations we did not ob-466

serve that the entrances/exits of PAP channels were completely467

blocked by lipid molecules or the PB-PEO chains, although we468

observed that the entrance of each PAP channel was partially or469

transiently blocked by the flexible arms of the channel itself or470

the hydrophilic regions of lipids or polymer chains.471

Fig. 11 Snapshots of wetting/dewetting states of a single PAP chan-
nel are shown in the POPC membrane (panel A; wetting states: 105.92
ns and 121.12 ns, and the dewetting state: 110.92 ns) and in the PB-
PEO membrane (panel B; wetting states: 472.08 and 475.48 ns, and the
dewetting state: 473.48 ns). In all snapshots, depicted are PAP channels
via gray/magenta sticks, lipids/BCP molecules via gray lines, neighboring
water molecules via cyan spheres, and water molecules inside channels
in van der Waals representations (oxygen atoms in red and hydrogen
atoms in white).

3.7 Conformational Metrics and Water Transport Character- 472

istics in Larger Systems 473

To test the effect of the membrane-size on conformational met- 474

rics and water transport characteristics of PAP channels, we fur- 475

ther studied two larger systems, 2PAP/POPC (85423 atoms) and 476

4PAP/POPC (83766 atoms), with increased number of POPC 477

lipids (383 and 363 lipids, respectively). We conducted two in- 478

dependent simulations for each system with each simulation tra- 479

jectory of 300 ns (2PAP/POPC) and 100 ns (4PAP/POPC), respec- 480

tively. In both systems, we observed clustering of PAP channels 481

(Figures S10A, S11A) with the interfacial BSA up to 400 Å2 (Fig- 482

ures S10B, S11B). With an increased density of PAP channels, 483

we observed that the distributions of conformational metrics (θ 484

and RMSD) became more wider (panels C, D in Figure S10 vs. 485

Figure S11) and the range of values explored for both metrics 486

were consistent with the data from systems with lower number of 487

lipids (panels A, B in Figures 4, 5). We further measured water 488

permeability of each PAP channel in both systems and report an 489

averaged permeability of 1.61×10−14cm3/s with a range between 490

1.03× 10−14cm3/s and 2.05× 10−14cm3/s in the 2PAP/POPC sys- 491

tem, and an averaged permeability of 1.50× 10−14cm3/s with a 492

range between 0.71× 10−14cm3/s and 2.54× 10−14cm3/s in the 493

4PAP/POPC system. 494

4 Discussion 495

In this study, we incorporated multiple PAP channels in a lipid or 496

a polymeric membrane and employed classical MD simulations 497

and enhanced sampling methods to investigate channel-channel 498

and channel-membrane interactions. The results show clustering 499
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of PAP channels in the POPC membrane in classical MD simula-500

tions. The clustering phenomenon was highlighted in a recent501

study, in which it was suggested that the aggregates were stabi-502

lized by hydrogen bonds between neighboring PAP channels.25
503

We observed that the interaction between PAP channels initially504

occurred through the aromatic rings of the peptide arms in chan-505

nels. Therefore, we note that the π-π stacking of aromatic rings506

from neighboring channels also contributes to the stabilization of507

aggregates.508

Moreover, an increased density of channels could result in509

stronger interfacial interactions between PAP channels, thereby510

subsequently leading to a large-size cluster, as seen in this study511

where a cluster of four PAP channels was formed, and in a re-512

cent work25 where the size of a PAP cluster in lipids could be up513

to 13 PAP channels. The interfacial BSA between the channels514

in the 2PAP/POPC system was up to 300 Å2 vs. 795 Å2 in the515

4PAP/POPC system which suggests that a higher density of PAP516

channels leads to interfacial channel-channel interactions over a517

larger area.518

We also note that the timescale of 0.5 µs was not sufficient for519

observing via classical MD simulations the clustering of channels520

in the PB-PEO membrane, as the observation of clustering of PAP521

channels likely requires overcoming higher free energy barriers.522

However, the free energy profiles resolved via enhanced sampling523

metadynamics simulations showed that the dimerized states of524

PAP channels exist in both POPC and PB-PEO membranes. While525

the dissociation of a PAP dimer requires overcoming a barrier of526

∼3 kcal/mol in the POPC membrane, up to ∼7 kcal/mol is re-527

quired for the dimer dissociation in the PB-PEO membrane.528

We observed that the increased density of PAP channels could529

also affect the orientation of channels in the POPC membrane530

while a little effect was observed in the BCP membrane. Our pre-531

vious study of a single PAP channel in the POPC/PB-PEO mem-532

brane suggested that the tile-angle (θ) of the axis of the PAP533

channel, relative to the membrane normal, was ∼15◦.26 In this534

study, the averaged tilt-angles were found higher when two or535

four PAP channels were inserted in the POPC membrane: 18◦ in536

the 2PAP/POPC system and 22◦ in the 4PAP/POPC system. We537

also observed that the tilt-angle distributions of channels in the538

POPC membrane became broader when the number of channels539

was increased from two to four. However, in the PB-PEO mem-540

brane, the averaged tilt-angle for channels was ∼12◦ and no sig-541

nificant changes in tilt-angles were observed when the channel542

density was increased from two to four.543

Furthermore, based upon all-atom RMSD calculations, we544

found that the channels were more flexible in the POPC mem-545

brane than in the PB-PEO membrane and increasing the chan-546

nel density in the POPC membrane led to higher RMSD values.547

Our previous study of a single PAP channel demonstrated that548

the RMSD values in PAP channels are mostly contributed by the549

flexible peptide arms,26 which suggests that the peptide arms in550

channels were more stable in the PB-PEO membrane relative to551

the POPC membrane. This is potentially useful for the design of552

PAP-based biomimetic membranes where it is desired to enhance553

the stability of channels while maintaining their functional (per-554

meability/selectivity) characteristics.555

Unlike the studies on carbon nanotubes (CNTs) in lipids where 556

the surrounding lipid molecules adopted a layered and annu- 557

lar structure,49 we did not observe any organized pattern from 558

the analysis of two-dimensional atomic densities of POPC or PB- 559

PEO molecules. This observation is consistent with the viewpoint 560

that the flexibility and roughness of the outer wall of a biologi- 561

cal/synthetic channel plays a vital role in lipid distributions and 562

the increased flexibility of the outer wall may deteriorate the or- 563

ganization of membrane molecules.30,50–54 The arms of the PAP 564

channel are flexible without a well-defined shape unlike the rigid 565

structure of a CNT, indicating that the perturbations on mem- 566

branes due to the PAP channel are likely smaller than those by a 567

CNT.30 Moreover, multiple clustered channels as a single assem- 568

bly may further increase the surface roughness, thereby affecting 569

the organization of lipid or BCP molecules. 570

We also identified that the probability of observing a dewet- 571

ting state in the PAP channel is marginally higher than in the 572

PB-PEO membrane compared to the POPC membrane. This is 573

consistent with our previous study showing that the permeabil- 574

ity of PAP channels in the PB-PEO membrane was slightly lower 575

than in the POPC membrane, although the value of the channel 576

permeability in each membrane was of the same order of magni- 577

tude (∼ 108 molecules/s/channel).26 Furthermore, we observed 578

a higher probability of observing a dewetting state when the chan- 579

nel density was higher. Specifically, an increase of up to ∼20% in 580

the probability of observing a dewetting state was found in both 581

4PAP/POPC and 4PAP/PB-PEO systems. A previous study also 582

suggested that from a set of 25 PAP channels inserted in the POPC 583

membrane, on average, only 40% of the channels were filled with 584

water.25 Our single-channel osmotic permeability measurements 585

for individual PAP channels (Figure 10) further revealed differ- 586

ences in their water permeability characteristics, which correlated 587

well with the flexibility of the channel in that the channels with 588

higher/lower permeability values had lower/higher RMSD values 589

(Figure S9), respectively. 590

These observations mean that the PAP channel, like other hy- 591

drophobic nanopores, likely functions via a gating mechanism 592

and switches between an open and a closed state.19,55 This 593

nanopore confinement effect leads to perturbed diffusive and di- 594

electric behavior of water molecules,47,56,57 and thereby leads to 595

a wetting/dewetting transition in the channel. We aim to report 596

on detailed studies of these transitions in our future work. While 597

water orientation and interactions with the channel interior are 598

factors leading to a dewetting state, other factors could be the 599

blockage of the channel pore by membrane molecules.25 Collec- 600

tively, these results reveal several atomic-scale details of channel- 601

channel and channel-membrane interactions58,59 that govern the 602

functional behavior of channels and are therefore key factors to 603

consider in the design of biomimetic membranes with a high den- 604

sity of channels. 605

5 Conclusions 606

We employed MD simulations to study channel-channel and 607

channel-membrane interactions of AWCs in lipid and BCP mem- 608

branes. Specifically, we incorporated multiple PAP channels in a 609

POPC or a PB-PEO membrane matrix to investigate interfacial in- 610
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teractions between channels and membranes. Although classical611

MD simulations on a 0.5 µs timescale showed spontaneous clus-612

tering of channels only in the POPC membrane, enhanced sam-613

pling simulations showed that it is thermodynamically favorable614

for channels to dimerize in both POPC and PB-PEO membranes.615

We found that the free-energy barrier for the dissociation of616

dimerized channels was ∼4 kcal/mol higher in the PB-PEO mem-617

brane relative to the POPC membrane. We quantified that the618

dimerized configurations have ∼1000 Å2 of surface area buried619

between the channels and the neighboring channels are stabilized620

by π-π interactions between the aromatic groups in the peptide621

arms of each channel. The measurements on the tilt-angle of the622

channel axis and the RMSD relative to the initial structure showed623

that the channels were more flexible in the POPC membrane rel-624

ative to the PB-PEO membrane. We also found that the hydrogen625

bonds between the channel and the membrane molecules were626

not a major contributor to channel stability in the PB-PEO mem-627

brane. Furthermore, we report on wetting/dewetting transitions628

in the PAP channel in both POPC and PB-PEO membranes and629

found that the probability of observing a dewetting state was630

marginally higher at a higher channel density and for channels631

in the PB-PEO membrane.632
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