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Abstract 11 

Quorum sensing (QS) is a bacterial communication process mediated by both native and non-12 

native small-molecule quorum sensing modulators (QSMs), many of which have been 13 

synthesized to disrupt QS pathways. While structure-activity relationships have been 14 

developed to relate QSM structure to the activation or inhibition of QS receptors, less is known 15 

about the transport mechanisms that enable QSMs to cross the lipid membrane and access 16 

intracellular receptors. In this study, we used atomistic MD simulations and an implicit solvent 17 

model, called COSMOmic, to analyze the partitioning and translocation of QSMs across lipid 18 

bilayers. We performed umbrella sampling at atomistic resolution to calculate partitioning and 19 

translocation free energies for a set of naturally occurring QSMs, then used COSMOmic to 20 

screen the water-membrane partition and translocation free energies for 50 native and non-21 

native QSMs that target LasR, one of the LuxR family of quorum-sensing receptors. This 22 

mailto:vanlehn@wisc.edu


2 

 

screening procedure revealed the influence of systematic changes to head and tail group 23 

structures on membrane partitioning and translocation free energies at a significantly reduced 24 

computational cost compared to atomistic MD simulations. Comparisons with previously 25 

determined QSM activities suggest that QSMs that are least likely to partition into the bilayer 26 

are also less active. This work thus demonstrates the ability of the computational protocol to 27 

interrogate QSM-bilayer interactions which may help guide the design of new QSMs with 28 

engineered membrane interactions.  29 

Introduction 30 

Quorum sensing (QS) is a communication process that bacteria use to coordinate group 31 

behavior [1-3]. QS is regulated by the secretion and sensing of small-molecule chemical signals 32 

called quorum-sensing modulators (QSMs). When the concentration of native QSMs reaches 33 

a threshold value, QSMs can bind to and activate intracellular receptors to initiate changes in 34 

gene expression that cause bacteria to engage in group behaviors with potentially severe 35 

biomedical consequences. For example, Staphylococcus aureus bacteria can form multicellular 36 

aggregates, called biofilms, that are antibiotic-resistant and produce persistent infections 37 

associated with approximately twice the deaths and costs compared to typical hospitalizations 38 

[4]. Biofilm formation can further cause the failure of implanted medical devices and leads to 39 

high mortality in cystic fibrosis patients [2, 4]. QS also regulates the secretion of virulence 40 

factors that contribute to the interkingdom virulence of Pseudomonas aeruginosa and mutant 41 

Escherichia coli [5-9]. QSMs can also interact with eukaryotic hosts directly to exert 42 

immunomodulatory effects [10, 11]. Hence, there is significant interest in understanding and 43 

inhibiting QS pathways with the goal of developing therapeutic strategies to combat biofilm 44 
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formation and virulence in bacteria [12-15].  45 

Prevalent QSMs for Gram-negative bacteria include N-acyl homoserine lactones (AHLs) 46 

that consist of a polar homoserine lactone head group and a nonpolar aliphatic tail [13, 16]. For 47 

example, QS in P. aeruginosa is regulated by N-3-oxo-dodecanoyl L-homoserine lactone (3-48 

oxo-C12-AHL) and N-butyryl L-homoserine lactone (C4-AHL) which bind to intracellular 49 

LuxR-type receptors. To modulate QS in these organisms, many synthetic compounds have 50 

been developed to selectively activate or inhibit QS by binding to QS receptors [17-25]. 51 

Because LuxR-type receptors are cytosolic, these compounds must bypass the cell membrane 52 

to reach the cytosol, but little is known about transport mechanisms for even naturally occurring 53 

QSMs. Most AHLs are thought to passively translocate across bacterial cell membranes [26], 54 

but some (e.g., 3-oxo-C12-AHL) are actively transported across the cell membrane via pumps 55 

[19, 26]. Some QSMs (including AHLs) have also been found to be associated with membrane 56 

vesicles that facilitate their trafficking between cells [27]. QSMs may further initiate the 57 

formation of membrane vesicles by strongly interacting with the host membrane [28]. These 58 

latter observations suggest that QSMs can partition within, rather than translocate across, the 59 

membrane. Understanding how these possible membrane interactions influence the cytosolic 60 

availability of QSMs is valuable for both understanding the activity of naturally occurring 61 

QSMs and for guiding the design of synthetic compounds capable of similar membrane 62 

interactions.  63 

These biological observations have motivated several studies to elucidate the interactions 64 

of AHLs with model cell membranes that contain a limited number of lipid and sterol 65 

components [29]. Model cell membranes can capture the barrier properties of biological 66 



4 

 

membranes without the inclusion of proteins that facilitate membrane transport, thus permitting 67 

study of partitioning and translocation processes that involve direct AHL-bilayer interactions. 68 

For example, experiments have studied the partitioning and permeation of AHLs into single- 69 

and multicomponent lipid bilayers depending on their hydrophobicity [30-33]. AHLs have also 70 

been shown to exhibit self-assembly behavior characteristic of conventional surfactants and 71 

amphiphiles [34, 35], suggesting favorable membrane partitioning. However, these techniques 72 

have only been applied to a small set of naturally occurring AHLs and are too time-consuming 73 

to broadly screen the membrane interactions of a wider range of native and non-native QSMs.  74 

In addition to experimental studies, molecular simulations can be utilized to study the 75 

thermodynamics of membrane partitioning and translocation while providing insight into the 76 

mechanisms underlying these interactions. For example, atomistic molecular dynamics (MD) 77 

simulations, along with appropriate sampling techniques, have been used to study free energy 78 

landscapes for the partitioning and translocation of a variety of drug-like compounds, amino-79 

acid residues, peptides, and related biomolecules [36-41]. However, atomistic MD remains too 80 

computationally demanding to apply to a broad range of QSMs. Coarse-grained MD 81 

simulations, in which multiple atoms are represented by single particles, reduce this 82 

computational expense, but require extensive parameterization and do not capture the atomistic 83 

resolution needed to resolve some molecular structures [42-44]. Alternatively, the COnductor-84 

like Screening Model for Realistic Solvation (COSMO-RS) can be used to rapidly investigate 85 

the thermodynamics of multicomponent liquid-phase systems [45, 46]. COSMO-RS is a 86 

predictive model that combines unimolecular density functional theory calculations with 87 

statistical thermodynamics methods to account for molecular interactions and compute 88 
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thermodynamic properties. The extension of COSMO-RS to anisotropic systems and 89 

membranes is called COSMOmic [47]. Given input bilayer and molecule structures generated 90 

from a short MD simulation, COSMOmic can predict the free energy for molecular partitioning 91 

into and translocating across a lipid bilayer. Prior studies have shown that such free energies 92 

computed using COSMOmic are linearly correlated with free energies calculated using 93 

atomistic MD simulations, with a particularly strong correlation obtained for partitioning free 94 

energies, and can be obtained at only a fraction of MD’s computational cost [48-51]. 95 

COSMOmic is thus a powerful tool for the high-throughput screening of QSM-membrane 96 

interactions to complement low-throughput experimental studies. 97 

In this work, we used COSMOmic calculations in conjunction with MD simulations to 98 

analyze the partitioning and translocation of naturally occurring AHLs and synthetic QSMs 99 

(including both activators and inhibitors) across lipid bilayers. We performed umbrella 100 

sampling using atomistic MD simulations to determine the partition and translocation free 101 

energies for naturally occurring AHLs. These calculations revealed that AHLs exhibit 102 

membrane interactions similar to typical nonionic amphiphiles. We then utilized COSMOmic 103 

to predict the water-membrane partition and translocation free energies for 50 native and non-104 

native QSMs that target LasR, one of the LuxR family of quorum-sensing receptors that binds 105 

long-tail AHLs in P. aeruginosa. COSMOmic predictions were used to reveal the influence of 106 

systematic changes to head and tail group structures on membrane partitioning and 107 

translocation. Finally, we compared simulation-derived partition free energies to 108 

experimentally measured QSM activity data and found that QSMs that are less likely to 109 

partition into the bilayer are less potent LasR activators and inhibitors. This comparison 110 
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suggests that passive diffusion across the bilayer could decrease QSM activity. Together, this 111 

work demonstrates the power of the computational protocol to interrogate membrane transport 112 

pathways, which may help guide the design of new QSMs with desired membrane interactions.  113 

 114 

Methods 115 

Molecular Dynamics simulations 116 

Atomistic MD simulations were performed to obtain input structures for the COSMOmic 117 

calculations and to compute bilayer translocation free energies. QSMs and lipids were modeled 118 

using the CHARMM36 force field with the TIP3P water model [52]. Molecular structures and 119 

force field parameters were generated using the CHARMM-GUI Input Generator [53, 54]. In 120 

all MD simulations, Verlet lists were generated using a 1.2 nm neighbor list cutoff. Van der 121 

 

Figure 1: (A) Structures of naturally occurring N-acyl homoserine lactones (AHLs). (B) Structures of 

representative non-native activators and inhibitors of the quorum sensing receptor LasR (QSMs) 

examined in this study. The QSMs are divided into three categories: N-acyl homoserine thiolactones 

(AHTs), 3-oxo-C12 AHL derivatives (3-oxo-C12), and miscellaneous QSMs. A full list of QSMs is 

included in Figure S1. 
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Waals interactions were modeled with a Lennard-Jones potential using a 1.2 nm cutoff that was 122 

smoothly shifted to zero between 1.0 nm and 1.2 nm. Electrostatic interactions were calculated 123 

using the smooth Particle Mesh Ewald method with a short-range cutoff of 1.2 nm, grid spacing 124 

of 0.12 nm, and 4th order interpolation. Bonds were constrained using the LINCS algorithm. 125 

All systems were energy minimized using the steepest descent method then equilibrated using 126 

a leapfrog integrator with a 2-fs timestep. The temperature was maintained at 310.15 K using 127 

a Berendsen thermostat to replicate physiological temperatures with a time constant of 1.0 ps. 128 

All MD simulations were performed using Gromacs 2016 [55]. 129 

Initial configurations of QSMs (example chemical structures in Figure 1) were solvated 130 

in water using PACKMOL [56] and equilibrated for 40 ns. The pressure was maintained at 1 131 

bar using an isotropic Berendsen barostat with a time constant of 5.0 ps and a compressibility 132 

of 4.5×10-5 bar-1. Initial simulation configurations of a pure DOPC and 3:1 POPE/POPG lipid 133 

bilayers were generated using the CHARMM-GUI Membrane Bilayer [53, 54] with 64 lipids 134 

in each leaflet and neutralizing ions (for the anionic POPE/POPG bilayer) then equilibrated for 135 

150 ns. This simulation time was long enough to confirm that the systems reach equilibrium 136 

[34]. The pressure was maintained at 1 bar using a semi-isotropic Berendsen barostat with a 137 

time constant of 5.0 ps and a compressibility of 4.5×10-5 bar-1. 138 

 139 

Free energy calculations 140 

Molecular dynamics simulations with umbrella sampling [57] were performed to obtain 141 

potentials of mean force (PMFs) for the translocation of C4-AHL, C8-AHL, C12-AHL, and 3-142 

oxo-C12-AHL across a DOPC bilayer. The Weighted Histogram Analysis Method (WHAM) 143 
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[58] was used to calculate the PMF as a function of the z-component of the distance between 144 

the QSM center of mass and bilayer center of mass (denoted as z). Each umbrella sampling 145 

calculation was performed using independent windows separated by 0.1 nm along z from z = – 146 

4 to 1.2 nm with z = 0 nm corresponding to the bilayer center. 72, 59, 57, and 68 windows were 147 

used for C4-AHL, C8-AHL, C12-AHL, and 3-oxo-C12-AHL, respectively. The number of 148 

windows was selected to obtain convergence and ensure that the PMF was symmetric around 149 

z = 0. Harmonic restraints with force constants ranging from 200 kJ mol-1 nm-2 to 1500 kJ mol-150 

1 nm-2 were applied to restrain sampling to a given value of z. Each window was equilibrated 151 

for 5 ns in the NPT ensemble and then sampled for 32 ns. The last 24 ns of this trajectory were 152 

split into two independent 12-ns blocks and used to compute two PMFs using WHAM. 153 

Additional details on the umbrella sampling protocol and PMF convergence are detailed in the 154 

SI. 155 

 156 

COSMOmic calculations 157 

COSMOmic was used to compute PMFs for all QSMs studied in this work using the workflow 158 

summarized in Figure 2. As input, COSMOmic requires structures of the bilayer of interest 159 

(obtained from a MD simulation) and screening charge densities for each different type of 160 

molecule in the system (obtained from quantum chemistry calculations). Screening charge 161 

densities also depend on molecular configuration and thus initial configurations of molecules 162 

were generated using MD simulations. We describe each of these steps below. 163 

Three lipid bilayer configurations were selected from the 140 ns, 144 ns and 149 ns 164 

timepoints of the atomistic MD equilibration simulation. Similarly, three lipid configurations 165 



9 

 

were chosen from the 30 ns, 34 ns and 39 ns timepoints of the 40-ns simulations of individual 166 

lipids in solution. Multiple configurations were selected because prior work found that multiple 167 

configurations improve COSMOmic predictions [45]. For each QSM, configurations were 168 

selected based on the solvent-accessible surface area (SASA). The SASA of each molecule was 169 

calculated during the last 10 ns of the atomistic MD equilibration simulations using gmx sasa 170 

and histogrammed to compute the SASA distribution. The configuration corresponding to the 171 

most probable value of the SASA was then selected as COSMOmic input. Gaussian16 was 172 

used to compute the screening charge densities (COSMO files) for all molecules. Geometry 173 

optimization was performed in implicit water (Conductor-like Polarizable Continuum Model, 174 

CPCM) using density functional theory at the BVP86/TZVP/DGA1 level of theory. A single 175 

 

Figure 2: Flow diagram illustrating the inputs into COSMOmic from molecular dynamics (MD) and 

density functional theory (DFT) calculations that are used to predict quorum sensing modulator (QSM) 

interactions with lipid bilayers. 
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point calculation was then performed to generate the ideal screening charges (at the infinite 176 

dielectric constant limit) on the molecular surface using the same level of theory [59]. 177 

Additional details on this procedure and the impact of alternative configurations are described 178 

in the SI. 179 

Given the input membrane structure and screening charge densities, COSMOmic 180 

(implemented in COSMOtherm, version 19.0.05) divides the membrane into a series of 181 

horizontal slices and computes the water-membrane partition coefficient (𝐾𝑤→𝑚) of a molecule 182 

in each slice using COSMO-RS calculations [47]. The partition coefficient is calculated by 183 

rotating each input configuration per molecule multiple times per slice, with the corresponding 184 

partition coefficient weighted by the interaction energy of each orientation. The number of 185 

orientations used did not influence the results (Figure S2). The partition coefficient can be 186 

related to the PMF as a function of z by Equation 1: [60] 187 

PMF(𝑧) = − 𝑅𝑇 ln 𝐾𝑤→𝑚(𝑧)                            (1) 188 

PMF(𝑧) is the free energy change for moving a molecule from a position in bulk water to the 189 

specific value of z, R is the gas constant, and T is the temperature. Computing 𝐾𝑤→𝑚  for 190 

enough values of z (slices) to span the bilayer thus yields the PMF that can be compared to 191 

umbrella sampling calculations. 20 slices were used to span the membrane, leading to a spacing 192 

of approximately 0.2 nm [45]. Figure S3 shows that the number of slices does not substantially 193 

influence the resulting PMFs. 194 

 195 

Results and Discussion 196 

Partition and translocation free energies for natural AHLs 197 
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We first calculated potentials of mean force (PMFs) for the translocation of C4-AHL and 3-198 

oxo-C12-AHL (Figure 1) across a single-component DOPC lipid bilayer using umbrella 199 

sampling. DOPC was selected as a typical zwitterionic lipid which is in the fluid phase in 200 

physiological conditions and has been used experimentally in model membranes [29]. The 201 

PMFs quantify the change in free energy associated with translating each AHL along the 202 

reaction coordinate relative to a reference value set to zero at z = 4 nm, which corresponds to 203 

a position in solution away from the bilayer. Figure 3 shows the PMFs along with representative 204 

simulation snapshots illustrating molecular configurations for different values of z. Both PMFs 205 

are approximately symmetric around the bilayer midplane (at z = 0 nm), as expected given the 206 

symmetry of the system, indicating that the PMFs are converged. There is a slight asymmetry 207 

in the 3-oxo-C12-AHL PMF which likely results from the deformation of the bilayer as 208 

illustrated in the inset snapshot. Such deformations can introduce hysteresis leading to PMF 209 

asymmetry [61]. Nonetheless, the plateau value of the PMF near z = 0 nm indicates that the 210 

value at the PMF maximum is converged. 211 

 PMFs for both AHLs exhibit small (~1 kJ/mol) local maxima, located at z = 2 nm for C4-212 

AHL and z = 3 nm for 3-oxo-C12-AHL. PMF maxima correspond to free energy barriers, which 213 

in this case arise due to the slight deformation of lipid head groups as the AHLs begin to 214 

partition into the membrane. As z decreases, both PMFs exhibit global minima near z = 1.2 nm 215 

that correspond to the insertion of the nonpolar tail group of the AHL into the bilayer core with 216 

the head group remaining near the bilayer-water interface. Finally, both PMFs exhibit global 217 

maxima at z = 0 nm, which is the bilayer midplane. In this configuration, the bilayer is 218 

substantially deformed to minimize the exposure of the AHL head group to the nonpolar lipid 219 
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tails. These features are generally consistent with prior PMFs computed for amphiphiles [48, 220 

62, 63] and confirm that AHLs exhibit amphiphilic behavior as indicated by prior simulations 221 

and experiments [30, 34, 35]. Similar features were also observed for two additional naturally 222 

occurring AHLs, C8-AHL and C12-AHL (Figure S4 and Table S2), that vary in tail group 223 

length. 224 

 Based on the PMFs, we define two free energy differences relevant to QSM-bilayer 225 

 

Figure 3: Potentials of mean force (PMFs) of C4-AHL and 3-oxo-C12-AHL as a function of the 

distance along the DOPC bilayer normal (z). PMFs were computed using umbrella sampling with the 

PMF set to zero at z = 4 nm. Each curve shows the average of two independent PMFs and error bars 

shows the standard deviation. The midplane of the membrane is at z = 0 nm. The plots also illustrate 

the definition of ΔGpar as the free energy difference between the PMF minimum and the value in 

solution and ΔGtrans as the free energy difference between the PMF minimum and maximum. Snapshots 

at bottom illustrate the configurations of AHLs and bilayers for different characteristic values of z in 

the PMF of 3-oxo-C12-AHL. Lipid head groups are yellow/orange, AHL head groups are red, AHL 

tail groups are cyan, and water is drawn as red/white. Lipid tail groups are not shown for clarity.  
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interactions (schematically illustrated in Figure 3). The difference in free energy between the 226 

PMF minimum and the reference state in solution is defined as the partition free energy (ΔGpar). 227 

ΔGpar captures the favorable partitioning of QSMs into the bilayer, driven by hydrophobic 228 

interactions between nonpolar groups and lipid tail groups. Figure 3 shows that ΔGpar is more 229 

negative for 3-oxo-C12-AHL (-23.16 ± 3.13 kJ/mol) than C4-AHL (-6.36 ± 1.22 kJ/mol) 230 

due to the longer tail group of 3-oxo-C12-AHL. The larger magnitude of ΔGpar for 3-oxo-C12-231 

AHL is consistent with experimental observations that this AHL accumulates within the 232 

membrane, as opposed to C4-AHL which passively diffuses across the membrane [26]. These 233 

values are also consistent with partition free energies for drug-like nonionic amphiphiles in 234 

DOPC membrane, for which ΔGpar ranges between -7.5 to -100 kJ/mol [26]. The difference in 235 

free energy between the PMF maximum and the PMF minimum is defined as the translocation 236 

free energy (ΔGtrans). ΔGtrans is the free energy barrier for crossing the membrane that emerges 237 

from the significant deformation of the bilayer to avoid contact between polar groups and 238 

nonpolar lipid tails. ΔGtrans was 28.63 ± 1.23 kJ/mol for C4-AHL and 35.18 ± 3.37 kJ/mol 239 

for 3-oxo-C12-AHL, indicating that both AHLs experience barriers for crossing the bilayer. 240 

These values are again comparable to those of drug-like nonionic amphiphiles, for which 241 

ΔGtrans ranges from 0 to 60 kJ/mol [26]. The slightly smaller barrier for C4-AHL suggests that 242 

diffusion across the bilayer occurs more readily than for 3-oxo-C12-AHL, which is consistent 243 

with experimental observations of passive diffusion of C4-AHL [26]. The higher barrier for 3-244 

oxo-C12-AHL may also explain why the molecule is not observed to flip-flop in supported 245 

lipid bilayers [32].  246 

  247 
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Comparison of potentials of mean force from MD and COSMOmic 248 

The PMFs generated from MD with umbrella sampling are in good agreement with prior 249 

simulation studies and known experimental observations of AHL behavior, but these 250 

calculations are time-consuming, requiring approximately 1.5 µs of atomistic MD simulation 251 

time per PMF. This computational expense inhibits the screening of bilayer interactions across 252 

a wider range of QSMs. Alternatively, COSMOmic is a computationally efficient tool to enable 253 

the high-throughput calculation of bilayer partition and translocation free energies, requiring 254 

approximately 500 times less computational time than the umbrella sampling calculations. 255 

Therefore, we sought to compare COMSOmic predictions to the umbrella sampling results to 256 

determine if COSMOmic could be used to systematically investigate the effect of QSM 257 

properties on their bilayer interactions.  258 

Figure 4 compares PMFs computed using COSMOmic to PMFs computed using 259 

umbrella sampling (reproduced from Figure 3). COSMOmic correctly reproduces the two 260 

primary features of the PMFs: a free energy minimum near the bilayer-water interface that 261 

defines ΔGpar and a free energy maximum at the bilayer midplane that defines ΔGtrans. 262 

Compared to the PMFs from umbrella sampling, several differences are noted. First, the 263 

COSMOmic PMFs do not capture the small (~1 kJ/mol) local maxima observed near z = 2 nm. 264 
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Because this maximum is generally smaller than thermal energy, it is not expected to influence 265 

system behavior. Second, the minima of the COSMOmic PMFs are shifted to larger values of 266 

z and larger PMF values that the umbrella sampling PMFs, indicating that COSMOmic 267 

underpredicts ΔGpar compared to the MD calculations. Past results have similarly shown that 268 

COSMOmic systematically underpredicts MD-derived partition free energies but the predicted 269 

  

Figure 4: Potentials of mean force (PMFs) of A) C4-AHL and B) 3-oxo-C12 AHL as a function of the 

distance along the DOPC bilayer normal (z). PMFs computed from molecular dynamics simulations 

with umbrella sampling (blue; reproduced from Figure 3) are compared to PMFs computed with 

COSMOmic (red). ΔGpar and ΔGtrans are defined as in Figure 3 and labelled. ΔGtrans for the COSMOmic 

PMFs is determined by linear extrapolation of the points in black boxes to z = 0. Error bars indicate 

the standard deviation between three simulation replicas. 
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values from both approaches are linearly correlated [48, 51], indicating that COSMOmic 270 

correctly captures trends that enables the comparison between partitioning of various species. 271 

Finally, the COSMOmic PMFs plateau near the bilayer midplane whereas the umbrella 272 

sampling PMFs increase to a maximum. This behavior was again previously reported in prior 273 

literature [48-50] and we attribute it to the inability of COSMOmic to capture bilayer 274 

deformations observed in the MD simulations.  275 

Prior studies used the free energy difference between the PMF minimum and z = 0 nm to 276 

compute ΔGtrans, but this method systematically underestimates values from umbrella sampling 277 

due to the plateau [51]. Hence, we linearly extrapolated the PMF using the third, fourth and 278 

fifth closest points to z = 0 (where the PMF decreased most steeply, points in black boxes), and 279 

ΔGtrans was defined as the free energy difference between the minimum and the intercept of the 280 

extrapolated line, leading to better agreement with the umbrella sampling calculations in this 281 

work (Table S2). Figure S5 shows that there is a strong linear correlation between ΔGtrans 282 

computed using linear extrapolation and the difference between the PMF minimum and z = 0 283 

nm, indicating that either method would produce similar qualitative trends. Table S2 compares 284 

values of ΔGpar and ΔGtrans computed using umbrella sampling and COSMOmic for the C4-285 

AHL, C8-AHL, C12-AHL, and 3-oxo-C12-AHL. These comparisons, along with similar 286 

comparison for drug-like molecules in past work [48, 51], indicate that COSMOmic 287 

calculations do not quantitatively reproduce the values of ΔGpar and ΔGtrans calculated using 288 

atomistic MD but do capture trends in the relative values of these free energies. In particular, 289 

COSMOmic accurately predicts trends in ΔGpar [48, 51] which is the free energy that differs 290 

most substantially between C4-AHL and 3-oxo-C12-AHL (Figure 3) and may determine their 291 
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distinct intracellular availability. 292 

Effect of AHL head and tail group properties on bilayer interactions 293 

Using COSMOmic calculations, we next investigated trends in the partitioning and 294 

translocation of naturally occurring AHLs in single-component DOPC and multicomponent 295 

POPE/POPG bilayers. The POPE/POPG mixture was selected to mimic the lipid composition 296 

 

Figure 5: ΔGpar (A) and ΔGtrans (B) for AHL interactions with DOPC (red) and POPE/POPG (blue) 

bilayers. Hollow and filled circles indicate AHLs with and without the 3-oxo group in the head moiety, 

respectively. Error bars represent the standard error from three independent calculations using different 

input conformations to COSMOmic.  
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of a bacterial inner cell membrane, and notably differs from DOPC because POPG head groups 297 

are anionic. Figure 5 compares ΔGpar and ΔGtrans for 9 AHLs of varying head and tail 298 

functionalities for both bilayer compositions. There were no substantial differences in these 299 

free energies between DOPC and POPE/POPG membranes; therefore, we only used neutral 300 

DOPC bilayers for the remainder of this study. This finding also supports the use of a single-301 

component DOPC bilayer in experiments as a model membrane for multiple cell types to 302 

capture bilayer interactions [32].  303 

Figure 5 shows that ΔGpar is dictated by the AHL tail length, with longer tails leading to 304 

more negative values of ΔGpar indicating more thermodynamically favorable partitioning. This 305 

result is consistent with typical studies of amphiphile partitioning into lipid bilayers, further 306 

emphasizing that long-tail AHLs act like amphiphiles [48, 62, 63]. 3-oxo-C12-AHL and C16-307 

AHL, which have been experimentally found to associate with bilayers [27, 32], both have 308 

large, negative values of ΔGpar in agreement with these expectations. AHLs with a 3-oxo head 309 

group have a systematic increase of ~5 kJ/mol to ΔGpar. This result is similar to the prior 310 

observation of a systematic increase in the critical micelle concentrations of AHLs with 3-oxo 311 

groups compared to AHLs lacking 3-oxo groups [34]. Values of ΔGtrans were only modestly 312 

influenced by the AHL tail length but were influenced by the presence of a 3-oxo moiety, which 313 

tended to increase ΔGtrans. These general trends are consistent with the 3-oxo group increasing 314 

the hydrophilicity of the AHL head group and more carbon atoms providing a stronger 315 

hydrophobic driving force for insertion, with the head group dictating the translocation barrier.  316 

 317 

Partitioning and translocation free energies for non-native QSIs  318 
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The results from Figures 4 and 5 provide bounds on the partition and translocation free energies 319 

expected for naturally occurring AHLs, including AHLs with known experimental behavior. 320 

We next extended the COSMOmic calculations to a group of 40 non-native QSMs that target 321 

intracellular LasR receptors. Prior experimental studies have quantified the ability of these 322 

molecules to activate or inhibit quorum sensing [18-20, 22-25, 64, 65]; we sought to quantify 323 

their membrane interactions (Figure 6). QSMs were divided into four general categories: AHLs 324 

(C8-AHL, C10-AHL, and 3-oxo-C6-AHL, because these are LasR inhibitors), AHTs, 3-oxo-325 

C12 derivatives, and miscellaneous (“misc”). These molecules possess a diverse range of 326 

structures and chemical groups to permit analysis of how such features influence membrane 327 

interactions. Representative molecular structures are shown in Figure 1 with all chemical 328 

structures shown in Figure S1. Naming conventions follow the conventions used in prior 329 

literature for each set of molecules [18-20, 22-25, 64, 65]. Figure 6A plots ΔGpar and ΔGtrans 330 

for all QSMs studied. Points are color-coded according to the four categories described above. 331 

A moderate positive linear correlation was found between ΔGpar and ΔGtrans across all QSMs, 332 

indicating that for these molecules stronger partitioning into the bilayer (more negative value 333 

of ΔGpar) inhibits translocation (more positive value of ΔGtrans). Values for both free energies 334 

span a wide range of values within a similar range as the reference naturally occurring AHLs. 335 

We thus further investigated how variations in chemical structure influenced membrane 336 

interactions for each QSM category. 337 

 Figure 6B compares ΔGpar for the set of AHTs as a function of the AHT tail length. AHTs 338 

are similar to AHLs but bear a thiolactone head group. Like the AHLs, increasing AHT tail 339 

length led to more favorable partitioning, with an additional 3-oxo group in the head group 340 
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decreasing the magnitude of ΔGpar. The AHT head group led to slightly stronger partitioning 341 

compared to the AHL head group. Figure 6C further compares ΔGtrans as a function of AHT tail 342 

length. In general, ΔGtrans was smaller for AHTs than AHLs of the same tail length and was 343 

more strongly dependent on the tail length. These data indicate that the thiolactone head group 344 

causes AHTs to appear more hydrophobic than AHLs due to a single atom substitution.  345 

 We next investigated the set of 3-oxo-C12 derivatives, which had identical tail 346 

functionalities as 3-oxo-C12-AHL but varied in the head group chemistry. Figure 6D shows 347 

 

Figure 6: (A) ΔGpar and ΔGtrans for four categories of QSMs. (B) ΔGpar for N-acyl homoserine 

thiolactones (AHTs) and AHLs. The hollow and filled markers represent AHLs with and without the 

oxo additional group in the head moiety, respectively. (C) ΔGtrans for AHT and AHLs. (D) ΔGpar and 

ΔGtrans for 3-oxo-C12 derivatives. (E) ΔGpar and ΔGtrans for miscellaneous QSMs. Error bars in all parts 

represent the standard error from three independent calculations using different input conformations to 

COSMOmic. 
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that values of ΔGpar are similar for these molecules, likely due to the identical tail structure in 348 

each. However, molecule F22 (with a phenyl head group) had a more favorable partition free 349 

energy than the rest of the set. We attribute this difference to the preference of aromatic head 350 

groups for the bilayer-water interface, which could stabilize partitioning. Overall, however, the 351 

similar values of ΔGpar across this set of molecules suggests that this parameter can be tuned 352 

by tail properties nearly independently of the head group. Unlike ΔGpar, Figure 6D shows that 353 

values of ΔGtrans substantially vary across the set of molecules. Notable examples with 354 

unusually low values of ΔGtrans are F15 (with a cyclopentyl head group) and F22. These 355 

molecules were unique in that their hydrocarbon tails were connected to the head groups via 356 

peptide bonds, which implies that this functionality decreases the translocation free energy 357 

barrier. In the case of F15, this decrease is not accompanied by a change in ΔGpar. Together, 358 

these results indicate the ability of minor chemical modifications to lead to separate variations 359 

to ΔGpar and ΔGtrans, potentially enabling control over the preferential diffusion or accumulation 360 

of QSMs in bilayers. 361 

 Finally, Figure 6E shows ΔGpar and ΔGtrans for the set of miscellaneous QSMs. Molecule 362 

D18 was an outlier in ΔGpar because it had the longest tail group among the set. In general, 363 

values of ΔGpar for miscellaneous representative QSMs were generally closer to that of C4-364 

AHL than 3-oxo-C12-AHL since those molecules were relatively small, suggesting that the 365 

size or length of the molecules can determine the value of ΔGpar. Similarly, ΔGtrans for those 366 

molecules was similar to both C4 and 3-oxo-C12-AHL. These results indicate that variations 367 

to ring structures and the location of specific groups did not substantially influence bilayer 368 

interactions compared to the length of the tail group.  369 
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Based on the analysis of the full set of QSMs, we sought to determine if variations in QSM 370 

chemical structures could lead to predictable effects on ΔGpar and ΔGtrans. One noteworthy 371 

finding from the prior data was the behavior of the F22 molecule, which contained a phenyl 372 

head group connected via a peptide bond to a hydrocarbon tail. Compared to other 3-oxo-C12 373 

QSIs, F22 had a significantly lower value of ΔGpar and lower value of ΔGtrans. To test whether 374 

this effect was due to the inclusion of the aromatic head group, we computed ΔGpar and ΔGtrans 375 

for an artificial molecule (F22-C) with an additional methylene group inserted between the 376 

peptide bond and aromatic ring. Figure 7 shows that this modification raised both values to be 377 

comparable to the rest of the molecules. This example demonstrates how COSMOmic 378 

calculations could help guide the design of QSMs with tailored membrane interactions. 379 

 380 

 381 

 

Figure 7: ΔGpar and ΔGtrans for F22 and F22-C (with an added methylene group). 
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Relationship between membrane interactions and QSM activity 382 

Finally, we sought to determine if there is relationship between QSM-bilayer interactions 383 

(quantified via ΔGpar) and experimental metrics quantifying LasR activation and inhibition 384 

reported in past literature [18-20, 22-25, 64-66]. Since Figures 3 and 5 indicate that the primary 385 

difference between C4-AHL and 3-oxo-C12-AHL is the value of ΔGpar, we hypothesized that 386 

bilayer interactions could influence the localization of QSMs to either the cell interior (for 387 

molecules with ΔGpar similar to C4-AHL) or to membranes (for molecules with ΔGpar similar 388 

to 3-oxo-C12-AHL), which might then influence intracellular QSM concentrations and QSM-389 

receptor binding. QSM activity was quantified by two metrics obtained from published, 390 

experimentally determined dose-response curves: the EC50, which is the QSM concentration 391 

that induces 50% of the maximum response for QSMs that activate the LasR receptor, and the 392 

IC50, which is the QSM concentration that inhibits 50% of the response for QSMs that inhibit 393 

the LasR receptor. EC50 and IC50 values were determined for mutant strains of E. coli that 394 

expressed the LasR receptor. IC50 values were determined in the presence of a concentration of 395 

3-oxo-C12-AHL (the native activator of LasR) equal to its EC50. IC50 values were also obtained 396 

for a mutant reporter strain of P. aeruginosa that does not produce native AHLs. Tabulated EC50 397 

and IC50 values and corresponding references are listed in Table S3 in the Supporting 398 

Information. 399 
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 Figure 8 compares EC50 values in E. coli and IC50 values in both E. coli and P. aeruginosa 400 

to values of ΔGpar computed using COSMOmic. For comparison, ΔGpar is -11.90 ±  1.12 401 

kJ/mol for 3-oxo-C12-AHL and -0.94 ± 0.40 kJ/mol for C4-AHL (Figure 5). In general, less 402 

negative values of ΔGpar correspond to larger EC50 and IC50 values in both E. coli and P. 403 

aeruginosa, although compounds B2 (ΔGpar = -2.70 kJ/mol) and F3 (ΔGpar = -3.75 kJ/mol) have 404 

small EC50 values. Notably, EC50 and IC50 values increase for QSMs with values of ΔGpar larger 405 

than -10 kJ/mol. The decrease in EC50 and IC50 values for QSMs with values of ΔGpar more 406 

similar to 3-oxo-C12-AHL than C4-AHL suggests that these compounds may readily associate 407 

with the membrane due to their favorable partitioning free energies. Intracellular 408 

concentrations of 3-oxo-C12-AHL have also been shown to exceed extracellular concentrations 409 

by a factor of 3 due to membrane association [26], which could explain the increased potency 410 

of QSMs in Figure 8 that strongly partition into the bilayer. In contrast, the passive diffusion 411 

of QSMs with values of ΔGpar similar to C4-AHL could lead to reduced intracellular 412 

concentrations that limit potency. Supporting this idea, prior results have shown that active 413 

 

Figure 8: Relationship between experimental measurements of LasR activation (EC50) and inhibition 

(IC50) and ΔGpar. Experimental data are taken from past literature Inhibition experiments were 

conducted in either E. coli or P. aeruginosa whereas activation experiments were performed in E. coli.  
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efflux pumps that reduce the intracellular concentration of AHLs decrease their potency as 414 

activators [19]. Together, these behaviors may explain why bilayer interactions (quantified by 415 

ΔGpar) relates to QSM potency across two organisms (E. coli and P. aeruginosa), both LasR 416 

activators and inhibitors, and a variety of QSM chemical structures. However, we do caution 417 

that ΔGpar values could also reflect, in part, the binding of the QSMs to the LasR receptor, and 418 

thus further experimental studies are needed to fully disentangle effects due to receptor and 419 

bilayer interactions. 420 

 421 

Conclusions 422 

In this work, we used a combination of COSMOmic and atomistic molecular dynamics 423 

simulations to investigate lipid bilayer interactions for 10 naturally occurring AHLs and 40 424 

quorum sensing modulators. We performed umbrella sampling calculations to compute water-425 

membrane partition and translocation free energies for C4-AHL and 3-oxo-C12-AHL which 426 

represent naturally occurring QSMs. These AHLs exhibit bilayer interactions typical of 427 

nonionic amphiphiles, exhibiting both local free energy minima indicative of favorable bilayer 428 

partitioning and global free energy maxima indicative of barriers to translocation. 3-oxo-C12-429 

AHL partitions strongly into the lipid bilayer whereas C4-AHL only weakly into the bilayer, 430 

agreeing qualitatively with experimental studies indicating that 3-oxo-C12-AHL associates 431 

with bilayers while C4-AHL passively diffuses across the bilayer. Using COSMOmic, we 432 

further screened partition and translocation free energies as a function of AHL tail length in 433 

both DOPC and mixed DOPG/DOPC bilayers. We found that increasing the tail length drove 434 

more favorable partitioning but the barrier to translocation was only affected by the AHL head 435 
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group, with the 3-oxo group leading to a slight increase in the translocation barrier. We then 436 

systematically investigated the effect of head and tail group structures on membrane 437 

partitioning and translocation for 40 QSMs that have been experimentally shown to activate or 438 

inhibit the intracellular LasR receptor, providing insight into how variations in QSM chemical 439 

structures influence bilayer interactions. By comparing to experimental measurements of LasR 440 

activation and inhibition, we showed that QSMs which weakly partition into the bilayer (and 441 

thus are expected to behave similarly to C4-AHL) are less potent than QSMs which strongly 442 

partition into the bilayer (and thus are expected to behave similarly to 3-oxo-C12-AHL). 443 

Together, these findings provide new insight into how the structure of QSM head and tail 444 

groups affects their partitioning and translocation across the lipid bilayer which can help to 445 

provide information on membrane transport to complement experimental studies of QSM 446 

potency.  447 
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