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Abstract 
Halobacteria, a type of archaea living in high salt environments, have phytanyl ether phospholipid 
membranes containing up to 50% menaquinone. It is not understood why such a high 
concentration of menaquinone is required and how it influences membrane properties. In this 
study, menaquinone-8 head group and torsion parameters of isoprenoid tail are optimized in the 
CHARMM36 force field. Molecular dynamics simulations of bilayers with archaeal lipids containing 
0 to 50% menaquinone characterize the distribution of menaquinone-8 and menaquinol-8, as well 
as their effects on mechanical properties and permeability. Menaquinone-8 segregates to the 
membrane midplane above concentrations of 10%, favoring an extended conformation in a fluid 
state. While menaquinone-8 increases the bilayer thickness, it does not significantly alter the 
membrane area compressibility modulus and lipid chain ordering. Counterintuitively, 
menaquinone-8 increases water permeability because it lowers the free energy barrier in the 
midplane. Nevertheless, the thickness increase due to menaquinone-8 may help halobacteria 
ameliorate effects of hyper-osmotic pressure by increasing the membrane bending constant. 
Simulations of the archaeal membranes with archaerhodopsin-3 show that the local membrane 
surface adjusts to accommodate the addition of menaquinone. Overall, this study delineates the 
biophysical landscape of having 50% menaquinone in the archaeal bilayer, demonstrates the 
mixing of menaquinone and menaquinol, and provides atomistic details about menaquinone 
configurations. 
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1. Introduction 
The Archaea is one of the three ancient Domains along with Bacteria and Eukarya.1-2 Many live 
in harsh environments, for example, thermophiles in hot springs3 and halobacteria in the Dead 
Sea and salty lakes.4 Traditionally, 16S rRNA sequence that contains 9 variable regions has been 
used to distinguish Archaea from Bacteria and Eukarya.5 In recent years, lipidomics has been 
increasingly employed to phenotype different organisms,6-8 as lipids determine the barrier 
between cell and its environment and ensure proper functioning of membrane proteins. Kellerman 
et al. used mass spectroscopy to quantify lipid compositions in various halobacteria and found 
unprecedented high concentrations of menaquinone in the membranes. For example, 48% of 
lipids are menaquinone in Halo. Sodomense from whole-cell measurements.8  
In fact, such lipidomical changes under osmotic pressure are not uncommon.9-13 In halobacteria 
Staphylococcus epidermidis, high concentrations of NaCl induce increased cardiolipin 
concentration in its membrane.9 Sevin and Sauer reported that, after an osmotic shock, E. coli 
has a more than 100-fold increase of ubiquinone up to 1% in the membrane.14 E. coli cells became 
more susceptible to osmotic treatment when the ubiquinone synthesis gene ubiG is knocked out. 
The phenotype was only rescued by supplementing ubiquinone to the cell culture. Halobacteria 
also contain unusual phospholipids, such as phytanyl ethers,15 to adapt to environments of up to 
34% salinity.  
It is not yet understood why such massive amounts of menaquinone exist in the membrane. 
Where does quinone locate? How does menaquinone enhance hyper-osmotic resistance? 
Localizations of quinone in the membrane have been under debate for decades, with both 
experiments16-25 and simulations26-29 yielding inconsistent results. Biophysical characterization 
shows that ubiquinone increases membrane rigidity and decrease the membrane leakage.30 We 
thus aim to elucidate menaquinone localization in the membrane and its role in promoting hyper-
osmotic resistance.  
While the quinone head group is an electron/proton carrier,31 the function of polyunsaturated 
isoprenoid tails of menaquinone is less clear. Studies have suggested the anti-oxidative role of 
double bonds as scavenger of free radicals.8, 32 The isoprenoid motif is common in biological 
systems, e.g., carotenoid and squalene in archaea8 and farnesyl lipid anchor of lipidated 
proteins,33 and widely used drug conjugation.34-38 Thus, it is important to characterize the 
conformational space of the quinone isoprenoid tail, which may help elucidate its functional roles.  
Archaea also serve as a rich reservoir of protein scaffolds for bioengineering. For example, 
bacteriorhodopsin (bR) has been used as a motion sensor and an X-ray sensor by utilizing its 
light activation cycle.39-40 Archaerhodopsin-3 (AR3) from Halo. sodomense fused with fluorescent 
protein was used as a voltage sensor (QuasAr) for neurobiological research.41 Therefore, it is of 
interest to examine how AR3 interacts with the halobacterial host membrane at high concentration 
of menaquinone.  
To address the preceding questions, we performed molecular dynamics (MD) simulations to study 
the archaeal membrane and its interaction with AR3. In Methods, we describe the force field 
parameterization and validation methods of head group and tail torsion profiles of menaquinone-
8, followed by system setup, simulation protocols, and analysis methods. We then provide and 
discuss the results, including parameter validation, archaeal membrane properties, 
menaquinone-8 locations and tail conformations, menaquinone-menaquinol interactions, and 
lipid-protein modulations between AR3 and archaeal membrane.  
 
2. Methods 
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2.1 Lipid parameterization 
The archaeal phospholipids (phosphoglycerol archaeol (PGAR) and phosphoethanolamine 
archaeaol (PEAR)) parameters were transferred from existing ether42 and branched-chain 
phospholipids.43 Head groups of menaquinone-8 (MK8) and menaquinol-8 (MKOL8) were 
parameterized using CGenFF44 (Table S1); menaquinone has been abbreviated as MK instead 
of MQ.45-46 Figure 1 depicts the four lipid components for an archaeal membrane. Free energy 
perturbation simulations were performed for 1,4-naphthoquinone in TIP3P water and cyclohexane 
using GROMACS program47 to validate the nonbonded parameters of MK8. The electrostatic and 
van der Waals interactions were gradually reduced to zero, and the multistate Bennett acceptance 
ratio (MBAR) method48 was used to calculate the absolute solvation free energies of the molecule 
in two solvents. The relative solvation free energy (DGhex-water) is the difference of two absolute 
solvation free energies, which can be compared with the experimentally determined partition 
coefficient logP (cyclohexane/water): exp(DGhex-water/kBT) = 10logP. 
 

  
Figure 1. Lipid species studied in this work: MK8 (menaquinone-8), MKOL8 (menaquinol-8), 
PEAR (phosphoethanolamine archaeaol), and PGAR (phosphoglycerol archaeol).  
 
 
Potential energy surface scans of molecular mechanics (MM) and quantum mechanics (QM) were 
performed every 5° to examine the torsion angle parameters of isoprenoid tail in MK8. Eight 
different starting conformations of isoprene dimer were scanned forward and backward to ensure 
sufficient sampling of the conformation space. The eight conformations are the combination of 
energy minimum points of three dihedrals (Figure 2): 100° and -100° for f1 (C2-C4-C5-C6), 80° 
and -80° for f2 (C4-C5-C6-C7), and 120° and -120° for f3 (C5-C6-C7-C9).  
All QM calculations were performed at B3LYP/Def2-TZVP level with DFT-D3 method for 
dispersion correction using the Gaussian 16 program.49 Using the lowest energy conformations 
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at each scan point, high accuracy single point energies are calculated using HM-IE method50 to 
approach the CCSD(T)/cc-pVQZ level: ECCSD(T)/QZ ≈ E CCSD(T)/DZ + (EMP2/QZ-EMP2/DZ), where QZ and 
DZ denote cc-pVQZ and cc-pVDZ basis sets, respectively. MM potential energy scans were 
performed based on QM conformations with restraints imposed on the three dihedral angles to 
keep the same configuration. By introducing a new atom type CEL0, we re-parameterized the 
parameters of three key torsion angles using Monte Carlo simulate annealing,51 and the 
parameters are listed in Table S2.  
 
2.2 Initial conditions and simulation protocols 
 
Table 1. Simulation systems.  

System Lipid Composition (%) # Lipids # Water per lipid 
50-MK8 PG:PE:MK8 = 30:20:50 200 67.9 
40-MK8 PG:PE:MK8 = 36:24:40 200 67.6 
30-MK8 PG:PE:MK8 = 42:28:30 200 67.5 
20-MK8 PG:PE:MK8 = 48:32:20 200 67.4 
10-MK8 PG:PE:MK8 = 54:36:10 200 67.2 
00-MK8 PG:PE = 60:40 200 66.9 
30-MKOL8 PG:PE:MKOL8 = 42:28:30 200 31.9 
30-MIX PG:PE:MK8:MKOL8=42:28:15:15 200 31.9 

AR3-00MK8 PG:PE = 60:40 202 72.1 
AR3-30MK8 PG:PE:MK8 = 36:24:40 201 75.3 
AR3-50MK8 PG:PE:MK8 = 30:20:50 202 77.7 
AR3-30MKOL8 PG:PE:MKOL8 = 42:28:30 201 75.3 
AR3-30MIX PG:PE:MK8:MKOL8=42:28:15:15 202 75.1 

 
The protein structure of archaerhodopsion-3 (AR3) (Uniprot ID P96787) was modelled using I-
TASSER server52-54 with a homologous sequence template of bacteriorhodopsin sharing 90% 
sequence identity. Table 1 lists the 13 bilayers and their components simulated in this study. All 
contain 3:2 PGAR:PEAR and are specified by their varying fractions of MK8 and MKOL8. For 
example, 50-MK8 contains 50% MK8, 30% PGAR, 20% PEAR, and 30-MIX contains 15% MK8, 
15% MKOL8, 42% PGAR, 28% PEAR. Systems with the protein AR3 are prefaced as such. 
Simulation systems of pure bilayers and AR3-embedded protein-lipid complex were assembled 
with the CHARMM-GUI Membrane Builder assembly protocol55-56 with the exception of the 30-
MIX and 30-MKOL8 systems. These two were assembled from the last snapshot of 30-MK8 at 2 
μs by changing MK8 to MKOL8 molecules. K+ and Cl- ions were added to keep the whole 
assembly neutral and maintain a salt concentration of 0.15 M KCl.  
The 13 systems were simulated using the CHARMM36 force field57-59 and TIP3P water model60-
61 at 303.15 K and at 1 bar with NPT (constant particle number, pressure, and temperature). The 
SHAKE algorithm was applied to the bonds that contain hydrogen atoms.62 The van der Waals 
interactions were cut off at 12 Å with a force-switching function between 10 and 12 Å,63 and the 
electrostatic interactions were calculated by the particle-mesh Ewald method.64 The temperature 
and the pressure were controlled by Langevin dynamics with a friction coefficient 1 ps–1 and a 
semi-isotropic Monte Carlo barostat, respectively.65-66 We performed equilibration of the systems 
using the CHARMM-GUI default six-step protocol.55-56, 67-68 We use a time step of 2 fs for 
production and simulated each system for 2 μs. All but the single molecule simulations were 
performed using OpenMM.69 Langevin dynamics simulation of a single MK8 molecule in vacuum 
was carried out with CHARMM70 for 200 ns with a time step of 2 fs at 303 K.  
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2.3 Analysis 
The membrane thickness was calculated by measuring the mean z-positions of acyl chain C2 
atoms of PGAR and PEAR (Figure 1) in the upper and lower leaflets. We used the membrane 
thickness as a function of time to monitor the equilibration of each trajectory. For 2D thickness, 
XY coordinates of C2 atoms were extracted and mapped onto a grid with a spacing of 2.8 Å. The 
thickness in each grid was then calculated by measuring the mean z-positions of the same grid 
in the two leaflets.  
The deuterium order parameters (SCD) were calculated by  

𝑆!" = ##
$
〈(3𝑐𝑜𝑠$𝜃 − 1)〉#    (1) 

where 𝜃 is the angle of a C-H vector with respect to the bilayer normal. The area compressibility 
modulus (KA) was calculated by  

𝐾% = 𝑘&𝑇
'()
'*(!)

                         (2) 

where 𝑘& is the Boltzmann constant and T is temperature. We used the final 1 μs of each 2-μs 
trajectory and divided into four blocks to estimate standard errors of KA. The statistical significance 
of KA values between the systems was performed with t-test without assuming equal variances. 
A membrane defect was calculated by the ratio of exposed hydrophobic surface area to the bulk 
solvent by following Wildermuth et al..71 Briefly, we used VMD72 to render images of bilayer polar 
surface and hydrophobic core, and then used a computer vision program, OpenCV 2,73 to 
calculate the membrane defect ratio. A schematic is shown in Figure S1.   
Potentials of mean force (PMF, F(z)) of water were calculated from the water probability densities 
(p(z)) along the membrane normal as 𝐹(𝑧) = 𝑘+𝑇 ln(𝑝(𝑧)). Water positions were sampled at 1 ps 
interval for the last 500 ns of each system with a bin size of 1 Å, and p(z) was symmetrized across 
the two leaflets. For AR3-embedded systems, water densities were sampled from the lipid-only 
region, by cropping out a box containing the protein. An estimate of the resistance to water 
permeation (𝑅8) was obtained as 

 𝑅8 = ∫ 𝑒,-(/)𝑑𝑧12/$
42/$      (3) 

where h is the bilayer thickness along the z-direction, and 𝛽 = 1/𝑘&𝑇. Eq (3) is derived from the 
inhomogeneous solubility-diffusion model,74 assuming that the diffusion constant in the 
membrane is independent of z, and that F(z) = 0 in the bulk water phase. Hence, the permeability 
𝑃 ∝ 1/𝑅8. 
The isomerization (trans-gauche transition) rate of menaquinone tails were calculated from the 
last 200 ns of the trajectories with frames sampled at an interval of 1 ps. States (gauche+, gauche-
, and trans) were defined as the minima ± 30° to ensure that only thermally stabilized transitions 
were counted.75 Only the middle five f2 angles in the isoprenoid tail were pooled for estimating 
the isomerization rate, as the beginning and end of the tail have larger transition rates that skew 
the average isomerization rates.  
The conformational ensemble of isoprenoid tails was histogramed into 37 (i.e., 2,187) categories, 
based on whether each of the seven torsion angles centered on a C-C single bond is trans, 
gauche+, and gauche-. The Markov model of tail conformation transition was estimated on the 
last 1-μs trajectory of the 50-MK8 system with a sampling frequency of 0.2 ns/frame using 
PyEMMA.76 A lag time of 80 ns was chosen based on the implied timescale plot, which detects 
the first few slowest timescale in conformational transition, and the Chapman-Kolmogorov test, 
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which computes the transition probability for different lag times. A Bayesian Markov state model 
building was used to estimate the transition probability for each pair of conformations (see SI S1 
for details). End-to-end distances for MK8 tails were calculated based on the first and last atom 
in the isoprenoid chain. Isomerization rates were calculated for the second to the sixth dihedral 
angles f2 in the isoprenoid tail. Radial distribution functions (g(r)) were calculated for the centers 
of mass (COMs) of carbon atoms (C1-C10) in the MK8 or MKOL8 rings (Figure 1). 
Principal component analysis (PCA) of protein conformational ensemble was performed using 
Prody package77 with protein coordinates of residues 18-234 (Table S3) extracted from the 2-μs  
trajectories in each simulation with a frequency of 2 frames/ns. Protein trajectories from five AR3 
systems were concatenated, aligned based on the backbone atoms, and then used for covariance 
calculation and single value decomposition to derive the principal components. The conformations 
sampled in each simulation were projected onto the first three principal components. Molecular 
visualizations were rendered using VMD package.72  
 
3. Results and Discussion 

3.1 Menaquinone parameter validation and torsion profile optimization 
We first validated the nonbonded parameters of head group and the dihedral angle parameters 
of isoprenoid tail in MK8, as these parameters can play a major role in menaquinone localization. 
For head group parameters, free energy perturbation calculations estimated the solvation free 
energy difference of a model compound 1,4-naphthoquinone in cyclohexane and in water to be 
3.47 ± 0.07 kcal/mol, which is a logP of 2.54. This is in excellent agreement with the experimental 
logP value of 2.70 (DGexp-calc = 0.22 kcal/mol).78 For dihedral angle parameters, we performed a 
potential energy surface scan with the torsion angle of interest fixed and others relaxed. QM 
profiles of three dihedral angles (f1 (C2-C4-C5-C6), f2 (C4-C5-C6-C7), and f3 (C5-C6-C7-C9)) 
were scanned based on the model compound of an isoprene dimer at the MP2/cc-pVDZ level. 
Figure 2 plots the torsion energy profiles before and after fitting the MM force field to QM results 
for the model compound. The previous CHARMM36 force field59 (dotted lines in Figure 2) does 
not satisfactorily represent these surfaces, especially the relative energies of the local minima of 
f2 and f3.  
 

 
Figure 2. Fitting CHARMM force field parameters of three dihedral angles in the isoprenoid to 
QM results. Potential energy scans of dihedral angles (A) f1 (C2-C4-C5-C6), (B) f2 (C4-C5-C6-
C7), and (C) f3 (C5-C6-C7-C9) in QM (solid black), MM before optimization (dotted black), and 
MM after optimization (dashed red). Insets, schematics of model compounds with the dihedral 
angle of interest highlighted in red.  
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The energy profiles for f1 and f3, both centered on a C-C bond with a C=C bond attached, vary 
significantly. Chemically, the difference lies in the location of methyl group that is attached to the 
distal carbon (atom C2) in f1 and to the proximal carbon (atom C7) in f3. Even though the energy 
minima of the two profiles are both near ± 100°, the distal methyl group destabilizes the trans 
conformation. Previously, the two carbon atoms in the double bond were both represented by the 
same CEL1 type in the CHARMM36 force field. During the re-parameterization, we introduced a 
new CEL0 type for a double bond carbon atom with no hydrogen atom attached (atoms C2 and 
C7), so that CEL1 type now only represents a double bond carbon atom with one hydrogen 
attached (Figure 2), thereby distinguishing f1 and f3. The optimized CHARMM force field 
parameters for the three dihedral angles are listed in Table S2. 
 
3.2 Membrane properties and menaquinone's role in osmotic resistance  
We simulated archaeal membrane systems with PGAR, PEAR, MK8, and MKOL8 (Figure 1) with 
increasing MK8 concentration from 0 to 50 mol%, with 30 mol% MKOL8, and with 30 mol% mixed 
MK8/MKOL8 (Table 1). The lipid-only systems reach equilibration after 1 μs, while the protein-
lipid systems reach equilibration after 1.25 μs (Figure S2). With increasing MK8 concentration in 
the membrane, the hydrophobic thickness increases (Figure 3A). Comparing with typical 
phospholipids, e.g., POPC or DMPC, the archaeal bilayer of phytanyl tails is thicker (Table 2 and 
S4).  
 

  
Figure 3. Characterization of membrane properties in different simulation systems. (A) The 
membrane bilayer thickness increases with more MK8. Blue dots represent the thickness of 
protein AR3 systems (AR3-00, 30, 50MK8). (B) Area compressibility modulus KA, bending 
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constant KC, and permeability 𝑅8  as a function of MK8 concentrations. Unfilled blue squares in 
lower panel indicate the values of 𝑅8		for the AR3-embedded system. Error bars show the standard 
error of the mean. (C) Order parameter SCD for each carbon atom in the sn1 chain of PGAR 
(Figure 1). (D) Symmetrized potential of mean force (PMF) of water; the membrane center is at 
z = 0. 
 
 
Three approaches were used to examine whether menaquinone in the membrane promotes 
membrane rigidity to reduce leakage, a property previously reported for ubiquinone.30 We first 
quantified membrane packing defect by measuring the extent of hydrophobic core exposed to the 
lipid-water interface. We found that higher quinone concentration does not lead to significant 
difference in membrane packing defects (Figure S3). Secondly, we calculated the area 
compressibility modulus KA. The pure bilayer (PGAR/PEAR) has a KA of 518 ± 62 dyn/cm (303 
K), which is comparable with other reported KA values of ester DPhPC of 522 ± 49 dyn/cm (323K) 
(Figure 3B and Table S5).43, 79 With increasing MK8, KA initially decreases and then increases, 
with no statistically significant difference between 00-MK8 and 50-MK8. This can be due to that, 
at high concentrations, MK8 phase segregates to the bilayer midplane so the membrane/water 
interface is less perturbed. In the third approach, we characterized acyl chain order parameter 
(SCD) profiles. The SCD of phytanyl lipids shows three plateaus (Figure 3C), which is consistent 
with other simulations of DPhPC lipids.43 Clearly, higher concentrations of quinone do not 
significantly alter the SCD profiles (Figure 3C). From our analyses, MK-8 in archaeal diphytanyl 
lipid membrane does not substantially modulate membrane chain order or area compressibility.   
MK8 localizes in the membrane midplane (Figure 4 and S4). With increasing concentration of 
MK8, the two phospholipid leaflets are gradually pushed apart, and the leaflets are well separated 
at 50% MK8 with no density of PGAR/PEAR acyl chains in the midplane (Figure 4A). This result 
is consistent with numerous experimental measurements showing that long-chain ubiquinone 
analogs locate near the membrane center.17, 19-24 From a chemical point of view, squalene, 
menaquinone-8, gemcitabine-squalene conjugate, and quinones, e.g., ubiquinone and 
platoquinone, constitute a spectrum of isoprenoid-based compounds (Figure S5). They share the 
same lipidic isoprenoid tail and yet each maintains a specific head group. Both squalene and 
menaquinone mainly localize in the midplane, while gemcitabine-squalene has the gemcitabine 
head exposed to the solvent and squalene tail inside the membrane.34 This comparison indicates 
the important role of head group hydrophobicity in localization of the long-chain isoprenoid 
compounds. From a force field point of view, Teixeira and Arantes simulated MK9 (3 mol%) in a 
mixed membrane,28 where they parameterized MK-9 with more polar carbonyl group and the 
smaller hydrogen atoms on the distal six-member ring (Table S6). They found MK-9 head group 
localize in the membrane-water interface. The different behavior of MK-9 observed in their 
simulation comparing with ours could be due to the low MK-9 concentration (3%), the different 
bilayer lipids (DLPC, DLPE), or the small variations of nonbonded parameters.     
 
Table 2. Hydrophobic thickness (hCC), area compressibility moduli (KA), water permeability 
resistance (𝑅8 in Eq. 3), and approximate bending constant (KC in Eq. 4) for MK-8-containing 
systems. 

Systems 00-MK8 10-MK8 20-MK8 30-MK8 40-MK8 50-MK8 
ℎ55 	(Å) 30.7 ± 0.1 32.9 ± 0.1 37.8 ± 0.1 43.4 ± 0.1 52.1 ± 0.1 60.7 ± 0.1 

𝐾( (dyn/cm) 518 ± 62 405 ± 65 268 ± 36 404 ± 54 416 ± 64 451 ± 48 
𝑅8 (x104) 80 ± 4 35 ± 8 22 ± 4 11 ± 2 53 ± 7 52 ± 10 
𝐾5  (kT) 47 ± 5 43 ± 7 38 ± 5 77 ± 10 112 ± 17 165 ± 19 
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Figure 4. MK8 and MKOL8 density distributions along the membrane normal. The density profiles 
along the membrane norm (left) and trajectory snapshots (right) of water, acyl chain, phosphate 
group of phospholipids, MK8 or MKOL8 head groups and tails. Color codes: water (purple), 
phosphate group (magenta), acyl chain (green), MK8/MKOL8 tail (yellow), and MK8/MKOL8 head 
(orange). See Figure S4 for distributions and trajectory snapshots of 10-MK, 20-MK, and 40-MK. 
 
 
Given the fact that halobacteria live in a high-salinity environment, we sought to understand how 
MK8 affects membrane permeability to water. The potentials of mean force (PMF) of water 
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permeation are plotted in Figure 3D. To begin, the bilayer with no MK8 (00-MK8, brown line) has 
a barrier of nearly 7 kcal/mol at the bilayer midplane, similar to bilayers composed of more 
common lipids.74 The free energy plateau in the midplane progressively drops to approximately 5 
kcal/mol as the concentration of MK8 increases but the shape of the profile remains similar 
through 30-MK8. At higher concentrations, MK8 segregates to the midplane and the barrier 
associated with the phospholipid tails shifts to approximately ±6 Å for 40-MK8 and ±9 Å for 50-
MK8. The barrier drop in MK8-rich regions arises from the polarity of the isoprenoid chains and 
quinone head group. These features in the PMF can be related to the water permeability from Eq. 
(3), which estimates the resistance to permeability (𝑅8  in Table 2). 𝑅8  is highest for 00-MK8, 
decreases as the concentration of MK8 is increases to 30-MK8, and then increases due to the 
larger hydrophobic thickness of 40-MK8 and 50-MK8, but does not reach the value of 00-MK8. 
Thus, menaquinone is not likely to promote osmotic resistance by increasing permeation barrier. 
Interestingly, the presence of menaquinone would likely increase the bilayer bending constant KC, 
according to the polymer brush model:80   

𝐾5 	= 	𝐾(	ℎ66
$/24     (4) 

where ℎ66 is the hydrophobic thickness. Here we use the polymer brush model because other 
more rigorous methods for estimating KC are not applicable. Specifically, methods utilizing the 
height fluctuation spectrum81-82 require very large bilayers (~30 nm/side), and those for smaller 
systems (such as the ones simulated here) based on lipid director fluctuations are only applicable 
to one-component bilayers.83 As shown in Table 2 and Figure 3B, KC is higher with 20% or more 
MK8 compared to 00-MK8 and is highest at 50-MK8; i.e.,  𝐾5 	∝ 		 ℎ55$ .  

 
3.3 Conformation and dynamics of quinone tails 
MK8 tails exhibit significant flexibility, displaying straight, 90°-turn, or multi-turn conformations 
(Figure 5A). We plotted the distributions of the three torsion angles of MK8 tails in 50-MK8 
(Figure S6A-C). Of note, f2 has significantly larger portion in trans conformation (180°) than 
gauche, and f3 has a larger population in cis conformation (0°) than gauche, which are in an 
opposite trend to the QM and MM potential energy scans (Figure 2). To resolve the difference 
and to ensure the validity of simulations, we performed Langevin dynamics of a single MK8 
molecule (One-MK8) in vacuum for 200 ns. The torsion distribution profiles agree well with the 
force field parameters and QM scans (Figure S6D-F).  
To gain further insight into how membrane environments and MK8 concentrations (i.e., packing 
effects) shift the distribution of MK8 torsion angles, we compared the torsion distribution profiles 
among systems of varying concentration (10-50% MK8, One-MK8). For f1, the distribution of 
gauche and trans conformations are similar for vacuum and membrane environments (Figure 
S7A); while, the membrane environment strongly favors trans conformations over gauche for f2 
(Figure S7B). For f3, the distributions of One-MK8 and 10-MK8 overlap and favor ±100° 
conformations, while the systems with high MK8 concentrations (20-50%) favor cis (0°) 
conformations (Figure S7C). Such a preference for cis conformation in f3 leads to more extended 
MK8 tails, as reflected by longer end-to-end distances (Figure S8 and S9). The concentration of 
MK8 also influences the isomerization rate of f2, which shows a twofold increase in 10-MK8 
compared to the 20-50% MK8 systems (Figure S10), due to relatively higher free volume at the 
midplane in 10-MK8. Higher concentration does not lead to a waxy state of MK-8 in the membrane, 
as reflected by the mere two-fold decrease of the isomerization rate.   
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Figure 5. Characterization of a conformational ensemble of menaquinone tails. (A) Examples of 
quinone tail conformations and corresponding values of the 7 torsion angles. A gauche angle 
usually corresponds to a turn conformation. (B) Top 30 conformations of menaquinone and their 
probabilities. In the inset table, the vector coding of the top 15 conformations with probabilities 
are all-trans or one-gauche. (C) Heatmap of a Markov model of conformational transition between 
the top 15 conformations. AT: all-trans, ng: gauche(-) at n-th dihedral angle, nG: gauche(+) at n-
th dihedral angle.  
 
Despite the diverse conformations, there is a correlation between MK8 tail shape and torsion 
angles. Whenever f2 is gauche, the isoprenoid tail takes a turn at that position (Figure 5A). Based 
on this, we used f2 to describe the menaquinone tail conformational space. We coded torsion 
angles of isoprenoid discretely using {-1, 0, 1} to represent {gauche(-), trans, gauche(+)}, 
respectively. MK8 molecules has seven such torsion angles, and thus a vector of length seven is 
used to present one conformation, e.g., {0, 0, 1, 0, -1, 0, 0}. The statistics show that all-trans 
conformation is the most probable conformation, followed by one-gauche conformations (Figure 
5B). The dynamics of MK8 tail by a Markov state model shows that each state tends to dwell in 
its state, but the rate of one-gauche conformation transiting to all-trans conformation is higher 
than the reverse transition (Figure 5C). It is very unlikely for one-gauche conformations at 
different positions to transit to each other directly, e.g., from 5-gauche to 6-gauche.  
As noted above, the conformations of quinone tails (isoprenoid) tend to adopt all-trans 
configurations in the membrane as opposed to vacuum. In fact, the interplay between MK8 
localization in the midplane and extended all-trans tail conformations is as follows. i) the 
naphthoquinone group of MK8 is not sufficiently polar to remain near the lipid-water interface and 
thus prefers the greasy aliphatic region. ii) Since it is difficult to re-organize the long isoprenoid 
tail (8 units) in the membrane, driven by enthalpy, it is energetically favorable to form a condensate 
in the midplane. All-trans conformations appear to allow the tails to intercalate with each other, 



 13 

which is enthalpically more favorable. The tendency to adopt extended isoprenoid tail 
conformations may be the reason for differences in experimental results on short-chain and long-
chain quinone localization.16-17, 21, 23-24 Studies indicate that ubiquinone short-chain analogs tend 
to intercalate with phospholipids, while long-chain analogs tend to localize at the midplane.  
 
3.4 Location and interactions of menaquinol-8 
 

  
Figure 6. Characterizing interactions of MK8-MK8, MK8-MKOL8, and MKOL8-MKOL8 head 
groups. (A) Radial distribution functions (g(r)) in 30-MIX. (B) Snapshot of 30-MIX with orange for 
MKOL8 head group, blue for MK8 head group, and cyan for bilayer lipids. 
 
 
The reported 48% menaquinone in the membrane, however, does not take the co-existing 
menaquinol form into account. Under the experimental condition where the membrane extraction 
is not protected with nitrogen gas, MKOL8 species are likely to be oxidized to MK8. As MKOL8 
has a phenol group that is more polar than carbonyl group of MK8, we hypothesized that MKOL8 
might localize at the lipid-water interface. To date, due to experimental challenge of keeping quinol 
in the reduced state, there is no experiment characterizing quinol localization in the membrane. 
We thus parameterized MKOL8 to simulate as 30 mol% pure-MKOL8 and MK8-MKOL8 mixed 
membranes.  
Membrane thickness is slightly lower in 30-MKOL8 (42.5 ± 0.1 Å) than in 30-MK8 (43.4 ± 0.1 Å) 
(Table S4). MKOL8 head groups are also mainly localized near the midplane, but comparing to 
the quinone counterpart, MKOL8 head group has more tendency to partition into the phospholipid 
leaflets as shown in the density profile and snapshot of 30-MKOL8 (Figure 4D). This is consistent 
with the trend in the simulation study by Kaurola and co-workers, where they showed that the 
ubiquinol head group has more tendency to partition into the phospholipid region.26  
In our study, the MK8 concentrations are high (10~50 mol%) and correspond to the experimental 
range found in archaea. These concentrations are much larger than ubiquinone concentrations in 
mitochondria84 or those typically used in biophysical characterization experiments.30, 85 Since a 
high concentration of menaquinone may involve self-assembly behaviors, we characterized the 
interaction between quinone and/or quinol head groups via the pair distribution function. The pair 
distribution function shows that MK8-MK8 interaction has the first shell at 7.0 Å, MKOL8-MKOL8 
at 6.1 Å, and MK8-MKOL8 at 6.1 Å (Figure 6A). There are two peaks inside MK8-MK8’s first 
shell, with the closer one corresponding to displaced parallel pairing (Figure S11A) and the 
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distant one corresponding to cross (vertical) pairing (Figure S11B), which have been reported as 
configurations of naphthalene dimer pairing in QM calculations86. Hence, the MK8-MKOL8 
interaction is more favorable than the MK8-MK8 and MKOL8-MKOL8 interactions. This suggests 
that electron/proton shuttling by MK8/MKOL8 does not require these species to travel all the way 
to coenzyme-binding sites, but, rather, electrons/protons can be passed to nearby MKOL8/MK8. 
 
3.5 Archaerhodopsin-3 in the archaeal membrane 
 

 
Figure 7. Protein-lipid modulations. (A) 2D thickness profiles shown in heatmaps (left) and 
snapshots of AR3 and lipids (right). Color code: PGAR/PEAR (grey), MK8 (magenta), and AR3 
(blue, with hydrophobic residues in orange). (B) Principal component (PC) projection using the 
first 3 PCs of AR3 conformations in 00-MK8, 30-MK8, 30-MKOL8, 30-MIX, and 50-MK8 
membranes. (C) Equilibrated AR3 conformations in 00-MK8, 30-MK8, 50-MK8 membranes. Helix 
A and B are shown in magenta, and other helices are cyan.  
 
With a hydrophobic thickness of ~60 Å in 50-MK8, it is important to determine how archaeal 
membrane proteins like archaerhodopsin-3 (AR3), a rhodopsin from Halo. sodomense, respond 
to such a large hydrophobic mismatch. Therefore, we simulated AR3 in 00-MK8, 30-MK8, and 
50-MK8 membranes. Figure 7A shows that even the 50-MK8 membrane can adapt to the protein 
hydrophobic thickness by forming a largely deformed surface. The membrane protein has a strong 
hydrophobic core to resist unfolding pressure from a large hydrophobic mismatch (at least during 
the current simulation time). In the 30-MK8 membrane, AR3 forces the majority of MK8 into the 
periphery of bilayer region (Figure 7A). In the pure bilayer 00-MK8 membrane, the hydrophobic 
thickness is overall comparable at protein periphery and at the boundary of membrane (Figure 
7A).   
In general, as a result of the long-time evolution process, the membrane protein and their 
surrounding bilayer thickness should match each other, unless the mismatch serves as a 
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mechanism to create tension for some functional purpose. We thus compare the membrane 
bilayer thickness at the periphery of AR3 in AR3-containing systems with pure-lipid systems 
(Table S4). The bilayer near AR3 has a thickness of about 35-40 Å, which is best matched with 
the archaeal membrane with 10-20 mol% menaquinone. 
Despite remaining folded in a highly mismatch membrane, AR3 in different membranes show 
different RMSD values from the initial structure (Figure S12). To quantify the conformational 
difference, we performed a principal component analysis and used the first 3 principal 
components to project the conformations. As shown in Figure 7B, the conformations of AR3 
occupy different corners of the conformation space. Visualizing the protein structure, the 
transmembrane helix E and F show obviously different conformations in 00-, 30-, 50-MK8 systems 
(Figure 7C). To resist a larger hydrophobic thickness in 30- and 50-MK8 membrane, the a-helices 
extend more to disperse the tension.  
The effects of AR3 on the free energy barrier of water permeation vary slightly with different MK8 
concentrations (Figure S13). For 00-MK8, AR3 embedding has negligible influence on water PMF 
profile. For 30-MK8, AR3 slightly increases the free energy barrier of water permeation, likely due 
to the hydrophobic mismatch that condenses the membrane. For 50-MK8, AR3 decreases the 
free energy barrier of water permeation. This can be due to the deformation of the membrane. 
However, the permeability values with AR3 are not statistically significantly different from those 
without the protein (Figure 3B). These permeability data need to be cautiously interpreted, 
because the membrane surface deformation leads to heterogenous water distributions along the 
z-axis, which violates the underlying assumption of similar water diffusion coefficients along the 
z-axis in our calculation of 𝑅8.    
Previous studies of protein-lipid modulation focused on simple transmembrane peptides like 
gramicidin A87-90 or WALP.91 The condensate of menaquinone at the midplane provides a unique 
way to build a thick membrane for probing protein tolerance to hydrophobic mismatch. In the 
extreme case of 50 mol% MK8, though AR3 remains integral as a seven-helices protein (at least 
during the current simulation time), such mismatch could put strain on the functional aspect of the 
protein, e.g., the photocycle.92 Meanwhile, in biological settings, a condensate at the membrane 
midplane often leads to toxicity. A study in yeast, which induced squalene accumulation in the 
membrane, caused significant cell toxicity.93 The toxicity could be due to the disruption of 
membrane structure (e.g., thickness, domain segregation) and malfunction of membrane proteins 
under hydrophobic mismatch.  
 
4. Conclusions  
In this study, we parameterized menaquinone and menaquinol head groups, and optimized the 
torsion parameters for unsaturated isoprenoids. The conformational space of isoprenoids was 
further characterized by the torsional angle distribution in the membranes with varying MK8 
concentrations and in vacuum, identifying the f2 angle as a key determinant of the conformational 
shape, and determining isomerization rates at different concentrations. We show that the large 
fraction of MK8 molecules located at the midplane form a fluid condensate favoring an extended 
conformation and provide a transition map for various conformations. MKOL8, the reduced form 
of MK8, is also found to localized mainly at the midplane though its head group partitions more 
into the lipid acyl chain region. This is representative of a general phenomenon as other studies 
have shown that isoprenoid compounds, e.g., squalene, or hydrocarbons such as hexadecane 
also localize in the midplane.25, 92, 94-95 The assembly of MK8 and MKOL8 are found to mix well, 
with head-head pair distribution function showing the first interaction shell located at a distance 
around 6 Å. 
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To rationalize the existence of up to 50% menaquinone in the halobacterial membrane and 
explore its potential role in hyper-osmotic resistance, we evaluated membrane defects, chain 
deuterium order parameters, area compressibility moduli, and potentials of mean force of water 
along the membrane normal. MK-8 at a concentration from 10% to 50% does not promote chain 
order or increase compressibility of the archaeal membrane (PGAR, ZWAR), nor forms a 
permeation barrier. Its role in hyper-osmotic resistance, namely environmental osmotic pressure 
higher than the cellular, could be via increased hydrophobic thickness and larger membrane 
bending constant to resist the shrinking of the membrane, as halobacterial membrane has a cell 
wall (turgor pressure) to protect it from swelling96-97 but lacks facilities to resist the shrinkage. It is 
also possible that high amounts of menaquinone exist to provide enough electron shuttling agents 
and improve membrane fluidity, as archaeal membranes might be packed tightly due to 
phospholipid salt bridges formed under high divalent ion concentrations.98  
The 50% menaquinone concentration in archaea, compared to reported concentrations for 
ubiquinone in bacteria,14 eukaryotic mitochondria inner membrane,84 and in biophysical 
experiments, is very high.30, 85 The simulations indicated that the archaeal membrane can deform 
to accommodate the GPCR protein, AR3, even at 50% menaquinone concentration. It is possible 
that some of the quinone pool exists in reduced form (MKOL8) and halobacteria may have 
intracellular lipid droplets to store the excessive menaquinone.99  
It awaits future cell biology and biochemical studies to validate whether there is 50% 
menaquinone concentration in the plasma membrane of Halo. sodomense, as the study by 
Kellerman et al8 does not distinguish the plasma membrane from sub-compartments like lipid 
bodies.100-102 Meanwhile, there are many unanswered biophysical questions. At lower 
concentrations (0-10%), would menaquinone location and its influence on membrane properties 
be different from those in the high concentration? What’s the permeability profile for bigger 
hydrophilic or hydrophobic molecules in the menaquinone-containing membrane? As 
halobacteria have minimum requirement of divalent ions like Mg2+,98 how would divalent ions in 
the solution influence the archaeal membrane properties? Would polarizable force fields (e.g., 
Drude and AMOEBA)103 influence the results of menaquinone localization and water permeability 
profile of the archaeal membrane? The present study provides an entry point to a more complete 
understanding of the archaeal membrane and menaquinone functions. 
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