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Abstract: Menaquinones (MK) are hydrophobic molecules that consist of a naphthoquinone head-

group and a repeating isoprenyl side chain and are cofactors used in bacterial electron transport 

systems to generate cellular energy. We have previously demonstrated that the folded conformation 

of truncated MK homologues, MK-1 and MK-2, in both solution and reverse micelle microemulsions 

depended on environment. There is little information on how MKs associate with phospholipids in 

a model membrane system and how MKs affect phospholipid organization. In this manuscript, we 

used a combination of Langmuir monolayer studies and molecular dynamics (MD) simulations to 

probe these questions on truncated MK homologues, MK-1 through MK-4 within a model mem-

brane. We observed that truncated MKs reside farther away from the interfacial water than ubiqui-

nones are are located closer to the phospholipid tails. We also observed that phospholipid packing 

does not change at physiological pressure in the presence of truncated MKs, though a difference in 

phospholipid packing has been observed in the presence of ubiquinones. We found through MD 

simulations that for truncated MKs, the folded conformation varied, but MKs location and associa-

tion with the bilayer remained unchanged at physiological conditions regardless of side chain 

length. Combined, this manuscript provides fundamental information, both experimental and com-

putational, on the location, association, and conformation of truncated MK homologues in model 

membrane environments relevant to bacterial energy production. 

Keywords: Menaquinone (MK); Vitamin K2; lipoquinone; phospholipid; Langmuir monolayer;  

bilayer; conformation 

 

1. Introduction 

Menaquinones (MK) belong to a class of molecules known as lipoquinones or lipid-

quinones. MKs are cofactors used in the electron transport system (ETS) of bacteria to 

generate cellular energy, such as in the pathogenic Mycobacterium tuberculosis. [1–3] MKs 

consist of a naphthoquinone headgroup and an isoprenoid side chain of varying length 

(Figure 1) [4,5]. We have previously found that MK’s structure allows it to fold into dif-

ferent molecular shapes depending on environment and side chain length [6,7]. MKs must 

Citation: Van Cleave, C.; Koehn, J.T.; 

Pereira, C.S.; Haase, A.A.;  

Peters, B.J.; Croslow, S.W.; 

McLaughlin, K.G.; Werst, K.R.; 

Goach, A.L.; Crick, D.C.; et al.  

Interactions of Truncated  

Menaquinones in Lipid Monolayers 

and Bilayers. Int. J. Mol. Sci. 2021, 22, 

9755. https://doi.org/10.3390/ 

ijms22189755 

Academic Editor:  

Claudiu T. Supuran 

Received: 12 July 2021 

Accepted: 5 September 2021 

Published: 9 September 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Int. J. Mol. Sci. 2021, 22, 9755 2 of 21 
 

 

be membrane-associated to function in the ETS [1,8], and current knowledge regarding 

the interaction and conformation of MK homologues in phospholipid bilayers is limited 

and often conflicting [9–11]. Thus, understanding MK’s location, association, and confor-

mation with membranes will ultimately provide a better understanding of bacterial en-

ergy production, which aids drug development to address the looming antibiotic re-

sistance crisis [12–15]. MK homologues presumably reside in the hydrophobic region of 

the bilayer membrane due to the hydrophobicity of the MKs, and we are seeking experi-

mental confirmation further specifying the location of truncated MKs. Studies in model 

membrane systems of the structurally similar lipoquinone analogue, ubiquinone (UQ), 

have been used successfully to determine that UQ is located near the water interface of 

the membrane [10,16,17], though there is some debate about whether the side chain is 

folded or extended. We anticipate that employing a similar methodology will enable us 

to characterize the behavior of MK homologues within membranes. In this manuscript, 

we use a combination of experimental and computational methods to investigate the lo-

cation, association, and conformation of a series of MK homologues with varying iso-

prenyl side chain length (MK-1, MK-2, MK-3, MK-4) in the membrane. We used shorter 

MK homologues in our studies because they are less hydrophobic, which enables their 

study in aqueous-based systems, such as enzyme assays [3,18,19]. 

 

Figure 1. The structures of MK-1 through MK-4 (A–D) and the phospholipids (E) dipalmito-

ylphosphatidylcholine (DPPC), (F) dipalmitoylphosphatidylethanolamine, and (G) palmito-

yloleyoylphosphatidylcholine (POPC). Conformations of (H) MK-1 and MK-2 within the AOT re-

verse micelle interface are also shown (adapted from Koehn et al. 2018 and Koehn et al. 2019) [6,7]. 
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Langmuir monolayers are a model membrane system that provides information on 

packing, disruption, and location of a target molecule in the context of a phospholipid 

monolayer. Langmuir monolayers consist of a single layer at the air-water interface, usu-

ally comprised of amphiphilic phospholipids or other lipid-like molecules [20,21]. In this 

study, we used the phospholipids dipalmitoylphosphatidylcholine (16:0 PC, DPPC) and 

dipalmitoylphosphatidylethanolamine (16:0 PE, DPPE), which were mixed with the hy-

drophobic MK homologues to form a monolayer film [22]. Previous Langmuir monolayer 

studies have been performed with different UQ homologues. These UQ homologues were 

found to expand and disrupt the packing of the phospholipids as the length of the UQ 

isoprenoid side chain increased until approximately physiological surface pressure (30–

35 mN/m) [23], when the UQ molecules were compressed into the hydrophobic phospho-

lipid tails [24–26]. We expect to see a similar trend with the truncated MK homologues. 

However, since MKs are more hydrophobic than UQ, MKs may prefer to reside farther 

into the phospholipid tails at lower surface pressures. 

We used molecular dynamics (MD) studies to provide support for the Langmuir 

monolayer experimental studies. Furthermore, MD simulations were used to obtain a 

more in-depth molecular view of the location, association, and conformational folding of 

the MK homologues in a simulated bilayer membrane system. In this manuscript, we used 

a previously validated MD bilayer system consisting of POPC with a single MK molecule 

in each membrane leaflet, which corresponds to an approximately 3% concentration of 

MK in the phospholipid bilayer [27,28]. This is a more physiologically relevant system 

than what we used in the Langmuir monolayer studies, but nonetheless complements the 

DPPC and DPPE Langmuir monolayer studies. Previous MD simulations with UQ placed 

the headgroup near the membrane interface by the phosphate group of the phospholipid 

with the isoprenoid side chain extended into the middle of the bilayer [27]. We hypothe-

size that under physiological conditions, (i) the hydrophobic MK headgroup will be lo-

cated further away from the interfacial water than UQ, (ii) the side chain length influences 

the association of MKs with phospholipids, and (iii) the MK homologues adopt some type 

of folded conformation in a membrane environment. 

2. Results 

2.1. Compression Isotherm Studies of MKs in Langmuir Monolayers 

Compression isotherms of Langmuir monolayers were obtained to provide insight 

into the interactions between the truncated MK-1 through MK-4 homologues with both 

DPPC or DPPE phospholipids. Langmuir monolayers are often used to examine the abil-

ity of a molecule to penetrate an interface, to disrupt packing, and to affect the elasticity 

of the monolayer [7,29–31]. We have previously reported compression isotherms of mixed 

films in terms of area per molecule for MK-1 and MK-2 [6,7]. The Langmuir monolayer 

data may be analyzed differently depending on the system of interest (hydrophilic vs. 

hydrophobic). Here, we normalized to the area per phospholipid because that allows for 

more facile interpretation of the results and comparison between multiple compounds 

such as MK-1, MK-2, MK-3, and MK-4. A similar analysis was previously used by Quinn 

and Esfahani in 1980 [32]. 

The pure MK-2 monolayer reached a maximum pressure of ~13 mN/m (Figure 2B). 

This result is slightly lower than previously reported (20 mN/m) [7]. As found in previous 

studies, target MK homologues can undergo varying degrees of aggregation and are likely 

to cause small differences reported between MK experiments [7]. The pure MK-3 mono-

layer collapsed at 12 mN/m and the pure MK-4 monolayer reached a maximum pressure 

of 13 mN/m. A potential decrease in collapse pressure of these MK homologues as the 

isoprene side chain length increased was experimentally indistinguishable in contrast to 

the larger differences reported with ubiquinones [32]. 
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Figure 2. Compression isotherms of pure films of (A) MK-1, (B) MK-2, (C) MK-3, and (D) MK-4. 

Curves are the average of triplicate measurements. Error bars represent the standard deviation of 

the area. 

We sought verification that a film was formed because the surface pressure does not 

begin to rise until ~40 Å2/molecule. Hysteresis studies were therefore performed on pure 

MK films to determine film stability (See Supplementary Materials). All truncated MK 

homologue films showed a decreased surface area with each compression cycle, which 

confirmed the formation of films (Figure S2a). The decreased surface area demonstrates 

that MK films are all unstable and inelastic. A decrease in observed surface area may in-

dicate that MKs are either self-aggregating or dissolving into the aqueous subphase. We 

anticipated that the most soluble MKs would form the least stable films due to the com-

pound continually dissolving into the subphase. In hysteresis studies. the most elastic 

films are those films which are able to compress and expand multiple times and remain 

the same, such as the most stable film. We would have anticipated that MK-1 and MK-2 

formed less elastic films due to their ability to dissolve into the subphase. However, even 

though MK-1 and MK-2 are more soluble in aqueous solutions, and they formed more 

elastic films. Both MK-3 and MK-4 form less stable films, which implies that self-aggrega-

tion is a more important contributor to film inelasticity than solubility. 

We obtained BAM images of MK homologues in order to obtain visualize the surface 

morphology of MK films, as shown in Figure 3. At the start of compression, a gray surface 

was observed, which indicates no organization. Upon reaching pressures >7 mN/m (col-

lapse point in Figure 2), white circular features were observed, which indicates aggrega-

tion. In Figure 3A, we show a BAM image captured of MK-1, documenting that some 

aggregation occurred. Ten times the amount of MK-1 relative to MK-3 and MK-4 was 

needed to obtain meaningful BAM images. This may be due to MK-1 dissolving into the 

aqueous subphase [6]. Images of MK-2, MK-3, and MK-4 demonstrate that the surface was 

densely covered with MK aggregates. It is clear from these images that MK-1 behaves 

differently from the other three MK homologues. 
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Figure 3. BAM images of pure MK films that demonstrated droplet-like structures were formed 

between 7.5 and 13 mN/m of surface pressure during compression. Images are shown at the approx-

imate collapse pressure of each MK homologue. Images of (A) MK-1 (800 nmol), (B) MK-2 (120 

nmol), (C) MK-3 (80 nmol), and (D) MK-4 (80 nmol) were captured at 12.5 mN/m, 10.0 mN/m, 11.8 

mN/m, and 10.7 mN/m, respectively. Each panel is 2387 × 1925 µm. Images in this figure were 

cropped from raw images (640 × 480 px) to a final size of 382 × 308 px. All images were cropped 

from the upper right corner for consistency. Cropped images were then scaled up to 720 × 582 px. 

All image manipulation was performed in GIMP 2.10.22. 

Geranyl bromide (trans-1-bromo-3,7-dimethyl-2.6-octadiene, Figure 4A) was used to 

further investigate a surface inactive compound that shares structurally similarity to MK. 

Geranyl bromide is a relatively surface-inactive molecule that contains a two-unit isopre-

noid chain and a bromine atom in place of a headgroup, which provides an appropriate 

comparison for MKs. The related farnesol (containing three isoprene units) and farnesyl 

diphosphate have been reported to favor extended conformations in a number of solvents 

and in X-ray structures coordinated to proteins [33]. When applying geranyl bromide to 

the air-water interface and then compressing, the surface pressure remained at 0 mN/m 

until the end of compression when it rose to ~3 mN/m (Figure 4B,C). The surface pressure 

of geranyl bromide was significantly lower than the pure truncated MK films (10–17 

mN/m). Given this information, MKs are surface-active but are unable to form a stable, 

elastic film. These compression isotherm and hysteresis studies confirmed that MK-1 

through MK-4 form films, but the films are inelastic. In contrast, geranyl bromide, which 

lacks a headgroup, did not form a film. 
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Figure 4. Compression isotherms of mixed films containing geranyl bromide. (A) The structure of 

geranyl bromide. (B) Compression isotherms of geranyl bromide and DPPC. (C) Compression iso-

therms of geranyl bromide with DPPE. Red dashed curves show 75:25 phospholipid:geranyl bro-

mide films. Blue dotted curves are 50:50 phospholipid:geranyl bromide films. Purple dash-dot 

curves are 25:75 phospholipid:geranyl bromide films. Green dash-dot-dot curves are pure geranyl 

bromide films. 

At high geranyl bromide concentrations above 50% mol fraction, a disappearance of 

the gas-liquid transition in DPPC was observed (0–6 mN/m). While geranyl bromide is 

relatively surface inactive, it is likely affecting the packing of the model membrane at low 

surface pressure, but not at physiological pressure. 

2.2. Compression Isotherms of Normalized Mixed MK and DPPC or DPPE Films 

The compression isotherms were measured for MK-1, MK-2, MK-3, and MK-4 and 

the normalized compression isotherm curves for the mixed monolayers of MK-1, M-2, 

MK-3, and MK-4 were replotted as a function of area per phospholipid, Figure 5. Normal-

ization occurs by using Equation (1) where AN is the normalized area per phospholipid 

(Å2), A is the measured area per molecule (Å2), and x is the molar fraction of phospholipid 

(either 0, 0.25, 0.5, 0.75, or 1). 

�� = �(���). (1)

Mixed films of MK-1 and DPPC show an overall increase in area as the molar fraction 

of MK-1 increases, though the 75:25 and 50:50 phospholipid:MK-1 curves are similar (Fig-

ure 5A). The typical gas-liquid transition (0–6 mN/m) seen in the pure DPPC curve disap-

pears in the mixed monolayers. In addition, the 25:75 DPPC:MK-1 film did not undergo a 

full collapse (end of compression where there is no longer a monolayer). This trend is also 

seen with mixed film containing MK-2, MK-3, and MK-4. In addition, increasing amounts 

of MK were found to increase the compressibility of both DPPC and DPPE mixed mono-

layers by compression modulus analysis (see Supplementary Materials). 
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Figure 5. Normalized compression isotherms of mixed monolayers of either DPPC (left column) or 

DPPE (right column) with MK. Panels (A) and (B) are MK-1, (C) and (D) are MK-2, (E) and (F) are 

MK-3, and (G) and (H) are MK-4. Pure phospholipid monolayers are represented with solid black 

curves, 75:25 phospholipid:MK with red dashed curves, 50:50 phospholipid:MK with blue dotted 

curves, and 25:75 phospholipid:MK with green dash-dot curves. Each curve is the average of at least 

three replicates. Error bars are the standard deviation at every 5 mN/m of surface pressure. Data for 

MK-1 and MK-2 were previously reported [6,7]. 
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Studies with DPPE are more difficult to interpret because there is only one phase 

change. Therefore, we will only focus on large differences observed between the data. 

Overall, gentler slopes were observed with increasing molar fractions of all MK molecules 

with DPPE. However, the 50:50 and 75:25 DPPE:MK-4 films exhibited a liquid condensed 

phase from 1 mN/m to 17 mN/m. The liquid condensed phases seen in the DPPE:MK-2 

and DPPE:MK-4 mixed films indicate an expansive effect, which is observed in literature 

with UQ [34,35]. This expansion at lower surface pressures may be due to aggregation 

and/or conformation of the MK homologues. Interestingly, for both DPPC and DPPE, the 

mixed curves tended to overlap the control curve at physiological surface pressure (30–35 

mN/m) [23]. This has previously been observed with UQ and was interpreted as the 

lipoquinone migrating out of the interface and into the phospholipid tails [24]. These stud-

ies confirm the interpretation that MK homologues reside slightly higher in the interface 

than UQ, thus confirming our initial hypothesis that MK and UQ reside in differing loca-

tions in model membranes. 

2.3. Ideal Mixing of MK and DPPC or DPPE 

Ideal mixing calculations were performed to confirm whether or not any interactions 

were occurring between phospholipids and MK homologues, as well as the differences in 

the free energy of the films, as shown in Figure 6. The ideal mixing was plotted to show 

where the ideal and experimental fall relative to both the MK and phospholipid control 

(plotted using un-normalized data). Assuming no interactions between the two compo-

nents of the film, the experimental film will match the calculated ideal. Ideal mixing 

curves for 50:50 phospholipid:MK mixtures are presented in the main text as representa-

tive results while curves for 25:75 and 75:25 phospholipid:MK mixtures are shown in Sup-

plementary Materials (Figures S5a,b). 

The general trend of the 50:50 DPPC:MK films indicate ideal mixing, in that the ex-

perimental curves do not deviate significantly from the ideal. As such, DPPC and the MK 

homologues likely do not interact directly with each other. In the DPPE films, the 50:50 

mixture containing MK-4 is expanded relative to the ideal mixing area. This suggests that 

MK-4 is able to associate with DPPE, possibly due to conformational folding and molecu-

lar shape. We sought further means of computationally investigating molecular reasoning 

for this, specifically MD simulations. 
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Figure 6. Ideal mixing of 50:50 phospholipid:MK films compared to experimental data. DPPC films 

are in the left column. DPPE films are in the right column. (A) and (B) show MK-1 mixed films, (C) 

and (D) show MK-2 mixed films, (E) and (F) show MK-3 mixed films, and (G) and (H) show MK-4 

films. Solid black curves are pure phospholipid monolayers. Blue dotted curves represent experi-

mental 50:50 phospholipid:MK films. Solid red curves represent calculated ideal mixed films. Purple 

dash-dot-dot curves represent pure MK films. Each MK homologue experiments were run inde-

pendently, hence differences in control isotherms were observed. 
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Langmuir monolayers studies were studied at both low and high molar fractions that 

were well above the biological molar fraction to observe the association of MK homo-

logues on the DPPC and DPPE films [9]. As such, it is not clear whether the observed 

effects at higher molar fractions in the monolayers are relevant to effects observed within 

bilayers and native membranes. We hypothesized that conformation might be important 

for the disruptive association of MK homologues at high molar fractions. However, Lang-

muir monolayer studies were unable to provide molecular information on folding and the 

exact mechanism of disruption between phospholipids and MK homologues. As such, we 

investigated this question using a computational model to probe the MK conformation in 

a physiologically relevant bilayer system. 

2.4. Molecular Dynamics Simulations of MKs in a Membrane Bilayer 

Computational studies were performed to determine the location, association, and 

conformation of MK homologues embedded in a bilayer at physiological concentrations. 

We modeled fully hydrated bilayers based on the phospholipid phosphatidylcholine 

(POPC, 16:0-18:1 PC) mixed with one MK molecule in each layer, which correspond to a 

~2–3% concentration of MK-1, MK-2, MK-3, or MK-4 (Figure 7A). Classical MD simula-

tions were performed with the CHARMM36 force field using parameters for MKs devel-

oped previously [27,28]. 

 

Figure 7. Cartoons of different model membrane systems as well as the numbering of carbons for 

computational studies. (A) Illustration of the monolayer system with a mix of phospholipid (pink) 

and MK (grey). (B) Illustration of a bilayer system with a molecule of MK in each of the phospholipid 

layer in the bilayer, (C) Labeling scheme of MK-1 through MK-4 (MK composed by n = [1–4] isopre-

noid units) used in computational studies. The terminal carbon (CT) groups on MK-1 are labeled 10 

and 11, the CT groups on MK-2 are labeled 15 and 16, the CT groups on MK-3 are labeled 20 and 21, 

the CT groups on MK-4 are 25 and 26. 

The Langmuir monolayer studies showed that at lower MK concentrations (25% mo-

lar fraction), the MK homologues were associated with the monolayer film. However, at 

higher concentrations the MK homologues were compressed out of the film (Figure 5). In 

the computational studies with the phospholipid bilayer, in no example was the MK hom-

ologue compressed out from the phospholipid bilayer at physiological conditions. The 

lack of MK exclusion from the bilayer is likely due to two reasons: i) lower MK concentra-

tions similar to those existing under biological conditions were investigated and ii) a finite 

simulation time (350–750 ns) was used, which may not be enough time to sample the wa-

ter-phospholipid partition process [9]. 

Figure 8 details the position of the MK headgroup in the bilayer in terms of center of 

mass. The plot shows the distance from the center of the membrane (0 nm) and the inter-

face as indicated by the POPC phosphate group’s center of mass at about 2 nm. As shown 

in the plot for MK-1, MK-2, MK-3, and MK4, the center of mass for the MK headgroups 
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were all located around z = 1.3 nm. The small variations in peak position are not statisti-

cally significant. Thus, the MK headgroups are about 0.7 nm up in the interface and below 

the water-phospholipid interface as defined by the phospholipid phosphate (2 nm). Our 

simulations show that the MK headgroups will have the same location in the membrane, 

regardless of difference in hydrophobicity, length of the MK side chain, and ability to dis-

rupt the membrane. These studies are in line with previous simulations of native UQ in 

POPC and mixed membranes [27,28], and suggest that these headgroups are located in a 

similar position, about 0.5 nm below UQ (z = 1.8 nm). These data also support the inter-

pretation that for truncated MK homologues, the headgroup anchors the location of the 

MK homologue slightly farther into the membrane than that of UQ (z = 1.8 nm) [27,28]. 

The placement of MK in a more hydrophobic region compared to UQ is consistent with 

Langmuir monolayer findings that placed the MK homologues in the phospholipid tails 

at physiological surface pressure. In addition, there was no appreciable disruption to the 

permeability of the bilayer noted in simulations which is in agreement with previous stud-

ies [27,28]. 

 

Figure 8. Mass density of the MK quinone headgroup along the membrane normal for MK-1 (black), 

MK-2 (red), MK-3 (green), and MK-4 (blue). The phosphate group of POPC (PO4) is shown in ma-

genta. Data from both layers were symmetrized. The normal zero corresponds to the center of the 

bilayer. 

The MD studies provided a quantitative representation of the conformation and dis-

tribution of the dihedral angles of the side chain of MK-1 through MK-4 in a simulated 

phospholipid bilayer (Figure 9). Rotation around the C6-C7 bond was restrained in all MK 

homologues due to the steric restriction that limits rotation. Specifically, the methyl group 

on the naphthoquinone headgroup and the sp2 hybridization of the C6 atom limit the ro-

tation around the C6-C7 bond. Thus, this torsional angle is ±110° (Figure 9A). Rotation 

around the C7-C8 bond was freer than around the C6-C7 bond but still somewhat re-

strained due to the methyl group on the naphthoquinone headgroup and the sp2 hybridi-

zation of C8. The bond angle was often ±120°, but some trans (180°, extended) confor-

mations were also present in Figure 9B. 
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Figure 9. Polar plot showing distributions of dihedral angles rotating around the C6-C7 bond (panel 

(A)) and the C7-C8 bond (panel (B)) observed in the MD simulation of MK-4 located in the phos-

pholipid POPC bilayer. Interestingly, the energy function observed when rotating around the C6-

C7 bond is not symmetrical because the molecular shape is not symmetrical. Steric repulsions to the 

naphthoquinone ring substitutions are directional as described previously in detail [27]. 

Torsional angle distributions of corresponding rotations around C6-C7 and C7-C8 

bonds similar to Figure 9, were observed for all MK homologues studied here. However, 

MK-2, MK3, and MK-4 contain longer side chains and additional C-C bonds, which are 

more flexible than MK-1. Figure 10A shows a trans (extended) conformer in which the 

C11-C12 torsional angle is ±180°. Figure 10B shows that the gauche (folded) conformer 

(C11-C12 torsion is ±60°) will allow for partial folding of the side chain over the naphtho-

quinone headgroup. Overall, truncated MK homologues undergo some amount of folding 

in a phospholipid bilayer. 

 

Figure 10. Two representative conformers observed for the MK-2 MD simulations in the POPC bi-

layer. Torsion around the C11-C12 bond modulates the distance between the terminal CH3-carbon 

labeled CT and the center of the quinone ring, termed here d(CT-H). Panel (A) shows a trans con-

former with a long intramolecular distance and panel (B), a gauche conformer with a much smaller 

intramolecular distance. 
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Figure 11 shows the distances (termed d(CT-H)) generated through rotation of the 

dihedral angle (rotation around the C11-C12 bond) between the terminal CH3 group (CT) 

and the C2-C3 (UQ numbering) bond in the middle of the naphthoquinone headgroup; 

the different distances are observed due to rotations around the C11-C12 bond. The panels 

in Figure 11 all show conformations with angles in trans (~180°, extended) more populated 

than the conformation with gauche (±60°, folded) geometry for MK-2, MK-3, and MK-4. 

However as shown in Figure 11 for MK-3, the relative population of gauche is significantly 

lower than for MK-2 or MK-4. 

 

Figure 11. Plots of the distance between the terminal CH3 groups in MK-2, MK-3 or MK-4 to the 

middle of the center C-C bond of the naphthoquinone headgroup, d(CT-H), as obtained when the 

dihedral angle is changing as the rotation around the C11-C12 bond takes place. 

Figure 12 summarizes the population distribution of the terminal carbon from the C-

C bond in the middle of the headgroup for all MKs. As the isoprenoid side chain length 

increases, there is the potential for a greater distance between the terminal carbon and the 

headgroup. Since MK-1 has limited length and rotation, the entire distribution occurs 

within a small range of distances. MK-2 can reach d(CT-H) <0.5 nm only when C11-C12 is 

in gauche conformation. In the case of MK-3 and MK-4, short distances can be reached 

when C11-C12 in gauche as well as trans because their isoprene chains contain additional 

rotatable C-C bonds and are long enough to fold back over the headgroup. Figure 11 

shows that d(CT-H) >0.7 nm when C11-C12 in MK-3 is trans. Even when in gauche, fewer 

MK-3 conformations will have a smaller d(CT-H). MK-4 may reach d(CT-H) <0.5 nm when 

C11-C12 is trans, because of increased side chain length and flexibility of the additional 

isoprenoid units. As shown in Figure 10, C11-C12 torsion in gauche allows the side chain 

to partially fold upon itself and, thus, a lower d(CT-H) to be visited. Similar results (data 

not shown) are obtained if we examine the equivalent torsions for bonds closer to the CT, 

such as the C16-C17 bond in MK-3 and MK-4. 

 

Figure 12. Distance distribution from terminal carbon (CT) to the center of the MK quinone head-

group, d(CT-H) in MK-1 (black), MK-2 (red), MK-3 (green), and MK-4 (blue). The upper right panel 

is a zoom-in of the distance range 0.3–1.0 nm (3–10 Å). 
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3. Discussion 

Langmuir monolayers were used to experimentally probe the location and associa-

tion of MK homologues within phospholipid monolayers. There are two ways to conduct 

Langmuir monolayer experiments depending on the solubility of the compound of inter-

est. When the compound is water-soluble, it is added to the aqueous subphase. With hy-

drophobic molecules, experiments are conducted by mixing and applying different molar 

ratios of substrate and phospholipid, as described by Hoyo et al. in 2015 [22]. In order to 

observe a response on the monolayer, concentrations of the target compound are typically 

higher than micromolar. This is above the solubility of even the water-soluble truncated 

MK homologues. In our studies using molar ratios of phospholipid vs. MKs, information 

about potential aggregation of MK homologues and film formation was gathered [36,37]. 

Using the Langmuir trough, we studied how truncated MKs (MK-1, MK-2, MK-3, and 

MK-4) associated with DPPC and DPPE films. 

Biologically, DPPC is present in up to 40% of mammalian lung surfactant while little, 

if any, is found in bacterial membranes [36,38]. However, DPPC has been well character-

ized in Langmuir monolayers and demonstrates distinct behavioral phases (gas, gas-liq-

uid, liquid condensed, solid) which give information on the disruption of phospholipid 

packing. Therefore, it is used extensively in model membrane systems [39]. DPPE is found 

in bacterial cells and is only a minor component in mammalian cells, such as in the inner 

leaflet of eukaryotic cells [40–42]. As such, DPPE is the most biologically relevant phos-

pholipid for the study of MKs. While the more biologically plentiful POPC has been used 

in Langmuir monolayer studies, it did not demonstrate the same phase changes as DPPC 

and is therefore less informative with regards to the association of MK homologues [43]. 

Compression isotherms in this manuscript were accordingly measured at 25°C to main-

tain the distinct phases of DPPC, as the gas-liquid phase is not present at physiological 

temperature [44]. 

We investigated the ability of truncated MK homologues to form films. We found 

that MKs were surface-active even though the surface pressure did not begin rising until 

~40 Å2/molecule and that these MK films were unstable. Using BAM, we were able to 

visualize the aggregation of the MK homologues and we observed strong aggregation of 

MK-2, MK-3, and MK-4. However, the self-association with MK-1 was weaker, possibly 

to enhance water solubility. Because of the limiting solubility of the MK homologues, the 

studies of the MK derivatives on the films were performed using ratios of MK homologue 

to DPPC or DPPE. By mixing ratios of phospholipid and MK, we found that the MK hom-

ologues associated with the phospholipid interface, and that the at low surface pressure 

disruptive effects were greatest for MK-2 and MK-4, as shown in Figure 5. However, we 

observed little, if any, increase in disruptiveness between 30 and 35 mN/m. Moreover, the 

curves of 75:25 phospholipid:MK overlap the phospholipid control in all but the 

DPPE:MK-4 trials. The conclusions of the lack of disruption at physiological surface pres-

sure are that i) the MK homologues were compressed into the phospholipid tails from the 

interface and ii) that this migration to the saturated phospholipid tails allows for greater 

accommodation of the volume of the MK homologues, hence the lack of disruption. We 

used MD simulations to confirm the location and association with phospholipids and ad-

ditionally explore the conformation of MK homologues. 

The MD simulations were performed in a phospholipid bilayer, and at a phospho-

lipid:MK ratio that approximated the concentrations found in biological systems. We chose 

a model bilayer composed of MK homologues embedded in a POPC bilayer, which was 

previously developed in our laboratory to investigate the interaction with native UQs or 

MKs in eukaryotic cells [28]. Although simulations of Langmuir monolayers are possible 

[45], they would require an extensive reparametrization and testing of the force-field used 

for simulations [27,28] and would provide little detail on the biological context in which 

MKs are found. Instead, we chose to carry out simulations at a physiologically relevant 

MK concentration within a model phospholipid bilayer, which are more reliable with our 

current force-field technology [27,28], and resulted in detailed information on the intrinsic 
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folding of MK isoprenoid chains in its (MK-4) native membrane environment. Eukaryotic 

membranes have a large POPC concentration and pure POPC bilayers have been well-

characterized as models for the simulation of biological membranes [28,46]. In particular, 

we have previously characterized in detail the location and water-phospholipid partition 

ofUQ with variable isoprenoid chain length to POPC bilayers, in good agreement with 

experimental observations [27]. 

The MD simulations also show that once the MK was associated with the membrane, 

the average (equilibrium) location of the MK headgroup did not depend on the number of 

MK isoprenoid units (Figure 8). The tiny differences observed between the four MKs in 

Figure 8 are not statistically significant and are due to fluctuations of the finite sampling. 

Thus, our simulations do not show any dependence of MK headgroup location with side 

chain length, in line with previous simulations of UQ with various side chain lengths in 

POPC and in mixed membranes [27,28]. The MD studies also suggested that the location 

of lipoquinones along the membrane midplane is an intrinsic physicochemical property of 

the quinone molecule due at least in part to its amphiphilic character and more polar head-

group. This finding supports the possibility that in the monolayer system the MK head-

group location will not change with isoprenoid chain length. However, the redox state 

(quinone vs. quinol form) of the headgroup affects location, as we previously demon-

strated within reverse micelle membrane environments [47]. Combined, our work sup-

ports the possibility that the headgroup structure and redox state, as opposed to side chain 

length, is a major contributing factor driving the location and association of MK homo-

logues in a membrane. 

The conformational distribution of C-C bonds in the MK side chain described in the 

MD bilayer simulation results have a subtle but potentially relevant impact on side chain 

folding upon the MK headgroup and the related distance d(CT-H) (Figures 9–11). The 

possible distances for MK-1 are quite narrow due to rather restricted torsion around the 

C6-C7 bond (Figure 11). For the other MK, longer distances are reached and the distribu-

tion spreads due to increasing the number of isoprenoid units and increased side chain 

flexibility (Figure 11). The conformations where the side chain folds over the headgroup 

have a different shape compared to MK-1 where the side chain is at an angle with the 

headgroup. Interestingly, the exerpt in Figure 12 shows the terminal carbon of MK-3 is 

less likely to reside near the naphthoquinone headgroup than MK-2 or MK-4. Thus, we 

suggest that the non-ideal behavior observed for these MK homologues in the monolayer 

isotherms (Figure 6) may be caused by the more frequent partial folding of the side chain 

over the MK head group as observed in the MD simulations for MK-2 and MK-4 and the 

related shorter d(CT-H) (Figure 12). 

The interactions of lipoquinones with membranes are a multi-faceted topic in which 

many different factors are important to the conformation and location of the lipoquinones 

in the phospholipid bilayer. In order to illustrate some of these effects, we compared the 

properties of the different MK homologues, as shown in Table 1. We ordered the proper-

ties of MK-1 through MK-4 in terms of clogP, ability to disrupt a monolayer (based on 

increase in monolayer area at physiological surface pressure), MK headgroup location, 

longest average distance of the terminal carbon of the isoprene chain from the naphtho-

quinone headgroup, and the ability of the terminal carbon to reside within 0.6 nm of the 

naphthoquinone headgroup (which is a measure of folding). The only two properties that 

showed the same order are the clogP and the longest average distance of the terminal 

carbon of the isoprene side chain from the naphthoquinone headgroup. 
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Table 1. Comparing various physicochemical properties of the four MK homologues investigated 

in this work. 

Property Ranking 

clogP 
MK-4 (8.86) > MK-3 (7.52) > MK-2 (5.67) > MK-

1 (3.83) 

Ability to disrupt a phospholipid mon-

olayer based on increase in monolayer 

area between 30 and 35 mN/m 

MK-4 > MK-2 > MK-1 ~ MK-3 

MK headgroup location relative to the 

midplane 
MK-1 ~ MK-2 ~ MK-3 ~ MK-4 

Longest average distance from CT to 

naphthoquinone headgroup 
MK-4 > MK-3 > MK-2 > MK-1 

Ability of CT to be within 0.6 nm of the 

naphthoquinone headgroup 
MK-1 > MK-2 > MK-4 > MK-3 

We confirmed that MK homologues occupy a more hydrophobic region of the mem-

brane than UQ, though there was less disruption of phospholipid packing. We hypothe-

size that the lack of disruption is due to the location of the MK homologues. The free 

rotation of the phospholipid tails allows for compensation of the MK volume while UQ’s 

location in the interface does not [17,48]. In addition, we also found that all MK homo-

logues adopted some folded conformation in a simulated bilayer, though conformations 

varied. We would be interested in exploring the physicochemical properties of the re-

duced quinol forms of these MK homologues. However, menaquinols are unstable under 

atmospheric conditions, making experimentation difficult [11,47]. 

4. Materials and Methods 

General Materials and Methods. Chloroform (≥99.5%, monosodium phosphate 

(≥99.0%), disodium phosphate (≥99.0%), sodium hydroxide (≥98%), hydrochloric acid 

(37%), geranyl bromide (trans-1-bromo-3,7-dimethyl-2,6-octadiene, 95%), and manequi-

none-4 (MK-4, menatetrenone, Vitamin K2) were all purchased from Sigma Aldrich (St. 

Louis, MO, USA) and used without further purification. The phospholipids dipalmito-

ylphosphatidylcholine (16:0 PC, DPPC, 99%, SKU 850355P) and dipalmitoylphosphatidyl-

ethanolamine (16:0 PE, DPPE, 99%, SKU 850705P) were purchased from Avanti Polar Li-

pids (Alabaster, AL, USA) and pure lyophilized powder. Since MK-1, MK-2, and MK-3 

are not commercially available, they were synthesized and purified as previously de-

scribed [6,7,49]. Distilled deionized (DDI) water was filtered through a Millipore water 

purification system (Burlington, MA, USA) until water with a measured resistance of 18.3 

MΩ was achieved. Langmuir monolayers were studied using a Kibron µTrough XS (stain-

less steel, Helsinki, Finland) equipped with a Teflon ribbon barrier. 

Preparation of Solutions. The aqueous subphase of monolayers consisted of 20 mM 

sodium phosphate buffer (pH 7.40 ± 0.02). 

Solutions were brought to pH with 1 M HCl or NaOH. Phospholipid stock solutions 

were prepared by dissolving DPPC (18 mg, 25 nmol) or DPPE (17 mg, 25 nmol) in 25 mL 

of 9:1 chloroform/methanol (v/v) for a final concentration of 1 mM phospholipid. MK and 

geranyl bromide stocks consisted of 1.0 mM MK-1 (12 mg, 5 nmol), MK-2 (15 mg, 5 nmol), 

MK-3 (19 mg, 5 nmol), MK-4 (22 mg, 5 nmol), or geranyl bromide (1.1 mg, 5 nmol) dis-

solved in 5 mL of 9:1 chloroform/methanol (v/v). Mixed phospholipid solutions were cre-

ated by mixing appropriate amounts of phospholipid and either MK or geranyl bromide 

stock in a 2 mL glass vial to create a final volume of 1 mL and vortexed until combined. 

Final mol fractions (phospholipid:MK) were 100:0, 25:75, 50:50, 75:25, or 0:100. 

Preparation of Langmuir Monolayers. The buffered aqueous subphase consisted of 

50 mL of 20 mM sodium phosphate buffer (pH 7.40 ± 0.02) in DDI water (18.2 MΩ). The 
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subphase surface was cleaned via vacuum aspiration until a quick compression of the 

subphase provided a surface pressure which was consistently 0.0 ± 0.5 mN/m throughout 

compression. A total of 20 µL of phospholipid stock solution (20 nmol of phospholipid) 

was then added to the surface of the subphase in a dropwise manner using a 50 µL Ham-

ilton syringe. The monolayer was allowed to equilibrate for 15 min. 

Compression Isotherm Measurements of Langmuir Monolayers. The phospholipid 

monolayer was compressed from two sides with a total speed of 10 mm/min (5 mm/min 

from opposite sides). The temperature was maintained at 25 °C using an external water 

circulator. The stainless-steel trough plate was scrubbed three times with isopropanol, 

then three times with ethanol, then rinsed with DDI water (18.2 MΩ) before each experi-

ment. The Teflon ribbon barrier was rinsed with isopropanol followed by ethanol and 

then DDI water. The surface tension was monitored via Wilhemy plate technique where 

a steel wire was used as the probe instead of a metal or paper plate. The surface pressure 

was calculated from the surface tension using Equation (2), where π is the surface pressure 

(mN/m), γ0 is the surface tension of water (71.99 mN/m), and γ is the surface tension at a 

given area per phospholipid after the monolayer has been applied. 

� = �� − �. (2)

Each compression isotherm experiment consisted of at least three replicates. The av-

erages of the area per phospholipid and the standard deviation at every 5 mN/m were 

calculated using Microsoft Excel (=AVERAGE, =STDEV). The worked-up data were then 

transferred to Origin 2021 (Northampton, MA USA) to be graphed with error bars. 

Ideal Mixing of Monolayers. The ideal mixing sets were calculated by averaging the 

mean molecular area of two isotherms at the same surface pressure using Equation (3), 

where Ai is the ideal mixed area (Å2), xMK is the molar fraction of MK, AMK is the area per 

molecule (Å2) of the control MK monolayer, xPL is the molar fraction of DPPC or DPPE, 

and APL is the area per molecule (Å2) of DPPC or DPPE. The possible mol fractions were 

0.25, 0.50, or 0.75. 

�� = ������ + ������. (3)

Brewster Angle Microscopy. Brewster angle microscopy (BAM) images were ob-

tained using a Biolin NIMA medium trough (Gothenberg, Sweden) equipped with a Mi-

croBAM (659 nm laser). Differing amounts of 2 mM stocks of MK-1 (800 nmol), MK-2 (120 

nmol), MK-3 (80 nmol), and MK-4 (80 nmol) were added. 

Molecular Dynamics Simulations. We employed a previously developed fully hy-

drated POPC (16:0-18:1 phosphatidylcholine) bilayer model system and added MK mole-

cules (one MK in each layer, corresponding to a ~2–3% concentration), composed by n = 

[1–4] isoprenoid units (MK-1 through MK-4, Figures 1A and 4D). Symmetric phospholipid 

bilayers were built containing 126 molecules of POPC and 7794 water molecules which 

have previously been characterized to represent a biological membrane [27]. NaCl was 

added until a final concentration of 150 mM was achieved. The protocol described by Ja-

vanainen was used to insert one MK-4 in each layer of the membrane [50]. The system 

was relaxed by a 50 ns MD run, and mean area and bilayer thickness were monitored to 

check for equilibration. Initial equilibrated configurations were derived from the MK-4 

system by deleting side chain atoms and adapting the atomic connectivity to generate 

MK-1, MK-2, and MK-3 species. Conformations were sampled using classical MD simu-

lations with the program GROMACS version 2020.3 [51] and the CHARMM36 force-field 

[52,53]. Parameters for MK were obtained by us previously [27,28]. Water was described 

by TIP3P [54] and the NPT ensemble was used. The temperature was kept at physiological 

temperature (37 °C, 310 K) with a Bussi thermostat [55] and a coupling constant of 0.1 ps. 

The pressure was kept at 1.0 bar with Parrinello-Rahman barostat for productive runs [56] 

with a coupling constant of 1 ps and a compressibility of 0.5 10−5 bar−1. Semi-isotropic cou-

pling was applied. Electrostatic interactions were handled by Particle-Mesh Ewald (PME) 
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[57] with grid spacing of 0.14 nm and quartic interpolation. All bonds were constrained 

using the LINCS algorithm [58]. No dispersion corrections were applied [59]. The integra-

tion time step was 2 fs and MD simulations were run 200 ns for equilibration. Trajectories 

with 350 ns were collected for MK-1, MK-2 and MK-3 and with 750 ns for MK-4. 

5. Conclusions 

MKs are membrane-associated lipoquinones that are used as essential components 

in the ETS of many bacteria. Therefore, understanding the behavior of MKs in membranes 

could provide fundamental knowledge of the ETS and could aid in antimicrobial drug 

development. We have previously demonstrated that truncated MKs fold in a model 

membrane interface. However, we sought more information on the location of MKs as 

well as how MKs associate with and affect the packing of phospholipids in a membrane 

environment. We hypothesized, but did not confirm, that MKs would behave in a similar 

manner to UQs, in that there would be a side chain-dependent disruption of phospholipid 

packing and association with MKs. Moreover, we wanted to further explore their pre-

dicted location and conformation in a membrane bilayer. We used a combination of ex-

perimental and computational methods to probe these open questions. Langmuir mono-

layer studies provided experimental data pertaining to phospholipid packing and associ-

ation and MD simulations provided molecular information of exact location, association, 

and conformation in a membrane bilayer at physiological MK concentration. 

Langmuir monolayers were created with biologically relevant phospholipids, DPPC 

and DPPE, to experimentally model the cell membrane interface. All truncated MK hom-

ologues were found to migrate from the air-water interface into the phospholipid tails at 

physiological surface pressure, which is consistent with our hypothesized location. We 

demonstrated that truncated MKs associate with the phospholipids but do not disrupt the 

phospholipid packing at physiological surface pressure that was observed with UQs [24–

26]. We found using MD simulations that, in accordance with MKs hydrophobic nature, 

the MK headgroup was located closer to the phospholipid tails than UQ (UQ was located 

closer to the interfacial water) which is consistent with the hypothesized location. Further-

more, we found through MD simulations that MK-2, MK-3, and MK-4 overall favored a 

gauche, or folded, conformation, which is in agreement with our previous experimental 

studies with MK-1 and MK-2 [6,7]. In line with Langmuir monolayer studies, there was 

no observed dependence on MK side chain length for either MK conformation or location 

within the bilayer under physiological conditions. However, it is possible that this lack of 

dependence on MK side chain length is limited to truncated MK homologues and that the 

longer MK homologues, such as MK-9, would exhibit an appreciable difference in folding 

and disruption due to the significantly larger volume of MK-9. As the MKs are located 

further into the phospholipid tails than UQs, it is possible that the phospholipid tails ad-

just to compensate for the volume of the MK molecule. Hence, MK would be less disrup-

tive than UQ based on membrane location. 

Combined, Langmuir studies and MD simulations demonstrated that truncated MKs 

are located closer to the phospholipid tails, regardless of the truncated MK side chain 

length. A lack of dependence on side chain length was also observed in the association 

and packing of truncated MK homologues with phospholipids. Additionally, truncated 

MKs generally demonstrated some amount of folding. In conjunction with previous stud-

ies detailing the different, environment-dependent folded conformations of MK-1 and 

MK-2, this provides a fundamental view of the behavior of MKs in a membrane environ-

ment. Overall, MK homologues may disrupt phospholipid packing at higher concentra-

tions as seen in Archaea [11,60], but not necessarily at concentrations found in most other 

organisms [9]. These truncated MK homologues were also found to adopt folded confor-

mations, which may influence their behavior and function in the ETS that is essential for 

bacterial survival. 

  



Int. J. Mol. Sci. 2021, 22, 9755 19 of 21 
 

 

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/ijms22189755/s1. 

Author Contributions: Conceptualization, C.V.C., B.J.P., D.C.C. (Dean C. Crick), and D.C.C. (Deb-

bie C. Crans); data curation, C.V.C. and D.C.C. (Debbie C. Crans); formal analysis, C.V.C., C.S.P., 

B.J.P., S.W.C., K.G.M., A.L.G., G.M.A., and D.C.C. (Debbie C. Crans); funding acquisition, D.C.C. 

(Dean C. Crick) and D.C.C. (Debbie C. Crans); investigation, C.V.C., A.A.H., C.S.P., B.J.P., J.T.K., 

K.R.W., and G.M.A.; methodology, C.V.C., A.A.H., C.S.P., B.J.P., J.T.K., S.W.C., A.L.G., G.M.A., and 

D.C.C. (Debbie C. Crans); project administration, D.C.C. (Debbie C. Crans).; supervision, D.C.C. 

(Debbie C. Crans); validation, J.T.K., A.L.G., and D.C.C. (Debbie C. Crans), visualization, C.V.C. and 

G.M.A.; writing—original draft, C.V.C., J.T.K., G.M.A., and D.C.C. (Debbie C. Crans); writing—re-

view and editing, C.V.C., A.A.H., C.S.P., B.J.P., J.T.K., S.W.C., A.L.G., D.C.C. (Dean C. Crick), 

G.M.A., and D.C.C. (Debbie C. Crans). All authors have read and agreed to the published version 

of the manuscript. 

Funding: D.C. Crans thanks the NSF for funding (grant CHE-1709564). D.C. Crans also thanks the 

Arthur Cope Foundation administered by the American Chemical Society and Colorado State Uni-

versity for partial support. G.M.A. acknowledges funding from Fundacao de Amparo a Pesquisa do 

Estado de São Paulo (FAPESP, grant 2019/21856-7). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The manuscript will be deposited on the NSF repository site. Addi-

tional data has been provided in Supplementary Materials. 

Acknowledgments: C.V. and D.C. Crans thank Julia. L. Sharp for discussion regarding error anal-

ysis on compression isotherms. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Collins, M.D.; Jones, D. Distribution of Isoprenoid Quinone Structural Types in Bacteria and Their Taxonomic Implications. 

Microbiol. Rev. 1981, 45, 316–354. 

2. Brennan, P.J. Mycobacterium and other actinomycetes. In Microbial Lipids, Ratledge, C.; Wilkinson, S.G. Eds.; Academic Press: 

San Diego, CA, USA, 1988; Volume 1, pp. 203–298. 

3. Upadhyay, A.; Kumar, S.; Rooker, S.A.; Koehn, J.T.; Crans, D.C.; McNeil, M.R.; Lott, J.S.; Crick, D.C. Mycobacterial MenJ: An 

Oxidoreductase Involved in Menaquinone Biosynthesis. ACS Chem. Biol. 2018, 13, 2498–2507. 

4. Braasch-Turi, M.; Crans, D.C. Synthesis of Naphthoquinone Derivatives: Menaquinones, Lipoquinones and Other Vitamin K 

Derivatives. Molecules 2020, 25, 4477. 

5. Popa, D.-S.; Bigman, G.; Rusu, M.E. The Role of Vitamin K in Humans: Implication in Aging and Age-Associated Diseases. 

Antioxidants 2021, 10, 566. 

6. Koehn, J.T.; Beuning, C.N.; Peters, B.J.; Dellinger, S.K.; Van Cleave, C.; Crick, D.C.; Crans, D.C. Investigating Substrate Ana-

logues for Mycobacterial MenJ: Truncated and Partially Saturated Menaquinones. Biochemistry 2019, 58, 1596–1615. 

7. Koehn, J.T.; Magallanes, E.S.; Peters, B.J.; Beuning, C.N.; Haase, A.A.; Zhu, M.J.; Rithner, C.D.; Crick, D.C.; Crans, D.C. A Syn-

thetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a Folded Conformation in Solution and at a Model Membrane Inter-

face. J. Org. Chem. 2018, 83, 275–288. 

8. Gupta, C.; Khaniya, U.; Chan, C.K.; Dehez, F.; Shekhar, M.; Gunner, M.R.; Sazanov, L.; Chipot, C.; Singharoy, A. Charge Transfer 

and Chemo-Mechanical Coupling in Respiratory Complex I. J. Am. Chem. Soc. 2020, 142, 9220–9230. 

9. Das, A.; Hugenholtz, J.; van Halbeek, H.; Ljungdahl, L.G. Structure and Function of a Menaquinone Involved in Electron 

Transport in Membranes of Clostridium thermoautotrophicium and Clostridium thermoaceticum. J. Bacteriol. 1989, 171, 5823–5829. 

10. Lenaz, G.; Samori, B.; Fato, R.; Battino, M.; Castelli, C.P.; Domini, I. Localization and preferred orientations of ubiquinone hom-

ologs in model bilayers. Biochem. Cell. Biol. 1992, 70, 504–514. 

11. Feng, S.; Wang, R.; Pastor, R.W.; Klauda, J.B.; Im, W. Location and Conformational Ensemble of Menaquinone and Menaquinol, 

and Protein-Lipid Modulations in Archaeal Membranes. J. Phys. Chem. B 2021, 125, 4714–4725. 

12. Nixon, G.L.; Pidathala, C.; Shone, A.E.; Antoine, T.; Fisher, N.; O’Neill, P.M.; Ward, S.A.; Biagini, G.A. Targeting the mitochon-

drial electron transport chain of Plasmodium falciparum: New strategies towards the development of improved antimalarials for 

the elimination era. Future Med. Chem. 2013, 5, 1573–1591. 

13. Berube, B.J.; Russell, D.; Castro, L.; Choi, S.-R.; Narayanasamy, P.; Parish, T. Novel Men A Inhibitors Are Bactericidal against 

Mycobacterium tuberculosis and Synergize with Electron Transport Chain Inhibitors. Antimicrob. Agent Chemother. 2019, 63, 

e02661-18. 



Int. J. Mol. Sci. 2021, 22, 9755 20 of 21 
 

 

14. Debnath, J.; Siricilla, S.; Wan, B.; Crick, D.C.; Lenaerts, A.J.; Franzblau, S.G.; Kurosu, M. Discovery of Selective Menaquinone 

Biosynthesis Inhibitors against Mycobacterium tuberculosis. J. Med. Chem. 2012, 55, 3739–3755. 

15. Kurosu, M.; Begari, E. Vitamin K2 in Electron Transport System: Are Enzymes Involved in Vitamin K2 Biosynthesis Promising 

Drug Targets? Molecules 2012, 15, 1531–1553. 

16. Afri, M.; Ehrenberg, B.; Talmon, Y.; Schmidt, J.; Cohen, Y.; Frimer, A.A. Active oxygen chemistry within the liposomal bilayer 

Part III: Locating Vitamin E, ubiquinol and ubiquinone and their derivatives in the lipid bilayer. Chem. Phys. Lipids 2004, 131, 

107–121. 

17. Cornell, B.A.; Keniry, M.A.; Post, A.; Roberston, R.N.; Weir, L.E.; Westerman, P.W. Location and activity of ubiquinone 10 and 

ubiquinone analogues in model and biological membranes. Biochemistry 1987, 26, 7702–7707. 

18. Upadhyay, A.; Fontes, F.L.; Gonzalez-Juarrero, M.; McNeil, M.R.; Crans, D.C.; Jackson, M.; Crick, D.C. Partial Saturation of 

Menaquinone in Mycobacterium tuberculosis: Function and Essentiality of a Novel Reductase, MenJ. ACS Cent. Sci. 2015, 1, 292–

302. 

19. Kumar, S.; Koehn, J.T.; Gonzalez-Juarrero, M.; Crans, D.C.; Crick, D.C. Mycobacterium tuberculosis survival in J774A.1 Cells Is 

Dependent on MenJ Moonlighting Activity, Not Its Enzymatic Activity. ACS Infect. Dis. 2020, 6, 2661–2671. 

20. Möhwald, H.; Brezesinski, G. From Langmuir Monolayers to Multilayer Films. Langmuir 2016, 32, 10445–10458. 

21. Stefaniu, C.; Brezesinski, G.; Möhwald, H. Langmuir monolayers as models to study processes at membrane surfaces. Adv. 

Colloid Interface Sci. 2014, 208, 197–213. 

22. Hoyo, J.; Guaus, E.; Torrent-Burgués, J.; Sanz, F. Biomimetic monolayer films of digalactosyldiacylglycerol incorporating plas-

toquinone. Biochim. Biophys. Acta 2015, 1848, 1341–1351. 

23. Jones, M.N.; Chapman, D. Micelles, Monolayers, and Biomembranes; Wiley-Liss: New York, NY, USA, 1995. 

24. Roche, Y.; Peretti, P.; Bernard, S. Influence of the chain length of ubiquinones on their interaction with DPPC mixed monolayers. 

Biochim. Biophys. Acta 2006, 1758, 468–478. 

25. Katsikas, H.; Quinn, P. The polyisoprenoid chain length influences the interaction of ubiquinones with phospholipid bilayers. 

Biochim. Biophys. Acta 1982, 689, 363–369. 

26. Roche, Y.; Peretti, P.; Bernard, S. DSC and Raman studies of the side chain length effect of ubiquinones on the thermotropic 

phase behavior of liposomes. Thermochim. Acta 2006, 447, 81–88. 

27. Galassi, V.V.; Arantes, G.M. Partition, orientation and mobility of ubiquinones in a lipid bilayer. Biochim. Biophys. Acta 2015, 

1847, 1560–1573. 

28. Teixeira, M.H.; Arantes, G.M. Effects of lipid composition on membrane distribution and permeability of natural quinones. RSC 

Adv. 2019, 9, 16892–16899. 

29. Aroti, A.; Leontidis, E.; Maltseva, E.; Brezesinski, G. Effects of Hofmeister anions on DPPC Langmuir monolayers at the air-

water interface. J. Phys. Chem. B. 2004, 108, 15238–15245. 

30. Miyoshi, T.; Kato, S. Detailed Analysis of the Surface Area and Elasticity in the Saturated 1,2-Diacylphosphatidylcholine/Cho-

lesterol Binary Monolayer System. Langmuir 2015, 31, 9086–9096. 

31. Quinn, P.J. Phase Behaviour of Binary Mixtures of Membrane Polar Lipids in Aqueous Sytems. Nat. Prod. Rep. 1987, 4, 129–137. 

32. Quinn, P.J.; Esfahani, M.A. Ubiquinones Have Surface-Active Properties Suited to Transport Electrons and Protons across Mem-

branes. Biochem. J. 1980, 185, 715–722. 

33. Zhan, T.J.; Eilers, M.; Guo, Z.; Ksebati, M.B.; Simon, M.; Scholten, J.D.; Smith, S.O.; Gibbs, R.A. Evaluation of Isoprenoid Con-

formation in Solution and in the Active Site of Protein-Farnesyl Transferase Using Carbon-13 Labeling in Conjunction with 

Solution- and Solid-State NMR. J. Am. Chem. Soc. 2000, 122, 7153–7164. 

34. Hoyo, J.; Torrent-Burgués, J.; Guaus, E. Biomimetic monolayer films of monogalactosyldiacylglycerol incorporating ubiqui-

none. J. Colloid. Interface Sci. 2012, 384, 189–197. 

35. Hoyo, J.; Guaus, E.; Torrent-Burgués, J. Tuning ubiquinone position in biomimetic monolayer membranes. Eur. Phys. J. E: Soft 

Matter Biol. Phys. 2017, 40, 62. 

36. Patterson, M.; Vogel, H.J.; Prenner, E.J. Biophysical characterization of monofilm model systems composed of selected tear film 

phospholipids. Biochim. Biophys. Acta Biomembr. 2016, 1858, 403–414. 

37. Ma, G.; Allen, H.C. Condensing effect of palmitic acid on DPPC in mixed Langmuir monolayers. Langmuir 2007, 23, 589–597. 

38. Veldhuizen, E.J.A.; Haagsman, H.P. Role of pulmonary surfactant components in surface film formation and dynamics. Biochim 

Biophys Acta-Biomembr. 2000, 1467, 255–270. 

39. Crane, J.M.; Puts, G.; Hall, S.B. Persistence of Phase Coexistence in Disaturated Phosphatidylcholine Monolayers at High Surface 

Pressures. Biophys. J. 1999, 77, 3134–4143. 

40. Shaw, N. Lipid Composition as a Guide to the Classification of Bacteria. In Advances in Applied Microbioligy, Perlman, D., Ed. 

Academic Press: New York, NY, USA, 1974; Volume 17, pp. 63–108. 

41. Fadeel, B.; Xue, D. The ins and outs of phospholipid asymmetry in the plasma membrane: Roles in health and disease. Crit. Rev. 

Biochem. Mol. Biol. 2009, 44, 264–277. 

42. Chakrabarti, A. Phospholipid Asymmetry in Biological Membranes: Is the Role of Phosphatidylethanolamine Underappreci-

ated? J. Membr. Biol. 2021, 254, 127–132. 

43. Olżyńska, A.; Zubek, M.; Roeselova, M.; Korchowiec, J.; Cwiklik, L. Mixed DPPC/POPC Monolayers: All-atom Molecular Dy-

namics Simulations and Langmuir Monolayer Experiments. Biochim. Biophys. Acta 2016, 1858, 3120–3130. 



Int. J. Mol. Sci. 2021, 22, 9755 21 of 21 
 

 

44. Träuble, H.; Eibl, H.; Sawada, H. Respiration—a Critical Phenomenon? Lipid Phase Transitions in the Lung Alveolar Surfactant. 

Naturwissenschaften 1974, 61, 344–354. 

45. Javanainen, M.; Lamberg, A.; Cwiklik, L.; Vattulainen, I.; Ollila, O.H.S. Atomistic Model for Nearly Quantitative Simulations of 

Langmuir Monolayers. Langmuir 2018, 34, 2565–2572. 

46. Marsh, D. Handbook of Lipid Bilayers; 2nd ed.; CRC Press: Boca Raton, FL, USA, 2013. 

47. Van Cleave, C.; Murakami, H.A.; Samart, N.; Koehn, J.T.; Maldonado, P.; Kreckel, H.D.; Cope, E.J.; Basile, A.; Crick, D.C.; Crans, 

D.C. Location of menaquinone and menaquinol headgroups in model membranes. Can. J. Chem. 2020, 98, 307–317. 

48. Stidham, M.A.; McIntosh, T.; Siedow, J.N. On the localization of ubiquinone in phosphatidylcholine bilayers. Biochim. Biophys. 

Acta. 1984, 767, 423–431. 

49. Koehn, J.T. Synthesis and Exploration of Biologically Important, Hydrophobic, Redox-Active Molecules: Investigation of Partial 

Saturation of Mycobacterial Electron Transport Lipids. Ph.D. Thesis, Colorado State University: Fort Collins, CO, USA, 2019. 

50. Javanainen, M. Universal Method for Embedding Proteins into Complex Lipid Bilayers for Molecular Dynamics Simulations. J. 

Chem. Theory Comput. 2014, 10, 2577–2582. 

51. Pronk, S.; Páll, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apsotolov, R.; Shirts, M.R.; Smith, J.C.; Kasson, P.M.; van der Spoel, D.; 

et al. GROMACS 4.5: A High-Throughput and Highly Parallel Open Source Molecular Simulation Toolkit. Bioinformatics 2013, 

29, 845–854. 

52. MacKrell Jr., A.D.; Bashford, D.; Bellott, M.; Dunbrack Jr., R.L.; Evanseck, J.D.; Field, M.J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S. 

All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of Proteins. J. Phys. Chem. B 1998, 102, 3586–3616. 

53. Vanommeslaeghe, K.; Hatcher, E.; Achraya, C.; Kundu, S.; Zhong, S.; Shim, J.; E., D.; Guvench, O.; Lopes, P.; Vorobyov, I. 

CHARMM General Force Field: A Force Field for Drug-like Molecules Compatible with the CHARMM All-atom Additive Bio-

logical Force Fields. J. Comp. Chem. 2010, 31, 671–690. 

54. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for Sim-

ulating Liquid Water. J. Chem. Phys. 1983, 79, 926–935. 

55. Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling through Velocity Rescaling. J. Chem. Phys. 2007, 126, 14101. 

56. Parrinello, M.; Rahman, A. Polymorphic Transitions in Single Crystals: A New Molecular Dynamics Method. J. Appl. Phys. 1981, 

52, 7182–7190. 

57. Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N⋅ Log (N) Method for Ewald Sums in Large Systems. J. Chem. Phys. 

1993, 98, 1463–1472. 

58. Hess, B.; Bekker, H.; Berendsen, H.J.; Fraaije, J.G.E.M. LINCS: A Linear Constraint Solver for Molecular Simulations. J. Comp. 

Chem. 1997, 18, 1463–1472. 

59. Anézo, C.; de Vries, A.H.; Höltje, H.-D.; Tieleman, D.P.; Marrink, S.-J. Methodological Issues in Lipid Bilayer Simulations. J. 

Chem. Phys. 2003, 107, 9424–9433. 

60. Kellerman, M.Y.; Yoshinaga, M.Y.; Valentine, R.C.; Wörmer, L.; Valentine, D.L. Important roles for membrane lipids in haloar-

chaeal bioenergetics. Biochim. Biophys. Acta. Biomembr. 2016, 1858, 2940–2956. 


