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Abstract

Aberrations in cholesterol homeostasis are associated with several diseases that can be linked to 

changes in cellular oxygen usage. Prior biological and physical studies have suggested that 

membrane cholesterol content can modulate oxygen delivery, but questions of magnitude and 

biological significance remain open for further investigation. Here, we use molecular dynamics 

simulations in a first step toward reexamining the rate impact of cholesterol on the permeation of 

oxygen through phospholipid bilayers. The simulation models are closely compared with 

published electron paramagnetic resonance (EPR) oximetry measurements. The simulations 

predict an oxygen permeability reduction due to cholesterol but also suggest that the EPR 

experiments may have underestimated resistance to oxygen permeation in the phospholipid 

headgroup region.

1 Introduction

Here, we discuss work implicating membrane cholesterol as a hindrance to oxygen transport 

on the cellular level and consider related biomedical implications. Further, we offer atomic 

resolution insight into prior electron paramagnetic resonance (EPR) based estimates of 

membrane oxygen permeability and resistance to permeation.

Though cholesterol is a normal constituent of higher eukaryotic membranes [1] and lung 

surfactant [2], its influence on oxygen diffusion is not fully understood. The cholesterol 

content of normal cells varies widely but often falls in the range 20–40 mol% [1]. Normal 

red blood cells contain about 50 mol% cholesterol, or a 1:1 ratio of cholesterol with 

phospholipid [3].

The complexity of biological membranes makes drawing conclusions regarding cholesterol’s 

influence on permeability particularly difficult, as cholesterol itself is inhomogeneously 

distributed within the membrane and plays a substantial role in raft formation and 

stabilization [1]. Lateral inhomogeneity of cholesterol content likely impacts oxygen 

transport, giving rise to regions of greater and lesser permeability [4–6]. Further, measuring 

intracellular oxygen, as distinct from extracellular oxygen, presents a substantial 
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methodological challenge [7], not to mention the potential difficulty of tracking oxygen 

movement and partitioning within cells.

A few cellular studies have successfully characterized transmembrane oxygen diffusion with 

varying membrane cholesterol content and have suggested that cholesterol reduces the rate 

of transmembrane oxygen flow [7,8]. Yet, generalization of the findings would require 

further detail regarding membrane composition and organization for the cells studied. Prior 

biophysical studies have strongly suggested that membrane cholesterol content directly 

reduces oxygen permeability [5,6,9]. Subczynski and colleagues have used EPR spin-label 

oximetry data to estimate permeability coefficients, which describe the rate of diffusional 

flux across a membrane. However, approximations inherent in the method limit the accuracy 

of the permeability values to ± 30% [9].

Computer simulations of molecular dynamics provide a particularly valuable means of 

attaining atomic-resolution insight into biological processes in which molecular structural 

behavior plays a significant role. The current work represents a first step toward reevaluating 

the rate impact of membrane cholesterol on oxygen permeability. We present resistance to 

permeation curves calculated from all-atom molecular dynamics simulations and compare 

the curves with published data from EPR probe-based oximetry. Then, we provide 

preliminary evidence indicating that the base-level permeability of membrane phospholipids 

may be lower than generally assumed.

2 Methods

To examine membrane oxygen permeability with atomic resolution, we used all-atom 

molecular dynamics simulations, conducted with the GPU-enabled version of Amber 14 

biomolecular modeling software [10,11], as reported previously [12]. The simulations used 

the Amber Lipid14 force field and cholesterol extension [13,14], along with the TIP3P 

explicit water model [15] and in-house O2 parameters [12]. A tempocholine spin label 

moiety was modeled using Lipid14 force field atom types. The tempocholine moiety and 

glycerol backbone were charge-fitted according to the Amber Lipid Framework modular 

scheme [16].

Data from three simulation systems are reported here, with each system consisting of 128 

lipid molecules, total, along with 35 water molecules per lipid. 31 or 35 O2 molecules were 

included, to reach a concentration of 200 mM for the entire system (lipid and water). This 

high O2 concentration enables relatively rapid sampling of the configurational space and 

provides results comparable to those obtained with only one O2 molecule. As a simplified 

representation of the bulk lipid fraction of animal cell membranes, we used the highly 

abundant phospholipid 1-palmitoyl,2-oleoylphosphatidylcholine (POPC) for all three 

simulation systems: 1. pure POPC, 2. POPC mixed in a 1:1 ratio with cholesterol (“POPC/

cholesterol”), and 3. POPC with one tempocholine-1-palmitoyl-2-oleoylphosphatidic acid 

ester (T-PC) molecule per leaflet. All simulations were conducted at a constant pressure of 1 

atm and at a fixed temperature of either 37 or 25°C.
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From duplicate 300-nanosecond POPC and POPC/cholesterol simulations at 37°C, we 

estimated resistance to permeation curves for oxygen according to the method of Marrink 

and Berendsen, using the relative local free energy calculated from the depth-dependent 

oxygen concentration, along with an estimate of the depth-dependent diffusion coefficient 

based on the local mean-squared displacement along the bilayer normal [17]. From two 

POPC simulations incorporating two explicit T-PC molecules and run at 25°C, we observed 

the probe orientational behavior over 100 nanoseconds. Data are shown for one 

representative simulation from each set of duplicates.

3 Results and Discussion

Simulation resistance to permeation curves for POPC and POPC/cholesterol (Fig.1A) 

predict fairly similar permeabilities for both bilayers, given comparable areas under the 

resistance to permeation curves. This similarity was initially puzzling because prior EPR 

experiments had estimated POPC/cholesterol to be about three times less permeable to 

oxygen than pure POPC [9]. Our simulation systems show strong agreement with other 

experimental measurements, especially electron density profiles and nuclear magnetic 

resonance (NMR) lipid order parameters (data not shown; as reported in [13,14]). Moreover, 

we are able to reproduce quite accurately the shape of the EPR resistance to permeation 

curves used to estimate permeability for POPC and POPC/cholesterol (Fig.1B).

The EPR curves were calculated from the spin-lattice relaxation times of nitroxide radical 

spin labels placed at various depths along the membrane. Membrane permeability 

coefficients were estimated from the respective areas under the resistance to permeation 

curves [9,17]. The EPR permeability estimates are, thus, sensitive to probe positioning 

within the membrane. The nitroxide spin label group tempocholine (shown in Fig.1D) was 

used experimentally for the purpose of detecting oxygen in the headgroup region. 

Tempocholine is structurally similar to the charged POPC headgroup moiety choline. Yet, it 

is substantially nonpolar, suggesting that the nitroxide spin label may preferentially associate 

with the nonpolar hydrocarbon portion of the membrane, rather than with the charged 

headgroups. Fig.1C juxtaposes a simplified POPC bilayer image with a simulation free 

energy curve, showing barriers to oxygen permeation at the headgroups. The simulation 

positional distributions of the headgroup choline moiety and of the fifth carbon atom (C-5) 

of the oleoyl tail are also shown.

To better understand the orientational behavior of the EPR headgroup probe, we conducted 

simulations incorporating a preliminary model of the T-PC probe used experimentally (Fig.

1D). In our simulations, the nitroxide spin label dwells predominantly within the 

hydrophobic phospholipid tail region of the bilayer, near C-5 of the oleoyl tail. As such, we 

find the T-PC molecule predominantly in a bent conformation (Fig.1E). This finding requires 

experimental confirmation, but it suggests that the permeabilities of POPC and POPC/

cholesterol may be more similar than expected from the EPR work. Namely, the EPR T-PC 

probe may substantially underestimate the resistance to permeation for both bilayers because 
it may not, in fact, be sampling the headgroup region, where the greatest resistance is seen. 

The POPC and POPC/cholesterol resistance to permeation curves differ in contour in the 

region between −16 and 16 Å (Fig.1B), which we suspect to be the portion of the bilayer 
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most sampled by the EPR spin-label probes, including the intended headgroup probe, T-PC. 

Considering this region alone, we see about a three-fold difference in the area under the 

resistance to permeation curve, a result that agrees qualitatively with the EPR permeability 

estimates.

4 Conclusion

The simulation resistance to permeation curves indicate that pure POPC phospholipid and 

POPC/cholesterol (1:1 mixing ratio) have fairly similar permeabilities to molecular oxygen. 

Though we predict a less dramatic permeability difference than expected from published 

EPR estimates, we do see an increase in the overall resistance to permeation for POPC/

cholesterol of roughly 20%, compared with POPC alone. This increased resistance should 

correspond with a permeability reduction of similar magnitude. While modest on a single-

membrane level, the rate-reducing effect should be amplified as oxygen is required to cross 

or circumvent multiple membranes on its path toward mitochondria buried within tissues 

[18].

Our simulations further predict that the lipid fraction of biological membranes may be less 

permeable to oxygen than has generally been assumed, regardless of the cholesterol content. 

This prediction is based on the substantially greater area under the resistance to permeation 

curve obtained when resistance in the headgroup region is taken fully into account. It should 

be noted that the current models neglect inhomogeneities in lipid organization within the 

plane of the membrane, lipid compositional variation within and across leaflets, as well as 

the presence of membrane proteins. While such factors may moderate cholesterol’s impact 

in living cells, the models’ simplicity is an advantage for distinguishing the direct influence 

of cholesterol on membrane permeability. Ongoing work will address other membrane 

compositional factors that may influence oxygen permeability. Additional biological work is 

needed to test our predictions and to characterize quantitatively the effect of cholesterol on 

oxygen permeability in intact, functional cells.
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Fig.1. EPR “headgroup” probe may oversample the phospholipid tail region
(A) Simulation resistance to permeation gives a similar area under the curve for POPC 

(black) and POPC/cholesterol (gray). (B) The same simulation resistance to permeation 

curves (solid lines) differ substantially in contour and area under the curve in the region 

most thoroughly sampled in published EPR measurements. The secondary axis shows the 

EPR resistance to permeation values [9], placing the probes according to center of the 

probability distributions observed in our simulations for the corresponding atoms (oleoyl tail 

carbons 5, 7, 9, 10, 12, 14, and 16 in open black circles for POPC or solid gray diamonds for 

POPC/cholesterol; probability distribution data not shown). The T-PC probe positions (solid 

black circles for POPC or black-outlined diamonds for POPC/cholesterol) have also been 

estimated from simulations of POPC with one T-PC molecule in each bilayer leaflet. (C) 
Cropped image of POPC/water/O2 simulation system, positioned above a relative free 

energy profile for oxygen across a POPC bilayer system at 37°C. Relative local free energy 

for O2 at 37°C across a model POPC bilayer shows peaks in the headgroup regions and a 

free energy minimum in the tail region. Positional probability distributions are shown for the 

POPC headgroup choline (dotted line) and for the fifth carbon of the POPC oleoyl tail (C-5, 

dashed line). (D–E) Two alternate conformations of the EPR T-PC probe molecule, with the 

bent conformation favored in preliminary simulations at 25°C.
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