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Abstract
Diacylglycerols (DAGs) are important second messengers in biomembranes, and they can activate
protein kinase C and many other enzymes and receptors. However, their interactions with
cholesterol and other lipids have not been previously studied using molecular dynamics (MD)
simulation. In this study, nine independent atomistic MD simulations were performed to
specifically investigate the interactions between di16:0DAG, 16:0,18:1-phosphatidylcholine
(POPC), and cholesterol. Despite of their substantial differences in chemical structure, DAG and
cholesterol produce some very similar effects in POPC bilayers: increasing acyl chain order and
bilayer thickness, reducing volume-per-lipid, and decreasing lateral diffusion of molecules. More
significantly, DAG also produces a strong “condensing effect” in PC bilayers. In comparison,
cholesterol is more effective than DAG in producing the above effects. The driving force for the
condensing effect is their molecular shape: DAG and cholesterol both have small polar
headgroups and large hydrophobic bodies. In a lipid bilayer, in order to avoid the unfavorable
exposure of their hydrophobic parts to water, neighboring phospholipid headgroups move toward
cholesterol or DAG to provide cover. Thus, seemingly complex interactions between DAG,
cholesterol and phospholipid can be clearly explained using the Umbrella Model. Our simulations
confirmed the hypothesis that DAG increases the spacing between phospholipid headgroups,
which is important for activating protein kinase C and other enzymes. Interestingly, our
simulations also show that the conventional wisdom that the spacing created by a DAG is directly
above the DAG molecule is incorrect; instead, the largest spacing usually occurs between the first
and the second nearest-neighbor PC headgroups from a DAG, due to the umbrella effect.
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INTRODUCTION
Diacylglycerols (DAGs) play important roles in lipid metabolism and cell signaling, and are
well known for activating protein kinase C and other enzymes and receptors.1,2 DAG can be
produced in cell membranes either as a result of the hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PIP2) or phosphatidylcholine. It has been shown that DAGs can modify the
phospholipid bilayer structure significantly or even induce non-bilayer phases at high
concentration.3,4 As a molecule with a small headgroup and a large hydrophobic body, DAG
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increases the spacing between phospholipid headgroups in lipid bilayers. Using 2H NMR
and ESR techniques, Schorn and Marsh found that DAGs are incorporated into bilayer
membranes similar to phospholipids incorporation, but are situated approximately two CH2
groups deeper in the hydrophobic interior.5

In a fluid-phase lipid bilayer, cholesterol increases the order of acyl chains and bilayer
thickness, and reduces the lateral diffusion of lipids. The most well known effect of
cholesterol is the “cholesterol condensing effect”, i.e., the total area of a lipid bilayer
becomes less than the sum of the areas of phospholipids and cholesterol.6-8 Molecular
dynamics (MD) simulation has become a powerful tool to investigate detailed interactions
between molecules at the atomistic level. Although the interactions of cholesterol with
phospholipids have been extensively studied in the past decade9-17, DAG-cholesterol-
phospholipid interactions have not yet been investigated using MD simulation. Recently,
Pandit et al. showed that ceramide and cholesterol have a very similar effect on POPC
bilayers, although ceramide is less effective in increasing chain order compared to
cholesterol.18 In this study, various effects of di16:0DAG on POPC bilayers with or without
cholesterol have been investigated. By comparing the effects produced by cholesterol or by
DAG, the molecular driving force of DAG-phospholipid interaction will be examined.

The chemical structures of di16:0DAG, cholesterol, and POPC are shown in Figure 1a.
Despite their vast differences in structure, DAG and cholesterol produce some very similar
effects on POPC bilayers: increasing acyl chain order and bilayer thickness, reducing area
per lipid, and decreasing lateral diffusion. More significantly, we found that DAG also
induces strong “condensing effect” in PC bilayers. However, cholesterol is more effective
than DAG in producing such effects, probably due to its rigid sterol rings. We hypothesize
that the similarity in their effects on PC bilayers is resulted from their similarity in molecular
shape: DAG and cholesterol both have small hydrophilic headgroups and large hydrophobic
bodies. In a lipid bilayer, cholesterol mainly relies on the coverage of neighboring
phospholipid headgroups to avoid the unfavorable exposure of its hydrophobic part to water,
as described by the Umbrella Model.19,20 The cholesterol condensing effect is resulted from
the tight packing between cholesterol and PC needed to achieve the coverage. The same
mechanism also produces the condensing effect of DAG. Our result clearly explains the
previous experimental finding that cholesterol can “amplify” DAG's activity.21 An
important consequence of the umbrella coverage is that the largest spacing created by a
DAG in a lipid bilayer is not directly over the DAG molecule, as described in some papers;
rather, we find it to be between the first and the second nearest-neighbor PC headgroups
from a DAG.

In terms of cross-sectional area, DAG has a smaller headgroup/body ratio than cholesterol.
Our 2D radial distribution functions of molecules show that DAGs receive more Umbrella
coverage than cholesterol in POPC bilayers. Interestingly, we found that unlike cholesterol,
DAG is not solely relying on the Umbrella coverage, it can also reduce the unfavorable
exposure by inserting its acyl chains into surrounding chain matrix (i.e., lateral insertion),
particularly at low DAG concentrations. Our electron density profiles show that DAG in the
POPC/DAG bilayer is situated about 1.9 Å deeper into the bilayer interior than POPC,
which agrees well with previous experimental results.5

SIMULATION METHODS
Nine independent simulations of pure, binary and ternary mixtures consisting of POPC,
DAG, and cholesterol, were performed at 310 K with a time step of 2.0 fs. The first four
systems in Table 1 were run for 500 ns, and the rest five were run for 300 ns. The total
number of lipids in each system was kept at 512. The phospholipid force field was from
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Berger et al.,22 and the cholesterol force field was based on the GROMOS force field from
Holtje et al.23 Since DAG has not been previously studied using MD simulation, its force
field must be created. DAG force field (see SUPPORTING INFORMATION) was
constructed from the bonded and non-bonded parameters of GROMOS87 force field24

implemented in GROMACS as ffgmx. The atomic charges for a DAG were obtained using
QM calculations. The partial charges were calculated using ORCA package
(http://www.thch.uni-bonn.de/tc/orca/) at hybrid functional B3LYP/G level as defined in
Gaussian program system25-28 with 6-31G* basis set29-31. All systems were run in the NPT
ensemble using a Nosé-Hoover thermostat32 and Parrinello-Rahman barostat33 methods
with a coupling time constant of 0.1 and 1.0 ps, respectively. The pressure normal and
parallel to the bilayer were coupled separately at 1 bar. The LINCS algorithm was used to
keep the lengths of all bonds constant. Long-range electrostatic interactions were handled
with the particle mesh Ewald (PME) method.34 The cutoff distances for Lennard-Jones
interactions and electrostatic interactions were both set at 1.0 nm. All other simulation
conditions were identical to that in our previous studies.9,11

Creating initial structures
The lipid bilayer was constructed by first obtaining the PDB coordinates file of a single
POPC molecule from Dr. Peter Tieleman's Website, and the initial structure of di16:0DAG
was constructed using the Dundee PRODRG2 Server35. A single POPC was placed inside a
solvent box, and a short simulation was performed to relax the lipid. Afterward, bilayers of
32, 64 and 512 POPCs were constructed from this relaxed POPC. The 32-POPC bilayer was
used to construct POPC/18.75%CHOL and POPC/18.75%DAG bilayer subunits. Three
Cholesterol molecules and three DAGs were inserted as a group to create POPC/
18.75%CHOL and POPC/18.75%DAG bilayer subunits, respectively. To construct the
POPC/DAG/CHOL bilayer subunit, we used the 64-POPC bilayer and inserted cholesterols
and DAGs together in two groups (i.e., 1DAG+2cholesterol and 2DAG+1cholesterol). The
VMD program (http://www.ks.uiuc.edu/Research/vmd/) was then used to remove any bad
links or overlaps that could happen after the cholesterol and DAG insertion.36 Following
this, the GROMACS37 utility “genconf” was employed to replicate the systems of 32 and 64
to generate a new starting configuration consisting of 512 lipids for POPC/18.75%CHOL,
POPC/18.75%DAG, and POPC/DAG/CHOL. All initial structures went through energy
minimization using both the steepest descent and the conjugate gradient algorithms; each ran
for 1000 steps to eliminate any bad contacts.

Acyl Chain Order Parameter
The order parameter was calculated differently at the double bond locations (i.e., carbon
number 8 and 9 in Fig. 4b) from the previous simulations.9,38,39 Current g_order tool in
GROMACS (version 4.0.7) calculates the order parameter of an alkene carbon using the
same equation for a methylene carbon, which is incorrect. We modified g_order tool, and

used  for saturated chain and  for
unsaturated chain, where Sxx, Syy, Szz, and Syz are the order parameter tensors for angles
between molecular axis and the bilayer normal calculated using the equation:

This modification is similar to g_order_new331 tool that was previously modified by Dr.
Samuli Ollila.40
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RESULTS AND DISCUSSION
Initial and Final Snapshots

Figure 2 depicts the initial and final snapshots of the top leaflets of the POPC/
18.75%CHOL, POPC/18.75%DAG, and POPC/DAG/CHOL systems. For clarity,
cholesterol and DAG are represented by the space-filling models, POPCs are represented by
thin lines, and water molecules are not shown. In the initial configurations of POPC/
18.75%CHOL and POPC/18.75%DAG (Figs. 2a & 2c), cholesterols and DAGs were
arranged in 16 clusters and each cluster contained three molecules. The clusters in the initial
POPC/DAG/CHOL system (Fig. 2e) were either 1CHOL+2DAG or 2CHOL+1DAG. After
500 ns simulation, the original artificially arranged clusters of cholesterol have dispersed,
primarily into monomers (Fig. 2b). In comparison, DAGs have a less tendency to disperse as
monomers; some DAGs are in small clusters (Fig. 2d). As shown in previous studies,
cholesterol has a strong tendency be a monomer in a lipid bilayer, because the free energy
cost of covering a cholesterol cluster by neighboring PC headgroups increases rapidly with
the size of cluster.11,19 An important feature in Fig. 2d is that some DAGs appear to extend
their acyl chains laterally into the surrounding chain matrix (i.e., lateral extension). A visual
inspection of 3D snapshots shows that the separation between two acyl chains is quite large
for some DAGs. In order to judge whether it is statistically meaningful, we calculated the
average distance between two acyl chains of POPC and compared it with that of DAG. The
distance between C42 carbon of sn-1 chain and C24 carbon of sn-2 chain was used to
represent the distance between two POPC chains; and the distance between C33 carbon of
sn-1 chain and C15 carbon of sn-2 chain was used to represent the distance between two
DAG chains (see Fig. 1a). As shown in Table 1, in every case, the average distance between
two acyl chains of DAG is larger than that of POPC. Thus, DAG molecules have a statistical
tendency to spread their chains. We believe that this type of chain conformation is resulted
from the molecular shape of DAG. Although DAGs also have small hydrophilic headgroups
and large hydrophobic bodies, they do not solely rely on the coverage from neighboring PC
headgroups to avoid the unfavorable exposure to water: DAG can also insert their acyl
chains into surrounding, as illustrated in Fig. 1c. Figure 2f is the final snapshot of the POPC/
DAG/CHOL system. Interestingly, the lateral extension of DAG acyl chains near cholesterol
molecules is suppressed by the presence of bulky sterol rings of cholesterol. As a
consequence, DAGs become more relying on the umbrella coverage from PC headgroups in
a lipid bilayer containing cholesterol.

Area per Lipid, Bilayer Thickness, and Volume per Lipid
The area per lipid (Apl = 2Abox/Nlipid), volume per lipid (Vpl = (Vbox - Nwatervwater)/Nlipid),
and bilayer thickness (h = Vpl/Apl) were calculated by averaging over the last 100 ns of the
simulations, and the results are listed in Table 2. Apl for pure POPC bilayer is 0.653 nm2,
which agrees reasonably well with the experimental values [0.63-0.68 nm41,42] and previous
simulations results [0.65-0.67 nm2, 18,39]. For the POPC/18.75%CHOL bilayer, the area per
lipid is 0.503 nm2, which is close to the experimental value of 0.53 nm2 42 and the simulated
value of 0.516 nm2 by Pandit et al.18 for POPC with 20% of cholesterol. Figure 3 shows Apl
for POPC/DAG bilayers as a function of DAG mole fraction. Since the cross-sectional area
of DAG is less than that of POPC, as expected, Apl shows a monotonic decrease as a
function of DAG mole fraction. At the same DAG or cholesterol mole fraction (18.75%), the
area per lipid of POPC/DAG system is larger than that of the POPC/18.75%CHOL system.
On the other hand, the bilayer thickness of POPC/18.75%DAG system is smaller than that
of POPC/18.75%CHOL system. Table 2 clearly shows that DAG decreases area per lipid
and volume per lipid and increases bilayer thickness, which is similar to cholesterol in
DOPC bilayers 9. This behavior is expected, since DAG and cholesterol both are small-
headgroup molecules.
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Partial-Specific Areas
Figure 3 also shows the partial-specific areas of POPC and DAG in POPC/DAG bilayers,
calculated using the method of Edholm and Nagle.13 The partial specific area of DAG,
aDAG(x) stays within a range of low value, between 0 and 0.1 nm2. Since the measured area
for a lipid with two tightly packed saturated chains is about 0.42 nm2,43 one would expect
that a DAG molecule occupies at least 0.42 nm2 lateral area in a fluid-phase PC bilayer. By
definition, aDAG(x) is the increase of total bilayer area at the bilayer composition x by
adding one more DAG molecule to the bilayer, while keeping all other parameters constant.
Thus, the low partial-specific area of DAG indicates a far less than expected increase of total
bilayer area by adding a DAG to a POPC bilayer. This result clearly shows that DAG
produces the “condensing effect” in POPC bilayers. Previously, other researchers have
found that cholesterol has a negative partial-specific area in DOPC and POPC lipid bilayers
at low cholesterol mole fractions, and the value becomes positive above cholesterol mole
fraction of 0.1.9,13,18 Thus, comparing to DAG, cholesterol produces a stronger condensing
effect. On the other hand, the partial specific area of POPC, aPOPC(x), stays at a narrow
range, from 0.653 to 0.638 nm2. This shows that the condensing effect is mainly produced
by DAG, not by POPC. What causes the condensing effect in lipid bilayers? We have
suggested that the condensing effect is a consequence of the umbrella interaction between
cholesterol and PC.20,44 A recent coarse-grained simulation by de Meyer and Smit
demonstrated that the condensing effect is indeed directly resulted from the mismatch
between cholesterol small polar head and its large nonpolar body.12 Pandit et al. showed that
ceramide, another lipid molecule with a small polar head, also induces condensing effect in
POPC bilayers.18 Our result further supports the conclusion.

Acyl Chain Order Parameter
Figure 4 shows the order parameters of POPC and DAG chains at each carbon atom
position. It has been well established that the higher the cholesterol mole fraction, the higher
the order parameter.9,45 We modified g_order tool in GROMACS (see SIMULATION
METHOD), and our order parameters for pure POPC are very close to the experimental
results46 and some previous simulation results18,40,47. The order parameter for POPC with
18.75 % of cholesterol is also close to the previous simulation result for POPC with 20 % of
cholesterol.18 The acyl chains of POPC have the highest order in the POPC/18.75%CHOL
system. The cis double bond in sn-2 chain of POPC produces a sharp local drop of chain
order parameter. Similarly, the order parameter of acyl chains of DAG increases with DAG
concentration as shown in Fig. 4c and 4d. Since the order parameter of DAG chains is
higher in POPC/DAG/CHOL system (with 9.3755% of DAG and 9.375% of cholesterol)
than that in POPC/12.5%DAG system, it indicates that cholesterol also increases the order
parameter of DAG chains. A general picture emerges from Figure 4 that the addition of
cholesterol, or DAG, or both can all increase the order of chains. At the same concentration,
cholesterol is slightly more effective than DAG in ordering POPC acyl chains.

Cholesterol Tilt Angle
The cholesterol tilt angle is defined as the angle between the vector connecting C21 and C5
atoms of cholesterol (see Figure 1a) and the bilayer normal. It is well known that cholesterol
tile angle decreases and the order of a bilayer increases as cholesterol concentration
increases.9,14,15,17 Using solid-state NMR, the cholesterol tilt angle in DPPC bilayer
containing 30% cholesterol at 47 °C was determined to be 18.1° by Guo et al.48 The
cholesterol tilt angle in DPPC bilayer containing 20% cholesterol at 50 °C was found to be
19.8° in a number of MD simulation studies.49-51 The tilt angle is larger in DOPC bilayers:
Previous MD simulations showed that the cholesterol tile angle in DOPC bilayer containing
20% cholesterol at 50 °C is about 23.5°-24.7°.9,49 Figure 5 shows the probability
distributions of cholesterol tilt angle for POPC/18.75%CHOL and POPC/DAG/CHOL
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systems. The average cholesterol tilt angle in POPC/18.75%CHOL system is 21.7±1.5°,
which is in line with other studies. Interestingly, the average cholesterol tilt angle in the
POPC/DAG/CHOL system (21.6±2.2°) is very similar to that in the POPC/18.75%CHOL
system. Since the POPC/DAG/CHOL system contained 9.375% of cholesterol and 9.375%
of DAG (Table 2), our data shows that DAG also decreases cholesterol tilt angle; otherwise,
one would expect a larger cholesterol tilt angle in POPC/DAG/CHOL system.

Electron Density
Figure 6 shows the electron density profiles of POPC, cholesterol, DAG and water across
the lipid bilayers in four systems. For the electron density profiles of POPC (Fig. 6a), the
addition of cholesterol, or DAG, or both, produces two noticeable effects: (i) The profiles
expand in the direction of bilayer normal, indicating an increase of bilayer thickness; (ii) the
peaks, that largely correspond to the distribution of POPC headgroups 9, become sharper,
indicating that POPC headgroups become more parallel to the bilayer-aqueous interfaces.
The effects are largest in the POPC/18.75%CHOL system and smallest in the POPC/
18.75%DAG system, closely correlated to the order of acyl chains (Fig. 4). The electron
density profile of DAG in the POPC/DAG/CHOL system is also very similar to that in the
POPC/18.75%DAG system (Fig. 6c).

The relative positions of POPC, DAG, and CHOL in the bilayers are illustrated in Figure 7.
In the POPC/18.75%CHOL system, on average, O6 atom of cholesterol is located ~2.0 Å
below the C13 atom of POPC. The C4 atom of DAG is located ~1.9 Å below the C13 atom
of POPC in the POPC/18.75%DAG system. Our result is consistent with Schorn and
Marsh's experimental finding that DAGs are situated approximately two CH2 groups deeper
in the hydrophobic interior.5 Finally, in the POPC/DAG/CHOL system, O6 atom of
cholesterol and C4 atom of DAG are located about 1.4 Å and 2.4 Å below the C13 atom of
POPC, respectively. These relative positions are consistent with our interpretation that
headgroups of POPC provide the umbrella coverage for both cholesterol and DAG (Fig. 1b
and 1c).

The Umbrella Effect
Figure 8a quantifies the Umbrella effect on cholesterol in the POPC/18.75%CHOL bilayer.
Two 2D radial distribution function (RDF) were calculated in the plane parallel to the
bilayer surface: one between the O6 atom of cholesterol and the N4 atom of PC's choline
group, and a second between cholesterol O6 and PC's phosphate residue P8, represented by
the two white dashed lines in Fig. 1b. Similar to a previously study 11, the RDF of O6CHOL-
N4POPC is higher than the RDF of O6CHOL-P8POPC for the distance less than ~0.4 nm from
a cholesterol, and the relation is reversed for the distance between ~0.4 and ~0.8 nm, which
indicates that the first layer of PC headgroups next a cholesterol molecule (≤ 0.8 nm) has a
statistical tendency to extend their P-N vectors toward the cholesterol in order to cover
cholesterol's hydrophobic body, as illustrated in Fig. 1b. The two RDFs cross over several
more times between 0.8 and 3 nm, indicating that the orientation order of PC head groups
extends up to about three molecules away from a cholesterol molecule. An important new
result in this study is that POPC headgroups also provide the umbrella coverage for DAGs:
In the POPC/18.75%DAG system, the RDF of O2DAG- N4POPC is higher than the RDF of
O2DAG- P8POPC for the distance less than 0.25 nm from a DAG, and the relation is also
reversed for the distance between 0.25 and 0.65 nm (Fig. 8b). It appears that the first layer of
POPC headgroups next to a DAG hydroxyl group is about 1.5 Å closer than that next to a
cholesterol hydroxyl group. This is understandable, since a DAG does not have the bulky
sterol rings of cholesterol to prevent surrounding PCs getting closer. In addition, the second
layer of PC headgroups, located roughly between 0.7 to 1.7 nm from a DAG, is also ordered
with their P-N vectors preferentially pointing to the DAG, likely due to the dipole-dipole
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interaction with the headgroups of PC in the first layer. To facilitate the discussion, we
define a numerical parameter, named the “Umbrella Index” (UI), to quantitatively describe
the orientational order of phospholipid headgroups surrounding a cholesterol molecule or a
DAG. For cholesterol, UI is defined as UI ≡ ∫ |RDF(O6CHOL-N4PC) - RDF(O6 CHOL-
P8PC)| dx for x from 0 to 3 nm. Visually, UI is the total area between the two RDF from 0 to
3 nm in Figure 8. A larger UI value would indicate a higher orientational order of PC
headgroups. The calculated UI is 0.206 for cholesterol in the POPC/18.75%CHOL system
and 0.239 for DAG in the POPC/18.75%DAG system, suggesting that a DAG receives more
PC headgroup coverage than a cholesterol molecule, at the same concentration. The
difference is likely resulted from the smaller headgroup/body areal ratio of DAG. Both DAG
and cholesterol have hydroxyl as their hydrophilic head. Although DAG is in a fluid-phase
in POPC bilayer, the lower limit of its cross-sectional area in its hydrophobic acyl-chain
region, 42 Å2, can be estimated from a gel-phase lipid bilayer43. On the other hand, the
estimation of the cross-sectional area of cholesterol's sterol rings is ranging 32-38 Å2.9 Thus,
it is reasonable that DAG needs more umbrella coverage from POPC headgroups.

We have shown that our simulation data is consistent with the umbrella model; however, we
did not compare our results with the Condensed-Complex model.52,53 The primary reason is
that the model does not have a specific prediction for the physical structure of the
hypothesized lipid-cholesterol stoichiometric complex. In addition, it becomes increasingly
clear that the condensing effect can be induced by a number of membrane molecules,
including cholesterol, DAG, ceramide,18 and other sterols,17,54 although their
effectivenesses may vary. These molecules have different chemical structures but share a
common molecular shape: a small hydrophilic headgroup and a large hydrophobic body.
Thus, these results strongly indicate that the condensing effect is more associated with the
shape of molecule than stoichiometric complex.

Figures 8c and 8d illustrate the umbrella coverage for DAG and cholesterol in the POPC/
DAG/cholesterol ternary mixture. Interestingly, in the POPC/DAG/cholesterol ternary
system (Fig. 8d), the calculated UI for DAG becomes significantly larger (UI = 0.285) than
that in the POPC/18.75%DAG system (UI = 0.239). In the ternary system, the lateral
extension of DAG acyl chains is visibly suppressed by the bulky rigid sterol rings of
cholesterol (Fig. 2f), and DAGs become more relying on the umbrella coverage from PC
headgroups. For cholesterol, the umbrella index also increases from 0.206 to 0.244. This
indicates that the PC headgroups become highly ordered in POPC/DAG/cholesterol ternary
system. A visual inspection of simulation snapshots confirmed that DAG received more
headgroup coverage from POPC than cholesterol does in POPC/DAG/cholesterol ternary
system.

The increase of spacing between PC headgroups
One of the important effects of incorporating DAG into a lipid bilayer is the increase of
spacing between phospholipid headgroups. It has been long suggested that the increase of
spacing is crucial for the binding of protein kinase C to lipid membranes or the activation of
phospholipases.1,3,55 Statistically, we found that DAGs indeed increase the average distance
between PC headgroups. Figure 9 shows the 2D RDFs between O11 atoms of POPC in
various bilayers. At the short distance, the RDF is the lowest in POPC bilayer containing
18.75% of DAG, which indicates that DAG is more effect than cholesterol in increasing the
spacing between PC headgroups, directly correlated with the smaller headgroup/body ratio
of DAG. Interestingly, the conventional wisdom has been that a DAG with a small polar
headgroup can wedge into a phospholipid bilayer and create an opening direct above the
DAG molecule, as illustrated in Fig. 10a;1,3,55 however, our simulations show that this may
not be correct. Fig. 10c is a top-view snapshot of POPC bilayer containing 6.25% of DAG.
The white arrows represent the P-N vectors of POPC headgroups, and DAG molecules are
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represented by the space-filling model. A careful examination of Fig. 10c shows that in
almost every case, there are P-N vectors of POPC distributed above a DAG headgroup, and
this coverage of DAG by POPC headgroups is driven by the umbrella effect discussed
earlier. Fig. 10c also shows that large headgroup spacing usually occurs between the first
and the second nearest-neighbor PCs from a DAG. This observation also explains why the
distance distribution of the second-nearest neighbor PCs from a DAG is wider than the size
of a PC molecule (i.e., from 0.7 to 1.7 nm in Fig. 8b). Fig. 10b is a schema that illustrates
the distribution of spacing between PC headgroups near a DAG molecule. In order to
confirm the conceptual picture shown in Fig. 10b, we analyzed the distributions of POPC
headgroups and acyl chains around DAG in POPC/6.25%DAG system as well as around
POPC in pure POPC bilayer. To calculate RDFs, the position of a POPC headgroup was
simply taken as the midpoint of its P-N vector, and the center of mass of two acyl chains
from the same POPC was used to represent the position of POPC chains. As shown in Fig.
11, in POPC/6.25%DAG system, the distribution of PC headgroups (i.e., P-N vectors)
around DAG O2 oxygen has a large peak at ~0.29 nm and a small peak at ~0.48 nm.
Judging from the distance, these two peaks correspond to the nearest-neighbor POPC
headgroups providing the umbrella coverage to DAGs. Two close peaks suggest that certain
orientations of PC headgroup may be preferred. At the same distance range, the RDF of
POPC acyl chains is significantly lower than the RDF of POPC headgroups, which clearly
indicates that the POPC headgroups next to a DAG tilt towards the DAG. Furthermore, from
the distance of 0.6 nm to 1.4 nm, the RDF of POPC headgroup is lower than the RDF of
POPC chains and has a minimum at ~0.75 nm, which shows that there are more chains than
headgroups in this region. Thus, the spacing between PC headgroups in this region is larger
compared to random distribution. For distances larger than 1.4 nm, two RDFs become
similar, and the spacing between POPC headgroup returns normal. This result is consistent
with the conceptual picture in Fig. 10b. In contrast, the distribution of POPC headgroups
around a POPC has totally different behavior: the chance of other POPC headgroups
positioned within 0.45 nm from a POPC headgroup is very low.

Lateral Diffusion of Lipids
The mean square displacements (MSD or <r(t)2>) of POPC, cholesterol, and DAG as
functions of time are plotted in Fig. 12. The systems were allowed to relax for the first
100ns, and the calculations were performed for the remaining time. All curves have three
distinct sections: an initial rapid rise, a linear portion, and a noisy section at end. The initial
rapid rise (100-105 ns) of MSD is primarily due to the local motions of molecules, the linear
portion reflects the true lateral diffusion behavior, and the noisy section at end is due to poor
statistics for large displacements. The 2D lateral diffusion coefficient, D = ¼d<r(t)2>/dt,
was obtained by fitting the linear portion of MSD curves, using the least squares method.
For pure POPC, POPC/18.75%CHOL, POPC/DAG/CHOL, and POPC/18.75%DAG
systems, The MSD curves were calculated for the time periods of 100-500ns and 150-500ns,
and D was calculated using the average of the linear fit of 120-170ns and 170-220ns sections
of the MSD curves. Table 3 lists the calculated lateral diffusion coefficients. The calculated
D of POPC in pure POPC bilayer is 11.44×10-8 cm2/s, which is close to experimental results
[8-10×10-8 cm2/s].56-58 In the POPC/18.75%CHOL system, cholesterol slows down the
diffusion of POPC, and D decreases to 4.41×10-8 cm2/s, which is close to the experimental
value of 3.21 ×10-8 cm2/s by ESR.56 On the other hand, the diffusion coefficient of POPC is
8.34×10-8 cm2/s in POPC/18.75%DAG system. Thus, DAG also reduces the diffusion of
POPC, but not as much as cholesterol. The most interesting result is that the lowest diffusion
coefficients for POPC, DAG and cholesterol are all found in the POPC/DAG/CHOL system,
which suggests that cholesterol and DAG at 1:1 ratio is more effective than cholesterol or
DAG alone in slowing down diffusion.
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CONCLUSIONS
In this comparative study, we found that DAG produces some very similar effects to PC
bilayers as cholesterol: increasing acyl chain order and bilayer thickness, reducing lateral
diffusion of molecules, and producing the well-known “condensing effect”. This similarity
in functionality is resulted from their similarity in molecular shape: small hydrophilic heads
and large hydrophobic bodies. In a lipid bilayer, cholesterol mainly relies on the coverage of
neighboring phospholipid headgroups to avoid the unfavorable exposure of hydrophobic
part to water, however DAG uses the combination of PC headgroup coverage and the lateral
extension of its acyl chains. At the same concentration, cholesterol is more effective than
DAG in producing the above effects, probably due to its rigid sterol rings. In a lipid bilayer,
DAG receives more coverage from POPC headgroups than cholesterol does, likely due to its
smaller headgroup/body areal ratio. Thus, DAG can strongly modulate the physical state and
chemical activity of lipid in membranes. Our results provide explanations to the previous
finding that cholesterol can amplify DAG activities 21. DAGs are also found to be able to
increase the average distance between PC headgroups, but the conventional wisdom that the
spacing created by a DAG is directly above the DAG molecule turns out to be incorrect. We
found that the largest spacing usually occurs between the first and the second nearest-
neighbor PC headgroups from a DAG, which could have a significant implication for
activating protein kinase C and other enzymes by DAGs.
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Figure 1.
(a) Chemical structures of cholesterol, di16:0DAG, and POPC. The vector connecting C21
and C5 atoms of cholesterol (red arrow) represents the orientation of a cholesterol molecule.
Atom indices, such as C4 and O2 of DAG, are the atom indices names in the corresponding
molecules structure PDB files. (b) Illustration of a headgroup of PC orienting toward
cholesterol (in yellow) to provide the umbrella coverage. The red spheres are oxygen atoms.
(c) Illustration of the lateral insertion of DAG chains (in green) and the umbrella coverage
by PC headgroup to DAG.
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Figure 2.
(a) and (b): The initial and final snapshots of POPC/18.75%CHOL system. Only the lipids
on the top leaflet are shown. POPCs are represented by thin lines, and cholesterol molecules
(in yellow) are represented by the space-filling model. The red spheres are O6 atoms of
cholesterol. (c) and (d): The initial and final snapshots of POPC/18.75%DAG system. DAGs
(in green) are represented by the space-filling model. The red spheres are O2 atoms of DAG.
(e) and (f): The initial and final snapshots of POPC/DAG/CHOL system.
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Figure 3.
Area per lipid (Apl(x)), and partial-specific areas of POPC (aPOPC(x)) and DAG (aDAG(x))
vs. DAG mole fraction in POPC/DAG bilayers.
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Figure 4.
(a) and (b): The order parameter of POPC acyl chains. (c) and (d): The order parameter of
DAG acyl chains.
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Figure 5.
Tilt angle distributions between the bilayer normal and the vector connecting C21 and C5
atoms of cholesterol in POPC/18.75%CHOL and POPC/DAG/CHOL bilayers systems.
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Figure 6.
The electron density profiles of POPC (a), cholesterol (b), DAG (c), and water (d) across the
bilayer in various systems.
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Figure 7.
The electron density profiles of C13 atom of POPC, O6 of cholesterol, and C4 of DAG,
which illustrate the relative positions of these lipids in the lipid bilayers. (a) in POPC/
18.75%CHOL; b) in POPC/18.75%DAG; and c) in POPC/DAG/CHOL system.

Alwarawrah et al. Page 18

J Chem Theory Comput. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
The umbrella coverage on cholesterol or DAG by POPC headgroups quantified by radial
distribution functions (RDF). (a) and (c): The RDFs between cholesterol oxygen O6 and
POPC nitrogen N4 of choline group or phosphate P8. (b) and (d): RDFs between DAG
oxygen O2 and POPC nitrogen N4 of choline group or phosphate P8.
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Figure 9.
2D RDF of O11 atom of POPC headgroup.
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Figure 10.
(a) The conventional wisdom of the creating spacing between PC headgroups by a DAG in a
lipid bilayer, which is found to be incorrect in this study. (b) Conceptual illustration of our
simulation result that the largest space created by a DAG is usually between the 1st and the
2nd nearest-neighbor PC headgroups from a DAG. (c) A top-view snapshot of POPC bilayer
contained 6.25% of DAG. DAGs are represented by the space-filling model, and the white
arrows represent the P-N vectors of POPC headgroups.

Alwarawrah et al. Page 21

J Chem Theory Comput. Author manuscript; available in PMC 2013 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
2D RDFs illustrate the distributions of POPC headgroups and acyl chains around DAG in
POPC/6.25%DAG system and around POPC in pure POPC bilayer. The position of a POPC
headgroup was taken as the midpoint of its P-N vector, and the center of mass of two acyl
chains from the same POPC was used to represent the position of POPC chains.
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Figure 12.
The mean square distance of POPC (a), cholesterol (b), and DAG (c) vs. time. The
calculations started at 100 ns.
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Table 1

Average distances between two acyl chains of POPC or DAG.

Systems CHOL% DAG% POPC (C24-C42) (nm) DAG (C15-C33) (nm)

Pure POPC 0 0 1.12±0.02 -

POPC/18.75%CHOL 18.75 0 0.96±0.02 -

POPC/CHOL/DAG 9.375 9.375 0.98±0.02 1.10±0.04

POPC/DAG

0 18.75 0.99±0.02 1.06±0.03

0 12.50 1.04±0.02 1.16±0.03

0 6.25 1.09±0.02 1.22±0.06

0 4.69 1.10±0.01 1.27±0.06

0 3.13 1.10±0.02 1.24±0.09

0 1.56 1.12±0.02 1.24±0.10
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Table 3

Lateral diffusion coefficient of POPC, cholesterol, DAG, and water (SOL).

Lateral diffusion coefficient (10-8 cm2/s)

System POPC CHOL DAG SOL

Pure POPC 11.44±0.01 - - 3119.45±0.04

POPC/18.75%CHOL 4.41±0.01 4.12±0.01 - 3590.98±0.23

POPC/18.75%DAG 8.34±0.01 - 8.11±0.01 3539.59±0.17

POPC/DAG/CHOL 4.16±0.01 4.11±0.01 3.90±0.01 3572.76±0.10
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