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Bile salts (BS) are biosurfactants crucial for emulsification and intestinal absorption
of cholesterol and other hydrophobic compounds such as vitamins and fatty acids.
Interaction of BS with lipid bilayers is important for understanding their effects on
membranes properties. The latter have relevance in passive diffusion processes
through intestinal epithelium such as reabsorption of BS, as well as their degree
of toxicity to intestinal flora and their potential applications in drug delivery. In this
work, we used molecular dynamics simulations to address at the atomic scale
the interactions of cholate, deoxycholate, and chenodeoxycholate, as well as their
glycine conjugates with POPC bilayers. In this set of BS, variation of three structural
aspects was addressed, namely conjugation with glycine, number and position of
hydroxyl substituents, and ionization state. From atomistic simulations, the location
and orientation of BS inside the bilayer, and their specific interactions with water and
host lipid, such as hydrogen bonding and ion-pair formation, were studied in detail.
Membrane properties were also investigated to obtain information on the degree of
perturbation induced by the different BS. The results are described and related to
a recent experimental study (Coreta-Gomes et al., 2015). Differences in macroscopic
membrane partition thermodynamics and translocation kinetics are rationalized in
terms of the distinct structures and atomic-scale behavior of the bile salt species. In
particular, the faster translocation of cholate is explained by its higher degree of local
membrane perturbation. On the other hand, the relatively high partition of the polar
glycine conjugates is related to the longer and more flexible side chain, which allows
simultaneous efficient solvation of the ionized carboxylate and deep insertion of the
ring system.
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absorption
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INTRODUCTION

Bile salts (BS) are amphiphilic molecules synthesized in the liver
and secreted into the intestinal lumen, that are involved in several
biological functions such as, emulsification of hydrophobic
compounds (Monte et al., 2009), signaling, metabolic and
inflammatory regulation (Hylemon et al., 2009); and antibacterial
activity (Urdaneta and Casadesús, 2017).

Primary BS are synthesized from cholesterol in hepatocytes,
in a complex sequence of enzymatic reactions that lead to
oxidation of cholesterol aliphatic side-chain to a carboxylic group
and addition of hydroxyl groups to the ring system (Russell,
2003). The major primary BS in humans are chenodeoxycholate
(CDCA) with 2 hydroxyl groups, and cholate (CA) with 3
hydroxyl groups. The carboxyl group of BS is usually conjugated
with glycine or taurine, leading to an increase in their acidity
(decrease in pKa from about 5 to 4 and below 2, for conjugation
with glycine and taurine, respectively) and therefore to an
increase in the fraction of the ionized form (Carey and Small,
1972; Fini et al., 2002).

Contrary to most common surfactants that have a polar head
and hydrophobic tail, BS have two surfaces, one hydrophilic and
the other hydrophobic. This property leads to the formation of
very small disc shaped micelles, typically 4 to 6 BS molecules
per micelle for the trihydroxy BS and 10 to 20 for the dihydroxy
BS (Hofmann and Small, 1967). Hydrophobic solutes interact
efficiently with the non-polar core of the micelles, and this step
is essential for their emulsification and absorption at the intestine
(Woollett et al., 2006; Coreta-Gomes et al., 2012, 2016).

When in the presence of intestinal microbiota, BS are
deconjugated and/or suffer biotransformations originating
secondary BS such as deoxycholate (DCA), among others
(Floch, 2002). About 90% of the BS secreted into the intestine
are reabsorbed. This occurs actively through the action of
BS transporters (Alrefai and Gill, 2007), and through passive
permeation of the unconjugated form of the BS down the
concentration gradient (Donovan and Jackson, 1997; Floch,
2002; Coreta-Gomes et al., 2015).

Detailed knowledge of the interaction of BS with dietary lipids
and lipid membranes at molecular level is crucial to understand
their transport from the liver and storage at the gallbladder, as
well as the discharge and reabsorption in the intestine, shedding
light on their role in health and disease states. Moreover, due to
the crucial action on the absorption of hydrophobic nutrients
and drugs, it is important to characterize their partition and
effects on the barrier properties of biological membranes. In
particular, the protective effect of some trihydroxy BS, compared
to the toxicity of less polar BS, may be related with their
affinity for the lipid bilayer, and perturbation of membrane
barrier properties (Heuman et al., 1991; Mello-Vieira et al., 2013;
Coreta-Gomes et al., 2015).

Computational techniques have become valuable tools to
study biomolecular assemblies, and indeed several simulation
studies of BS both dispersed in aqueous media and in the presence
of phospholipids have been reported, using atomistic molecular
dynamics (Marrink and Mark, 2002; Pártay et al., 2007; Mustan
et al., 2015). This type of simulations can provide considerable

detail regarding location, orientation, and characterization of
preferred interaction of BS molecules with lipids, as well as
local perturbations induced by the former on bilayer properties,
which in turn may relate to differences in the behavior of
the distinct BS when interacting with membranes. Previous
studies were focused on the properties of pure BS micelles and
mixed micelles formed at high BS/lipid ratios, and only the
ionized forms of the BS were considered. They have shown that
at low BS concentrations primary micelles are kept together
by hydrophobic interactions, while at high concentrations
the formation of larger, secondary micelles is promoted via
hydrogen-bonding interactions. Experimental results at low
BS/lipid ratios have shown that at low local concentrations in
the lipid membrane, the neutral form of the BS is stabilized and
may become the most abundant at physiological conditions for
unconjugated BS (Coreta-Gomes et al., 2015). Also, significant
differences were encountered for the rate of permeation of di-
and trihydroxy BS through POPC bilayers in those low, non-lytic
BS/lipid ratios. The understanding of the molecular interactions
established by the distinct BS with the lipid bilayer at non-lytic
conditions is of high relevance to rationalize and predict the
effect of BS on the barrier properties of the intestinal membrane
at physiological conditions. It may also allow understanding the
molecular properties of the BS that lead to toxic and protective
effects, with impact on the design of new non-toxic agents to
enhance the bioavailability of pharmacological agents.

In this work, we report atomistic MD simulations of
CA, CDCA, and DCA BS molecules, both in their ionized
(basic) and non-dissociated (acid, here designated as CAH,
CDCAH, and DCAH, respectively) species, as well as the
ionized form of their glycine conjugates (GCA, GCDCA, and
GDCA), interacting with a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayer (see Figure 1 for structures
and numbering of relevant atoms). Both ionization states were
considered for the unconjugated BS, because even though the
basic species are expected to be dominant in aqueous media [pKa
between 4.5 and 5.1 at 25◦C (Moroi et al., 1992)], the substantially
more lipophilic protonated forms interacts preferably with lipid
bilayers leading to an increase in the apparent pKa with the
protonated form being significant even at neutral pH (Coreta-
Gomes et al., 2015). Simulations were done at a relatively low
BS/POPC molecular ratio (2:128), allowing to characterize and
distinguish the interaction between the BS and the membrane
based on their different molecular structures.

MATERIALS AND METHODS

All simulations were carried out with Gromacs versions 4 (Pronk
et al., 2013) and 5 (Abraham et al., 2015). The topology of
the POPC molecule (Figure 1A) consisted of a united-atom
description for CH, CH2, and CH3 groups, based on the
parameters presented by Berger et al. (1997) for 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC), and by (Bachar et al.,
2004) for the acyl chain cis-double bonds. While this force
field has been put into question, mostly in regarding to its
overcondensation of bilayers with high cholesterol content, it
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FIGURE 1 | Structures of POPC (A) and BS addressed in this study (B; see also inset table for definition of R1, R2, and R3 for the different BS species), showing the
numbering of selected atoms pertinent to the simulations, as well as the definition of the long and short molecular axes of BS (blue and green, respectively).

predicts accurate values of average area/lipid and acyl chain order
parameter profiles in pure POPC (Ferreira et al., 2013; Botan
et al., 2015). The structures and topologies of unconjugated BS
in both protonated and ionized forms, as well as the ionized
glycine-conjugated derivative (Figure 1B), were adapted from
that of cholesterol as used by Höltje et al. (2001) (available for
download at the GROMACS webpage1), by adding the missing
hydroxyl, amide and carboxylic groups to the tetracyclic ring
system and side-chain, using standard force field parameters
(Jorgensen et al., 1983; Van Gunsteren and Berendsen, 1987;
Van Buuren and Berendsen, 1993; Van Buuren et al., 1993;
Mark et al., 1994; Liu et al., 1995). Partial atomic charges of BS
were calculated from the optimized geometries obtained from
quantum chemical calculations performed at the Hartree–Fock
level and the 6–31+G(d) basis set, followed by a least-squares fit
to the electrostatic potential obtained at the same theory level,
according to the Kollman and Singh scheme (Singh and Kollman,
1984; Besler et al., 1990). All quantum chemical calculations
were performed using the GAMESS-US package (Schmidt et al.,
1993; Gordon and Schmidt, 2005). The simple point charge water
model was used (Berendsen et al., 1981).

Using standard GROMACS tools, a fully hydrated POPC
bilayer (128 POPC: 5412 H2O) was built. Subsequently, two BS
molecules were added. For each composition, two simulations
were carried out, with initial BS location either in the aqueous

1http://www.gromacs.org/@api/deki/files/29/=cholesterol.tgz

medium or in the bilayer center with the ring system parallel to
the bilayer plane. For the simulations with charged BS species,
two sodium ions were randomly added to the aqueous medium
to ensure electroneutrality.

All systems were simulated under NpT conditions at 298.15 K
and 1 bar. Equilibration/ production run protocols and other
simulation options were as described elsewhere (Filipe et al.,
2015). The pure POPC system was simulated for 100 ns, of
which the last 50 ns were used for calculation of reference
area/lipid, atomic positions and deuterium order parameter
profiles. For the simulations in which the solutes were placed in
the bilayer center at the start, they moved to their equilibrium
transverse location within the first 50 ns of the 200 ns production
run, and the last 150 ns were taken for analysis. However,
in some of the systems where BS molecules were initially
put in the aqueous medium/membrane interface, very slow
convergence to the equilibrium position was observed, occurring
in a time-scale of 500–1000 ns. For the unconjugated BS species,
we extended the original 200 ns simulations until the solute
molecules reached equilibrium position and orientation identical
to those observed in the corresponding simulation with the BS
molecules initially in the center of the bilayer, and maintained
such stable transverse location for >200 ns. The final 150 ns
of these simulations were taken into account for analysis, and
all parameters shown were calculated averaging over the two
simulations. For the conjugated BS, the least hydrophobic species,
convergence of simulations where the molecules started in the
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FIGURE 2 | Final snapshots of the simulations with initial BS location in the
center of the bilayer. BS molecules are depicted in licorice, while POPC and
water molecules are depicted in line style. Atom colors are gray, red, brown,
blue, and white, for C, O, P, N, and H, respectively.

aqueous medium/membrane interface may require prohibitively
long simulations in some cases. For those systems, only the
simulations where the BS started from center of the bilayer
were used for analysis. In any case, as shown in Supplementary
Figures S1, S2, in the simulations where the BS molecules were
initially placed in the water medium, most of them were able to
insert in the equilibrium position in the membrane interface by
the end of the simulation (see Supplementary Figure S2). For
visualization of structures and trajectories, VMD software was
used (Humphrey et al., 1996). Standard errors of the average
values were calculated using the block method of Flyvbjerg and
Petersen (Flyvbjerg and Petersen, 1989).

Calculated logarithms of octanol/water partition coefficients
(CLogP) were obtained using Marvinsketch 15.10.26, 2015,
ChemAxon2.

RESULTS AND DISCUSSION

Localization and Orientation From
Atomistic MD
As described in the methods section, two sets of simulations
were performed; one where the BS molecules were initially
placed in the aqueous media (z∼2–2.5 nm) and another with
the BS molecules initially placed in the center of the bilayer
(z = 0 nm). Equivalent localizations were obtained from both
sets at the end of the simulations, indicating that the positions

2http://www.chemaxon.com

obtained correspond to the equilibrium position. Figure 2 shows
the final configurations obtained in the simulations containing
two BS molecules initially located in the center of the POPC
membrane. These snapshots illustrate that all studied BS species
are typically located near the carbonyl/glycerol region of the
bilayer, corresponding to region 2 of the Four-Region bilayer
model, where water density drops to <1% (Marrink and
Berendsen, 1994; Disalvo et al., 2014). The BS molecules mostly
orient parallel to the membrane plane, with the hydrophobic
face oriented to the center of the membrane. The final snapshots
for all simulations, as well as the time evolution in the position
of BS center of mass (COM), are shown in the Supplementary
Figures S1, S2.

A more detailed description of the behavior of the BS
molecules is revealed by inspecting the locations of individual
BS atoms, in comparison with those of POPC (Figure 3). It
is apparent that the hydroxyl O atoms of all BS species lie at
a similar depth in the bilayer, at ∼1.3 ± 0.2 nm, just below
the POPC C13 atom (and at a similar location to that of the
POPC ester O atoms). This is valid for protonated, ionized and
glycine-conjugated BS. From a deeper inspection of Figure 3
for the case of unconjugated ionized BS, it is observed that the
hydroxyl groups nearer to the polar carboxylic group (O12) are
located closer to the water medium for CA and DCA. This is a
consequence of the charged carboxylate group having an external
position just below the POPC headgroup atoms (see O24 in
Figure 3). This also affects the positions of the ring system atoms
where the side chain is attached, as visible in the positions of
the C17 atoms. At variance, the neutral carboxylic groups have
average locations very similar to those of the hydroxyl atoms, and
for the uncharged BS species, C17 has a slightly deeper location
than the other investigated atoms.

Regarding the glycine conjugates, the hydroxyl groups have
similar locations to those of the unconjugated species. The
locations of O3 and O7 are slightly deeper, whereas those of
O12 (as well as C17) are intermediate between the ionized
and non-ionized forms of the unconjugated forms. However,
these differences fall within the estimated uncertainty. On the
side chain, the amide N24 atoms of the conjugated species
have average transverse locations comparable to those of the
O24 charged carboxylate atom of the ionized unconjugated BS,
and therefore significantly shallower than the neutral carboxylic
group of the unionized unconjugated species. However, the
most external atoms of the glycine conjugates are those of the
charged carboxylate (O26 in Figure 3), which on average are
located in the headgroup region of the bilayer, clearly outside the
carboxylate O24 atoms of GCA, DCA, and CDCA. This more
external location of the charged end of the side chain of glycine
conjugates, compared to the unconjugated BS species, is probably
the result of two effects: (i) the higher conformational flexibility
of the longer side-chain; and (ii) the existence of another polar
moiety (the amide group), to provide additional anchoring to the
lipid/water interface.

The similar hydroxyl locations of all species is the result
of the BS ring system preferentially aligning roughly parallel
to the bilayer plane, as shown in Figure 2, and as illustrated
in the angular distributions of the long and short axes tilts,
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FIGURE 3 | Average location of selected POPC (dashed horizontal lines; please refer to Figure 1 for numbering) and BS atoms (vertical bars) during the simulations
(see Figure 1 for atom numbering).

FIGURE 4 | Angular distributions for the tilt of BS long and short axes (blue and green, respectively), and normal to the plane defined by these axes, relative to the
bilayer normal (red) during the simulations (see Figure 1 for axis definition).

relative to the bilayer plane normal, Figure 4 (for definition
of axes, see Figure 1). The distributions of both axes are wide
and sometimes affected by the statistical limitations arising from
the small number of molecules (e.g., the tail observed for the
orientation of DCAH short axes in the small angle region). In
any case, the angle distributions are mostly centered near ∼90◦,
corresponding to a preferential orientation perpendicular to the
bilayer normal. Correspondingly, the normal to the approximate
ring system plane (note that the ring system is not strictly planar)
is almost parallel to the bilayer normal (tilt values close to 180◦).
Despite the rather similar orientation pattern for all studied
species, there are identifiable subtle dissimilarities, related to

the differences in their molecular structure. For example, the
displacement of the short axis of the distributions to smaller
angles in the different forms of deoxycholate (DCA, DCAH, and
GDCA) is a result of the absence of a hydroxyl group attached
to C7. On the other hand, it is apparent that for the protonated
species the tilt distributions of both axes are slightly displaced to
higher values (mostly θ > 90◦) compared to the ionized species
(mostly θ < 90◦). These minor differences in orientation stem
from the more external location of the carboxylate group in the
ionized species as commented above. Finally, the tilt distributions
of the normal to the plane defined by the long and short axes is
generally slightly closer to 180◦ for the trihydroxy BS compared
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to the dihydroxy derivatives, probably because the additional
OH group helps to keep the ring system more firmly parallel to
the bilayer plane.

The localization of the BS in the lipid bilayer can be used
to rationalize the relative stability of the neutral (protonated)
and ionized (deprotonated) forms when interacting with POPC
bilayers. The neutral form of unconjugated BS is stabilized
by 14 kJ/mol (1pKa = 2.5) (Coreta-Gomes et al., 2015). This
correlates well with the∼4 Å deeper localization of the carboxylic
group when compared with that of the carboxylate (Figure 3),
which permits a deeper localization of the non-polar face of the
BS (C17 located at 1.1–1.2 and 1.4 Å for the protonated and
deprotonated species, respectively). In addition, the water density
decreases very significantly in this region of the membrane
(Filipe et al., 2015) leading to stabilization of the system due
to a decrease in the contribution of the hydrophobic effect. For
glycine conjugates the ionized species are always dominant, the
neutral species being negligible. Glycine conjugation leads to
a larger distance between the non-polar surface of the BS and
the carboxylate group (Figure 1), allowing the localization of
the charged group at a more external position (Figure 3), while
maintaining the non-polar groups in a bilayer region with a
relatively small water density.

The localization and orientation of the BS in the bilayer
influences the relative stability of the molecules and therefore
their affinity for the bilayer. The discussion regarding the relative
partition coefficients will be addressed in the following section,
because they are also influenced by the interactions established
between the BS and the lipids.

Interactions Between BS and Lipid
or Water
Bile salts location and orientation in the bilayer reflect their
ability to establish strong interactions with both lipid and water
molecules, particularly those driven by polarity and hydrogen
bonding capacity.

Figure 5 shows computed average numbers of H-bonds
between BS OH groups and POPC O atoms. The first observation
is that, with the sole exception of O7-H group of GCDCA, OH
groups from the BS interact much more frequently with O
acceptor groups from POPC than with water. Among the
interactions established with the lipid, H-bonds to carbonyl/ester
atoms are generally more probable than to phosphate oxygens,
reflecting the preferential location of the hydroxyl donor groups
in the glycerol region rather than near the lipid headgroups.
Overall, all hydroxyl groups are continuously involved
in H-bonding.

Besides serving as donors to water or lipid atoms, oxygen
atoms of BS (both hydroxyl and carboxyl/carboxylate) can also
act as H-bonding acceptors. Given the absence of H-bonding
donor groups in the POPC molecule, those interactions can
only be established with water. This type of bonds is especially
probable for the less sterically hindered O3 atom in all BS species,
with the exception of GDCA, and the carboxylate oxygens in the
ionized forms (Figure 6). The latter are particularly probable, as
expected from the highly electronegative character of carboxylate

O atoms and their external locations. Amide atoms of the glycine
conjugates form H-bonds with water less frequently than those
of carboxylate groups, because of their slightly more internal
position, the lower electronegative character of the N atom, and
its decreased steric accessibility to water.

Besides H-bonding from water, and consistent with their
external location, negatively charged carboxylate groups can also
form close contacts with cationic POPC choline groups. This
can be verified in the radial distribution functions (RDFs) of
both POPC N4 and P8 atoms around carboxylic/carboxylate O
atoms (Figure 7).

For the anionic species CA, DCA, and CDCA (as well as their
glycine conjugates), RDFs of POPC N4 (Figure 7, left) show a
well defined peak at r ∼0.35–0.40 nm, reflecting formation of
an ion pair between the anionic carboxylate and the cationic
-N(CH3)3 choline groups. Crucially, this peak is significantly
reduced in the unconjugated neutral species, confirming the
electrostatic nature of this interaction. On the other hand,
RDFs of P8 (Figure 7, right) around the carboxylate are poorly
structured and typically displaced to larger r-values, reflecting
absence of specific favorable interaction for all ionized BS species.
Conversely, the corresponding peaks are clearly visible in the
RDFs of P8 around the neutral carboxylic groups, reflecting the
increased frequency of H bonding from BS carboxylic group,
which is absent in the ionized species, to lipid phosphate O atoms.

Altogether, these results help to explain both the similar
positions of the hydroxilic OH groups (which predominantly
form H-bonds with lipid ester in all cases) and the differences in
the positions of the carboxylic/carboxylate groups (which form
H-bonds with lipid oxygen atoms, or establish electrostatic pair
interactions with lipid choline groups, respectively) between the
protonated and ionized forms. The possibility to establish these
favorable interactions determines the transverse positions of BS
polar groups, and in turn affects the location and orientation of
the molecule as a whole.

The extensive electrostatic and hydrogen bonding interactions
established between the BS and the POPC bilayer while
maintaining the non-polar surface protected from the aqueous
phase explains the relatively high partition coefficients obtained
experimentally for these molecules (3 × 102 to 3 × 103, for
tri- and dihydroxy BS, respectively) (Coreta-Gomes et al., 2015;
Yang et al., 2015). The smaller affinity of the trihydroxy BS for
the POPC bilayer is due to their higher polarity, which leads to
stronger interactions with the aqueous phase (CLogP = 2.5 and
CMC = 16 mM for CAH and CLogP = 3.8 and CMC = 8 mM
for DCA) (Roda et al., 1983). It is observed experimentally that
conjugation with glycine does not lead to a decrease in the
affinity for lipid bilayers nor in their CMC despite the increased
general polarity (CLogP = 2.7 for GDCA). As shown in Figure 3,
the conjugation with glycine leads to a deep localization of the
ring system hydroxyl groups, and a shallower localization of
the charged carboxylate. Thus, the increased spacing distance
between the non-polar surface of the BS and the charged
carboxylate allows fulfilling of BS favorable interactions with both
the membrane and water.

The extensive network of hydrogen bonds and electrostatic
interactions between the BS and the membrane is also reflected
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FIGURE 5 | Average number of hydrogen bonds per BS molecule between BS hydroxyl/carboxyl/amide donor groups and different water and lipid acceptor atoms.

FIGURE 6 | Average number of hydrogen bonds per BS between water donors and BS acceptor atoms.

FIGURE 7 | Radial distribution functions (RDFs) of POPC N4 (left) and P8 (right) atoms around BS carboxylate O atoms.

in the thermodynamic parameters for partition between the
aqueous phase and the lipid bilayers. Indeed, a large and negative
value is obtained for the enthalpy contribution

(
1Ho

p

)
associated

with partition of the BS to a POPC bilayer (Coreta-Gomes et al.,
2015). In addition, a larger enthalpy contribution is observed

for the unconjugated when compared with glycine-conjugated
BS (−25 kJ/mol for DCA, compared to −15 kJ/mol for GDCA,
and −22 kJ/mol for CDCA, compared to −16 kJ/mol for
GCDCA). The amide group present in the glycine conjugated
BS is able to establish one additional H-bond as donor to the
ester/phosphate of POPC and an additional H-bond as acceptor
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FIGURE 8 | Deuterium order parameter profiles for the palmitoyl chain of POPC for all lipids in the absence of BS (black) and for lipid chains located laterally within
0.6 nm of the COM of a BS molecule. Left, middle and right panels refer to systems with inserted anionic unconjugated, neutral unconjugated and conjugated BS,
respectively.

to water, when compared with the corresponding unconjugated
BS. However, the enthalpy variation upon association with the
membrane reflects the balance between the formed and broken
interactions. The smaller enthalpy stabilization observed for the
glycine conjugates should reflect a relative decrease in the total
number of hydrogen bonds, when going from the aqueous phase
into the membrane, caused by the placement of the amide group
in a membrane location with a relatively small water density.

Effect of BS on Lipid Properties
Average area/lipid and bilayer thickness values close to those
obtained for pure POPC (0.66 ± 0.02) nm2 and (3.66 ± 0.10)
nm, respectively (Filipe et al., 2015) were obtained for all
studied systems, with differences falling within the estimated
uncertainty. Similarly, only very slight variations were observed
in calculated deuterium order parameter profiles compared to
those pure POPC bilayers (not shown). The slight extents of
these effects were expected, because of the low BS concentration
in the studied systems. However, they do not exclude the
possibility of significant local BS-induced perturbation. For
this reason, we calculated the lipid chain order parameters
averaging over the POPC acyl chains closest (<0.6 nm)
to each of the BS molecules. As shown in Figure 8,
some ordering is generally apparent in the upper segments
of the POPC acyl chains, corresponding to the region of
the bilayer where the BS molecules are located. However,
from the 5th–6th carbon onward, local order parameter
values are lower than those calculated in the absence of
BS. One possible reason for this reduction in the order
of the innermost lipid acyl chain segments probably is the
superficial location of BS molecules in the bilayer, leaving
free space underneath them, which is filled by disordered
lipid chains. The effect is more significant for cholic acid for
both ionization states. It is noteworthy that for the dihydroxy
BS, the protonated form (Figure 8, middle) induces a more
significant decrease in the lipid local order parameter than
the corresponding ionized form (Figure 8, left and middle).
This is due to the location and orientation of the BS, being
the ionized BS more aligned with the lipids (and hence
less perturbing) due to the more external location of the
charged carboxylate. Regarding the glycine conjugates, the most
significant observation is the similar effect of di- and trihydroxyl

FIGURE 9 | Average tilt angle of the lipid P-N vector (blue, left ordinate axis),
and average position of N and P atoms (red and green, respectively; right
ordinate axis), for the lipids that are within 0.6 nm from the BS molecules.
Solid, dashed and dotted gray lines show the average tilt angle and the
position of N and P atoms in the pure POPC bilayer, respectively.

BS on the POPC order parameter from the 5th carbon onward
(Figure 8, right).

Possible perturbation of the bilayer due to the presence of the
BS may also be evaluated from the position of the phosphate (P)
and choline (N) groups, as well as from the angle between the
P-N vector and the bilayer normal (P-N tilt). In fact, changes in
the P-N tilt may be originated from alterations in the relative
position of the P and/or N groups. The distributions of these
parameters are shown in Supplementary Figures S3, S4 for
POPC molecules with a BS solute at close (R < 0.6 nm) or
intermediate (0.6 nm < R < 1.2 nm) distance R, respectively, and
compared to those obtained for pure phospholipid bilayers. For
R < 0.6 nm, average values for these parameters are shown in
Supplementary Table S1 and displayed in Figure 9.

Inspection of Figure 9 reveals that POPC molecules in
the vicinity of ionized BS species, either conjugated or non-
conjugated, have invariant (CDCA, GCA) or reduced (CA,
DCA, GDCA, and GCDCA) average P-N tilt angles. This
is typically achieved by a modest lowering of the lipid
phosphate group, concomitant with a slightly higher position
of the choline. The latter may be understood in terms
of the external location of the carboxylate group and the
∼0.4 nm distance required for the choline-carboxylate ion
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pair (Figure 7, left), which is particularly evident for the
glycine conjugates. This effect is absent in the protonated
unconjugated series (CAH, DCAH, and CDCAH). For these
molecules, the P-N tilt angle is essentially unaltered (or slightly
increased for DCAH), which is the result of a considerably
deeper location of both POPC choline and phosphate groups,
probably due to hydrogen bonding between the carboxylic
group and phosphate O atoms (Figure 5, bottom right panel).
A more detailed discussion of these variations is provided in the
Supplementary Material.

From the overall analysis of the effects of the distinct BS on
the properties of both the POPC headgroup and acyl chains,
some global observations may be made: (i) unconjugated BS with
3 hydroxyl groups lead to a much stronger local perturbation
of the POPC bilayer than do unconjugated BS with 2 hydroxyl
groups; (ii) the establishment of an hydrogen bond between the
carboxylic group of unconjugated BS and the POPC phosphate
group leads to a deeper localization of both the phosphate and
the choline, thus leading to a significant decrease in the local
thickness of the bilayer; and (iii) the presence of an OH group
near the polar side chain, in both conjugated and unconjugated
deoxycholate, helps to orient the fused rings parallel to the lipid
chains, reducing membrane perturbation.

The local perturbation in the lipid bilayer induced by
the BS molecules is well correlated with the observed rate
of translocation for unconjugated BS. It was experimentally
observed that CA translocates relatively fast through a POPC
bilayer, followed by CDCA and DCA (Coreta-Gomes et al.,
2015). This behavior goes in parallel with the much stronger
local perturbation of CA (Figure 8). In addition, the protonated
form of the unconjugated BS establishes an hydrogen bond with
the phosphate group, stabilizing this BS species and leading to
the increase of 2.5 units in the pKa for the ionization of this
group. To establish this interaction, the phosphate group moves
into a deeper position in the bilayer, leading to a significant
decrease in the local membrane thickness which further facilitates
the translocation of the BS and that of other molecules in
its near proximity.

The glycine-conjugated BS lead to a smaller local perturbation
of the bilayer, and the discrimination between the effects of the
distinct BS is less pronounced. Also, stabilization of the charged
carboxylate leads to a higher energy barrier at the transition state
for translocation (polar groups in the center of the bilayer). Both
effects result in a slower rate of translocation.

CONCLUSION

In this work, we used molecular dynamics simulations to
characterize at atomic detail the interaction of the BS cholate,
deoxycholate and chenodeoxycholate, as well as their ionized
glycine conjugates, with POPC bilayers. The simulation results
agree with previously reported experimental data (Coreta-
Gomes et al., 2015), and describe with high resolution the
behavior of BS molecules interacting with lipid membranes at
low (non-lytic) local concentrations. The similar location of
the ring system in the bilayer, allowing the water exposure

of the charged group of the conjugated BS molecules while
inserted in the membrane, is consistent with the similar
membrane partition coefficient for conjugated and unconjugated
BS. Also, the interfacial location of the molecules in the
membrane where the water accessibility is reduced agrees with
the similar 1pKa change that results in an increased fraction
of all unconjugated BS species in the protonated form. On
the other hand, the charged group of the glycine conjugates
is more externally located in the membrane, being able to
remain in a fully ionized state. The detailed characterization
of the interactions between BS and lipid molecules also
agrees with the intrinsic thermodynamic parameters for the
partition to the membranes. The favorable partition enthalpies
obtained experimentally can be explained by the formation
of hydrogen bonds and electrostatic pair interactions between
the BS and the lipids. The ability to increase the pKa value
of the ionizable group, conjugated with the higher local
perturbation on the lipid structure allows the trihydroxy
unconjugated BS to translocate faster in the lipid bilayer.
Finally, neutral non-conjugated BS induce larger perturbation
of nearby lipids, reducing the local bilayer thickness. This may
result in a reduced membrane barrier effectiveness, which can
be useful for drug-delivery applications and relevant to the
physiological role of BS.
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