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ABSTRACT: Prolonged usage of nonsteroidal anti-inflammatory
drugs (NSAIDs) causes gastrointestinal injury. Bile acids and
phospholipids have been shown to exasperate and attenuate NSAIDs’
toxicity, respectively. However, the molecular mechanisms underlying
these effects remain undetermined. We have investigated the
molecular interactions in various mixtures of indomethacin (Indo),
a commonly used NSAID, and cholic acid (CA), a bile acid, in the
presence and absence of palmitoyloleylphosphatidylcholine (POPC)
lipids. We found that CA and Indo spontaneously form mixed
micelles, with the hydrophobic face of CA and hydrophobic region of
Indo forming the core. Increasing the Indo concentration resulted in
more stable and larger aggregates that contain a progressively larger

CA/Indo Binary Micelle

CA/Indo/POPC Ternary Micelle

Indo: Blue
CA: Green
POPC: Magenta

number of Indo molecules. More dynamic aggregates with a

maximum size of 15 were obtained when the relative concentration of CA was higher. The mixture of CA, Indo, and POPC
also led to ternary mixed micelles in which CA and Indo distribute almost uniformly on the surface such that intra-CA, intra-
Indo, and CA/Indo interactions are minimized. A number of previous reports have shown that Indo perforates the cell
membrane in the presence of bile acids (e.g., Petruzzelli et al., (2006) Dig. Dis. Sci., S1, 766—774). We propose that this may be
related to the stable, highly charged, large CA/Indo binary micelles observed in our simulations. Similarly, the diminished ability
of the CA/Indo mixture to aggregate in the presence of POPC may partly explain the lower toxicity of PC-conjugated NSAIDs.

It is well established that chronic use of nonsteroidal anti-
inflammatory drugs (NSAIDs) causes gastrointestinal (GI)
injury and bleeding.'~® The therapeutic action of NSAIDs
involves the inhibition of cyclooxygenase.'”'" However,
numerous studies have shown that NSAID-induced GI injury
is independent of cyclooxygenase activity'”~'* and that bile
salts increase the toxicity of NSAIDs to the lower GI tract.>”°
The latter is especially true for those NSAIDs that undergo
enterohepatic circulation, such as indomethacin (Indo).'*'®
These observations suggest that bile salts either enhance the
intrinsic cytotoxicity of NSAIDs or interact with them to form
membrane-damaging molecular species.”’” In contrast, phos-
phatidylcholine (PC) lipids attenuate NSAID cytotoxicity via
an unknown mechanism, possibly by preventing direct contact
between the drugs and intestinal membrane.'® >* Despite the
intriguing implication of these findings for physiology and
biotechnology, it remains unknown how bile salts and NSAIDs
might interact at the molecular level or how PC-conjugation of
NSAIDs reduces injury.

Bile acids (BA) are released from the gallbladder into the
small intestine where they serve as a digestive surfactant to
facilitate the absorption of nutrients. The facially amphipathic
monomeric BA (Figure 1) as well as pure-BA micelles are
believed to have an adverse effect on the GI mucosa.”>*® Under
normal physiologic conditions, however, bile salts exist as
mixed micelles with PCs and therefore are noninjurious.”>™>*
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To our knowledge there is no data on the molecular
mechanism underlying the assembly of a BA, PC, and NSAID
ternary mixture. However, considerable effort has been made
toward understanding the driving forces and molecular
interactions responsible for BA self-assembly.”” > It was
found that the concentration-dependent aggregation of BA
leads to the formation of molecular structures whose
morphologies markedly differ from aggregates of conventional
surfactants.””>'~>° In addition, several groups have investigated
the aggregation behavior of BA and PC mixtures and found that
the aggregates are loosely bound and can assemble or
disassemble easily.**™* Moreover, two types of shapes have
been proposed to characterize BA-PC aggregates: stacked-disk
and radial-shell.**' ™" Previously, we used fully atomistic
molecular dynamics (MD) simulations to investigate the self-
assembly of one of the most common bile salts, cholic acid
(CA),* as well as the aggregation of CA with ibuprofen (Ibu)
in the absence and presence of a preformed dodecylphospho-
choline (DPC) micelle.*” We found that in each case CA self-
assembled into micelles of mean size S to 6,°>*7 in close
agreement with experimental results.** Moreover, CA and Ibu
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Figure 1. Structure of three chemical species whose mixture was
simulated in this study. (A) Indomethacin (Indo). (B) Cholic acid
(CA). (C) Palmitoyloleylphosphatidylcholine (POPC). The hydro-
philic face of CA involves its three hydroxyl and the two carboxyl
oxygen atoms.

formed mixed micelles whose size became significantly smaller
in the presence of the preformed DPC micelle.”’

A major aim of this work was to test if another NSAID, Indo,
interacts with and alters the micellar organization of CA and/or
CA/PC mixtures. In contrast to our previous work where we
used a preformed DPC micelle as a PC mimic, here we use
palmitoyloleylphosphatidylcholine(POPC), a regular double-
tailed phospholipid that normally forms bilayer. Using a
number of all atom explicit solvent MD simulations of total
length greater than a microsecond, we characterized the
molecular interactions, stability, and morphology of the CA/
Indo binary as well as CA/Indo/POPC ternary micelles.
Although the overall behavior of the CA/Indo micelles was
found to be similar to that of CA/Ibu micelles,®” we found that
POPC significantly attenuates the ability of CA and Indo to
form (potentially cytotoxic) binary micelles.

1. METHODS

1.1. System Setup and MD Simulations. We carried out
nine independent (MD) simulations on different mixtures of
CA, Indo, and POPC, including four CA/Indo mixtures, three
CA/Indo/POPC mixtures, a CA/POPC mixture, and a pure-
Indo simulation (Table 1). The starting configuration and
parameters for Indo and CA were prepared using the
CHARMM general force field (CGenff) for small ligands.45
The CHARMM?27 force field*® was used to model POPC,
water, and ions. The 3D structures of CA, Indo, and POPC are
shown in Figure 1.

The simulation setup was similar to that described
before.>**” Briefly, for the pure-Indo and the binary and
ternary mixtures, the solute molecules (i.e, CA, Indo, and
POPC) were randomly placed in a cubic box of length 100 A
containing TIP3 waters. The net charge of the system was
neutralized by adding Na* ions in equal number to the total
number of the negatively charged CA and Indo molecules. For
faster equilibration, the Na* ions were distributed randomly in a
sphere of radius 3—5 A around the center of the carboxyl
oxygen atoms of CA and Indo. Each system was energy-
minimized by the steepest descent method for 100 000 steps
and equilibrated as described previously.>*” The simulations
were carried out using the NAMD program®” at 310 K and 1
atm. Langevin dynamics with a damping coeficient of 10 ps™
was used to maintain constant temperature, and the Langevin-
piston method was used to maintain constant pressure. Periodic
boundary condition with particle mesh Ewald*® was used with a
12 A cutoff for nonbonded interactions and 14 A for
nonbonded list update. Production runs lasted 80 ns for
pure-Indo and CA/POPC mixtures, 100 ns for all other binary
mixtures, and 200 ns for the ternary mixtures. Unless stated
otherwise, the best-equilibrated last 30 ns for the pure-Indo and
binary mixtures and the last S0 ns portion for the ternary
mixture trajectories was used for the analysis of equilibrium
quantities such as micelle size and morphology.

1.2. Data Analysis. We monitored the time evolution and
stability of the aggregates during the simulations by the
number-averaged (Ny) aggregation number (Figure S1). The
weight-averaged aggregation number (Nyy) was also calculated
to obtain the polydispersity index ({Ny)/(Ny)). Ny and Ny
were calculated as described before,®® and micelles were defined
on the basis of a simple distance-based criterion involving the
C18 carbon atom of CA (CA:C18) and the nitrogen atom of
Indo (Indo:NE). (For atom numbering, see Figure 1.) Thus, if
the distance between the nitrogen atom of an Indo molecule
and the C18 atom of a CA molecule is less than 10 A, then
these two molecules were defined as being part of the same
mixed micelle. Likewise, if the distance between a nitrogen

Table 1. Summary of the CA/Indo and CA/Indo/POPC Simulations®

simulation CA/Indo [POPC] (mM) [CA] (mM)
St0s 1:0.5 49.8
S 1:1 49.8
Sia 1:2 49.8
N 1:4 49.8
SP 1:1 99.6 24.9
S 1:1 99.6 49.8
S 1os 1:0.5 99.6 99.6

[Indo] (mM) time (ns) Ny polydispersity index
249 100 52 +0.S5 1.2
49.8 100 93 £ 1.1 1.3
99.6 100 8.6 + 0.6 1.3
199.2 100 142 + 0.8 1.2
24.9 200 24 +03 1.1
49.8 200 3.0+03 1.2
49.8 200 44 + 04 1.6

“Reference simulations (not listed here) of pure-Indo and a CA/POPC mixture were run for 80 ns each. For SP simulations, only Ny, values of CA/

Indo aggregates in the ternary mixture are reported.
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Figure 2. Aggregation profile of CA and Indo in CA/Indo mixed micelles. Number-averaged aggregation number (Ny) of pure-CA (blue) and pure-
Indo (red) micelles in CA/Indo binary mixtures from simulations (A) S, and (B) S,

atom of one Indo (or C18 of CA) molecule is within 10 A of
the nitrogen atom of another Indo (or C18 of CA) molecule,
then that Indo (or CA) molecule was defined as belonging to a
pure-Indo (or pure-CA) aggregate. CA and Indo molecules that
did not satisfy this condition were defined as monomers. We
defined a CA/Indo/POPC ternary micelle based on the
condition that if POPC:C, Indo:NE, and CA:C18 are within
12 A of each other, then they belong to the same micelle. We
refer to aggregates of two or more types of reactants as mixed
micelles and those made up of only CA or only Indo as pure-
CA and pure-Indo micelles, respectively. The terms aggregate
and mixed micelle are used interchangeably throughout this
paper. An aggregate of size n thus represents a micelle of size .

2. RESULTS AND DISCUSSION

We first discuss the assembly of the mixed micelles during the
simulations followed by their structural and thermodynamic
property using the best-equilibration portion of the trajectories.

2.1. Spontaneous Formation of CA/Indo and CA/Indo/
POPC Mixed Micelles. 2.1.1. Various Mixtures of CA and
Indo Lead to Polydisperse Mixed Micelles. We have simulated
CA and Indo mixtures at four different molar ratios, where the
concentration of CA was fixed at 49.8 mM (above its critical
micellar concentration (CMC) of 25—30 mM)*” and that of
Indo was varied between 25 and 200 mM (simulations S5,
Si.y Sy and S;,; Tablel). Note that in order to achieve
aggregate formation within a reasonable MD time scale we had
to use concentrations that are much higher than the
physiological ones, assuming that the process of assembly and
the morphology of the final aggregates would be not very
sensitive to changes in concentrations. Indeed, each of the four
CA/Indo simulations yielded multiple CA/Indo mixed micelles
with similar overall structure, as illustrated in Figure S2 using a
snapshot of a typical CA/Indo system at the 100 ns time point
of an MD run. The process of aggregation is shown in Figure
S1 based on the time evolution of the number-averaged
aggregation number (Ny) in each simulation. From the profiles
of Ny, one can see that aggregation was complete within about
30 ns in each of the simulations except for S, which took
about 70 ns to stabilize. These time scales are on the same
order of magnitude as the aggregation time scales of pure-Indo
or CA in water, which spontaneously self-assembled within ~20
(Figure S3) and ~2§ ns,> respectively. For consistency, we
used only the last 30 ns of the data from the current simulations
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for the subsequent analysis of thermodynamic and structural
quantities (Results and Discussion, sections 2.2.1 and 2.2.2).

To evaluate the relative role of CA and Indo in the
aggregation process, we monitored the time evolution of Ny of
pure-CA and pure-Indo aggregates in the CA/Indo binary
mixtures (Figure 2A,B). Indo aggregated faster than CA when
its fraction was either higher or equivalent to CA (Figure 2A).
For example, after about 10 ns of simulation S,,;, Ny of pure-
Indo was ~3.5, whereas that of pure-CA was ~2.5 (Figure 2A);
this difference was maintained and even increased in the rest of
the simulation time. To our knowledge, the CMC of Indo is
not known, but this result appears to suggest that it may be
lower than the CMC of CA. Although Indo aggregates first in
the 1:1 CA/Indo mixture, a higher CA concentration (ca.
simulation Sy,o) resulted in a faster aggregation of CA (Figure
2B). Overall, therefore, the reactant with the higher relative
concentration aggregates faster, although Indo aggregates
slightly faster than CA when it is both in the pure phase and
in an equimolar mixture with CA. This result predicts that
under physiologic conditions CA/Indo assembly may also
proceed via random collision so that the species existing at a
higher proportion dictates the kinetics.

2.1.2. Spontaneous Micellization of CA/POPC and CA/
Indo/POPC Mixtures. Experiments have shown that bile salts
form mixed micelles with egg-yolk PC and DPPC.>***
Therefore, before delving into the CA/Indo/POPC mixtures,
we simulated a 2:1 (mol %) CA/POPC mixture. We observed a
fast spontaneous aggregation of CA and POPC into a binary
micelle that has a radial-shell shape, consistent with previous
simulation results on a similar CA/POPC mixture® as well as a
CA/DPC mixture.®> We then carried out three simulations of
CA, Indo, and POPC mixtures in which the molar ratio of CA
and Indo was varied but the concentration of POPC was fixed
at 99.6 mM (Table 1). The goal was to see if PC alters the
aggregation behavior of Indo with CA or if Indo modulates the
aggregation of CA and POPC. Each of the three mixtures that
we tested led to CA/Indo/POPC ternary micelles (Figure S4).
When compared with the relatively fast aggregation observed in
the binary mixtures, the formation of ternary micelles was a
slower process that took between 70 and 150 ns, which is to be
expected. Once formed, however, the ternary micelles were
stable for the rest of the simulation time. Analysis was therefore
performed on the last 50 ns portion of each trajectory unless
stated otherwise.

In the CA/POPC mixture, pure-CA aggregates were formed
with a dominant aggregate of size S (Figure SS), in agreement

dx.doi.org/10.1021/bi400723r | Biochemistry 2013, 52, 7461—7469
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Figure 3. Formation of CA/Indo/POPC ternary micelles. (A) Prefusion, where two smaller ternary micelles are close to each other but did not fuse.
(B) Postfusion, where two micelles fused into a single micelle but did not adopt the final morphology. (C) Final aggregate formed after
reorganization of the postfusion intermediate into a more spherical micelle. One of the largest aggregates (aggregate size 54 from simulation S¥; o)
was used for illustration. POPC, CA, and Indo are shown in magenta, green, and blue, respectively. Oxygen atoms are shown in red.
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Figure 4. Predominant aggregates in CA/Indo binary mixtures. (A) Weighted probability distribution of CA/Indo aggregates of size n and (B)
average number of CA (N, black) and Indo (N4, red) in the most stable micelles (>75% occurrence).

Figure S. Last snapshot of the predominant CA/Indo aggregates from different simulations. The size of the micelles from simulations (A) Sy,5 (B)
Si.y (C) Sy and (D) S, are indicated. The green vdW spheres represent CA, and the blue licorice represents Indo. The C18 and C19 methyl
carbons of CA and the Cl atom of Indo are shown in yellow and pink spheres, respectively, whereas all oxygen atoms are in red (refer to Figure 1 for

atom numbering).

with our previous observations with a preformed DPC
micelle.*> However, in contrast to both the CA/Indo or CA/
PC simulations, no pure-CA or pure-Indo micelle was observed
in the ternary mixture. In other words, every CA and Indo
molecule was either part of a CA/Indo or CA/Indo/POPC
micelle or remained a monomer. However, it is important to
note that the CA/Indo aggregates in the ternary mixture are the

7464

subset of the ternary mixed micelle (i.e., almost all of the CA
and Indo molecules were part of a ternary micelle). In each
simulation, approximately spherical ternary micelles were
formed through the fusion and subsequent reorganization of
smaller micelles (Figure 3), with the final complex looking
similar to that obtained by the adsorption of CA and Ibu on a
preformed DPC micelle. That the random mixing of CA, Indo,

dx.doi.org/10.1021/bi400723r | Biochemistry 2013, 52, 7461—7469
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and POPC led to similar results to that obtained with a
preformed DPC micelle suggests that complexation may be a
universal behavior of NSAID/BA/PC mixtures.

2.2. Equilibrium Properties of CA/Indo and CA/Indo/
POPC Micelles. 2.2.1. CA/Indo Mixed Micelles Are Larger
than Pure-CA or Pure-Indo Micelles. The ensemble averaged
Ny for pure-Indo (7.4 + 0.3, see Figure S3) was higher than
that of pure-CA (4.5 + 0.38, ref 33). Importantly, both of these
values are significantly smaller than the Ny of the mixed
micelles from simulation S;,; (9.3 & 1.1, see Table 1). Note that
the total solute concentration was similar in the pure-Indo
(3.6¢/dL), pure-CA (4.1g/dL) and S;,; (4.1g/dL) simulations.
Therefore, mixing the two leads to larger micelles than those
from either CA or Indo in isolation. Moreover, the overall
increase of Ny with the mole fraction of Indo (Table 1)
suggests that larger aggregates are more common at a higher
Indo concentration, in agreement with our previous finding for
CA and Ibu mixtures.”” In contrast, size heterogeneity is not a
function of concentration, as can be judged from the very
similar polydispersity indices at different CA/Indo molar ratios
(Table 1).

Focusing on the CA/Indo micelles whose probability of
occurrence was more than 10% (as seen from the cluster size
distribution calculated as described before®**” (Figure 4)), we
find that aggregates of size 6 and 9 (Sy,g5), 10 and 19 (S;.,), 7,
11, 15, and 17 (S;,), and 11, 17, and 25 (S,,) are the
predominant species (Figures 4A and S). Examination of the
average number of CA (N¢,) and Indo (Nyg4,) within these
predominant CA/Indo micelles indicated that the species
present at higher faction is more abundant in the mixed
micelles (Figure 4B). That is, Ncy > Ny, in Sy,05, whereas in
all others Nj,q, > Nca. Note, however, that N¢, is always less
than 7, whereas N4, can be as high as 20 (Figure 4B); even
when the CA fraction was made 4-fold higher, the total
aggregation size remained below 1S5 (Figure S6). Previous
studies have shown that, even at CA concentrations as large as
300 mM, the aggregation number of CA remains smaller than
12.3% This suggests a steric limit to the total number of CA
that can pack together. Instead, primary CA micelles tend to
form larger secondary micelles, a phenomenon proposed by
Carey and Small*! (Figure S6). Indo can form larger micelles in
the pure phase as well as in the presence of CA. This can be
understood from the fact that Indo’s structure and shape is
intermediate between the planarly amphipathic CA and linearly
amphipathic surfactants, such as lipids.

To characterize the shape and make up of the CA/Indo
mixed micelles in detail, we focused only on those micelles that
were stable for at least 75% of the time in the last 30 ns of each
simulation (Table 2). Visual inspection of these micelles
suggested, once again, that larger clusters contain more Indo
molecules than CA (Figure S). More quantitatively, the average
CA/Indo ratio in mixed micelles of size 11 and 17 was 3:8 and
4:14, respectively. The morphology of these micelles was
evaluated on the basis of their principal moments of inertia, I,
L, and I, calculated as described previously.>>>” The resulting
I,/1, versus L,/I; bivariate distributions show that micelles of
size 11 adopt an oblate-ellipsoidal shape (I;/I, ~ 0.4 and L/I;
~ 0.9), whereas those of size 17 have a cylindrical or disk-like
shape (Figure S7). Partay et al.** found that the preferred shape
of pure-CA micelles was oblate-ellipsoidal. At higher concen-
tration, Indo was thus able to alter the morphology of pure-CA
micelles. Moreover, both the size and overall shape of the stable
CA/Indo micelles in the current study differ from those
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Table 2. Stability of the Most Populated Aggregates in the
Last 30 ns of Simulations S, through S, .,

simulation aggregate size occurrence (%)
S1os 6 93.6
S1o0s 9 77.0
S 10 83.1
Sy, 19 777
Sia 1 98.5
Sia 15 932
S, 17 887
S 11 97.9
Sis 17 933
S 25 95.8

preferred by CA-Ibu micelles,’ suggesting that different
NSAIDs may form micelles of different size and composition
with potentially different biochemical properties.

2.2.2. T-Shaped Indo Ring Arrangement Stabilizes CA/
Indo Aggregates. Inspection of both the CA/Indo and pure-
Indo clusters indicated that z—x interaction is the primary
reason for Indo’s propensity to aggregate (Figure S). This
interaction is common among aromatic residues in proteins,
where it plays an important structural role.*”™>* Similarly, Indo
molecules in CA/Indo micelles (as well as in pure-Indo
micelles) are held together by 7z interactions involving the
chlorinated six-membered ring (A-ring) of Indo, which forms
the core of the micelles. To quantify this observation, we used
the distance (d) between the centroids and the angle (6)
between vectors perpendicular to the plane of the two A-rings
of Indo. The d versus @ contour in Figure 6 shows that the
majority of the stable Indo/CA micelles are characterized by 6
~ 90° and d ~ 5—8 A. In fact, all of the most populated mixed
micelles that contain 11-20 Indo molecules prefer such a
perpendicular (T-shape) ring arrangement, especially at large
separations (Figure 6). This is consistent with previous
observations in aromatic—aromatic interactions in general54
and poly aromatic surfactants in particular.>* In addition, from a
thermodynamic perspective, a T-shape arrangement can be
energetically favorable because the alternative (stacked)
arrangement would cause steric clashes involving the adjacent
rings. Another advantage of T-shape arrangement is that it
reduces the intra-Indo repulsion because of the negative charge.
In addition to the inter-Indo interactions, the core of the mixed
micelles was also stabilized by CA-Indo interactions. These
interactions arise from the inherent amphipathicity of both
species and require the packing of the hydrophobic f-face of
CA with the chlorinated ring of Indo (Figure S8). The core of
the micelle is dry, and the density of water increases toward the
periphery, similar to that in CA/Ibu micelles.>’

2.2.3. Structure of CA/Indo/POPC Micelles. We have seen in
previous sections that CA/Indo form large mixed micelles
primarily because of solvent exclusion followed by subsequent
interactions involving the hydrophobic f-face of CA and the A-
ring of Indo. The question is how POPC might alter these
interactions. A closer look at the most stable CA/Indo/POPC
ternary micelles listed in Table 3 indicates that the number of
CA and Indo molecules within the ternary micelles does not
follow any particular pattern, with either CA or Indo being
disproportionately represented. Moreover, in each of these
micelles, the core is made up of the acyl chain of POPC, as can
be seen from the distribution of the POPC tail carbons relative
to the peaks for the hydrophobic face of CA (CA:C18 at ~18

dx.doi.org/10.1021/bi400723r | Biochemistry 2013, 52, 7461—7469
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Figure 6. Intermolecular interactions among Indo molecules within CA/Indo mixed micelles. Two-dimensional distribution of the angle between the
vector perpendicular to the planes of two chlorinated six-membered A-rings of Indo () and the distance between the centroids of the A-rings (d).
Shown here are averages over the last 10 ns of the data for the largest stable aggregate from simulation (A) Sy,¢5, (B) Sy.1, (C) Sy, and (D) S;.4 Red

denotes the most populated areas.

Table 3. Average Number of CA and Indo Molecules within
Selected CA/Indo/POPC Ternary Micelles

simulation aggregate size no. of Indo no. of CA
SPh 28 5 3
St 46 6 10
P4 31 10
S 29 8
SPos 54 9 17
SP1os 24 5 14

A) and the hydrophobic tail of Indo (Indo:Cl at ~15 A).
Although Indo inserts deeper than CA, both are localized near
the rim of the mixed micelle (Figure 7). In fact, as seen in our
previous stud7y of CA/Ibu/DPC?” as well as in other theoretical
studies,>>**” CA was found to lie parallel to the surface, with
its hydrophobic face pointing toward the core. In contrast, Indo
inserts its chlorinated six-membered ring about halfway to the
center of the mixed micelle. The hydrophilic oxygen atoms of
both Indo and CA were near the POPC headgroup (Figure 7).

2.2.4. POPC Attenuates Aggregation of CA with Indo. We
assessed the aggregation of CA and Indo in the presence of
POPC on the basis of Ny (Table 1), which was obtained using
the same aggregate definition as in the case of the CA/Indo
binary mixtures. Overall, one can see that Ny is dramatically
smaller in the ternary than the binary mixtures, indicating
perturbation of CA/Indo aggregation by POPC. This is because
almost all of the CA and Indo molecules were distributed on
the surface of the ternary micelles in a manner that minimized
interaction among them. To quantify this observation, we
looked at the distribution of CA and Indo in the ternary micelle
by calculating the radial distance, ry, between each pair of
surface-bound (i) CA and every-other CA, (ii) Indo and every-
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Figure 7. Probability distribution of specific atoms of POPC, CA, and
Indo within a ternary mixed micelle of size 54 from simulation S¥; ;.
The last 30 ns of the trajectory was used for this analysis. Refer to
Figure 1 for atom numbering.

other Indo, and (iii) CA and every-other Indo (Figure 8). For
this analysis, we focused on the largest ternary micelle of size 54
from S° 5 containing 17 CA and 9 Indo molecules. To
calculate radial distances among CA pairs, the region around a
given CA was binned into concentric circles separated by 1 A,
with the diameter of the outermost circle being greater than or
equal to the diameter of the micelle in order to ensure the
inclusion of every pair. This way, 16 of the 17 CA molecules
would lie at a specific bin located a certain distance away from
the (central) CA of interest. This was repeated 16 times (for
each CA), and an average was taken. Similarly for each Indo/
Indo and CA/Indo pair. An interesting result emerging from

dx.doi.org/10.1021/bi400723r | Biochemistry 2013, 52, 7461—7469
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this analysis was that each CA molecule is located
approximately 3 A away from its nearest CA neighbor and 6
A from the next nearest neighbor (Figure 8A). The
approximately equal spacing between the neighbors indicates
that CA molecules avoided each other and were uniformly
distributed over the entire surface of the ternary micelle. Indo
molecules adopted a somewhat similar distribution (Figure 8B),
as did CA molecules relative to Indo (Figure 8C). No more
than three Indo molecules reside within ~10 A of another Indo
(Figure 8B, inset) or are near a CA molecule (Figure 8C, inset).
This distribution ensured that the maximum CA/Indo
aggregate size does not exceed 5. We conclude that POPC
acts as a dispersant that minimizes the formation of large pure-
CA, pure-Indo, or CA/Indo micelles.

3. CONCLUSIONS

We have shown that CA and Indo binary mixtures
spontaneously assemble into mixed micelles of variable sizes.
Among the predominant aggregates, those of sizes 11 and 17
were obtained from two independent binary CA/Indo
simulations with a higher Indo concentration, suggesting a
nonrandom organization. Although the reactant with the higher
relative concentration generally aggregates faster, increasing the
Indo fraction resulted in the formation of stable, less dynamic,
and relatively large binary mixed micelles. The halogenated ring
of the Indo molecules within micelles adopted a T-shape
arrangement that minimizes steric clashes among the adjacent
rings. This arrangement exposes part of the Indo hydrophobic
surface. The facially amphipathic CA molecules aggregate on
the exposed hydrophobic surface of Indo aggregates.
Significantly smaller CA/Indo aggregates were formed in the
presence of POPC. This is because almost all of the CA and
Indo molecules are involved in the formation of a CA/Indo/
POPC ternary micelle wherein CA and Ibu distribute on the
surface almost uniformly so that they are farther away from
each other.

Experiments have shown a dose-dependent increase in the
permeation of cell membranes by Indo in the presence of bile
salts.">** This effect was reduced by adding PCs.'****’ In our
simulations, increasingly larger and more stable CA/Indo
aggregates were observed upon increasing the Indo fraction,
and the presence of POPC diminished the interaction among
CA and Indo and thereby prevented the formation of large CA/
Indo aggregates. Taken together, these results suggest that large
CA/Indo binary aggregates in the absence of POPC might be
responsible for the observed toxicity of BA/Indo mixtures and
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the preventive action of PCs. We note that atomistic
simulations are computationally expensive and binary/ternary
mixtures take a long simulation time to fully equilibrate.
Therefore, some of the quantitative aspects of the mixed
micelles derived from the simulations should be interpreted
with care. Nonetheless, the qualitative data clearly show that
NSAID:s are able to aggregate with bile acids and that different
NSAIDs form mixed micelles of varying sizes and morphology.
Some of these NSAID-BA micelles may disrupt the mucosal
membrane and hence become toxic, whereas PCs may mask
this toxicity by minimizing NSAID-BA association.
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