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Abstract

Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently used to treat chronic pain and
inflammation. However, prolonged use of NSAIDs has been known to result in Gastrointestinal
(GI) ulceration/bleeding, with a bile-mediated mechanism underlying their toxicity to the lower
gut. Bile acids (BAs) and phosphatidylcholines (PCs), the major components of bile, form mixed
micelles to reduce the membrane disruptive actions of monomeric BAs and simple BA micelles.
NSAIDs are suspected to alter the BA/PC balance in the bile, but the molecular interactions of
NSAID-BA or NSAID-BA-PC remain undetermined. In this work, we used a series of all-atom
molecular dynamics simulations of cholic acid (CA), ibuprofen (IBU) and dodecylphosphocholine
(DPC) mixtures to study the spontaneous aggregation of CA and IBU as well as their adsorption
on a DPC micelle. We found that the size of CA-IBU mixed micelles varies with their molar ratio
in a non-linear manner, and that micelles of different sizes adopt similar shapes but differ in
composition and internal interactions. These observations are supported by NMR chemical shift
changes, NMR ROESY crosspeaks between IBU and CA, and dynamic light scattering
experiments. Smaller CA-IBU aggregates were formed in the presence of a DPC micelle due to
the segregation of CA and IBU away from each other by the DPC micelle. While the larger CA-
IBU aggregates arising from higher IBU concentrations might be responsible for NSAID-induced
intestinal toxicity, the absence of larger CA-1BU aggregates in the presence of DPC micelles may
explain the observed attenuation of NSAID toxicity by PCs.
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Introduction

Ibuprofen (IBU) belongs to the family of non-steroidal anti-inflammatory drugs (NSAIDs)
commonly used to treat chronic pain and inflammation [1, 2]. NSAIDs block
cyclooxygenase (COX), a key enzyme in the biosynthetic pathway of anti-inflammatory
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prostaglandins. Unfortunately, chronic oral consumption of NSAIDs results in serious side-
effects, including gastrointestinal (GI) ulceration and bleeding [3]. Numerous studies have
shown that these side-effects, notably those affecting the lower GI tract, are independent of
COX-inhibition [4-6], and that injury to the upper Gl-tract can be mitigated by
administering NSAIDs in complex with phosphatidylcholines (PC) [7-9]. PC-conjugated
NSAIDs have been shown to significantly reduce upper-gut toxicity without loss of efficacy
[10-13]. However, it remains unclear how NSAIDs cause lower-gut injury.

Recent studies suggest that bile acids (BAs) play a key role in NSAID-related lower gut
injury that affects ~80% of regular NSAID users [14-17]. For instance, bile-duct ligation in
rats (which halts secretion of bile into the small intestine) prevented severe injury and
perforation of the distal bowel [18], and systemic administration of indomethacin (another
NSAID) was found to be most injurious in species that secrete high concentrations of the
drug into bile via enterohepatic circulation [19]. Moreover, cell culture studies have shown
that NSAIDs exacerbate BA-induced cell injury [20-23].

Bile acids are digestive surfactants with a unique facial amphipathicity that form non-toxic
mixed micelles with PCs. BA-PC aggregation is believed to protect the hydrophabic lining
of the Gl-epithelium from the detergent action of monomeric BA and simple BA micelles
[24-27]. A number of biophysical studies have looked at the morphology, size and dynamics
of BA-PC mixed micelles [28-31]. Advances in computational power and simulations have
also led to a deeper understanding of the molecular interactions governing the assembly of
BA-PC and other micelle-forming mixtures [32—-40]. Earlier simulations of BA-PC and BA-
PC-Cholesterol [41] mixtures favored the radial-shell model proposed by Ulmius et a/[30].
Subsequent studies [42,43] found features of a disk-shaped micelle originally proposed by
Carey and Small [44]. Our own previous study on pure cholic acid (CA) and CA-
dodecylphosphocholine (DPC) micelles supported the radial-shell model and revealed a
linear dependence of micelle size on CA concentration [45].

The present work focuses on the aggregation behavior of BA-1BU and BA-IBU-PC
mixtures. Since BA-PC micelles are already present under physiological conditions, we
investigated the aggregation behavior of IBU with pre-formed DPC-CA micelles. We
discuss the internal structure, molecular interactions, dynamics and morphology of the
resulting mixed micelles.

The aggregation behaviors of binary and ternary mixtures of a pre-formed DPC micelle, CA
(the most common BA) and IBU were studied at different molar ratios (Figure 1 and Table
1). The single tail DPC was chosen instead of a regular PC because DPCs readily assemble
into micelles while two tail PCs prefer to form bilayers. We used the therapeutically most
relevant S-isomer of IBU [46]. During the initial setup of the binary mixture, CA and IBU
were placed randomly in a cubic box of length 72A. Both CA and IBU possess a negative
net charge (Figure 1), which was neutralized by adding Na* ions equivalent to the total
number of CA and IBU in the simulation box. To speed up the equilibration of the ions, they
were distributed randomly around the carboxyl oxygen atoms of CA and IBU using a
spherical shell of inner radius 3A and thickness 5A. The ternary mixtures contained a pre-
formed micelle of 60 DPC molecules, plus CA and IBU of variable proportions (Table 1).
The starting configurations for CA and IBU were built based on the CHARMM general
force field (CGenFF) [47]. The initial structure for the ternary mixture was built by
randomly adding IBU molecules onto the last snapshot of a previously reported simulation
of CA adsorbed on a DPC micelle [45]. Each system was then energy minimized with the
steepest descent method for 100,000 steps and equilibrated as described previously [45]. All
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simulations were performed with the NAMD program [48] at 310K and latm. Temperature
was kept constant by the Langevin dynamics method with a damping coefficient of 10ps~1
and pressure by the Langevin piston method using a piston period of 200fs and decay time
of 100fs. All short-range vdW interactions were truncated at 12A using a 14A cutoff was
used for non-bonded list updates. Long-range electrostatic interactions were calculated with
the particle mesh Ewald (PME) method [49] using a FFT grid of 1AL,

Dynamic Light Scattering (DLS)

DLS, which detects the amount of light scattered by particles in a test solution, was used to
measure the average size of the micelles resulting from mixing CA and IBU at different
concentrations and molar ratios. An appropriate amount of CA and/or IBU was dissolved in
a phosphate buffer solution (PBS) and the solution was vortexed and allowed to equilibrate
over night at room temperature. The Malvern Zetasizer Nano instrument with particle size
range of 0.6 to 6um was then used to measure the size distribution of the resulting micelles.

Nuclear Magnetic Resonance (NMR) Spectroscopy

To probe intermolecular interactions between IBU and CA, we determined the one-
dimensional proton and carbon chemical shifts by NMR of each chemical alone and in
combination, both above and below the critical micelle concentrations (cmc) of CA, which
is 25-30mM. We collected a 400 ms ROESY spectrum to investigate intermolecular
interactions. Varian UnityPlus 800 MHz and Bruker Avance 600MHz NMR spectrometers
with cold probes were used.

Results and Discussion

In each of the five simulations (Table 1) CA and IBU spontaneously formed aggregates
within the simulation timescales. The majority of these aggregates were mixed micelles of
CA and IBU. Both CA and IBU were also able to adsorb onto the pre-formed DPC micelle
in the two simulations of DPC-CA-IBU mixtures of different proportions. Throughout this
manuscript, micelle or aggregate refers to mixed micelles of CA and IBU or CA, IBU and
DPC. Where applicable, we will refer to CA-only or IBU-only micelles as pure CA and pure
IBU micelles, respectively.

CA-IBU Binary Mixture

The binary CA-1BU mixtures were simulated in different molar ratio with the concentration
of CA being always larger than its critical micelle concentration (cmc) of 25-30mM (Table
1). The concentration of IBU was kept below its crmc of 180mM [50], except in simulation
Sa where it is higher. In each case, aggregates of varying cluster sizes (CSn, see equation 1)
were observed (Figure S1). Since the hydrophobic effect governs the assembly process,
distances between the hydrophobic atoms of CA and IBU were used to define CA-IBU
aggregates. Thus, if IBU-C11 and CA-C18 (see Figure 1) are within 10A from each other,
these two molecules were defined as belonging to the same micelle. This cutoff was derived
from the pairwise radial distributions shown in Figure S2. The stability of the simulations
was monitored by the time evolution of the number of CA or IBU monomers (Nnonomers):
as well as the weight and number averaged aggregation numbers Ny, and Ny (Figure S3).
Ny and Ny, as well as principal moments of inertia 14, I, and I3, were calculated as
described before [45]. The weighted probability distribution (Pp) of micelles and monomers
was calculated as:
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F=1
N,

X
P,=— where X=
N .
CSn is the number of CA-IBU mixed-micelles of size n7(r=2, 3, 4...) or the number of CA
and IBU monomers (n = 1), F is frame index, Ngis the total number of frames sampled
every 10ps and Athe total number of CA and IBU molecules in the system.

The number of CA and IBU monomers monotonously decreased and stabilized to a small
value (e.g. ~2.5in Sc, see Figure S3). Ny and Ny also plateaued after ~20ns in each of the
three simulations (Figure S3). The initial 30ns data was therefore regarded as the
equilibration phase and was not used for further analyses. The heterogeneity of the system
was determined by calculating the polydispersity index { N,)/{ N}, where the larger the
difference between the two aggregation numbers the more polydisperse the system would
be. The ensemble-averaged values of Ny and Ny and the polydispersity index for the three
binary simulations are shown in Figure 2A. It is clear that at lower IBU concentrations, the
number of mixed micelles decreases and polydispersity increases. Note also the smaller
polydispersity index in Sp where IBU is present above its cmc (Figure 2A inset).

Aggregate Size—The weighted probability distribution plotted in Figure 2B shows that
the mixture with the highest IBU concentration (i.e. Sp) forms micelles of size 9-10, 15-16
and 18-19. Lower IBU concentrations yielded smaller micelles: 12-13 and 15 in Sg and 7—
10 in Sc (Figure 2B). Thus, the population of larger micelles increases with increasing 1IBU
concentrations; the largest micelles of 18 or 19 molecules emerged only when the
concentration of IBU was greater than its ¢mc of 180mM [50]. Our previous study [45]
showed an average size of 5-6 for pure CA micelles, in agreement with experiments [51,
52]. Clearly, addition of IBU leads to larger micelles. We propose that due to their larger
surface area, charge and volume, these larger particles may play a role in NSAID-induced
intestinal injury.

Micelle Composition—Figure 3 displays the average number of CA (nca) and IBU
(nigu) molecules within the binary micelles of different sizes. The data suggests a stepwise
evolution of each of the most populated micelles. Thus, based upon the CA:1BU ratio within
the aggregate, the polydisperse micelles in S can be divided into three groups: (1) micelles
with nca = 4-5 and njgy = 2-6, (I1) nca = 6-7 and njgy = 4-9 and (l11) nca = 8-10 and
mgu = 7-9 (Figure 3A). There are similar numbers of CA and IBU molecules in each group,
but the dominant micelles contain a saturating concentration of IBU for a given number of
CA. When the IBU fraction is lower (cf. Sg and S¢), the proportion of CA within the
micelles becomes larger. There are no highly populated micelles in either group I or 111 of
simulation Sg (Figure 3B). However, similar to that in Sa, group I of Sg has 5-9 CA and 0-
5 IBU molecules and group I11 has 11-15 CA and 5-7 IBU. There is a dominant micelle of
size 15 in group |1, along with less populated ones made up of 6-9 CA and 4-7 IBU.
Similarly, in Sc (Figure 3C), group | has 4-9 CA and 1-2 IBU, while group Il involves a
linear increase of CA with a roughly constant number of IBU (~3).

Interestingly, the minimum number of CA molecules in every case is ~4-5, which is similar
to the aggregation number of a pure CA system [45]. On the other hand, the maximum
number of CA molecules in the most populated micelle of each simulation is 9. For nca > 9,
ngy remains small (e.g., njgy = 3 in S¢). This result suggests that IBU often interacts with
pre-formed CA aggregates with steric effects being the key for limiting the number of IBU
that can be accommodated within a given CA aggregate. The absence of well-populated
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mixed micelles with 9 or more CA suggests preference for specific micellar organization
that cannot be achieved with higher number of CA molecules.

Micelle Morphology—The morphology of the predominant micelles was examined using
the ratio of the principal moments of inertia I/l and I5/13, with the condition that I; < I, <
I3. These ratios describe the shape of micelles in the following manner: for spherical
micelles, 1, ~ I, = Iz and thus 11/l ~ 15/l3 ~ 1; for disk-like micelles 11 ~ 1, « I3 and so 11/l
~ 1 and lo/l3 = 0; whereas for rodlike clusters 11 « I, = 13 s0 that 11/15 ~ 0 and 15/I3 = 1.
Figure 4 presents the bivariate distribution of the two ratios for selected highly populated
mixed micelles. Quite interestingly, the shape of the larger micelles CS19 and CS18 is
similar, with 11/l, ~ 0.75-0.8 and I,/13 ~ 0.85 (Figure 4A&B). The smaller micelles CS10,
CS15and CS8 in Sp, Sg and Sc, respectively, exhibit a similar distribution of 1,/1, versus
I5/13, but they are more dynamic than CS19 and CS18 (Figure 4D-F). CS10 exists in both
Sa and Sc but it is more dynamic in the latter (data not shown). This difference in dynamics
could be related to the compositional differences, since CS10 is made up of 3 CA and 7 IBU
in Sp and 9 CA and 1 IBU in Sc. Similarly, CS15 in Sp and Sg differ in dynamics and have
a CA:IBU ratio of 5:10 and 8:7, respectively (Figure 4C&E). Although we cannot rule out
the possibility that a longer simulation time might further stabilize some of these micelles,
there is a clear relationship between micelle stability and composition. Overall, the majority
of the highly populated mixed micelles adopt a similar shape irrespective of cluster size, but
their stability varies with the proportion of their constituents and therefore the internal
interactions.

Molecular Packing—Inspection of the aggregation process during the simulations
suggests that multiple pathways can lead to the formation of a stable mixed micelle (Figure
5). The most important mechanisms include: (A) the simultaneous assembly of CA and IBU,
(B) formation of CA micelles followed by adsorption of IBU, and (C) merging of pre-
formed CA and IBU micelles. While each mechanism can independently lead to larger
micelles, the preferred mechanism appears to involve multiple steps (Figure 5). Typically,
smaller aggregates are formed first via mechanism A followed by fusion via the other two
mechanisms. In terms of reactant concentration, our data can be categorized into cases
where both CA and IBU are above their respective cmcand when IBU exists below its cmec.
In both cases, some clusters evolve via mechanism A, but in the latter monomeric IBUs can
also interact with pre-formed CA micelles (mech B). However, for cases where both [IBU]
and [CA] > cmc, the preferred mechanism of assembly is fusion of preformed CA and IBU
micelles (mech. C). In few instances, IBU clusters also interact with monomeric CA (not
shown).

Irrespective of the aggregation mechanism, however, once formed, mixed micelles undergo
internal re-organization to achieve a specific packing arrangement between CA and I1BU
(Figure 5). This is most prominent for the larger micelles CS19, CS18 and CS15. The re-
organization involves the insertion of the hydrophobic tail of IBU into the core of the
micelle to participate in interactions with the hydrophobic p-face of CA. Both the
hydrophilic face of CA and the head of IBU point toward the aqueous medium (Figure 6A).

This observation is supported by distance distributions of selected hydrophobic and
hydrophilic (oxygen) atoms of CA and IBU (Figure 6B). IBU-C12 and CA-C18 lie at ~4—
5A and 7-9A away from the center of the micelle while oxygen atoms of CA and IBU are at
~11-13A and ~14-16A, respectively. This indicates that the packing of the hydrophobic
portions represents the most important intermolecular interaction between IBU and CA. IBU
is relatively more buried than CA to allow for strong p-face-to-tail CA-1BU packing. Thus,
the facially amphipathic CA molecules form a ring around the perimeter of the semi-
spherical micelle while the head-tail amphipathic IBU inserts deep into the core. This
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requirement for a specific packing arrangement between CA and IBU introduces an entropic
penalty that limits the size of the micelle, as is typical for nonionic detergents. The similar
packing arrangement among micelles of different sizes also explains their morphological
similarity.

Experimental Verification—The intermolecular interactions in CA:1BU mixed micelles
were examined using NMR chemical shifts and 2D ROESY spectra. Above CA c¢mc, but not
below it, proton chemical shift changes (Figure 7A) were observed for both CA and IBU
when mixed 1:1 at 25mM, indicating a possible interaction between the two molecules
above the CA cmc. This was verified by ROESY cross peaks (Figure 7B, Table 2) showing
detailed atomic interactions between the IBU tail and the hydrophobic face of CA (Figure
7B). This p-face-to-tail packing in the mixed micelles is in perfect agreement with the
simulation results.

DLS further confirmed the ability of CA to form aggregates at concentrations above its cmc;,
no IBU aggregation was observed at a similar concentration. The binary mixture of CA and
IBU below CA’s cmc also exhibited no potential to form aggregates. However, mixing CA
(above cmc) and IBU shows an increase in the number of aggregates (Figure 7C). Moreover,
the size of the micelle(s) increases non-linearly upon increasing IBU concentrations until a
plateau is reached at about a 1:3 CA:IBU ratio (Figure 7C inset). This is consistent with the
non-linear dependence of the size distribution of CA-IBU micelles observed in the
simulations.

DPC-CA-IBU Ternary Mixture

We investigated the aggregation behavior of IBU with a pre-formed DPC-CA micelle to
gain insights into how NSAIDs might perturb naturally occurring BA-PC micelles.
Following our previous analysis of CA adsorption on a DPC micelle [45], IBU binding was
defined based upon a distance criterion that if C8 and C9 of IBU are within 6A from the
surface of the DPC micelle, the IBU molecule is considered bound. The number of adsorbed
IBU molecules (Nags) and other parameters such as radius of gyration (Rg) and solvent
accessible surface area (SASA) were monitored to gauge the stability and equilibration of
the system. Figure S4 shows that these parameters equilibrated within the first ~30ns of each
simulation. Thus, as in the binary mixtures, the first 30ns was considered an equilibration
phase of micellization and excluded from further analyses.

Aggregation Behavior of CA-IBU in the presence of DPC—The aggregation
behavior of CA and IBU in the presence of a DPC micelle was evaluated based on ensemble
averaged Nyy and N, which were defined in the same way as in our analysis of the binary
CA-IBU mixtures. Compared to the data from simulation Sp (i.e., the 1:1 CA:IBU binary
mixture in the absence of DPC), both Nyy and Ny were reduced by half in Sp (14.1 £ 0.7 &
12.7£0.7in Sp versus 7.7 £ 0.7 & 6.0 £ 0.5 in Sp). This could be due to the lower
concentration of both CA and IBU in Sp. However, this does not hold for Sg where Ny, and
Ny are 6.5 £ 0.6 & 4.4 + 0.8, which are not very different from those in Sp despite the
concentrations of CA and IBU being significantly lower in Sg. Although not conclusive, this
result suggests that the DPC micelle modulates the size of CA:IBU micelles, a notion also
supported by the similar size distributions of CA:IBU micelles in both Sp and Sg (Figure
8A). Interestingly, fewer and smaller CA-IBU clusters were observed on the surface of the
DPC micelle (Figure 8A). This shows that the DPC micelle affects the aggregation behavior
of CA and IBU, favoring smaller micelles. To further investigate this issue, we calculated
the average distance between (i) CA and IBU pairs within the dominant CA:1BU micelle in
the aqueous phase (CS10) and (ii) those on the surface of the DPC micelle (CS3, CS5 etc.).
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The result is shown in Figure 8B. Clearly, the DPC micelle segregated CA and IBU onto
opposite poles and thereby reduced their potential to form larger mixed micelles.

Orientation of IBU and CA on a DPC-CA micelle—The internal structure of the DPC-
CA-IBU ternary micelle was examined using the 2D radial distribution, Q(r), of selected
atoms of each molecule, calculated as described earlier [45] (Figure 9A). The orientation
and radial distribution of CA around the DPC micelle is the same as that reported for a DPC-
CA binary mixture [45]. The methyls on the hydrophobic tail of IBU penetrate into the DPC
micelle, lying near the C6 carbon atom of DPC. In fact, the insertion depths of the IBU
hydrophobic tail atoms C11/C12 and CA hydrophobic face atoms C18/C19 are identical and
equal to about half of the DPC micelle’s hydrophobic thickness. Thus, the hydrophobic
regions of both IBU and CA penetrate the micelle halfway to the center. In contrast, the
carboxyl oxygen atoms of both CA and IBU (see CA-O1 and IBU-O1 in Figure 9A)
populate the region 18-25A away from the micelle center, coinciding with the location of
the phosphate groups of DPC.

To further analyze the organization of IBU in the ternary micelle, we used two order
parameters: ¢1 and ¢,. ;1 was defined as an angle between vectors Mcgnter — C10 and C10
— C11 (representing the hydrophobic region of IBU) and ¢, as the angle between vectors
Mcenter — C7 and C7 — C9 (representing the hydrophilic region of IBU), where Mcenter IS
the center of the ternary micelle. These order parameters were calculated as a function of
distance from the center of mass of the ternary micelle, r, and plotted in Figure 9B. For IBU
molecules adsorbed on the DPC micelle (15 < r < 22), we found {cos¢1) >> 0 and {cos¢,)
<< 0, indicating that the hydrophobic portion of IBU faces the core of the micelle and the
hydrophilic region away from the micelle. In the region 22 < r < 30, a secondary shell of
IBU forms around the micelle with exactly opposite orientation as those of the first shell
(Figure 9B). Thus, in the secondary shell, the hydrophilic region of IBU interacts with the
polar head group of the DPC molecules while its hydrophobic methyl groups interact with
other IBU and CA molecules in the bulk. Overall, although the hydrophobic effect is the
primary driving force for the assembly of these mixed micelles, electrostatic interactions are
also important. In other words, the interaction of IBU monomers with DPC on the surface
occurs via electrostatic interactions while vdW interactions provide the critical short-range
stabilizing force in the core of the ternary micellar complex.

Concluding Remarks

The aim of the present study was to investigate the aggregation behavior of CA and IBU in
the presence and absence of a pre-formed PC micelle. To facilitate the formation of
micelles/aggregates within reasonable simulation timescales, all-atom explicit solvent
molecular dynamics simulations were performed at much higher concentrations than exists
at physiological conditions. Based on data from five independent simulations, three for
CA:IBU binary mixtures and two for DPC:CA:IBU ternary mixtures, we found that CA and
IBU form mixed micelles of various sizes that are in dynamic equilibrium among each other.
Aggregation is spontaneous and fast (taking less than 10ns). However, organization after
initial assembly takes relatively longer time (10-30ns). The overall morphology of the
resulting most populated mixed micelles is similar despite their different sizes. The
aggregation behavior of CA and IBU was affected by the presence of a pre-formed DPC
micelle. For the same molar ratio, the most populated CA:IBU micelle size was 10 in the
presence of DPC compared with 15-19 in its absence. Moreover, though segregated CA and
IBU micelles formed on the surface of the DPC micelle, they were small and farther away
from each other and thus unable to form larger aggregates. This could be one of the factors
behind the reduced-toxicity of PC-conjugated NSAIDs, while the larger mixed micelles in
the CA-IBU binary mixtures may be toxic. More broadly, the formation of larger
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NSAID:BA micelles with higher NSAID concentrations may explain the relationship
between NSAID dosage and toxicity to the lower gut, while PCs may segregate NSAID and
BA to prevent the formation of larger and thus potentially more toxic mixed micelles.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structures of (A) cholic acid (CA), (B) ibuprofen (IBU), and (C)
dodecylphosphocholine (DPC). Key atoms discussed in the text are labeled. Color code:
carbon (cyan), oxygen (red) and nitrogen (blue). Hydrogen atoms are not shown.
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Figure 2.

(A) Ensemble averaged Ny, and Ny (main plot) and polydispersity index (inset). (B)
Weighted probability distribution of the total number of CA and IBU molecules belonging
to clusters of size CSn where CSn is defined as the number of CA-IBU mixed micelles of
size n(n=2, 3, 4...) or the number of CA and IBU monomers (/7=1). For this and subsequent
figures the first 30ns of the trajectories was excluded.
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The average number of IBU (black square) and CA (red circle) molecules belonging to a
particular cluster size in simulation Sp (A), Sg (B), and S¢ (C). The gray dotted lines
represent the most populated micelle sizes shown in Figure 2B.
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Bivariate distribution of 11/l, and I,/I3 ratios for the predominant micelles from simulation
Sa: CS19 (A), CS18 (B), CS15 (C), and CS10 (D); simulation Sg: CS15 (E); and simulation
Sc: CS8 (F). Red indicates maximum probability. The principal moments of inertia were
calculated from the last 10ns of each trajectory.
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Figureb5.

A proposed mechanism for the aggregation of CA and IBU to form mixed-micelles. CA is
shown in green and IBU in blue. Representative snapshots from the simulations are shown
for illustration. The information conveyed in this figure is qualitative because limitations in
the simulation time scales and the complexity of the process did not allow us to quantify the
relative role of each mechanism.
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Figure6.

(A) A 3D representation of the molecular packing in a typical CA:1BU micelle. CA is shown
in licorice green with C18 & C19 in yellow spheres. IBU is in blue space-filling model. The
oxygen atoms in both CA and IBU are shown in red. (B) Average distances between the
center of mass and the indicated atoms of micelle CS19 from simulation Sax.
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NMR and DLS characterization of IBU/CA interaction. (A) Chemical shifts in a 25mM
sample of CA (green), IBU (red) and IBU-CA (blue). (B) Portion of a 400 ms ROESY
spectrum for a CA-1BU mixture. (C) DLS-derived micelle sizes at 25mM for CA (black),
IBU (green, which lies on the x-axis) and IBU-CA (red). Micelle size distribution for a
50mM deoxyCA (gray dashed line) is shown for reference. IBU alone did not form micelles
at 25mM (green line), and at 5mM had no effect on micelle formation by CA (not shown).
Shown in the inset is the average micelle size against IBU/CA ratio, where the sigmoidal
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curve indicates increase in micelle size with increasing IBU level until a plateau is reached
when IBU is ~3-times more than CA. Refer to Figure 1 for the numbering in (A) and (B).
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Figure8.

(A) Weighted probability distributions of the total numbers of CA and IBU molecules
belonging to clusters of size CSn from simulation Sg. Two clusters, CS2 and CS4 adsorbed
on the DPC micelle, are shown in a space filling model. CA and IBU molecules that are not
part of a cluster are shown in licorice. The predominant cluster CS10 found in the aqueous
medium is also shown. Very similar results were obtained from Sp (data not shown). (B)
Distribution of the distances between CA-C18 and IBU-C11 for all CA and IBU molecules
in CS10 (gray) and for those within 6A of the DPC micelle (black). The distribution is
calculated for the last 10ns of the simulation. IBU is shown in blue, CA in green and DPC in
magenta.
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Figure9.
(A) The distribution of selected atoms as a function of distance from the center of mass of

the DPC micelle. (B) Orientations of different regions of IBU as a function of distance from
the center of mass of the mixed micelle (see text for detail).
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Table 2
Atomic assignments of ROESY cross peaks between IBU and CA.

IBU atom(s) CA atom(s)
H12/H13 H7
H12/H13 H12
H10 H21
H10 H15a & (H15b or H8b)
H10 H16a & H16b
H10 H2b or H4b or H11b
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