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DFT and NMR spectroscopy studies unveil three major minima conformations of cholic acid that
may affect its biological properties.
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Abstract.

Cholic acid is an endogenous primary bile acid mtbwith endocrine signaling functions and
digestive properties. In this work its conformaabprofile and the impact of the steroid nuclewes ar
investigated using DFT studies and NMR spectroscody a result, three major minima
conformations are found with an ‘extended’, ‘sextemded’ and ‘folded’ side chain, respectively.
While the ‘extended’ and ‘semi-extended’ conforroa are often found as bioactive
conformations in the binding site of co-crystaltizZeiological targets, the ‘folded’ conformation is
only experimentally observed in NMR studies. Ovetthle results of this study provide additional
basis for the interpretation of biological functsoaf bile acids, and disclose new pharmacophoric

templates for the design of constrained bile an@l@ues.
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Introduction.

Primary and secondary bile acids (BAs) are esdeoatiastituents of endogenous bile, with the
former originating from the catabolism of cholestan the liver and the latter being formed from
primary BAs through the action of the intestinaktesia® Although formerly known for their
digestive properties, BAs are now widely recogniasdignaling molecules endowed with genomic
and nongenomic endocrine functions that are matliate their interaction with a plethora of
nuclear and cell membrane receptors including thedear farnesoid X receptor (FXR) and the G
protein-coupled bile acid receptor 1 (GPBAR1, TGRY)

Cholic acid (CA,1, Figure 1) is a primary BA in human and the moshserved BA among
mammal speciesIn structural terms, it bears three hydroxyl gmapiented on the polar concave
side of the molecule at positionsoC C;a and Goa, respectively. This feature bestows high
solubility and relatively poor detergency to CA hvitespect to other endogenous BAGiven its
facial amphipathic properties and ensuing ability form micellar aggregates with specific
supramolecular arrangement, CA has been extensussgyg as building block in supramolecular
chemistry to transport ion and polar molecules ssthe membran@® From a pharmacological
point of view, CA is devoid of activity toward FXRECse> 100 uM) and shows a moderate
agonistic activity at TGR5 (Bg= 13.6 uM),*"*? that accounts for its ability to prevent metabolic
syndrome in diet-induced obese mideMoreover, it has been reported to act as endogenou
regulator of the intestinal microbiome, whose dbfuilm is critical for human health and
diseasé**®> The European Medicines Agency has recently givpnsitive recommendation for the
therapeutic use of CA in the treatment of inbomomrof primary bile acid synthesis*’

During its journey in human body as signaling honear as carrier of compounds across lipid
bilayer, CA is exposed to many processes of madeadcognition by different biological targets
and environments that include enzymes, receptaassporters and cell membranes. Molecular
recognition is a complex and dynamic event thabivies the conformational rearrangement of both

binding partners according to their energetic laagss-®



Page 5 of 23 Medicinal Chemistry Communications

’, 29 OH 6 (01)

2 ‘ ‘
HO" “'OH

1 2

Figure 1. Chemical structures of Cholic acid (CA) and isolmeia acid. Arrows indicate torsional

angles used for the conformational analyses.

The binding of ligand to its biological target detenes a restriction of the conformational freedom
to a bioactive conformation that may be differewini the global energy minimum of the solvated
molecule. Survey studies have reported that logalmum conformations are generally preferred
by ligands when binding to proteins and acceptalleformational strain energies of bioactive
conformations are very often lower than 5 kcal/maf.

Likewise to other BAs, CA is endowed with a rigi@reid scaffold and a flexible side chain that
counts four torsional angles. Assuming that each ohthese angles can exist in three distinct
rotational states, BAs can theoretically adopt @&hfarmations, distributed between different
energetic states.

Previous pioneering works have contributed to diggdis on the importance of the conformation of
the side chain of BAs in affecting some of theiygihochemical parameters related to detergency
and biological propertie€:® Likewise, controlling the conformational profild €A has been
reported as pivotal to tune the property of theauole as synthetic membrane transpdttér. this
work, we report a thorough study on the confornratiqoroperties of CA, using density functional
theory (DFT) and nuclear magnetic resonance (NMiJliss to characterize the number and
properties of minima conformations. The influendettee steroid nucleus on the conformational

profile of the side chain is also investigated leyfprming a comparative conformational analysis
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with isohexanoic acid2j, a molecule mimicking the side chain of CA. Ay of structures co-
crystallized with CA in the protein data bank (PBB3 finally reported with the aim of identifying
the number and properties of bioactive conformatiadopted by the side chain of this versatile

molecule.

Results and Discussion.

In order to locate all of the possible minima caonfations of CA, a systematic pseudo-Montecarlo
routine (SPMCY was used to rotate the four torsional angles:@G~Coo-Co1 (0 dihedral); G-
Co0-CoxCys (B dihedral); Go-Cy2-Cp3-Cos (y dihedral); G»Cy3-Cps-O1 (0 dihedral). After DFT
B3LYP/6-31++G** energy minimization of the resuljrtonformations using the standard Poisson-
Boltzmann solvent modéf,19 unique minima conformations were found withinemergy window

of 15.3 kcal/mol from the global minimum (Table The population (p of each minimum
conformation was calculated at 300 K as percentsgey the Boltzmann distribution. A distance
matrix of these conformations was generated usiagdot mean square deviation values (RMSD)
as calculated on the carbon atoms and hydroxyl exygtoms (Table S1 of supporting
information). This matrix was instrumental to penfoa multidimensional scaling (MDS) analysis,
and provide a map of the conformational statesAf(Eigure 2) in which conformations laying in
close proximity share similar geometries of sidaichorsional angles. In order to get more insights
into the properties of these minima points, FigBirdepicts a plot of the distance (A) between C

and Q versus the polar surface area (PSA) for each of the comdtions.
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Table 1. Minima conformations of CA with relative values dbrsional angles (dihedral),

conformational gap energy from global minimufdij, Boltzmann population (p solvation energy

and dipol€’
p; at Solvation
Dihedral | Dihedral | Dihedral | Dihedral AE AE Dipole
Name 300K Energy
a B y 5 (kcal/mol) | (kJ/mol) (Debye)
(%) (kcal/mol)
Conf.4 -179.4 -159.1 174.1 74.2 0.0 0.00 768 -92.9 424
Conf.1 173.4 61.9 -174.2 -66.8 1.0 4.0 15/4 926 074
Conf.39 -60.4 -69.1 154.4 157.7 1.4 5.9 7.1 785 0.3
Conf.13 85.7 -155.0 71.3 80.3 3.3 13.6 0.8 -84.3 125
Conf.12 -56.4 -159.3 64.5 66.5 3.7 15.3 0.2 -89.2 823
Conf.11 -62.3 -88.3 67.6 136.9 4.0 16.6 0.1 -79.0 652
Conf.54 95.3 84.8 82.2 -43.6 4.6 19.1 0.04 -91.7 839
Conf.38 727 86.0 -145.8 52.1 4.9 20.4 0.02 -78.7 30.2
Conf29 | 1129 -79.3 -62.8 156.7 5.2 21.7 0.01 -87.9 28.0
Conf.37 | -175.1 73.7 -63.1 -55.4 6.0 25.0 0.0p3 986.| 27.6
Conf.56 81.3 -147.7 172.8 87.9 6.0 25.3 0.0p3 -86.8 31.0
Conf.32 -61.7 -161.7 52.0 62.2 6.4 26.9 0.0p2 -86.4 37.5
Conf.33 66.3 62.8 65.5 -67.0 6.7 28.0 0.001 911 653
Conf63 | 171.4 -128.8 70.0 103.5 6.8 28.3 0.001 1-86. 27.2
Conf.36 56.9 -101.1 -42.6 133.0 7.9 33.1 <0.001 .180| 30.3
Conf.15 71.3 69.1 -106.9 -59.7 8.9 37.1 <0.001  385. 245
Conf.14 | -56.2 -179.8 -81.0 44.9 8.9 37.1 <0.001 .084| 309
Conf.61 -60.2 86.9 70.8 -52.0 10.2 42.8 <0.001  183.[ 29.6
Conf35 | -60.2 -63.9 -54.5 161.0 15.3 63.8 <0.001 5.87 34.7

& Minima conformations are sorted in ascending ood@onformational gap energgg) from the global minimum

(conf.4).




Medicinal Chemistry Communications

Dim2
63
[ ]
15 2
56 ° 4
° . 54 °
1
(@)
29
([ ]
13 37
[ ] [ ]
32 Diml
14 °
° 12
36 35
° 61 °
[ ]
11
38 39
° O

Page 8 of 23

Figure 2. MDS map (Kruskal Stress = 0.128) of 19 minima comiations of CA. Top energetic

favoured minima conformations (conf.4, .1, .39) iadicated in white circles. Dim1 and Dim2 are

dimensional descriptors generated by the MDS aisalys the basis of the distance matrix of

RMSD values (A) between minima conformations of Able S1 of supporting information).
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Figure 3. Plot of distance (&-Os) versus PSA values of minima conformatiortsach

conformation is colored accordingttee Boltzmann distribution from blue (highly popidd) to red

(poorly populated).
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Figure 4. Most populated minima conformations of CA) Global minimum conf.4; b) local
minimum conf.1; ¢) superposition of folded minimanéormations (conf.39, .11, .38, .37), the

intramolecular hydrogen bond is shown as red dabhedn conf.39, .11 and .38.

The inspection of this plot shows the presencdadfled’, ‘semi-extended’ and ‘extended’ minima
conformations endowed with increasing PSA, thahspeange of distances from 10 A to 14 A with
PSA values from 173 Ato 216 K. Most of these conformations are within the ingéri1-13 A of
C,4-O3 distance. In particular, a fully ‘extended’ confation of the side chain features the global
minimum of CA (conf.4, g= 76.8%), witha, (3, andy dihedrals adoptingrans conformations and
dihedral assuming gauche conformation. Of note, the plane of the carboxgroup is placed
perpendicular to the steroid nucleus, withy Being inanti with respect to &, and one carboxylic
oxygen oriented on the-face (Figure 4a). The methyl group of the sideirtti@;;) is in gauche
with respect to & andanti with respect to ¢ as well as to the carboxylic group. As a reshi, t
PSA (= 216.8 A) as well as the dipole moment (Dipole = 42.4 d§fethe global minimum are
the highest among all of the minima points of CAalfle 1). Given its specific disposition
perpendicular to the steroid plane and contiguouthé a-face, the carboxylic group extends the
PSA of thea-face in the global minimum of CA, bestowing bets@nphipathic property to such a

conformation. The closest local minimum to the glominimum conformation of CA is conf.1;(p
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= 15.4%, Figure 4b). In this local minimura, andy dihedrals of the side chain are tirans
conformations, while and & dihedrals adopgauche conformations. Although conf.1l is also
endowed with a relative large PSA, its side chaitess extended than conf.4, being &lipsed
with respect to & As a consequence, it is likely that this local maom may have a reduced
compliance to the amphipathic property of the malecThe inspection of figure 3 reveals also four
‘folded’ conformations ofl with distances betweem£and Q of 10 A, and low values of dipole
moment (Table 1) as well as PSA (conf.39, .11, .38). Three of these local minima points
(conf.39, .11, .38) feature an intramolecular hgam bond involving the carboxylic group and the
hydroxyl moiety in G, (Figure 4c). Although three of these conformati@ne not significantly
populated (conf.11;p= 0.1%; conf.38 p= 0.02%; conf.37 jp= 0.003%), conf.39 shows a @f

7.1%, suggesting a fair presence of this local mimn in solution at 300 K.

Of note, conf.11, .37 and .38 incorporate tmams torsional angle (conf.1% dihedral; conf.37a
dihedral; conf.38y dihedral) and thregauche angles (conf.11a, B, y dihedrals; conf.378, y,
dihedrals; conf.38a, 3, & dihedrals) in the side chain, whereas the sidenabiaconf.39 has two
trans torsional anglesy( d dihedrals) and twgauche angles @, B dihedrals). This observation may
account for the more energetic favored state ofldtier conformation over the formers, with less

strain energies associated to thans torsional angles than to tigauche dihedrals.

Figure 5. Extended (a) and folded conformation (b) of theesitiain. NOE effects of protons in

positions G; and Gs (red labeled) are studied to assess the confaymafithe side chain.
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The conformational profile of CA was also investegh using NMR-correlation spectroscopy
(COSY), heteronuclear multiple-quantum correlatigtMQC) and nuclear Overhauser effect
spectroscopy (NOESY¥. The aim of this part of the study was to experitaln pinpoint the
presence of the folded conformation (conf.39) in. @Acording to DFT studies, this conformation
is not significantly populated (= 7.1%) at 300 K in water. Hence, we envisageduto NMR
experiments using conditions to favor its populatiate and focusing on the variation of the
Overhauser effect (NOE) related to protons p &d Gs. As illustrated in Figure 5, these atoms
can be useful to study ‘extended’ or ‘folded’ camf@tions of the steroid side chain. NOESY
experiments were thus performed for CA and itswodsalt (concentration 0.014 N2 using an
aprotic solvent at different decreasing temperat@€0 K, 280 K, 260 K and 240 K). The solvent
was THF-d8/DMSO-d6 (3.5:1, v/v) because it provede¢ the best solvent in the range of adopted
temperatures. From a careful analysis of the regkligure 6, Table S2 of supporting information),
a variation of the NOE effect was observed as tegufrom the protons located apGand Gs. In
particular, their relative ratio varied from 1:103B K) to 1:3.4 (240 K), suggesting a lower
conformational freedom of the CA side chain at Itemperatures as a consequence of the
stabilization of the intramolecular hydrogen bonetween the Ga hydroxyl group and the
carboxylic moiety of the side chain. Indeed, th@déd’ conformation (conf.39) justifies a reduced
distance between the,fla/C,3Hb and the & methyl group as well as a more pronounced NOE
effect. On the contrary, a free rotation of frandy-angles would be allowed without this hydrogen
bond ensuring the spatial equivalence of the cparding protons (Figure 5a), as observed at room
temperature. Noteworthy, the NMR analysis of sodigholate provides further experimental
evidence supporting the ‘folded’ conformation of CFArstly, we found that the & methyl group
has a NOE effect almost exclusively with the & an effect that was nearly absent with the
epimeric proton demonstrating the absence of camdtional freedom of the side chain. Secondly,
this NOE interaction was clearly evident even ab 30 indicating a more stable ‘folded’

conformation in the presence of a charged carbtygoup at this temperature (Figure S1 of
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supporting information). Finally, the analysis bétrow associated with the selective irradiation of
the proton at Ga position of the sodium cholate evidenced a wealEN@ect between the;gH
and GgzHb (Figure S2 of supporting information), furthesnéirming the ‘folded’ conformation

shown in Figure 5b.
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Figure 6. NOE effect between the protons a @nd Gs position of CA at different temperatures.
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Although the ‘extended’ global minimum (conf.4) atie ‘semi-extended’ local minimum (conf.1)
would suggest a small influence of the steroid euglon the conformational profile of the side
chain, the ‘folded’ conformation of CA (conf.39)ipts out that this is not the case, highlighting an
important role for the steroid nucleus. To furtherestigate the impact of the steroid nucleus @n th
conformational profile of CA, we carried out a comhational analysis on isohexanoic acid using
SPMC and DFT B3LYP/6-31++G**. Isohexanoic acid msnihe side chain of CA without the
steroid nucleus. Using the same computational pobtdescribed above for CA, the following
dihedral angles were analyzed-Cy-Cs-C; (B dihedral); G-Cs-C,-C; (y dihedral); G-C,-C;-O; (0
dihedral). As a result, 9 unique minima conformagiovere found within an energy window of 2.4
kcal/mol from the global minimum (Table 2). Of nptee global minimum of isohexanoic acid
(conf.iv, p = 27.3%) shows a distinct pattern of tains geometries for dihedra[$d with respect

to the same angles found in the global minimum &f Conversely, its closest local minimum
(conf.iii, pp = 27.0%) displays a pattern of dihedradgsche-()/trans-(y)/gauche-(d)] similar to
that observed in the ‘semi-extended’ local minimoih©CA (conf.1). Other medium populated local
minima of isohexanoic acid (conf.ii; p 18.9%; conf.i, p= 16.9%) have patterns of side chain
dihedrals that are not observed in the most pogdlatinima conformations of CA (conf.4, conf.1,
conf.39). Hence, these observations suggest tlattiroid nucleus does play a major role in
influencing the conformational profile of the sideain of CA at different levels. Firstly, it enlag
the number of minima conformations by the rotatioh the a dihedral angle (19 minima
conformations of CAsersus 9 minima conformation found in isoexanoic acid).the same time,
the steroid nucleus bestows some rigidity to tlde shain, favoring the population of mainly one
out of three major minima conformations (conf;4¥6.8%; conf.1 p= 15.4%; conf.39p= 7.1%)

as compared to the four populated minima confoiwnatobserved in the isohexanoic acid (conf.iv
pi = 27.3%; conf.ii p= 27.0%; conf.ii p= 18.9%; conf.i p= 16.9%). Lastly, it impacts on the
geometry of the side chain dihedrals by providin@gris interactions and stereospecific

intramolecular hydrogen bond (conf.39).
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Table 2. Minima conformations of isohexanoic acid with ralat values of torsional angles

(dihedral), conformational gap energy from globahimum QAE), Boltzmann population {p

solvation energy and dipofe.

p; at Solvation
Dihedral | Dihedral | Dihedral AE AE Dipole
Name 300K Energy
B y 5 (kcal/mol) | (kJ/mol) (Debye)
(%) (kcal/mal)
conf.iv 171.7 -176.3 169.6 0.0 0.0 27.3 -76.9 151
conf.iii 64.4 175.5 11.0 0.01 0.03 27.0 -76.9 15.1
conf.ii 169.9 -64.4 138.3 0.2 0.9 18.9 -75.8 12.7
conf.i 65.5 63.9 -135.4 0.3 1.2 16.9 -75.7 12.6
conf.ix -63.3 179.7 1.1 1.2 5.2 3.5 -76.8 14.9
conf.v 175.7 81.0 45.1 1.3 5.7 2.8 -75.6 12.6
conf.vi 61.0 -80.2 -47.5 1.4 5.8 2.6 -75.6 12.6
conf.x -61.5 77.2 48.0 2.3 9.8 0.5 -75.7 12.3
conf.xi -65.8 -77.3 135.4 2.4 10.2 0.4 -75.6 12.3

& Minima conformations are sorted in ascending ood@onformational gap energgg) from the global minimum

(conf.IV).

b

d
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Figure 7. Most populated minima conformations of isohexarawi.a) Global minimum conf.iv;

b) local minimum conf.iii; ¢) local minimum conf.id) local minimum conf.i.
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Figure 8. The global minimum of CA (conf.4, red sticks) supgrosed with its closest bioactive
conformations from Table S3 of supporting inforroatib) The high populated local minimum of
CA (conf.1, blue sticks) superimposed with its ektsbioactive conformations from Table S3 of

supporting information.

Upon binding to a target protein, the conformatlomegree of freedom of CA is confined to a
specific biologically active conformation. Then, iorder to get insights into its bioactive
conformations, we carried out a survey of the atocoordinates of CA into crystallographic
complexes. A set of 11 entries was collected irioydtransporters and enzynf®g?® and
comprising 39 conformations of CA. These conforovai can be grouped into 7 distinct bioactive
conformations according to the neantgns andgauche geometries of dihedral anglesd (group
A-G, Table 3). In particular, the most found bioaetconformation (group A) shows dihedral
geometries in agreement with the global minimumCdt (conf.4), featuring drans-(a)/trans-
(B)/trans-(y)/gauche-(d) pattern of dihedrals in the side chain. Anoth&ero found bioactive
conformation of CA (group B) bears the patternideschain dihedrals observed in conftiaps-
(a)/gauche-(B)/trans-(y)/gauche-(d)]. Of note, the remaining five groups (C-G) hawetterns of
side chain dihedrals that are not observed in thgmpopulated conformations of CA (conf.4,

conf.1, conf.39).
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Table 3. Groups of bioactive conformations of CA accordiagieometries of side chain dihedrils.

Group Dihedral a Dihedral 8 Dihedral y Dihedral & Entry

3ELZ-1; 3ELZ-3;
3ELZ-4; 3ELZ-T;
A trans trans trans gouche 3ELZ-9; 3EMO0-4;
3EMO0-6; 2Q05-2;
1TW4-1

3ELZ-13; 3EMO-5;
B trans gouche trans gouche 3EMO-8; 2FT9-2;
2Q04-1; 2Q06-4

1EE2-1; 3ELZ-5;

3ELZ-6; 3EMO-1,;

3EMO0-2; 3EMO-3;
3EMO-7

C trans trans gouche gouche

1EE2-2; 2DQY-2;
D trans trans gouche trans 3ELZ-11; 2FT9-1;
1TWA4-3; 1TW4-4

2DQY-1; 3ELZ-2;

E trans trans trans trans 3ELZ-12; 2Q05-3;
1TW4-2
F trans ouche trans trans 2RLC-1; 2AZY-1;
g 3ELZ-8; 3ELZ-10
G trans gouche gouche gouche 3EMO0-9

# Nearlytrans dihedrals are defined those angles with valuesdsati+120 andt+180 degrees; nearbjauche dihedrals

are defined those angles with values between @a2@ degrees.

Although this result may suffer from the experingnincertainties of ligand atomic coordinates
associated to the use of complexes with poor oriunedesolution daté’ it points out a clear
preference of CA to bind biological targets in ®Emxtled’ (conf.4) and ‘semi-extended’
conformations (conf.1). This observation is furtsapported when RMSD values are calculated to
identify which one of the major populated conforimas of CA (conf.4, conf.1, conf.39; pi > 99%)
is closest to the bioactive conformations. Whiléiaactive conformation close to the ‘folded’

conf.39 minimum was not observed, bioactive confiiroms close to conf.4 (global minimum) and
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conf.1 were found in the 67% and 33% of instan€&gufe 8, Table S3 of supporting information),
reflecting their ranking of energetic values. Ttiend is also observed after the removal of entries
with poor resolution factors (resolution > 2 A, ®al$3 of supporting information). Collectively,
these results are in agreement with some large-ssaldies in literature on the bioactive
conformational changes of drug-like molecules, gstjgg a general trend of ligands to adopt an
extended conformation when binding to target pratewith exposed hydrophobic surfaces

contacting to protein residu&s.

Once observed conf.4 and conf.1 of CA in biologe@alironments, an open question is whether the
‘folded’ conf.39 may have any biological meaningcs it was identified as most populated in a
biologically not compatible aprotic solvent. Suppgy a hypothetical biological function of
conf.39, it is worth mentioning that the aprotitvemt may mimic to some extend conditions found
in the environment of biological membranes. Presistudies have shown that conjugation with CA
aids the passive transport pathway of small peptatoss the intestinal epithelium, beside the
active transport pathway mediated by the intestiilal acid carrief® Accordingly, the less polar
‘folded’ conformation of CA may account for bettateraction properties of this compound within
membrane lipid bilayers, favoring the passive tpams properties of CA. Sustaining further this
hypothesis, a recent study has shown the impasteoospecific intramolecular hydrogen bond on

increasing cell permeability of compouris.

Conclusions.

The conformational profile of CA is found to be gomsed of 19 minima, with three of them
accounting for more than 99% of the Boltzmann fdistron at 300 K. A comparative

conformational analysis with isohexanoic acid ssggea major role for the steroid nucleus in
influencing the conformational profile of CA, bestag rigidity to the BA side chain as well as
determining the geometry of side chain dihedralse Textended’ side chain conformation of CA

(conf.4) is the global minimum, and is often addptas bioactive conformation in crystal
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complexes. Bioactive conformations close to thenisextended’ extended conformation of CA
(conf.1) are also adequately found in binding sitegroteins. Although the folded conformation of
CA (conf.39) was hitherto only observed in NMR exyments using an aprotic solvent system, it
may account for specific properties of this prim8#y, such as better cell permeability, as well as
provide a suitable template for the design of aams¢d analogues as chemical tools to unravel the

complexity of BA signaling pathways.

Experimental Parts.

Conformational analysis. Given its pKa of 5° CA is fully deprotonated at physiological pH, aasl
such it was modeled in this study. Likewise, is@r®ic acid was considered in the deprotonated
form to mimic CA side chain properties. Conformatibanalyses were carried out using two stages
of calculations. Firstly, the systematic pseudo-Mearlo method (SPME) of MacroModel
(version 9.9) was applied to locate all possiblefeonational minima of CA and isohexanoic acid.
The calculation was performed using the OPLS-20@k fand implicit water solvent. The
maximum number of steps was set to 100.000 anduhber of steps for each of the four selected
rotatable bonds to 10.000 (Figure 1). The numbemajue structures to be saved for each rotatable
bond was set to 150.000 within an energy windove®@fkcal/mol from the global minimum. The
root mean square deviation (RMSD) cutoff to remmaundant conformers was set to A.JEach
conformation was submitted to energy minimizatismg the OPLS-2005 force field, the truncated
newton conjugated gradient (TNCG) method, a maxinmumber of 100.000 iteration steps, and a
convergence gradient criteria of 0.05 kcal/mol/AM$D values calculated on C.sp3, C.sp2, O.sp3
atoms of CA, and C.sp3, C.sp2 of isohexanoic ackdewused for the selection of the relative
unique conformations (RMSD < 0.1 A). As a resut,c@nformations for CA and 16 conformations
for isohexanoic acid were found and submitted ® ghcond stage of calculations, consisting in
geometry optimizations with DFT B3LYP/6-31G** andfdse++ function. All DFT calculations

were carried out using Jaguar (version 7.9) asamphted in Schrodinger suite, with a maximum
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grid density and an ultrafine accuracy level. Stbrafree energies in water were calculated using
the standard Poisson-Boltzmann solvent mdtiBlesulting DFT optimized geometries of CA and
isohexanoic acid minima conformations were respelsticompared on the basis of RMSD values
and visual inspection to discard multiple copiethef same minima conformations (RMSD < 0.1 A,
calculated using C.sp3, C.sp2, O.sp3 atoms fora®d,C.sp3, C.sp2 atoms for isohexanoic acid). A
total of 19 and 9 unique geometric structures watfative energies were thus obtained for CA and
isohexanoic acid, respectively. The RMSD value<éf were also used to construct a distance
matrix of 19 conformations necessary to perform altidimensional Scaling (MDS) analysis.
The aim of this method is to build a mapping ofesies of individual conformations from the
distance matrix between these individuals. To baiddoptimal representation, the MDS algorithm
minimizes a criterion called "Stress". The closethie stress to zero, the better is the represamtat
The polar surface area for each of the minima aomftions was calculated using the fraction of
hydrophilic surface accessible to the solvent aplemented in Qikprop program. Boltzmann
distribution at 300 K was calculated with a sciipplemented in Maestro.

NMR Sudies. NMR spectra were obtained with a Bruker AC 400 &MBbpectrometer and the
chemical shifts are reported in parts per milligpr). Spectroscopic analyses were performed
using the following conditions:

- Solvent system: THF-d8 and THF-d8/DMSO-d6 (3.%:1y) were found to be the best solution at
the different ranges of temperature employed fer dhalysis of cholic acid and sodium cholate,
respectively.

- Concentration: the bile acid concentration wasdi below 0.5 M to avoid the formation of
micellar aggregates and head-to-tail interacti@axh experiment was thus conducted dissolving 5
mg of compound in 0.9 mL of THF-d8 or of a mixturelF-d8/DMSO-d6 (3.5:1, v/v), yielding a
concentration of 0.014M.

- Temperature: the experiments were performed t¢rent temperatures (300 K» 240 K).

Noteworthy, NMR experiments at 300 K were instrutaémo assign the correct frequency for
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protons and carbons of CA and its sodium salt,tarambmpare them with those previously reported
in the literature’”

Survey of bioactive conformations of CA. Experimentally determined atomic coordinates éf C
were taken from Ligand Exp8,a database linked to the PDB which provides atamardinates of
ligands found in complexes deposited in the mairBPW/e then assessed the proximity of the
bioactive conformations to the 19 minima conformasi found in the side chain of CA (Table S1),

calculating the RMSD on C.sp3, C.sp2 and O.sp3 siwithe molecule.

Supporting Information. Table S1 reports the distance matrix of 19 minimaf@rmations of CA.
Table S2 contain§C and'H resonance assignments for CA and its sodiumas&00 K. Table S3
contains RMSD values (A) of bioactive conformatiaisCA from minima conformations. Figure
S1 shows NOE effect between the methyl at @sition and the protons located aida and
Co3Hb at 300 K. Figure S2 shows row associated wighstilective irradiation of the proton ai@

position.
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