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Abstract We characterized the air-water interfacial proper-
ties of four monofluorinated bile acids alone and in binary
mixtures with a common lecithin, 1-palmitoyl-2-oleoyl-

 

sn

 

-glyc-
ero-3-phosphocholine (POPC), using an automated Lang-
muir-Pockels surface balance. We compared 7

 

�

 

-fluoromuro-
cholic acid (FMCA), 7

 

�

 

-fluorohyodeoxycholic acid (FHDCA),
6

 

�

 

-fluoroursodeoxycholic acid (FUDCA), and 6

 

�

 

-fluoroche-
nodeoxycholic acid (FCDCA) with their natural dihydroxy ho-
mologs, murocholic acid (MCA), hyodeoxycholic acid (HDCA),
ursodeoxycholic acid (UDCA), and chenodeoxycholic acid
(CDCA). For further comparison, two trihydroxy bile acids,
3

 

�

 

,6

 

�

 

,7

 

�

 

-trihydroxycholanoic acid [

 

�

 

-muricholic acid
(

 

�

 

-MCA)] and 3

 

�

 

,6

 

�

 

,7

 

�

 

-trihydroxycholanoic acid [

 

�

 

-muri-
cholic acid (

 

�

 

-MCA)], with isologous OH polar functions to
FMCA and FUDCA were also studied. Pressure-area isotherms
of MCA, HDCA, UDCA, CDCA, and FMCA displayed sharp
collapse points. In contrast, FHDCA, FUDCA, and FCDCA
formed monolayers that were less stable than the trihydroxy
bile acids, displaying second-order phase transitions in their
isotherms. All natural and fluorinated bile acids condensed
mixed monolayers with POPC, with maximal effects at mo-
lar bile acid concentrations between 30 and 50 mol%. Exam-
ination of molecular models revealed that the 7

 

�

 

-F atom of
the interfacially stable FMCA projects away from the 6

 

�

 

-OH
function, resulting in minimal steric interactions, whereas in
FHDCA, FUDCA, and FCDCA, close vicinal interactions be-
tween OH and F polar functions result in progressive bulk
solubility upon monolayer compression.  These results pro-
vide a framework for designing F-modified bile acids to mimic
or diverge from the natural compounds in vivo.

 

—Kauff-
man, J. M., R. Pellicciari, and M. C. Carey.
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Bile salts are biologically relevant amphiphiles that solu-
bilize biliary and dietary lipids and exert homeostatic con-
trol over the body’s cholesterol metabolism. They act as nat-
ural ligands for the farnesoid X receptor (FXR), a key nuclear
transcription factor (1) that regulates many crucial steps
in bile salt synthesis, metabolism, and transport. Bile salts
are essential for solubilization of sterols (2), thereby promot-
ing their dispersion and secretion within the biliary tract as
well as their absorption from the small intestine. The num-
ber, position, and orientation of OH substituents on the
steroid nucleus of these amphiphilic molecules are func-
tionally expressed in interfacial properties (3, 4) that in-
fluence not only detergency and dispersion properties but
also interaction with both transcription factors and trans-
porter proteins (1, 2). These properties can be elucidated
using bile acids with undissociated carboxylic acid side
chains by means of compression of monomolecular layers at
an air (which is mostly hydrophobic N

 

2

 

)-water interface at
constant temperature (3, 4). The generation of surface pres-
sure-molecular area (

 

�

 

-A) isotherms reflects the lateral
pressures between molecules as functions of their com-
pression into smaller occupancy areas (5). With respect to
the common dihydroxy bile acids, 

 

�

 

 values are increased
with compression until they reach a sharp collapse point,
after which further compression leads to the formation of
trimolecular layers without additional changes in surface

 

�

 

 (4, 6). Because bile acids are not volatile at ambient
temperatures, deviation from this behavior represents
bulk solubility of the molecules (4, 5). Prior work (3, 4, 6)
has established that the air-water interfacial orientation of
the steroid nucleus in all common dihydroxy bile acids is
parallel to the interface with the 3

 

�

 

-OH group acting as
the principal molecular anchor in the aqueous subphase.
Addition of a monohydroxy sterol, such as cholesterol,
or a common phospholipid, such as 1-palmitoyl-2-oleoyl-

 

sn

 

-glycero-3-phosphocholine (POPC), to monomolecular
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layers of common bile acids does not affect this horizontal
orientation of the molecules and invariably leads to marked
condensation of the mixed monolayer (3, 4).

We demonstrated recently (7) that F substitution for a sin-
gle hydrogen atom on the steroid nucleus of cholesterol, or
multiple F substitutions on cholesterol’s side chain, failed to
appreciably perturb the surface physical-chemical properties
of the sterol (7), confirming bulk work done earlier with
these molecules (8). Nonetheless, it is known that F substitu-
tion in proximity to functional groups can affect enzymatic
processes substantially, as demonstrated by the inhibition
of cholesterol 7

 

�

 

-hydroxylation by fluorination at the C-6
position of the sterol (9). The F-carbon bond is highly sta-
ble (10) and has an effective van der Waals radius similar to
H in the C-H bond (7, 10). Moreover, such substitution has
the potential to be detected at the ultrastructural level in vivo
by electron spectroscopic imaging, which localizes individual
atoms by using the characteristic energy loss of primary
electrons (11–13). In addition, minimal F modification of
bile acids may substantially alter their affinity for the FXR,
the canonical transcription factor for the dihydroxy and
trihydroxy bile acids (1, 14–19). Clearly, potential pharmaco-
logical advantages should emerge from the ability to enhance
or diminish FXR activity by F-modified bile acids (20).

We used an automated Langmuir-Pockels surface balance
(3, 7) to characterize the interfacial properties of four mono

F-substituted dihydroxy bile acids and to determine whether
F-substituted bile acids resemble the parent compounds. We
compared them with their respective natural dihydroxy ana-
logs, alone and in binary mixtures with a common phospho-
lipid, POPC. Because of the potential for hydrophilic F-sub-
stitution to enhance aqueous solubility, we compared two of
the F-substituted dihydroxy bile acids with natural trihydroxy
bile acids containing isologous OH orientations and positions.
For this purpose, we chose 3

 

�

 

,6

 

�

 

,7

 

�

 

-trihydroxycholanoic
acid [

 

�

 

-muricholic acid (

 

�

 

-MCA)] and 3

 

�

 

,6

 

�

 

,7

 

�

 

-trihydroxy-
cholanoic acid [

 

�

 

-muricholic acid (

 

�

 

-MCA)], which are pre-
dicted a priori to form unstable monolayers at the air-water
interface (4). We found that three of the four mono F-substi-
tuted bile acids deviate markedly from the parent analogs
because of increased hydrophilicity reflected in interfacial
properties similar to those of the trihydroxy 

 

�

 

- and 

 

�

 

-MCAs.
Nonetheless, the interfacial properties of all monofluori-
nated bile acids are similar to those of the native homologs
in their ability to condense mixed monolayers with POPC.

EXPERIMENTAL PROCEDURES

 

Materials

 

Monofluorinated bile acids, 7

 

�

 

-fluoromurocholic acid (FMCA),
7

 

�

 

-fluorohyodeoxycholic acid (FHDCA), and 6

 

�

 

-fluorochenode-

Fig. 1. A: Surface pressure-molecular area (�-A) isotherms at which � is plotted against A for spread mono-
molecular layers of murocholic acid (MCA), hyodeoxycholic acid (HDCA), ursodeoxycholic acid (UDCA),
and chenodeoxycholic acid (CDCA) at 21 � 0.5�C on a 5 M NaCl subphase at pH 3. B: �-A isotherms for 7�-
fluoromurocholic acid (FMCA), 7�-fluorohyodeoxycholic acid (FHDCA), 6�-fluoroursodeoxycholic acid
(FUDCA), and 6�-fluorochenodeoxycholic acid (FCDCA) under the same experimental conditions. The
�-A isotherms of CDCA, UDCA, MCA, and FMCA exhibit sharp collapse points, whereas those of HDCA, FH-
DCA, FCDCA, and FUDCA show second-order phase transitions, as continuous increases in � accompany all
monolayer compressions.
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oxycholic acid (FCDCA), were synthesized as detailed elsewhere
(21). 6

 

�

 

-Fluoroursodeoxycholic acid (FUDCA) was generously
provided by Novartis Pharmaceuticals, Inc. (East Hanover, NJ).
Highest purity dihydroxy bile acids, 3

 

�

 

,6

 

�

 

-dihydroxycholanoic
acid (MCA), its 6

 

�

 

-OH epimer, 3

 

�

 

,6

 

�

 

-dihydroxycholanoic acid
[hyodeoxycholic acid (HDCA)], 3

 

�

 

,7

 

�

 

-dihydroxycholanoic acid
[ursodeoxycholic acid (UDCA)], and its 7-OH epimer, 3

 

�

 

,7

 

�

 

-
dihydroxycholanoic acid [chenodeoxycholic acid (CDCA)], were
purchased from Sigma Chemical Co. (St. Louis, MO). Highly pu-
rified 

 

�

 

-MCA and 

 

�

 

-MCA were generous gifts from Tokyo-Mit-
subishi Co., Ltd. (Tokyo, Japan). Bile acid purities were 

 

�

 

99% as
assessed by TLC on silica plates (Fisher Scientific, Pittsburgh,
PA) using butanol-acetic acid-water (10:1:1, v/v) as solvent. Syn-
thetic POPC was purchased from Avanti Polar Lipids (Alabaster,
AL) and found to be 

 

�

 

99% pure by TLC on silica plates us-
ing CHCl

 

3

 

/methanol/NH

 

4

 

OH (65:25:4, v/v) as mobile phase.
HPLC-grade organic solvents were purchased from Fisher Scien-
tific and shown to be free of surface active impurities by layering
100 

 

	

 

l onto the subphase and observing no appreciable devia-
tion from zero pressure during film compression. After reverse
osmosis, deionized water was distilled and filtered through acti-
vated charcoal. Sodium chloride was roasted at 

 

�

 

600

 

�

 

C in air for
6–8 h to oxidize and remove organic impurities. Glassware was al-
kali washed in ethanol/2 M KOH (1:1, v/v), then soaked in 1 M
HNO

 

3

 

, followed by generous rinsing in distilled water.

 

Spreading solutions

 

To prepare spreading solutions, stock solutions were com-
posed first in methanol/CHCl

 

3

 

 (8:2, v/v) at an estimated con-
centration of 12–15 mg/ml. These solutions were then filtered
through an organic solvent-resistant Millex-LCR13 0.5 

 

	

 

m filter
(Millipore, Billerica, MA). Dry weights were measured using qua-

druplicate 100 

 

	

 

l volumes, with evaporation of the solvent under
reduced pressure in a desiccator at 35

 

�

 

C for 1 h. Spreading solu-
tions for all bile acids and POPC were prepared with 3:1 hexane-
ethanol to yield final concentrations of 0.4–0.7 mM. To prevent
chemical degradation and evaporation, spreading solutions were
stored in Teflon-sealed containers under argon at 4

 

�

 

C for peri-
ods no longer than 6–8 weeks.

 

Measurements of surface pressures and molecular areas

 

�

 

-A isotherms were obtained using an automated Langmuir-
Pockels surface balance in a configuration as described previ-
ously (3, 7) consisting of an 8.5 

 




 

 36.5 cm Teflon-lined trough
and computer-controlled barriers (KSV Instruments, Ltd., Hel-
sinki, Finland). Minor modifications to the procedures were as
follows. Monomolecular layers of the natural dihydroxy bile ac-
ids and corresponding F analogs, alone and in binary mixtures
with POPC, were spread using 100 

 

	

 

l glass syringes (Hamilton
Co., Reno, NV) on a subphase of 5 M NaCl at pH 3 [in contrast
to pH 2 used by Fahey, Carey, and Donovan (3)], with tempera-
ture of 21 

 

�

 

 0.5

 

�

 

C. The natural trihydroxy bile acids (

 

�

 

-MCA and

 

�

 

-MCA) were studied as pure monomolecular layers only. All
spreading solvents were allowed to evaporate for 5 min before
surface compression of the monolayers. 

 

�

 

-A values at “lift-offs”
and collapse points (3, 22) were extrapolated from intersections
of tangents drawn on each side of the curves where the isotherms
deviated in a first-order manner. Between three and five individ-
ual isotherms were run for each bile acid and binary mixtures
with POPC, with lift-off areas reproducible to within 1%. Repre-
sentative isotherms are plotted in the figures. To estimate bulk
solubility of fluorinated bile acids, FUDCA was studied as a test
compound, with UDCA as a control. As in the other experi-
ments, pure monolayers of these bile acids were spread individu-

Fig. 2. �-A isotherms of FMCA and MCA with cross-sectional depictions of their respective ball-and-stick
molecular models shown at the air-water interface (horizontal solid lines). The isotherms of both FMCA and
MCA produce true collapse points at 21.5 and 19 mN/m, respectively, corresponding to molecular areas of
70 and 75 Å2. However, in contrast to other fluorinated bile acids and relative to the parent molecule, the iso-
therm of FMCA displays a higher collapse pressure. Of note is that the 7�-F atom and the 6�-OH group in
FMCA are not in close proximity, and both project isolaterally into the subphase.
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ally on identical (5 M NaCl, pH 3) subphases at 21 

 

�

 

 0.5

 

�

 

C. After
evaporation of the solvent, the surface area of the trough was de-
creased until 

 

�

 

 reached 10 mN/m, and the rate of diminution in
A values at this constant 

 

�

 

 value was recorded over 5 min.

 

Software for molecular modeling

 

ChemDraw Pro and Chem3D Standard (Cambridge Scientific,
Cambridge, MA) were used to develop two- and three-dimen-
sional models of the natural bile acids and their F derivatives. En-
ergy minimization of three-dimensional models was performed
whenever appropriate. The ball-and-stick molecular models are
drawn in the figures at hypothetical air-water interfaces with ar-
eas corresponding to projections of the molecules in a two-
dimensional gas.

 

RESULTS

 

Pure bile acid monolayers
Figure 1A

 

 shows the 

 

�

 

-A isotherms of the nonfluori-
nated natural bile acids MCA, HDCA, UDCA, and CDCA.
All isotherms demonstrate similar characteristics, exhibit-
ing low pressures at 2 and 3 mN/m for surface areas
greater than 120 Å

 

2

 

. With monolayer compression, all iso-
therms lift-off at molecular areas between 100 and 120 Å

 

2

 

,
after which further compression results in progressive in-
creases in 

 

�

 

 values. These findings are consistent with the
molecules lying flat at the air-water interface (3, 4), with
the OH groups of the steroid nucleus and the carboxylic
acid groups anchored in the subphase (4). With contin-
ued compression, collapse points occur at 

 

�

 

 values of 19,

27, 26, and 33 mN/m for MCA, HDCA, UDCA, and CDCA,
respectively.

 

2

 

 With compression beyond the collapse points,
the surface 

 

�

 

 values remain stable, except for a slight
downward decline in the case of HDCA, the only natural
bile acid studied with a 6

 

�

 

 (equatorial) -OH function. It
is apparent that this isotherm exhibits a second-order
phase transition between 65 and 75 Å

 

2

 

, suggestive of

 

�

 

-induced interfacial tilting of the molecules during com-
pression.

Figure 1B depicts the 

 

�

 

-A isotherms of the monofluori-
nated bile acids FMCA, FHDCA, FUDCA, and FCDCA.
As found with their natural congeners (Fig. 1A), all iso-
therms display low interfacial 

 

�

 

 values at A values greater
than 120 Å

 

2

 

. Upon compression, the characteristics of the
isotherms become distinctly different from those of the
native homologs. With the sole exception of FMCA, none
of the F-substituted bile acids demonstrate distinct first-
order collapse points. A true collapse point (FMCA) and ap-
parent collapse points (FHDCA, FUDCA, and FCDCA) in-

Fig. 3. �-A isotherms of FHDCA and HDCA with cross-sections of the corresponding molecular models at
the air-water interface. Both FHDCA and HDCA isotherms display second-order phase transitions, FHDCA
between 75 and 85 Å2 and HDCA between 65 and 75 Å2, with no clear collapse point in the case of FHDCA.
The sharp collapse point in the HDCA isotherm occurs at a sur face � of 27 mN/m and an A of 55 Å2.
The molecular models show that the 7�-F (axial) and 6�-OH (equatorial) groups are in moderately close
proximity.

 

2 

 

Previously reported 

 

�

 

 values at film collapse for spread monolay-
ers of UDCA and CDCA from this laboratory (3, 23) differ somewhat
from one another as well as from the collapse 

 

�

 

 values in the current
work. This is most likely attributable to differing conditions (pH, tem-
perature, composition of the subphase, and sizes of the surface bal-
ance troughs) used. Whereas the 

 

�

 

 values at collapse vary among stud-
ies, their rank order at the collapse points, as well as A values at lift-off,
remain consistent among these reports and are in general agreement
with the present work.
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Fig. 4. �-A isotherms of FUDCA and UDCA and cross-sections of molecular models for each at the air-
water interface. The FUDCA isotherm is shifted markedly to smaller molecular areas compared with the iso-
therm of UDCA, suggesting bulk solubility of the FUDCA molecules (proven experimentally in this work; see
Results). The collapse point for UDCA interpolates to a surface � of 26 mN/m and an A of 76 Å2. As sug-
gested by the molecular model, the 6�-F atom of FUDCA rests at the interface and lies in close proximity to
the equatorial 7�-OH group.

 

terpolate to 

 

�

 

 values of 21.5, 21, 20, and 22 mN/m,
respectively. The latter three collapse points are pseudo-
order because the surface 

 

�

 

 values continue to increase
with continued compression of the monolayers. In gen-
eral, in the case of F-substituted bile acids, the 

 

�

 

 and A val-
ues at collapse or second-order phase transitions are lower
than those of the natural dihydroxy bile acids, with the ex-
ception of FMCA. In this case, the 

 

�

 

 value is higher at
monolayer collapse and the A value is smaller than the
corresponding values for the natural congener (Fig. 1A,
B). Nonetheless, the same rank order of 

 

�

 

 and A (col-
lapse/pseudocollapse) values is generally followed for
F-substituted and natural bile acids.

 

Figure 2

 

 displays 

 

�

 

-A isotherms and three-dimensional
molecular models of MCA and FMCA at the air-water in-
terface. Inspection of the molecular models illustrates
that the 7

 

�

 

-F atom does not lie in close proximity to the
6

 

�

 

-OH group and, moreover, is remote from the 3

 

�

 

-OH
group. The isotherms exhibit striking similarities at mo-
lecular A values greater than 80 Å

 

2

 

. With progressive com-
pression, there is first-order collapse of the monolayer in
both cases, but with a smaller A and larger 

 

�

 

 for FMCA.
The molecular models show that the positioning of the
3

 

�

 

- and 6

 

�

 

-hydroxyl groups at the interface allows the
7

 

�

 

-F atom to project into the subphase, along with several
CH

 

2

 

 groups of the steroidal A and B rings. This configura-
tion does not alter the lift-off, slope, or collapse 

 

�

 

 or A val-
ues of the isotherms appreciably (note the near identity of

curves in Fig. 2) and suggests that the interfacial orienta-
tions of 3

 

�

 

- and 6

 

�

 

-OH functions are unaffected by F sub-
stitution at the 7

 

�

 

 position. Because the collapse point of
FMCA occurs at a higher 

 

�

 

 than is the case with MCA

 

,

 

these data suggest that the nonvicinal hydrophilic F actu-
ally stabilizes the bile acid in the interface, possibly be-
cause of aqueous immersion of several hydrophobic por-
tions of the steroid nucleus (Fig. 2, models).

 

Figure 3

 

 depicts 

 

�

 

-A isotherms and displays molecular
models for HDCA and FHDCA. The isotherm of the natu-
ral HDCA increases steeply with continued compression
and shows a second-order phase transition between 65
and 75 Å

 

2

 

 and an apparent collapse point at 

 

�

 

55 Å

 

2

 

. In
contrast, with FHDCA there is lift-off at a greater A value;
however, no distinct collapse point is evident in the iso-
therm, although a second-order phase transition occurs
between 75 and 85 Å

 

2

 

. At the second-order phase transi-
tions, the 

 

�

 

 value for FHDCA is smaller and the A value is
larger than the corresponding values for HDCA. Inspec-
tion of the molecular models shows that the 7

 

�

 

-F atom of
FHDCA is located at the air-water interface in close prox-
imity to the 6

 

�

 

-OH group (Fig. 3, models).

 

Figure 4

 

 plots 

 

�

 

-A isotherms of UDCA and FUDCA,
which are appreciably different from each other, and also
shows the molecular models of the bile acids. The iso-
therm of UDCA lifts off at a higher A value than FUDCA
and demonstrates a collapse at a similar A value (

 

�

 

75 Å

 

2

 

)
to the mid point of the second-order phase transition in
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the FUDCA isotherm. Inspection of the molecular models
shows that the 6�-F atom in FUDCA lies at the interface
in close proximity to the equatorial 7�-OH group. The
marked shift to the left in the FUDCA isotherm suggests
appreciable bulk solubility of the molecules beginning
with even the smallest compressions. This hypothesis was
tested empirically using changes in A values for FUDCA
and UDCA monolayers at constant � when spread individ-
ually on an identical subphase (see Experimental Proce-
dures). With compression to a constant � of 10 mN/m,
the isotherm of UDCA revealed no decline in A, whereas
the A value of FUDCA diminished by 8.5% with the pas-
sage of time (5 min). Based on this surface loss, an arith-
metic calculation indicates that at this � value, 3% of
FUDCA molecules leave the interface every 5 min (22).

Figure 5 plots �-A isotherms and molecular models for
CDCA and FCDCA. The FCDCA isotherm is shifted to the
left, with a more gradual increase in � after lift-off com-
pared with the natural CDCA. After collapse at an A value
of �73 Å2, further compression of the CDCA monolayer
results in a constant � value with diminishing A values. In
contrast, in the case of FCDCA, there is a second-order
phase transition at an A value of 70–90 Å2, after which
there is a gradual and continuous increase in �. The mo-
lecular model shows that the 6�-F atom in FCDCA is equa-
torial and the 7�-OH group is axially oriented.

To test the hypothesis that most F substitutions confer
hydrophilic properties on a bile acid molecule, we com-
pared the interfacial properties of F-substituted bile acids
to the natural trihydroxy bile acids that were closest with

regard to number, position, and orientation of the three
polar OH substitutions on the bile acid’s steroid nucleus
(�-MCA and �-MCA). Based on an analogy with cholic
acid (4), these were predicted a priori to be soluble in the
5 M NaCl, pH 3 bulk phase upon monolayer compression.
The OH functions of �-MCA (3�-OH, 6�-OH, 7�-OH)
and �-MCA (3�-OH, 6�-OH, 7�-OH) are substituents
in isologous positions and orientations to the F atoms
and OH functions of FMCA (3�-OH, 6�-OH, 7�-F) and
FUDCA (3�-OH, 6�-F, 7�-OH). Figure 6 shows the �-A
isotherms of �-MCA and �-MCA along with their fluori-
nated analogs FMCA and FUDCA. Both �-MCA and �-MCA
as well as FUDCA display second-order phase transitions.
Because a true collapse point is not evident during mono-
layer compression, it is apparent that these trihydroxy bile
acids exhibit interfacial instability and do so even more
than cholic acid (3, 4). This unstable interfacial behavior
results from amplification of the hydrophilic properties of
a steroid molecule by the third OH group, particularly
when �- and �-OH substituents are vicinal on the steroid
nucleus (4). Compared with �-MCA, the �-A isotherm of
FUDCA is shifted to smaller molecular areas, which is con-
sistent with the experimentally proven loss of molecules
into the subphase. Therefore, FUDCA is more hydrophilic
than �-MCA. Isotherms for FMCA and �-MCA show simi-
lar lift-off areas, but with continued compression, the iso-
therms deviate from each other in that FMCA undergoes
a sharp collapse at 21 mN/m, whereas �-MCA displays a
progressive increase in � beyond a pseudo-order collapse
point.

Fig. 5. �-A isotherms of FCDCA and CDCA and corresponding cross-sectional views of their molecular
models at an air-water interface. The FCDCA isotherm is shifted to the left of that for CDCA, displaying a
more gradual increase in surface � and a pseudocollapse region corresponding to a molecular A of �80 Å2.
The isotherm of CDCA demonstrates a well-defined collapse point at an A of 75 Å2. Of note in the molecular
model of FCDCA is the proximity of the 6�-F atom to the 7�-OH group.
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Bile acid-POPC mixed monolayers
Figure 7 shows representative �-A isotherms for binary

mixtures of MCA with POPC (A) and FMCA with POPC (B),
covering the range of molar compositions from 0% to 100%
bile acid. � decreases markedly when POPC is added to bile
acid monolayers in the expanded state. However, with con-
tinued compression, POPC increases � in the mixed mono-
layers. Moreover, the collapse points are progressively elim-
inated with increasing mole percent POPC (Fig. 7A, B).

Figure 8 plots additivity curves (3, 4, 7, 22) for binary
mixtures of POPC with MCA and FMCA (A), POPC with
HDCA and FHDCA (B), POPC with UDCA and FUDCA (C),
and POPC with CDCA and FCDCA (D). The curves repre-
sent bile acid-to-POPC molar stoichiometries in progressively
increasing bile acid increments, all at a constant � of 10
mN/m. Dotted lines represent ideal additivity behavior for
the A values of POPC and the A values of the respective
bile acid molecules. Negative deviations from ideality rep-
resent smaller molecular areas (i.e., condensation) compared
with those predicted by the sum of the fractional contribu-
tions of POPC and the bile acid. Figure 8A demonstrates
that, for all mixtures of MCA or FMCA with POPC, similar
degrees of negative deviation occur, except at 15 mol%, at
which value FMCA displays somewhat less deviation than
does MCA. However, maximal negative deviations for
both MCA or FMCA and POPC are reached from 30 to 70
mol% bile acid. Figure 8B reveals that HDCA and FHDCA

produce substantially different surface areas of 83 and 93
Å2, respectively. In all mixtures with POPC, both HDCA and
FHDCA show negative deviations from ideality, with mini-
mal values occurring at �50 mol% bile acid. In the case of
the 85 mol% mixture of FHDCA with POPC, the curve
shows a modest positive deviation, suggestive of mono-
layer expansion. This contrasts with the condensation in-
duced by HDCA at 85 mol% in the mixed POPC-bile acid
monolayer. Figure 8C shows that UDCA manifests a larger
surface area (94 Å2) than FUDCA (83 Å2) at the � value
used (10 mN/m). However, with all binary mixtures of
UDCA or FUDCA with POPC, the curves deviate negatively
from ideality, illustrating maximal deviations at 30 mol% bile
acid. FUDCA demonstrates a modest negative deviation at
85 mol% bile acid, similar to the isomolar mixture of
FMCA and POPC (Fig. 8A). Figure 8D shows that for all
molar mixtures, negative deviations from ideality occur for
CDCA or FCDCA with POPC except for the 85 mol% CDCA
composition. For FCDCA and POPC, maximal negative
deviation occurs at 50 mol%, whereas for CDCA and POPC,
the corresponding value occurs at �30 mol% bile acid.

DISCUSSION

The fundamental relevance of the interfacial properties
of amphiphiles to their interactions with membranes, with

Fig. 6. �-A isotherms of FUDCA, �-MCA, FMCA, and �-MCA. FUDCA and �-MCA are comparable binary
pairs in that both possess 3�-OH and 7�-OH functions and differ only in their F or OH substituent, respec-
tively, at the 6� position. Similarly, FMCA and �-MCA are comparable binary pairs with 3�-OH and 6�-OH
functions and differ only in their F or OH substitution, respectively, at the 7� position. Only the isotherm of
FMCA displays a well-defined collapse point. The isotherm of FUDCA is shifted to the left of �-MCA, with lift-
off and pseudocollapse points that occur at lower molecular A values for the natural analog, indicative of its
greater bulk solubility. In contrast, FMCA has no appreciable bulk solubility, as indicated by its sharp collapse
point, in contrast to its trihydroxy �-MCA analog.
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transporters, and with otherwise insoluble lipids is well
known. Of particular importance are the interactions of
bile acids with nuclear receptors such as FXR (20). Our
studies demonstrate the critical role of the location of a
single F substitution on the steroid nucleus of common di-

hydroxy bile acids in influencing their interfacial proper-
ties. When placed in close proximity to an OH group, the
hydrophilic effect of F is uniformly amplified, as illus-
trated by FUDCA (Fig. 4). In this derivative, the 6�-F and
7�-OH groups lie in a cis equatorial projection on the ste-

Fig. 7. �-A isotherms of binary mixtures of MCA (A) and FMCA (B) with 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) as functions of mole percent bile acid, as indicated on each curve. The isotherms
for both bile acids are similar, except for the FMCA isotherm at the 15% admixture, which closely parallels
the isotherm for pure POPC.

Fig. 8. Area additivity curves for POPC in binary mixtures with FMCA and MCA (A), with FHDCA and
HDCA (B), with FUDCA and UDCA (C), and with FCDCA and CDCA (D). Molecular area is plotted against
mole percent bile acid in each mixture, for a constant surface pressure at 10 mN/m. Dashed lines represent
ideal additivity behavior of the molecular areas of POPC with each bile acid. Curves for MCA and FMCA are
essentially identical, and both condense POPC maximally at �50 mol%. FHDCA displays no condensation at
85 mol%, but HDCA does. FUDCA induces greater condensation of POPC than UDCA, especially at 85
mol% bile acid, whereas UDCA induces minimal condensation at this composition. CDCA and FCDCA con-
dense POPC monolayers at all concentrations �85 mol% bile acid.
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roid nucleus. In contrast, there appears to be much less
amplification in the case of other F-bile acids and none
in the case of FMCA (Fig. 2). Moreover, FUDCA demon-
strates progressive solubility in the subphase (see Results),
further supporting the augmented hydrophilic effect of
an F substitution vicinal to an OH function. Our results
also display marked contrast in the interfacial behaviors of
FUDCA and �-MCA, suggesting that there is greater hy-
drophilicity of FUDCA compared with the isologous trihy-
droxy bile acid. However, this was not as clearly marked in
the comparison of FMCA and �-MCA (Fig. 6). Moreover,
such data invariably predict that, when ionized, the criti-
cal micellar concentrations of fluorinated dihydroxy bile
salts should be larger and partition coefficients should be
smaller than for trihydroxy bile salts.

Fluorination of biologically active molecules alters their
potential to increase or decrease most pharmacological
effects. In general, anticancer, antiviral, and anti-inflam-
matory agents have all been successfully modified by F
substitution to produce more active compounds (24, 25).
In some cases, fluorination affects the surface chemis-
try of the molecules, whereas in other cases, it provides no
appreciable effect. For example, the perfluorination of
eicosane, an aliphatic hydrocarbon without a polar group,
results in ordering of the fluorinated lipid at the air-water
interface (26). Mono F substitution in the steroid nucleus
and even hepta F substitution of cholesterol’s side chain
resulted in interfacial properties of the molecules that
were virtually indistinguishable from cholesterol itself (7,
8). This contrasts appreciably with data in the present
work, which show that, in most cases, a single F substitu-
tion in the steroid nucleus of bile acids appears to in-
fluence the surface physical chemistry of the molecules
markedly, especially by augmenting hydrophilicity. These
oxidative derivatives of cholesterol generally subtend two
or three OH functions on the � side of the steroid nucleus
and, as a result, allow them to behave as planar am-
phiphiles with low critical micellar concentrations when
ionized, thereby promoting lipid solubility in the biliary
tree and alimentary tract (2). Most notably, the dihydroxy
bile acids studied here all possess a 3�-OH group but sub-
tend a second OH group at either the C6 or C7 position
in � or � orientation. In addition, the F-substituted dihy-
droxy bile acids contain the F atom at the 6� position in
the case of the 7-OH bile acids UDCA and CDCA and at
the 7� position in the case of the 6-OH bile acids MCA
and HDCA. Hydrophilicity is augmented as a result of
these vicinal polar interactions, as displayed in the case of
most F derivatives studied.

The vicinal effect of 6�-F substitution on the stability of
UDCA toward enzymatic dehydroxylation (27) is known
to be augmented in FUDCA because it is more resistant to
bacterial 7-dehydroxylation than is UDCA. Here, we show
that the effect of F substitution on a bile acid’s surface
chemistry is greatly dependent upon the proximity of F
and OH groups. The 6�-OH and 7�-F projections of FMCA
(Fig. 2) result in functional groups that exhibit a poor ca-
pacity to potentiate the hydrophilic properties of one an-
other. This is likely attributable to the projection of dis-

similar functional groups toward opposite sides of the
steroid nucleus, as displayed by the molecular models
(Fig. 2). The �-A isotherms, therefore, are very similar,
reaching collapse points at similar molecular A values
(Fig. 2). The higher surface � at collapse of FMCA is con-
sistent with the unamplified hydrophilic nature of F,
which results in a more stable monolayer. The HDCA iso-
therm (Fig. 3) is distinct from those of the other natural
bile acids in that it demonstrates a second-order phase
transition between 65 and 75 Å2, with a collapse point at
�55 Å2. This anomalous behavior, most likely attributable
to tilting of the molecules in the interface, is exaggerated
in the isotherm of FHDCA, in which no distinct collapse
point occurs and a broad second-order phase transition is
evident between 75 and 85 Å2. In addition, FHDCA is the
only F-substituted bile acid whose �-A isotherm is shifted
to the right of the isotherm of the natural bile acid at low
� but to smaller A values than HDCA at high �. Upon ex-
amining the molecular models (Fig. 3), the respective
equatorial and axial projections of the 6�- (OH) and 7�- (F)
functional groups place them in close proximity on the
steroid nucleus, permitting an amplification of their hy-
drophilic properties (4) when constrained in the mono-
layer (Fig. 3). As displayed in the molecular models of
FUDCA and UDCA (Fig. 4), the F and OH groups are in
close proximity, which results in an exaggerated hydro-
philic effect. The �-A isotherm of FUDCA is shifted mark-
edly to the left at all � values, indicative of bulk solubility
of the molecules (�3% loss in 5 min), even at a low �
value (see Results). Figure 5 displays the molecular mod-
els for CDCA and FCDCA, wherein the 6�-F and 7�-OH
groups project from the steroid nucleus in close proxim-
ity. In contrast, in FUDCA and UDCA (Fig. 4), the F and
OH functional groups in the 6�- (F) and 7�- (OH) posi-
tions are reversed in orientation on the molecular mod-
els. Nonetheless, the overall hydrophilic effects between
CDCA and UDCA and their fluorinated derivatives are
similar, with a second-order phase transition occurring in
FCDCA and FUDCA (Figs. 4, 5).

There are three natural MCA isomers, but only the
more common �-MCA (3�-OH, 6�-OH, 7�-OH) has been
studied at an air-water interface in past work (28). That
experiment provided evidence of bulk solubility of �-MCA
molecules in acidic subphases upon monolayer compres-
sion (4, 28). The trihydroxy isomers studied in the present
work, �-MCA and �-MCA, possess an OH function at isol-
ogous orientations and positions on the bile acid nucleus
to the OH and F functions in FMCA and FUDCA. Com-
parison of �-MCA and FUDCA isotherms (Fig. 6) suggest
that the 6�-F substitution leads to greater bulk solubility
than that produced by the 6�-OH group because the
FUDCA isotherm is shifted to smaller molecular areas
than �-MCA at all � values. The FMCA and �-MCA bile ac-
ids are likewise structurally similar in that both subtend
3�- and 6�-OH groups, but in contrast to the 7�-OH
group of �-MCA, FMCA contains a 7�-F group. The iso-
therms of both of these bile acids display lift-offs at similar
areas, but with respect to the monofluorinated bile acids
studied, FMCA is the only one that behaves as an insolu-
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ble amphiphile (4), producing a stable monomolecular
layer with a sharp collapse point at 70 Å2 (Fig. 2). The
greater hydrophilicity of �-MCA (showing no collapse
point) compared with FMCA is anomalous in that it is
only apparent at high but not low � values. However, it
may mean less steric hindrance for hydration of the equa-
torial 6�-OH function in �-MCA than would occur in the
case of FMCA. Inspection of the molecular models reveals
that, in the latter, hydrocarbon moieties of the A/B rings
are exposed unfavorably to the subphase (Fig. 2).

In binary mixtures with POPC, all F-substituted bile ac-
ids generally behave in a manner similar to each other
and to their native congeners, resulting in strong conden-
sation of the monolayers, which is maximal in most cases
at either 30 or 50 mol% bile acids. Isolated exceptions are
evident at the highest concentration of FHDCA, UDCA,
and CDCA (Fig. 8). This suggests that the presence of the
F atom does not appreciably perturb the bile acid order-
ing of the acyl chains of POPC (4). As anticipated by simi-
lar isotherms for pure FMCA and MCA, all mixtures of
FMCA or MCA with POPC result in highly similar molecu-
lar areas at low surface pressure (10 mN/m).

Pathobiologic implications
The pharmacologic utility and possible use of fluori-

nated bile acids as structural biologic labeling agents are
yet to be fully explored. Clearly, their potential applica-
tion as tracer molecules in electron spectroscopic imaging
(13) is promising, and as suggested by the present results,
it may be appropriate to eschew the unstable interfacial
properties of FCDCA, FUDCA, and FHDCA and use FMCA
or an analog for in vivo spectroscopic imaging studies. Be-
cause bile acids are canonical ligands for FXR (14–20),
their activity will depend not only upon their transport
into cells but also upon their ability to bind to and activate
this nuclear receptor (20). Therefore, their recognition
by transport proteins and enzymatic systems as (pseudo)
endobiotics rather than xenobiotics will be a significant
advantage. The hydrophilic-hydrophobic balance of an
F-modified bile acid, a property that is reflected in the sur-
face behavior of its spread monomolecular layer at the air-
water interface, is therefore of primary relevance in test-
ing its potential to act as putative nuclear receptor ligand.
One of us (R.P.) reported recently that acyl substitution at
the 6� position of CDCA produces a potent and selective
FXR agonist (29). As was the case with fluorinated steroid
hormone derivatives (24), F-substituted bile acids may
be resistant to degradation pathways apart from that of
bacterial 7-dehydroxylation (27). These molecules there-
fore represent agents of potential pharmacological impor-
tance with FXR as their primary target. We conclude that,
in designing such semisynthetic molecules, the F substitu-
ent should not be vicinal to an OH function for optimal
interfacial stability and presumably for protein binding.
In summary, our work demonstrates that monofluorina-
tion of the steroid nucleus of common bile acids has the
potential to markedly alter the hydrophilic-hydrophobic
character of these molecules, depending upon the vicinal
or distal placement of the F atom to an OH function.

Such information should aid in the design, synthesis, and
screening of fluorinated bile acids to more faithfully
mimic or deviate from the physical-chemical behavior of
the natural congeners (29).
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