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Aggregation in water is thought to be driven primarily by the
hydrophobic effect.! Indeed, for most amphiphiles in a given
structural class, hydrophobicity is inversely correlated with the
aqueous critical micelle concentration (CMC).! However, certain
amphiphiles, because of their distribution of hydrophobic and
hydrophilic domains, cannot aggregate without burying at least
some polar groups. For these amphiphiles, the energetics of
aggregate formation are not well understood. We recently
reported the synthesis and crystallographic characterization of
some novel amphiphiles generated by glycosylating the hydroxyls
at C-7 and C-12 of cholic acid and allocholic acid.2? We called
these compounds facial amphiphiles because they have a polar
surface and a nonpolar surface. We now report the results of
studies on the synthetic facial amphiphiles and their non-
glycosylated counterparts which imply that hydrogen bonding
can play a dominant role in micelle formation in water.

One of the most common and rapid methods to measure CMCs
involves monitoring the solubilization of a hydrophobic dye such
as Orange OT in the presence of increasing concentrations of an
amphiphile.* Table 1 shows the CMCs of facial amphiphiles 1,
2, and 3 and four different bile acid salts as measured by the
solubilization of Orange OT.#* As others have also reported, the
CMCs of the hydrophobic bile acid salts chenodeoxycholate 4
and deoxycholate § are signficantly lower than the CMCs of the
more hydrophilic bile acid salts cholate 6 and allocholate 7.5
Since hydrophobicity and CMC are thought to be correlated for
the bile acid amphiphiles,® one might expect the CMCs of the
bis-glycosylated bile acid salts 1 and 2 (Figure 1) to be higher
than those of their non-glycosylated counterparts. However, even
though the glycosylated bile salts 1and 2 have six more hydroxyls
than their non-glycosylated counterparts, they actually have lower
CMCs (Figure 2). In fact, 1has a lower CMC than deoxy- and
chenodeoxycholate (4 and 5). Interestingly, the permethylated
glycosteroid 3, which has no free hydroxyls on the sugars, has a
higher CMC than its polyhydroxylated counterpart 1.

To assure ourselves that the additional hydroxyls do, in fact,
influence the hydrophilicity of the molecules in the expected
manner, we measured the retention times of all the compounds
in Table 1 using an HPLC assay specifically developed to rank
the hydrophobicities of the bile acids.’ Inthisassay, theretention
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Table 1
compd CMC* (mM) rk’b
1 1-2 0.188
2 34 0.244
3 34 1.364
4 2-3 0914
5 2-3 1.000
6 7-8 0.421
7 11-12 0.475

2 CMC of the salt in 0.15 M NaCl, pH 7.0. ¢ 7k’, normalized HPLC
retention factor (Ultrasphere ODS column, 75% MeOH/25% 0.005 M
KH;PO,, pH 5.0 buffer).
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Figure 1. Structures of glycosylated and non-glycosylated bile acids 1-7.
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Figure 2. Determination of the CMCs of glycosylated steroids (1-3) and
bile salts (4-7) in 0.15 M NaCl (pH 7.0) at 25 °C, Solutions of 1-7
containing excess crystalline Orange OT were shaken for 48-50 h,
unsolubilized dye was removed by filtration (0.22 um Millex GV), and
the absorbance of the solution was measured at 492 nm. The CMC was
taken as the concentration at the first point at which there was a non-zero
absorbance.

time reflects the partitioning of an amphiphile between a stationary
hydrocarbon phase and a mobile polar phase. The shorter the
retention time, the more hydrophilic the compound is considered
tobe. Retention times are usually expressed as retention factors
normalized toa standard, typically deoxycholicacid.”>¢ Asshown
in the last column of Table 1, the normalized retention factors
of amphiphiles 1-7 followed the expected order, and the
glycosylated compounds 1and 2 were by far the most hydrophilic
(i.e., had the smallest retention factors).

The results reported shed light on a controversy of long standing.
Itis known that bilesalts aggregatein a stepwise manner, forming
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small primary micelles first and then larger secondary micelles,
and it is generally agreed that the hydrophilic surfaces associate
at some point in the aggregation process.8-1 However, there is
a debate about whether hydrogen bonds play a stabilizing role
in the formation of the micelles. Mazer et al. have argued that
hydrogen bonds are not worthmuch in water and that hydrophobic
interactions control the association process.®® They have supported
their arguments with the observation that deoxy- and chenode-
oxycholate aggregate at lower concentrations than cholate.
However, others data suggest that hydrogen bonds do in fact play
a role in the energetics of bile salt micelle formation.!!

The CMC results on the compounds in Table 1 provide strong
evidencethat hydrogen bonding can playa dominant role in micelle
formation. Since the hydrophobic surfaces of the facial am-
phiphiles in Table 1 are identical within a series (cholic acid vs
allocholic acid nucleus), the differences in the CMCs must be
related tothe hydrophilic surfaces. The CMCs of the glycosylated
bile acid salts are lower than those of the non-glycosylated bile
acid salts, implying that the hydrophilic surfaces of the former
must self-associate more readily than those of the latter.
Therefore, the drive to minimize hydrophobic surface area cannot
play the determining role in the self-association process.’®
Hydrogen bonds must facilitate aggregation of 1 and 2. The fact
that 3, which has no potential hydrogen bond donors on the sugars,
has a higher CMC than 1 bolsters this argument. It should be
noted that there is growing evidence that polyfunctional hydrogen
bonds can play a significant stabilizing role even in water.11.12

A comparison of the data in Table 1 shows, however, that the
absolute number of potential hydrogen bonding groups does not
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correlate directly with the CMC of a facial amphiphile any more
than the overall hydrophobicity does. Evidently, the hydrophilic
surfaces must contain complementary arrays of hydrogen bonds
to facilitate association. In this regard, it should be noted that
previously reported crystal structures of the potassium salt of 1
and the methyl ester derivative of 2 show that the glycosylated
steroids organize in pairs held together by multiple hydrogen
bonds between opposingsugars.2!1? However, the non-glycosylated
bile acids do not crystallize in pairs but form part of an infinite
hydrogen-bonded network.* Thus, the solid-state evidence
suggests that there is better complementarity between hydrogen
bonding partners in the glycosylated bile acids than in their non-
glycosylated counterparts. We believe this accounts for the lower
CMCs of the more hydrophilic glycosteroids. (Ironically, the
crystal structures of the glycosteroids are similar in key respects
to the models for bile acid micelles, in which the molecules are
shown as associating in pairs with their hydrophilic surfaces in
contact.)%

Our findings provide new information about how facial
amphiphiles associate to form micelles that should be useful in
the design of other amphiphiles. Moreover, since amphiphilic
peptides are also facially amphiphilic, these findings further
suggest that oriented hydrogen bonds may be used in peptide
design to help control the structure at the interface of peptide
aggregates.1

Acknowledgment. This work was supported by the Office of
Naval Researchand Transcell Technologies, Inc. WethankSam
Gellman for stimulating discussions.

Supplementary Material Availablee HPLC and UV data for
compounds 1-7 are provided (15 pages). This material is
contained in many libraries on microfiche, immediately follows
this article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for ordering
information.

(13) For recent work on the role of hydrogen bonds in the organization of
solid-state structures, see: (a) Zerkowski, J. A.; Seto, C. T.; Wierda, D. A.;
Whitesides, G. M. J. Am. Chem. Soc. 1990, 112, 9025. (b) Garcia-Tellado,
;'£6Geib, S. J.; Goswami, S.; Hamilton, A. D. J. Am. Chem. Soc. 1991, 113,

5.

(14) (a) Miki, K.; Kasai, N.; Shibakami, M.; Chirachanchai, S.; Takemoto,
K.; Miyata, M. Acta Crystallogr. 1990, C46, 2442. (b) Lessinger, L. Crys:.
Struct. Commun. 1982, 11, 1787, (c) Cobbledick, R. E.; Einstein, F. W. B.
Acta Crystallogr. 1980, B36, 287. (d) Lindley, P. F.; Mahmoud, M. M;
Watson, F. E.; Jones, W. A. Acta Crystallogr. 1980, B36, 1893. (¢) Coiro,
V. M.; Morosetti, G. S.; Palleschi, A. Acta Crystallogr. 1980, B36, 1478.

(15) (a) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, T. Science 1993,
522, 1401. (b) Handel, T. M.; Williams, S. L.; DeGrado, W. F. Science 1993,

1, 879.




