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To elucidate quantitatively the sidearm effects on the molecular selective binding of anfiratelddextrins
(B-CD), microcalorimetry titration has been performed in agueous phosphate buffer solutien 7@20) at

298.15 K to give the complex stability constanks)(and the standard free energi@®), enthalpy AH°),

and entropy changed\@&°) for the 1:1 inclusion complexation ¢f-CD (1), mono(6-amino-6-deoxy}-CD

(2), mono(6-carboxymethylamino-6-deox)ED (3), and mono[6-R(—)-1-hydroxymethylpropylamino)-6-
deoxy]5-CD (4) with representative bile salts, deoxycholate, cholate, glycocholate, and taurocholate. The
results obtained indicate that the aminafe€Ds could alter significantly the original molecular binding
ability and selectivity of paren-CD through the cooperative electrostatic interaction, van der Waals, and
hydrophobic interactions between hosts and guests. As compared with parehaminate@-CD 2, glycine-
modified 8-CD 3 possessing a hydrophilic carboxylic group at the sidearm shows a lower binding ability
toward bile salts, attributed to the relatively weaker hydrophobic interactions and the electrostatic repulsion
between host and guest to some extent. HoweverRthg-2-amino-1-butanol-modified-CD 4 possessing
additional binding sites at the chiral sidearm could significantly orient the guest molecules to be included in
cavity and thus evidently enhances the molecular binding ability and selectivity through steric interactions.
Thermodynamically, the higher complex stability for inclusion complexation of amina€®s is mainly
resulting from enthalpy gain with smaller entropy loss. The combination of calorimetric titration experiments
and ROESY spectra establishes the correlation between the thermodynamic parameters and the conformation
of the resulting complex, and reveals the factors governing the molecular binding ability and selectivity of
bile salts by aminate@-CDs.

Introduction recognition of aminategb-CDs possessing chiral functional
groups has not been investigated so far to our best knowledge.
On the other hand, bile salts are important surfactant-like
biological amphipathic compounds possessing a steroid skeleton,
which have distinctive detergent properties and play an impor-
tant role in the metabolism and excretion of cholesterol in
mammalst3 Hence, the studies on the molecular recognition of

bile salts by CDs are an attractive topic of hegtiest chemistry.
Recently, the interactions of some bile salts with CDs have been
well studied!*2° Brown et al'* reported the studies on the

Modified cyclodextrins (CDs) possessing the diverse func-
tional groups, such as pyridinio and picolinio groups with
positive chargé, phosphorug, amino acids$, chromophoric
groups? amino® and organoseleniufnas additional binding
sites, have been known to alter significantly the molecular
binding ability and selectivity toward a variety of guests in
comparison with parent CDs through the simultaneous operation
of available weak interactiorisTherefore, much work has been
devoted to the design and synthesis of novel CD derivatives

with diverse functional substituting groups in order to investigate thermodynamics and kinetics of the inclusion complexation of
their molecular recognition behavior and inclusion complexation SOMe bile salts with nativs-CD by NMR spectroscopy. Tato

mechanism in recent yea¥si2 Kano et al. studied the chiral ~and co-workers studied the complex geometry §fCD and
recognition ofa-amino acid derivatives by charged mono- and 1tS derivatives in RO by ROESY experiments, exhibiting
peraminateg@-CDs through Coulombic interaction between host different binding modes for |ncl_u5|on complexation with bile
and guest by means éH NMR spectroscopy, demonstrating ~ Salts. Breslow$ Cooperl” and Ollila'8 et al. separately reported
the advantage of the use of Coulombic interaction for chiral the thermodynamics on the inclusion complexation of some
recognition in hostguest chemistry2 Recently, Inoue and co- ~ Steroids by native and/or commercially available methyl, hy-
worker had reported the chiral recognition thermodynamics of droxypropyl 5-CDs under different experimental conditions.
the simple amino-modified-CDs with amino acid derivatives, ~ Reinhoudt et at? reported the cooperative binding of bile salts
indicating that the resulting complexes of host and tfe by CD dimers in 1 mM sodium hydroxide agueous solution by
isomers exist counterbalance between van der Waals andmicrocalorimetry, showing enhanced binding ability toward
Coulombic interactions despite only a tiny difference in complex cholate and deoxycholate by CD dimers. More recently, we have
stability ¢ Unfortunately, the thermodynamic origin of molecular reported the complexation and sensing behavior upon inclusion
complexation with bile salts by bridge@-CD possessing

* Corresponding author. Telephone:86—-022-23503625. Fax-+86— fluorescent spacer by means of fluorescence spectros€opy.
022-23504853. E-mail: yuliu@public.tpt.tj.cn. Apparently, the inclusion complexation of bile salts as repre-
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sentative guest molecules with CDs could be taken as an
excellent model system mimicking the substrate-specific interac-
tion of enzymes and could be used to reveal the recognition
mechanism of size/shape and chiral of guest molecules by
synthetic acceptors. It is well-known that aminatgeCDs,
possessing positive charge at neutral to acidic PHsuld
enhance the original molecular binding ability and selectivity
of parent$-CD through the electrostatic interaction, but the
effects of hydrophobic/hydrophilic and steric selectivity of

amino sidearms attached/£eCD upon inclusion complexation L ; . .
with guest molecules are still unknown. In the present work, sulfonyl chloride in aqueous alkaline soluti®nviono(6-amino-

we wish to report our investigation results on the complexation 6-deoxy),6-ch (2). was prepared according to the_repor_ted
thermodynamics of the aminat¢tdCDs 2—4 (Chart 1) with proceduré? Disodium hydf"ge“ ph_ospha_te and s_od|_um dihy-
amino, carboxymethylamino, ari(—)-1-hydroxymethylpro- drogen phosphate were dissolved in distilled, deionized water

pylamino and bile salts (Chart 2). It is of our special interest to o makel a 0'% _Mt{)h?sphatg th;]ff(i_r soluttlont OL ng:SZ.ZO for
examine the contributions of electrostatic, van der Waals, and M'¢ro¢& cgrlr;:e re 1' rations. synthetic routes to ho are
hydrophobic interactions as well as the additional binding sites given in scheme ~.

upon the inclusion complexation with aminatgeCDs. Com- M(_aasurements.ElementaI analyses We{e performed on a
bining the calorimetric titration experiments and ROESY Perkin-Elmer-2400C instrumerit! NMR and**C NMR spectra

spectra, we could establish the correlation between the ther-and rotating-frame Overhauser effect spectroscopy (ROESY)

modynamic parameters and the conformation of the resulting 8XPeriments were recorded on a Varian Mercury VX300
complex, which will serve our understanding of the factors instrument. All NMR experiments were carried out in@
governing the molecular binding ability and selectivity of bile ~ Synthesis of Mono(6-carboxymethylamino-6-deoxyj-CD
salts by aminate@-CDs. (3). Glycine (0.8 g) and 6-OTg-CD (4.0 g) were dissolved in
water (30 mL) containing triethanolamine (20 mL), and the
stirred mixture was heated to reflux under a nitrogen atmosphere
for 24 h. After evaporation of most solvent under reduced
Materials. -CD of reagent grade was recrystallized twice pressure, the resulting solution was poured into vigorously
from water and dried inmacuoat 100°C for 24 h prior to use. stirred anhydrous ethanol (500 mL), and the resultant mixture
All bile salts, i.e., deoxycholate (DCA), cholate (CA), glyco- was stored in a refrigerator to produce a slight yellow precipitate.

cholate (GCA), and taurocholate (TCA) were purchased from
Sigma and used as receivédiN-Dimethylformamide (DMF)

was dried over calcium hydride for 2 days and then distilled
under a reduced pressure before use. Other chemicals, i.e.,
dicyclohexylcarbodiimide (DCC), triethanolamine, glycine, and
R(—)-2-Amino-1-butanol, were commercially available of high
quality (Sigma) and used without further purification, unless
noted otherwise. Mono[®-(p-toluenesulfonyl)]s-CD (6-OTs-
p-CD) was prepared by the reaction #fCD with p-toluene-

Experimental Section
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Figure 1. Calorimetric titrations of hos? with CA (left) and DCA (right) in phosphate buffer (pH 7.20) at 25. (a) Raw data for sequential 10
uL injections of CD solution (2.00 mM) into bile salt solution (0.13 mM). (b) Heats of reaction as obtained from the integration of the calorimetric
traces.

The crude solid product was collected by filtration and then VP-ITC titration microcalorimetry, which allows us to determine
purified by column chromatography on a hydroxymethylcellu- simultaneously the enthalpy and equilibrium constant from a
lose column with an agqueous ammonium bicarbonate eluentsingle titration curve. The instrument was calibrated chemically
(0.05 mol dn73), followed by chromatography on a Sephadex by performing the complexation reaction #fCD with cyclo-
G-25 column with deionized water as eluent, to give white hexanol, which gave thermodynamic parameters in good agree-
product (2.2 g) in 50% yieldH NMR (D0, TMS, ppm): 6 ment with the literature dag.All solutions were degassed and
2.55 (m, 2H), 2.83-3.08 (m, 1H), 3.253.79 (m, 41H), 4.85 thermostated using a ThermoVac accessory before the titration
(d, 7H).13C NMR (D,0, ppm): 6 178.3, 101.5, 83.5,81.1, 79.0, experiment, and titrations were performed below the critical
73.0,72.1,70.2, 60.2, 58.8, 55.8, 51.9, 48.7, 42.0. Anal. Calcd micelle concentration of the bile salt molecules.

for CysH73036:7H0: C, 40.09; H, 6.65; N, 1.06. Found: C, In each run, a phosphate buffer solution of host in a
40.05; H, 6.75; N 1.15. 0.250 mL syringe was sequentially injected with stirring at
Synthesis of Mono[6-R(—)-1-hydroxymethylpropylamino)- 300 rpm into the calorimeter sample cell containing a buffer

6-deoxy]5-CD (4). Well-dried 6-OTsg-CD (1.0 g) was dis- solution of bile salt guests. The sample cell volume was 1.4227
solved in 20 mL freshly distilledR(—)-2-amino-1-butanol. The  mL in all experiments. Each titration experiment was composed
mixture was stirring at room temperature under nitrogen for of 25 successive injections (1L per injection). Bile salt
abou 3 h and then the solution was allowed to warm and stir solutions were applied at a concentration in a range between
at 70-80 °C for 10 h. Then the reaction mixture was poured 0.10 and 0.52 mM, which is below their critical micelle
into acetone to give a precipitate. The crude product obtained concentration (cmc)’18 Typical titration curves are shown in

by filtration was dissolved in water, and the resultant solution Figure 1. Each titration of CD into the sample cell gave rise to
was poured into acetone to give a precipitate. The samea heat of reaction, caused by the formation of inclusion
procedure was repeated twice. The precipitate was collected anccomplexes between bile salt molecules and CDs. The heats of
dried to give a pure white sample, in 71% yield. NMR (D0, reaction decrease after each injection of CD because less and
TMS, ppm): 6 0.72 (t, 3H), 1.26 (m, 2H), 2.45 (s, 1H), 2.62 (t, less bile salt molecules are available to form inclusion com-
1H), 3.00 (d, 1H), 3.243.79 (m, 42H), 4.874.94 (m, 7H). plexes.

13C NMR (D20, ppm): 4 101.9, 100.9, 82.9, 81.1, 80.3, 73.2, A control experiment was performed to determine the heat
72.0, 71.8, 70.3, 61.4, 60.2, 47.2, 22.8, 9.6. Anal. Calcd for of dilution by injecting a host buffer solution into a pure buffer
Cu6H79035N-8H,0: C, 40.92; H, 7.09; N, 1.04. Found: C, solution, containing no bile salt molecules. The dilution enthalpy

41.08; H, 6.89; N, 1.18. was subtracted from the apparent enthalpy obtained in each
Microcalorimetric Titration. The microcalorimetric titra- titration run, and the net reaction enthalpy was analyzed by using
tions were performed at atmospheric pressure and@5n the “one set of binding sites” model, as exemplified in Figure

aqueous phosphate buffer solution (pH 7.20) by using Microcal 2 for the complexation of DCA with modifie@§-CD 4.
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Figure 2. (a) Heat effects of dilution (I) and of complexation (Il) éfwith DCA for each injection during titration microcalorimetric experiment.

(b) “Net” heat effect obtained by subtracting the heat of dilution from the heat of reaction, which was analyzed by computer simulation using the

“one set of binding sites” model.

TABLE 1: Complex Stability Constant (Ks) and Standard Enthalpy (AH®) and Entropy Changes TAS®) for 1:1 Inclusion
Complexation of Bile Salt Guests withf-CD 1 and Aminated #-CDs 2—4 in Phosphate Buffer Solution (pH 7.20) atT = 298.15
K

host guest Ne Kg/M~1 —AG°/kJ mol? —AH°/kJ mol* TAS/kJ moit
1 DCA 2 4844+ 16 21.03+ 0.01 25.79+ 0.00 —4.76
CA 4 4068+ 84 20.60+ 0.05 22.98+ 0.45 —2.38
GCA 2 2394+ 69 19.294+ 0.07 22.99+ 0.08 —3.7
TCA 2 2293+ 13 19.18+ 0.01 23.7+ 0.08 —4.59
2 DCA 2 7705+ 3 22.184+ 0.00 32.16+ 0.08 —9.98
CA 2 11160+ 75 23.10+ 0.02 25.53+ 0.25 —2.43
GCA 4 2075+ 19 18.93+ 0.03 25.90+ 0.03 —6.97
TCA 2 2309+ 82 19.204+ 0.08 26.89+ 0.07 —7.69
3 DCA 2 4034+ 15 20.58+ 0.01 38.91+ 0.02 —18.33
CA 2 4832+ 79 21.03+ 0.04 2490+ 0.16 —3.87
GCA 2 2221+ 24 19.10+ 0.03 19.75+ 0.05 —0.65
TCA 2 1322+ 51 17.824+ 0.09 32.75+ 0.69 —14.93
4 DCA 2 9382+ 173 22.67+ 0.05 35.78+ 0.08 —13.11
CA 2 16920+ 330 24.13£ 0.05 28.11+ 0.12 —3.98
GCA 2 3904+ 4 20.50+ 0.00 24.74+ 0.23 —4.24
TCA 2 2796+ 72 19.67+ 0.05 20.3A4 0.19 -0.7

alhost] = 1.99-4.16 mM.? [guest]= 0.10-0.52 mM. ¢ Number of titration runs performed.

The ORIGIN software (Microcal), used for the calculation
of the binding constantKs) and standard molar reaction
enthalpy AH°) from the titration curve, gave the relevant

in the thermodynamic parameters reported for hgstest
complexation are two standard deviations of the mean value
unless stated otherwise.

standard derivation on the basis of the scatter of data points in
a single titration experiment. The binding stoichiometry was Results and Discussion

also given as parameters when fitting the binding isotherm (panel

Aminatedj3-CDs have been known to possess positive charge
at pH= 7.254which could enhance the binding ability toward
negatively charged guest molecules through additional electro-
static interactions in the opposite charged hagtest complex-
ation. As can be seen from Table 1, amingfe@Ds 2—4 with
amino, carboxymethylamino, ang(—)-1-hydroxymethylpro-
pylamino sidearms exhibit different binding behaviors and
whereR is the gas constant aridis the absolute temperature. molecular selectivities upon inclusion complexation with bile

Multiple independent titration runaN(= 2—4) were per- salts. As compared with pareftCD 1, the positively charged
formed to afford self-consistent thermodynamic parameters, andmonoamino-modifieg-CD 2 and aminate@-CD 4 possessing
the averaged values are reported in Table 1. The uncertaintiesan additional binding site in the chiral sidearm evidently enhance

b in Figure 2). Knowledge of the binding constakis) and
molar reaction enthalpyAH°®) enabled calculation of the
standard free energy of bindingAG°) and entropy changes
(AS°), according to

AG°® = —RTIn Kg= AH° — TAS
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the binding ability and molecular selectivity toward bile salts. directly contributing the relatively larger complex stability
In contrast, glycine-modified-CD 3 possessing a hydrophilic  constant. Meanwhilg3-CD shows a lower binding ability upon
carboxylic group at the sidearm shows a lower binding ability complexation with GCA and TCA. From the thermodynamic
toward bile salts, attributed to the relatively weaker hydrophobic point of view, the complexation ¢8-CD with GCA and TCA
interactions between host and guest to some extent and theexhibit similar enthalpic changes but much more unfavorable
electrostatic repulsion between the anionic carboxylate at the entropic changes as compared to tha8-&€D with CA, which
sidearm of3 and anionic carboxylate or sulfonate of bile salts. maybe due to the more polar side chains (tails) of GCA and
Thermodynamically, the binding behavior of bile salts by parent TCA than CA.
1 and aminateg-CDs 2—4 was entirely driven by favorable Complexation of Bile Salts by Modified3-CD 3. Possessing
enthalpy changes with accompanying small unfavorable entropythe hydrophilic carboxylic group in the sidearm, modifig€D
changes AH® < 0; TAS’* < 0), which are attributed to the 3 decreased the microenvironment hydrophobicity of natural
predominant contribution of the van der Waals interactions -CD cavity to some extent, and at the same time there should
arising from the size/shape fit and geometrical complement exist electrostatic repulsion between the anionic carboxylate at
between host and guest and to the accompanying decreases ithe sidearm of3 and anionic carboxylate or sulfonate of bile
translational and structural freedoms upon complexatiétiTo salts. Thus, the binding constants3ofipon inclusion complex-
compare the contributions of electrostatic and hydrophobic ation with DCA, GCA, and TCA are less than that with natural
interaction as well as the additional binding site upon the g-CD. On the other hand, the electrostatic interactions between
inclusion Complexation with bile Salts, the blndlng behavior and the positive|y Charged amino group 8fand the Carboxy]ic
thermodynamic parameters are respectively discussed accordingroup and/or sulfonic acid group of bile salts should result in
to different hosts. higher heat enthalpies than in the case of natB+@D except
Binding Stoichiometry. The microcalorimetric experiments  for complexation with GCA. However, the higher heat enthalpy
of f-CD 1 and aminate@-CDs 2—4 with bile salts, i.e., CA, does not directly imply a higher complex stability for the
DCA, GCA, and TCA, showed typical titration curves of 1:1 inclusion complexation 08 with DCA and TCA because the
complex formation. The stoichiometric ratids yalue) that we entropy loss caused by the fixation of heguest structures
observed from curve-fitting results of the binding isotherm fell partly counteracts the enthalpy gain. Unexpectedly, the resulting
within the range of 0.91.1:1. This clearly indicates that the complex stability of aminate@d-CD 3 with CA is higher than
majority of the inclusion complexes had a 1:1 stoichiometry of that of native-CD 1, which is mainly attributed to the more
bile salts and CDs. Simultaneously, the 1:1 binding modes for favorable enthalpy{AAH® = 1.92 kJ mot! > ATAS = 1.49
the inclusion complexation of modifief-CD 4 with CA and kJ moi™t). This may be rooted in the enhanced cooperative van
DCA are also investigated by ROESY experiments, which der Waals, hydrogen-bonding, and electrostatic interactions
further validates the above microcalorimetric experiment results. exceeding the decreased hydrophobicity of the interior of
Complexation of Bile Salts by Natives-CD 1. Investigations ~ 9lycine-modified3-CD 3. It is considered that the driving force
on molecular binding behavior of steroids by CDs indicated Of the inclusion complexation of bile salts withmust be a
that DCA and CA possessing A, B, C, and D rings are able to counterbalance between van der Waals, electrostatic interaction,
enter and bind to the asymmetric CD from either the primary and hydrophobic interaction.
or the secondary sideand the bile salts can also enter into the Complexation of Bile Salts by Aminatedj-CDs 2 and 4.
cavity of CD either with the A-ring of the steroid body or with  As compared with pareng-CD 1 and modified 5-CD 3
the carboxylate group (taiff21522¢pparently, the conformation ~ possessing a hydrophilic carboxylic group in the sidearm,
and binding behavior of the resulting complex of bile salts and positively charged monoamino-modifigdCD 2 and modified
CDs are affected by the structures of hosts and guests as well3-CD 4 possessing an additional binding site in the chiral arm,
as the environments employed. In this text, the stoichiometric i.e., hydroxyl group, evidently enhance the molecular binding
1:1 binding behavior was observed for the inclusion complex- ability and selectivity toward CA and DCA through electrostatic,
ation of bile salts and natiy&-CD. The obtained thermodynamic  steric interactions, and could orient the guest molecules to be

parameters are used to compare with data for aminxebs included in cavity. Thermodynamically, the inclusion complex-
2—4 in order to elucidate the sidearm effects and the role of ation of DCA and CA by aminate@-CDs 2 and 4 exhibits
the electrostatic interaction between protonated amind-af more negativeAH® and more unfavorablAS’ compared to

and the negative charge of the carboxyl or sulfonic acid group those for nativgs-CD 1. The more negative enthalpy change is
of the bile salts as well as the potential binding mechanism. As likely arise from the disturbance of the originally well-optimized
can be seen from Table 1, the enthalpy change for the van der Waals between hegjuest interactions in thg-CD
complexation of8-CD with DCA (25.794+ 0.00 kJ mot?) is cavity, which is caused by attractive electrostatic interactfon.
higher than that with CA (22.98: 0.45 kJ mot?), which Our previous studd/ also indicated the effective electrostatic
directly contributes to the increased complex stability. Indeed, interaction between host and guest usually leads to a more
the binding ability Ks = 4844+ 16) of 5-CD with DCA is higher exothermic reaction enthalpy. Hence, it is reasonable that we
than that with CA Ks = 4068+84). This is reasonable, since assume that the “net” experimentally observed enthalpic in-
DCA possesses a more hydrophobic structure due to the absencereases most likely originate from effective electrostatic interac-
of C-7 hydroxyl group as compared with CA, that it is easier tions upon complexation with amin®CD 2 rather thar3-CD

to bind into natives-CD’s cavity than CA, which should lead 1. As compared with pareni, the effective electrostatic

to more favorable hydrophobic and van der Waals interactions interactions may be about 2.55 kJ mbfor the complexation
giving larger enthalpic and entropic changes. However, the of amino 5-CD 2 with CA. The less negativé\H° for the
enhanced favorable entropy gain by the desolvation effect may complexation of CA with3 vs 2 (about 0.63 kJ mott) may be

be canceled by the unfavorable entropy change caused by thedue to the relatively smaller hydrophobicity of the CD cavity
structural freezing of the resulting complexes of h$€D and resulting from the hydrophilic carboxylic group at the sidearm
guest DCA. Therefore, the stronger interaction between native and the electrostatic repulsion between the anionic carboxylate
B-CD and DCA only shows the larger negative enthalpic change, at the sidearm o8 and anionic carboxylate or sulfonate of bile
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salts. In contrast, the more negatitél® for the complexation

of CA with 4 vs 2 (about 2.58 kJ mol') suggests that the
additional binding site, hydroxyl group, in the chiral tether
moiety of 4 plays an important role in the complexation with
CA. In addition, the more negativaS’ observed for modified
B-CDs 2 and 4 than for native$-CD 1 is likely to originate
from the conformation fixation of host and guest and the rigid
complex formation upon complexation. It is interesting that the
chiral tether possessing an additional binding site may be favored
and may ease the conformation fixation of host and guest upon
complexation to afford the highest binding ability toward CA
and DCA up to 16 920 and 9382 which is 4.2 and 2 times
the binding constants for the inclusion complexation of CA and
DCA with native 8-CD 1, respectively. Though the inclusion
complexation of aminatef-CDs?2 and4 with DCA gives more
exothermic reaction enthalpies compared to that with CA, the
complex stability is not enhanced but decreased. Apparently,
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Figure 3. Enthalpy-entropy compensation plot for the inclusion
complexation of various bile salts with aminafgdCDs 2—4 obtained

the strong interaction between host and guest leads to the morén the present work in aqueous buffer solution at 298.15 K.

favorable negativé\H°, which is counteracted by the relatively
more unfavorable negativeS’ caused simultaneously by more
rigidity in the structure, giving moderate binding constants.
Therefore, we can deduce that the introduction of an oppositely
charged group and an additional binding site to the CD rim can
significantly enhance the binding ability of parent CD toward

gives 1.63 and 1.22 times the binding constants (380%and
2796+ 72 M) as compared with native-CD 1 (2394 + 69

and 22934+ 13 M), respectively. Therefore, the structures,
properties, and size/shape fit of guest and host molecules are
the primary and fundamental factor governing the inclusion

opposite charged guests, which can be used as a rule to desigfomPplexation of hostguest. At the same time, we can draw

and synthesize receptors with a specific functional group to
control the binding behavior toward guests.

B-CD derivatives2 and4 give a lower binding ability upon
complexation with GCA and TCA as compared to the com-
plexation with CA and DCA, which shows a tendency similar
to that for the complexation ¢8-CD 1 and derivative3. The
universal decreased binding ability toward GCA and TCA must
relate to the structural differences from CA and DCA. GCA

and TCA possess the same steroid skeleton as CA. On the othe

hand, GCA and TCA are the resulting compounds of the
conjugation of chololic acid with glycine and taurine, respec-
tively. Thus, the more polar side chains at C23 for GCA and
TCA remarkably affect their binding thermodynamics. The
mechanism of GCA and TCA binding to CD is more straight-
forward, since GCA and TCA are much less likely to enter the
interior of CD with their “tail” first. That is also the reason for
the nearly nonselectivity g§-CD toward GCA and TCA. From
Table 1, we can see thAtCD 2 possessing a charged amino
group at the rim of the CD cavity does not enhance the binding
ability toward GCA and TCA, giving only similar binding
constants with nativ8-CD. These results indicate that the amino
group nearly does not operate in the complexation. Therefore,
we can deduce that GCA and TCA most likely bind CD with
their A-ring (OH) and not with their tail (side chain). While for
host 3, the interaction of an aminoethyl acid group and CD
cavity changes the intrinsic chirality of the CD and the hydrogen
binding system, which therefore affect the hydrophobicity of
cavity and limits the depth of A-ring of GCA and TCA into
the CD cavity, affording a decrease in binding ability toward
GCA and TCA, especially for TCA (0.58 times the binding
constant for$3-CD). Interestingly, modified3-CD 4 gives
enhanced binding ability as compared with-3, which is

the conclusion that the cooperative van der Waals, electrostatic,
hydrogen bonding, and hydrophobic interactions are the main
factors governing the molecular binding ability and selectivity
of bile salts by aminate@-CDs, combining the front experi-
mental results on the weaker complex stability of bile salts by
modified 5-CD 3 possessing the hydrophilic carboxylic group
in the sidearm.

Molecular Binding Ability and Molecular Selectivity
toward Bile Salts. Native 5-CD 1 and glycine-modifieg3-CD
5 afford relatively small binding constants probably due to the
weak van der Waals, hydrophobic interactions, and the host
structure features, which have been discussed in the above
paragraphs. Amino-modifig6-CD 2 only enhances the binding
ability toward CA and DCA. However, since it possesses a chiral
tether, the aminate@-CD 4 exhibits a significantly enhanced
molecular binding ability through the cooperative electrostatic,
van der Waals, and hydrogen-bonding interactions. Experimental
data indicate that the chiral tether as the additional binding site
plays an important role in the complexationdgéand bile salts.

Itis also interesting to compare the “host selectivity” sequence
obtained for each bile salt. The binding constant for the
complexation of each bile salt by natiy3eCD 1 and aminated
B-CDs 2—4 increases in the following order:

DCA: 3<1<2<4
CA: 1<3<2<4
GCA: 2<3<1<4
TCA: 3<1=<2<4
As can be seen from Table 1, the binding constants of aminated

B-CDs 2—4 with guest CA molecule are larger than those of
native 8-CD, that is, theKs values for the modified CDs are

understandable because the chiral tether of CD provides notenhanced by factors of 2.74 f@ 1.19 for3, and 4.16 for4,

only the positive amino group but also the additional binding
sites, i.e., the hydroxyl group, to participate in the electrostatic
attraction and hydrogen binding in the complexation between
-CD 4 and bile salt molecules, making for easier and stronger
interaction with bile salts. For instance, the complexation of
GCA and TCA with modified3-CD 4 possessing chiral tether

respectively. Meanwhile, modified CBgives the largest guest
selectivity for CA/TCA up to 6.1Ks ¥ CA/Ks 4~ TCA) and 1.8
times guest selectivity for CA/IDCA. Amin@-CD 2 gives 5.4
times selectivity for CA vs GCA. The difference of the Gibbs
free energy changes for the complexationdofvith CA and
TCA (AAG® = AG°ca — AG°1ca) Was the largest up to 4.46
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Figure 4. (a) ROESY spectrum of hogtand CA. (b) ROESY spectrum of hoétand DCA with a mixing time of 400 ms at 298.1 K.
kJ mol1. Thermodynamically, the complexation of TCA with  well compensated by the equally decreasing entropic loss

4 givesAH° and TAS’ values comparable to those for native (TAS’;s — TAS’; = 3.8 kd/mol). In contrast, the complexation
B-CD 1, the enthalpic lossAH°s — AH°; = 3.4 kJ/mol) is of CA with 4 gives a larger enthalpic gain than that fxCD
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Figure 5. Molecular modeling of the inclusion complexation upémvith (a) CA and (b) DCA using the CS Chem 3D 6.0 and Web Labviewer
3.7 software.

(AH°4 — AH°; = —5.13 kJ/mol), which is not compensated by protons in the NOESY or ROESY spectra, two-dimensional
a small entropic lossTAS’; — TAS’; = —1.6 kJ/mol). As a NMR spectroscopy has recently become an important method
consequence of such opposite behavioAbl° andTAS’, the for the investigation of the interaction between host CDs and
negligible molecular selectivity g8-CD (AAG® = AG°tca — guest molecules. This technique has been previously used to
AG°ca = 1.42 kJ/mol) is substantially enhanced to give/&G® study the complexation of steroids and other compounds with
value of 4.46 kJ/mol for host. CDs. Tato et at® reported the ROESY study on the resulting

Enthalpy—Entropy Compensation. Enthalpy-entropy com- complexes of CD4 and?2 with CA, respectively. The results
pensation, which has often been observed empirically in the indicated that in the 1:1 complex betwegCD 1 and CA the
kinetic and thermodynamic parameters determined for a wide steroid body entered forward into the inner cavitySe€D by
variety of reactions and equilibria, has long been an active topic the side of the secondary hydroxyl groups, with the side chain
in the chemical field. Numerous experimental data in the original folded toward the steroid body, i.e., rings D and C are totally
and review articles indicate that the widely observed compensa-and partially included, respectively, while the ROESY spectrum
tion enthalpy-entropy relationship is a powerful tool to  of amino-modifieds-CD 2 and CA exhibited different interac-
understand and even to predict thermodynamic beh8%#ar.28 tions of the side chain of CA with H5 and H6 BfCD 2. The

The linear AH—AS relationship observed experimentally facts indicated that the side chain was unfolded, with the
leads to eq 1; when integrated, this gives us eq 2. negative carboxylate group moving toward the positive proto-
nated amino group, and the side-chain elongation produced a
deeper penetration of the steroid body in the inner cavity of
B-CD 2, which further proves the existence of electrostatic
interaction. As a consequence, the stability constants for the

Thus, the sloped) of the TASvs AH plot (eq 2) indicates inclusion complexation of amino CA witf-CD 2 should be
to what extent the enthalpic gainfH) is canceled by entropic ~ larger than that with nativg-CD 1, which was in agreement
loss, while the positive intercept indicates that the complex is With our thermodynamics results. To further investigate the
stabilized even in the absence of enthalpic contributions, as farmechanism of enhanced binding ability and the binding mode
as theTAS term is positive. In this text, the correlation of Of interactions betwee# and bile salts as well as to establish
enthalpy-entropy compensation is performed by plottiigdS the correlation between the conformation of the resulting
vs AH using current limited experimental data. As shown in complexes and the thermodynamics obtained for modii€D
Figure 3, a good straight line with a correlation coefficient of 4 tethered with chiral amino group, the ROESY experiments
0.95 was obtained when reporting the limited €Bile salt of modified 5-CD 4 were performed in the presence of CA or
systems presently examined, having intercBp& = 18.7 kJ DCA in D2O. The spectra obtained are shown in Figure 4, parts
mol~! and slope= 0.93, respectively. However, a previous a and b, respectively.
report on enthalpyentropy compensation for the complexation It is well known that only cross-peak interactions with H3,
of 1070 guest molecules with natural CDs gave a slope of H5, and H6 of CDs were considered to analyze the results,
0.88 and intercept ofFAS = 12 kd/mol. From the above results, because H2 and H4 are not facing the inner cavity and H1 is
we can see that these values we obtained are much larger thamffected by DO. The notation used isHfor CD protons and
those relative to the natural CDs, and in agreement with those Pn for bile salts protons, whereis the carbon number indicated
reported in the literature for complexes formed by modified CDs in Chart 2. As shown in Figure 4a, the spectrum for the resulting
with flexible sidearms, they indicate that the inclusion com- complex of CA4 exhibits clear NOE cross-peaks (peaks A)

TAAS= aAAH
TAS= aAH + TAS,

@)
)

plexation of aminated3-CDs with bile salt gives a larger
conformational change and extensive desolvation effect.
ROESY Experiments. Since two protons located closely in

between the side chain protons (P21) and H3, H5 of CD.
Meanwhile, cross-peaks B, C, and D present the interactions
of the protons at D-ring of CA with H3 and/or H5 of CD cavity,

space (the corresponding internuclear distance is smaller thandescribing that the D-ring of CA is accommodated shallowly
3—4 A) can produce NOE cross-peaks between the relevantin the cavity. Further observations show that the interactions
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