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Abstract

The synthesis, structural characterization, and cation/anion binding properties of a new bile acid-amino acid conjugate, N-
deoxycholyl-L-tryptophan, are described. The structures of the ligand and its cadmium adduct at different pH conditions and
various cadmium perchlorate concentrations were determined by modern multinuclear magnetic resonance spectroscopic as
well as ESI-TOF MS techniques. Also semiempirical PM3 and ab initio/HF molecular modelling studies were performed.
Based on 'H,"H NOESY measurements N-deoxycholyl-L-tryptophan in alkaline conditions was found to appear in a bent
conformation which was clearly different from the conformations in neutral and acidic solutions. According to molecular
modelling in its minimum energy structure the tryptophan backbone of the ligand was folded close to the deoxycholic acid
skeleton and the structure was stabilized by an intramolecular hydrogen bond. The multinuclear magnetic resonance exper-
iments indicated that Cd**-cation was bound with the ligand in neutral and alkaline conditions while in acidic conditions
protons block the binding site. ESI-TOF MS revealed clearly a competition between sodium and cadmium ions, the ligand
having a stronger affinity for sodium. Cadmium binding occurred only when excess of cadmium was used. Further, ESI-
TOF MS spectra showed that various chlorine oxyanions originated from perchlorate anion formed together with cations
different adducts with the ligand.

Introduction and their conjugates have been their use as non-opiate an-
algesics [13], as sensitizers of Gram-negative bacteria to
antibiotics [14—15], and as radiopharmaceuticals [16].
Glycine and taurine conjugates of bile acids are well-
known ingredients of human bile. Synthetic procedures to
prepare those natural bile acid-amino acid conjugates have
been known for almost 100 years [17]. Later on many reports
concerning syntheses of different kinds of natural and non-
natural bile acid-amino acid conjugates have been published
[18-22]. Roda et al. have studied the syntheses and physi-
cochemical, biological, and pharmacological properties of
bile acid-cyclic amino acid conjugates [23]. Albert and
Feigel et al. have synthesized various 3«-aminolithocholic
acid and phenylalanine based cyclopeptides and studied
their conformations by several NMR-techniques, molecular
dynamics calculations, and X-ray crystal studies [24-26].
However, as far as we are aware the syntheses and character-
istics of bile acid-L-tryptophan conjugates are not reported.
Tryptophan (Trp), as one of the naturally occurring amino
acids, has been widely used as a fluorescence probe to mon-
itor protein conformations and dynamics [27]. Based on
the FTIR spectroscopic technique (DSD = dissolution-spray-
deposition) and ab initio molecular orbital calculations it

The large, rigid, and curved steroidal skeleton, chemically
different hydroxyl groups, enantiomeric purity, and unique
amphiphilicity together with their availability and low cost
make bile acids ideal building blocks for designing novel
macrocyclic and also open-chain supramolecular hosts [1-
8]. These host molecules can serve as model compounds for
more complex biological systems and are important, for ex-
ample, for molecular recognition of substrates in enzymatic
processes.

Bile acids and their derivatives are important compounds
also from the pharmacological point of view. They have
been used in the treatment of bile acid deficiency diseases,
liver diseases, and in dissolution of cholesterol gallstones
[9]. The antiviral properties of bile acids and their sulfate
esters [10] and the antifungal properties of some bile acid
esters [11] have been studied with promising results. They
have potential to act as carriers of liver-specific drugs, ab-
sorption enhancers and as cholesterol level lowering agents
[12]. Other potential medicinal applications for bile acids
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has been proposed that for a zwitter ionic form of Trp in
a solid KBr matrix there are several non-interconverting rot-
amers, one of which is predominant [28]. Also in solution
the predominance of one conformer of Trp has been sug-
gested based on 'H NMR parameters, T1-relaxation times,
lanthanide induced chemical shift changes, and intramolecu-
lar nuclear Overhauser enhancements [29]. 'H NMR and
fluorescence spectroscopy have shown that terbium cation
(having the same ionic radius as calcium) interacts with
the amino group and the imido group of the indole ring
of Trp [30]. De Wall et al. have presented experimental
confirmation, based on NMR and X-ray studies, of cation-
7 interactions between alkali metal ions and the indole
ring of Trp [31]. Recent mass spectrometric studies reveal
that Trp can form complexes also with other cations such
as aluminum and copper [32-34]. Further, Sharma et al.
have reported synthetic, spectral, and thermal studies of
cobalt(Il), nickel(Il), zinc(Il), and cadmium(II) complexes
with amino acid (e.g., Trp) derived Schiff bases [35].

A general objective of this study is to prepare bile acid-
amino acid conjugates which have some potential to act as
tissue targeting medicines. One should remember that L-
tryptophan is a precursor of serotonin which is known as a
neurotransmitter. A more chemically focused aim is to cla-
rify how various solution conditions and cation concentra-
tions are reflected in the multinuclear NMR spectroscopic,
ESI-TOF MS spectrometric, and Cd’*-complexing prop-
erties of N-deoxycholyl (or 3¢,12a-dihydroxy-58-cholan-
24-oyl)-L-tryptophan. The reasons for selecting deoxycholic
acid for our first study are the physiological significance of
the molecule and its ability to form choleic acids (crystalline
inclusion compounds) [36]. The criterion for selecting Cd>*+
as a complexing agent is that the ionic radius of the cation
is close to the ionic radii of the biochemically important
ions, Ca?t and Zn%'. However, the NMR characteristics
of Cd** are much more favourable than those of Ca** and
Zn>* [37]. Further, in order to deepen the interpretation and
discussion of the obtained spectroscopic data, some mo-
lecular orbital calculations have also been included. This
study will serve our long-term project to prepare and char-
acterize supramolecular hosts derived from bile acids and
nitrogen-containing heterocycles as reviewed recently by us

[8].

Experimental

Compounds

Deoxycholic acid (3«,12a-dihydroxy-58-cholan-24-oic
acid) was 98% reagent from Aldrich Chemical Co. L-
tryptophan was purchased from Fluka Chemie AG as puriss.
grade reagent. N-(3c,12a-dihydroxy-58-cholan-24-oyl)-L-
tryptophan was synthesized by the mixed anhydride method
following a previously reported procedure [23, 38].

The synthetic route to N-deoxycholyl-L-tryptophan is
described in Scheme 1.

2.06 g (11 mmol) of tri-n-butylamine was added to a
suspension of 3.93 g (10 mmol) of deoxycholic acid in 60

Deoxycholic acid

Bu,N
CICOOEt
dioxane
10°C

L-tryptophan
10% NaOH

N-deoxycholyl-L-tryptophan
Scheme 1.

mL of sodium dried 1,4-dioxane at 10 °C. The temperature
was kept constant while stirring the reaction mixture and a
solution of 1.20 g (11 mmol) of ethyl chloroformate in 3 mL
of 1,4-dioxane was added dropwise during 15 min. After the
solution was stirred for an additional 30 min, a solution of
2.45 g (12 mmol) of L-tryptophan in 5 mL of 10% NaOH
was added dropwise at the same temperature, and the res-
ulting solution was stirred for 4 h. During the stirring the
temperature was allowed to reach room temperature spon-
taneously. The reaction mixture was poured into 125 g of
ice and the mixture was stirred and acidified (pH 2, conc.
HCI). The stirring was continued for 30 min and then the
mixture was allowed to stand for 15 min. The precipitate
formed was filtered with suction and washed by chloroform
to remove the tri-n-butylamine. The crude product obtained
was finely ground and dried in vacuo at 50 °C for 3 h. The
yield of the crude product was 4.20 g (73%), which was
purified by column chromatography [39] (silica gel, chlo-
roform:acetone:methanol, 70:50:10). The pure product was
obtained in 45% yield. The purity and molecular structure of
N-deoxycholyl-L-tryptophan was ascertained by 'H and 13C
NMR and accurate ESI-MS measurements.

The Cd**-binding experiments were done by dissolv-
ing an accurate amount of Cd(ClO4);-6H20 in 1 mL of
DMSO-d¢ containing 58 mg (0.1 mmol) of N-deoxycholyl-



L-tryptophan so that the cation:ligand molar ratios were 0,
1:2, 1:1, 2:1, 3:1, 4:1, and finally DMSO-d¢ solution sat-
urated by cadmium perchlorate hexahydrate. In order to
compare the N and !'3Cd NMR chemical shifts of L-
tryptophan and the ligand 83.5 mg of Cd(ClO4),-6H,0 was
added into 36 mg of L-tryptophan in DMSO-de giving a
cation:ligand molar ratio of 1.1:1. For the MS measure-
ments the sample solutions were diluted to concentrations
of 4 mg/mL by using DMSO (HPLC grade) and further to
concentrations of 0.01 mg/mL by using acetonitrile (HPLC
grade). For the accurate mass measurement 4 mg of the lig-
and was dissolved in 1 mL of DMSO (HPLC grade) and
further diluted to a concentration of 0.01 mg/mL by using
acetonitrile/HCOOH (0.2%).

Warning: Cd(ClO4);-6H,0 can explode when heated or
reacting with organic material. It is strictly forbidden to
try to prepare an anhydrous salt by heating from the
hexahydrate!

NMR and MS

All 'H, 3¢, 3C DEPT-135, PFG 'H,'3C HMQC [40-41],
PFG 'H,'3C HMBC and PFG 'H,">N HMBC [42], DQF
'H,'H COSY [43 - 44], and 'H,'H NOESY [45-46] NMR
measurements were performed in 0.1-0.2 M DMSO-dg solu-
tions with a Bruker Avance DRX 500 spectrometer equipped
with a 5 mm diameter broad band inverse observation (pro-
ton) probehead with a z-gradient accessory [47] working at
500.13 MHz in 'H, 125.77 MHz in !3C, and 50.70 MHz
in 1SN experiments, respectively. Because of the insensitiv-
ity of the 13Cd nucleus, ''3Cd NMR measurements were
performed using a direct observation probehead without the
z-gradient accessory at 110.94 MHz. The 'H and '3C NMR
chemical shifts were referenced to the residual signal of
partly deuteriated solvent: §(C'HD,) = 2.50 ppm from the
internal TMS and to the signal of solvent 8(13CD3) =39.50
ppm from the internal TMS, respectively. The >N NMR
chemical shifts were referenced to the signal of external ni-
tromethane, §(CH3'NO,) = 0.0 ppm, in a 1 mm diameter
capillary inserted coaxially inside the 5 mm NMR tube. The
113Cd NMR chemical shifts were referenced to the signal of
an external 0.1 M aqueous Cd(CIOy)3, 8(113Cd) = 0.0 ppm,
in a 1 mm diameter capillary inserted coaxially inside the
5 mm NMR tube. The complete lists of the acquisition and
processing parameters are available from E.K. on request.
In the PEG 'H,'>N HMBC experiment the pulse pro-
gram, inv4gslplrnd, was selected from the manufacturer’s
library and a 50 ms evolution delay (corresponding to 10
Hz proton-nitrogen-15 spin-spin coupling) was incorporated
in the pulse program. The PFG 'H,'">N HMBC (heteronuc-
lear multiple bond correlation) pulse program was selected
because both in the reference and the studied compound in
alkaline solutions the nitrogens are unprotonated. However,
in the HMBC experiment all proton bearing nitrogens are
also visible as doublets split by proton-nitrogen spin-spin
couplings when the low-pass filter set at the start of the
pulse program does not exactly match the evolution delay of
IJ(N,H). By this arrangement the information given by both
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HMQC and HMBC is obtained by a single heteronuclear
chemical shift correlation experiment.

Electrospray mass spectrometric measurements were
performed using a LCT time of flight (TOF) mass spectro-
meter with electrospray ionization (ESI; Micromass LCT).
The spectrometer utilized two hexapole RF lenses to trans-
fer ions from the source to the orthogonal acceleration TOF
mass analyzer. lons emerging from the analyzer were detec-
ted by a dual microchannel plate detector and ion counting
system. Controlling the LCT as well as acquiring and pro-
cessing the data were performed with a MassLynx NT
software system. In each experiment a flow rate of 20 wl/min
was used for the sample solution and the sample droplets
were dried with nitrogen gas. The potentials of 80 V and 5
V for the sample and extraction cones were applied. The RF
lens was set at a potential of 500 V and the potential in the
capillary at 3250 V. The desolvation temperature was set at
140 °C and the source temperature at 100 °C.

For the accurate mass measurement the calibration of
the instrument was made with Nal. The nominally measured
mass and the centroided spectrum were subjected to a mass
scale correction obtained from the variation of the observed
value of the reference mass from its theoretical monoiso-
topic mass. The necessary mass scale correction was applied
to the spectrum relative to the fifth order calibration curve
used for the acquisition of the raw data. An additional mass
correction was applied from an algorithm which accounts
for the observed statistical shift in the centroided mass with
signal intensity resulting from the detector dead time. The
reference was introduced by flow injection (20 uL/min) and
the sample by loop injection. The potentials of 70 V and 3
V for the sample and extraction cones were applied. The
RF lens was set at a potential of 250 V and the poten-
tial in the capillary at 3300 V. The desolvation temperature
was set to 180 °C and the source temperature to 100 °C.
Leucin-enkephalin (1 ng/uL) was used as a reference ion.

Molecular orbital calculations

The geometry of the ligand and its cadmium complexes
(cation:ligand; 1:1 and 1:2, respectively) were fully op-
timized at the semiempirical PM3 [48] level on a Silicon
Graphics O2 workstation by using SPARTAN (version 5.0)
software [49]. After that a substructure of the ligand was
optimized with and without Cd>* cation at the ab initio
Hartree-Fock (HF) level using the 3-21G(d) basis set on a
Silicon Graphics Origin 200 workstation by Gaussian 98
software [50].

Results and discussion

NMR

'H and 3C NMR: The 'H and '3C NMR chemical shifts
of N-deoxycholyl-L-tryptophan in neutral, acidic (HCI ad-
dition) and alkaline (NaOH addition) DMSO-dg solution
without and with 1:1 Cd(ClOg4);-6H,0 additions are collec-
ted in Tables 1 and 2, respectively.
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Table 1. '"H NMR chemical shifts (ppm from DMSO-dg, § = 2.50 ppm from int. TMS) of the selected protons of
N-deoxycholyl-L-tryptophan in neutral, acidic and alkaline DMSO-dg solutions without and with Cd(ClO4);-6H, O additions

(in a molar ratio of 1:1) measured at 30 °C

B(IH)/ppm
Neutral Acidic Alkaline
Proton ligand ligand + Cd?* ligand ligand + Cd?* ligand ligand + Cd?+
3B 337 3.37 3.35 3.35 3.35 3.35
128 3.77 3.77 3.74 3.74 3.74 3.73
18 Me 0.57 0.56 0.51 0.50 0.55 0.50
19 Me 0.84 0.83 0.78 0.78 0.80 0.79
21 Me 0.88 0.87 0.82 0.82 0.82 0.81
Ba&p  1.93&206 1.94&2.08 1.96 &2.07  1.95 & 2.07 1.86 &2.01  1.88 & 2.02
Tip-2 7.06 7.12 7.09 7.08 7.03 7.08
Tip-4 7.49 7.51 7.47 7.47 7.42 7.47
Trp-5 6.91 6.95 6.94 6.94 6.81 6.91
Tip-6 7.00 7.04 7.03 7.03 6.90 7.00
Tip-7 7.29 731 7.31 7.30 7.25 7.28
Trp-82 3.20 321 3.13 3.13 3.15 321
Tip-8® 2.99 2.98 2.97 2.97 2.93 2.97
Tip-9 4.25 4.48 4.41 4.41 4.18 4.40
Amide NH  7.39 7.71 8.04 7.98 Deprot. 7.40
Indole NH  10.80 10.71 10.75 10.61 Deprot. 10.55

4H cis to carbonyl oxygen of L-tryptophan.
YH frans to carbonyl oxygen of L-tryptophan.

For the deoxycholyl fragment only some proton chemical
shifts are given in Table 1 because at 500 MHz unambiguous
assignments of all protons are not possible. The 'H and '3C
NMR chemical shift assignments are based on the literature
spectra of deoxycholic acid [51] and L-tryptophan [52] as
well as on the present '3C DEPT-135, PFG 'H,'3C HMQC,
and PFG 'H,'3C HMBC experiments.

Although the majority of the 'H and '*C NMR chemical
shifts of N-deoxycholyl-L-tryptophan do not significantly
depend on the pH or Cd?*-cation content, some trends,
however, can be observed. First of all, increasing the ionic
strength by cadmium perchlorate causes opposite bulky ef-
fects on the 'H and '3C NMR chemical shifts of the atoms
of the steroidal skeleton being deshielding in carbon-13 and
shielding in proton, respectively. In a clearly acidic solution
additions of cadmium perchlorate do not induce any signi-
ficant changes due to the excess of protons which probably
block the proper binding sites for cadmium. In neutral and
alkaline conditions the Cd>*-adduct formation is reflected in
the '"H NMR chemical shift changes, especially in the amide
proton and H-9 of the Trp moiety, when the Cd**:ligand
ratio is changed from 1:2 to 1:1. In the '3C NMR the most
significant change happens in the carbonyl carbon (C-10)
of the Trp moiety, the signal shifting downfield by about
2 ppm when the cation:ligand molar ratio exceeds 1:1. In
neutral conditions the signal additionally gets significantly
broadened. A clear downfield (decreased shielding) change
in the 1>C NMR chemical shift of C-24 of the deoxycholyl
fragment is also observed. The changes in the '*C NMR
chemical shifts for a majority of the carbons of the Trp moi-
ety also differ from the bulky effect. For example, an upfield

(increased shielding) change in the chemical shift of C-9 of
the Trp moiety is detected.

In order to clarify whether the acidity vs. alkalinity of the
solution has some influence on the three-dimensional struc-
ture of the N-deoxycholyl-L-tryptophan two-dimensional
I 'H NOESY measurements have also been performed for
the neutral, acidic, and alkaline DMSO-dg solutions of the
ligand. In neutral and acidic conditions the NOESY maps are
comparable revealing intra residual dipolar relaxations, such
as the one between H-2 and H-8 in the tryptophan residue
as well as the one between H-128 and the angular methyls
18 and 19 inside the steroidal system. In alkaline solution,
however, some extra cross-peaks are visible which imply
that there is close spatial proximity between the steroidal
and amino acid moieties. For example, H-9 of the tryptophan
part correlates with methyl 21 of the bile acid residue and a
strong cross-peak is observed between the H-4 of tryptophan
and H-128 of the steroid. Our molecular modelling studies
reveal that in the minimum energy structure of the ligand
the tryptophan moiety really has folded close to the steroid
moiety and the structure is stabilized by an intramolecular
hydrogen bond between 12«-OH and Trp-5-H as described
later in this paper. Figure 1 shows a partial NOESY contour
map of N-deoxycholyl-L-tryptophan in alkaline DMSO-dg
solution showing the inter residual NOE cross-peaks.

It seems obvious that in alkaline solution a conformation,
where the indole ring and the steroid skeleton have some
kind of stacked arrangement explaining the observed inter
residual NOE cross-peaks, is preferred.

ISN NMR: In order to characterize the possible binding
sites for Cd%t-cation, !N NMR chemical shifts of N-



Table 2. 13C NMR chemical shifts (ppm from DMSO-dg, § =
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39.50 ppm from int. TMS) of

N-deoxycholyl-L-tryptophan in neutral, acidic and alkaline DMSO-dg solutions without and with
Cd(ClO4);-6H, O additions (in a molar ratio of 1:1) measured at 30 °C

s(13C)/ppm
Neutral Acidic Alkaline

Carbon  ligand  ligand + Cd?+ ligand  ligand + Cd%* ligand  ligand + Cd?*
1 35.11 3518 35.57 35.65 3536 3534
2 3020 30.27 30.48 30.56 30.19  30.20
3 69.92  70.04 70.77 70.99 7034 70.44
4 3627  36.33 36.50 36.57 3622 3621
5 41.61  41.68 42.15 4226 41.89  41.93
6 26972 27.05% 27.49%  27.60% 27228 27272
7 26.08  26.17 26.61 26.73 2633 2639
8 35.64 3572 36.22 36.34 3594 36.00
9 3290  33.00 33.51 33.66 3323 33.30
10 3378 33.86 34.31 34.43 34.03  34.08
11 28.56  28.66 29.03 29.13 2872 28.76
12 71.00 7112 71.93 72.18 7148 7159
13 4594  46.02 46.52 46.64 4620  46.24
14 4740 4751 47.99 48.14 4766  47.74
15 2348  23.56 24.05 24.16 2376 23.81
16 27132 27.202 27.58%  27.692 27392 27462
17 46.19  46.26 46.74 46.89 4638  46.49
18 1240 1249 12.93 13.05 1265 1270
19 23.04  23.12 23.54 23.64 2327 2330
20 35.14 3518 35.54 35.65 3536 3543
21 17.08  17.15 17.56 17.67 1729 1733
22 3149 3157 32.06 32.21 31.64 3173
23 3274 3253 32.79 32.95 33.09  32.96
24 17171 172.42 174.18% 17435 172.60  173.25
Trp-2 123.19  123.39 12412 12425 125.65 123.56
Trp-3 11126 110.85 11042 110.54 110.77  111.53
Trp-3a  127.97 127.63 127.68  127.80 12871 128.10
Trp-4 11843 11827 118.64  118.87 11842  118.69
Trp-5 117.81  118.22 119.07  119.21 11745 118.57
Trp-6 12036  120.77 121.61  121.84 119.83  121.07
Trp-7 111.03  111.28 11207 11221 11211 111.24
Trp-7a 13591  136.06 136.64  136.77 13771 136.09
Trp-8 2751  27.84 27.71 27.84 28.04  28.06
Trp9 5456  53.49 53.66 53.80 5571  54.63
Trp-10 17470  176.94(br) 174.23%  174.57° 175.90 177.74

a’bAssignments may be interchanged.

deoxycholyl-L-tryptophan have been determined. Table 3
contains the '>’N NMR chemical shifts of L-tryptophan and
its Cd?*-adducts in neutral DMSO-dg solution as well as the
shifts of N-deoxycholyl-L-tryptophan and its Cd**-adducts
in neutral, acidic (HCI addition), and alkaline (NaOH addi-
tion) solutions.

As can be seen, in the neutral conditions the chemical
shifts of the indole nitrogen of L-tryptophan, —248.9 ppm,
and of N-deoxycholyl-L-tryptophan, —250.4 ppm, are quite
close to the corresponding chemical shift of S-methylindole
(—243.3 ppm) [53], which is a metabolite of tryptophan.
The formation of an amide bond explains the big differ-
ence between the chemical shifts of the amino nitrogen
of L-tryptophan, —339.6 ppm, and of N-deoxycholyl-L-
tryptophan —255.7 ppm. Addition of Cd(ClO4)2-6H20 in

a molar ratio of 1.1:1 to the DMSO-dg solution of L-
tryptophan giving a saturated solution led to only minor
changes in the I5SN' chemical shifts of the molecule, the
resulting values being —249.1 ppm (indole) and —341.1
ppm (amide). Also, the !N chemical shift changes of the
indole and amide nitrogens between the ligand and its cad-
mium adducts were considerably small (0.2 and 1.2 ppm,
respectively) compared to the changes between the NHj-
and NHCO-groups of N-lithocholyl- and N-deoxycholyl-(2-
aminoethyl)amides and their Cd>*-complexes reported by
us before [54].

In the alkaline solutions the indole and the amide protons
were totally missing and the chemical shift of the indole ni-
trogen was clearly deshielded, resonating at —240.5 ppm,
(—250.4 ppm in neutral conditions). The amide nitrogen
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Figure 1. A partial 'H,'H NOESY contour map of N-deoxycholyl-L-tryptophan in alkaline DMSO-dg solution showing (by circled cross-peaks) the
correlation between H-9 of the tryptophan moiety and methyl 21 of the bile acid residue as well as the strong cross-peak between H-4 of tryptophan and

H-128 of the steroid.

Table 3. YN NMR chemical shifts (ppm from ext. neat CH3NO»,
8 = 0.0 ppm) of L-tryptophan and its Cd2+-complex as well as
of N-deoxycholyl-L-tryptophan and its cdrt -complexes in neutral,
acidic and alkaline DMSO-dg solutions

3('>N/ppm)
Indole N

Amide N (amino N in

L-tryptophan)

L-tryptophan —248.9 —339.6
L-tryptophan + Cd2+ —249.1  —341.1
ligand (neutral) —250.4 —255.7
ligand + Ccd?+ (neutral) —250.6 —256.9
ligand (acidic) —250.3 —258.4
ligand + Cd*t (acidic) —250.8  —258.4
ligand (alkaline) —240.5 —254.2
ligand + Cd?*t (alkaline) ——251.6 —256.1

was also deshielded, resonating at —254.2 ppm, (—255.7
ppm in neutral solvent). Addition of Cd(ClO4)2-6H70 in
a molar ratio of 1:1 to the alkaline solution shifted the
protolytic equilibrium back to the protonated indole form
which showed a cross-peak at —251.6 ppm. Another in-
teresting phenomenon in the >N NMR chemical shifts of
N-deoxycholyl-L-tryptophan was that in the acidic condi-
tions the chemical shift of the amide nitrogen was shielded,
resonating at —258.4 ppm (—255.7 ppm in the neutral
solvent).

H3Cd NMR: '3Cd NMR opens a direct route to probe the
environment of the bound cation itself. Only a weak sig-
nal for Cd**-cation bound with L-tryptophan was observed
in neutral DMSO-de at 299.5 ppm (from external 0.1 M
aqueous Cd(ClO4),) while the majority of the Cd?*-cations
was complexed with the solvent and resonated at —28.7
ppm (upfield from the reference). A 1:1 mixture of Cd**:N-
deoxycholyl-L-tryptophan in neutral DMSO-dg resonated at
299.2 ppm (practically the same as in case of Trp). However,
a sharp and strong peak revealed that the association con-
stant was greater than in the case of Trp; especially because
no signal of the Cd**:solvent complex was visible. The
13Cd NMR chemical shifts of the cadmium:L-tryptophan
and :N-deoxycholyl-L-tryptophan adducts measured in this
work differ significantly from the chemical shifts of the
Cd**-complexes of N-lithocholyl- and N-deoxycholyl-(2-
aminoethyl)amides (92 and 84 ppm) measured by us pre-
viously [54]. The different binding sites could probably
explain the big difference between the chemical shifts.
In the PM3 optimized structure of the Cd**-complex of
N-lithocholyl-(2-aminoethyl)amide, the Cd**-cation is co-
ordinated to the carbonyl oxygen of the lithocholyl moiety
and to both amino nitrogens of the 2-aminoethylamide moi-
ety. In the present case coordination to the carbonyl oxygen
and to the amide nitrogen of the Trp moiety is the most
probable site based on steric reasons and also supported by
molecular modelling. A disappearance of the !'>Cd NMR
signal of the Cd**:N-deoxycholyl-L-tryptophan after satur-
ating the solvent with Cd(ClO4),-6H>O is probably due to
the decomposition of the Cd**-adduct. The buffer capacity
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Figure 2. The energetically most stable structures for cadmium:ligand 1:1
(a) and 1:2 (b) adducts optimized by semiempirical PM3 level of theory.

of the ligand is not able to withstand the strong acidifying
effects caused by the increased concentration of cadmium
cation. However, it is clear that the complexation tend-
ency of N-deoxycholyl-L-tryptophan is stronger than that of
L-tryptophan in similar conditions.

Although the 'H, 13C, and ''3Cd NMR data clearly
show that Cd>*-cation binds with the ligand in neutral and
alkaline conditions, "’N NMR shows surprisingly small
changes concerning the cadmium binding. This could be due
to the simultaneous interaction of the perchlorate counter
anion that cannot be detected directly by NMR experiments.
In order to determine if the counter anion interacts with
the ligand as detected before for open-chain piperazine-
containing ligands [55], careful ESI-TOF MS measurements
were performed.

MS

In order to ensure the molecular weight of the ligand, an ac-
curate mass measurement using leucin-enkephalin as a lock
mass reference was performed. A centroided spectrum for
the ligand resulted in MS m/z, ESI-TOF™* found 579.3820
[M + H]*, C35Hs51 N, 05 requires [M + H]* = 579.3798. The
measured value deviated 3.7 ppm from the theoretical one.
In order to find support for the results obtained from
the different NMR experiments described before, ESI-
TOF MS measurements at different solution conditions
were performed. For ESI-TOF MS measurements the NMR
samples were diluted to suitable concentrations which
caused changes in the pH conditions compared to the cir-
cumstances prevailing during the NMR measurements. At
neutral conditions singly charged [L + Na]™ and [2L + Na]*
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ions were formed, even though alkali metal salts were not
added to the sample solution. Fragmentation of the ligand
did not occur under normal measurement conditions. At di-
luted acidic conditions signals of singly charged [L + H]™T,
[L + K™, [L — H + 2Na]*, [2L + H]™, [2L + K]* and
[2L — H + 2Na]* ions with low intensities in addition to
the previously mentioned sodium adducts, which occurred
as the main signals of the spectrum, were also observed.
Lowering the pH with a small amount of acid was imme-
diately detected by an increase in the intensity of the proton
adducts. A higher proton concentration would probably have
led to replacement of sodium and potassium entirely by pro-
tons. At alkaline conditions the singly charged signals of the
potassium adducts [L + K]* and [2L + K]+ were detected
with higher intensities than in the previous cases. The [L +
Na]™ ion gave the most intense signal also at more alkaline
conditions, but the signal of [2L + K] was stronger than
the signal of [2L + Na]*. The other observed ions were the
same as in the dilute acidic conditions described above.

In order to investigate the cadmium affinity of the ligand
also by means of ESI-TOF MS the diluted NMR samples
were measured. The salt used was cadmium perchlorate as
mentioned before. The metal was at oxidation stage II and
remained at this stage during complexation. Because of the
numerous oxyanions of chlorine, however, the interpretation
of the mass spectra was somewhat complicated. Signals of
singly charged [ligand + oxyanion + cation(s)]™ ions, typic-
ally [L + CIO + 2H]*, [L + ClIO + H + Na]*, [L+ ClIO + H
+K]*, [L+ClO3 + H+ Na]t, [L + ClO4 + H+ K] ™, and [L
+2CIO + H + 2Na] ™t as well as [2L + ClO + 2H]* and [2L +
ClO3 + 2H] " were detected at every cadmium concentration
in addition to the proton, alkali metal, and cadmium adducts
of the ligand. Interestingly, the oxyanion series was not ob-
served at slightly alkaline pH conditions even though it was
clearly detectable at acidic conditions.

Experiments at different cadmium:ligand ratios were
performed in order to find out the amount of cadmium re-
quired for complexation reaction. These experiments were
performed at neutral pH conditions. At a ratio of 1:2 (cad-
mium:ligand) the signal of singly charged [L + Na]™ ion
was the most intense of the signals of the spectrum. In ad-
dition to the previously mentioned oxyanion adduct series
the [L + H]*, [L — H + Cd]*, [2L + H]*, [2L + Na]™*,
[2L — H + Cd]*, and [2L + Cl — 2H + 2Cd]*-ions were
also detected. At a ratio of 1:1 the relative intensities of
different ions remained almost the same, even though the
percentage of the [2L + H]' ion was significantly higher
than before. Excess cadmium caused disappearance of the
signal of the [L + Na]* ion. The [L + H]* and [2L +
H]™ ions were still observed, but the intensities of the sig-
nals of the proton adducts were lower than those of the
oxyanion and cadmium adducts. The most intense of the
ligand-containing signals was due to the [L + 2CIO + H
+ 2Na]™ ion where in fact two sodium hypochlorite mo-
lecules are bound non-covalently to the protonated ligand.
The signal of the previously mentioned cadmium-containing
monomeric adduct appeared almost as intense. Of the cad-
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mium adducts the signal of the [2L — H + Cd]™ ion was also
clearly visible.

In order to examine the cadmium binding ability of the
ligand at different pH conditions, measurements of the 1:1
complex in acidic and alkaline solutions were also per-
formed. At slightly acidic conditions the most intense signal
of the ligand-containing ions was given by [L + H]T. Also
signals given by the [L + Na]*, [L — H+ Cd]*, [2L + H]T,
[2L + K]*, [2L — H + Cd]*, and [2L + Cl — 2H + 2Cd]"
ions and the oxyanion adduct series were clearly detectable.
At slightly alkaline conditions the signal of the [L + Na]*
ion prevailed together with the signals of the [L + H]™, [2L
+ H]" and [2L + Na]™ ions. The cadmium adducts were not
detected at all.

These findings clearly show that excess cadmium is re-
quired for its binding with the ligand. The result differs
from the one obtained by NMR measurements in which the
binding occurred between the molar ratios of 1:2 and 1:1
(cadmium:ligand), respectively. The difference between the
results obtained by these two techniques depends most prob-
ably on the differences in the sensitivities and measurement
conditions, a general feature of ESI-MS being alkali metal
adduct formation. The mass spectrometric measurements
clearly reveal that sodium and cadmium cations compete
for the active site of the ligand. When the concentration of
cadmium is low, complexes with sodium are formed more
readily, that is to say, the sodium affinity of the ligand is
higher than its cadmium affinity. Excess cadmium is re-
quired for displacing the sodium ions entirely with cadmium
being the main complex-forming metal ion. The results also
showed the ligand to have a relatively high proton and so-
dium affinity because protons and sodium ions were able to
compete succesfully with cadmium ion.

MO calculations

As mentioned above the final optimization of the structure
of the ligand and its cadmium complexes have been done at
the semiempirical PM3 level of theory. In the energetically
most favourable structure of the ligand with its rigid steroidal
skeleton and flexible side chain, the tryptophan moiety has
folded close to the deoxycholic acid moiety and the structure
is stabilized by an intramolecular hydrogen bond between
12-OH and Trp-5-H (2.70 A). An additional hydrogen
bond between Trp-COOH and Trp-9-CH is also visible. The
calculations suggest that if the concentration of cadmium is
low, a 1:2 (cadmium:ligand) adduct is likely to form. When
excess cadmium is added, the formation of the 1:1 adduct
is favoured. The mass spectrometric measurements reveal
that dimerization really occurs. However, the intensity of
the signals of the monomeric [L — H + Cd]™ and dimeric
[2L — H + Cd]™ cadmium adducts are almost the same at
molar ratios of 1:2 and 1:1. This could be caused by solvent
or water molecules which are also able to bind to the ligand
lowering the total energy of the system so that dimerization
is not necessary for the minimum energy structure. Further,
the calculations do not take into account the other cations
or anions present under the measurement conditions, that
can interact with the ligand forming adducts containing two

or more ions. In the optimized 1:1 adduct the doubly co-
ordinated Cd2*-cation has bound to the COOH (1.77 A) and
NH (2.20 A) of the tryptophan moiety when in the case of
the 1:2 adduct cadmium binds to the 24 CO oxygens of the
bile acid moieties as can be seen in Figure 2. Calculations
at the ab initio HF level using the 3-21G(d) basis set for the
substructures of the Cd*T-adducts support the semiempirical
results giving similar model structures.

Conclusions

It has been shown that modern multinuclear magnetic res-
onance and mass spectrometric methods supported by soph-
isticated theoretical calculations can give a unique picture
for the conformational and cation/anion binding charac-
teristics of bile acid-amino acid conjugates. The 'H,'H
NOESY measurements revealed that in alkaline solution the
N-deoxycholyl-L-tryptophan conjugate had a folded con-
formation which differed clearly from the conformations
prevailing in neutral and acidic solutions. According to mo-
lecular modeling studies in the minimum energy structure of
the ligand the tryptophan moiety in fact had folded close to
the deoxycholic acid moiety and the structure was stabilized
by an intramolecular hydrogen bond. Further, multinuclear
magnetic resonance data clearly showed that Cd**-ion was
bound to the bile acid-amino acid conjugate in neutral and
alkaline conditions. ESI-TOF MS measurements revealed
that sodium and cadmium ions competed for the active site
of the ligand and excess cadmium was needed for displa-
cing sodium ion. Further, ESI-TOF MS spectra showed that
various chlorine oxyanions originating from perchlorate an-
ion formed together with cations different adducts with the
ligand.
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