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ABSTRACT: A paramagnetic NMR study of the structure of the calcium—glycocholate complex in submicellar
solution, utilizing dysprosium as an isomorphous lanthanide replacement of calcium, is presented. The
dysprosium-induced relaxation rate (1/7)) enhancements of certain glycocholate protons have been used
to estimate internuclear distances between these protons and the metal ion. An approximation to calculate
the intrinsic relaxation rate (1/7)) enhancements for a nondilute paramagnetic solution is given in the
Appendix. From these data, and analysis based on conformation averaging and minimum energy con-
formations, a molecular model of the dysprosium—glycocholate complex in submicellar aqueous solution
has been constructed. In this model the metal ion has a unidentate, first-sphere interaction with the proximal
oxygen atom of the glycine carboxyl. The metal ion has second-sphere interactions with the peptide bond
carbonyl oxygen (3.6 A) and the distal carboxyl oxygen (4.4 A). The metal ion to hydroxyl oxygen distances
(8.4-12.4 g) are not compatible with any metal ion to hydroxyl coordination. The side chain appears to
exist in one predominant conformation. All six oxygen atoms of glycocholate, the peptide bond carbonyl,
the carboxyl group, and the hydroxyl groups are on the o face of the bile salt molecule. On the basis of
these features we conclude that in the submicellar state the solution structure of the dysprosium—glycocholate
complex displays a metal ion enhanced segregation of polar versus nonpolar groups to the two separate faces
of the molecule, which may result in a facilitated hydrophobic interaction of different complex units.
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Bile salts are 24-carbon 58-cholanoates, and conjugated to
glycine (e.g., glycocholate, GC)! or taurine, they are the
principal solutes in the bile. Bile salts have detergent-like,
amphiphilic properties, and in aqueous solution, above their
critical micellar concentration? (cme), they undergo self-as-
sociation to form micellar complexes that are in equilibrium
with a smaller proportion of bile salt monomers (Small, 1971).
At concentrations lower than the cmc, bile salts are assumed
to exist as monomers.

Investigation of the physical chemistry of bile salts has
attracted much attention since it has provided insights into
the cause of cholesterol gallstone formation (Carey & Small,
1978). Several parameters that may govern the formation of
cholesterol gallstones have been suggested. One of these, the
presence in bile of polyvalent cations such as calcium, is
thought to govern the rate of nucleation of bile supersaturated
with cholesterol by promoting the fusion of phospholipid—
cholesterol vesicles (Kibe et al., 1985). Since calcium is present
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in bile at concentrations exceeding the solubility product for
several ionic species, it would be also expected to precipitate
from the bile. That it does not do so suggests that Ca?* ions
are normally associated with other water-soluble complexes,
of which the most likely are bile salts.

Several investigators (Williamson & Percy-Robb, 1979,
1980; Rajagopalan & Lindenbaum, 1982; Moore et al., 1982;
Kahn et al., 1982; Moore, 1984; Marteau et al., 1985) have
used Ca**-specific electrodes to show that a significant fraction
of calcium in the bile is bound to bile salts. Recently, in this
laboratory we have determined the stoichiometry and affinity
of the Ca—GC complex by the analysis of paramagnetic lan-
thanide-induced changes in the chemical shifts of 'TH NMR
resonances (Mukidjam et al., 1986). With this technique a
1:1 stoichiometry has been obtained for the Dy-GC complex
with a dissociation constant of 4.15 mM. Further, in com-
petition experiments with Ca?*, the dissociation constant for
the Ca—GC complex has been shown to be 9.5 mM, similar
to the value found by the Ca?*-specific electrode studies (9.6
mM; Moore, 1984), indicating that in a solution of 1 mM
CaCl, and 1 mM glycocholate in equilibrium 9% of Ca?* is
present as Ca~GC complex.

! Abbreviations: GC, (3a,7a,12a-trihydroxy-58-cholan-24-oyl)glycine
(glycocholate); NMR, nuclear magnetic resonance; Gly, glycine; cmc,
critical micellar concentration; EDTA, ethylenediaminetetraacetic acid;
rf, radio frequency.

2 Bile salts, unlike detergents such as sodium dodecy! sulfate, do not
associate to form large micelles over a narrow concentration range.
Although some investigators have introduced the terms uncritical mul-
timer concentration or noncritical micellar concentration, rather than
critical micellar concentration (cmc), we have chosen to use the more
familiar term cmc.

© 1987 American Chemical Society
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The lanthanide ions, 4f transition metals with largely non-
transition-metal-like chemistry, are considered as isomorphous
replacements for calcium (Lee & Sykes, 1980; Sowadski et
al., 1978; Horrocks & Sudnick, 1979; Darnall & Birnbaum,
1970; Matthews & Weaver, 1974; Reuben, 1979). Unlike
calcium, however, they display a range of useful spectroscopical
properties.

By use of lanthanide NMR shift and relaxation reagents,
which range from the aquoions to various lanthanide com-
plexes, the solution structure of small molecules (Reuben &
Elgavish, 1979) and of the metal ion binding pocket of mac-
romolecules (Reuben, 1979) can be mapped.

The effect of the paramagnetic lanthanide Dy** on the
spin-lattice relaxation rate (1/7;) can be used to deduce the
distances between the metal ion and various atoms in the
ligand. Proton relaxation rate data, therefore, yield the average
distances between the Dy** ion and the bile salt protons and
hence can be utilized to build a structural model of the Dy-GC
complex.

In this study we have used paramagnetic lanthanide NMR
mapping to determine the solution structure of the Dy-GC
complex in dilute nonmicellar, aqueous solution. Since the
side chain is considered to be a factor in the assembly of
micelles (Roda et al., 1983; Hogan et al., 1984), the structure
of the side chain in the nonmicellar complexes is of particular
importance. From the data obtained in this study it is pos-
tulated that the side chain of the metal complex is held in a
particular conformation, rather than being allowed to rotate
freely. This implies that micelle formation by glycocholate
would be facilitated by complexation with Ca?*.

EXPERIMENTAL PROCEDURES

Analytical-grade chemicals were used throughout. Sodium
glycocholate (Sigma Chemical Co., St. Louis, MO) was ex-
tracted at pH 5 with ethyl acetate to remove cholic acid. The
solution was acidified with HCI and the precipitated glyco-
cholic acid extracted with diethyl ether. After removal of
solvent, the glycocholic acid was dissolved in a minimum
volume of ethanol and titrated to pH 7 with aqueous NaOH
and then freeze-dried. The amorphous sodium salt was dis-
solved in deuterium oxide (Aldrich Chemical Co., Milwaukee,
WI; 99.8% D). The pH was adjusted to 9 and the sample
lyophilized to remove residual HyO. The glycocholate solutions
were freshly prepared from this material. Bile salt concen-
trations were determined by a 3a-hydroxysteroid de-
hydrogenase procedure (Barnes & Spenney, 1980).

Dysprosium (99.998%) and lanthanum (99.999%) chlorides
were purchased from Aldrich. Stock solutions were prepared
in deuterium oxide, dried under vacuum in a Rotavapor over
a 50 °C water bath, and redissolved in D,O. Lanthanide
concentrations were determined by EDTA titration in the
presence of pyridine as buffer, and arsenazo was used as
end-point indicator.

'H NMR spectra of the bile salt complexes were obtained
at 400 MHz on a Bruker WH-400 spectrometer of the NMR
Core Facility of the UAB Comprehensive Cancer Center.
Samples of about 0.5-mL volume were contained in S mm o.d.
NMR tubes. A pulse repetition time of 2 s, spectral width
of 4000 Hz, 16K memory, and line broadening of 1 Hz were
employed. The T measurements were done by the inversion
recovery method with a #—r—=/2 pulse sequence automatically
controlled by the spectrometer processor.

Rhodamine absorbance was measured at A = 545 and 515
nm on an LKB UV /vis Ultraspec spectrophotometer. Samples
were prepared containing 1 uM rhodamine and various con-
centrations of sodium glycocholate titrated to pH 5. To these
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control solutions was added 150 mM NaCl or 50 mM CaCl,
and the absorbances were measured.

Methods of Data Analysis. The observed relaxation rate
1/T, for a nucleus in a ligand exchanging between free bulk
and metal ion bound states is given by (Leigh, 1971)

1/T, = 1/Tig + Nw/Ne(tm + Tim) (N

This equation is an approximation which is valid in systems
of dilute solutions of paramagnetic spins, where the following
conditions prevail:

TIF > TIM and TE > ™

where 7 and 7y are the lifetimes of the species in the magnetic
environment (F) as free ligand and (M) bound to paramag-
netic cation, respectively. N/ Nk is the ratio of the number
of nuclei in the metal ion bound species relative to the free,
unbound species, and 1/T¢ and 1/7y are the relaxation rates
of the free ligand and the metal ion bound ligand, respectively.

In many systems of weak lanthanide complexes, the above
condition of dilute species does not apply in most experimental
circumstances. Nevertheless, we have shown (see Appendix)
that eq 1 can be also obtained by use of assumptions that are
appropriate for systems of weak lanthanide complexes and
similar systems. In the case of Dy-GC, one can easily show
that since 6p(Gly-a) = 28 ppm (Mukidjam et al., 1986) and
conditions of fast exchange do prevail, the lower limit for 1y
is of the order of 1075 s. With ry « Ty, eq 1 becomes

1/T, = 1/Ti + (Nu/Ne)(1/ Tiy) (2)

where 1/T, is the observed relaxation rate, 1/T)¢ is the re-
laxation rate in the free diamagnetic state, and 1/77y is the
intrinsic relaxation rate in the bound state. The concentrations
of the bound ligand, ML, may be readily calculated from the
total concentrations of ligand and metal ion by use of the
dissociation constant obtained from the chemical shift data
(Mukidjam et al., 1986). The concentration of the free ligand
is calculated by subtracting the bound concentration from the
total ligand concentration. The observed 1/T, induced by a
diamagnetic lanthanide, lanthanum (La3*), under experimental
conditions similar to the dysprosium system is given by

1/Ty(La**) = 1/Tig + (Nm/Ne)(1/ Tie) 3)

where 1/ T, stands for the diamagnetic coordination-induced
relaxation rate contribution.
When 1/T,(La%") data are subtracted from the 1/T;(Dy**)
data, the net paramagnetic effect (1/7);) is obtained:
1/Typ, = (Nm/Ne)(1/Tiv) (4)
where 1/Ty, is the intrinsic, net paramagnetic relaxation rate.
These intrinsic, lanthanide-induced, paramagnetic, longi-
tudinal relaxation rates are of dipolar origin. For dysprosium,
for a given nucleus i, it is a sum of two contributions, the

Solomon term 1/ T ys(i) (Solomon, 1955) and the suscepti-
bility term 1/Tyyx(i) (Gueron, 1975; Vega & Fiat, 1976):

1/ T @) = 1/Tims() + 1/ Timx () (5)

Their dependence on the metal ion—proton distance (for lan-
thanides except Gd) is described by

1/ Tims(i) = Cré()AT e wp,ws) (6)
with
AT wnws) = 3T /(1 + wT2) + 1T/ (1 + wg?T\ )
and
1/ Tyux(1) = BHAr $() f(r,0y) (7
with
flrpw) = 1,/(1 + wfr?)
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FIGURE 1: Dependency of the susceptibility contribution of the re-
laxation rate on the rotational correlation time calculated for an
external magnetic field of 9.4 T. log (T mx™/ Tims™)) is plotted vs
log 7.

where B and C are magnetic constants characteristic of the
observed nucleus and the lanthanide employed, H, is the ex-
ternal magnetic field, T, is the electronic relaxation time of
the lanthanide, =, is the molecular tumbling time, proportional
to the size of the complex, w; and wg are the Larmor fre-
quencies, at the given external magnetic field, of proton and
electron, respectively, and r(i) are the nucleus to metal ion
distances of nuclei i. The relative importance of these two
terms can be determined by dividing eq 7 by eq 6 to give
(Lenkinski, 1984)

Timx'/ Tims™ = (B/O)H2[r. /(1 + &7 )]T (8)

and is shown in Figure 1 as a plot of log (Tymx™!/Tims™) Vs
log ,, calculated for H, = 94 kG and T,, = 0.78 X 107125
(Burns & LaMar, 1982). Under these conditions, the ratio
Timx '/ Tims™! has the largest effect for molecules with 7,
between 10710 and 10~ s. Therefore, in such systems, the
susceptibility contribution has to be taken into consideration
for the calculation of distances between the paramagnetic ion
and the nuclei. For smaller molecules, with 7, ~ 107!! 5, and
larger molecules, with 7. ~ 107 s, the ratio Tyyx™'/ Tins™
is small, so that the contribution of T'jx! to the intrinsic
relaxation rates 1/Ty in eq 5 tends to be negligible.

With use of the observed relaxation rates, the intrinsic
paramagnetic relaxation rates are calculated from eq 4. The
distance r of each nucleus from the paramagnetic metal ion
is then calculated from eq 5-7, with

Y8 + 1)

B =(6/5) Ty

and
C = (2/15)y*g?8%J(J + 1)

The characteristic magnetic constants used for the proton and
dysprosium are v, = 2.68 X 104 rad G™ 57, gp,y = 4/3, 8
=9.274 X 10 erg G, and Jp,) = 15/2. The other constants
used are k = 1.38 X 107 erg K™! and T = 300 K. The
Larmor frequency for a proton at H, = 94 kG is «; = 2.51
% 10% 57! and for an electron is wg = 1.65 X 10'2 571,

The correlation time for Dy-GC is calculated from

4IIna?
T =
3kT

with n = viscosity and @ = mean radius of the molecule. With
the H,O molecule as a reference with a (H,0) = 1.58 A and
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FIGURE 2: A model to calculate the conformational averaging of the
distance from a methyl group to the metal ion.

7.(H,0) = 2.7 X 10712 (Poole, 1971), the correlation time for
a Dy—-GC molecule with a mean radius of @ = 5.8 A is cal-
culated as 7, = 1.3 X 107105,

The distance of each nucleus from the Dy3* is then calcu-
lated by use of this correlation time, and a molecular model
is then constructed. Refinements of the position of the three
methyl groups is done by carrying out conformational aver-
aging following the method of Lenkinski and Reuben (1976).
The model used for this calculation is shown in Figure 2. The
distance in space from the lanthanide X to the rotating circle
with a radius s of the methyl group is r(w). The distance b
is obtained if the point X is projected to the extension of the
rotating axis of the methyl group and q is the length of the
extended axis of the methyl group to the projected point X’.
After rotation through w radians, r*(w) is given by

Pw=a+G+)+s2-25(b+s)cosw (9)

When free rotation exists, the average value of 1/7° is ap-
plicable, and [1/%],, is given by

[1/Pe = (1/210) { do/(()? (10)

The integral in eq 10 is evaluated for the methyl groups ac-
cording to the trapezoidal rule, and the distances obtained from
the relaxation rate data are corrected accordingly (see Table
D).

A further question is to determine whether the side chain
is able to rotate freely or it is in a particular configuration.
To answer this, the average position of the Dy** ion, in rec-
tangular coordinates, is estimated with its distances (r;) (Table
I) from the protons on the steroid ring (i.e., 38, 78, 128,
18-CHj;, 19-CHj, and 21-CH,). The following equation is
solved by the program NLIN? with the weighting term 1/75:

X244+ 22 -2ax+by+tcez)tat+br+cr=r?
(11)

where x, y, and z are the coordinates of the Dy** ion and a;,
b;, and ¢; are the coordinates of the ith proton. The latter
coordinates are derived from the previously published data for
the crystal structure of calcium cholate chloride heptahydrate
(Hogan et al., 1984) (Table II).

The side chain of glycocholate is illustrated in Figure 3.
The definition of the angles w, ¢, ¥, and x correspond to the
angles used for the description of polypeptide conformers
(IUPAC-IUB, 1969). The torsion angles are defined for each
successive pair of atoms in the side chain as shown in the inset
in Figure 3. Looking directly at the bond between the front

% The NLIN program is part of the SAS package, SAS Inc., Cary, NC,
1980.
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Table I
proton 1/T, (5717 1/Ty, s571° 1/Tyy (s7)¢ r (A)¢
38 4.40 £ 40% 023 £47% 217 £ 47% 126 £ 1.1
78 5.40 = 28% 0.40 £ 32% 3.68 £ 32% 11.5 £ 0.6
128 6.25+ 12% 071 £ 13% 6.53 £ 13% 104 £ 0.2
18-CH; 340 £ 4% 0.56 £ 5% 515 £ 5% 10.6¢ + 0.1
19-CH, 3.00 £ 5% 0.14 £ 5% 1.29 £ 5% 13.3* £ 0.1
21-CH, 6.00 £ 4% 277 £ 4% 2549 £ 4% 9.1¢ £+ 0.1
23-CH, 18.00 £ 3% 13.83 £ 4% 127.28 £ 4% 6.37 £ 0.03
Gly(a)-CH, 92.00 * 3% 90.00 £ 4% 828.32 + 4% 4.65 £ 0.03

4QObserved relaxation rates % percent error. The error calculation is from NLIN fitting. ®Paramagnetic contribution, calculated from the observed
rates by correcting for the diamagnetic contributions & percent error (see eq 3). The error calculation is the sum of the observed and the diamagnetic
contribution of the relaxation rates. ‘Intrinsic paramagnetic relaxation rate + percent error, calculated from eq 4. ¢Internuclear distances calculated
from the intrinsic relaxation rates with eq 5-7. ¢Corrected internuclear distances, calculated using conformational averaging (see eq 10).

Table II: Atom Positions on Semirigid Steroid Rings of Calcium
Cholate?

name X Y zZ

Cy 17.639 2.791 4.570
0O, 18.316 2915 3.320
Hj, 18.346 3.058 5.342
C, 13.194 3.798 5.283
0, 13.426 4.008 3.869
Hyg 12.614 2433 6.600
Cp, 12.701 -0.552 4819
0Oy, 13.044 -0.514 3424
Hy 12.521 —-1.485 4,995
Cis 11.064 0.104 6.632
Hyg 10.949 -0.759 6.904
Hy; 11.709 0.514 7.314
Hig 10.123 0.572 6.840
Cu 14.996 1.882 7.839
Hy 14.707 0.857 8.300
Hy, 15.628 2.237 8.379
Hy, 14,181 2414 8.105
Cyy 10.012 -2.477 4.623
H,, 9.537 -3.148 4,798
H,, 10.561 -2.643 3.878
H,, 10.595 -2.424 5.443

¢The positions of atoms that were used to determine the side-chain
structure of the Dy—GC complex were obtained from the X-ray crystal
structure of calcium cholate heptahydrate [Hogan et al. (1984), Table
II] and are converted to the Cartesian coordinate system.

(o]
X2 X1 Y, wy; Py W,

T2z

FIGURE 3: Definitions of ¢, ¥, w, and x dihedral angles in the side
chain of the glycocholate molecule. (Inset) Standard convention to
define the torsion angles 8, using four atoms in sequence order along
the side chain. © is the front C atom; e is the rear C atom; R, is
the front bond and used as reference; R, is the rear bond. # is the
angle between R, and R,.

atom and the preceeding atom in the side chain as a stationary
reference to define 0°, the torsion angle is positive if the di-
rection of the bond between the rear atom and the rest of the
side chain is clockwise from 0° and negative if it is counter-
clockwise.

To determine the conformation of the side chain in the
Dy-GC complex, two assumptions have been made: the C;
methyl group is placed in the same position as in the crystal
structure of calcium cholate and the torsion angle of the
peptide bond w, is set to 180°, reflecting a trans planar con-
figuration. Consideration of motion in the side chain has been

1.0

q

Agas A515

1 T T
40 60 100
Glycocholate (mM)

FIGURE 4: Effect of metal ions on the shift in rhodamine absorbance.
The solid line is the rhodamine absorbance vs glycocholate concen-
tration. Rhodamine absorbance (—--) after addition of 10 mM CaCl,,
(—-) after addition of SO0 mM CaCl,, and (-+) after addition of 150
mM NaCl.

carried out by two alternative methods: first, free rotation (i.c.,
all possible conformers) about each bond and, second, exam-
ination of the minimum energy conformations. The former
type of analysis has been performed on an Apple [le computer,
and the latter analysis has been carried out with an Evans and
Sutherland computer graphics system supported by a VAX
1180 computer. The three-dimensional on-line graphics ca-
pability enables the positioning of the side chain, as it rotates
about each of the bonds, to conform to the minimum energy
requirements. In this way, the distance from the Dy** ion to
the protons for each conformation can be calculated by the
computer and compared to the experimentally determined
value. This procedure has enabled the selection of the con-
formation that best fits the observed data.

RESULTS

Spectroscopic Evaluation of cme. The rhodamine absor-
bance ratio is shown as a function of glycocholate concen-
tration in Figure 4. The rhodamine absorbance ratio
Asqs/ Asys at glycocholate concentrations less than 4 mM is
much lower than at glycocholate concentrations above the cmc
(greater than 4 mM). The steeper slopes obtained upon the
addition of 150 mM NaCl or 50 mM CaCl, indicate that at
the same concentration of GC more micelles are formed in
the presence of the metal ions. However, at GC concentrations
lower than 2 mM, the absorbance ratio of rhodamine, 4545/
Asys, does not change significantly, indicating that GC in this
concentration range is present primarily as monomer, irre-
spective of whether CaCl, or NaCl is present.

NMR Experiments. The 'H NMR spectrum of 0.5 mM
sodium glycocholate in D,O, at pH 5, is depicted in Figure
5. There are at least 10 well-resolved resonances: the single
protons geminal to each of the three hydroxyls, i.e., 38, 78,
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FIGURE 5: The 400-MHz 'H NMR spectrum of 0.5 mM glycocholate
in D,0, pH 5, at 21 °C.
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and 1283; the three methyl groups 18, 19, and 21; one proton
from the ring methylene 16; the side-chain methylenes 23 (A
and B protons) and the glycine a-methylene protons, Gly(«a).

Identification of the various resonances has been done ac-
cording to the previously published assignments (Barnes &
Geckle, 1982). The distances of protons on the glycocholate
molecule to the Dy** ion have been calculated from eq 3-7.
The distances to the methyl groups have been corrected by
conformational averaging (see Experimental Procedures). The
observed, the net paramagnetic, and the intrinsic paramagnetic
longitudinal relaxation rates for eight protons in the Dy-GC
complex, and their distances from the Dy* ion, are compiled
in Table I. The strong dependence of 1/T,y/ on the inter-
nuclear distance is clearly manifest through an almost 3 orders
of magnitude variation between the intrinsic relaxation rates
of the proton resonances of the Gly(a) and methyl 19, whereas
the ratio of their distances is less than 3. This amplification
makes the determination of distances, based on dipolar re-
laxation rate enhancements, accurate to better than 0.1 A for
most nuclei.

Determination of Structure of the Dy**-GC Complex. The
positions of the hydrogen atoms on the semirigid steroid nu-
cleus, as obtained from the crystal structure, are used to de-
termine the position of the Dy** ion in the same rectangular
coordinate system and are compiled in Table II [from Hogan
et al. (1984)]. By use of these positions in space and the
distances of the Dy** to the protons 38, 78, 128, 18-CHj,, and
19-CH, obtained from the NMR data, the position of the Dy**
ion was found by nonlinear regression analysis to be 8.56,
—~0.22, -3.72 in rectangular coordinates, with an accuracy
better than +0.5 A (see Experimental Procedures, eq 11).

+
FIGURE 6: Computer-drawn stereo picture of the Dy-GC complex.
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Table III: Atom Positions on the Side Chain of the Dy-GC
Complex

name X Y VA

Cn 8.291 -1.189 3.258
H,, 7.726 -0.324 3.386
H,, 7.649 -1.901 3.280
Cyp 9.028 -1.375 1.959
H,; 9.561 -2.110 2,343
H,, 9.441 -0.622 1.886
Cas 8.125 -1.417 0.751
Oy 8.624 -1.618 -0.380

6.801 -1.300 0913
H(N) 6.365 -1.164 1.803
C(a) 5.848 -1.335 -0.228
H(a) 5.999 -2.102 -0.767
H(a) 4,958 -1.392 -0.101
C(COy) 6.078 -0.097 -1.110
Oa 5.367 0.901 ~-0.853
O 6.946 -0.168 -1.995
Dy** 8.560 -0.220 -3.720

Free rotation of the side chain about the C,;~C,, bond has
led to a calculated averaged distance of 5.47 and 5.27 A from
the newly positioned Dy3* ion to the two H,; protons, con-
siderably shorter than the experimentally observed distance
(6.37 A) (Table I). Consideration of the three minimum-
energy conformers about the C,;—C,, bond has shown that only
one yields a metal ion—proton (H,;) distance close to the ob-
served distance. Of the other two conformers, one would have
also had steric hindrance from the D-ring protons. This has
enabled selection of values of 61° and 180° for the angles x,
and x;, respectively (Figure 3).

The amide bond has been assumed to be planar, with the
carbonyl at 180° to the NH group. Therefore, the position
of Cguy(ay depends on the rotation of the Cy;~C,4 bond. Since
the H,,~-N(H) distances are ~2 A, the plane of the amide
bond is placed so that the nitrogen-bound proton is staggered
with respect to the H,, protons. For a similar reason, the
N-Cgy(ay bond is rotated so that the Gly(a) protons are
staggered with respect to the nitrogen-bound proton. The
distance from the Dy** to the Gly(a) protons in this model
is close to the observed value, whereas the average distance,
obtained by assuming free rotation, does not match the ob-
served value. Finally, the rotation of the carboxyl group
around the Cgyy~Caiycco,) bond has been considered. A
bidentate interaction between the metal ion and both of the
carboxyl oxygen atoms is possible; however, one of the carboxyl
oxygens is then found ~2 A from the carbonyl oxygen atom.
It has been, therefore, necessary to propose a unidentate metal
ion to carboxyl interaction to yield the conformer with the
lowest energy. With this conformer a three-dimensional
structure has been constructed, and is shown as a computer-
drawn stereo picture in Figure 6, with x, = 61°, x; = 180°,
¥, = 0°, w; = 180°, ¢, = —66°, and y;, = -93°. ¢, is the angle
between N-Cgy(,) and C-O distal. The positions of the atoms
on the side chain of the glycocholate and the Dy** ion are
compiled in Table III
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DiscussioN

On the basis of the dysprosium—proton distances obtained
for eight sets of protons, distributed amortg the different parts
of the metal ion bound glycocholate molecule, we have been
able to construct a model (Figure 6) of the Dy—GC complex
in solution at a submicellar concentration. Of considerable
importance, the data show that the GC side chain, instead of
undergoing free rotation, must display quite restricted motion.
In the conformation that is consistent with the observed data,
the side chain extends away from the steroid rings and lies
approximately in the plane of the B, C, and D rings, except
for the carboxyl which is turned around by about 90° and is
parallel to the A ring. The peptide bond carbonyl, the carboxyl
group, and the hydroxyl groups are all on the « face of the
bile salt molecule. This orientation would allow for greater
possibility of intermolecular association as the GC concen-
tration rises toward the cmc and predicts that the cmc will
be lowered by the presence of the metal ion. We have indeed
observed (Figure 4) that over the concentration range of 4-15
mM the fraction of glycocholate micelles/monomers is greater
in the presence of metal ions.

As we have previously suggested from analysis of chemical
shift data (Mukidjam et al., 1986), the data in the present
study show that the metal ion is located close to the carboxylate
group, away from the steroid rings. The position of the metal
ion has been determined from distances of protons attached
to the semirigid steroid nucleus. The positions of these protons
were obtained from crystal structure data (Hogan et al., 1984).
However, the side-chain conformation cannot be determined
directly since it is possible that each of the distances from the
metal ion to observable side-chain protons is a weighted av-
erage of several conformers. In any case, there is the usual
risk that crystal structure data of a mobile side chain are
governed by forces different from those which operate in so-
lution.

From inspection of the possible side-chain orientation ob-
tained by conformational analysis, the conformer with the
lowest energy indicates that there is a monodentate interaction
of the carboxyl group with the dysprosium. Attempts to rotate
the carboxyl group such that the metal ion be on the bisector
of the carboxyl group, and hence have bidentate interaction,
would result in an unreasonably close proximity between one
of the carboxyl oxygens and the peptide carbonyl oxygen. In
Ca?*—carboxylate complexes, monodentate interaction has
been observed when the coordination number of Ca?* is 6. At
higher coordination numbers both mono- and bidentate in-
teractions are possible (Einspahr & Bugg, 1981). In crystals
of calcium cholate chloride heptahydrate, calcium has a bi-
dentate interaction with the carboxylate group (Hogan et al.,
1984). However, cholate does not have a peptide bond car-
bonyl that could interfere with the complexation of calcium
with the carboxylate group. Future X-ray diffraction ex-
periments on calcium—glycocholate crystals, albeit in the solid
state, may clarify this issue. In our model the distance between
the proximal oxygen of the carboxyl group and the dysprosium
ion has been shown to be 2.4 A, This distance is consistent
with a first-sphere interaction. The 3.6-A distance between
the metal ion and the carbonyl oxygen is consistent with a
second-sphere interaction between them, as is the distance
between the distal oxygen of the carboxyl group and the metal
ion (4.4 A). The metal ion to hydroxyl oxygen distances,
calculated from the positions of the metal ion and those of the
hydroxyl group (see Table II) (8.4-12.4 A), on the other hand,
are incompatible with any metal ion to hydroxyl coordination.
This is contrary to previous suggestions (Moore, 1984; Moore
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et al.,, 1985) that the complexation of calcium to bile salts
involves hydroxyl groups.

It is most likely that the Ca—GC solution structure is similar
to the one we have determined for the Dy—GC complex, since
the lanthanides have been shown in several systems to be
isomorphous replacements for calcium (Lee & Sykes, 1980;
Sowadski et al., 1978; Horrocks & Sudnick, 1979; Darnall &
Birnbaum, 1970; Matthews & Weaver, 1974; Reuben, 1979).
Also, calcium has been shown to compete for the same binding
site on GC as dysprosium and has a dissociation constant of
9.5 mM (Mukidjam et al., 1986), slightly larger than the 4.15
mM for the Dy-GC complex.

Calcium concentrations in bile are in the millimolar range
(Wheeler, 1968), close to the dissociation constant of the
Ca—GC complex. Since monomeric glycocholate is always
present in equilibrium with the micelles in bile, Ca?* and other
polyvalent metal ions binding to GC monomers should have
a significant contribution to the total binding of Ca?* and other
polyvalent metal ions in bile.

Nonmicellar complexes of the type we have described in this
study occur in bile in equilibrium with micellar complexes. The
weaker affinity of the latter for calcium may result in a rel-
atively small micellar contribution to calcium binding in bile
(Moore et al., 1982). The formation of the monomeric non-
micellar complex may also be important in certain hepatic and
gastrointestinal diseases, i.¢., cholestasis, ileal disorders, tropical
sprue, and cystic fibrosis. In these diseases intestinal, intra-
luminal concentrations of bile salts are often reduced
(Westergaard, 1977; Bevan et al., 1974) to what is considered
to be submicellar levels. On the other hand, the concentration
of calcium, due to its partially dietary origin, remains relatively
constant. Consequently, a significant fraction of the bile salts
will form nonmicellar calcium complexes which could then
nonetheless promote micelle formation in spite of the low bile
salt concentration.
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APPENDIX

(I) The modified Bloch equations for the magnetizations
in the direction of the external magnetic field, including ex-
change terms (McConnell, 1958), and in the absence of rf,
are

dM,a/dt = MaR A -~ Myskip + Mgks

dM,z/dt = MR g — M,gkig + M, \ky (AD)

where A and B denote the two different chemical environments
between which chemical exchange takes place (e.g., A is a free
ligand and B is the metal-bound ligand), M, and Mg denote
the corresponding equilibrium magnetizations in the direction
of the external magnetic field, M,, and M,y denote the cor-
responding magnetizations in the direction of the external
magnetic field, R, and R;g denote the intrinsic relaxation
rates in the absence of exchange, and k, and kg denote the
reciprocal lifetimes, such that

R.=1/T ka=1/71 Rpg=1/T
1A =1/Tia A= /Ta 8= 1/Ts (A2)
kg=1/1g
and
kin = Rip + k4 kip=Rig + kg (A3)
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The exact value for the generalized relaxation rate R; can
be obtained from the above equations (Leigh, 1971) and ex-
pressed as

-R, =-Q £ [Q*+ W])'/? (A4)
where
Q= (1/2)(kia + kip)

Leigh (1971) derived from the above an approximate ex-
pression for R, in the case of dilute solutions of paramagnetic
species using the assumptions that the concentration of the
nuclei bound to the paramagnetic center relative to the free,
or unbound, nuclei was negligible and that the relaxation rate
in the unbound state was much larger than in the free. The
two assumptions amount to the inequalities

Rz > Rya kg > ky (A5)
With these assumptions he obtained
1/Ty = 1/T s + Np/Na(rp + 1/Typ) (A6)

W = —(k\akip — kaks) (Ada)

where Ng/N, was the ratio of the number of nuclei in the
metal-bound species relative to the free, unbound species. The
same expression had been previously obtained by other in-
vestigators (McConnell, 1958; O’Reilly & Poole, 1968; Luz
& Meiboom, 1964; Bloembergen & Morgan, 1961).

(IT) Complex formation of a metal ion M (e.g., a para-
magnetic lanthanide) with a ligand L, assuming a 1:1 stoi-
chiometry, is described by

Ay
M+ L \7——* ML (A7)
state B

where k; and k4 are the kinetic rate constants of the formation
and dissociation of the metal-ligand complex ML, respectively.
The lifetimes of a nucleus on ligand L in states A and B are
74 and 7, respectively. Let us define reciprocal lifetimes k,
and kg such that

ka=1/71a kg=1/13 (AB)

Assuming first-order kinetics for the dissociation of the com-
plex

kg = kq (A9)
Since the dissociation constant K4 can be expressed as
K; = [M][L]/[ML] as well as Ky = ky/k; (A10)

and since
7a/78 = [L]/[ML] (All)

it is easily shown that
ka = [M]k; (A12)

Desolvation of the metal ion generally has been considered
as the rate-determining step in the formation of lanthanide
complexes (Lenkinski, 1984; Nieboer, 1975; Purdie & Farrow,
1973a,b; Choppin, 1971). This, as well as experimental data
on several ligand systems, has suggested that the rate constant
of lanthanide complex formation depends very little on the
particular ligand and that 7; is 107%-10"7 M.s (Lenkinski,
1984).

For weak lanthanide complexes, due to limited solubility,
aggregate formation (e.g., micelles), or other experimental or
theoretical (Lenkinski et al., 1978) considerations, the con-
centrations of metal ion and ligand may be limited to the same
order of magnitude as the dissociation constant (Ky). In such
systems the concentration of free metal ion, [M], will also be
of the same order as K4, Consequently

ky = [M]k; ~ Kgk; = (ka/ke)ke = kg = kp (A13)

indicating that both reciprocal lifetimes in the exchange process
are of the same order of magnitude, and

kn ~ ka = [Mlk; (Al4)

Using the experimental range found for the value of 7;
(1075-10"7 M:s) and the typical range of 10°-10"2 M for K
of weak lanthanide complexes, one obtains kg ~ k, in the
10°-10° s7! range.

(III) The approximation of dilute paramagnetic species (see
section I) quite frequently cannot be made. This is the case
with most weak lanthanide (other than Gd) complexes. The
following alternative derivation is possible:

kia ~ ka

since R4, as a diamagnetic relaxation rate, is of the order of
1 for nonquadrupolar nuclei. Therefore, it can be shown that

W ~ —kARlB (A15)

One can also easily show that the term Q? (see eq Ada) can
be approximated, using the exchange information outlined in
section II, as

Q2 ~ kAZ + kARlB (A16)

Typical values for the intrinsic relaxation rate, R,3, for nuclei
at distances of 5 A and above from the metal ion, in complexes
of lanthanides other than gadolinium, are of the order of
102-10° 5! (see, e.g., Table I). Therefore, |¥] is in the range
of 10°-107, whereas the corresponding range for |QY is
10%-10'°. Consequently

W/10% ~ 10° < 1 (A17)
Therefore, when eq A4 is rewritten as
Ry ~ QL = [1 + w/Q'/} (A18)

the expression under the square root can be then replaced by
a power series developed in terms of x, where x = W/Q%

[+ x]2=14+(1/2)x-(1/8)x>+ (1/16)x? - ...
(A19)

Consequently, using eq 18 and 19, the observed relaxation rate,
when only the first two terms of the power series are used, is
given by

Ry~ QL+ [1+ W/200) = -W/2Q  (A20)
and substitution from eq A4a yields

R1 ~ (klAle - kAkB)/(klA + le) ~
(k1ak1p — kaks) /k1p (A21)

since k, ~ kg and Rjg > R,,, and therefore k5 > k5. One
immediately obtains from the above

Rl ~ klA - kAkB/le (A22)

Some algebraic manipulation and substitutions from eq A8
and All yield

Ri =R\ + (ka/kg)Riks/ (kg + R;p)
= R4+ ({(ML]/[L])Rgks/ (kg + Rip) (A23)

It is noteworthy that this final expression for the observed
relaxation rate obtained in eq A23 is identical with that in eq
A6 previously developed for the case of dilute paramagnetic
species. No such restriction has been used in the present
derivation. The only approximations applied here have been

(1) kya ~ ka, since ky > R4
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(2) ka ~ kg > Ry
(3) Rip>» R4

These approximations are based on typical experimental values
for weak complexes of the lanthanides (except Gd) and ul-
timately lead to the truncation of the power series in eq A19
after the second term. The lead error, ¢, of this approximation
is, therefore, ¢ = (Q/8)x% and it can be shown that the
magnitude of the normalized lead error of the approximation
is given by

lel/R; = R\ /(ka + kip) ~ Ri/ka <1 (A24)

In summary, we have shown that a simple expression,
identical with that of dilute paramagnetic cases, can be derived
for most systems of weak lanthanide complexes. This ex-
pression may be also applicable for other, non-lanthanide,
systems in fast chemical exchange, provided that the same
simple approximations about exchange rates and intrinsic
relaxation rates are valid.

In the present system of dysprosium and glycocholate, one
can easily show that since 8y(Gly-a) = 28 ppm (Mukidjam
et al,, 1986) and conditions of fast exchange do prevail, the
lower limit for kg is of the order of 10° 5!, Since Ky ~ 1073
M and [M] ~ 107* M, according to eq A9, A10, and A12,
ks ~ kg > 10°s7L. The largest R,z is ~8 X 102 s7L, and
therefore, all necessary approximations are valid.

Registry No. Sodium glycocholate, 16409-34-0; calcium glyco-
cholate, 77027-91-9.
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