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Trivalent cations of the lanthanide series (La3+ ~ Yb 3+) stimulated uptake of proline or glucose in rabbit 
small intestinal brush-border membrane vesicles. The lanthanides stimulated uptake to an extent greater 
than A! 3+, choline, and in many cases, Na +. A time-course of Er3+-stimulated glucose uptake gave initial 
rates and overshoots greater than Na + stimulation. The best activators were Sm 3+, Eu 3+ and Tm 3+, which 
stimulated proline initial uptakes by 400-600%, and stimulated glucose uptake by 120-150%, compared to 
Na +. The best lanthanide cotransport activators possessed high third ionization potentials. 

Sodium-stimulated glucose and amino acid 
transport are hallmark phenomena of brush-border 
membranes from epithelial cells [1-4]). The origi- 
nal dogma of strict Na+-dependency [5,6] was 
recently shaken by an observation in E.M. Wright's 
laboratory [7], with a more complete follow-up 
study [8] describing lanthanide substitution for 
Na + on the kidney brush border proline cotrans- 
porter of rabbit. In this paper, we demonstrate 
lanthanide-stimulation of both the glucose and 
proline contransporters in brush borders from 
rabbit small intestine. 

Intestinal brush-border membrane vesicles 
(BBMV) were prepared from rabbit jejunum by a 
s t a n d a r d  C a  2+ aggregation procedure [9]. Final 
BBMV suspensions containing 430 mM mannitol 
in 10 mM Hepes-Tris (pH 7.5) were stored in 
liquid nitrogen [10] until needed. Transport mea- 
surements were conducted at 22°C using a rapid 
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mix/fi l trat ion technique described previously [9], 
with the appropriate zero-time blanks. For the 
present study, we developed a special 'stop buffer' 
required for rapid filtration of lanthanides through 
the cellulose mixed ester 0.45/~m filters (Gelman 
type GN-6). The ice-cold stop buffer was: 210 
mM choline chloride and 5 mM EDTA in 0.05 M 
citric acid/0.1 M Na2HPO 4 (pH 2.6). Lanthanide 
(III) chloride salts were 'gold label' formulations 
( > 99.997%) from Aldrich Chemical Company. All 
other reagents were obtained from Sigma Chem- 
ical Company. The solutions were manipulated in 
plastic containers. L-[2,3,4,5-3H]Proline and D- 
[6(n)-3H]glucose were obtained from Amersham 
or New England Nuclear. 

An extended timecourse of ion-activated glu- 
cose uptake in rabbit intestinal BBMV's is shown 
in Fig. 1. The inwardly directed Er 3+ concentra- 
tion gradient resulted in an initial rapid uptake of 
glucose, an overshoot which peaked at about 1 
rain, and an eventual decline to an equilibrium 
value at 120 min. In the presence of Na +, the 
uptake time course was similar, although at- 
tenuated in absolute value for the initial uptake 
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Fig. 1. Glucose uptake time course. The uptake of 12.5 #M  
glucose into rabbit intestinal membrane  vesicles was measured 
under  isosmotic conditions in the presence of initial cis 100 

m M  choline chloride, NaC1, or ErCI 3. Data represent the 
mean+_ S.E. (n = 3). 

and overshoot. Substituting choline for Na + or 
Er 3+ resulted in an attenuated initial uptake, an 
absence of overshoot, and an equilibrium value 
common with Er 3+ and Na +. A proline uptake 
timecourse was similar (data not shown), although 
we were unable to demonstrate the phenomenon 
of lanthanide-stimulated overshoot exceeding the 
magnitude of the Na+-stimulated overshoot. For 
subsequent experiments, we report total uptake 
rates measured only during the initial 5 s uptake 
period as stimulated by 25 mM salts. 

Cation-stimulated uptake of D-glucose in rabbit 
intestinal BBMV is shown in Fig. 2. Total glucose 
uptake was increased in the presence of Na + com- 
pared to choline + (organic monovalent cation) or 
A13+ (control for trivalent inorganic cations). Fur- 
thermore, all trivalent lanthanide cations (hence- 
forth collectively abbreviated Ln 3+) stimulated 
total glucose uptake, compared to choline or A13 +. 
Several Ln 3+ ions stimulated glucose uptake 
greater than Na +. 

Cation-stimulated uptake of L-proline is shown 
in Fig. 3. As with glucose, many Ln 3 + ions stimu- 
lated total proline uptake, compared to choline or 
A13+, and in several cases, greater than Na +. 
Comparing the data of Figs. 2 and 3, Ln 3+ ions 
generally stimulated proline uptake to a greater 
extent than they stimulated glucose uptake. For 
e x a m p l e ,  E u  3+, T m  3+ and Sm 3+ stimulated proline 
uptake in the range of 400-600%, but the same 
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Pig. 2. Lanthanide stimulation of rabbit intestinal D-glucose 
uptake. Total 12.5/.tM glucose uptake was measured during 5 s 
in the presence of various chloride salts. BBMV protein (50 #g) 
was mixed with uptake buffer to give final cis concentrations 
of [3H]glucose, 25 mM choline chloride, 25 mM of the ap- 
propriate test cation (lanthanide, choline, Al 3+, or Na  + ), 25 
m M  Hepes-Tris adjusted to pH 7.5, and sufficient mannitol  to 
maintain an osmolality of 434+_1 mosmM. Results represent 
the percent of total uptake in the presence of Ln 3+ compared 
to total uptake in the presence of Na +. The height of each bar 

represent the average of three determinations. 

lanthanides stimulated glucose uptake in the range 
120-150%, compared to Na +. 

Our intestinal brush-border glucose and proline 
transport results generally agree with observations 
of rabbit kidney lanthanide/prol ine cotransport 
[8]. We have preliminary data (Stevens and Cerda, 
unpublished data) which demonstrate similar Ln 3 + 
stimulation of proline and glucose cotransporters 
in human intestinal BBMV's. Collectively, these 
studies suggest that the phenomenon of Ln 3+ 
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Fig. 3. Lanthanide stimulation of rabbit intestinal L-proline 
uptake. Transport  of 12.5 # M  [ 3 H]proline was measured under 

conditions described in Fig. 2. 
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Fig. 4. Third ionization potentials (13) of the lanthanides. 
Values expressed in eV are based on data from Johnson [11] 
for ionization energies of the 4f  n ~  4f  n-1 processes. Ln 3+ 
ions with 13 values exceeding about 0.023 eV (above dashed 
line) were particularly strong activators of proline and glucose 

cotransporters (see Figs. 2 and 3). 

stimulation may extend to all epithelial sodium/  
organic solute cotransporters. 

The data of Figs. 2 and 3 may offer clues about 
Ln 3 + ion interactions with cotransporter activator 
binding site(s). The degree of transport stimula- 
tion relative to Na + stimulation (Figs. 2 and 3) 
was related to the third ionization potentials of 
Ln 3+ ions [11], as depicted in Fig. 4. The drop 
b e t w e e n  E u  3+ and Gd 3+ (Fig. 4) reflects an elec- 
tronic characteristic of the lanthanide series: the 
outer orbitals prescribe integrated interactions of 
ligand-field effects plus steric binding effects, due 
to the lanthanides' unique hydration properties 
and coordination numbers [11-14]. Coordination 
numbers may vary from 6 to 9, and the effective 
ionic radii generally increase by 0.05 ,~ with each 
coordination number [15]. The same general pat- 
tern depicted in Fig. 4, including the E u / G d  
break, is characteristically observed in the forma- 
tion of complexes between Ln 3 + ions and a variety 
of bioorganic ligands [12,14]; stronger binding 
generally occurs for Sm 3+, Eu 3+, Tm 3+ and Yb 3+, 
compared to La 3+ and Ce 3+, for example. In the 
case of both proline and glucose cotransporters, 
the best activators were Sm 3+, Eu 3+ and Tm 3+ 
(Figs. 2 and 3). Accordingly, these ions may be 
grouped as having sufficient ionization energy (>  
0.023 eV) to affect proper interaction with the 
cotransporter activator binding site(s). Lantha- 
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nides of Figs. 2 and 3 which possessed smaller 
third ionization potentials (e.g., La 3+) did not 
stimulate uptake as effectively. Yb 3 ÷ appears to be 
an exceptional case of sub-maximal transport 
activation with a proper ionization potential, pos- 
sibly explained by the small effective ionic radius 
at all coordination numbers, compared to the con- 
siderably larger radii of either Eu 3+ or Sm 3+ [15]. 
The rankings of Figs. 2 and 3 could not be corre- 
lated with singular factors such as atomic number, 
effective ionic radius [15], or partial molal volume 
[13]; the lack of these simple trends suggested that 
the Ln 3÷ stimulation may be due to the multiple 
factors relating to third ionization potentials. The 
reader is directed elsewhere for a more complete 
treatment of the coordination chemistry of Ln 3÷ 
complexes with water and bioorganic molecules 
[11,12,14]. 

Detailed studies of Ln 3+ interactions with epi- 
thelial cotransporters remain to be fully exploited. 
The recently cloned Na+/glucose cotransporter of 
rabbit intestine brush border [16] will likely prove 
to be indispensible in assessing the true mecha- 
nism of cation-dependent organic solute transport. 
Useful techniques could include, for example, X- 
ray diffraction of Na+-bound vs. Ln3+-bound 
purified cotransporter protein, magnetic resonance 
shifts associated with Gd 3+ bound to cotrans- 
porter, and fluorescence studies of Tb 3÷ energy 
transfer near the cotransporter tyrosine residue(s) 
of ion activator site(s) [17]. 

This work was supported by N IH  research grant 
DK38715. 
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