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Abstract. Outwardly oriented M gradients greatly en- Introduction
hanced thiamine transport rate in brush border membrane
vesicles from duodenal and jejunal mucosa of adult S ) o
take showed an overshoot, which at 15 sec was threfuodenal and jejunal surface can modify the intestinal
times as large as the uptake observed in the absence #finsport of several substances, including weak electro-
the gradient. Under the same conditions, the bindingytes and vitamins (Rechkemmer, 1991). Thiamine is a
component of uptake accounted for only 10-13% of in-quaternary amine characterized by a pyrimidine nucleus
travesicular transport. At the same gradient, kheand linked to a thiazole ring, which exists as a monovalent or
Jmax Values of the saturable component of the thiaminedivalent cation depending on the pH of the solution (Ko-
uptake curve aftea 6 sec incubation time were 6.2 + 1.4 mai & Shindo, 1974). Endogenous and exogenous of-
pM and 14.9 + 3 pmoimg™ protein- 6 sec® respec- ganic cations can be transported into brush border mem-
tively. These values were about 3 and 5 times higherbrane vesicles (BBMVs) by organic catiori/kntiport
respectively, than those recorded in the absence “of Hsystems, which have been demonstrated in the small in-
gradient. The saturable component of the thiamine antitestine (Miyamoto, Ganapathy & Leibach, 1988) and
port had a stoichiometric thiamine:"Hatio of 1:1 and in the kidney (Ott et al., 1991; Wright & Wunz, 1987).
was inhibited by thiamine analogues, guanidine, guaniThe purpose of the present study was to determine
dine derivatives, inhibitors of the guanidiné/lntiport,  whether thiamine can be a substrate for an organic cat-
and imipramine. Conversely, the guanidin&/ghtiport  ion/H" antiport in BBMVs of rat small intestine, and
was inhibited by unlabeled thiamine and thiamine anato assess the features of this possible exchange mecha
logues; omeprazole caused an approximately fourfold innism. Initial experiments were designed to investigate in
crease in thiamine transport rate. In the absence ‘of HBBMVs the effects of differently oriented Hgradients
gradient, changes in transmembrane electrical potentislnd membrane potential on thiamine transport, the influ-
did not affect thiamine uptake. At equilibrium, the per- ence of pH on thiamine binding and the kinetics of thia-
centage membrane-bound thiamine taken up was posinine transport at a gradient pH:pH,,7.5. Subsequent
tively correlated with the pH of the incubation medium, experiments allowed the assessment of the stoichiometry
and increased from about 10% at pH 5 to 99% at pH 9and specificity of the thiamine/Hexchange mechanism

in the presence of a gradient pbtpH,,7.5 by using

thiamine analogues and some organic and inorganic cat-
Key words: Epithelial transport — Brush border mem- jons. The relationship between thiaminé/eind guani-
brane — Thiamine/H antiport — Thiamine intestinal dine/H" antiports was evaluated by determining the in-
transport — Cation/H intestinal antiport hibition constants Kof guanidine and thiamine.

Preliminary partial accounts of these results have

been presented at meetings of the Italian Physiological
- Society (Laforenza & Rindi, 1993, 1994; Laforenza &
Correspondence tdG. Rindi Verri, 1995; Laforenza, Gastaldi & Rindi, 1995).
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Materials and Methods SHORT-TIME INCUBATIONS

For 6 sec incubation time a STRUMA short-time incubation apparatus
ANIMALS (Innovativ-Labor AG, Adliswil, Switzerland) was used.

Adult Wistar albino rats (300-400 g body wt) of either sex and rearedSTATISTICS

on a complete standard diet, containingd@/g thiamine, were used.

The animals were killed by decapitation after 12-hr fasting with water The significance of the differences of the means under different ex-

ad libitum. perimental conditions was evaluated by using the following statistical
methods: analysis of variance (ANOVA), followed by Newman-
Keuls'sQ test; Student’s test for paired data. All statistical tests were

PrREPARATION OFBBMV s carried out by using a computerized program (Glantz, 1988).

BBMVs were prepared from duodenal and jejunal mucosa of 8-12ReAGENTS
adult rats by using a modification of the method described by Said &
Redha (1988) involving a N?g‘/EGTA_preC|p|tat|0n, which gives & yplabeled thiamine chloride hydrochloride and thiochrome were ob-
lower purification, but it does not modify the proton conductance (Sa-tained from Prodotti Roche, Milan, Italy; pyrithiamine bromide hydro-
bolic & Burckhardt, 1984). All procedures were carried out at 0-4°C. jyromide, 4-oxythiamine chloride from Sigma Chemical, USA; ampro-
The enrichment of brush-border membranes was 11.3 £ 0.8 (mean %,y from Merck, Sharp and Dohme, Pavia, Italy; EGTA (ethylenebis
sem of 8 different preparations) as evaluated from the increment in oxyethylene-nitrilo) tetraacetic acid), and MES hydrafe- (
sucrase activity of the final preparation as compared with the initial ;) rpholine-ethane sulfonic acid) from Aldrich Chimica, Milan, Italy.
mucosal homogenatsdeCasirola et al., 1988). Protein content was Omeprazole was a generous gift from Astrzssla AB, Mdndal, Swe-
measured according to Lowry et al. (1951), using bovine serum albuyen Al other reagents were of analytical grade and supplied by Sigma
min as a standard. Chimica, Milan, Italy, and British Drug House (BDH) Ltd., Poole,
Dorset, England.

TRANSPORTEFFICIENCY OFBBMV s
LABELED COMPOUNDS

The transport efficiency of the vesicular preparations was evaluated b%_[u_
determining the time course profile ofglucose uptake by BBMVs
after mcubatllon with 1 m D-[_Q-14C]glucgse (specmg activity, 0.31 International plc, Amersham, EnglandH]thiamine (specific activity,
GBg- mmol™*) under the conditions described by Casirola et al. (1988).74 GBg- mmol) and [UX4C]guanidine (specific activity, 2.03
Theb-glucose uptake profile showed an overshoot at about 30 sec an%Bq_ mmol™) were from Moravek Biochemical, Brea, CA '
equilibrium at 15-30 min, indicating that the preparations were suitable ' T
for transport studied@ata not shownhowever, a similar profile can be
seen in Fig. B).

14Clglucose (specific activity, 10.8 GBanmol?) and PH]thia-
mine (specific activity, 429.2 GBgmmol ™) were from Amersham

Results

INCUBATION AND UPTAKE MEASUREMENTS GENERAL PROPERTIES OF THETHIAMINE/H* ANTIPORT

Vesicles were washed, suspended and pre-equilibrated for 2 hr at 5°§:|+ Gradients and Time Course of Thiamine Uptake
and then for 30 min at 25°C in solutions containingM)n 280 b-

mannitol, 2 MgSQ and 20 buffers (Tris-Hepes: pH 7.5 and 9; Mes- . . .
Tris: pH 5 and 6; Mes-Hepes: pH 4). After preequilibration ¢eeMethods), BBMVs were in-

Ten pl of vesicle suspension were incubated at 25°C wit0 ~ cubated at 25°C with fum [®H]thiamine (specific activ-
of solutions containing labeled thiamine or guanidine under differentity, 27.75 GBq mmol ™) in the presence of differently
experimental conditionsgefigure legends). After terminating the in-  griented (in/out or out/in) ngadients within a 4-9 pH
cubation with cold (0—4°C) stopping solution (15GNaCl and 1 nm range. The incubation was terminated by adding 3 ml of
Tris-Hepes, pH 7.5), the amount of thiamine radioactivity taken up by(t:old Stopping solution at fixed time intervals between 15

the vesicles was measured by a rapid filtration procedure (Casirola e d 30 min. Detalil d v f |
al., 1988) using cellulose nitrate microfilters (Microfiltration System, Sec an min. Details are reported only for results

Dublin, CA; pore diameter, 0.66m) previously saturated with unla- Obtained in the 5-7.5 pH range (_Fig- 1). _ Res_U|t3 obtained
beled thiamine as described by Casirola et al. (1988). In each experiat other pH values for a 15 sec incubation time are sum-
ment appropriate blanks were prepared to evaluate the radioactivity ofnarized in Fig. 2. The rate of thiamine uptake was in-
labeled thiamine nonspecifically adsorbed on the microfilter. The val-flyenced by the orientation of the +I-gradient, being
E‘Sih"eff‘i.“t‘;b'?alﬁofféﬁii‘é?é?ié‘?é’é?é?s‘v“v‘ér‘e"ﬁiﬂi"é‘)yafé'ﬁ;y;‘éﬁélifgfea“y enhanced at outwardly directed gradients; (H
Tri-Carb model 2,000 CA liquid scintillation counter (Packard Instru- HOU'_) (Fl_g' 2)' Ata gradlem PIS:PHu 7S, the amount
ment Downers Grove, IL). Unless stated otherwise, all uptake vaIue@f _th'amme taken up at :_|-5 sec showed an overshoot
were means Sew of at least triplicate determinations for each of five Which was about three times as large as the uptake
different preparations, each from 8-12 rats. observed in the absence of a pH gradient;{pH pH,;
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Fig. 1. Effect of pH gradients between 4 and 7.5 on the time course of PHin'PHout
thiamine uptake by rat proximal small intestinal brush border mem-

brane vesicles. Vesicles were preincubated (2 hr at 5°C and 30 min dtig. 2. Thiamine uptake by rat proximal small intestinal brush border
25°C) in media containing (m): 280 b-mannitol; 2 MgSQ; 20 Tris- membrane vesicles in the presence of an outwardly directegtadli-
Hepes, pH 7.5 (open symbols) or Mes-Tris, pH 5 (solid symbols). Tenént (open bars) or inwardly directed”Hyradient (filled bars). For
microliters of preincubated vesicles were then incubated at 25°C withexperimental conditions, incubation media and number of experiments
90 pl of solutions containing: Ium [3H]thiamine (specific activity, ~ for each bar see Fig. 1. The pH of the incubation media was obtained

27.75 GBg mmolY); 100 nm NaCl; 80 mv p-mannitol; 2 mu with: 20 mv Tris-Hepes, pH 7.5 and 9; Mes-Tris, pH 5 and 6; Mes-
MgSQ,; 20 mv Mes-Tris, pH 5 (triangles) or 20 m Tris-Hepes, pH Hepes, pH 4. Vertical lines above each bar represemt*P < 0.05vs.
7.5 (circles). Symbols represent means of triplicate determinations foinwardly directed H gradient (Student's test).

each of five different preparations, each from 8-12 ratsss were

within 10% of the mean values.

binding of thiamine occurssg€e below Figure 4 shows
no difference on thiamine uptake by making the vesicle
= 7.5). At equilibrium (30 min), this difference in thia- lumen relatively negative or positive. A significant re-

mine uptake disappeared (Fig. 1). duction P < 0.05: ANOVA followed by Newman
Keuls’s Q test) of thiamine uptake at 1 and 2 min incu-
Transmembrane Electrical Potential bation was observed (in the absence of transmembrane

electrical potential) only when iodide was present at both

To differentiate between the effect of pH gradients andgsides of the membrane.

that of related changes in transmembrane electrical po-

tential on thiamine transport, an electrical negative orTranslocation and Binding at Different pHs

positive potential was imposed across the BBMVs. To

this purpose, the uptake ofiim [*H]thiamine was mea- The effect of the pH of the incubation medium on thia-

sured at pH 7.5 (pH = pH.: = 7.5) in the presence of mine membrane translocation and binding was evaluated

inorganic anions showing different permeabilities acrossy incubating the BBMVs at 25°C with fum [*H]thia-

the brush border membrane, the permeability' dféing  mine in media at different pHs with increasing osmo-

about 20-fold higher than that of Tand K" (Wright & metrically (Fiske OM osmometer, Fiske Associates, Bur-

Wunz, 1987). No statistically significant differences in lington, MA) controlled osmolarity.

[*H]thiamine uptake were observed over incubation  When the values of equilibrium (20 min) vesicular

times up to 2 min at different electrical transmembraneuptake were plotted against the reciprocal of the osmo-

potentials (Fig. 3). larities of the medium, different straight lines were ob-
The effectiveness of our procedure in generating adained according to the pH of the incubation medium

potential difference was shown by the enhancing effec{Fig. 54). From the values of the ordinate intercepts, the

of the I gradient as compared with the Gjradient on  percentage of thiamine binding under iso-osmotic con-

the N&-dependent glucose uptake by BBMVs, a well ditions (300 mOsmol17%) could be calculated (Fig B.

recognized electrogenic transport (Fidg)3 The curve shown in Fig. B indicates that all thia-
The effect of transmembrane electrical potential onmine taken up by BBMVs at pH 9 was membrane-bound,

thiamine transport was evaluated also at pH 5, where nahile all thiamine taken up at pH 4-5 was translocated
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Fig. 4. Effect of transmembrane potential on thiamine uptake by rat
proximal small intestinal brush border membrane vesicles. Vesicles
were preincubated as described in Fig. 1 in media containing:(éh
B MgSQ,; 20 Mes-Tris, pH 5; 140 Kl (solid symbols) or 140 KCI (open
symbols). Ten microliters of preincubated vesicles were incubated at
25°C with 90pl of solutions containing: Jum [*H]thiamine; 2 MgSQ;
20 Mes-Tris, pH 5; 140 Kl (triangles) or 140 KCI (circles). Number of
experiments for each symbol as in Fig skms were within 10% of the
mean values.

into the vesicular space without membrane binding. At

intermediate pH values, the percentage of thiamine bind-
ing to the membrane increased from less than 10% at pH
5 to 99% at pH 9. Omeprazole, a gastric antisecretory
organic cation (Fellenius et al., 1981), enhanced thiamine
binding at pH 7.5 from 57% to 77% (FigA}. As shown

Glucose uptake
(nmol - mg™’ protein)

— in Figs. 1 and 4, an apparent overshoot in thiamine uptake
0,0 T T T — . .
0 5 10 15 20 30 seems to occur also in the absence of pH gradient at pH

5, where no thiamine binding was observed (under equi-
librium conditions). The overshoot disappeared when
iodide substituted completely for chloride in both pre-

_ , o loading and incubating media (Fig. 4). To assess the
Fig. 3 (A) Effect of transmembrane potential on thiamine uptake by ratayistence of a transient binding of thiamine to the mem-

proximal small intestinal brush border membrane vesicles. Vesicle.'=brane in the presence of chloride at.oF bH. . = 5
were preincubated as described in Fig. 1 in media containing:(éh P i+ PPoye = 9,

MgSO;; 20 Tris-Hepes, pH 7.5; 140 KI (solid symbols) or 140 KcI We determined at early incubation time (2 min: maxi-

(open symbols). Ten microliters of preincubated vesicles were incumum of the overshoot) the extent of thiamine that was
bated at 25°C with 9Qul of solutions containing: Jum [*HJthiamine;  membrane-bound as above described. Under iso-
2 mv MgSQ,; 20 mm Tris-Hepes, pH 7.5; 140 mKI (triangles) or 140 osmotic conditions the thiamine binding accounted for

mm KCI (circles). Number of experiments for each symbol as in Fig. 1. 5goq + 8 (mean iSEM) of total uptake (Fig. 6).
sems were within 10% of the mean valueB) Effect of transmembrane

potential on glucose uptake by rat proximal small intestinal brush bor-
der membrane vesicles. Vesicles were preincubated as described in Figocation of the Thiamine-binding Sites
1in a medium containing (mn): 140 KCI; 2 MgSQ; 20 Tris-Hepes, pH

7.5. Ten microliters of the vesicles were incubated at 25°C witf.l00 Displacement experiments were carried out according to
of solutions containing: 8Qum [U-C] p-glucose (specific activity, P P g

0.31 GBg mmol™Y); 2 MgSQ,; 20 Tris-Hepes, pH 7.5; 140 Nal (solid MFNam.ara’ Pepe & Segal (19_81). to inVeStigate.the side
circles) or 140 NaCl (open circles). Number of experiments for eachOrientation of the membrane binding. Tghof vesicles
symbol as in Fig. 1sems were within 10% of the mean values. were equilibrated for 30 min at 25°C in 90 of a so-

Incubation time (min)
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= 5, and then incubated for 2 min at 25°C in media containingcmL
T 501 [®H]thiamine; 20 nw of Mes-Tris, pH 5; varying amounts af-
a mannitol in order to yield the indicated osmolarity (mOsmiof)
(given as its reciprocal). The fitting was calculated by regression analy-
. sis { = 0.9886;P < 0.011). Number of experiments for each symbol
as in Fig. 1.
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tion of unlabeled thiamine, 48 + 2 of thiamine was

displaced from vesicles. Presumably, this fraction rep-
Fig. 5 (A) Effect of medium osmolarity and omeprazole (OM) on resents the most mobile form of the vitamin. Since at pH
thiamine uptake by rat proximal small intestinal brush border mem-7.5 57% (Fig. 5) of thiamine was membrane-bound and
brane vesicles. Vesicles were preincubated as described in Fig. 1 i17% could be rapidly displaced, it can be assumed that

different media containing (mn): 100, 300, 500 or 80®-mannitol; 2 82% of thiamine binding occurs at the outer membrane
MgSO,; 20 buffer (Mes-Hepes, pH 4; Mes-Tris, pH 5 and 6; Tris- surface

Hepes, pH 7.5, with and without 0.2 OM, and pH 9), and incubated for
20 min at 25°C in media containing v [*H]thiamine; 20 nv of
loading buffers; varying amounts efmannitol in order to yield the pH Gradient and Thiamine Translocation and Binding
indicated osmolarity (mOsmel™?) (given as its reciprocal). Lines
were fitted by regression analysis (pHrd= 0.999,P < 0.001; pH 5: . T . .
r = 0.997,P < 0.003; pH 61 = 0.962,P < 0.004; pH 7.5r = 0.959, Slnce bln(.jll’]g vv_as_ mfluenced_ by the pH Qf the medium
P < 0.041: pH 7.5 with 0.2 m omeprazoler — 0.983,P < 0.017:pH  (F1d. 5B), in preliminary experiments the time course of
9:r = 0.313,P < 0.687). Number of experiments for each symbol as thiamine translocation and binding in the presence of an
in Fig. 1. sevs were within 10% of the mean value®) Effect of pH initial outwardly directed H gradient (ph},5:pH,.7.5)
of incubation medium on thiamine binding to rat proximal small in- was evaluated by using a procedure similar to that pro-
testinal brush border membrane vesicles. Percent thiamine binding thosed by Bhandari, Joshi and McMartin (1988) for folate
the vesicles, under iso-osmotic conditions (300 mOsm), was calculateﬂ.' kidney BBMVs. With this procedure3[-l]thiamine
from the ordinate intercepts of the straight lines shown in Fig.The . . P . . A
curve was obtained by fitting the points at pH values between 4 and d,lptake was mve'sygatgd in incubation media with in-
by computerized least-squares nonlinear regression (GraphPad, 199£5.reased omolarities in the presence of the above-
mentioned gradient. For each incubation time, the bind-
ing component was calculated under iso-osmotic condi-
lution containing: 1pm [3H]thiamine; 280 nw p-  tions from the ordinate intercepts of the straight lines
mannitol; 2 mu MgSQO,; 20 mm Tris-Hepes, pH 7.5. resulting from the plots of the thiamine total uptake val-
Subsequently, l of unlabeled thiamine (final concen- ues against the reciprocal of medium osmolarity. Trans-
tration 50m) or the same volume of thiamine-free me- location represented the difference between total uptake
dium were added to the incubation mixture. After 6 secand binding values. As shown in Fig. 7, for up to 15-sec
the mixture was filtered as described above. After addiincubation the proportion of bound thiamine was con-

pH
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Incubation time {min) gradient (pH, = pHy = 7.5) (filled symbols). The plot was obtained

graphically from total uptake curves. Thiamine uptake at 25°C was

Fig. 7. Time course of thiamine binding and translocation by rat proxi- measured in vesicles preincubated as described in Fig. 1 after 6 sec

mal small intestinal brush border membrane vesicles in the presence dficubation with different JH]thiamine concentrations; 280 nmp-

a pH gradient pi{5: pH,,7.5. Vesicles were preincubated as described mannitol; 2 v MgSQ,; 20 mv Tris-Hepes, pH 7.5. Number of ex-

in Fig. 1 in media containing (m): 2 MgSQ,; 20 Mes-Tris, pH 5 with  periments for each symbol as in Fig. sEms were within 10% of the

varying amounts ob-mannitol in order to yield different osmolarities mean values.

(150, 550, 850 mOsmol}), and then incubated at 25°C in media

containing: 1um [3H]thiamine; 2 mu MgSQ,; 20 mv Tris-Hepes, pH

7.5; andb-mannitol to yield the above-mentioned osmolarities. At each graphically into two components (Gastaldi et al., 1989):

time, binding (open symbols) was determined as in FAy(&e also ? linear component, expression of a nonsaturable mecha:
al .

Results); translocation (solid symbols) was the difference between tot dah boli ¢ . f t
uptake, as calculated under isoosmotic conditicsee Fig. 5A and nism, and a Yper Q'C co_mponen ! expressmn O_ a Sa_ u-
Results), and binding. Number of experiments for each symbol as if@Ple mechanism displaying Michaelis-Menten-like ki-

Fig. 1. sems were within 10% of the mean values. netics (Fig. 8).
The apparent kinetic constants of the saturable com-

ponent, calculated by computerized nonlinear regression
stantly below 10-15% of the amount of thiamine taken(GraphPad Inplot, 1992) in the presence (i) and in the
up. Thus, at the short incubation times (6 sec) used fombsence (ii) of the outwardly oriented lgradient, were:
all subsequent measurements of transport, binding walslichaelis-Menten constank, (i) 6.2 + 1.4 and (ii) 2.3
virtually negligible in comparison with translocation. * 0.8 pm; maximal flux, J,.,. (i) 14.9 + 3 and (ii) 3.2 +
At longer incubation times, translocation rapidly de- 0.8 pmol- mg™* protein- 6 sec™.
creased, while binding virtually reached a plateau. At  The values of the passive permeability coefficient
the equilibrium (30 min incubation), both components Kp, calculated as the slope of the linear portion of the
were quantitatively similar. total uptake curveqpt reported, were (i) 0.54 £ 0.2 and
(i) 0.49 £ 0.2l - mg* protein- 6 sec™. Only K,,, and
. I I Jmax Values showed statistically significant differences
pH Gradient and Kinetics of Thiamine Uptake (P < 0.05 andP =< 0.01, respectively: Studenttstest),
) ) o __ being higher in the presence of an outwardly orientéd H
The influence of pH gradient on the kinetics of thiamine gradient.
uptake was evaluated by incubating BBMVs at 25°C for
6 sec with different initial concentrations GH]thiamine
(i) in the presence of an initial outwardly directed H PECULIARITIES OF THE THIAMINE/H™ ANTIPORT
gradient (pH,5:pH,7.5), and (ii) in the absence of a'H
gradient (pH, = pHy,: = 7.5). Under both conditions a pH Gradients and Thiamine Uptake into BBMVs:
biphasic total uptake was observed which was nonlineaStoichiometry of the Thiamine/HExchange
at low thiamine concentrations<@.5 pmM) and linear at
higher concentrations. No correction was introduced forThe stimulating effect of proton gradients on thiamine
binding, since this was virtually negligiblesdeFig. 7).  uptake (Figs. 1 and 2) was further investigated by incu-
The best fit of the curves, calculated by computerizedbating for 6 sec at 25°C BBMVs with an internal pH of
least-squares regression (GraphPad Inplot, GraphPatlin media containing Jum [*H]thiamine and showing a
Software, San Diego, CA, 1992), could be resolvedpH between 4 and 8. A sigmoid curve was obtained for
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pH;, = 4 i.e., log (IG,) (see below andD is the Hill coefficient
(slope factor).

From the sigmoid curve shown in Fig. 9, the stoi-
chiometry of thiamine transport with respect to internal
H™ could be estimated (Schron, 1990). The value of the
Hill coefficient, calculated from the active component of
thiamine transport (Fig. 9, cund®, was 0.9 £ 0.1 (mean
* sem), indicating that in the pH range of 4—-8 the mini-
mum number of possible Hoinding sites is one (Segel,
1975).

The value of the Hill coefficient was also calculated
from the slope of the straight line obtained by plotting
09 VI(Vaxy) VS-the pH value of the incubation medium,
wherev is the uptake value at a given pH of the incuba-
tion medium, corrected for the uptake of thiamine in the
absence of a pH gradient (pH= pHyu: = 4), andV,,,,

: , is the maximal uptake (Fig. 9: insety, ., was calcu-
4 6 8 lated by computerized nonlinear regression as mentioned
pH above, by plotting uptake values (corrected for uptake in
out the absence of a pH gradien§.the OH concentration
Fig. 9. Effect of extravesicular pH on thiamine uptake by rat proximal 'n _the incubation meq'a; The resulting value (Hill coef-
small intestinal brush border membrane vesicles. Vesicles were preiniCient) of 0.85 was similar to the value of 0.9 reported
cubated as described in Fig. 1 in a solution containingn280  above. Therefore, since the stoichiometry of the thia-
p-mannitol; 2 MgSQ; 20 Mes-Hepes, pH 4, and incubated at 25°C for mine: H exchange was compatible with a 1:1 exchange
6 sec with 1um [*H]thiamine in media containing (@): 280 >-  ratjo, thiamine transport was considered to be an elec-
mannitol; 2 MgSQ; 20 buffers (Mes-Hepes, pH 4 and 4.5; Mes-Tris, troneutral processsée alsoFig. 3A).

pH 5, 5.5 and 6; Hepes-Tris, pH 6.5, 6.8 and 7.2; Tris-Hepes, pH 7.5 L
and 8). The curves of total uptake (filled squar@s:saturable (active; By computerization (GraphPad, lanOt’ 1992) the

filled circles: b) and nonsaturable (passive; unfilled circlescompo- '09 (ICSO) value could be converted.intoléh value by
nents, and the Hill coefficienin(,,, = 0.9), calculated from the satu- USing the Cheng and Prusoff equation (1973) (2):
rable component, were obtained by fitting the experimental points by

(0]

log [V/(Viax - V)]

Thiamine uptake
(pmol - mg‘1 protein - 6 3'1)

computerized least-squares regression. The saturable component of IC

o ) e 50
thiamine transport was measured at 6 sec by subtracting the diffusiongf, = ——=— )
component (measured at 0°C) from the total uptake (measured at 1+ LK,

25°C). Symbols represent meansew of five determinations for each

of five different preparations. The inset, which shows the Hill plot of

the data after subtraction of the uptake values measured in the absen}%hen.9 '%q _'S the. mhlbltqr cpncentratlon Wthh Ca_uses
of a pH gradient (pll—A = pHout = 4)’ can be fitted by a S[raight_"ne 50% InthItIOH,L IS the th|am|ne concentration aKdn IS

(r = 0.98;P < 0.0001) with a slope (Hill coefficient) of 0.85. v, uptake the Michaelis-Menten constant of thiamine saturable up-
value at a given pH of the incubation mediuRy,,,, maximal uptake  take. K, values in the presence and in the absence of a
value. pH gradient were virtually similar at 1.96m and 2.43

WM respectively.

the saturable component of the thiamin&/eintiport, . . . .

maximal uptake being observed at pH 7.2-8 (Fig. 9)_Effect of Different Inorganic and Organic Cations

The curve of total uptake, its active and passive compo-

nents as well as the Hill coefficient and the inhibition In the presence of a pH gradient:3.5,,, different cat-

constant for H (K,;) were obtained by fitting the experi- ions were added to an incubation medium containing 1

mental points by computerized least squares regressionm [*H]thiamine as reported in the legend of Fig.

(GraphPad, Inplot, 1992) according to the Eq. (1): 8. Saturable thiamine transport was evaluated by sub-
tracting the nonsaturable component measured at 0°C

B-A from the total transport measured at 25°C. Unlabeled
:A+W (1) thiamine and all thiamine analogues tested, except for
*( ) thiochrome, inhibited the saturable component of the

thiamine/H antiport (Table 1). Transport was also in-
whereX represents the log [H; A andB are theY values  hibited by guanidine, its derivative phenformin (but not
corresponding to the bottom and the top of the plateaunetformin) and some inhibitors of the intestinal guani-
respectivelyC is theX value at the middle of the curve, dine/H" antiport, including imipramine, which was spe-
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Table 1. Effect of some cations and thiamine analogues on the saturable component of the thiarairtgdétt in rat

proximal small intestinal brush border vesicles.

Cation Thiamine transport Cation Thiamine transport
(percent activity) (percent activity)
Meari + sem Meari + sem
None (Control) 100 Organic Il
Inorganic (chloride salts) Acetylcholine 93.3 £+ 38
Na® 103.7 + 5.9 Histamine 89.4 +104
K* 916 +11.4 Serotonin 63.6 + 8.5
Li* 904 + 54 Spermidine 53.6*+ 16.3
NH,* 103.1 +11.1 Organic IlI
Thiamine analogues Guanidine 57.9*+10.5
4'-oxythiamine 49.0*+ 9.6 Amiloride 756 +11.8
Thiamine (unlabeled) 314+ 438 Phenformin 37.3*+ 8.8
Amprolium 26.5*+ 2.4 Metformin 96.2 £ 7.0
Pyrithiamine 20.8*+ 6.9 Organic IV
Thiochrome 703 = 7.2 Harmaline 23.6*+ 7.2
Organic | Clonidine 31.3*+ 6.7
Choline 924 +£12.2 Imipramine 32.3*+ 2.9
Tetraethylammonium 98.2 + 8.8 Organic V
Creatinine 82.8 + 8.3 Omeprazole 436.2* +84.2

[*H]thiamine concentration, M. Incubation time, 6 sec. Hgradient, pH,5: pH,,7.5. For incubation media and
experimental conditions see legend of Fig. 8. Cations and thiamine analogues were added to the incubation medium at
an initial 0.1 nm concentration. Organic |, typical substrates of renal organic catioaftiport. Organic Il, endogenous
organic cations, inhibitors of the intestinal guaniding#tiport. Organic Ill, guanidine and derivatives. Organic IV,
inhibitors of intestinal guanidine/Hantiport. Organic V, inhibitor of gastric (HK*)-ATPase.”, Mean of at least
triplicate determinations for each of five different preparations, each from 8-12 rgis<*0.05vs controls before
transformation of data as percent activity.

cifically investigated by determining the; Konstant of out = 1 mm in the absence of pH gradient, pH= pH,u:
the thiamine/H antiport following Dixon (1953). = 7.5) in the presence of 0.1nmimipramine or harma-
The uptake of 0.5 and jum [*H]thiamine GeeFig.  line. Imipramine and harmaline inhibited significantly
8 legend for incubation medium) was determined at 6 se€P < 0.05) the exchange process by about 41% and 48%
in the presence of varying amounts of imipramine (25,respectively (controls: 1.07 * 0.34; imipramine: 0.63 %
50, 75 and 100uwm). Imipramine inhibition was both 0.25; harmaline: 0.56 + 0.2 pmeing * protein- 6 sec™;
competitive and noncompetitivé( value of 0.5 nm), means of five different experimentssem). This result
being the point of intersection of the two straight lines supports the hypothesis of a direct interaction of the in-
(obtained by plotting ¥ vs.inhibitor concentrations) be- hibitors with the thiamine transporter.
low the X axis. Interestingly, 1 m imipramine inhibited
both the saturable (77 + 3.9% inhibition, mean of 5 dif-
ferent experiments) and the nonsaturable (90 + 6.6%
inhibition, mean of 5 different experiments) components
of the thiamine/H antiport. All inorganic cations tested, The relationship between the saturable components of
at an initial 0.1 nw concentration, failed to inhibit thia- the thiamine/H and guanidine/H antiports was investi-
mine uptake. It is noteworthy that omeprazole was thegated at a gradient gtb:pH,.7.5 by using three differ-
sole compound which enhanced (approximately fourent approaches: (i) evaluation of the potency of unla-
times) the saturable component of the thiamine transporteled thiamine and its analogu€sakythiamine, ampro-
Since most organic cations that inhibit thiamine up-lium and pyrithiamine in inhibiting the guanidinefH
take are weak bases, the possibility that they act indiantiport; (ii) determination of the inhibition consta)
rectly by dissipating the Hgradient should be consid- of guanidine for the thiamine/Hantiport and (iii) deter-
ered. Therefore, separate experiments were conducted tination of theK; of thiamine for the guanidine/Han-
evaluate the effect of two of them, imipramine and har-tiport.
maline, on thiamine uptake under equilibrium exchange  The relative inhibiting potencies of unlabeled thia-
conditions. The uptake of Lm [*H]thiamine GeeFig. 8 mine and its analogues for the guanidin&/Bntiport
legend for incubation medium) was determined at 6 seavere: pyrithiamine > thiamine >'4oxythiamine > am-
under equilibrium conditions (unlabeled thiamine4n  prolium (Fig. 10).

uanidine/H and Thiamine/H Antiports
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30 [*H]thiamine uptake only when the direction of the gra-
dient was from inside to outside (pHk pH,,) (Figs. 1
T and 2). The transport rate increased with increasing gra-
dient (Fig. 2), suggesting that the entry of thiamine into
BBMVs (and hence into the enterocyte) is associated
with a countertransport of H(thiamine/H antiport).
In line with this evidence, Moseley et al. (1992) recently
showed that thiamine transport in the liver is dependent
% on a sinusoidal membrane antiportal” lexchange
* mechanism distinct from the cation/tand N&d/H" an-
tiports.
An unexpected overshoot in thiamine uptake was
* observed also in the absence of a pH gradient(pH
pH,.: = 5). This overshoot, which was determined by a
i transient binding of thiamine (about 60% increment at
AM PT 2-min incubation; Fig. 6) to the membranes, disappeared
_ o _ o when iodide was present in both the vesicle suspending
Fig. 10. Potency of thiamine and its analoguesokythiamine, am- e djym and the incubation medium (Fig. 4).
prolium _and pyrlthla_mlne_ln inhibiting saturable guanidine tr_ansp(_)rt in These observations, which presently are not easy to
rat proximal small intestinal brush border membrane vesicles in the ! . )
presence of a gradient piB:pH,,7.5. For incubation media and ex- Understand, deserve further studies to be fully explained.
perimental conditions see Fig. 8. Thiamine and analogues were added  Although thiamine exists as a monovalent cation at
to the incubation medium at an initial concentration 10 times as highapH 7.5 (Komai & Shindo, 1974), its uptake was not
that (50 pm) of [U-*“Clguanidine (specific activity, 1.02 inflyenced by changes in membrane electrical potential
GBqg- mmorl™®). The saturable component of guanidine transport Wasg:ig. 34), suggesting that thiamine transport by BBMVs

measured at 6 sec by subtracting the diffusional component (measure | | . | d f
at 0°C) from the total uptake (measured at 25°C). Bars represent mears @n € ectroneutral process, as previously reported for

+ sem of five replicate determinations for each of five different prepa- intestinal intact tissue (Hoyumpa et al., 1975), basolat-
rations. C, controls; OT, 'doxythiamine; T, unlabeled thiamine; AM, eral membrane vesicles (Laforenza, Gastaldi & Rindi,
amprolium; PT, pyrithiamine. *P < 0.05vs. OT, T, AM and PT ~ 1993), and erythrocytes and ghosts (Casirola et al.,
(ANOVA followed by Newman Keuls'Q test). 1990). Electroneutral Horganic cation antiport systems
have been demonstrated previously in intestinal (Miya-
moto et al., 1988) and renal BBMVs (Wright & Wunz,
The inhibition of the thiamine/H antiport by gua- 1987; Ott et al., 1991) from different animal species,
nidine and the inhibition of the guanidine/tantiport by  including man. Both thiamine binding to BBMVs and
thiamine were determined by measuring the uptake at @anslocation were greatly influenced by external pH.
sec of PH]thiamine (0.5 and Jum) (seeFig. 8 legend for At equilibrium (20 min incubation), within a pH range of
incubation medium) in the presence of an increasingt—6, PH]thiamine was fully translocated into the vesicu-
amount of unlabeled guanidine (1, 5, 7.5 and M)mnd  lar space.
the uptake of [UY*C]guanidine (25 and 5Qum) in the Conversely, at pH values higher than 9, at which
presence of an increasing amount of unlabeled thiaminéhiamine is undissociated and the thiazole ring is open
(0.5, 2, 3.5 and 5 m) (Dixon, 1953). Guanidine and (Komai & Shindo, 1974), JH]thiamine was entirely
thiamine inhibited competitively (intersection of the bound to the vesicular membrane (FigA &nd B). At
straight lines above the X axis) the uptake of labeledintermediate pH values thiamine exists as a monovalent
thiamine and guanidine respectively, and had sinfflar cation, and its translocation rate and membrane binding
values (10 and 7.8 m respectively). showed an inverse and direct relationship, respectively,
with the pH value. However, in the presence of a pH
gradient §,:7.5,,, the quantitative relationship between
translocation and binding depended on incubation time
(Fig. 7). With short incubation times, under conditions
that approximate initial velocity (pH gradient intact), the
The functional efficiency of BBMV preparations, based binding component was virtually negligible and translo-
on the time course af-glucose uptakesgeFig. 3B), and  cation accounted for about 90% of total uptake. With
their purity, based on the enrichment of sucrase activityJong incubation times, under conditions that approximate
were similar to those reported in the literature and con-equilibrium (pH gradient dissipated), about 55% of the
sidered suitable for transport studies. The presence of thiamine taken up was membrane-bound (Fig. 7), an ex-
H™ gradient across the vesicle membrane enhancetént similar to that reported in Fig.A5 pH 7.5. More-

)
Q

Guanidine uptake
{pmol - mg™' protein- 6 s

_.
Q

Discussion
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over, separate experiments showed that mostHtiiia-  frequently related to thiamine deficiency (Campbell,
mine bound to membrane vesicles can be easily dis1984). Imipramine, a potent inhibitor of guanidiné/H
placed by unlabeled thiamine, suggesting that thiaminexchange (Miyamoto et al., 1988), also inhibited mark-
binding occurs at the outer side of the vesicles (McNa-edly the saturable component of the thiamine#dtiport
mara, Pepe & Segal, 1981). (K; = 0.5 mv). However, imipramine also inhibited the
The transport of thiamine through the thiamin&/H nonsaturable componersigeResults) of the thiamine/H
antiport (pH, < pH,,) showed a well defined saturable exchange, suggesting a possible alteration in membrane
component whose kinetic constants were much highestructure as reported for bacterial membranes (Tanji et
than those recorded in the absence ofédchange (Fig. al., 1992). With respect to the organic cations which
8). In particular, a pH gradient of 2.5 units (pB:pH,,,  were found to inhibit the thiamine/Hantiport, their ac-
7.5) increased thiamine maximal flux(,,) about 5 tion appears to involve a direct interaction with the thia-
times and reduced the affinity value (as indicated by armine transporter and not merely dissipation of the proton
increase irK,,) about 3 times. Since passive permeabil-gradient.
ity was virtually unaffected (as indicated by unaltekgg Omeprazole, a substituted benzimidazole and weak
coefficients), the conclusion can be drawn that the H organic cation which blocks gastric acid secretion by
gradient energized thiamine transport. Interestingly, arinhibiting membrane (H#K*)ATPase (Fellenius et al.,
outwardly directed H gradient has been found to in- 1981), is structurally similar to the tricyclic form of thia-
crease thel,,, of Na" (Gunther & Wright, 1983) and mine (Brown, 1990). Therefore, it has been speculated
tetraethylammonium (Wright & Wunz, 1987) in BBMVs that these two compounds could compete for a common
from rabbit jejunum and kidney by the same order of membrane binding site (Brown, 1990).
magnitude as that found in our study for thiamine. In the In our experiments, however, omeprazole caused a
above models, howeveK,,, values were not affected by 4-fold increase in the rate of thiamine entry into BBMVs
the H" gradient. (Table 1), a finding which seems to exclude a competi-
Altogether, our early (Casirola et al., 1988) and pre-tive inhibitory action on thiamine uptake. Moreover,
sent findings indicate that the saturable component obmeprazole increased by 30% thiamine binding to
thiamine transport into BBMVs is a Nandependent BBMVs at pH 7.5. The effects of omeprazole could be
uphill process (Fig. 1), which can utilize the energy sup-due to its ability to reduce free sulfhydryl groups at both
plied by a H gradient (Fig. 8), and involves a 1:1 stoi- pH 5 and 7.4, as shown in isolated hog gastric membrane
chiometry exchange of thiamine with"HFig. 9). (Im et al., 1985), thus altering the functional properties of
The competitive inhibition between'tind thiamine  the membranes and their interaction with thiamine. If
indicates that M has an affinity for binding sites similar this occurred also in intestinal BBMVs, conceivably the
to that of thiamine either in the presendg,(2 um; K,,  alteration could enhance the activity of the thiamine/H
6.2 uM) or in the absenceK(, 2.4 um; K, 2.3 um) of a  antiport as well as thiamine binding. However, further
pH gradient. On the basis of the differences in sensitiv-experiments are required to clarify fully the effects of
ity to inorganic monovalent cations and substrate speciomeprazole, even though we can exclude any direct re-
ficity (Table 1), the thiamine/Hantiport in BBMVs ap-  action of this compound with thiamine (Laforenza &
peared to be distinct from the Ki&d™ antiport (only har-  Rindi, unpublished observatiopsAll thiamine ana-
maline and clonidine inhibited significantly both logues, except for thiochrome, were strong inhibitors of
systems) and from the renal organic catioh/htiport  the intestinal thiamine/Hantiport. This substrate speci-
(Gunther & Wright, 1983). The thiamine/Hantiport, ficity differs from that of the hepatic thiamine/Hanti-
however, appears to share some substrate specificity withort, which is unaffected by pyrithiamine and ampro-
the intestinal guanidine/Hantiport (Miyamoto et al., lium, and is inhibited by choline and tetraethylammoni-
1988) (Table 1). In fact, thiamine was able to inhibit um (Moseley et al., 1992), to which, on the other hand,
competitively the guanidine/Hexchange ; = 7.8 the intestinal thiamine/Hantiport was insensitive (Ta-
mm), while guanidine could inhibit the thiamineftéx-  ble 1).
change K; = 10 mm), suggesting some similarity of the Assuming that Aronson’s calculations for the Na
two H* antiport systems. Some thiamine analoguesH® exchanger (Aronson, 1985) can be applied to our
could also inhibit the guanidine/Hantiport (Fig. 10). case, the thiamine/Hantiport mechanism allows both
Of the two antidiabetic guanidine derivatives (bigua-the intestinal absorption and the secretion of thiamine,
nides), phenformin and metformin, only phenformin in- depending on whether the value of the ratio [thia-
hibited markedly the intestinal thiamine/Hantiport — minel,,:[thiamine], is higher or lower than that of the
(Table 1) and thiamine absorption. These differential ef-ratio [H],:[H ]
fects of the two guanidines might contribute to explain Currently the thiamine ratio is higher and intestinal
why phenformin (but not metformin) can produce lactic absorption can take place. When thiamine ratio becomes
acidosis (Assan, Heuclin & Girard, 1987), a syndromelower, as may happen during very high amounts of vi-



U. Laforenza et al.: Thiamine/Hintestinal Antiport 161

tamin are ingested, thiamine may also be secreted into oxidizing agent of sulfhydryl groups. Biol. Chem.260:4591—
the lumen as Polin et al. (1961) showed in the chick. 4597 o _
Komai, T., Shindo, H. 1974. Structural specificities for the active trans-
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