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Summary. We previously reported that >H-folate uptake by rab-
bit jejunal brush-border membrane (BBM) vesicles was markedly
stimulated by an outwardly directed OH~ gradient (pH;, 7.7,
pH,.. 5.5), inhibited by anion exchange inhibitors (DIDS, SITS,
furosemide), and saturable (folate K,, = 0.19 uM) suggesting car-
rier-mediated folate/OH - exchange (or H*/folate cotransport). In
the present study, the anion specificity of this transport process
was examined. Under conditions of an outwardly directed OH~
gradient, DIDS-sensitive folate uptake was cis inhibited (>90%)
by reduced folate analogues: dihydrofolate (ICs = 0.40 uM),
folinic acid (ICs, = 0.50 pM), 5-methyltetrahydrofolate (ICs, =
0.53 M), and (+)amethopterin (ICs; = 0.93 um). In contrast, 10
uM (—)amethopterin had only a modest effect on folate uptake
(18% inhibition) suggesting stereospecificity of the folate/OH~
exchanger. The nonpteridine compounds which are transported
by the folate carrier in L1210 leukemic cells (phthalate, thiamine
pyrophosphate, and POy %) did not inhibit jejunal folate uptake.
Furthermore, folate uptake was not inhibited by SO, 2 (4 mMm) or
oxalate (4 mm) thereby distinguishing this carrier from the previ-
ously described intestinal SO,%OH- and oxalate/Cl~ exchang-
ers. After BBM vesicles were loaded with 3H-folate, the initial
velocity of 3H-folate efflux was stimulated by unlabeled folate in
the efflux medium. The transstimulation of *H-folate efflux by
unlabeled folate was furosemide (or DIDS) inhibitable and tem-
perature sensitive. Half-maximal stimulation of furosemide-sen-
sitive 3H-folate efflux was observed with 0.25 + 0.05 uM unla-
beled folate, a concentration similar to the K, for folate uptake.
These data suggest that folate-stimulated *H-folate efflux is medi-
ated by the folate/OH~ exchanger. With the exception of (—)
amethopterin, reduced folate analogues also transstimulated
furosemide-sensitive 3H-folate efflux in a concentration-depen-
dent manner suggesting stereospecific transport of these ana-
logues by the folate/OH~ exchanger. In summary, folate trans-
port by the jejunal folate/OH~ exchanger demonstrates both cis
inhibition and transstimulation by reduced folate analogues, but
not by other inorganic or organic anions suggesting bidirectional
transport of folate and a high degree of anion specificity.
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Introduction

We previously reported [17] that the initial velocity
of folate uptake by rabbit jejunal, but not ileal

BBM! vesicles, is markedly stimulated under condi-
tions of an outwardly directed OH™ gradient (pHi,
7.7, pHow 5.5). Under these pH conditions, folate is
predominantly in the anionic form (pK,’s of 3.5 and
4.8, ref. 14) and uptake is inhibited by anion ex-
change inhibitors (DIDS, SITS, and furosemide)
and is saturable (folate K,, = 0.19 uMm). These data
provide evidence for a carrier on the jejunal BBM
that mediates folate/OH ™ exchange (or phenomeno-
logically indistinguishable H*/folate cotransport?).
Furthermore, these findings are consistent with the
cardinal features of folate transport by intact intes-
tine, i.e. the known presence of an outwardly di-
rected OH™~ gradient in vivo (acid microclimate, ref.
13), an acidic pH optimum for intestinal folate
transport [21, 22], and the primary role of the jeju-
num in folate absorption [7].

In other normal mammalian tissues (liver, kid-
ney, erythrocyte) and many tumor cell lines, entry
of folate into the cell is mediated by a transport
system with high affinity (K,, = 1 to 10 um) for
reduced folate analogues including (+)amethopterin
(methotrexate) and low affinity (K,, > 100 um) for
folate [20]. However, studies using intact intestine
[22] suggest that uptake of luminal folate is medi-
ated by a single carrier with similar affinities for
both reduced and nonreduced forms of folate. In
the L1210 leukemic cell line, reduced folates are
transported by an anion exchange mechanism with
broad specificity for organic (phthalate, thiamine
pyrophosphate) and inorganic (SO;?, PO;”) anions
[6]. Studies in L1210 plasma membrane vesicles

I Abbreviations: BBM, brush border membrane; DIDS, 4,
4’-diisothiocyano-2,2'-disulfonic acid stilbene, disodium salt;
SITS, 4-acetamido-4-isothiocyanostilbene-2,2’-disulfonic acid,
disodium salt; TMA, tetramethylammonium; MES, 2-[N-
morpholinolethanesulfonic acid.

2 For simplicity, this transport mechanism will hereafter be
referred to as folate/OH™ exchange.
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demonstrated that this transport system mediates
both the influx and efflux of (+)amethopterin [23].

In the present study, we investigated whether
reduced folate analogues are also transported by the
jejunal folate/OH ™ exchanger. The effects of a vari-
ety of anions on OH~ gradient-stimulated *H-folate
uptake (cis inhibition) and *H-folate efflux (trans-
stimulation) were studied in order to define the an-
ion specificity of the jejunal folate/OH™~ exchanger.

Materials and Methods

PREPARATION OF BBM VESICLES

Jejunal BBM vesicles were prepared from fed New Zealand
White male rabbits (4 to 5 1b) by a divalent cation precipitation
method as previously described {17}. The purity of this mem-
brane vesicle preparation was previously validated by enzyme
marker studies which included quantitative recoveries of protein
and enzyme activities [17].

VEsICLE *H-FOLATE TRANSPORT

Uptake of *H-folate by freshly prepared BBM vesicles was mea-
sured by a rapid Millipore filtration technique as previously de-
scribed [17]. After preincubation for 2 hr at room temperature,
membrane vesicles (10 ul) were added to 40 wul of reaction mix-
ture (preincubated at 30°C) containing *H-folate and varying con-
centrations of unlabeled folate and incubated at 30°C. For influx
studies, 6-sec uptakes were measured. Each uptake was termi-
nated by the rapid addition of 3 ml of ice-cold, iosotonic stop
solution (10 mm Tris, 16 mm HEPES, pH 7.5; 182 mM K™ gluco-
nate) and immediate filtration through a 0.45-um Millipore filter
(HAWP).

A modification of this procedure was used for efflux stud-
ies. To load the inside of the vesicles with *H-folate, preincu-
bated membrane vesicles (10 ul) were added to reaction mixture
(40 pl; 30°C) containing 0.1 uM *H-folate. At one minute, a nine-
fold excess of efflux medium (450 ul; room temperature) was
added to initiate efflux. Efflux was terminated by the addition of
stop solution and filtration through Millipore filters as described
above for uptake studies. When the efflux medium included 1
mM DIDS, the protocol was modified to keep vesicle protein
concentration >0.65 mg protein/ml (see Fig. 4 legend). These
changes were prompted by the finding that at protein concentra-
tions lower than 0.65 mg/ml, 1 mM DIDS had nonspecific effects
on vesicle content of H-folate or *H-glucose when vesicles were
loaded under OH~ or Na* gradient conditions, respectively (data
not shown).

Filters were washed twice with 3 ml of ice-cold stop solu-
tion, dissolved in Hydrofluor® scintillation cocktail (National Di-
agnostics Inc., Somerville, N.J.), and counted on an LS 6800
liquid scintillation counter (Beckman Instruments Inc., Fuller-
ton, Calif.).

STATISTICAL METHODS

Uptakes were performed in triplicate and efflux measurements in
quadruplicate. Each experiment was repeated on at least three
separate membrane preparations and the results expressed as the
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mean * SE for all membrane preparations tested. Differences
among means were tested for statistical significant (P < 0.05)
using Student’s paired ¢-test. For inhibition studies, the inhibitor
concentration giving 50% inhibition (ICs,) was calculated by plot-
ting 1/velocity versus [inhibitor] and extrapolating the regression
line to the x-axis. The x-intercept was taken to represent the
inverse of the ICs, [18] thus avoiding any assumptions regarding
the mechanism of inhibition (i.e. competitive versus noncompeti-
tive inhibition). The kinetics of efflux were analyzed from pooled
data from multiple membrane preparations with a computerized
weighted least-squares fit of the individual data points to a rec-
tangular hyperbola as described previously [3].

MATERIALS

3H-folate (~32 Ci/mmol; in 1% ascorbic acid) was obtained from
Amersham Corp. (Arlington Heights, 1ll.). Furosemide was
kindly provided by Hoechst-Roussel Pharmaceuticals (Somer-
ville, N.J.) HEPES was purchased from United States Biochem-
ical Co. (Cleveland, Ohio). All other chemicals were from Sigma
Chemical Co. (St. Louis, Mo.) and were of reagent grade or the
highest purity available.

Results

ErrECTS OF REDUCED FOLATE ANALOGUES AND
OTHER ANIONS ON OH™ GRADIENT-STIMULATED
FoLATE UpTAKE

Under conditions of an outwardly directed OH-
gradient (pH;, 7.8/pHou 5.4), folate (0.1 uM) uptake
measured at 1.8, 3.0, 4.8, and 6.0 sec was linear
with time (data not shown) and the regression line
passed through the origin implying that binding
does not contribute significantly to uptake during
the first 6 sec. Therefore, uptakes at 6 sec were used
to estimate initial rates of folate uptake.

In the absence of folate analogues in the incuba-
tion medium, OH~ gradient-stimulated folate (0.1
M) uptake was inhibited to 20% of control by 1 mMm
DIDS (Figs. 1A and 1B). Each of the reduced folate
analogues also inhibited OH~ gradient-stimulated
folate uptake in a dose-dependent manner (Fig. 1,
upper lines). Moreover, folate uptake in the pres-
ence of 1 mMm DIDS was not inhibited by reduced
folate analogues over the range of concentrations
tested (Fig. 1, lower lines). Analysis of the concen-
tration dependence of inhibition of DIDS-sensitive
folate uptake (defined as the difference between to-
tal uptake and uptake in the presence of DIDS)
vielded an ICsy of 0.93, 0.50, 0.53, or 0.40 um for
(+)amethopterin, folinic acid, 5-methyltetrahydro-
folate, or dihydrofolate, respectively (Fig. 1, in-
sets).

In contrast to (+)amethopterin, (—)amethop-
terin (10 uM) only minimally inhibited OH~ gradi-
ent-stimulated folate uptake (Table, part A). Of the
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Fig. 1. Effects of reduced folate analogues on OH~ gradient-stimulated folate uptake. Vesicles were preincubated for 2 hr at room
temperature in (final concentrations): 70 mM Tris, 70 mM HEPES, pH 7.8; and 250 mm mannitol. Uptakes (measured at 6 sec) were
initiated by adding 10 ul of vesicles to 40 ul of reaction medium at 30°C [final concentrations: 16 mM Tris, 20 mM HEPES, 104 mm
MES, pH 5.4; 250 mM mannitol, 0.1 um *H-folate, and varying concentrations of reduced folate analogues (0 to 3.0 um) with or without
1 mMm DIDS]. Vesicle folate uptake at 6 sec was 0.634 = 0.062 pmol/mg protein. Insets: Dixon plots of DIDS-sensitive folate uptake
under OH- gradient conditions. Symbols depict means + Sk for at least three separate membrane preparations. Where error bars are

not shown, they are included within the symbol

three components of the folate molecule [pteridine
(pterine) ring, para-aminobenzoic acid, L-glutamic
acid], only extremely high concentrations of para-
aminobenzoic acid inhibited folate uptake (Ta-
ble, A).

Recently, separate carriers mediating SO;%
OH~ (S0;? = 0.475 mM, Ref. 15), oxalate/Cl~
(oxalate K,,, = 0.566 mM, ref. 8), and C1-/HCOj [10]
exchange have been described in BBM vesicles
from rabbit ileum. To distinguish the folate/OH " ex-
changer from these carriers, the effects of SO;?,
oxalate, or CI- on OH™ gradient-stimulated folate
uptake were examined (Table, B) Jejunal folate up-
take was not inhibited by SO; > (4 mM) or oxalate (4
mM). Although folate uptake was mildly reduced by
40 mMm Cl- (18.5% inhibition), this concentration of
Cl- is ~10-fold greater than the K, of Cl~ for the
intestinal C1-/HCOj exchanger (Cl~ K, = 3.5 mM,
ref. 10).

In the 1.1210 leukemic cell line [6], a wide vari-
ety of inorganic and organic anions are potent 1nh1b-
itors of reduced folate transport, e.g. SOz, PO;?,
phthalate, and thiamine pyrophosphate (K;’s = 0.54
mM, 0.40 mm, 20 um, and 3 uM, respectively). In
contrast, in jejunal BBM vesicles, these anions did
not inhibit OH~ gradient-stimulated folate uptake
(Table, B and C).

FoLATE-STIMULATED H-FOLATE EFFLUX

When BBM vesicles were loaded with SH-folate un-
der OH™ gradient conditions, the uptake of H-fo-
late at 1 min was inhibited by 1 mm DIDS to 28% of
control (Fig. 24, open triangle). These data suggest

Table. Effects of anions on folate uptake under OH~ gradient
conditions?

[Anion] Folate

(mMm) uptake
(% control)
A. Other folate analogues
and components of
folate molecule:
(—)amethopterin (n = 5)  0.01 85.7 £ 1.8 (P < 0.005)
p-aminobenzoic
acid n=4) 1 88.9 = 3.0 (P < 0.05)
nh=13) 25 53.5+ 0.7 (P < 0.001)
L-glutamic acid (n=3) | 103.0 £ 6.9
pterine n=3 0.1 98.7 = 1.9
B. Ligands for other
intestinal anion
exchangers:
Cl- (n=3) 40 81.5 = 2.6 (P < 0.02)
SO;? n=3 4 100.5 + 3.3
oxalate n=3 4 87.4 £ 4.8
C. Anions transported by
the L1210 folate carrier:
PO;’ (n=13) 20 105.7 = 2.1
phthalate =4 1 88.8 = 4.6
thiamine
pyrophosphate (n=3) 1 104.6 = 3.7

2 Folate (0.1 um) uptake was determined at 6 sec in the presence
or absence (control) of different anions. Each anion was tested
on at least three separate membrane preparations and the results
expressed as % of control (P values indicate significant differ-
ences between control uptake rates and uptake in the presence of
anion). When the concentration of anion exceeded 1 mM, isos-
molality was maintained by adjusting the mannitol concentration
in the reaction medium. Buffer composition as in the legend to
Fig. 1.
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Fig. 2. Effects of external folate on efflux of H-folate. (A) Folate influx was initiated under the same conditions as described in the
legend to Fig. 1. Open triangle represents folate uptake under these conditions, but in the presence of 1 mm DIDS. At 1 min, efflux
medium (450 ul) was added and efflux was allowed to proceed at room temperature. Efflux medium contained 250 mM mannitol, 16 mm
Tris, 20 mM HEPES, and 104 mm MES (pH 5.4), with (open circles) or without (filled circles) unlabeled folate (1.5 um). Efflux is
expressed as % of uptake at 1 min. (2.25 = 0.18 pmol/mg protein). (B) Vesicles were loaded with 3H-folate under OH- gradient
conditions (pH 7.8 inside, pH 5.4 outside) in the presence (hatched bars) or absence (open bars) of 1 mM DIDS. At 1 min, efflux medium
with or without 1.5 uM folate was added and vesicle *H-folate content was measured 4.8 sec later. The amount of *H-folate that was
released over 4.8 sec was calculated as the difference between vesicle *H-folate content at the end of the 1 min influx period (2.91 =
0.66 pmol/mg protein) and vesicle H-folate content 4.8 sec after addition of efflux medium
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Fig. 3. Effects of furosemide on *H-folate efflux. After a 1-min
influx under OH~ gradient conditions (2.46 + 0.28 pmol/mg pro-
tein), efflux was initiated by the addition of efflux medium with
or without 5 mM furosemide. Efflux conditions as in the legend to
Fig. 2

that at least 72% of uptake at 1 min is mediated by
the folate/OH™ exchanger. After a 1 min influx un-
der OH™ gradient conditions, a ninefold excess of
effltux medium was added and vesicle 3H-folate con-

tent was measured at varying time points thereafter
(Fig. 2A). With folate (1.5 uM) in the efflux medium
(Fig. 24, open circles), efflux of 3H-folate was more
rapid compared with efflux in the absence of added
folate (filled circles). The initial rate of *H-folate
efflux (over 4.8 sec, vide infra) was significantly
stimulated by 1.5 uM folate in the efflux medium
(Fig. 2B, open bars). In contrast, when the influx
medium included 1 mm DIDS, only a small increase
in efflux was observed with external folate (Fig. 2B,
hatched bars). These findings suggest that if uptake
in the presence of DIDS is mediated by contaminat-
ing vesicles without the folate/OH™ exchanger, this
component of uptake cannot account for folate-
stimulated *H-folate efflux.

In order to determine whether the folate carrier
mediates folate-stimulated *H-folate efflux, the ef-
fects of inhibitors of folate/OH~ exchange on *H-
folate efflux were examined. The addition of folate
(1.5 uMm) to the efflux medium increased the initial
velocity (more negative slope) of *H-folate efflux
(Figs. 34 and 4A). This effect was completely inhib-
ited by the addition of 5 mmM furosemide or 1 mm
DIDS to the efflux medium (Figs. 3B or 4B, respec-
tively). These concentrations of furosemide and
DIDS inhibit OH™ gradient-stimulated 3H-folate
(0.1 uMm) uptake by 91% (data not shown) and 84%
[17], respectively. At these inhibitor concentra-
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Fig. 5. Effects of temperature on *H-folate efflux. Vesicles were
loaded with H-folate under OH- gradient conditions (2.25 *
0.26 pmol/mg protein at 1 min) and efflux was initiated by the
addition of efflux medium at room temperature (open circles) or
4°C (filled circles). Effiux conditions as in the legend to Fig. 2

tions, the glucose space was not affected (data not
shown) thereby excluding a nonspecific effect of
these inhibitors on vesicle integrity.

The initial rates of *H-folate efflux were linear
through 6 sec in the presence or absence of external
folate or inhibitors (Figs. 3 and 4). However, if the
apparent folate content prior to efflux is estimated
by extrapolating the line representing vesicle folate
content versus time to the y-axis, the y-intercept is
significantly less than the 1-min uptake value (Figs.
3 and 4). This discrepancy between the apparent
vesicle 3H-folate content at the initiation of efflux
(y-intercept) and the 1-min uptake value suggests
debinding or an extremely rapid initial component
of efflux. To distinguish between these two possibil-
ities, efflux of *H-folate was compared at room tem-
perature and at 4°C (Fig. 5). In the absence of fo-

[External Folate]uM

Fig. 6. Kinetics of folate-stimulated *H-folate efflux. After influx
under OH- gradient conditions for 1 min (3.27 % 0.53 pmol/mg
protein), vesicle *H-folate content was determined at 4.8 sec in
the presence or absence of 5 muM furosemide as the folate con-
centration in the efflux medium was varied from 0.05 to 1.50 pMm.
The furosemide-sensitive component of *H-folate efflux was cal-
culated as the difference between vesicle 3H-folate content in the
presence or absence of 5 mm furosemide. A weighted, least-
squares fit of the individual data points was performed on a

efflux

computer yielding the depicted rectangular hyperbola and K §im
Symbols depict means * s of individual data points

late, 3H-folate efflux was unaffected by temperature
suggesting that the difference between the y-inter-
cept and the 1-min uptake value is secondary to
debinding. In contrast, folate-stimulated *H-folate
efflux was markedly reduced by low temperature.
The external folate concentration required for
half-maximal stimulation of H-folate efflux was de-
termined by incubating the vesicles with varying
folate concentrations in the efflux medium and
measuring efflux at 4.8 sec (Fig. 6). The furosemide-
sensitive component of folate-stimulated 3H-folate
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Fig. 7. Effects of reduced folate analogues on *H-folate efflux.
*H-folate efflux (over 4.8 sec) was examined in the absence {(con-
trol) or presence of reduced folate analogues after vesicles were
loaded with 3H-folate under OH- gradient conditions with
(hatched bars) or without (open bars; 2.50 + 0.16 pmol/mg pro-
tein) 1 mm DIDS. The presence or absence of 5 mM furosemide
in the efflux medium is indicated by the +/— symbols along the
ordinate. (* P < 0.05 when compared with efflux under control
conditions.)

efflux, calculated as the difference between total
efflux and efflux in the presence of 5 mm furo-
semide, was a saturable function of folate concen-
tration. A computer-derived [3], weighted least-
squares fit of the individual data points yielded a
rectangular hyperbola and a folate KM% of 0.25 +
0.05 um.

EFFECTS OF REDUCED FOLATE ANALOGUES ON
3H-FoLATE EFFLUX

To determine if reduced folate analogues are also
transported by the folate carrier, the effects of these
analogues on *H-folate efflux were assessed. Folate
analogues which inhibited OH~ gradient-stimulated
folate uptake also stimulated *H-folate efflux (mea-
sured at 4.8 sec) by a furosemide-sensitive mecha-
nism (Fig. 7, open bars). This stimulation of 3H-
folate efflux was not secondary to efflux from
vesicles loaded with *H-folate under OH~ gradient
plus DIDS conditions (Fig. 7, hatched bars), sug-
gesting that the stimulation of 3H-folate efflux did
not occur from vesicles lacking the folate/OH™ ex-
changer. Furthermore, with the exception of (—)
amethopterin, a weak inhibitor of OH~ gradient-
stimulated folate uptake, reduced folate analogues
stimulated the initial rate of *H-folate efffux (Fig. 8).
This transstimulation of *H-folate efflux by reduced
folate analogues was concentration-dependent with
half-maximal transstimulation at 0.25 to 0.5 uMm
(Fig. 9).
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Fig. 8. Effects of reduced folate analogues on the initial rate of
H-folate effiux. After vesicles were loaded with H-folate under
OH~ gradient conditions (2.21 + 0.25 pmol/mg protein at 1 min),
vesicle *H-folate content was measured 2.4, 3.6, 4.8 or 6.0 sec
following addition of efflux medium with or without reduced
folate analogues at the concentrations indicated

Discussion

In this study of the anion specificity of the jejunal
folate/OH~ exchanger, our findings suggest that
this transporter mediates both the influx and efflux
of folate (bidirectional transport). In addition, the
present study suggests that the folate/OH- ex-
changer also transports reduced folate analogues
[(+)amethopterin, 5-methyltetrahydrofolate, folinic
acid, and dihydrofolate]. Unlike the carrier for re-
duced folates in L1210 cells (leukemic cell line), the
Jjejunal folate/OH ™~ exchanger exhibits a high degree
of anion specificity. The specificity of this ex-
changer for folate and its analogues distinguishes
this transport mechanism from other intestinal an-
ion transporters.

In 3H-folate efflux experiments, jejunal BBM
vesicles were loaded with H-folate in the presence
of an outwardly directed OH~ gradient. These con-
ditions favor loading of 3H-folate into those BBM
vesicles having the DIDS-sensitive folate/OH™ ex-
changer. The DIDS-insensitive uptake under these
conditions is a relatively minor (28%) component of
total uptake and can be accounted for by passive
diffusion of folate into BBM vesicles or uptake by
contaminating membrane vesicles.
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Fig. 9. Concentration dependence of stimulation of *H-folate efflux by reduced folate analogues. After vesicles were loaded with *H-
folate (2.23 + 0.22 pmol/mg protein), efflux (over 4.8 sec) was determined in the presence or absence of 5 mm furosemide as the folate
analogue concentration was varied from 0.25 to 3.0 uM. The furosemide-sensitive component of H-folate efflux was calculated as the
difference between vesicle 3H-folate content in the presence or absence of 5 mMm furosemide

SH-folate efflux was initiated by the addition of
a ninefold excess of efflux medium. With unlabeled
folate in the efflux medium, 3H-folate efflux was
stimulated compared with efflux in the absence of
unlabeled folate (transstimulation). Although an in-
wardly directed anion (i.e. folate) gradient may in-
duce an inside-negative electrical potential, two
lines of evidence suggest that this is unlikely to ac-
count for folate-stimulated *H-folate efftux. First,
an inside-positive electrical potential did not stimu-
late 3H-folate uptake by rabbit jejunal BBM vesicles
[17] suggesting that vesicle folate transport is poten-
tial insensitive. Second, while 1.5 uM (+)amethop-
terin stimulated 3H-folate efflux, 10 um (-)
amethopterin did not, suggesting that the mere pres-
ence of an inwardly directed anion gradient is not
sufficient to stimulate *H-folate efflux. The observa-
tion that lowering the temperature of the efflux me-
dium markedly reduced folate-stimulated *H-folate
efflux is consistent with efflux by a carrier-mediated
mechanism, but does not exclude debinding which
may also be temperature dependent. Since effilux
from vesicles loaded in the presence of DIDS ac-
counted for only a small component of folate-stimu-
lated *H-folate efflux, these data suggest that folate-
stimulated efflux occurs predominantly from
vesicles which take up folate via the folate/OH~
exchanger. This general strategy of loading vesicles
with 3H-folate via a specific transport mechanism
should be applicable to the performance of efflux
studies with other substrates when contaminating

or other BBM membrane vesicles are present which
do not possess the transport system of interest.
Two experiments provide evidence that the fo-
late/OH~ exchanger mediates folate-stimulated *H-
folate efflux. First, the initial velocity of folate-stim-
ulated *H-folate efflux was inhibited by furosemide
or DIDS, both of which inhibit folate/OH™ ex-
change [17]. Second, the concentration of unlabeled
folate required to half-maximally stimulate *H-fo-
late efflux (0.25 = 0.05 uM, Fig. 6) approximates the
folate K, for uptake via the folate/OH~ exchanger
(0.19 £ 0.02 umM, ref. 17). Together with the results
of previous studies [17], these data suggest that in
vitro, the folate/OH~ exchanger mediates both fo-
late influx and efflux (bidirectional transport). Since
freeze-fracture electron microscopy demonstrated
that 79% of the jejunal BBM vesicles are oriented
right-side-out (data not shown), vesicle uptake of
folate is analogous to uptake of luminal folate by the
intact enterocyte. In vivo, the outwardly directed
OH ™ gradient across the jejunal BBM (intracellular
pH = 6.8, luminal pH = 5.8; refs. 11 and 13, respec-
tively) favors uptake via the exchanger, thereby
driving the intestinal absorption of this vitamin.
The effects of reduced folate analogues on *H-
folate efflux were assessed in order to determine in
vitro whether these analogues are also transported
by the folate/OH~ exchanger. With the exception of
(—)amethopterin, the reduced folate analogues, i.e.
(+)amethopterin, 5-methyltetrahydrofolate, dihy-
drofolate, and folinic acid, stimulated *H-folate ef-
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flux by a saturable, furosemide-sensitive mecha-
nism. Each of these analogues also cis inhibited
OH ™ gradient-stimulated folate uptake (ICsy’s = 0.4
— 0.9 um). Cis inhibition of folate uptake and trans-
stimulation of folate efflux by the reduced folate
analogues provide compelling evidence that these
analogues are transported by the folate/OH™ ex-
changer. The lack of stimulation of *H-folate efflux
by (—)amethopterin is consistent with the relatively
weak inhibition of OH~ gradient-stimulated folate
uptake by this compound and implies stereospeci-
ficity of the transport mechanism.

Studies with intact rat intestine also suggest the
presence of a folate carrier with similar affinities for
reduced and nonreduced forms of folate. Using in-
testinal loops perfused in vivo [2], the absorption of
(+)amethopterin was inhibited by unlabeled folate
(K; = 1.28 um). Similarly, using everted gut sacs,
the uptake of 0.1 um 3H-folate (K,, = 4.4 uMm) was
inhibited by unlabeled reduced folate analogues, i.e.
folinic acid, (+)amethopterin, and 5-methyltetrahy-
drofolate (K; = 9, 20, and 24 um, respectively; ref.
22).

The present findings extend those of an early
study [19] using rat intestinal BBM vesicles in
which *H-(+)amethopterin uptake was saturable
(K, = 1.5 uM) and competitively inhibited by folate
(K; = 0.6 um) or 5-methyltetrahydrofolate (K; =
1.35 um). Although preloading the vesicles with un-
labeled folate or reduced folate analogues trans-
stimulated 3H-(+)amethopterin uptake (measured
at 0.5, 1.0, and 7.5 minutes), the effects of tempera-
ture, membrane transport inhibitors, or increasing
concentrations of unlabeled transstimulating anion
on the initial rate of *H-(+)amethopterin uptake
were not examined. However, assessing the effects
of such experimental manipulations on isotope flux
is necessary to demonstrate that uptake and efflux
are mediated by the same transport mechanism.
Since in our studies the concentration of external
folate required to half-maximally stimulate 3H-fo-
late efflux approximated the folate K,, for uptake
and inhibitors of the folate carrier inhibited folate-
stimulated *H-folate efflux, these data suggest that
transstimulation of efflux by folate is mediated by
the folate/OH~ exchanger.

All folates consist of three major structural
components: a pteridine ring, a para-aminobenzoic
acid moiety, and a rL-glutamic acid residue. Al-
though folate uptake was not affected by glutamate
or pterine (pteridine ring), very high concentrations
of p-aminobenzoic acid were inhibitory (46.5% inhi-
bition at 25 mm). The lack of effect of pterine on
folate uptake is consistent with the results of a pre-
vious study [1] which showed only a slight rise in
serum or urine levels of tetrahydrobiopterin follow-
ing oral administration of this compound to human
volunteers.
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Recently, several anion exchangers have been
reported on the intestinal brush border, i.e. Cl7/
HCOs [10, 12], SO;/OH" [15, 16], and oxalate/Cl~
exchange [8, 9]. In all but one study [12], rabbit ileal
BBM vesicles were used to characterize these vari-
ous anion exchange processes. Since our initial
studies localized folate/OH~ exchange to rabbit je-
junal and not ileal BBM vesicles [17], the possibility
that OH - gradient-stimulated folate uptake was me-
diated by one of these anion exchangers was un-
likely. Nevertheless, the effects of these anions on
OH~ gradient-stimulated folate uptake were exam-
ined at concentrations far greater than the K,,’s of
these anions for their respective transporters.

The lack of effect of 4 mm SO, (K,, = 0.475 mMm,
ref. 15) or 4 mm oxalate (K,, = 0.566 mM, ref. 8) on
folate uptake suggests that the carrier-mediating fo-
late/OH~ exchange is a separate transporter from
the SO; OH~ or oxalate/Cl~ exchangers. An unex-
pected finding was inhibition of OH~ gradient-stim-
ulated folate uptake by CI~ (18.5% inhibition with
40 mm TMACI, Table) without an effect on DIDS-
insensitive uptake (data not shown). Since the ini-
tial uptake rate for folate remained linear through 6
sec in the presence of 40 mm TMACI (data not
shown), the inhibition by TMAC1 was not second-
ary to a Cl -induced dissipation of the pH gradient.
Furthermore, 40 mm TMA gluconate did not inhibit
OH~ gradient-stimulated folate uptake (data not
shown) suggesting that neither TMA*, nor in-
creased ionic strength could account for the inhibi-
tion by TMACI. In aggregate, these data suggest
that C1~ has an effect on carrier-mediated folate up-
take, but only at concentrations far in excess of the
Cl- K,, (=3.5 mMm, ref. 10) for the CI-/HCO; ex-
changer.

The jejunal folate/OH- exchanger has many
features in common with the folate transporter from
the L1210 mouse leukemic cell line, the mammalian
system most extensively studied to date [4]. The
L1210 folate carrier is a high-affinity transport sys-
tem with K,,,’s for reduced folates in the 1- to 3 um
range [4]. Many anions competitively inhibit and
transstimulate (+)amethopterin uptake by L1210
cells suggesting an anion exchange process [4].
Moreover, the 1.1210 folate transporter is DIDS-
sensitive [S] and inhibited by high concentrations of
Cl- (K; = 28.2 mM, ref. 23). Finally, in vitro, the
1.1210 folate transporter mediates the bidirectional
transport of (+)amethopterin [23].

However, the jejunal folate/OH~ exchanger dif-
fers significantly from the 11210 folate transporter
with respect to three important characteristics.
First, the jejunal folate carrier has equal affinities
for reduced and nonreduced forms of folate. In con-
trast, for the 1.1210 folate transporter, the K,,’s for
reduced folate analogues are in the 1- to 3-uM range
compared with a folate K, of 200 uM [4]. Second,
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the nonpteridine compounds (e.g. thiamine pyro-
phosphate, phthalate, SO;%, and PO;?) that are
transported by the 1.1210 folate transporter [6] do
not inhibit folate uptake mediated by the jejunal fo-
late/OH ™~ exchanger. Finally, in L1210 cells, lower-
ing the pH of the incubation medium (i.e. imposing
an outwardly directed OH~ gradient) only modestly
affects the kinetics of (+)amethopterin uptake sug-
gesting that the transport process is relatively pH
insensitive (G.B. Henderson, personal communica-
tion). In contrast, in jejunal BBM vesicles, an out-
wardly directed OH~ gradient drives the uphill
transport of folate by carrier-mediated folate/OH~
exchange [17].

In summary, the present study provides evi-
dence that the jejunal folate/OH™ exchanger medi-
ates the transport of folate and reduced folate ana-
logues, but not other organic or inorganic anions,
thereby distinguishing this transporter from either
the 11210 folate transporter or other intestinal an-
ion exchangers. The concordance of these results
with in vivo observations on intestinal folate trans-
port further strengthens the hypothesis that carrier-
mediated folate/OH~ exchange is the mechanism
for intestinal absorption of folate under physiologi-
cal conditions. Finally, the demonstration that
*H-folate efflux is mediated by the folate/OH~
exchanger provides a system to rapidly and conven-
iently test in vitro whether other folate analogues
are transported by the jejunal folate carrier.

We are indebted to Dr. William J. Larsen for performing the
freeze-fracture studies and to Kelly Hsu for her assistance.
These studies were supported by US Public Health Service
Grant AM-38483 (to Dr. Schron), AM-31205 (to Dr. Blitzer), and
by gifts to the Justin J. Stevenson, Jr., Liver Research Labora-
tory. Portions of this work were presented at the annual meeting
of the American Gastroenterological Association, May 1986
(Gastroenterology 90:1621, 1986).

References

1. Blair, J.A., Ratanasthien, K., Leeming, R.J. 1974. Intestinal
absorption of tetrahydrobiopterin and pteroic acid in man: A
comparison of models for the transport of folates across the
small intestine. Gut 15:832

2. Chungi, V.S., Bourne, D.W., Dittert, L.W. 1979. Competi-
tive inhibition between folic acid and methotrexate for trans-
port carrier in the rat small intestine. J. Pharmaceut. Sci.
68:1552-1553

3. Cleland, W.W. 1979. Statistical analysis of enzyme kinetic
data. Methods Enzymol. 63:103-138

4. Henderson, G.B. 1986. Transport of folate compounds into
cells. In: Folates and Pterins. R.L. Blakely and V.M. White-
head, editors. Vol. 3, pp. 207-250.

5. Henderson, G.B., Zevely, E.M. 1982. Functional correla-
tions between the methotrexate and general anion transport
systems of L.1210 cells. Biochem. Int. 4:493-502

6. Henderson, G.B., Zevely, E.M. 1983. Structural require-
ments for anion substrates of the methotrexate transport sys-
tem in L1210 cells. Arch. Biochem. Biophys. 221:438-446

10.

11,

12.

14.

15.

16.

18.

20.

21.

22,

23.

183

. Hepner, G.W. 1969. The absorption of pteroylglutamic (fo-

lic) acid in rats. Br. J. Haematol. 16:241-249

. Knickelbein, R.G., Aronson, P.S., Dobbins, J.W. 1985. Sub-

strate and inhibitor specificity of anion exchangers on the
brush border membrane of rabbit ileum. J. Membrane Biol.
88:199-204

. Knickelbein, R.G., Aronson, P.S., Dobbins, J.W. 1986. Ox-

alate transport by anion exchange across rabbit ileal brush
border. J. Clin. Invest. 77:170-175

Knickelbein, R.G., Aronson, P.S., Schron, C.M., Seifter,
J., Dobbins, J.W. 1985. Sodium and chloride transport
across rabbit ileal brush border.-II. Evidence for CI-HCO;
exchange and mechanism of coupling. Am. J. Physiol.
249:G236-G245

Kurtin, P., Charney, A.N. 1984. Intestinal ion transport and
intracellular pH during acute respiratory alkalosis and acido-
sis. Am. J. Physiol. 247:G24-G31

Liedtke, C.M., Hopfer, U. 1982. Mechanism of CI~ translo-
cation across small intestinal brush-border membrane. II.
Demonstration of Cl--OH~ exchange and CI- conductance.
Am. J. Physiol. 242:G272-G280

. Lucas, M.L., Blair, J.A. 1978. The magnitude and distribu-

tion of the acid microclimate in proximal jejunum and its
relation to Juminal acidification. Proc. R. Soc. London A
200:27-41

Poe, M. 1977. Acidic dissociation constants for folic acid,
dihydrofolic acid, and methotrexate. J. Biol. Chem.
252:3724-3728

Schron, C.M., Knickelbein, R.G., Aronson, P.S., Della
Puca, J., Dobbins, J.W. 1985. pH Gradient-stimulated sul-
fate transport by rabbit ileal brush-border membrane vesi-
cles: Evidence for SO,OH exchange. Am. J. Physiol.
249:G607-G613

Schron, C.M., Knickelbein, R.G., Aronson, P.S., Della
Puca, J., Dobbins, J.W. 19835, Effects of cations on pH gradi-
ent-stimulated sulfate transport in rabbit ileal brush-border
membrane vesicles. Am. J. Physiol. 249:G614-G621

. Schron, C.M., Washington, C., Jr., Blitzer, B.L. 1985. The

transmembrane pH gradient drives uphill folate transport in
rabbit jejunum: Direct evidence for folate/hydroxyl ex-
change in brush border membrane vesicles. J. Clin. Invest.
76:2030-2033

Segel, I.LH. 1975. Enzyme Kinetics: Behavior and Analysis
of Rapid Equilibrium and Steady-State Enzyme Systems.
pp. 106—111, John Wiley and Sons, New York

. Selhub, J., Rosenberg, [.H. 1981. Folate transport in iso-

lated brush border membrane vesicles from rat intestine. J.
Biol. Chem. 256:4489-4493

Sirotnak, F.M. 1985. Obligate genetic expression in tumor
cells of a fetal membrane property mediating ‘‘folate” trans-
port: Biological significance and implications for improved
therapy of human cancer. Cancer Res. 45:3992—-4000
Smith, M.E., Matty, A.J., Blair, J.A. 1970. The transport of
pteroylglutamic acid across the small intestine of the rat.
Biochim. Biophys. Acta 219:37-46

Strum, W.B. 1979. Enzymatic reduction and methylation of
folate following pH-dependent, carrier-mediated transport in
rat jejunum. Biochim. Biophys. Acta 554:249-257

Yang, C.-H., Sirotpak, F.M., Dembo, M. 1984. Interaction
between anions and the reduced folate/methotrexate trans-
port system in 1.1210 cell plasma membrane vesicles: Direc-
tional symmetry and anion specificity for differential mobil-
ity of loaded and unloaded carrier. J. Membrane Biol.
79:285-292

Received 2 June 1987; revised 18 February 1988



