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Introduction ily that includes the N&sulfate cotransporters: NaSi-1,

from kidney and intestine and SUT-1, from endothelial

The active transport of Krebs cycle intermediates, suchyg|is (Taple 1). The members of the NaDC/NaSi family
as succinatex-ketoglutarate and citrate, is mediated by 46 not related to any of the di- and tricarboxylate trans-

sodium-coupled transporters found on the plasma mems, tors from bacteria or from mammalian mitochondria.
branes of many epithelial cells. The preferred substrate The first N&/dicarboxylate cotransporter to be
of these transporters are dicarboxylates. Tricarboxylat®, .4 was isolated from a rabbit kidney cortex cDNA
substrates, such as citrate, are carried in protonated fo”ﬂbrary using the technique of functional expression in

At least two classes of Ndicarboxylate cotransporters Xenopusoocytes [29]. The rbNaDC-1 corresponds to

havg beenlld.entlfled, dI.StII’IQUIShed by dn‘_fe.rences n the'rthe low affinity Na/dicarboxylate cotransporter of the
relative affinity for succinate. The low affinity transport-

ers, withK,,, for succinate around 0.5 are found on apical membrane of the renal proximal tubule. NaDC-1

the apical membranes of renal proximal tubule and Smal})rthologs have also been isolated from human and rat

intestine. The high affinity transporters, with, for suc- Table 1). The rat NaI_DC-l_ IS _represented. by three
cinate around 25w, are found on basolateral mem- cDNAs that are almost identical in sequence: rNaDC-1

branes of kidney and liver, in apical membranes of pla-and SDCTl’ isolated frpm rat kidney [41, 8], and clone
centa and in brain synaptosomes. Recent advances in tha™19: isolated from ratintestine [18]. The sequence dif-
field have identified a gene family of Ndicarboxylate  '€rences among the rNaDC-1 clones are probably due to
cotransporters with functional characteristics similar toS€duencing errors because the apparent differences in
those previously identified in isolated organs or mem-Predicted amino acid sequence are eliminated when
brane vesicles. Several reviews have described the funél@me shifts are corrected. The amino acid sequences of
tional properties of the N#dicarboxylate cotransporters theé NaDC-1 orthologs are at least 73% identical to one
in their native membranes [48, 26, 13, 31, 32]. The pur-@nother (Table 1). The human gene coding for NaDC-1,
pose of this review is to provide an update on new ad-called SLC13A2 (solute carrier family 13, member 2),
vances, particularly in the cloning and characterization of1as been localized to chromosome 17 p11.1-q11.1 [22,

members of the NaDC/NaSi gene family. 30]. The sequence of part of chromosome 17, which
includes the SLC13A2 gene, has been completed (Gen-
The NaDC/NaSi Family bank AC005726). The human SLC13A2 gene is ap-

proximately 23.8 kB in length and contains 12 exons [1].
The Na/dicarboxylate cotransporters of the plasma A cDNA coding for a Nd/dicarboxylate cotrans-
membrane, called NaDC, belong to a distinct gene famyporter from Xenopus laevisntestine, called NaDC-2,
was also isolated by expression cloning [4]. The amino
acid sequence of NaDC-2 is approximately 62% identi-
cal to NaDC-1. It is possible that NaDC-2 is tKeno-
pusortholog of NaDC-1 (i.e.xNaDC-1) because of the
Key words: Succinate — Citrate — Sodium-dependent transport — Nigh sequence identity between the two transporters.
NaDC family — Kidney However, NaDC-2 differs from the other NaDC-1 or-

Correspondence toA.M. Pajor



2 A.M. Pajor: Molecular Properties of NéDicarboxylate Cotransporters

Table 1. Family of transporters related to NaDC-1

Subtype Species (prefix) % ldentity with Organ Genbank no. Reference
rbNaDC-1
NaDC-1  Rabbit (rb) 100 Kidney U12186 [29]
Human (h) 78 Kidney U26209 [30]
Rat (r) 73 Kidney (rNaDC-1) AB001321 [41]
(SDCT1) AF058714 [8]
Intestine (RI-19) U51153 [18]
NaDC-2  Xenopus laevigx) 62 Intestine u87318 [4]
NaDC-3  Rat (r) 42 Placenta (rNaDC3) AF081825 [17]
Kidney (SDCT2) AF080451 [7
Winter flounder (f) 43 Kidney AF102261 [45]
NaSi-1 Rat (r) 43 Kidney, intestine L19102, Q07782  [23,27]
SUT-1 Human 40 Endothelial venules  AF169301 [11]

thologs in its unusual cation selectivity, since it acceptgionally in brush border membranes of renal cortex and
both sodium and lithium as cotransported cations, and itsmall intestine from rabbit and rat [19, 47, 50]. The pri-
localization to the intestine and not the kidney [4]. mary function of the renal transporter is to reabsorb fil-
Several cDNAs coding for high-affinity N&a  tered Krebs cycle intermediates, particularly citrate. The
dicarboxylate cotransporters, NaDC-3, have been clonegkgulation of urinary citrate concentrations is of consid-
from rat placenta and kidney (also called SDCT2), anderable importance because of the role of citrate as a
winter flounder kidney (Table 1). In addition, the calcium chelator. Hypocitraturia is associated with a
NaDC-3 ortholog from human placenta has recently beeiendency to form kidney stones. In the small intestine,
cloned (V. Ganapathypersonal communicatign The  the Na/dicarboxylate cotransporter absorbs di- and tri-
NaDC-3 orthologs are very similar in sequence to onecarboxylates from the diet and from gastrointestinal se-
another, about 90%, but they are only about 42% idencretions [32].
tical to the sequences of the NaDC-1 orthologs. The  As predicted by the functional studies, the mRNA
gene for the human NaDC-3, SLC13A3, is found oncoding for the low affinity N&/dicarboxylate cotrans-
chromosome 20 q12-13.1 based on the partial sequengmrter, NaDC-1, is found in kidney cortex and small
of chromosome 20 (Genbank accession no. AL034424)intestine [8, 29, 30, 40]. The NaDC-1 protein is located
on the apical membranes in kidney, predominantly in the
Structure of the Na*/Dicarboxylate Cotransporters S2 segment of the renal proximal tubule, and in the small
intestine [35, 40]. In addition, there is evidence suggest-
The transporters of the NaDC/NasSi family contain 590—ing that the mRNA for NaDC-1, or a closely related
600 amino acids and are likely to have similar proteinmessage, is found in organs such as lung, adrenal, liver,
structures. Hydropathy analysis of the primary se-and epididymis, that had not been known previously to
guences suggests anywhere from 8 to 12 hydrophobibave low affinity Nd/dicarboxylate transporters [8, 29].
regions long enough to cross the membrane as alphaNaDC-1 mRNA is not found in testis, brain, eye, heart,
helices. The current model of rbNaDC-1 contains 1lor skeletal muscle [29, 40]. Interestingly, the rat
transmembrane domains (Fig. 1). The carboxy terminufNaDC-1 cDNA also hybridizes with mRNA from large
contains the N-glycosylation site at Asn-578 [35], con-intestine [40]. Since the rat large intestine contains a low
served in all members of this family, which places theaffinity Na*/dicarboxylate cotransporter that is function-
carboxy terminus on the outside of the cell (Fig. 1). Theally distinct from the low affinity transporter of the small
roNaDC-1 also contains a consensus sequence for Natestine [47] it is possible that the large intestine trans-
glycosylation at Asn-160 that is not glycosylated, which porter is closely related in sequence to NaDC-1, and
supports the proposed location of Asn-160 in the intra-could possibly be a splice variant.
cellular loop between transmembrane domains 4 and 5 High affinity Na*/dicarboxylate cotransporters have
[35]. The rest of the secondary structure model remaindeen identified functionally in basolateral membranes of

to be tested. renal cortex and liver, in brush border membranes of
placenta, and in brain synaptosomes [5, 9, 10, 25, 28, 42,

Tissue Distribution of Na*/ 43, 50, 52]. The high-affinity NaDC-3 transporters

Dicarboxylate Cotransporters cloned from placenta and kidney have identical amino

acid sequences [7, 17]. Northern blots have identified
Low affinity Na*/dicarboxylate cotransporters, wiky,s ~ mMRNA coding for NaDC-3 (or a closely-related mes-
for succinate around 0.5m) have been identified func- sage) in kidney, placenta, liver and brain, but not in
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Table 2. Functional properties of Nédicarboxylate cotransporters measured by radiotracer uptakes
(Tracer) or substrate-dependent currents in two-electrode voltage clamp experiments (TEVC) at Vh

-50 mV

Clone K., succinate m) K, citrate (m) Lithium Reference
Tracer TEVC Tracer TEVC Inhibition  Transport

rbNaDC-1 450 180 900 n.d. Yes Yes [29, 33]

hNaDC-1 800 1100 7000 6800 No No [30, 51]

rNaDC-1 n.d. 24-29 n.d. 320-640 Yes No [8, 40]

xNaDC-2 278 n.d. n.d. n.d. No Yes [4]

rNaDC-3 2 15 n.d. 220 Yes No [7,17]

fNaDC-3 30 n.d. n.d. n.d. Yes n.d. [45]

In some of the Nadicarboxylate cotransporters, lithium acts as a competitive inhibitor of sodium.
Lithium can also substitute for sodium to drive uphill transport of dicarboxylated., ot deter-
mined).

heart, spleen, lung, skeletal muscle, or testis, which re(DMS) is a specific substrate for the high affinity trans-
sembles the distribution based on functional studies [7porter, the cloned transporters show different interactions
17]. with DMS [5, 46]. Both the high and low affinity trans-
porters from rat, rNaDC-1 (SDCT1) and rNaDC-3
) ) . (SDCT2), exhibit currents in the presence of dimethyl-
Functional Properties of Na'/ succinate, but the rabbit NaDC-1 does not [7, 33]. In
Dicarboxylate Cotransporters addition, some of the NaDC-1 and NaDC-3 orthologs

) ) carry the amino acids aspartate and glutamate, although
All of the members of the NaDC/NaSi family are so- with lowered efficiency [7, 8, 51].

dium-coupled, electrogenic transporters that share simi-
lar transport mechanisms. The transporters couple three
sodium ions and one divalent anion substrate, with théATIONS
net transfer of one positive charge across the membrane.

The transport mechanism appears to be ordered, with! Of the members of the NaDC/NaSi family are so-
sodium binding first followed by substrate. dium-coupled transporters. The coupling stoichiometry
is 3 sodium ions for each divalent anion substrate, with

the net transfer of one positive charge across the mem-
SUBSTRATES brane. Substrate-dependent currents in the presence of

sodium have been measured in all of the transporters that
The NaDC-1 orthologs correspond to the low affinity have been tested (Table 2, [6]). The voltage-dependent
Na*/dicarboxylate cotransporters found on the apicalstep in transport appears to be the binding of sodium and
membrane in the renal proximal tubule and small intes-substrate translocation, whereas substrate binding is rela-
tine [19, 50]. The rabbit and human NaDC-1 have simi-tively unaffected by voltage. The coupling stoichiome-
lar K,,s for succinate, 0.5 and 0.8 Mm respectively try has been measured directly for the rat NaDC-1 by the
(Table 2). In contrast, the rat NaDC-1 (SDCT1) ha§a coupled measurement of radiolabeled substrate uptake
for succinate of 24—29wm [8, 40], similar to theK,,, for and inward charge movements under voltage-clamp con-
methylsuccinate of 13Qum in rat renal brush border ditions [8, 40].
membranes [44]. The high affinity Néalicarboxylate One characteristic property of the Mdicarboxylate
cotransporters are represented by the NaDC-3 orthologsptransporters previously identified in functional studies
with K s for succinate between 2 and g [7, 17, 45], s their sensitivity to inhibition by millimolar concentra-
similar to previous studies with isolated membranetions of lithium, even in the presence of 100amodium
vesicles. [49]. In rbNaDC-1, lithium inhibits transport with an

All of the cloned Nd&/dicarboxylate cotransporters apparenk; of 2 mm [36]. Lithium acts as a competitive

have broad, overlapping substrate specifies for a widenhibitor of sodium, and binds with high affinity at one of
range of di- and tricarboxylates, including succinate, ci-the three sodium binding sites [33]. Lithium can also
trate anda-ketoglutarate. There are some species andubstitute for sodium, but the conformational change
isoform differences, probably related to different affini- produced by lithium binding does not produce the opti-
ties for the substrates. Although previous studies withmal substrate binding site, and thke, for succinate in
rat renal vesicles suggested that dimethylsuccinatdéthium is about 30 mn [33]. However, there appear to
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be species and isoform differences in interactions withwith renal basolateral membrane vesicles [7]. However,
lithium. Some of the transporters, such as rNaDC-3 andhe same rNaDC-3 protein expressed in mammalian cells
rNaDC-1, are inhibited by lithium but lithium does not has a pH optimum for citrate transport between 6.5-7,
substitute for sodium (Table 2). The human NaDC-1land the lowest transport rates at pH 5.5 or 8 [17]. The
does not appear to interact with lithium at all. Finally, inhibition of succinate transport by citrate, however, is

xNaDC-2 is not inhibited by lithium, probably because more pronounced at acidic pH, suggesting that the pre-
lithium can drive transport almost as effectively as so-ferred species is protonated citrate [17].

dium [4].

Studies with isolated brush border membrane
vesicles indicate that an additional low affinity Ma
dicarboxylate cotransporter cDNA remains to be iso-
lated. In the rat, the Ndicarboxylate cotransporter in
the small intestine, rINaDC-1, is sensitive to inhibition by
lithium whereas the transporter found in colon, which
has not been cloned yet, is insensitive to inhibition by
lithium [47].

INHIBITORS

A high-affinity inhibitor of Na'/dicarboxylate cotrans-
port has not yet been identified and there are species
differences in the response to the low-affinity inhibitors.
The rabbit NaDC-1 is inhibited by flufenamate {{250

wm) and furosemide (16, 1.5 mv) but the human and rat
NaDC-1 are insensitive to these compounds [36, 8]. The
rat NaDC-1 (SDCT1) is sensitive to high concentrations
pH EFFeCTS of phloretin (0.5-1 mn), which inhibits both substrate-
dependent and substrate-independent currents [8]. In

The NaDC-1, NaDC-2 and NaDC-3 transporters exhibitcontrast, phloretin specifically inhibits the N&eak cur-
differences in their response to pH. Since the preferred€nts 'Q the absence (r)]];\ls%bcs:trlatg 1bu'2)nr(])t the substrate-
substrates of these transporters are dicarboxylates, ar‘i’:%pen entcurrents in hNabC- [51]. Ot er transport in-
tricarboxylates are carried in protonated form, pH NiPitors, such as DIDS, amiloride, and probenecid, have
changes can alter transport activity by changing the con[‘80 ggeCt on the members of the NaDC/NaSi family
centration of preferred substrate. The alterations in pl-[ , 36].

may also affect the transport proteins. In the NaDC-1

orthologs, the predominant effect of pH is on the con-\WaTeErR TRANSPORT

centration of substrate. The transport of succinate is in-

sensitive to changes in pH, whereas the transport of Cigjmilar to many other transporters, there is evidence that
trate is stimulated at acidic pH, indicating that citrate iSNgDC-1 transports water [24]. The presence of rb-
carried prefel‘entially as a divalent anion [8, 36] ThereNaDC_l protein in the p|asma membrane resu'ts in an
iS some eVidence that trivalent Citrate InthItS transport inincreased passive water permeabi”ty that is dependent
the human and rat NaDC-1 (SDCT1), becausedfgat  on the osmotic gradient. However, when rbNaDC-1 is
pH 7.5 is lower than at 5.5 [8, 36] In contrast, the rabb|tactive|y transporting, a second type of water permeab“_
NaDC-1 has the sam¥,,, at pH 7.5 and 5.5, and the jty appears that is independent of the osmotic gradient
only effect of pH is on the<,,, for citrate (0.8 w at pH  across the membrane. Water transport by roNaDC-1 is
7.5 and 0.3 m at pH 5.5) [36]. TheXenopusNaDC-2,  stojchiometrically coupled to substrate transport, with
has a similar lack of response to pH changes when sughe movement of 176 water molecules, 3 sodium ions
cinate transport is measured, but unlike the NaDC-1 orand 1 dicarboxylate across the membrane for each trans-
thologs, there is very little effect of pH on the transport port cycle. Transport and volume changes occur simul-

of citrate [4]. _ ~ taneously, and both can be inhibited by the addition of
The high affinity N&d/dicarboxylate cotransporter in |ithium [24].

renal basolateral membrane vesicles exhibits a distinct

pH response. The transport of succinate shows a pH op-

timum around 7.5 and the transport of citrate is some-Structure-Function Studies of Na’/

what stimulated at acidic pH but the effect is not asDicarboxylate Cotransporters

marked as in brush border membranes [5, 50]. The

cloned high affinity transporters, NaDC-3, also show aThe human and rabbit NaDC-1 exhibit differences in
pH response that is different from the NaDC-1 orthologs.their relative affinities for citrate, sodium and lithium
In NaDC-3, the transport of succinate is low at acidic pH[30]. Chimera studies have shown that the differences in
and highest at basic pH [7, 17]. Interestingly, there ap-<itrate K, depend on transmembrane domains 7, 10, 11
pear to be different effects of pH on citrate transport by(and their associated cytoplasmic/extracellular loops)
rNaDC-3 (SDCT2) depending on the expression system[16] (Fig. 1). All three transmembrane domains must be
When rNaDC-3 (SDCT2) is expressed Xenopusoo-  present for the full change iK,, to occur and partial
cytes, the effect of pH is similar to the results of studieseffects are seen when only one or two transmembrane
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Fig. 1. Secondary structure model of NaDC-1
with 11 transmembrane domains (TMD)
(numbered 1-11) and an extracellular carboxy
terminus containing the N-glycosylation site. The
shaded areas represent functionally important
regions: TMD 5-11 contains the substrate
recognition domain [38]; TMD 7, 10, 11 contain
residues that determine the differences in citrate
affinity [16]; the differences in sodium affinity are
determined by residues in TMD 10, 11 and the
differences in sensitivity to lithium inhibition are
determined by residues in TMD 11 [16]. The
histidines involved in binding diethylpyrocarbonate
(DEPC) are His-153 and His-569; His-106 affects
protein trafficking [39]. The cysteines that mediate
inhibition by p-chloromercuribenzene sulfonate
(pCMBS) are at positions 476 and 225 [34]. Two
conserved acidic residues, Asp-373 and Glu-475, are involved in determining substrate and cation affinity [12].

domains are substituted. Interestingly, the differences iplacement of cysteines in rboNaDC-1 results in a decrease
the relative affinity for sodium in the two transporters arein cell-surface expression [34].
determined by residues in transmembrane domains 10 The rbNaDC-1 is also sensitive to inhibition by di-
and 11. The difference in sensitivity to lithium is deter- ethylpyrocarbonate (DEPC), a membrane-permeable re-
mined by transmembrane domain 11, which could helpagent with high selectivity for histidine residues [39].
to identify the location of the high affinity cation binding Binding of DEPC to His-153, located in the large intra-
site. The results of this study suggest that the residuesellular loop between transmembrane domains 4 and 5,
making up the cation and substrate binding sites must band His-569, at the carboxy terminus, results in inhibi-
located close together in the carboxy-terminal part of thetion of transport (Fig. 1). The results of this study sug-
protein. Chimeras between the dicarboxylate and sulfatgest that DEPC binding to His-153 and His-569 impairs
transporters, roNaDC-1 and NaSi-1, also show that theéhe mobility of the transporter or changes the accessibil-
last 7 transmembrane domains contain the substrate reity of functionally important sites. The histidine at po-
ognition domain [38] (Fig. 1). sition 106, a residue that is conserved in all members of
The chimera studies help to identify regions of thethis family, appears to be important for targeting or sta-
protein responsible for differences in function. In an al- bility in NaDC-1 [39].
ternate approach, conserved acidic amino acids were mu-
tated in roNaDC-1 to try to identify amino acids respon-
sible for common functions in the members of this fam-Regulation of Na'/Dicarboxylate Cotransporters
ily [12]. The functionally important residues were also
located in the carboxy terminal half of the protein (Fig. The activity of the Na/dicarboxylate cotransporter of the
1). Asp-373 and Glu-475, in transmembrane domains 8enal proximal tubule is increased in metabolic acidosis,
and 9, respectively, appear to have dual roles in deterpotassium depletion or starvation [15, 21, 44]. The in-
mining sodium and substrate affinity [12]. creased activity is characterized by an increasgg,
The cysteine at position 476, adjacent to Glu-475,with no change irK,, Recent studies have shown that
was found to mediate the inhibition of transport by the both metabolic acidosis and potassium depletion result in
cysteine-specific reagent, p-chloromercuribenzene sulfoan increase in NaDC-1 mRNA and protein abundance in
nate (pCMBS) [34]. Cys-476 is located near the extra-the kidney [2, 3]. Experiments with the OKP cell line,
cytoplasmic face of transmembrane domain 9 (Fig. 1)derived from opossum kidney proximal tubule, show
The results suggest that Cys-476 is accessible from theimilar increases in citrate transport activity after me-
outside of the membrane, in a water-filled channel ordium acidification for 48 h, suggesting that cellular re-
exposed on the surface of the transporter. A second ressponses mediate the increased activity [14].
due, Cys-225, found close to the inner part of the mem-  The sequence of thé Bromoter region of hNaDC-1
brane in transmembrane domain 5, is also sensitive t§SLC13A2 gene) contains several potential binding sites
pCMBS inhibition (Fig. 1). This result suggests either for cis-acting elements [1]. When various constructs
that the location of Cys-225 in our model is incorrect, or containing portions of the 1.9 kb upstream of the trans-
that an aqueous-filled pore traverses the membrane tiation initiation site of hNaDC-1 were expressed, cell-
allow pCMBS to reach Cys-225 from the outside of the specific expression was seen. Activity of a luciferase
cell. Unlike other transport proteins, roNaDC-1 does notreporter gene was observed in the OKP renal cell line but
tolerate complete substitution of all of the cysteines. Renot in the NIH3T3 fibroblast cell line. Peak promoter
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activity was seen with a construct containing only 142tion of the members of the NaDC/NaSi family. For ex-
bp. Interestingly, none of the promoter constructs wereample, there is still very little information about the re-
sensitive to media acidification, suggesting that the pHationship between NaDC-1 activity and the develop-
sensor is located outside the 1.9 kb region, or that actiment of kidney stones. It is known that hypocitraturia
vation of another gene is required first [1]. contributes to stone formation through the loss of the
Acute regulation of roNaDC-1 expresseddanopus chelating properties of citrate. In many patients it ap-
oocytes occurs in response to activation of protein kinas@ears that the hypocitraturia is secondary to other distur-
C (PKC) with phorbol ester [37]. The stimulation of bances, such as metabolic acidosis, in which case the
PKC activity results in almost complete inhibition of regulation of NaDC-1 is very important. It is not known
rbNaDC-1 activity, which is independent of the two con- whether idiopathic hypocitraturia as a result of a muta-
sensus sites for PKC phosphorylation. The inhibitory ef-tion of the transporter could also be involved in the de-
fect of phorbol ester treatment on rbNaDC-1 activity wasvelopment of kidney stones. There are additional ques-
found to have two components: some of the inhibition (ations related to regulation that still need to be answered,
maximum of 30%) was due to endocytosis of the transsuch as the identity of the pH sensor in cells expressing
porter from the plasma membrane, but most of the inhiNaDC-1. At a fundamental level, the secondary struc-
bition is likely to be due to a direct inhibitory effect on ture of the NaDC transporters has still not been tested,
the transporter itself [37]. The mechanism of this inhi- and further structure-function studies are needed to iden-
bition is not yet known. tify the mechanism of transport. Finally, the identifica-
There is also evidence that the activity of the'Na tion of the two transporters found on opposite mem-
dicarboxylate cotransporters is modulated by calciumbranes of renal proximal tubule cells, NaDC-1 and
Since citrate is an endogenous chelator of calciumNaDC-3, should help to identify membrane targeting sig-
changes in calcium concentrations may affect the connals in this family of transporters.
centration of free citrate, which is the transported form.
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