Biochemistry1999,38, 6151-6156 6151
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ABSTRACT. The Na/dicarboxylate cotransporter (NaDC-1) couples the transport of sodium and tricarboxylic
acid cycle intermediates, such as succinate and citrate. The rabbit and human homologues (rbNaDC-1
and hNaDC-1, respectively) are 78% identical in amino acid sequence but exhibit several differences in
their functional properties. roNaDC-1 has a greater apparent affinity for citrate and sodium than hNaDC-
1. Furthermore, unlike hNaDC-1, rbNaDC-1 is inhibited by low concentrations of lithium. In this study,
chimeric transporters were constructed to identify the protein domains responsible for the functional
differences between rbNaDC-1 and hNaDC-1. Individual substitutions of transmembrane domain (TMD)
7, 10 or 11 produced transporters with intermediate properties. However, substitution of TMD 7, 10, and
11 together resulted in a transporter with the citk&teof the donor, suggesting that interactions between
these domains determine the differences in apparent citrate affinities. TMDs 10 and 11 are most important
in determining the differences in apparent sodium affinities, and TMD 11 determines the sensitivity to
lithium inhibition. We conclude that transmembrane domains 7, 10, and 11 in NaDC-1 may contain at
least one of the cation binding sites in close proximity to the substrate binding domain.

The Na/dicarboxylate cotransporter (NaDCt19 situated rabbit and human transporters; rbNaDC-1 has a greater
in the apical membrane of renal proximal tubule cells where apparent affinity for sodium than hNaDC-T)( In addition,
it reabsorbs tricarboxylic acid cycle intermediates, such aslow concentrations of lithium inhibit rabbit NaDC-1 by
succinate and citrate, from the tubular filtraig. (The uptake competing with sodium at one of the cation binding sites
of citrate is particularly interesting because citrate provides (8), whereas the human transporter is relatively insensitive
a significant amount of substrate for renal proximal tubule to inhibition by lithium (7).
cell oxidative metabolism2) and is also necessary in the In this study, chimeras of the human and rabbit"Na
urine for prevention of calcium stone formatid).(NaDC-1 dicarboxylate cotransporters were created to localize the
couples three sodium ions with the transport of each substrateregions of the proteins responsible for the observed differ-
molecule, carried in its divalent anion forn3)( Sodium ences in substrate and cation handling. We find that
appears to be an essential activator that binds first to theinteractions between transmembrane domains 7, 10, and 11
transporter and triggers a conformational change, resultingcontribute to the differences in apparent citrate affinities. The
in an increased affinity for substratet)( The current differences in cation binding between the two transporters
secondary structure model of NaDC-1 contains 11 trans- are determined primarily by residues in TMDs 10 and 11.
membrane domains (TMDs) and an extracellular N-gly- Finally, TMD 11 of NaDC-1 contains residues that influence
cosylated carboxy terminu$)( or define a portion of the cation binding site that is sensitive

parent affinities for substrates succinate and glutarate, butPranous loops.

there are some functional differences that distinguish the two ExPERIMENTAL PROCEDURES

transporters {). For example, theK,, for citrate is ap-
proximately 8-fold greater in hNaDC-1 than in rbNaDC-1
(7). There are also differences in cation binding between the

Construction of Chimeric Transporter cDNAShimeric
transporters from rbNaDC-1 and hNaDC-1 cDNAs in
pSPORT 1 plasmid (Life Technologies, Inc.) were con-
structed using a combination of restriction enzyme sites and
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The amino acid sequence numbering is according to thethe samples were rinsed with choline buffer [100 mM choline
roNaDC-1 cDNA sequencéd). Junctions between TMDs 4  chloride, 2 mM KCI, 1 mM MgC}, 1 mM CaC}, and 10
and 5 and between TMDs 10 and 11 were made at availablemM HEPES-Tris (pH 7.5)], transport was initiated with the
native restriction sites, at nucleotides 5Za¢) and 1616 appropriate substrate in sodium transport buffer (same as
(Srfl), respectively. Junctions between TMDs 7 and 8 and above but with 100 mM NaCl substituted for choline

between TMDs 9 and 10 were created by engineexing chloride). Transport was terminated with the addition of ice-
restriction sites using the method of Kunk&D) at nucleo- cold choline buffer, followed by removal of extracellular
tides 1041 and 1467, respectively. radioactivity with three additional washes with cold choline

Junctions between TMDs 6 and 7 and between TMDs 8 buffer. Each oocyte was then transferred to a separate
and 9 were created using overlap extension PCR. (The scintillation vial and dissolved in 0.25 mL of 10% SDS.
M13 forward primer was used together with the primérs 5 Scintillation cocktail was added, and radioactivity was
GTGGCTGCAGATCCTCTTCCTG-3 (corresponding to  counted.
nucleotides 856871) and >CCCAGGACTGACCCAG- The specific conditions for each type of experiment are

GACC CAG-3 (corresponding to nucleotides 1171193) described as follows. To determine the ratios of citrate to
to amplify the downstream end of the rabbit and human syccinate uptake, the rate of transport of 1 mM substrate
transporter cDNAs. The complementary primers were also yyas measured for 15 min. For lithium inhibition experiments,
SyntheSized and combined with the M13 reverse primer to the rate of uptake of 10QM succinate was measured for
amplify the upstream end of the transporter cDNA. The 15 min in transport buffers containing 97.5 mM NaCl and
human and rabbit PCR products were gel purified and then2 5 mM choline chloride (control) or LiCl. For kinetic
combined for amplification of the chimeras with the M13 measurements] a master mix Containi-H@Icitrate in sodium

forward and reverse primers. The chimeric PCR products puyffer was diluted to seven concentrations of citrate, between
were cloned into pSPORTl at tiNotl and Sal restriction 100 IMM and 7 mM, with equai Specific activity at each

sites. _ o _ concentration. In preliminary experiments with roNaDC-1
In Vitro cRNA Transcription.The rabbit, human, and  and hNaDC-1, the rates of uptake of 1 and 5 mM citrate
chimeric NaDC-1 cDNAs were linearized wittotl or Xbal were linear to at least 10 min (results not shown). Therefore,

for use as a template. cRNA was transcribed in vitro using 5 min uptakes were used for kinetic experiments with all
the T7 mMessage mMachine (Ambion) and purified on samples except for chimera R11, which was measured for
Sephadex G-50 Quick Spin columns (Boehringer Mann- 30 min due to low activity. In sodium activation experiments,
heim). The cRNAs were suspended in water to a final the sodium concentrations were varied between 0 and 150
concentration of Jug/uL. mM by replacing with choline chloride. Kinetic constants
Xenopus Oocytes:emaleXenopus laeis were obtained  were calculated by nonlinear regression with the Michaelis

from Nasco or Xenopus I. Stage V and VI oocytes were Menten and Hill equations, using SigmaPlot 3.0 software
dissected and treated with collagenase as described previouslyjandel Scientific). Statistical analysis with a Studentést

(9). Oocytes were injected with 50 nL of cRNA on the was performed using SigmaStat (Jandel Scientific).
following day. The oocytes were cultured at’(8in Barth's

medium supplemented with 5% heat-inactivated horse serum,RESULTS
2.5 mM pyruvate, and 50 mg/mL gentamicin. Culture dishes
and medium were Changed da||y The C-Terminal Half of NaDC-1 Influences the Substrate
Immunodetection of Cell Surface-Expressed Transporters.Affinity. The first group of chimeric transporters between
Cell surface biotinylation and Western blotting were used 'oNaDC-1 and hNaDC-1 was constructed by combining up
to confirm protein expression and the correct masses ofto eight transmembrane domains from the amino terminus
parental and chimeric transporters, as described previouslyof one parental transporter with the remaining carboxy
(12). The oocytes were labeled with the membrane imper- terminus from the other parental transporter (Table 1). The
meant biotin reagent, Sulfo-NHS-LC-Biotin (Pierce), and the chimera nomenclature consists of the letters H (human) and
biotinylated proteins were precipitated using ImmunoPure R (rabbit) followed by the number of transmembrane
Immobilized Streptavidin beads (Pierce). Because the pa_domains contributed by the parental transporter at the amino
rental transporters contain different numbers of N-glycosy- terminus. Chimeric transporters were expresseenopus
lation sites (rbNaDC-1 contains one N-glycosylation site and 0ocytes, and the transport activity was measured. The
hNaDC-1 contains two sites), the biotinylated protein samples apparenKy, for citrate was determined in chimeras with high
were deg|ycosy|ated using PNGase-F before Separation oﬂevels of expression. Because rbNaDC-1 and hNaDC-1 have
the proteins on tricine SDSPAGE, as described previously ~ similar Kn values for succinaterj, the ratio of uptake of 1
(12) The proteins were blotted onto nitrocellulose mem- mM citrate to 1 mM succinate was also measured to allow
branes and probed with an anti-NaDC-1 antibody?) ( some indication of relative citrate affinity in poorly expressed
applied at a dilution of 1:5000 f&@ h followed by incubation ~ chimeras.
with horseradish peroxidase-linked anti-rabbit Ig (Amersham)  The rabbit transporter, roNaDC-1, had a md&n for
at a dilution of 1:5000 for 1 h. Antibody binding to NaDC-1 citrate of 0.9 mM {) and a citrate:succinate transport ratio
was detected with the Supersignal CL-HRP substrate systenmof 95%, whereas hNaDC-1 had a me&nfor citrate of 7.2
(Pierce). mM (7) and a citrate:succinate uptake ratio of 26% (Table
Transport ExperimentsJptake of [“C]succinate [DuPont-  1). Chimeras containing the first four or six transmembrane
New England Nuclear (NEN)] and“C]citrate (Moravek domains from hNaDC-1 and the rabbit C-terminus, HR-4
Biochemicals and NEN) was assessed in groups of five and HR-6, had citrati, values identical to that of the rabbit
oocytes between 4 and 6 days after cRNA injection. After transporter, indicating that the C-terminal half of NaDC-1
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Table 1: Citrate Transport in Parental and Chimeric NaDC-1 Table 2: Citrate Transport by Chimeras Containing Substitutions of
Transporters C-Terminal TMD$
Chimera Citrate kinetics Transport ratio® Chimera Citrate kinetics Transport ratio®
Km (mM) Vmax N %citrate: succinate Km (mM) Vmax N %citrate:succinate
(pmol/oocyte- (N) (pmol/oocyte-hr)
hr) - -
] Mjwjl" HR-6 0802 93¢ 1.1 4 92£9 (5
"""ﬂﬂj Rabbit (R) 0.9 +0.1° 115+ L.7° 10° 95 +4 (19) TP
P “‘Uiu‘”ir m C-H7 2.8 £0.6° 120 £ 4.0 6 S3£5° (5
‘7 _‘##\ Human (H) 72 +05° 200 +2.5° 6 26+ 1 (19 BRARE
; . Ll ‘[[U i C-H8 07403 07 + 0.4 3 108 +7 (6)
[}JJ"[{[“ HR-4 09+ 0.1 105 £ 0.9 3 131+7¢ @ HJ\LJ I—T“‘
. COE !
e . C-H9 1.0+ 05 1.8 +£07 4 98 +8 (3
"“W w RH-4 ND. ND. - 3715 () =2l E'
e ‘ [nm Wl l C-H10 2.5 +0.6° 22106 3 50+5° (3)
ij Tl“j“ HR-6 0.8 + 0.2 93+ 1.1 4 2+9 () ”iuﬂ l m
L ST ATR %
=1 i \ C-HI1 3.0 +0.6° 19.4 £39 3 64 £2° (5)
“"“ﬂ [T rms N.D. N.D. . N.D. < J"_ll
RS S . - . . . .
- aThe chimeras in this series are based on chimera HR-6 and contain
Jﬂﬂ[u‘ﬂrm HRS  24%05 5216 3 75£94 (6 substitutions in the carboxy-terminal portion of the transporter. The
R black boxes in the chimera figures represent TMDs from rbNaDC-1;
"“"ﬂm RILS ND. ND. . W5 B white boxes represent hNaDC-1. The data for HR-6 are repeated from
i Table 1 for purposes of comparison. Values are mear8EM. The

sample sizeN, is shown in a column for citrate kinetic data and in
parentheses for transport rati8fercent uptake of 1 mM citrate relative
to the uptake of 1 mM succinateDifferent from those of NaDC-1
and hNaDC-1PR < 0.01).

aThe black boxes in the chimera figures represent TMDs from
rbNaDC-1; white boxes represent hNaDC-1. Values are meatie
standard error of the mean (SEM). The number of experiméhtis
shown in a column for citrate kinetics or in parentheses for transport
ratios. ND indicates no data due to the low activity of chimeras.
b Percent uptake of 1 mM citrate relative to the uptake of 1 mM three TMDs from rbNaDC-1, exhibited an intermediate
succinate® Value taken from ref. ¢ Different from those of parental phenotype with an appareKt, for citrate of 2.4 mM and a
rbNaDC-1 and hNaDC-1R < 0.01). citrate:succinate uptake ratio of 75% (Table 1). These data

suggest that multiple determinants of citrate affinity exist

and that they have been separated in HR-8.
... Chimeras Containing Substitutions in the C-Terminiis
=a® - = : . . :
2% = '@ - ‘ - series of five chimeras (Table 2) was constructed to delineate
the domains in the C-terminus that affect citrate affinity. Each
Gl '9427/’%:7‘&6/”&6%,) G -SRI of these chimeras contains TMDs-@ from hNaDC-1, which
¢ e i have no effect on the differences in citréig but allow high

levels of expression in oocytes. The last five TMDs from
rbNaDC-1 were replaced with single TMDs from hNaDC-1
s - - . : !d E (Table 2). The chimeras in this group are designated by the
ar i letters C, for the carboxy-terminal half, and H, for hNaDC-1
R K "’)/, substitution, followed by the substituted transmembrane
Y domain number. As shown in Figure 1, all were expressed
Ficure 1: Western blots of cell surface-biotinylated proteins in on the .plasma membran?’ although there were some d,'ff_er'
oocytes expressing parental and chimeric NaDC-1 transporters.ences in abundance. Chimeras C-H8 and C-H9, containing

Xenopusoocytes were labeled using a membrane impermeant substitutions of TMD8 or TMD9, showed no change in the

derivative of biotin, Sulfo-NHS-LC-Biotin (Pierce), as described K for citrate compared with that of the parental HR-6,
in Experimental Procedures. Because roNaDC-1 and hNaDC-1 haveyjicating that transmembrane domains 8 and 9 are not
different numbers of N-glycosylation sites, all of the samples were . for the diff o finity. H
deglycosylated using PNGase F. In these blots, deglycosylated/MPortant for the diiferences in citrate affinity. However,
rbNaDC-1 migrates at approximately 60.5 kDa and hNaDC-1 at chimeras with substitutions of transmembrane domain 7, 10,

approximately 59 kDa. Sample RH-4, although not visible in this or 11 had intermediate citrakg, values (Table 2). Therefore,
exposure, was visible after exposing the film for a longer period each of these domains contributes to the measurable differ-
of time (not shown). ences in citrate affinity between the rabbit and human NaDC-
influences substrate affinity. These chimeras were also well 1.

expressed at the plasma membrane (Figure 1). In contrast, Transmembrane Domains 7, 10, and 11 Determine the
chimeras RH-4, RH-6, and RH-8, containing the rabbit Differences in Apparent Citrate Affinitiel the third series
N-terminus, exhibited low levels of protein expression as of chimeras, TMDs 7, 10, and 11 from rbNaDC-1 were
measured by Western immunoblot analysis (Figure 1) and substituted, individually and together, into hNaDC-1 to assess
low transport activity. However, the ratio of citrate to their relative importance in the determination of apparent
succinate uptake measured in these chimeras was similar taffinities. This series of chimeras is named “R” followed by
the ratio seen in hNaDC-1 (Table 1), again suggesting thatthe transmembrane domain number that was contributed by
the determinants of differences in citrate affinity are present the rabbit transporter. Each chimera containing only one
in the C-terminal half of the protein. Chimera HR-8, domain from the rabbit transporter had an appakantor
consisting of the first eight TMDs from hNaDC-1 and last citrate that was intermediate between those of the two

I Q&DQ&/O
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Table 3: Involvement of TMDs 7, 10, and 11 in Determining Table 4: Involvement of TMDs 7, 10, and 11 in Determining
Relative Citrate Affinitied Relative Sodium Affinitie3
Chimera Citrate kinetics Transport ratio® Chimera Sodium activation kinetics
Ky, (mM) Hill coefficient, n N
Km (mM) Vmax N %citrate:succinate " — ][ _[l -
(pmol/oocyte-r) ™ JlJ !I Rabbit (R) 4+s 14402 4
R7 4.2 £0.9° 13.9 139 5 51£5° (4 L
T ﬂl
JL{JEJ[ g Human (H) 141+ 43 2.5+ 04 3
R10 3.7 £09° 147 £28 5 9+7° (3 e _
S
{jﬂm HR-6 3d+4 1.8 £ 0.2 4
R11 45109 1.5+ 0.6 3 29+4 5 -
UJUE‘JUD“ R7/10/11 46 £9 1.8 £ 0.3 3
R7/10/11 12403 51£05 4 9t4 @

Sl M@Uﬂjﬁ R7 110 £ 27 25£05 3
aTMDs 7, 10, and 11 from rbNaDC-1 were substituted into hNaDC- _
1. White boxes represent putative TMDs from hNaDC-1; black boxes H*@W@[ RI10 51410 23 504 3
represent TMDs from rbNaDC-1. Values are meahsSEM. N T ST

1
T L

represents the sample size and is shown in the column for citrate kinetic T T T

data and in parentheses for transport ratio daRercent uptake of 1 DJM_M [LH]J Rit soxn 22403 :

mM citrate relative to the uptake of 1 mM succingi®ifferent from - — - ;

those of rbNaDC-1 and hNaDC-P (< 0.05). aSodium activation of succinate transport experiments were con-

ducted as described in Experimental Procedures. In the chimera figures,

- white boxes represent TMDs from hNaDC-1; black boxes represent
parental transporters, confirming that TMDs 7, 10, and 11 gse from roNaDC-1. Values are meahSEM. N is the sample size.

each contribute to citrate affinity (Table 3). The chimera R7/ The Hill coefficient is indicated as.
10/11 contains TMDs 7, 10, and 11 from rbNaDC-1 in an
otherwise hNaDC-1 background. As indicated in Table 3
the measure&, for citrate in R7/10/11 was 1.4 mM, very
similar to the citraté, of the parental roNaDC-1 and HR-6
transporters. Therefore, R7/10/11 contains the amino acids
that are important in determining the observed differences
in citrate affinity between rbNaDC-1 and hNaDC-1.
Differences in Sodium Affinity Are Also Determined by
the C-Terminal Half of NaDC-1In addition to differences
in citrate affinity, roNaDC-1 has a greater apparent sodium
affinity than hNaDC-1 7). In an ordered binding model of
transport, the binding of sodium changes the transporter

conformation such that it has a higher affinity for substrate. 2.5 mM lithium, while the succinate transport of hNaDC-1

Therefore, it is possible that the differences in citrate affinity ; S
between rbNaDC-1 and hNaDC-1 are a consequence of their 'S unaffected (Figure 2). The HR-6 and R7/10/11 chimeric

differences in sodium affinity. To test this hypothesis, the transporters were inhipited to 48 and 55% O_f control activity,
extent of sodium activation of succinate transport was respectively, suggesting that the C-terminal half of the

. .~ _transporter contains the lithium sensitive cation binding site.
measured for some of the chimeras (Table 4). In the previous " A o
study, aKya of 40 MM was measured for rbNaDC-1, but Substitution of individual TMDs showed that the lithium

e e of 76 mh for NaDC-1 was an estmate because ST 1 10, 2Soed i THE T 1 [ Hovever
the maximum sodium concentration of 100 mM that was the presence of lithium, similar to thg arental rbNaDyC-l
used did not saturate transpor).(In this study, the highest (Fi Ere 2). Therefore thé determinants f(F))r lithium inhibition
sodium concentration was increased to 150 mM, and underwh?Ch COl:I'd re resént art of a cation binding site ar’e
these conditions, the estimated appatént for hNaDC-1 located in TMDpll P 9 '

was 141 mM while the apparekiy, for rabbit roNaDC-1 '

was.unchanged at 44 mM (Tal_)I(_a 4). As seen in previous DISCUSSION

studies, the apparent Hill coefficient for both transporters

was between 1.4 and 2.5, consistent with the coupling The analysis of chimeric transporters has allowed the
stoichiometry of three Naions per succinatel@, 14). localization of protein domains that are responsible for
Because the appareiit, of hNaDC-1 is close to the highest functional differences between the rabbit and human/Na
concentration of sodium that was used, the kinetic values dicarboxylate cotransporters. We have found that transmem-
for hNaDC-1 should be considered estimates. The sodiumbrane domains 7, 10, and 11 with their adjacent extracellular
binding characteristics of the HR-6, R7/10/11, R10, and R11 and intracellular segments are responsible for the functional
chimeras were very similar to those of the rabbit transporter differences between rbNaDC-1 and hNaDC-1, including
(Table 4). The R11 chimera had a slightly lower sodium apparent citrate affinity, sodium affinity, and lithium sensi-
affinity than roNaDC-1 (appareity, of 59 mM). In contrast, tivity. Each of the three domains contributes to differences
the apparerniy, in R7 was similar to that of the human form in citrate affinity, and all three must interact to account for
(Table 4), suggesting that TMD 7 does not influence sodium all of the measured differences between rbNaDC-1 and
affinity but that TMDs 10 and 11 each contribute to the hNaDC-1. However, only two of the domains, TMD 10 and
differences in sodium affinity. Therefore, the differences in 11, are important in determining the differences in apparent

' apparent citrate affinity in roNaDC-1 and hNaDC-1 are not
solely a consequence of their differences in sodium affinity.
Inhibition of Chimera Transport Actity by Lithium.
Rabbit rbNaDC-1 is inhibited by lithium with an kg of
about 2.5 mM, but hNaDC-1 is relatively insensitive to
lithium (7). Lithium binds with high affinity to one of the
sodium binding sites in NaDC-B(14). Therefore, localiza-
tion of the domain that determines lithium sensitivity should
identify a portion of one of the cation binding sites in NaDC-
1. As seen previously7j, the transport activity of succinate
by roNaDC-1 was reduced to 46% of the control activity by
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sodium affinity, and TMD 11 is solely responsible for the

sensitivity to lithium. Therefore, the results suggest that at 100
least one of the cation binding sites is located close to the
substrate binding site in the carboxy terminus of the protein. % |

One notable difference in the transport properties between
rbNaDC-1 and hNaDC-1 is in the apparent affinity for citrate
(7). The Ky, for citrate in rbNaDC-1 is approximately 0.9
mM, whereas th&, for citrate in hNaDC-1 is approximately
7 mM (7). Although the differences iK, are interpreted as
differences in binding affinity, it should be noted that the
Km values measured in these studies could also be influenced
by rate constants for steps after binding, such as translocation
and dissociation. However, the results of these studies suggest T et
that the determinants for the differences in apparent citrateF e . _

L . . IGURE 2: Lithium inhibition of succinate transport in parental and
affinity are located in the carboxy-terminal half of roNaDC-  ¢himeric transporters expresseddenopusoocytes. The level of
1, specifically in putative transmembrane domains 7, 10, andtransport of 10uM succinate was measured for 15 min in the
11. Interestingly, substitutions of individual transmembrane presence or absence (control) of 2.5 mM lithium. Bars represent
domains are not sufficient to confer the change in citrate UPtake means: the standard error of the mean € 3—6) in the
Km which suggests that interactions between the three presence of lithium expressed as a percentage of control activity.
domains are necessary.

The localization of the determinants of species differences
in substrate affinity in NaDC-1 to the carboxy terminus
further defines the role of this region of the protein. Our
previous study showed that the substrate recognition domain
of rbNaDC-1 is also found in the carboxy terminus. A ; o
chimera consisting of the first four transmembrane domains consequence OT S‘?d'“m affinity. )
from rbNaDC-1 and the last seven transmembrane domains OUr results indicate that transmembrane domain 11
from the Na/sulfate transporter, NaSi-1, retained the contains or influences one of the thr_ee_ sod_|ur_n _blndmg sites
substrate binding characteristics of NaDC18)( There are in rbNaDC-1. Low concentratlon_s of I|_th|um |_nh|b|t rbNaD_C-
also examples of other sodium-coupled transporters with 1, but nothNaDC-1, by competing with sodium at one high-
substrate binding sites in the carboxy terminus, including &ffinity cation binding site. Lithium binding does not appear
Na*/glucose cotransporter SGLT16 17), Nat/nucleoside to produce _the optimal conf(_)rm_atl_on fqr transpas the
cotransporters SPNT and rCNT18j, and Na/glutamate ~ Km for succinate measured in lithium is 30 mh3, (14).
cotransporters EAAT1 and EAATZ). However, there are Chimera R11, containing transmembrane domain 11 from

sodium-coupled transporters, such as the dopamine andPNabC-1 and TMDs 10 from hNaDC-1, had the
norepinephrine transporters, in which both the N- and characteristic lithium sensitivity of roNaDC-1. Therefore,

C-termini appear to determine substrate affini80)( It TMD 11 is likely to contain all or part of a sodium binding

should be emphasized that our chimera studies address onlgit€ that is also the site for high-affinity lithium binding in
differences in apparent substrate affinity between roNaDC-1 NaDC-1. Alternatively, TMD 11 could be important in the
and hNaDC-1; the N-terminus could play a critical, but catlon-lnqlucgd (_:onformatu_)nal change of NaDC-1. In either
identical role, in binding substrates in the two transporters. €@S€; this finding establishes a new role for the last
In the current model of NaDC-1 function, sodium is an ransmembrane domain in NaDC-1.
essential activator that binds to the transporter and causes There is little information about the location of cation
an increase in the transporter’s affinity for substrate. Studies binding sites in Na-coupled transporters. THescherichia
with rabbit renal brush border membrane vesicles showedcoli melibiose transporterMelB, transports sugars by
that theK, for succinate increased as sodium concentrations coupling with N&, Li*, or H" (21). Chimera studies with
were decreasedl). Because the apparent sodium affinity in MelB and its homologues suggest that residues from both
hNaDC-1 is lower than in rbNaDC-K(, values of 141 and  the amino and carboxy termini are necessary for binding
44 mM, respectively) and the sodium concentration used for sodium @2). SGLT1 also appears to require the amino
oocyte experiments is 100 mM, the levels of uptake in terminus for cation binding. A construct of SGLT1 containing
hNaDC-1 are measured at subsaturating sodium concentraonly the carboxy-terminal half of the protein functions as a
tions. Therefore, it is possible that the differences in apparentcation-independent facilitative carrier of glucose, suggesting
citrate affinity between rbNaDC-1 and hNaDC-1 are a that at least part of the sodium binding domains are in the
consequence of the differences in their sodium affinity. amino-terminal half of the proteiri). NaDC-1 could have
Although chimera R7/10/11 had sodium and cittétevalues cation binding sites formed by both the amino and carboxy
that were similar to those of rbNaDC-1, the results with termini, but the residues that are critical for the differences
chimeras containing single transmembrane domain substitu-n sodium affinity are located in TMDs 10 and 11.
tions showed that the sodium and citrate affinities could be The characterization of chimeric transporters has identified
separated. For example, chimera R7, which containedthree regions of the protein likely to be responsible for many
transmembrane domain 7 from rbNaDC-1 substituted into of the functional differences between rabbit and human
hNaDC-1, exhibited intermediate citrate binding properties NaDC-1. Chimera R7/10/11, which contains all of the
but the cation binding properties of hNaDC-1. Chimera R10 residues necessary for conferring the differences in citrate

% Control Activity
3

N
o

I
i
i

Human HR-6 R7/10/11 R7 R10 R11

exhibited the sodium binding properties of rbNaDC-1,
lithium binding properties of hNaDC-1, and intermediate
citrate affinity. Therefore, the differences in citrate binding
in roNaDC-1 and hNaDC-1 are likely to be determined by
sequence differences in the proteins and are not solely a
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FIGURE 3: Secondary structure model of rabbit roNaDC-1 showing

the regions important in determining differences in citrate and

sodium affinity. The junctions used in constructing chimera R7/

10/11 are denoted with lines. The filled circles represent amino
acids that differ between rabbit and human NaDC-1 in the domains
determined to affect citrate and sodium affinity. Theindicates

the location of amino acid insertions or deletions compared with
hNaDC-1.

Km values, contains only 35 amino acids that differ between
the two transporters (Figure 3). Chimeras R10 and R11,
containing the residues that determine difference&n
values and lithium sensitivity, contain 22 amino acids that
are different in roNaDC-1 and hNaDC-1. The residues most
likely to be involved in cation or substrate binding are polar
and acidic residues, which further narrows down the possible

candidates. Future studies using site-directed mutagenesis 7 Panayotova-

will aim to identify the critical amino acids in chimera R7/
10/11 that determine the functional differences in roNaDC-1
and hNaDC-1. In conclusion, these studies show that the

substrate and at least one of the cation binding sites are found

in the carboxy-terminal portion of the protein. In particular,
a portion of the high-affinity cation binding site that is
sensitive to inhibition by lithium is likely to be located in
transmembrane domain 11.
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