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Abstract. The Na " -dependent transport of neutral
amino acids in epithelial cells and neurons is medi-
ated by B%-type neutral amino acid transporters. Two
B’-type amino acid transporters have been identified
in the neurotransmitter transporter family SLCO6,
namely B’AT1 (SLC6A19) and B’AT2 (SLC6A1S5).
In contrast to other members of this family, B’ like
transporters are chloride-independent. B’ATI and
BPAT?2 preferentially bind the substrate prior to the
Na "-ion. The Na " -concentration affects the K, of
the substrate and vice versa. A kinetic scheme is
proposed that is consistent with the experimental
data. An overlapping binding site of substrate and
cosubstrate has been demonstrated in the bacterial
orthologue LeuT,, from Aquifex aeolicus, which
elegantly explains the mutual effect of substrate and
cosubstrate on each other’s K,,-value. LeuT,, is
sequence-related to transporters of the SLC6 family,
allowing homology modeling of B%like transporters
along its structure.
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Functional Properties of System B’ in Kidney and
Intestine

Epithelial cells use the Na " -electrochemical gradient
to accumulate metabolites in the cytosol and subse-
quently release metabolites across the basolateral
membrane, using antiport and uniport mechanisms
(Crane, 1965; Schultz & Curran, 1970). Kidney and
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intestine express similar sets of transporters reflecting
the role of epithelial cells as sites of metabolite
absorption (Binder, 1970).

Functional studies performed in the 60’s and 70’s
demonstrated the presence of a dominant Na'-
dependent neutral amino acid transport activity in
epithelial cells of kidney and intestine, as supported
by the following observations. Removal of Na™
abolishes the accumulation of neutral amino acids in
kidney slices (Fox et al., 1964; Scriver & Mohyuddin
1968; Segal & Crawhall 1968), abolishes transepi-
thelial transport of neutral amino acids in perfused
tubules (Ullrich et al., 1974) and prevents the over-
shoot phenomenon in vesicles (Evers et al., 1976; Fass
et al., 1977). In the intestine, transport of neutral
amino acids is entirely Na'-dependent and no
accumulation is observed in the absence of Na™
(Cohen & Huang, 1964; Reiser & Christiansen, 1967,
Schultz et al., 1967). A 1Na ™ :Isubstrate cotransport
stoichiometry was reported for phenylalanine and
alanine (Fass et al., 1977; Kragh-Hansen et al., 1984;
Hoyer & Gogelein 1991), which is consistent with the
observation of inward currents during neutral amino
acid transport in intact rat proximal tubule (Samar-
zija & Fromter, 1982). It appears that increased
extracellular Na™ mostly affects the K, of the sub-
strate rather than the V.. of the transport process
(Curran et al., 1967; Evers et al., 1976; Fass et al.,
1977). This transport activity for neutral amino acids
was proposed to be mediated by a single transporter
referred to as system B° (for broad neutral) or NBB
(for neutral brush border) (Preston et al., 1974; Pat-
erson et al., 1981; Doyle & McGivan, 1992). This
notion was based on mutual competition between
most neutral amino acids, as observed in experiments
using intestinal and renal preparations and by the
excretion of almost all neutral amino acids in Hart-
nup disorder (Cusworth & Dent, 1960; Potter et al.,
2002), which was later shown to be caused by
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Fig. 1. Kinetic schemes for the intestinal amino acid transport
system B and its molecular correlate B’ATI1. Association and
dissociation of substrate and cosubstrate are not depicted. Sub-
strate is denoted by ‘S’. The two orientations of the carrier (C) are
denoted as (C’) and (C”). Voltage-dependent steps are indicated by
AV. (A4) Kinetic scheme for intestinal alanine transport as proposed
by Curran et al. (Curran et al., 1967). (B) Kinetic scheme as pro-
posed by Camargo et al. (Camargo et al., 2005). (C) Novel scheme
for the transport mediated by B’ATI; for details see text.

mutations in the system B° transporter (Kleta et al.,
2004; Seow et al., 2004).

Functional studies, in particular those using in-
tact intestinal mucosa, resulted in the first formula-
tion of a kinetic mechanism for system B (Curran
et al., 1967). The model (Fig. 14) comprises the fol-
lowing features: (i) Transport is independent of the
intracellular Na™ concentration. (ii) At constant
Na ™, substrate transport follows Michaelis-Menten
kinetics. (iil) Substrate V. is independent of the
extracellular Na™ concentration. (iv) Substrate
transport can occur in the absence of Na* with low
affinity. (v) The substrate K, decreases with increas-
ing Na " concentration. (vi) The transporter does not
show trans-stimulation. The model fits the experi-
mental data on intestinal alanine transport and
assumes equal permeabilities for the empty, sub-
strate-loaded and fully loaded transporter (i.e., the
rate constants of steps 3, 6 and 7 in Fig. 14 are equal)
in the absence of a membrane potential.

Introduction of a membrane potential will change
the permeability of the voltage-dependent step 3. This
model further predicts that the substrate binds prior to
the Na ™ -ion (Schultz & Curran, 1970), because the

M. O’Mara, A. Oakley and S. Bréer: B-like Transporters

carrier is thought to mediate substrate transport also in
the absence of Na ™. In Fig. 14 the Na " -independent
transport would entail steps /-7-5-6, whereas Na™-
driven transport entails steps /-2-3-4-5-6. As pointed
out above, Na "-dependent and Na'-independent
transport cycles would be equally fast in the absence of
a membrane potential. In the presence of an inside-
negative membrane potential cycle /-2-3-4-5-6 would
be significantly faster than cycle /-7-5-6. The model is,
however, inconsistent with the data in respect to the
observation that substrate V., is independent of the
extracellular Na ™ concentration. In a transport cycle
V max 18 determined by the ligand that binds last to the
transporter (i.e., Na™ in this model) (Stein, 1986). If
this ligand is present at saturating concentration, V.«
isreached, because all transporters are fully loaded and
able to undergo the conformational change required
for substrate translocation. Lower concentrations
result in partial saturation and reduced velocity. If the
first binding ligand (i.e., the substrate in Fig. 14) is
present at subsaturating concentrations, V., can still
be reached by saturating concentrations of the second
ligand (Na ). If the diffusion of substrate and cosub-
strate is much faster than the conformational change of
the transporter, the supply of transporters loaded with
ligand 1 is not rate limiting although only a fraction of
carriers maybe loaded with this ligand (Stein 1986).
In earlier studies it has been suggested that cat-
ionic and anionic amino acids also interact with system
B? albeit with lower affinity (Schultz et al., 1970;
Schultz & Curran, 1970). In this model the positive
charge of cationic amino acids could replace the
requirement for Na " -cotransport. As a result, trans-
port of cationic amino acids would be Na " -indepen-
dent but of low affinity. Anionic amino acids on the
other hand would be transported at low pHina Na ™ -
dependent manner. The interaction of cationic and
anionic amino acids with the transporter was later
shown to be very weak (Preston et al., 1974), excluding
a physiological role of system B° in the transport of
charged amino acids. It is now well established that
anionic and cationic amino acids are taken up into
epithelial cells by separate transporters (Palacin et al.,
2005). A weak interaction of charged amino acids with
system B” could also be caused by competition of
several transporters for the sodium electrochemical
gradient. For example, high concentrations of p-glu-
cose also inhibit amino acid uptake (Mircheff et al.,
1982; Murer et al., 1975) because glucose uptake is
mediated by a Na " -dependent transporter. Experi-
ments in cultured cells, in particular, suggest that
neutral amino acids are the only substrates of system
B? (Doyle & McGivan, 1992). A correlation was
established showing a decreased substrate K, with
larger side chains (Preston et al., 1974). The correlation
is particularly striking for amino acids with a linear
side chain from glycine to norleucine. As a result,
phenylalanine, methionine and leucine have low K,
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values for the neutral amino acid transporter (ranging
from 1.5-4 mM), whereas alanine (16 mM) and
particularly glycine have higher K, values.

The B’-like transport mechanism was further
characterized by Hoyer and Gogelein (Hoyer &
Gogelein, 1991). They confirmed that increased Na *
concentrations affect the K, for the substrate but not
its Vimax. They furthermore showed that the Na -k,
decreased with hyperpolarization of the membrane.
This was interpreted in terms of an ion-well effect.
The maximum velocity is strongly potential-depen-
dent, suggesting that the translocation step itself is
voltage dependent.

Properties of the Cloned System B’ Neutral Amino
Acid Transporter B°AT1 (SLC6A19)

Two c¢DNAs encode transporters with properties
similar to system B°, namely B’AT1 and B’AT2. The
molecular correlate of the intestinal and kidney sys-
tem B° is B’AT1 (SLC6A19) (Broer et al., 2004), a
protein of 634 amino acids. The human SLC6A19
(Kleta et al., 2004; Seow et al., 2004) shows very little
activity in heterologous expression systems. As a re-
sult, the mouse transporter has been characterized in
more detail.

STOICHIOMETRY

In agreement with the functional data from kidney
and intestine, a stoichiometry of 1Na™:lamino acid
was suggested by the following evidence (Bohmer
et al., 2005; Camargo et al., 2005). (i) Activation of
leucine transport by increase in Na™ concentrations
shows a hyperbolic dependence, and (ii) uptake of
leucine under voltage-clamp conditions shows trans-
location of 1 charge/leucine. The initially reported
sigmoidal dependence of leucine transport on the
Na™ concentration (Broer et al., 2004) is a result of
an inhibition of Na™-binding by NMDG (Bohmer
et al., 2005). The transporter is Na ™ -dependent;
replacing NaCl by NMDG-CI completely abolishes
transport. Replacement of NaCl by LiCl also abol-
ishes uptake of radiolabelled substrate, however,
substrate-induced currents are still observed, reaching
40% of the currents in the presence of Na ™. It ap-
pears that Li" causes a partial uncoupling of
substrate and ion transport. Moreover, a substrate-
independent Na™ conductance is observed in
mBPAT]1-expressing oocytes (Camargo et al., 2005).

INTERACTION BETWEEN SUBSTRATE AND COSUBSTRATE

As pointed out above it has consistently been re-
ported that substrate transport via system B® displays
a substrate K., that is dependent on the Na™ con-
centration, whereas Vi ,.x appears to be unaltered.
The cloned mouse transporter shows the decrease of
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the substrate K, with increasing Na* concentration,
but it also shows a reduction of Vy,x at low Na™
(Bohmer et al., 2005; Camargo et al., 2005). Vice
versa, the cloned transporter also displays a de-
creased K,, for Na™ at increased substrate concen-
tration. Thus, substrate and cosubstrate influence
each other’s binding, pointing to an overlapping
binding site. There is disagreement between the
studies whether a reduced substrate concentration
also affects the V.. Camargo et al. suggest that
Vmax is reached at high Na™ concentration, regard-
less of the prevalent substrate concentration
(Camargo et al., 2005). Boehmer et al., by contrast,
report a reduction of the maximum velocity at low
substrate concentration (Bohmer et al., 2005). As a
result, Camargo et al. propose an ordered binding
mechanism in which substrate binds first (Fig. 1B),
whereas Boehmer et al. propose a random binding
order with a preference for substrate binding first.
The influence of substrate and cosubstrate concen-
tration on the maximum velocity remains a matter of
debate and is not consistent between earlier func-
tional studies and the properties of the cloned
transporter.

VOLTAGE DEPENDENCE OF K, AND Vax

In agreement with an ion-well effect, a reduction of
the Na"-K,, was reported at hyperpolarized mem-
brane potential (Bohmer et al., 2005; Camargo et al.,
2005). A reduction of the substrate K,,, was observed
at hyperpolarized membrane potential, as well. This
could relate to the ion-well effect exerted on Na -
ions by the membrane potential. The increase of the
local Na™ concentration would in turn increase the
affinity for the substrate. This scenario would require
Na™ to bind first to the transporter, which is at
variance with the preferred order of binding. Alter-
natively, the membrane potential could also affect the
conformation of the empty carrier, inducing a ‘high
affinity’ state. The experimental data rather suggest
that the membrane potential acts on the fully loaded
transporter (Bohmer et al., 2005), a notion that is also
supported by the lack of trans-stimulation (see
below). The effect of the membrane potential could
be explained if substrate and Na™® would diffuse to
the binding site as an ion pair, which still would carry
a net positive charge.

SUBSTRATE SPECIFICITY

BPATI transports all neutral amino acids, albeit to
a different extent. V,.-values vary only by a factor
of 2, but affinities are different for each amino
acid (Bohmer et al., 2005; Camargo et al., 2005).
The order of preference is Met = Leu = Ile
= Val>GIn = Asn = Phe = Cys = Ala>Ser =

Gly = Tyr = Thr = His = Pro>Trp>Lys. This
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order is in partial agreement with studies in the
intestine (Paterson et al., 1979; Preston et al., 1974)
and the kidney cell line NBL-1 (Doyle & McGivan
1992). The transporter shows some affinity for ly-
sine; whether the transporter also interacts with
anionic amino acids at low pH (Schultz & Curran
1970) remains to be shown. B°ATI1 is partially
inhibited by BCH, an amino acid analogue with a
bulky side-chain.

A KiNeTic MopEL For B°ATI

All properties reported for B’-like transport can be
incorporated into a model with random binding or-
der (Fig. 1C), which is similar to the general co-
transporter model discussed by Stein (Stein, 1986).
The coupled reaction of the transporter involves steps
1-2-3-4-5-6 (in the preferred order substrate first) or
in the less preferred order (Na ™ first) involving steps
la-2a-3-4a-5a-6. Please note that no experimental
data are available concerning the binding order at the
cytosolic face of the transporter. For simplicity,
symmetry is assumed, but the model allows any
combination. The substrate-independent Na™ con-
ductance would comprise steps Ila-6ds-5a-6. The
substrate-induced lithium current would first require
binding of the substrate, which is the preferred route.
In contrast to the Na " -driven cycle, step 3 cannot be
concluded in the presence of lithium. Instead, binding
of lithium would force the substrate to dissociate
(step 2a) and would subsequently follow the same
route as the Na " -leak current (steps /-2-2a-6ds-5a-6).
Using a convention recently proposed by Nathan
Nelson (Nelson et al., 2002) we call this cycle the
drive-slip (ds) to indicate that the driving cation slips
through without being accompanied by the substrate.
The critical step is therefore denoted 6ds. In addition,
a substrate slip can be proposed involving steps /-6ss-
5-6. The critical step in this cycle would be 6ss (sub-
strate slip). Although a substrate slip has not been
observed for the cloned B’AT1 or B’AT2, it has been
observed in the intact intestine and was already
proposed in the kinetic model of Curran et al. (1967,
Fig. 14, steps [-7-5-6). Model 1C includes two
voltage-dependent steps, namely 3 and 6ds. Assigning
the charge translocation to the fully loaded trans-
porter explains the absence of trans-stimulation. An
exchange process would involve a return trip
involving steps [-2-3-4-5 (or la-2a-3-4a-5a). Accel-
eration does not occur because return of the fully
loaded transporter is slowed down by the membrane
potential in step 3. In summary, we propose a mul-
tistep model for the mechanism of B’AT]1 that is in
agreement with the following experimental observa-
tions: (i) Substrate binds preferentially first to the
transporter; (ii) No trans-stimulation is observed; (iii)
A substrate-induced leak current is observed when
NacCl is replaced by LiCl. (iv) A substrate-indepen-
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dent Na " -leak current is observed. (v) The transport
shows Michaelis-Menten type kinetics for both sub-
strate and cosubstrate. (vi) An inside negative mem-
brane potential increases the V.-

The Neutral Amino Acid Transporter B°’AT2
(SLC6A15)

The neutral amino acid transporter B’AT2 has been
analyzed in two studies (Takanaga et al., 2005; Broer
et al., 2006). The transporter is functionally and
sequence related to B’ATI.

MECHANISM

B°AT2 is Na " - but not Cl-dependent; replacement of
NaCl by NMDG-CI completely abolishes transport.
Replacement of NaCl by LiCl inhibits transport by
90% in the case of the mouse transporter (Broer et al.,
2006) and by about 75% in the human transporter
(Takanaga et al., 2005). Substrate-induced currents in
LiCl, by contrast, were about 60% of those observed
in NaCl. Activation analysis of substrate transport
at different Na™* concentrations and flux studies
under voltage-clamp indicate a cotransport of 1 Na™
per substrate molecule. Substrate and cosubstrate
K.,-values are highly voltage dependent, decreasing at
hyperpolarized potentials. The K,,-value for Na ™, for
example, decreases from >50 mM to 19 mM and to
8.7 mM, when the holding potential is changed from
-10 mV to -50 mV and -100 mV, respectively. The
Ky-value for proline changed from 0.8 mM to 0.2
mM, when the membrane potential changed from
+20 mV to —80 mV (Broer et al., 2006). In addition,
the substrate K,, decreases when the Na™ concen-
tration is increased and vice versa.

The mechanistic features of B’AT2 are almost
the same as for B’ATI. (i) The substrate K, decreases
with increasing Na * concentration and vice versa. (ii)
Substrate and cosubstrate K,,-values decrease at in-
creased hyperpolarization of the membrane. (iii) The
maximum velocity increases linearly with hyperpo-
larization of the membrane. (iv) Li" causes partial
uncoupling of substrate and ion transport. As a
result, it appears likely that the kinetic scheme of
Fig. 1C applies to both B’AT1 and B°AT2.

SUBSTRATE SPECIFICITY

B°AT2 mainly transports branched-chain amino
acids, methionine and proline with affinities ranging
from 40-200 uM. Proline has the highest V., but the
K-values are lower for branched-chain amino acids
(Broer et al., 2006). When the catalytic efficiency
(Vmax/Km) 1s calculated, methionine is the preferred
substrate of the transporter (Takanaga et al., 2005).
Phenylalanine and alanine are recognized with low
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LeuTaa ~-—-MEVK---[§ER@A TRLGL T LAMAGNANE 44
mBOAT2 AEDGSEADDERPABNSKLQY ILAQVGFES) 100
hIMINO ---MEKA---BPLEANSLOFVFACISY] 44
mIMINOE  ---MEKA-—-BPORMGHPLOFVFACISYA M 44
hBOAT1 TIEQEEASS-EPKEDNKAQYMLTCLGEC §YLCOS 71
mBOAT1 VIEKEEAGS-EPKRIDNKAQYMLTCVGEC gYLCOS! 71
|
LeuTaa RKDQ----DIVLSGLTAAT : 284
mBOAT2 KRDNNCHFDAVLVSFINFF : 343
hIMINO EPSNNCQKHAIIVSLINSF : 285
mIMINOB EPSNNCQKHAIIVSIINSS : 285
hBOAT1 SVHNNCEKDSVIVSIINGF : 312
mBOAT1 FISVHNNCEMDSVIVSVINGE : 312
LeuTaa FrABLTES IATMOPMIAFLERELK : 372
mBOAT2 5 13 B GEMFGTIEGIITPIVETFE : 491 . . . .
hIMINO TVYTEAIKNME P i lrcBvionTaaTLToLTlsKT . 423  Fig- 2. Partial alignment of the primary
mIMINOB IVYTEATKNMEVSQLWSVLYE LT GEMLGNTARTLTPLTlsKY : 423  Structure of SLC6 amino acid transporters
hBOAT1 IVFTEALITKMPLSPLWSVLEQL MlE SEMFGNMEGVVVPLOELRY @ 448 with the sequence of LeuT,,. Regions
mBOAT1 IVFTEAITKMPVSPLWSVLERIM ELSEMFGNMEGVVVPLOELNT ¢ 448  including helices 1, 6 and 8 are depicted.
1] Fully conserved residues are shaded in

affinity. The transporter is inhibited by high concen-
trations of BCH, but the compound does not elicit
inward currents, suggesting that it is not transported.

A Proposed Structure of B’-like Amino Acid
Transporters

The recently resolved structure of the bacterial amino
acid transporter LeuTa, from Aquifex aeolicus pro-
vides an unparalleled insight into the structure of
transporters from the SLC6 family (Yamashita et al.,
2005). The similarity of LeuTa, to the mammalian
neurotransmitter transporters has been emphasized,
however, it has to be pointed out that B%like trans-
porters are functionally closer to LeuTa, than the
neurotransmitter transporters. First, leucine is a
substrate of both LeuT,, and B°AT1 and B°AT2.
Secondly, LeuT4, and both B°AT1 and B°AT2 are
Na "-dependent but not Cl -dependent. The only
discrepancy is the presence of two Na " -binding sites
in LeuT 4,, whereas only one functional binding site is
observed in B’ATI1 and B"AT2.

Homology modeling, in its simplest form, entails
the threading of the primary structure of B°’AT1 and
B°AT2 along the structure of LeuT,, (Arnold et al.,
2006). However, problems can arise with the insertion
or deletion of residues in secondary structure motifs,
potentially altering the orientation of the subsequent
residues in an o-helix or B-sheet. A more advanced
approach used here allows non-aligned residues to be
inserted between LeuT s, backbone residues and the
backbone is ligated prior to further threading. The
putative structure is energy-minimized and refined,
allowing both the backbone atoms and side chains to
rotate and adopt a minimum energy conformation,

black.

thereby removing unfavorable contacts. As a result,
the homology modeling critically relies on a precise
alignment of the primary sequence. Fortunately,
there is considerable conservation of critical residues
throughout the sequence of SLC6 members, partic-
ularly in the catalytically important helices 1, 6 and 8
(Fig. 2).

In the following, the key features of the putative
BPAT2 structural model are discussed. The B°AT2
model features 12 transmembrane helices, the first ten
of which are well aligned with the LeuT s, sequence.
The loops in the bacterial transporter are generally
shorter. Because LeuT,, does not appear to have
functional re-entrant loops, the discrepancies in the
length of the non-transmembrane loop regions are
likely to have little effect on properties such as the
substrate specificity or uptake. The lack of homology,
nevertheless, creates problems in modeling these ex-
tended loop regions. In this case, the extended loop of
B°AT]1 and B’AT2 between helix 7 and 8 in particular
cannot be modeled, as there is no structural infor-
mation in the LeuT 4, crystal structure for this region.
Because of several highly conserved residues in helix 8
(Fig. 2) it is, however, relatively easy to re-align the
sequence after the loop, using a combination of pri-
mary sequence alignments and secondary structure
prediction tools. The modeling process only includes
the peptide sequence. Substrate and Na™* ions are
reinserted into the structure at the original coordi-
nates. This can cause some malalignment in the area
where binding of substrate and cosubstrate occurs.
The B’AT2 model, accordingly, contains two Na -
binding sites (Fig. 3 and Fig. 4), whereas functional
evidence supports only one binding site (see above).

The substrate translocation pathway is lined by
helices 1 and 6 (Yamashita et al., 2005). Both helices
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Fig. 3. Putative structure of the Na™-binding site 1 in B’AT2.
Residues involved in Na™-binding are indicated. A schematic
representation of the binding site is given below. The substrate
leucine residue is indicated by (S). Valine 79 is involved in Na -
binding site 2. Nitrogen atoms have blue color, oxygen atoms are
red. The figure was generated using Pymol (DeLano Scientific
LLO).

are interrupted by non-o-helical structures in the
center of the membrane (Figs. 3 and 4); these form
the two Na ™ binding sites and the substrate binding
site. The flexibility to form these structures is pro-
vided by glycine residues. The two Na * binding sites
are qualitatively different. The Na™, site (Fig. 3)
appears to be well conserved in B°’AT2. In the Leu-
Taa structure, Thr 254 of helix 6 provides two bonds
for Na* binding, a backbone carbonyl-oxygen and
the oxygen of its hydroxyl-group. The corresponding
residue in the B°AT2 structure is an alanine, which
can only provide the backbone carbonyl-oxygen. This
is compensated for by serine 78 in helix 1, which is
likely to provide two bonds, whereas LeuT, has an
alanine residue at position 22 in helix 1 contributing
to Na " binding. It appears likely that the side chain
of serine 78 in the B°’AT2 model (Fig. 3) points to-
wards Na™,. Similarly, alanine 309 appears to be
slightly out of place. The carboxyl group of the
substrate leucine forms part of the Na ' binding site.
This elegantly explains the mutual effect of substrate
and cosubstrate on each other’s binding. The Na ™ -
binding site is less well conserved (Fig. 4). In the

Glha‘.

Serss
Nas,

val,,” “Lelgs,

Fig. 4. Putative structure of the Na*-binding site 2 in B’AT2.
Residues involved in Na'-binding are indicated. A schematic
representation of the binding site is given below. Nitrogen atoms
have blue color, oxygen atoms are red. The figure was generated
using Pymol (DeLano Scientific LLC).

LeuTa, structure, Na™, is fivefold coordinated,
whereas only four residues can readily be identified in
the putative B’AT2 structure. The hydroxyl-group of
serine 474 is likely to point toward the Na™ ion.
Similar to ion binding in channels (Gouaux &
Mackinnon 2005), negatively charged residues are
not involved in Na*-binding, with the exception of
the carboxyl group of the substrate leucine. Na ™ -
binding rather relies on electropositive centers, such
as carbonyl groups or carboxylamides. Taken to-
gether, it is tempting to suggest that Na™, is the
functional binding site in the B°’AT2 structure. It is
better conserved and provides an explanation for
interdependence of substrate and cosubstrate bind-
ing; whether the Na™, still exists as a structural
center in B’AT2 remains to be demonstrated.
Molecular dynamics simulations indicate that in
the LeuT,, structure substrate and cosubstrate are
tightly embedded in the protein core and show little
movement (Fig. 5). Indeed, no water molecules con-
tact the buried leucine or sodium ions over 10 ns of
molecular dynamics simulation time. This is in
agreement with the proposal put forward by
Yamashita and co-workers (Yamashita et al. 2005)
that substrate and cosubstrate are in an occluded
state in the LeuT 4, structure. A chloride ion that is
attached peripherally to the structure does not appear
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Fig. 5. Dynamics of the ligand binding site of LeuTa,. All atoms
are represented as spheroids calculated from a 10 ns molecular
dynamics simulation. Carbon atoms of LeuT 4, residues are yellow,
and those of the leucine substrate are green. Sodium ions are
magenta.

to have a critical role, because it immediately diffuses
away from its binding site at commencement of the
simulation.

The proposed B’AT2 model has a hydrophobic
binding pocket (Fig. 6). The substrate leucine side-
chain is surrounded by several aromatic amino acids,
namely, phenylalanine 77, tryptophan 164, phenyl-
alanine 308 and phenylalanine 314. Other residues
contributing to the substrate binding site are valine
160 and threonine 478. Serine 474 is also close to the
substrate binding site, but is rather involved in
the coordination of Na, (Fig. 4). In the model, the
hydrophilic hydroxyl-group of threonine 478 points
away from the binding pocket, whereas the methyl-
group points towards the leucine side-chain. The
amino group of the substrate leucine could be stabi-
lized by carbonyl groups of phenylalanine 308 and
alanine 309 backbones. Please note that the latter
residue is also involved in the binding of Na ™. The
amino acid analogue BCH is too large to fit into the
proposed substrate binding site. As a result, it can
block the entry of other substrates to the transporter,
but is not transported itself.

Homology modeling of the B°AT2 structure
provides a useful template for future structure-func-
tion analysis. The putative Na™* binding site 1 is in
good agreement with functional data and so, too, is
the hydrophobic binding pocket. The precise spacing
is certainly speculative at this stage, but the overall
structures of B’AT1 and B°AT2 are likely to be
similar to that of LeuTy,.

Work in the laboratory of the authors is supported by grants from
the Australian Research Council (ARC) and the National Health
and Medical Research Council (NHMRC).
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Fig. 6. Putative structure of the binding pocket enclosing the side-
chain of the B°AT2 substrate leucine, which is shown in orange. In
the protein, nitrogen atoms have blue color, oxygen atoms are red.
The figure was generated using Pymol (DeLano Scientific LLC).
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