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A paper recently published in Nature by Danilczyk
et al. shows that collectrin (Tmem27), a homologue of
angiotensin-converting enzyme 2 (ACE2), surprisingly
plays a central role in kidney amino acid transport [1].
This was discovered when the phenotype of a collectrin
knock out mouse, generated in the laboratory of
Josef Penninger, was analysed. The deficiency of this
relatively short type I transmembrane protein causes a
massive urinary loss of neutral amino acids (NAA)
that even leads to the formation of urinary amino acid
crystals. This was shown to be the consequence of
a major impairment of amino acid reabsorption,
due to the fact that collectrin is necessary for the
functional expression of major Naþ–amino acid
cotransporters of kidney proximal tubule. The analysis
of another collectrin knock out mouse, published in
the American Journal of Physiology: Renal Physiology
by Malakauskas et al. [2], confirmed that the lack of
collectrin leads to a massive urinary amino acids loss.
A central question remains open, namely whether
there is a functionally understandable rationale for
the fact that collectrin, a protein that shares �50%
identical amino acid residues with the membrane
anchor region of ACE2, controls kidney amino acid
transport [3].

Amino acid reabsorption in proximal

kidney tubule

Similar to glucose, plasma free amino acids are
reabsorbed in the proximal kidney tubule in such
a way that urinary loss of amino acids is prevented
and thereby also osmotic diuresis, as demonstrated in
both collectrin knock out papers [1,2]. Compared with
glucose reabsorption, the different side chains of amino
acids represent a complication, making the presence
of several transporters necessary.

Transepithelial reabsorption of NAA involves their
active import from the primary urine into the proximal
tubule epithelial cells via secondary active transporters
(Fig. 1) and then their passive basolateral efflux via
facilitated diffusion and/or obligatory exchange [4].
The active luminal import of NAA is mostly driven
by the cotransport of Naþ with the exception of a part
of the imino acid and small L- and D-amino acid
import that is driven by Hþ-cotransport via PAT1
(SLC36A1, imino acid carrier).

The major broad-selectivity NAA-sodium cotran-
sporter (symporter) is called B0AT1 (SLC6A19) and
was identified in 2004 in mouse kidney by Broer et al.
[5]. The mutation of its human orthologue was shown
to cause a broad neutral aminoaciduria condition
called Hartnup disorder, which is sometimes accom-
panied by pellagra-like symptoms [6,7]. This trans-
porter has been shown to localize mainly to the early
segment (S1) of the proximal kidney tubule, similar
to the luminal cystine and cationic amino acid
transporter b0,þAT1-rBAT and to the basolateral
efflux transporters of the so-called transepithelial
amino acid transport machinery [4,8,9].

The SLC6 Naþ–amino acid cotransporters

of the kidney

The Hartnup transporter B0AT1 belongs to the gene
family SLC6, to which numerous other transporters
belong, in particular the neurotransmitter re-uptake
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transporters for norepinephrine, serotonin, dopamine
and GABA [10]. Three members of this family
(four in mice) are expressed at the luminal brush
border membrane of kidney proximal tubule: the
earlier mentioned broad NAA transporter B0AT1
(SLC6A19), the ‘system IMINO’ L-proline transporter
SIT1 (XT3s1, SLC6A20) and the putative amino acid
transporter XT2 (SLC6A18) [6,8,11,12]. Functionally,
B0AT1 and SIT1 have been characterized in
the Xenopus laevis expression system [4,12–14].
Interestingly, whereas many transporters of the SLC6
family have been shown to cotransport Naþ and Cl�

with their organic substrate, the reason for which this
SLC6 family was first called the Naþ and Cl�-
dependent neurotransmitter transporter family, both
B0AT1 and SIT1 were shown to cotransport only Naþ,
such that for each transported amino acid, one positive
charge is translocated. The absence of Cl� was shown
nonetheless to decrease the efficiency of these trans-
porters, suggesting that Cl� might bind to the trans-
porter but is not translocated. The transport function
of XT2 has not yet been formally demonstrated,
but based on observations made in a knock out
mouse, it appears that XT2 functions as an amino acid
transporter as well [11]. The axial distribution of the
three luminal SLC6 transporters along the proximal
kidney tubule is differential. Whereas B0AT1 localizes
essentially to the early S1 segment, SIT1 is expressed
all along the proximal tubule and XT2 shows a
localization that is complementary to that of B0AT1,

namely along the later proximal tubule segments
S2 and S3.

Interestingly, it appears that it is mainly the
expression of the three SLC6 Naþ–cotransporters
B0AT1, SIT1 and XT2 that is decreased in
the proximal tubule of collectrin-deficient mice,
whereas the expression of the cystinuria tranporter
b0,þAT-rBAT and of the anionic amino acid trans-
porter EAAT3 (EAAC1) is not much affected [1].
The presented data also suggests that the three
transporters are physically associated with collectrin,
since this latter protein was co-immunoprecipitated
with the three of them. Furthermore, immunofluores-
cence images confirmed that the localization of
collectrin in the proximal tubule brush border corre-
sponds to the localization of these three transporters
[1,8]. It will thus be of interest to investigate when and
where the interaction of collectrin with these transport-
ers takes place during their biosynthesis and matura-
tion. Is this interaction necessary for their exit from
the endoplasmatic reticulum? Does their maturation
in the Golgi apparatus and their targeting to the
luminal surface require this association?

Comparison with heteromeric amino acid

transporters and open questions

The interaction of an amino acid transporter with an
‘accessory’ protein subunit, functioning as a chaperone
has been described previously in the case of hetero-
meric amino acid transporters, some of which are
also part of the proximal kidney tubule amino acid
transport machinery [4]. For instance, the luminal
cystine and cationic amino acid transporter, the defect
of which leads to cystinuria, is a heteromer composed
of b0,þAT (SLC7A9) and rBAT (SLC3A1) (Fig. 1)
[15]. The two basolateral amino acid exchangers LAT2
(SLC7A8) and yþLAT1 (SLC7A7) also belong to this
heteromeric transporter family, but are associated with
the other SLC3 glycoprotein 4F2hc (SLC3A2, CD98)
[4,15]. Unlike the newly described association of the
luminal SLC6 Naþ–amino acid cotransporters with
collectrin, heteromeric amino acid transporters are
bound covalently to their associated glycoprotein
subunit via a disulfide bridge. In this latter case, it
has been demonstrated that the association of the
subunits takes place before their terminal glycosyla-
tion, presumably in the endoplasmatic reticulum, and
that this association is a prerequisite for the surface
expression of the catalytic subunits [16]. In the case
of the glycoprotein subunit rBAT (SLC3A1), its
association to the catalytic subunit appears to be a
prerequisite for its maturation and surface expression
as well [17].

An intriguing observation is that collectrin is not
expressed at a substantial level in small intestine, the
other tubular organ in which the same SLC6 Naþ–
amino acid cotransporters are expressed [1]. Based on
the observation that collectrin is required for their

Fig. 1. The ACE2 homologue collectrin (grey oval structures)
is associated with luminal SLC6 Naþ–amino cotransporters of
kidney proximal tubule (B0AT1 and SIT1). Recycling of NAA
allowing the influx of cystine and cationic amino acids (AAþ) via
the heteromeric exchanger b0,þAT-rBAT is indicated with dashed
arrows.
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efficient expression in kidney proximal tubule brush
border membrane, it can be anticipated that yet
another protein may replace collectrin as associated
protein for the luminal SLC6A18-20 amino acid
transporters in small intestine. Actually, the fact that
these three SLC6 amino acid transporters are not
completely absent from the kidney proximal tubule
of collectrin-deficient mice may suggest that this
putative other associated protein is expressed to some
extent in the kidney proximal tubule as well.

The question is open as to whether some of the
Hartnup-type broad neutral aminoacidurias that are
not due to a defect in SLC6A19 could be caused
by mutations of collectrin. Such a possibility is
compatible with the fact that collectrin knock out
mice have no obvious other pathological phenotype.
However, whether a collectrin defect has the same
effect on urinary amino acid transport in humans is
yet to be determined. Furthermore, other potentially
important functions of this intriguing protein also need
to be investigated in more detail, in particular in view
of its potential role in pancreatic b-cells [18,19].

Taken together, the defect of the ACE2 homologous
protein collectrin induces a massive neutral amino-
aciduria in mice. The qualitative similarity of this
aminoaciduria with that of Hartnup patients is not
surprising, in view of the observation that the
expression of the Hartnup transporter B0AT1
(SLC6A19) and of the two other SLC6 kidney
proximal tubule Naþ–amino acid cotransporters
SLC6A18 and 20 is strongly decreased in collectrin
knock out mice. However, despite the homology of
collectrin with ACE2 and its localization to kidney
tubule, as yet no role of this membrane protein in
blood pressure control has been detected (Singer and
Verrey, unpublished results) [1,2].
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