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Introduction

Only negligible amounts of amino acids and glucose are normally present in the final urine, reflecting very
efficient reabsorption mechanisms for these organic solutes in the proximal tubule. Renal tubular transport
defects or specific metabolic abnormalities result in excretion of significant quantities of amino acids or
glucose in the urine. Although hereditary defects in renal tubular transport of most of these substances are
uncommon, they are of major biologic importance. First, some of these membrane transport disorders
(e.g., cystinuria, lysinuric protein intolerance, Hartnup disease) are associated with significant morbidity.
Second, the study of these disorders has provided much insight into the physiology of renal tubular
reclamation of amino acids and glucose and into the specific metabolic pathways that control their
reabsorption and has been crucial in understanding the genetics of tubular transport systems.

This chapter summarizes the general characteristics of renal tubular transport of amino acids and
glucose, outlines the two main classifications used for amino acid transport systems (based on chemical
properties/substrate specificity and sequence homology), reviews recent studies on the molecular biology
of the transporters, describes the ontogeny of these transport processes, and discusses the specific
hereditary membrane transport disorders that result in abnormal aminoaciduria and glycosuria. Special
emphasis is given to classic cystinuria, lysinuric protein intolerance, Hartnup disease, iminoglycinuria,
and dicarboxylic aminoaciduria, including molecular genetic aspects of these diseases. Not discussed in
this chapter are overflow aminoaciduria and glycosuria, which occur when the filtered load of these
solutes exceeds the transport capacity of the renal tubule. This tubular overload is characteristic of various
inborn errors of amino acid metabolism and diabetes mellitus, which result in elevated plasma levels of
amino acids and glucose, respectively. Fanconi syndrome, a proximal tubular disorder characterized by
generalized aminoaciduria, and urinary hyperexcretion of glucose, bicarbonate, phosphate, and other
solutes, is discussed in separate chapters.

Aminoaciduria

General Characteristics of Tubular Amino Acid Transport

Circulating free amino acids are derived from dietary protein that is hydrolyzed and absorbed in the
intestine, from intracellular catabolism of peptides, and from de novo synthesis within cells. More than
99 % of the load of free amino acid filtered by the kidneys of humans and other mammals is reabsorbed in
the renal tubule and returned to plasma [1-3]. Amino acid reabsorption occurs predominantly in the pars
convoluta of the proximal tubule and, to a small extent, in the pars recta [1, 3]. Amino acids are reabsorbed
primarily from tubular lumen by an active uphill transport across the luminal membrane [1]. In studies
using renal brush-border membrane vesicles (BBMV) from various animals to explore amino acid
transport across this membrane, the rate of accumulation by vesicles and the magnitude of the overshoot,
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which indicates active concentrative transport, was greatly augmented by an external Na' gradient across
the vesicle membrane [1]. Hence, it is widely accepted that uptake of most amino acids at the brush-border
surface occurs by Na -amino acid cotransport driven by the electrochemical Na" gradient from tubular
lumen to cell [1, 3] (Fig. 1). The energy maintaining the Na" gradient is established by the Na™-K'-
ATPase, which is located at the basolateral membrane and translocates Na' out and K into the cell. An
additional driving force for amino acid transport across the luminal membrane is the H' gradient
(luminal > intracellular) which has been shown to drive uptake of proline [4] and glycine [5] by BBM-
V. Finally, cationic acids and cystine are reabsorbed across the luminal membrane in exchange for
recycled neutral amino acids [2, 6] (see section “Molecular Structure of Amino Acid Transporters”;
Fig. 1)

Active amino acid transport across the brush-border membrane is followed by efflux, mainly via
carrier-mediated, Na -independent, facilitated diffusion or exchange from the cell into the peritubular
space across the basolateral membrane [2, 7] (Fig. 1). Thus, under normal conditions, net transepithelial
movement of amino acids occurs from the tubular lumen to the peritubular space. However, net
transepithelial flux of amino acids is composed of amino acid transport in both directions, namely
lumen — interstitium and interstittum — lumen [2, 7, 8]. Indeed, the basolateral membrane harbors
active Na'-dependent and Na ' -independent transport and exchange systems mediating amino acid uptake
in the tubular cell (Fig. 1), and diffusional backflux of amino acids from cell into the tubular lumen is a
well-documented phenomenon [2, 7]. Interstitium to lumen oriented backflux through paracellular
pathways also occurs. The sum of these vectorial fluxes determines the direction and the rate of
transepithelial amino acid transport. This notion may be of major importance in understanding renal
tubular amino acid transport, particularly in disease states and during maturation [8—10].

Na"-amino acid symport across the luminal membrane is a carrier-mediated saturable process obeying
Michaelis-Menten kinetics [1, 3]. The eftectiveness of the active reabsorption process for a specific amino
acid depends on the ratio V..:Ky [1]. A low V.. (decreased transport capacity) or a high K,
(diminished transporter-substrate affinity) for a given amino acid results in decreased reabsorption rate
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Fig. 1 Summary of amino acid transport mechanisms in the proximal tubule. Filled circles indicate Na'-dependent, active,
carrier mediated cotransport or antiport. Dashed circles indicate H'-dependent, active, carrier- mediated cotransport. Empty
circles indicate Na'-independent antiport or uniport (facilitated diffusion). Half-filled, half dashed or half-empty circles
indicate various combinations of the above. Depicted are hereditary aminoacidurias known or postulated to be caused by
defects in these transport mechanisms; AA” neutral amino acids, 44" basic amino acids, 44~ acidic amino acids, CssC cystine,
Cys cysteine. See text for details
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of'this amino acid. Changes in efficiency or capacity of amino acid transport also play an important role in
both neonatal aminoaciduria and hereditary aminoacidurias.

In analyzing the data obtained from microperfusion and micropuncture experiments and studies using
BBMV for various amino acids [1], two or more Na'-linked transport systems with different kinetic
characteristics have been described. The demonstration of multiple transport systems for the same amino
acid becomes meaningful if the reduced concentrations of filtered amino acid presented to the proximal
straight tubule are considered. Thus, in the case of glycine, for example, two Na'-dependent, active
transport systems have been demonstrated along the luminal membrane of the isolated perfused proximal
tubule [11]: a low-affinity, high-capacity system in the convoluted segment and a high-affinity,
low-capacity system in the straight segment. The latter system absorbs less glycine against a greater
concentration gradient and probably permits the reduction of the luminal glycine concentration to lower
levels than could be achieved in the proximal convoluted tubule [7, 11]. This axial heterogeneity of Na'-
linked amino acid uptake systems with respect to kinetic characteristics has been demonstrated for several
amino acids in BBMV derived from pars convoluta and pars recta of the proximal tubule [1]. The
recognition of several transport systems for the same amino acid as well as their axial heterogeneity is of
major importance in understanding the pathophysiology of hereditary aminoaciduria.

One or more Na ' ions are transported for each amino acid molecule translocated, and with most amino
acids this process is electrogenic-positive favored by a negative cell interior [1, 12]. Na -amino acid
stoichiometry determines the electrogenicity and efficiency of the transport system [7]. Additional ions
besides Na" are involved in the translocation of the amino acid carrier complex across the brush-border
membrane [1]. Taurine [13], glycine [14], and proline [15] transport, for example, operates by means of
2 or 3 Na":1 CI":1 amino acid carrier complex.

Specificity of Transport

It has been well established that several distinct chemical group-specific Na'-dependent transport systems
for amino acids exist in the tubular luminal membrane [1-3]. Evidence for these systems has been derived
from a variety of microperfusion experiments and vesicle studies and, in humans, from the existence of
inborn errors of renal tubular transport that can be explained only by defects in specific transport pathways
[1,2, 16]. These include systems for dibasic (cationic) amino acids, cystine, acidic (anionic) amino acids,
neutral a-amino acids, imino acids, glycine, as well as - and y-amino acids.

Ample evidence has accumulated that in addition to separate systems for L-cystine and the dibasic
amino acids (L-lysine, L-arginine, and L-ornithine), these amino acids share a common transport pathway
[17—19], as also suggested by the urinary hyperexcretion of all four amino acids in classic cystinuria (see
section “Classic Cystinuria”).

The broad-specificity transport pathway for neutral o-amino acids, which is a low-affinity, high-
capacity system, is located in the proximal convoluted tubule [16]. However, there are several alternative
specific renal transport systems for neutral amino acids, including high-affinity systems located in the
proximal straight tubule. The presence of such pathways is also suggested by the finding of isolated
transport defects for neutral amino acids (see section “Neutral Aminoaciduria”). The imino acids proline
and hydroxyproline are reabsorbed by at least three systems: a low-affinity/high-capacity system in the
proximal convoluted tubule shared with glycine, an imino acid-specific, high-affinity/low-capacity
system in the proximal straight tubule [11, 20] as well as a separate high-affinity/low-capacity system
for glycine in the late proximal tubule [11].

The investigation of amino acid transport pathways in the plasma membrane of mammalian cells has
delineated several transport systems which are classified according to their chemical properties/substrate
specificity [2, 6, 21-25] (Table 1; Fig. 1). Most of these transport systems also have been identified in the
kidney [2, 6,21, 22, 24, 26]. These systems include the Na-dependent, concentrative B system (for most
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Table 1 Amino acid transport systems operating in the renal tubule

Amino acid Cloned Amino acids Mechanism of Localization in Cellular

transport system cDNA Gene transported action proximal tubule localization

I. Neutral

B° B°AT1 SLC6A19  Most neutral Na'-AA cotransport EPT BBM

Gly XT2 SLC6A18  Glycine, alanine 2-3Na'’/ICI /1AA LPT BBM
(B°AT3) cotransport

Imino IMINO SLC6A20  Proline, hydroxyproline 2-3 Na'/ICl /1AA LPT BBM
(SIT1) cotransport

BETA TAUT SLC6A6 Taurine, B-alanine 2-3Na'/1CI /1AA LPT BBM
BGT-1 SLC6A12  Betaine, GABA, cotransport

PAT PAT2 SLC36A2 Proline, glycine, alanine H — AA EPT BBM

cotransport
L 4F2hc/ SLC3A2/  Large, branched chain ~ AA antiport EPT BLM

LAT-1 SLC7AS neutral

4F2hc/ SLC3A2/
LAT-2 SLC7A8

T TAT1 SLC16A10 Aromatic AA uniport EPT BLM
A SNAT2,4 SLC38A2,4 Short chain neutral Na'-AA cotransport EPT and LPT BLM
N SNAT 3,5 SLC38A3,5 Glutamine, asparagine, 1 Na'/AA LPT BLM
histidine cotranport
1 H" antiport
ASC ASCT2 SLC1A5 Short chain neutral Na'-dependent AA EPT and LPT BLM
(EAAT) antiport
II. Cationic
b*" rBAT/b> SLC3A1/  Cationic and neutral AA antiport EPT and LPT BBM
TAT SLC7A9 (including cystine)
y'L 4F2hc/ SLC3A2/  Cationic and neutral Na'-dependent AA EPT BLM

y'LAT-1 SLC7A7 (excluding cystine) antiport

4F2hc/ SLC3A2/
y'LAT-2  SLC7A6

y" CAT 1 SLC7A1 Cationic and neutral AA uniport EPT and LPT BLM
(excluding cystine) (facilitative
transport)
II1. Anionic
X aG EAAT3  SLCIAl  Anionic 3Na/1H'/1AA LPT BBM
(EAACY) cotransport

1 K" -antiport

EPT early proximal tubule (S1, S2 segments), LPT late proximal tubule (S3 segment), BBM brush border membrane,
BLM basolateral membrane

neutral amino acids), A and ASC systems (for small neutral amino acids), and N system (for glutamine,
asparagine, and histidine), the Na"- and H" -dependent X, system (for acidic amino acids), the Na'-
and Cl™ -dependent Imino system (for proline and hydroxyproline), Gly system (for glycine and alanine),
and B system (for taurine, B-alanine, and y-amino butyric acid), the H" gradient-dependent PAT system
(for imino acids and glycine), as well as the Na'-independent, nonconcentrative L system (for bulky
neural, branched chain amino acids and cysteine), T system (for aromatic amino acids), b™* system (for
dibasic and neutral amino acids including cystine), y" system (for the dibasic amino acids lysine, arginine,
and ornithine), and y'L system (for dibasic and neutral amino acids excluding cystine). Systems B°,
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X" aG, Imino, Gly, B, PAT, and b%* operate in the luminal membrane, whereas systems A, ASC, N, L, T,
y', and y'L operate in the basolateral membrane [2, 23, 24, 26] (Fig. 1). The basolateral membrane-bound
systems ASC, L, y*, and y'L as well as the luminal membrane-bound b*" system function as antiport
(exchange) systems [3, 24, 25] (Fig. 1). Recent progress in molecular cloning of amino acid transporters
has helped to characterize, classify, and define the nature and the role of most of these tubular amino acid
transport mechanisms at the cellular/molecular level (see section “Molecular Structure of Amino Acid
Transporters™).

Adaptation and Regulation of Amino Acid Transport

Various factors have been shown to modulate transmembrane amino acid transport [1, 27-29]. These
include ionic and voltage conditions (discussed earlier), availability of amino acid substrate, systemic pH,
osmotic changes, protein phosphorylation, and interaction with partner proteins.

Reabsorption of amino acids in the proximal tubule increases during periods of reduced amino acid
intake and decreases with dietary excess [1]. This renal adaptive response to diet is expressed at the
tubular luminal membrane surface. It has been suggested [27, 30] that both new synthesis of transporter
protein and shuttling of preformed transporters are required for expression of the adaptive response. An
expression study in Xenopus oocytes [31] has demonstrated that the rat renal taurine transporter is
regulated by dietary taurine at the level of both mRNA accumulation and protein synthesis. Reabsorption
of glutamine in the proximal tubule plays an important role in renal acid-base handling. Metabolic
acidosis strongly stimulates glutamine transport by the renal N system, which is needed for glutamate
and ammonium production [2, 32] (see section “The SLC38 Family™).

Amino acids are known to serve as regulatory osmolytes in mammalian cells, including kidney cells
[33—-35]. The main amino acids involved in this function are taurine, proline, and glutamic acid [33, 34,
36]. Studies using MDCK cells, a cell line of distal tubular origin, demonstrate changes in taurine
transport in response to changes in osmolarity of the medium [37]. It has been shown that osmotic
regulation of taurine transport depends on changes in taurine transporter gene expression [38] (see section
“The SLC6 Family™).

Serine/threonine protein kinases play a central role in signal transduction by phosphorylating and
thereby activating effector proteins [39, 40]. It has been shown that several serine/threonine protein
kinases, including cyclic adenosine monophosphate (cAMP)-dependent protein kinase (protein kinase A:
PKA), Ca**- and phospholipid-dependent protein kinase (protein kinase C, or PKC), and multifunctional
Ca”"/calmodulin-dependent protein kinase II (CaMK II) alter amino acid transport across the tubular
brush-border membrane [41-43]. However, the exact role of protein kinase-induced phosphorylation in
renal tubular amino acid transport remains to be established.

To function properly, several amino acid transporters require physical (or functional) interaction with
one or more partner proteins [44]. These partner proteins act by either controlling transporter insertion in
the membrane (4F2hc and rBAT — see section “The SLC3/SLC7 Family”; GTRAP 3-18 — see section
“The SLC1 Family”) or by modulating transporter activity (collectrin and ACE2 — see section “The SLC6
Family”).

Molecular Structure of Amino Acid Transporters

Over the past two decades, by using molecular biology techniques, much progress has been made in
elucidating the molecular structure of various membrane-bound transport proteins, including amino acid
transporters. This area in the study of brush-border membrane transporters was pioneered by Hediger
et al. [45], who cloned the small intestinal Na'-glucose cotransporter using the powerful method of
expression cloning in Xenopus oocytes. A similar approach has been used to clone, functionally express,
and sequence various amino acid transporters. This has led to the classification of amino acid transporters
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based on gene homology using the solute carrier family (SLC) nomenclature introduced by the Human
Genome Organization (HUGO) [46].

The sequence homology and structural features of amino acid transporters have led to their categori-
zation into seven different gene families [2, 3, 24, 44, 47-49]: (i) the SLC1 or EAAT/ASCT family (Na'-
dependent anionic/neutral amino acid transporters), (ii) the SLC6 family [Na'- (and C1~-) dependent
transporters], (iii) the SLC3/SLC7 or HAT family (cationic/neutral amino acid transporters), (iv) the
SLC7 or CAT/LSHAT family (cationic/neutral amino acid transporters), (v) the SLC16 or TAT family
(aromatic amino acid transporters), (vi) the SLC36 or PAT family (proton-coupled imino acid trans-
porters), and (vii) the SLC38 or SNAT family (Na"-coupled neutral amino acid transporters). Investiga-
tion of the structure of amino acid transporters has elucidated that as opposed to other SLC families
outlined here, which present multiple transmembrane domains (Fig. 2) ([49, 50]; see later), members of
the SLC3 family do not fit this model and are known to function as components or subunits of heteromeric
carriers (see later).

The SLC1 Family [Na™-Coupled Anionic (EAAT)/ Neutral (ASCT) Amino Acid

Transporters]

The SLC1 family of transporters is made up of five Na'-, H'-, and K'-dependent, Cl -independent
anionic amino acid transporters (the EAAT subfamily) and two Na'-dependent neutral amino acid
transporters (the ASCT subfamily) [2, 3, 24, 49, 51].

The anionic amino acid transporters include the EAACI (or EAAT3; SLC1A1)[52], GLT-1 (or EAAT2;
SLC1A2) [53], GLAST (or EAAT1; SLC1A3) [54], as well as EAAT4 (SLC1A6) [55], and EAATS
(SLC1A7) [56], which serve as neurotransmitters and show marked similarity in sequence and structure.
EAACI, a neuronal and epithelial high-affinity glutamate transporter, first cloned from rabbit small
intestine [52], was also identified in the kidney by Northern hybridization analysis [52]. In situ hybrid-
ization and immunofluorescence studies revealed that EAACI is expressed predominantly in the apical
membrane in the S2 and S3 segments of the proximal tubule [57]. It mediates transport of glutamate and
aspartate and is coupled to 3 Na" and 1 H" in exchange for 1 K* [51].

Fig. 2 Topology plot of the structure adopted by SLC6, SLC7, SLC36, and SLC38 family members. Twelve transmembrane
domains (7Ms) are found in the SLC6 and SLC7 families, whereas SLC35 and SLC38 members share the first 11 TMs.
A hallmark of this protein fold is the 5+5 inverted repeat, which is indicated by orange and green colors. The two repeats are
related by a pseudo-twofold symmetry. In the SLC6 family, two Na' binding sites are found, which are indicated by black
circles, and the substrate is indicated by a red triangle. The substrate-binding site is enclosed by helices 1 and 6, which are
unwound in the center. Transporters of the SLC7, SLC36, and SLC38 families do not bind Na" ions. * indicates the position of
Arg**® in SLC6A19, which is thought to interact with trafficking subunits; + indicates the position of the disulfide bridge
between SLC7 transporters and the SLC3 trafficking subunits (see Fig. 3). Intracellular loop 1 between felices 2 and 3 is highly
conserved in the SLC7 family and is mutated in both cystinuria and lysinuric protein intolerance. See text for details (Reprinted
with permission from Ref. [49])
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EAACI, the prototype of the SLC1 family, is a protein of 524 amino acids with a predicted molecular
mass of 57,000 Da and 10 hydrophobic, membrane-spanning domains. The kinetics and specificity of this
protein when expressed in Xenopus oocytes were similar to those of the X~ 5 transport system (see
section “Specificity of Transport”; Fig. 1). The gene for human EAAC1 (SLC1A1) has been localized to
chromosome 9p24 [58]. EAACI gene knock-out mice develop dicarboxylic aminoaciduria [59]. Loss-of-
function mutations in the human EAAC1 (SLC1AT) gene result in dicarboxylic aminoaciduria ([60]; see
section “Dicarboxylic Aminoaciduria™).

GTRAP3-18 (glutamate transporter-associated protein of EAAT3), an endoplasmic reticulum
(ER) protein, has been shown to act as an allosteric negative modulator of EAAT3 trafficking [61]. It
interacts with the carboxy terminal end of EAAT3 thereby inhibiting the exit of the transporter from
the ER.

The neutral amino acid transporters include ASCT1 (or SATT; SLC1A4) [62], and ASCT2 (or AAAT;
SLC1A5) [63]. ASCT1 and ASCT2, which were cloned from human brain [62] and mouse testis [63],
respectively, have structural similarity to the anionic amino acid transporter gene group and appear to
encode Na'-dependent neutral amino acid transporters with specificity characteristics of system ASC (see
section “Specificity of Transport”; Fig. 1). Northern blot analysis [62, 63] revealed ubiquitous expression
of these genes in several tissues, including expression in the kidney, consistent with the general metabolic
role ascribed to system ASC. While ASCT1 accepts only small neutral amino acids, ASCT2 also
transports L-glutamine and L-asparagine at high affinity. In one study [64], ASCT2 has been reported to
be expressed in the brush-border membrane of the proximal tubule. However, it has been hypothesized
that, in line with ASC system properties, ASCT2 is likely involved in transepithelial amino acid transport
at the basolateral membrane level [6].

It is noteworthy that the transport systems EAAT1-5 [65], and ASCT1 [66] have a C1™ channel mode of
action in addition to their amino acid transport mode of activity. The Cl™ transport is not thermodynam-
ically coupled to and is not necessary for amino acid translocation [51].

The SLC6 Family [the Na*- (and Cl -) Dependent Transporters]

The SLC6 family is a diverse set of transporters comprising 20 members [67—69]. The SLC6 family is
subdivided into four branches: the GABA transporter branch, the monoamino transporter branch, and the
amino acid transporter branches I and II [67, 68]. The family includes, in the GABA transporter branch,
the Na'- and CI~ -dependent transporter for the neurotransmitter GABA (GAT; [70]), and the osmolytes
taurine (TAUT; [71, 72]) and betaine (BGT; [73]), operating in the brain and kidney [68, 69], and in the
amino acid transporter branch I, the neurotransmitters glycine (GLYT; [74]) and proline (PROT; [75]).
The amino acid transporter branch II includes at least three members, B’AT1, XT2 (B°AT3), and IMINO
(SIT1), which play an important role in amino acid transport in the kidney (see later). All these trans-
porters show high homology in sequence and structure, and most of them have an absolute requirement
for Na" and C1™.

The proposed model of the SLC6 transporters is shown in Fig. 2. The SLC6 family proteins have a
12 transmembrane domain (TM) topology and their structure is homologous with the bacterial leucine
transporter LeuTAa ([49, 50]; Fig. 2). This structure is characterized by the 5 + 5 inverted repeat fold,
which is composed of five transmembrane helices in the N-terminal half of the transporter that are
repeated as a pseudo-twofold symmetry in the C terminal half of the transporter (Fig. 2). This protein
fold is shared by at least four other apparently non-sequence related families of transporters including
SLC6, SLC7 and (for the first 11 TMs) SLC36 and SLC38 ([49]; see later). Studies investigating the
crystal structure of the Na'- and Cl~ -dependent neurotransmitter transporters [50] and site-directed
mutation analysis [76] have identified distinct domains which are similar between the family members
and are important in Na*, C1~, and substrate coupling (Fig. 2).

Page 7 of 52



Pediatric Nephrology
DOI 10.1007/978-3-642-27843-3 33-1
© Springer-Verlag Berlin Heidelberg 2014

The expression and function of various SLC6 family members in the kidney have been extensively
investigated. Northern hybridization and polymerase chain reaction analysis have identified two GABA
transporter isoforms, called GAT2 (SLC6A13) and GAT3 (SLC6AT11) [77, 78], as well as two amino acid
transporter branch I isoforms of glycine transporter called GLYT1 (SLC6A9) and GLYT2 (SLC6AS5)
[79—81] in the kidney. However, the physiological role of the GAT and GLYT transporters in renal amino
acid handling has not been established.

The mRNAs for the Na'- Cl~ -taurine (TAUT; SLC6A6) and Na'- Cl -betaine (BGT; SLC6A12)
transporters are expressed in the kidney medulla [3, 28] and TAUT mRNA is also expressed in the S3
segment of the proximal tubule [72]. Both transporters are known to play a major role in cell volume
regulation in the renal medulla [34, 37, 72]. Upregulation of the activity of these transport systems by
tonicity is mediated by a tonicity-responsive enhancer element (TonE) on the promoters of BGT1 [82] and
TAUT [83] genes. TAUT and BGT1 (the latter also transports GABA) appear to be the molecular
correlates of the amino acid transport system [ (see section “Specificity of Transport”; Fig. 1; Table 1).

The amino acid transporters branch II of the SLC6 family has recently been the subject of thorough
investigation and three of its members have been cloned and shown to play an important role in amino
acid transport in the kidney [44, 48, 67, 68].

B°AT1 (SLC6A19)
Following the mapping of Hartnup disorder to the tip of chromosome 5 (5p 15) [84], Broer’s group
focused on a region in the mouse genome (chromosome 13), syntenic with this Sp15 locus in humans, and
cloned a new member of the SLC6 family termed B’AT1/SLC6A19 [85]. The transporter has been further
characterized by flux studies and electrophysiological techniques [86, 87]. B’AT1 has been shown to be
the molecular correlate of the major apical neutral amino acid transport system B (see section “Specificity
of Transport”; Fig. 1; Table 1). It is a Na'-dependent but, unlike other SLC6 family members, C1~
-independent transporter [86]. B’AT1 is expressed in the apical membrane of early segments (S1, S2) of
the proximal (convoluted) tubule and intestinal microvilli [85, 88]. SLC6A19 has been identified as the
mutated gene in Hartnup disorder [89, 90] (see section “Neutral Aminoaciduria”).

An additional transporter, B°’AT2 (SLC6A15), which is functionally similar and sequence-related to
BYAT1, has been shown to transport branched-chain amino acids and proline and to be expressed in the
brain and the kidney [91]. Its exact function and localization, however, remain to be established.

XT2 (SLC6A18, B°’AT3, ROSIT)

XT2/SLC6A18 is a Na'- and Cl™ -coupled organic solute transporter in the rat kidney [92] which is
expressed in the luminal membrane of the late proximal tubule (S3 segment) [92-94]. SLC6A18 (B°AT3)
is closely related to B’AT1 [3, 95]. It transports neutral amino acids but prefers glycine and alanine
[96]. SLC6A18 knock-out mice show hyperglycinuria as well as decreased glycine transport in BBMV
derived from the kidney cortex of these mice [94], suggesting a role for this transporter in renal glycine
transport. B’AT3 appears to be the molecular correlate of the Gly system (see section “Specificity of
Transport”; Fig. 1; Table 1). The involvement of SLC6A18 in hereditary iminoglycinuria or isolated
glycinuria has been recently demonstrated [49, 97] (see section “Iminoaciduria and Glycinuria”).

IMINO (SLC6A20, SIT1, XT3)

IMINO/SLC6A20, which is the molecular correlate of system Imino (see section “Specificity of Trans-
port”), is a high affinity (low Km), Na"- Cl~-dependent transporter for proline, hydroxyproline, and other
N-methylated amino acids (but not glycine) [98, 99], and is expressed in the brush-border membrane of
the early and late proximal tubule and the intestine [88, 98]. The SLC6A20 gene has been shown to be
implicated in iminoglycinuria (see section “Iminoaciduria and Glycinuria”) [49, 97].
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Collectrin (Tmem?27) and angiotensin converting enzyme 2 (ACE2) are two homologous type
I membrane proteins which serve as accessory proteins for B’AT1, B’AT3, and IMINO/SIT1 and are
needed for their cell surface expression and proper transport function in the kidney and intestine [49,
100—102]. In the kidney, BPAT1 and B®AT3 interact with Tmem27, and in the intestine, ACE2 interacts
with B’AT1 [49]. Tmem 27 and B°AT1 colcalize in the apical membrane in S1 and S2 segments of the
proximal tubule [100]. Collectrin knock-out mice display decreased expression of B’AT1, B’AT3, and
SIT1 in the proximal tubular luminal membrane of these mice as well a massive general aminoaciduria
[100, 101]. Expression of collectrin in Xenopus oocytes and MDCK cells enhanced B°AT1-mediated
amino acid transport [100]. ACE2 knock-out mice have a more complex phenotype including cardiac
malfunction and glomerulosclerosis but display normal urine amino acid levels [49, 103]. These data
identify collectrin and ACE2 as regulators of renal amino acid reabsorption mediated by SLC6 trans-
porters in the kidney and intestine, respectively, and may shed further light on the molecular pathogenesis
of deranged amino acid transport in Hurtnup disorder and imminoglycinuria [102—-104] (see section
“Hereditary Aminoacidurias”).

The SLC3/SLC7 Family of Heteromeric Amino Acid Transporters (HAT)

The heteromeric amino acid transporters (HAT) are composed of a heavy subunit (SLC3; HSHAT) and a
light subunit (SLC7; LSHAT) which are linked by a conserved disulfide bridge [44, 105-108] (Fig. 3,
Table 2). The heavy subunit is essential for trafficking the transporter to the membrane whereas the light
subunit confers the transporter function [49, 108] (see later).

out

in

(3]

Fig. 3 Schematic representation of the heteromeric amino acid transporters (HAT). The heavy subunit of HAT (HSHAT: dark
gray) is linked by a disulfide bridge to the corresponding light subunit of HAT (LSHAT, light gray). The cysteine residues
involved in this bond (S—S) are located extracellularly, just after the transmembrane (7M) domain of HSHAT and in the
proposed extracellular loop 2 (EL2) of LSHAT. Loops and TM domains are simplified and not drawn to scale. See text for
details (Adapted with permission from Ref. [121])
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Table 2 Heteromeric amino acid transporters (HATS) operating in the renal tubule

Heavy subunit / light subunit

(HSHAT) / (LSHAT) Gene Amino acid transport system
4F2hc / y'LATI SLC3A2 /SLC7A7 y'L

4F2hc / y LAT2 SLC3A2/SLC7A6 y'L

4F2hc / LAT1 SLC3A2 /SLC7A5S L

4F2hc / LAT2 SLC3A2/SLC7A8 L

4F2hc / ascl SLC3A2/SLC7A10 asc

4F2hc / xCT SLC3A2/SLC7A1l X ¢

BAT / b* AT SLC3A1/SLC7A9 b "

The heavy (SLC3) and light (SLC7) subunits combine to form the heteromeric amino acid transporters. See text for details

LUMEN BLOOD

Lysinuric Protein
Intolerance

Cystinuria
Non-typel

:
' Dibasic @

' System . .
b0t Amino Acids

Cystine
Dibasic Amino
Acids

System
y'L

.

Cystinuria
Type I

)

Fig. 4 Transport pathways for cystine and dibasic amino acids at the luminal and basolateral membranes of a proximal tubular
cell. Large circles represent the heavy subunits and small circles the light subunits of the heteromeric amino acid transporters
b%" and y'L. Depicted are hereditary aminoacidurias caused by defects in these transporters (Modified with permission from
Ref. [194])

The SLC3 (rBAT/4F2hc; HSHAT) Family

To gain insight into the transport defect in cystinuria, research has focused on the molecular structure of
the family of carrier proteins responsible for transport of cystine and other dibasic amino acids. Several
groups have demonstrated the expression of cystine [109] and dibasic and neutral amino acid transport
systems [110—112] in Xenopus oocytes injected with mRNA of small intestine and kidney. In 1992 [113],
kidney cortex cDNA from rabbit [named rBAT] was cloned. Upon in vitro transcription to cRNA and
injection into oocytes, it induced system b’", the Na"-independent transporter for neutral amino acids,
dibasic amino acids, and cystine (see section “Specificity of Transport”; Figs. 1 and 4; Table 1). The
predicted protein for rBAT was shown to be a type II glycoprotein that demonstrated significant homology
with a family of the carbohydrate-metabolizing enzymes a-glucosidases. Similarly, cRNA from the
human 4F2 heavy chain (4F2hc) surface antigen, a type II glycoprotein highly regulated at the onset of
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cell proliferation, stimulated system y'L amino acid transport (see section “Specificity of Transport”;
Figs. 1 and 4; Table 1) in Xenopus oocytes [114].

The predicted proteins for rBAT and 4 F2 heavy chain antigen (which show high structural similarity),
were found to contain only one putative membrane-spanning domain, an intracellular N-terminus, and a
large extracellular C-terminus ([24, 107]; Fig. 3). This structure, which is atypical of the known
membrane transport proteins, raised the possibility that these proteins function as activators of transport
systems y'L and b%" or as regulatory subunits of these transporters. The genes for the human rBAT
(SLC3A1) and 4F2hc (SLC3A2) were localized to chromosomes 2p21 [115, 116] and 11q12.3 [107],
respectively.

In situ hybridization and immunolocalization studies have localized rBAT mRNA expression in the
brush-border membrane of the proximal straight tubule (S3 segment) and the small intestinal mucosa
[117, 118]. In contrast to rBAT, 4F2hc mRNA is almost ubiquitous with marked expression in kidney,
where it localizes to the basolateral membrane of proximal tubular cells [24]. Studies from several
laboratories have demonstrated that both rBAT and 4F2hc constitute heavy subunits of heteromeric
amino acid transporters (HSHAT) [119-121]. These studies showed that rBAT (90 kDa) and 4F2hc
(85 kDa) associated by disulfide bridges with a light subunit (40 kDa) forming a heterodimeric complex of
125 kDa ([107, 121, 122]; Fig. 3).

The SLC7 family (LSHAT)

The light subunit of rBAT, termed b%"AT, (SLC7A9), and the light subunit of 4F2hc, termed y " LAT-1
(SLC7AT7), which were identified in 1998—1999 [123—125], are members of the family of light subunits of
the heteromeric amino acid transporters (LSHAT) [105, 106, 121, 122]. To date, seven members of the
LSHAT family have been fully identified ([49, 108]; Table 2). Six SLC7 members (termed y LAT1,
y 'LAT2, LAT1, LAT2, ascl, and xCT) heterodimerize with 4F2hc whereas only one (b°"AT) associates
with rBAT ([49, 108]; Table 2). Research on the characteristics of LSHATs has revealed that they are
unglycosylated proteins, which contain 12 putative transmembrane domains, a structure that is charac-
terized by the so-called 5 + 5 inverted repeat fold (Fig. 2; see earlier), they need coexpression with the
corresponding heavy subunit to reach the plasma membrane, they confer the specific amino acid transport
activity to the heteromeric complex and, finally, all the amino acid transport activities associated with the
LSHATs behave as amino acid exchangers [44, 105, 108, 121, 122, 126—128]. In the kidney, the apical
membrane-bound system b (induced by rBAT and b*"AT; Figs. 1 and 3) acts as tertiary active exchange
mechanism of tubular reabsorption of dibasic amino acids and cystine. This tertiary transport mechanism
is linked to a high intracellular concentration of neutral amino acids (Fig. 1). System b%"-mediated efflux
of neutral amino acids from renal epithelial cells is the driving force for cystine and cationic amino acid
reabsorption from lumen to cell [120, 129, 130] (Fig. 1). Reabsorption of cystine and cationic amino acids
is also favored by the intracellular negative membrane potential and by the reduction of cystine to cysteine
(Fig. 1) [120, 130]. The basolateral membrane-bound system y L (induced by 4F2hc and y LAT-1;
Figs. 1 and 4) mediates an electroneutral exchange mechanism in which efflux of cationic amino acids
(against the intracellular negative voltage) is enhanced by the influx of neutral amino acids in the presence
of Na™ (Fig. 1) [120, 130]. The tissue distribution of rBAT/b% AT and 4F2hc/y 'LAT-1 and their role in
renal uptake of cystine and dibasic amino acids made them candidates for the defective genes in cystinuria
and lysinuric protein intolerance, respectively (see section “Cationic Aminoaciduria”).

The family of LSHATs includes, among others, the light subunits LAT-1(SLC7A5) and LAT-2
(SLC7AS) that combine with 4F2hc (SLC3A2) to form the L system (see section “Specificity of
Transport”; Fig. 1; Tables 1 and 2). The 4F2hc/LAT?2 transporter is an obligatory exchanger found in
the basolateral membrane of the intestine and the kidney proximal tubule [131]. The transporter has a
broad substrate specificity including all neutral amino acids except proline [132]. A study using the
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proximal tubular cell line, OK, has demonstrated that 4F2hc/LAT2 mediates basolateral efflux of
L-cysteine [133]. This finding suggests that this transporter may play an important role in exchanging
intracellular cysteine for extracellular neutral amino acids thereby participating in the transepithelial flux
of cysteine in the proximal tubule [2, 6].

Two additional members of the LSHATS include ascl (SLC7A10) [134] and xCT (SLC7A11) [135]
both of which combine with the heavy subunit 4F2hc (SLC3A2) to form the basolateral membrane-bound
amino acid transport systems asc and X ¢, respectively (Table 2). 4F2hc/ascl is expressed in the loop of
Henle, distal tubule and collecting duct, but not in the proximal tubule [136], where it functions as a Na'-
independent exchanger of small neutral amino acids, thereby contributing to the nutritional supply and/or
osmotic adaption of kidney cells [2, 136]. 4F2hc/xCT is a Na'-independent exchanger for anionic amino
acids that is expressed in plasma membrane of various cells including kidney cells [135, 137]. Cystine/
glutamate exchange mediated by this transporter plays an important role in controlling the intracellular
level of glutathione which protects the cell against oxidative stress [137]. These two biologically
important transporters do not appear to be involved in reabsorbing the bulk of amino acids in the proximal
tubule.

The SLC7 Family [the Cationic Amino Acid (CAT) Transporters and LSHAT]

The SLC7 family is divided into two subgroups: 1. Cationic amino acid transporters (CAT; SLC7A1-4)
[105, 108, 138] (discussed in this section), and 2. The amino acid transporters (SLC7AS5-11) which
constitute the light subunits of the heteromeric amino acid transporters (LSHAT) [105, 106, 108]
(discussed in the previous section).

The CAT genes were the first mammalian amino acid transporters cloned [47, 138]. Expression studies
in Xenopus oocytes identified the ecotropic murine leukemia virus as the ubiquitous y' system (now
called CAT1; SLC7A1), a Na'-independent transport system that accepts dibasic amino acids and
excludes cystine [139, 140]. In addition, it catalyzes transport of neutral amino acids only in the presence
of Na' [24] (Fig. 1). Northern hybridization analysis revealed the CAT1 gene in various mouse tissues
including the kidney [139]. Since then, four other homologous murine cDNAs have been found to express
a similar y" system amino acid transport activity, namely CAT2A, CAT2B, CAT3, and CAT4 (SLC7A2-
4), which are not expressed in the kidney [24, 47, 138, 141]. The CAT transporters allow accumulation of
cationic amino acids within the cell for general metabolic purposes. CAT-mediated arginine flux into cells
plays a role in modulating nitric oxide synthesis in various cell types including kidney cells [108, 138,
141, 142]. The CAT1 cDNA predicts a 629 amino acid protein with 14 membrane-spanning domains and
a molecular mass of 68,000 Da.

The SLC 16 (TAT) Family (the Aromatic Amino Acid Transporters)

The aromatic amino acid transporter TAT1 (SLC16A10), which was cloned in 2001 [143], is the
molecular correlate of system T (see section “Specificity of Transport”) [144]. It is a member of the
SLC16 family of monocarboxylate transporters [144]. TAT1, which is a protein of 534 amino acids with
12 transmembrane domains, is expressed in the basolateral membrane of the proximal convoluted tubule
[145] and functions as an electroneutral, Na'- and H -independent facilitative diffusion (uniport) system
mediating efflux of aromatic amino acids across the basolateral membrane [144] (Fig. 1). Recent studies
in Xenopus oocytes [146] and TAT1-defective mice [147] have provided evidence that TAT1 can also
control neutral amino acid efflux via the neighboring exchanger 4F2hc-LAT2 by recycling the aromatic
influx substrates of the exchanger.
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The SLC36 Family (Proton—Coupled Imino Acid Transporters; PAT)
The SLC36 family comprises several, proton-coupled amino acid transporters operating in the lysosomal
and plasma membrane of cells [2, 148, 149]. The first member of the SLC36 family, SLC36A1, was
identified independently as a lysosomal amino acid transporter (LYAAT1) in rat brain responsible for the
export of lysosomal proteolysis products into the cytosol [150] and as a proton-amino acid transporter
(PAT1) responsible for amino acid absorption in the gut [151, 152]. It is also expressed in the liver and
kidney. An additional member of the PAT family, PAT2, with significant sequence homology to PAT1 has
been identified in the kidney (Fig. 1; Table 1) as well as in lungs, heart, testis, and muscle [151, 153].

The proton-amino acid transport activities of PAT1 and PAT2 are electrogenic and operate with a
stoichiometry of 1:1 [44, 49, 151]. Both transport proline, glycine, alanine as well as GABA; however
PAT1 has much lower affinity (high Km) for its substrates than does PAT2 [49, 151]. The PAT1 protein
was found apically in small intestinal Caco-2 cells [154] and intracellularly in subapical membrane
regions in proximal tubule cells [96]. PAT2, however, is expressed in the apical membrane of the S1
segment of the proximal tubule but not in the intestine [149]. PAT1 (SLC36 Al) appears to be the major
shared imino acid/glycine carrier expressed in the brush-border membrane of the small intestine, whereas
PAT?2 corresponds to the H' gradient-driven proline [4] and glycine [5] transport demonstrated in renal
BBMV [6, 44, 48]. The structure of PAT1 and 2 adopts the same 5 + 5 inverted repeat fold as SLC6 and
SLC7 (Fig. 2; see earlier). It is noteworthy that the H" gradient (luminal > intracellular) necessary for
PAT1 and PAT2-mediated amino acid transport into the epithelial cell is likely generated by the activity of
the Na'/H" exchanger operating in the luminal membrane [6, 148].

PAT2 (SLC36A2) has been shown to be the primary transporter mutated in iminoglycinuria (see section
“Iminoaciduria and Glycinuria”) [49, 97].

The SLC 38 (SNAT) Family (Na" -Amino Acid Cotransporter)

The SLC38 (SNAT) family comprises 11 transporters which are found in all cell types of the body [155,
156]. The SLC38 transporters are the molecular correlates of system A and system N activities (see
section “Specificity of Transport”) and are particularly expressed in cells that carry out significant amino
acid metabolism such as liver, brain, and kidney ([155, 156]; Fig. 1). The structure of the SLC38
transporters is characterized by the 5 + 5 inverted repeat fold which is also observed in SLC6, 7, and
36 transporters (Fig. 2; see earlier).

The system A subfamily includes SNAT1 (SLC38A1), SNAT2 (SLC38A2), and SNAT4 (SLC38A4)
subtypes, of which only the latter two are expressed in the kidney ([2, 156]; Table 1). System A transports
small neutral amino acids (in particular alanine, serine, and glutamine) in an electrogenic and pH-sensitive
mode with a Na": amino acid stoichiometry of 1:1 [156]. SNAT3 is expressed in the medulla and, to a
lesser extent, in the cortex of the kidney [157] and is upregulated by amino acid deprivation [158]. SNAT2
and SNAT4 most likely localize to the basolateral membrane to provide amino acids to renal cells [3]
(Fig. 1).

The system N subfamily includes, among others, SNAT3 (SLC38A3) and SNATS (SLC38A5) both of
which are expressed in the kidney ([2, 156]; Table 1). Substrates for system N include glutamine,
asparagine, and histidine [2]. SNAT3 operates with coupling stoichiometry of 1 Na':1 glutamine in
exchange for 1 H' [159]. It is expressed in the basolateral membrane of the late (S3 segment) proximal
tubule [160] (Fig. 1). Several studies have demonstrated a marked induction in renal SNAT3 mRNA level
[32, 161, 162] and increased uptake of glutamine (NH4 precursor) by renal cortical membrane vesicles
[161] of acidotic rodents, providing evidence that this transporter plays an important role in the renal
adaptive response to metabolic acidosis.
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Future investigations into the molecular and biochemical characteristics of this expanding group of
cloned amino acid transporters may yield important insight into the inherited human diseases that result
from a defective transport of amino acids (see section “Hereditary Aminoacidurias”).

Maturation of Tubular Amino Acid Transport

Urinary fractional excretion of almost all amino acids in humans [163] and animals [8] is higher in the
newborn than later in life. A very high rate of urinary amino acid excretion is found in immature, very-low
birth weight infants [164]. Some amino acids, including glycine, alanine, proline, dibasic amino acids,
and taurine [8, 164], have been shown to contribute more to neonatal aminoaciduria than other amino
acids. Theoretically, a structural, quantitative, or regulatory change in any one of the membrane-related
events depicted in Fig. 1 may underlie the diminished reabsorptive capacity of the renal tubule during
early life [8, 9].

Several studies explored the maturation of the first step of amino acid reabsorption, namely transport
across the brush-border membrane. A gradual age-related increase in Na -coupled uptake of taurine [165]
and proline [166] by rat renal BBMV and of cystine by isolated dog renal cortical tubules [167] has been
demonstrated. Whereas the maturation of proline transport involved an increase in affinity (decrease in
K., of transport [166], the maturation of cystine transport was associated with an increase in capacity
(increased V ,ay) of transport [167].

Studies using cortical slices and isolated tubules from several species have provided evidence for an
impaired basolateral membrane exit step of amino acids from immature tubular cells [8]. Decreased Na'-
dependent taurine transport has been demonstrated in basolateral membrane vesicles from hypertaurinuric
mice [168].

Alterations in phospholipid composition have been documented during rat tubular brush-border
membrane maturation [8], suggesting that changes in membrane fluidity may account for the observed
maturational changes in Na'-linked tubular amino acid transport. In addition, an increased permeability to
Na' [166] and an enhanced amiloride-sensitive Na'-H" exchange activity [169] have been demonstrated
in neonatal rat renal BBMV. This alteration in ionic permeability and the increased luminal membrane
Na'-H" antiport (coupled with a diminished Na"™-K"-ATPase activity known to exist in the basolateral
membrane of the neonatal proximal tubular epithelium [170]) may result in a rapid dissipation of the
electrochemical Na“ gradient necessary for Na -amino acid cotransport, thereby contributing to the
aminoaciduria of early life [166, 169].

Protein kinases modulate renal tubular amino acid transport (see above). Several studies [40, 171]
demonstrate higher activity of PKC and CaMK II in the cytosol and the brush-border membrane derived
from immature kidneys than in adult kidneys. Furthermore, the studies provide evidence for differential
regulation of PKC [171] and CaMK II [40] isoenzymes during kidney development. Age-related changes
in the activity and expression of protein kinases may underlie the developmental changes in tubular
reclamation of amino acids and other solutes.

As indicated earlier, (see section “Specificity of Transport”), proline and glycine reabsorption in the
proximal tubule occurs predominantly by a shared low-affinity/high-capacity transport system in the
proximal convoluted tubule (likely PAT2/SLC36A2) as well as by two specific, high-affinity/low-
capacity systems located in the proximal straight tubule, one for proline (likely IMINO/SLC6A20) and
one for glycine (likely XT2/SLC6A18) [1, 2, 11, 48]. Lasley and Scriver studied infants affected with
familial renal iminoglycinuria to explore the ontogeny of proline and glycine reabsorption in the renal
tubule [172]. In iminoglycinuria the shared transport system for proline and glycine (possibly PAT2),
which normally seems to be the dominant transporter for these amino acids in the proximal tubule of the
newborn, is affected by mutation [97] (see section “Iminoaciduria and Glycinuria”). Using the occurrence
of ontogeny and transport defect together, Scriver’s group provided evidence for the appearance of the
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two specific high-affinity transport systems in succession, the proline transporter (possibly IMINO) by
3 months of age and the glycine transporter (possibly XT2) by 6 months of age [172]. Similarly, earlier
studies on glycine and proline transport in rat renal cortical slices [8] showed that the specific high-affinity
transporters were not present at birth yet appeared when amino acid reabsorption reached adult levels.
Also, delayed expression of XT2/SLC6A18, IMINO/SLC6A20, PAT2/SLC36A2 as well as of B°AT1/
SLC6A19 was recently demonstrated in developing mouse kidney [96].

In summary, hyperaminoaciduria is a characteristic of the immature mammalian tubule. Although the
mechanisms governing the developmental changes in tubular amino acid transport have not been fully
established, evidence has accumulated that both luminal and antiluminal membrane-related events as well
as various biologic signals are involved in the maturation of amino acid transport. Transport maturation of
amino acids such as proline and glycine has been shown to represent acquisition of new transport systems
[96, 172]. Further studies into the molecular structure of amino acid transporters will undoubtedly shed
more light on the mechanisms underlying the development of tubular amino acid reclamation.

Hereditary Aminoacidurias
Aminoacidurias are a group of disorders in which a single amino acid or a group of amino acids are
excreted in excess amounts in the urine. The defective tubular reabsorption is assumed to result from a
genetic defect in a specific transport system that directs the reabsorption of these amino acids under
normal conditions. Some of these disorders also involve a similar transport abnormality in the intestine.
As opposed to inborn errors of amino acid metabolism, in which plasma levels of amino acids are
elevated, resulting in overflow aminoaciduria, plasma levels of amino acids in hereditary aminoacidurias
are largely normal.

The aminoacidurias are generally categorized into five major groups according to the group-specific
transport pathway presumed to be affected (Table 3). The groups are further subdivided into several
disorders, based on the profile of the affected amino acids within that group (Table 3; Fig. 1).

Cationic Aminoaciduria

Five distinct inborn errors of cationic amino acid transport have been identified: (a) classic cystinuria,
(b) isolated cystinuria, (c) hyperdibasic aminoaciduria, (d) lysinuric protein intolerance, and (e) isolated
lysinuria. These diseases differ in defined or putative transport systems affected, pathophysiology, organs
involved, and clinical features. Classic cystinuria is the prototype for this group of hereditary
aminoacidurias.

Classic Cystinuria Cystinuria is a disorder of amino acid transport characterized by excessive urinary
excretion of cystine and the dibasic amino acids lysine, arginine, and ornithine. The pathogenic mech-
anism of cystinuria is defective transepithelial transport of these amino acids in the proximal tubule and
the small intestine [173, 174]. The very low solubility of cystine in the urine results in cystine stone
formation in homozygous patients. Lysine, arginine, and ornithine do not form urinary stones. Urinary
cystine calculi may produce considerable morbidity including urinary obstruction, colic, infection, and in
severe cases, loss of kidney function. Cystinuria accounts for 1-2 % of all urolithiasis and 6-8 % of
urolithiasis in children [175, 176]. The defective gastrointestinal transport of cystine and dibasic amino
acids in cystinuria does not result in intestinal disease.

The disease was first recognized in 1810 by Wollaston [177] and later by Berzelius [178], who called
the stones "cystic oxide" and "cystine," respectively, assuming that the stones they analyzed originated in
the bladder. In 1908, Garrod [179] postulated that cystinuria was an inborn error of cystine metabolism. In
the 1950s, Dent and Rose [180] first recognized the true nature of the disease, suggesting that cystine and
the dibasic amino acids lysine, arginine, and ornithine that have structural similarity (two amino groups

Page 15 of 52



© Springer-Verlag Berlin Heidelberg 2014

DOI 10.1007/978-3-642-27843-3_33-1

Pediatric Nephrology

00605¢

00S¥¢eC

00L¢CCT

069¢CCT

00C8¢T

816009

0010¢C

‘ou
ININO

aursAul
“Aupry]

aursaul
‘Aupry

aunsaul
“Aoupry]

souoq
‘s3uny

‘Qunsaur

“Adupry]

aursAuT
“Aupry]

Koupry

Qunsaul
‘Koupry

poAJOAUL

sue310

UoEepIL)aI [eJudU

‘soInzios ‘ewdpy popodar saseo g

Sassau[1
oweryoAsd
‘eIxeje Ie[[9qaIad
‘yser unys

uonepIe)l
[eIusW ‘saInZzIos
QALY 03 2InjIe]

BWOD ‘SAINZIAS
‘erwrouowruerodAy
QALIY) 0) dIn[Ie]
‘uonInuew
urd101g

UOTEpIeIdI [BJUSIN

udruag

SISeryIoIN

SUOI}e)SIJIUR
[BIIUID)

000°0C:1

payodar
juaned |

(puerurg)
000°09:1

poyodar
Saliue) ¢
payodar
S3uIqIs

000ST-1—000L:1

90uUo[BARI]

av

qav

av

qav

av

av

(eouenauad
ojodwoour)

av

qv

QouB)LIOYUL
JO 9POJN| UONEZI[BO0T]

ndad

nWdd

(&) wag

W14

nWdad

JARSES

JAKSES

ndgad

109J9p JO

QUIUOIYION
ourgeredse
‘ourwein|3

‘aurpnsiy
‘ueydoyd4An
QuIS014]}
ouruepejAuayd
‘QUIONJ[OSI
‘Qurond|

QUITBA ‘QUIUOAIY)
‘QULIdS ‘QuIUR[Y

oursA

ouIy)IuIo
‘Qurudre ‘QuIsA|

ouIy)IuIo
‘Qurudre ‘OuIsA|

auns£)
QuIyIuIo

‘Quruigie
‘QUISAT ‘QunsA)

Pajoaxge sproe
ourwe [enpIAIpU]

QUIUOIYIN

(sproe ourure-o
OIAX0qIBO0uOW
ourureOUOw

‘fennau) g

(¢) oursAT

(1,4 30 yunqns
W3 1-Lv 1K

sproe

ourwe o1seqI(y

auns£)

(,+09 Jo nunqns
WS IV,
((+09 J0 yunqns
Aaeay) Vgl

9ATIORJOp

w)SAs yodsuen

ploe ourury

¢es1ds 61V9DTIS

I1byr  LVLOTS

1'€1b61

1'€1bel

¢91dg

Niblg| ua3d

BLINUTUOIYIN T

oseasI(q
dnuprey -1
vLINpREOUIWY [e.ndN ‘I1

BLINUISA]
Pa1e[os] °¢

(11 2dAL
BLINPIOBOUIIE
o1seqrpiod£AH)
JoURIS[OJUT
urojoxd
OLINUISAT
19dAL
BLINPIOBOUTIIER
aiseqrprodAy ‘¢
eLINUNSAD

6VLITIS Pa31e[0ST "

6VLOIS [ 2d&)-uoN

IVEDTS [2d4L

eLINUN
-sKo a1sse) °|
eLInpReouruy duone)) °|
JIopIosi(q
QAIRJ

SeLIpIoeoule AIe)IpAIoH ¢€ d[qe],

Page 16 of 52



© Springer-Verlag Berlin Heidelberg 2014

DOI 10.1007/978-3-642-27843-3_33-1

Pediatric Nephrology

(wrwo/A03 yru-wu-1gou'mmm//:dny Je oseqeiep) UBJAl Ul SOURILISUU] URI[OPUIIA SUIUQ),
JUBUIIIOP [BWOSOINE (7} DAISSO0I [BUIOSOINE Y} ‘OUBRIQUISW [BISIR[OSEq Jy7q ‘QUeIqUIdW JOpIoq Ysniq gq

(dsnown) eLINpRE

Koaupry| ugruog AV () IN19 Juune],  SpIoe ourwe-( -ourure-¢ ‘A
(uerpeue)

ounsaur -youary) ojeyredse (sproe ourwre (§IVVHd) euLnpnReouruy
0cLTTe  “Aoupry ugruog 000°6C:1 av wdag ‘eweny  o1poe) OV_xX  prbg  TVIDTIS dMAX0qIedI( Al
pajiodax (¢) (1) BLINUIOATS
00581 Adupry ugruog Sr[Iwe) g av wdag QuIAID ouAD ¢¢61ds  81V9DTS Paje[os] T

(ONIAD

oundA[S ¢'1zde 0TV9DTIS
ounsaur ‘ourjoid-Axo1pAy QuIdA[3 (z1vd) BLINUIOALS
009CHT  “Aoupry| uSruog 000°ST:1 av wdad ‘durjoid pue ‘spoe ourw] ['¢ebg TVIEDTS -ourwy ‘|
BLINUIIALD) 29 BLINpOROUIW] “[I]

unsaul

0€85€C  ‘Aoupry] uonepIeldl [EJUS]N  spodar sosed av wdad ouIpnSIH ouIpnSIH BLINUIPYSIH ¢

Page 17 of 52



Pediatric Nephrology
DOI 10.1007/978-3-642-27843-3 33-1
© Springer-Verlag Berlin Heidelberg 2014

separated by four to six chemical bonds) share a carrier protein in the brush-border membrane of the renal
tubule and the small intestine. They postulated that this transport mechanism was defective in cystinuria.

Transport Defect Normally 1 % of the filtered cystine and dibasic amino acids is excreted. In classic
cystinuria, cystine clearance may be near or equal to the glomerular filtration rate (GFR). Lysine and
ornithine clearance is 30-80 % of the GFR, and arginine excretion is less abnormal [176].

Dent’s postulate about a defective shared transport system for cystine and dibasic acids in cystinuria
was challenged by transport studies in kidney slices from cystinuric patients [181], and by the reports of
isolated cystinuria [182], isolated dibasic aminoaciduria [183], and isolated lysinuria [184], suggesting
the existence of specific transport systems for these amino acids. Furthermore, the occurrence of several
transport systems for cystine and dibasic amino acids was supported by the observations of Brodehl [163]
and Scriver [185] that tubular reabsorption capacity matures at different rates for different amino acids.

Subsequent studies using isolated cortical tubules and BBMV [17, 18, 186], however, have clarified the
picture by providing evidence for three brush-border membrane-bound and two basolateral membrane-
bound carrier systems for cationic amino acids in the kidney. Transport at the brush-border membrane
occurs by a system shared by cystine and the dibasic amino acids, a system specific for cystine, and a
system specific for dibasic amino acids. It is the shared high-affinity, low-K,, system located in the S3
segment of the proximal tubule and identified as system b”" (see section “Specificity of Transport™;
Figs. 1 and 4), that is defective in classic cystinuria. The low-affinity, high-K,,, unshared cystine system,
and the low-affinity, unshared dibasic amino acid system, both located in the S1-S2 segments of the
proximal tubule, have remained unidentified at the cellular/molecular level. The antiluminal membrane
harbors two specific systems, one for dibasic amino acids identified as system y'L (see section “Spec-
ificity of Transport”; Figs. 1 and 4), and one for cystine, but no shared system. These transport
mechanisms mediate uptake and efflux of these amino acids across the basolateral membrane. The
brush-border membrane of the intestinal cell has a single high-affinity, low-K,,, shared b*" transport
system for cystine and dibasic amino acids that is defective in classic cystinuria. Like kidney cells,
intestinal cells have two basolateral membrane-bound, unshared specific transport systems, one (system
y'L) for dibasic amino acids and one for cystine [2, 3]. The basolateral membrane-bound y'L transporter
for dibasic amino acids in the kidney and the intestine is defective in lysinuric protein intolerance (see
section “Lysinuric Protein Intolerance”). Amino acid transport in parenchymal cells and leukocytes from
cystinuric patients is not impaired [2, 3] because the defect is not expressed in the plasma membrane of
these cells.

Genetics Classic cystinuria is inherited in an autosomal-recessive fashion. It is a common disorder with
an overall prevalence of 1:7000 to 1:15,000 and estimated gene frequency of 0.01 [173]. A very high
prevalence, 1:2500, is observed in Israeli Jews of Libyan origin [187].

Although it is a recessive disease, phenotypic heterogeneity in homozygotes and heterozygotes is
evident. The excretion patterns of cystine and dibasic amino acids in heterozygotes have delineated the
traditional classification into three cystinuric subtypes [188]. In type I, the most common phenotype,
heterozygotes have normal urinary amino acid excretion. In type I, heterozygotes have high excretion of
cystine and dibasic amino acids. Type III heterozygotes have excretion rates intermediate between the
other two. The three subtypes were considered to be allelic, namely mild, moderate, and severe mutations
at a single cystinuria gene locus [16]. However, Goodyer et al. [ 189] first provided evidence that type I and
type III cystinuria mutations might involve two distinct genetic loci. This was demonstrated by the finding
that type I/IIl compounds excreted less cystine than type I/l probands, although type III/N heterozygotes
excrete higher levels of cystine than their type I/N counterparts. These findings could be explained by
genetic complementation between nonallelic cystinuria genes. Subsequent genetic studies have supported
this hypothesis (see later — Molecular Genetics) and have resulted in a revision of the above classification
of cystinuria to type I (OMIM # 220100) and non-type I (OMIM # 600918) [173] (Table 3). While type
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I cystinuria is inherited as a fully recessive trait with heterozygous parents unaffected, type II and type III
(collectively now termed non-type I) subtypes lead to a variable degree of urinary hyperexcretion of
dibasic amino acid in obligate heterozygotes and thus can be considered autosomal dominant diseases
with incomplete penetrance [173].

Renal ontogeny has important implications for genetic counseling in cystinuria. This was demonstrated
by Scriver’s finding that heterozygous infants under 6 months of age who have immature tubular function
can excrete cystine and dibasic amino acids at levels equivalent to those found in homozygous adults
[185]. Urinary excretion of these amino acids decreased steadily with age, to reach the variant parental
value in heterozygous infants, but not in homozygotes. Hence, final classification of a cystinuric
phenotype should not be done before the age of 6 months.

Molecular Genetics The identification and characterization of the rBAT/SLC3A1 gene (see section
“Molecular Structure of Amino Acid Transporters”; Tables 1 and 2) have led to the speculation that a
defect in the human form of rBAT causes cystinuria. Pras et al. [190], using linkage analysis in
17 cystinuric families, demonstrated linkage between cystinuria and three genetic markers on chromo-
some 2p, providing strong evidence that SLC3A1 was indeed the gene causing the disease. Calonge
et al. [191] identified six specific mutations in the SLC3A1 gene that segregated with a cystinuria
phenotype thereby establishing the rBAT gene as the cystinuria gene (Fig. 4). To date, a total of
133 different rBAT mutations have been reported in patients with type I cystinuria [173]. These mutations
include nonsense, missense, splice site, frameshift mutations, as well as large deletions and chromosome
rearrangements [173, 192]. An exhaustive mutation analysis on 164 probands of the International
Cystinuria Consortium (ICC) identified 90.5 % of the affected alleles in type I cystinuria patients
[192]. Defective transport of cystine and dibasic amino acids has been demonstrated for many of these
mutations when expressed in Xenopus oocytes [120]. The most commonly occurring mutation is
methionine 467 to threonine (M467T), which causes a defect in trafficking to the plasma membrane
[193, 194]. This trafficking defect, which has also been demonstrated for other rBAT mutations [195,
196], is consistent with the proposed role of rBAT as a chaperon of the corresponding light subunit in the
heteromeric amino acid transporter [197]. To date, no SLC3A1 mutations have been found in non-type
I patients [173, 192, 198]. A mouse model homozygous for the rBAT mutation D140G, which displays
type I cystinuria with urolithiasis, has been reported [199].

In 1997 Wartenfeld et al. [200] and Bisceglia et al. [201] demonstrated that cystinuria type III (and
possibly also cystinuria type II) is linked to a locus on chromosome 19q13.1. Subsequently, the ICC [202]
identified the gene SLC7A9 which encodes the 487 amino acid protein b* AT that belongs to the family
of light subunits of amino acid transporters (see section “Molecular Structure of Amino Acid Trans-
porters”; Tables 1 and 2). The gene localized to the non-type I cystinuria 19q locus. Cotransfection of
b%"AT and rBAT in COS cells resulted in trafficking of rBAT to the plasma membrane and induced
L-arginine uptake by cells. SLC7A9 mutations were found in Spanish, Italian, North American, and
Libyan-Jewish cystinuria patients [202, 203]. Mutation G105R is the most frequent SLC7A9 mutation in
the ICC cohort of patients [106]. The mutation in Jews of Libyan origin is valine 170 to methionine
(V170M), which leads to complete loss of b® AT amino acid uptake activity when cotransfected with
tBAT in COS cells. To date, over 95 different b® AT mutations have been identified in non-type
I cystinuria patients [173]. These mutations have explained 87.6 % of the alleles in non-type I cystinuria
patients in the ICC study [192]. The unexplained alleles in non-type I (and type I) patients might be due to
mutations outside the open reading frame of the SLC7A9 (and SLC3A1) genes (intronic or promoter
regions), or due to mutations in unidentified genes [173]. Alternatively, partially inactivating
(hypomorphic) SLC7A9 polymorphisms may contribute to the cystinuria phenotype [204, 205]. Two
patients with I/III phenotype had a dual mutation in both SLC3A1 and SLC7A9, suggesting the existence
of digenic form of the disease [192, 202].
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Although most heterozygotes for SLC7A9 mutation show type II or III trait, a minority (about 15 %)
have type I phenotype [192, 206]. Moreover, mutations in SLC7A9 have been shown to cause all three
phenotypic subtypes [207]. These data, indicating the lack of a direct relationship between the mutated
cystinuria gene and the type of cystinuria, have prompted the ICC to introduce an additional classification
of cystinuria subtypes based on genotype rather than phenotype. This new classification includes: Type
A — due to two mutations on SLC3AT1 on chromosome 2; Type B — due to two mutations on SLC7A9 on
chromosome 19; and type AB with one mutation on each SLC3A1 and SLC7A9 (compound heterozy-
gote) [173]. The ICC has reported that type A, type B, and type AB account for 38 %, 47 %, and 14 % of
cystinuria patients in their registry [106, 192].

Similar to the human disease, the SLC7a9 knock-out mouse displays non-type I cystinuria with
urolithiasis [208]. This mouse model (and the cystinuria type I mouse model [199]) may prove to be
very important tools in exploring the pathophysiology of cystinuria, the various factors influencing the
formation of cystine stones and the efficacy of therapy [209].

Jaeken et al. described an autosomal recessive disorder, hypotonia-cystinuria syndrome, characterized
by generalized hypotonia at birth, failure to thrive, growth retardation, and cystinuria type I [210]. The
syndrome is caused by microdeletions of SLC3A1 and a prolyl oligopeptidase-like gene (PREPL) which
are adjacent on chromosome 2p21 [210]. Several similar disorders have been described in which type
I cystinuria is associated with hypotonia-related syndromes due to the combined deletion of SLC3A1 and
contiguous genes [211-213].

Diagnosis and Clinical Features The simplest diagnostic test is the microscopic examination of the
urinary sediment of a freshly voided morning urine [174, 175]. The presence of typical flat hexagonal
cystine crystals is diagnostic. Acidification of the urine precipitates cystine crystals and may improve the
yield of the test. The best screening procedure is the cyanide-nitroprusside test [175]. A positive reaction
occurs with as little as 75-125 mg cystine per gram of creatinine, which is well below that of homozy-
gotes, who excrete at least 250 mg/g creatinine. Some heterozygotes may also be detected by this
procedure [176]. The test is not specific and may detect acetone or homocystine as well. The definite
test is a measurement of urine cystine and dibasic amino acid concentration by ion exchange chroma-
tography. The upper limits of normal are 18, 130, 16, and 22 mg/g creatinine for cystine, lysine, arginine,
and ornithine, respectively [176]. In establishing the diagnosis of classic cystinuria, it is important to
exclude other conditions associated with increased urinary cystine excretion, including isolated cystin-
uria, tubular immaturity in young infants, generalized aminoaciduria (Fanconi syndrome), and organic
acidemias [175, 176].

The disease usually presents with renal colic. Occasionally, infection, hypertension, or renal failure
may be the first manifestation [174, 175]. Cystinuria occurs with equal frequency in males and females,
but males are more severely affected because of a greater likelihood of urethral obstruction in the male.
Clinical manifestations usually occur in the second and third decades of life, with a 62 % probability of
stones by age 25 years [214]. Most patients have recurrent stone formation. However, not all patients with
cystinuria-causing SLC3A1 and SLC7A9 mutations develop urinary calculi throughout their life and, in
stone formers, substantial variability exists in the age of onset of the lithiasis [173, 215]. In addition to
environmental factors such as dietary intake of fluid, salt and protein, the genetic background of the
patient and unknown modifier genes are likely to contribute to stone formation [173, 215]

Cystine stones are radiopaque because of the density of the sulfur molecule, and on a roentgenogram,
they appear smooth. Occasionally, they form staghorn calculi. Cystine also may act as a nidus for calcium
oxalate so that mixed stones may be found [216]. Factors contributing to mixed stone formation in
cystinuria include alkalinization of urine and urinary tract infections.

Cystinuric patients who receive a kidney transplant have normal urinary cystine and dibasic amino acid
excretion following transplantation [217, 218].
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Treatment Cystine crystalluria occurs when the cystine content of the urine exceeds 300 mg/L at pH 4.5
to 7. Cystine solubility increases sharply at a urine pH above 7 [174]. The major therapeutic approaches to
cystinuria are designed to increase the solubility of cystine, reduce excretion of cystine, and convert
cystine to more soluble compounds [173, 174]. Therapies used in the management of cystinuria include
the following:

* Increased oral fluid intake to increase urine volume and cystine solubility. Because cystinuric patients
excrete 0.5—1 g cystine/day, intake of 3—4 L could be required to keep the urinary cystine concentration
below 300 mg/L. Patients should develop a 24-h schedule for drinking and voiding, with particular
attention to nighttime hours, when urine may become supersaturated with cystine. Water should be
taken at bedtime and whenever the patient awakens at night. Rigid adherence to fluid therapy is
effective in approximately 70 % of patients [174, 175].

* Oral alkali in addition to high fluid intake to further increase cystine solubility in the urine [176]. A
urine pH of 7.5 to 8 can be maintained by the provision of 1-2 mEq/kg per day of bicarbonate or citrate
in divided doses. Because high sodium intake increases cystine excretion (see below), potassium citrate
is preferred [176]. Because urine alkalinization may result in formation of mixed calcium-containing
stones, adherence to high fluid intake is crucial.

» Dietary therapy to reduce cystine production and excretion. Studies examining the effect of dietary
restriction of methionine (a metabolic precursor to cystine) on urine cystine excretion have yielded
variable results [176]. Also, diets low in methionine (contained in animal proteins) are very difficult to
follow and may be harmful to growing children. Therefore, dietary methionine restriction is not
recommended [173, 176]. Urinary excretion of cystine and dibasic amino acids in cystinuric patients
has been shown to correlate with urinary sodium excretion [219, 220]. Hence, dietary sodium
restriction has been recommended as a safe approach to the treatment of cystinuria [173,
221]. L-Glutamine administered orally or intravenously in conjunction with low salt intake reduces
cystine excretion [219, 222], but this effect was not observed in patients receiving a normal salt diet
[223]. The mechanism of the anticystinuric effect of glutamine is unclear.

* Pharmacologic therapy to increase cystine solubility and decrease cystine excretion. The sulthydryl-
binding compound p-penicillamine (B-dimethylcysteine) leads to the formation of the mixed disulfide
penicillamine-cysteine following a disulfide exchange reaction. This mixed disulfide is far more water-
soluble than cystine. Hence, penicillamine acts by reducing cystine excretion as well as by permitting
the excretion of a more soluble compound. Penicillamine, given at a dosage of 1-2 g/24 h (30 mg/kg in
children), is highly effective and reduces urinary cystine excretion to under 200 mg/g creatinine
[224]. Unfortunately, penicillamine produces serious side effects in 50 % of patients [225]. These
reactions include rashes (including pemphigus), fever, arthralgia, nephrotoxicity (including nephrotic
syndrome in up to 30 % of patients, and rapidly progressive glomerulonephritis), pancytopenia, and
loss of taste. Penicillamine also increases copper and zinc excretion in the urine. The loss of taste may
be reversed by copper administration [176]. Pyridoxine metabolism may be impaired, and pyridoxine
supplementation should be provided for patients receiving b-penicillamine. Most of these side effects
revert to normal upon discontinuation of the drug. Because of the serious side effects, p-penicillamine
therapy should be reserved for patients unresponsive to conservative management, and stepwise dosing
is recommended [174]. p-Acetyl penicillamine, another anticystinuric sulfhydryl agent, has fewer side
effects than p-penicillamine. Mercaptopropionyl glycine (MPG), another agent undergoing a disulfide
exchange reaction, is as effective as p-penicillamine in the treatment of cystinuria [226]. MPG has the
same toxicity as D-penicillamine, but serious renal and hematologic reactions requiring cessation of
therapy are much less common with MPG [226]. Because of the lower incidence of side effects and
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because this compound can be used in patients who develop allergic reactions to p-penicillamine, MPG
is the pharmacologic agent of choice in the therapy of cystinuria [226, 227].

Several studies have examined the effect of captopril, an angiotensin-converting enzyme inhibitor, on
urinary cystine excretion in cystinuric patients [228-230]. This nontoxic sulfhydryl compound builds
highly soluble captopril-cysteine disulfides. Although a reduction in cystine excretion has been demon-
strated in some studies [228, 229], other studies [230] have failed to show an effect. Further studies are
needed to evaluate the efficacy of captopril therapy in cystinuria. It has been proposed that meso-1,
3 dimercaptosuccinic acid (DMSA), an additional compound forming disulfide linkage with cysteine,
might be a useful therapeutic agent in cystinuria [231]. The efficacy of this agent in cystinuria remains to
be established.

Ascorbic acid, which acts as a reducing agent to convert cystine to the more soluble cysteine, has been
suggested as a therapeutic modality in patients with cystinuria [227]. The results of the use of this
compound on a limited number of patients have been variable [176, 227]. Also, concerns have been raised
that ascorbic acid therapy in cystinuria is potentially lithogenic because of the hyperoxaluric and
hypocitraturic effect of this agent.

Several urologic procedures have been used to treat cystine stones:

* Chemolysis of stones by irrigation through a percutaneous nephrostomy. Successful dissolution of
stones has been achieved using N-acetylcysteine, b-penicillamine, a-MPG, and a very alkaline agent,
tromethamine [174, 176].

» Extracorporal shock wave lithotripsy (ESWL). This therapeutic modality has been only partially
successful because of the organic nature and the uniform crystal structure of cystine stones [173,
232]. Percutaneous ultrasonic lithotripsy has been somewhat more effective [233].

» Lithotomy. Surgical removal of stones is necessary only in rare patients with obstructing or infected
stones unresponsive to a more conservative approach.

In summary, the mainstays of therapy in cystinuria include hydration, alkalinization of the urine, and
dietary sodium restriction. Full compliance with this regimen results in significantly reduced urinary
cystine excretion and good long-term prognosis in most patients. Pharmacologic treatment with sulthy-
dryl agents should be reserved for patients in whom conservative therapy fails. Urologic intervention may
be indicated in selected patients.

Isolated Cystinuria Brodehl et al. [182] report two siblings who showed high urinary excretion rates of
cystine but normal dibasic amino acid excretion. The children did not develop renal stones. This report,
along with the detection of a similar abnormality in dogs [234], have led to the speculation that a separate
cystine transporter, not shared with dibasic amino acids, in the tubular brush-border membrane, was
defective in isolated cystinuria. However, a heterozygous b%" AT/SLC7A9 mutation (T123M) has been
recently demonstrated to underlie the isolated cystinuria in the family above [235], providing evidence
that isolated cystinuria belongs in the phenotypic spectrum of classic cystinuria.

Lysinuric Protein Intolerance (LPI) (Hyperdibasic Aminoaciduria Type II) Lysinuric protein intol-
erance is a rare autosomal-recessive disorder characterized by excessive urinary excretion of dibasic
amino acids (especially lysine), normal cystine excretion, and poor intestinal absorption of dibasic amino
acids [236-238]. Plasma values of dibasic amino acids are low. The disease is relatively common in
Finland, where the prevalence of the disease is 1:60,000 [238]. About 140 patients, Finish as well as
non-Finish, have been described [238-240]. Homozygous patients show massive dibasic aminoaciduria

Page 22 of 52



Pediatric Nephrology
DOI 10.1007/978-3-642-27843-3 33-1
© Springer-Verlag Berlin Heidelberg 2014

as well as hyperammonemia after a protein overload; heterozygotes have normal urinary amino acid
excretion but impaired renal and intestinal transport of dibasic amino acids at increased loads. The clinical
manifestations in subjects’ homozygotes for LPI are those of protein malnutrition and postprandial
hyperammonemia. They include failure to thrive, marked protein intolerance, anorexia, vomiting,
diarrhea, hepatosplenomegaly, muscle hypotonia, interstitial lung disease, osteoporosis, seizures, and
coma [238, 240].

The pathogenic mechanism of LPI appears to be a defective transport of dibasic amino acids in the
basolateral membrane of renal and intestinal epithelial cells, resulting in impaired efflux from cell to
interstitium [241, 242]. This has been confirmed by a measurement of fluxes in jejunal biopsy specimens
from LPI patients [241] as well as by the observation that infusion of citrulline to these patients results in
massive argininuria and ornithinuria [242]. Citrulline is reabsorbed from the tubular lumen by a neutral
amino acid transport mechanism and is converted to arginine and ornithine in the renal cell. Impaired exit
at the antiluminal membrane results in backflux of accumulated arginine and ornithine at the brush-border
membrane surface. It is the high-affinity, specific dibasic amino acid transporter y L that is affected in this
disease ([243, 244]; Fig. 1). Because basolateral membrane transporters of epithelial cells and plasma
membrane transporters of parenchymal cells are homologous carriers, it is not surprising that granulocytes
[245], and cultured skin fibroblasts [246] from patients with LPI show impaired transport of dibasic amino
acids. Erythrocytes from LPI patients, which do not have the y'L system, show normal cationic amino
acid transport [247].

It is presumed that the poor intestinal absorption and excessive renal loss of dibasic amino acids deprive
hepatic cells of ornithine and arginine, which are necessary for urea production [238, 244]. This results in
protein intolerance, hyperammonemia, and low urea formation. This notion is supported by the observa-
tion that L-citrulline supplements improve protein tolerance in LPI patients [242]. This amino acid, a
metabolic precursor of ornithine and arginine, is absorbed in the intestine, enters the hepatic cell via
neutral amino acid transport mechanisms, is metabolized in the liver to ornithine and arginine, and
restores the pathway for ammonia disposal [238]. Several manifestations of LPI patients, including
glomerular dysfunction [248], erythroblastophagia and alveolar proteinosis [249], suggest that the
immune system is deranged in some cases.

Initially, mutations in the SLC3A2 gene were believed to cause LPI. This gene encodes for 4F2hc,
which has been shown to mediate y'L cationic amino acid transport in Xenopus oocytes [114]. Similar to
rBAT, 4F2hc corresponds to the heavy subunit of a heteromeric amino acid transporter (HAT) [106, 250]
(see section “Molecular Structure of Amino Acid Transporters”; Fig. 4, Table 2). Subsequent molecular
analyses however, have excluded the role of SLC3A2, which has been localized to chromosome 11q12.3,
as the gene responsible for LPI [251]. Linkage studies in Finnish and non-Finnish LPI families have
identified the genetic locus in chromosome 14q11-13 [252, 253].

y 'LAT-1 (SLC7A7) is a member of the family of light subunits that combine with 4F2hc to form a
heteromeric amino acid transporter (see section “Molecular Structure of Amino Acid Transporters”;
Fig. 4, Table 2). The 4F2hc/y LAT-1 heteromeric transporter mediates the activity of the amino acid
transport system y L that is responsible for the efflux of basic amino acids at the basolateral plasma
membrane of epithelial cells [194] (see section “Specificity of Transport”; Table 2; Figs. 1 and 4). The
SLC7A7 gene localized to the LPI locus [123]. Subsequently, two groups [251, 254] have demonstrated
that mutations in SLC7A7 cause LPI in Finnish, Italian, and Spanish patients. To date, approximately
50 SLC7A7 mutations, spread along the entire gene, have been found in LPI patients from different ethnic
groups [244, 255]. Expression studies in Xenopus oocytes have shown that several LPI mutations result in
proteins that fail to dimerize with 4F2hc and reach the plasma membrane [256]. Few mutants can reach the
oocyte plasma membrane but fail to generate amino acid fluxes, indicating that these mutations inactivate
the transport activity [256]. While 4F2hc (SLC3A2) is ubiquitously expressed, y LAT1 (SLC7A7) is
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primarily expressed in tissues affected in LPI patients, including kidneys, small intestine, lung, and white
blood cells [106, 123].

To date, no LPI mutation has been identified in the SLC3A2 gene (4F2hc), which suggests that these
may be lethal [49]. Indeed, 4F2hc is shared by at least six amino acid transporter light subunits (see section
“Molecular Structure of Amino Acid Transporters”; Table 2) [107]; this protein also mediates integrin
signaling [257, 258]. 4F2hc knock-out in mice is lethal [259].

Weak genotype/phenotype correlation has been reported. In Finnish patients, most of whom share the
same founder mutation, the clinical picture can be considerably variable [244, 256]. Similarly,
interfamilial and intrafamilial phenotypic variability have been observed in Italian LPI patients carrying
the same mutation [239]. This suggests that, in addition to SLC7A7 mutations, hitherto unknown factors
play a role in the pathogenesis of LPI [243]. The SLC7A7 knock-out mouse model [260] suffers from
severe intrauterine growth retardation leading to neonatal death of most animals. The surviving mice have
a metabolic dysfunction similarly to humans, if fed with a high protein content diet [260]. The therapy of
LPI includes protein restriction to prevent hyperammonemia, as well as oral supplementation with lysine
[261], arginine, ornithine, and most importantly, citrulline [240, 262]. Administration of the latter amino
acid, which corrects the hepatic deficiency in ornithine and arginine, results in clinical improvement and
catch-up growth.

Hyperdibasic Aminoaciduria Type I Autosomal-dominant cationic aminoaciduria has been described
in two families containing several heterozygotes and a single homozygote patient [183, 263]. This
disease, called hyperdibasic aminoaciduria type I (HDBA 1), is characterized by impaired renal
reabsorption and intestinal absorption of the dibasic amino acids lysine, arginine, and ornithine, but not
of cystine. Plasma values of dibasic amino acids are normal, and there is no protein intolerance or
hyperammonemia. The reported homozygous patient had mental retardation [263]. HDBA
I heterozygotes have modest cationic aminoaciduria, whereas LPI heterozygotes have no hyperami-
noaciduria. It has been speculated that the brush-border membrane-bound high-capacity transporter for
dibasic amino acids, which excludes cystine, is defective in this disease. The molecular nature of this
transporter is unknown.

Isolated Lysinuria Omura et al. [184] report a single child with increased urinary excretion of lysine,
impaired intestinal absorption of this amino acid, low plasma lysine levels, and normal renal and intestinal
transport of ornithine, arginine, and cystine. The patient did not have hyperammonemia but had failure to
thrive and mental retardation, probably secondary to the deficiency of the essential amino acid lysine. This
case implies a defect in a selective transport system for lysine in the kidney and the intestine. Such a
system has not been identified in physiologic or molecular studies.

Neutral Aminoaciduria
Three distinct disorders of neutral amino acid transport have been identified: Hartnup disorder,
methioninuria, and histidinuria.

Hartnup Disease Hartnup disease, which may have afflicted Julius Caesar and his family [264], was first
recognized in two siblings in England in 1956 [265]. This disease is characterized by intestinal malab-
sorption and massive aminoaciduria of neutral monoamino monocarboxylic amino acids, namely alanine,
serine, threonine, valine, leucine, isoleucine, phenylalanine, tyrosine, tryptophan, histidine, glutamine,
and asparagine [266, 267]. Most patients also have increased excretion of indolic compounds that
originate in the gut from bacterial degradation of tryptophan [268]. Transport of other neutral amino
acids including cystine, imino acids, glycine, and -amino acids is normal. The disease is inherited as an
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autosomal-recessive trait and has an estimated incidence of 1:20,000 live births. Heterozygotes have
normal urinary acid excretion under physiologic conditions. Clinical features in homozygotes may
include photosensitive rash, cerebellar ataxia, and a variety of psychiatric manifestations mimicking
pellagra [266, 267]. Pellagra-like manifestations are primarily caused by intestinal malabsorption and
urinary loss of tryptophan, an amino acid which is required for niacin synthesis. The diagnosis should be
suspected in any patient with pellagra who has no history of niacin or nicotinamide deficiency and is made
by chromatographic analysis of urine [266].

The disease was presumed to be caused by a defect in a broad-specificity neutral, a-amino acid
transport mechanism expressed in the renal and intestinal brush-border [16, 269]. Two lines of evidence
supported the hypothesis that the defect was localized at the brush-border level [16]. First, plasma amino
acid defects in patients with Hartnup disease are attenuated when patients are orally supplemented with
free a-amino acids but not with corresponding dipeptides [270]. Dipeptides are reabsorbed by dipeptide-
specific brush-border membrane transporters and hydrolyzed in the enterocyte; free amino acids can then
exit the cell via a nondefective basolateral membrane-bound carrier. Secondly, tryptophan transport is
normal in most parenchymal cell types obtained from patients with Hartnup disease, including leukocytes,
placenta, and cultured skin fibroblasts [266, 271]. As indicated earlier, amino acid carriers in the plasma
membranes of parenchymal cells are similar to the basolateral carriers of epithelial cells, which are normal
in Hartnup disease.

The transport characteristics and epithelial distribution of the mammalian Na"-dependent neutral amino
acid transport system B (see section “Specificity of Transport”; Fig. 1) and the identification of its
molecular counterpart, the SLC6A19 gene [85] (see section “Molecular Structure of Amino Acid Trans-
porters”; Table 1), have sustained the hypothesis that defects in this transporter cause Hartnup disease in
humans.

In 2004, two groups [89, 90] cloned the human SLC6A19 gene from chromosome 5p15 and identified
several mutations in British, Japanese, and Australian patients with Hartnup disease. To date, 21 mutations
have been identified causing Hartnup disease [267, 272]. Interestingly, it was shown [273] that most
probands with Hartnup disease display allelic heterogeneity in that they are compound heterozygotes for
SLC6A19 mutations.

The presence of alternative transport pathways for neutral amino acids in the renal tubule explains why
the defect in the broad-specificity neutral amino acid transport in Hartnup disease only results partial
losses of some amino acids (e.g., phenylalanine) [16]. These alternative systems, as well as carriers for
oligopeptides in the kidney and intestine, maintain normal plasma amino acid values and explain the lack
of symptoms in many patients [274]. As suggested by Scriver et al. [274], Hartnup disease has a
multifactorial pathogenesis, with symptoms developing only in patients that are genetically predisposed
to have lower plasma amino acid levels and impaired tryptophan metabolism. Given high phenotypic
heterogeneity [272], it is likely that mutations in related genes, such as those encoding for other neutral
amino acid transport systems will be identified in the future.

In this respect, transport and expression studies in xenopus oocytes [103, 104] suggest that differences
in the functional association of mutant B’AT1/SLC6A 19 transporters with their partner proteins collectrin
(Tmem?27) and ACE2 (see section “Molecular Structure of Amino Acid Transporters™) in the kidney or
intestine, respectively, may contribute to the phenotypic heterogeneity of human Hartnup disorder [267,
275].

Patients with Hartnup disease respond well to oral therapy with nicotinamide 40-100 mg/day
[276]. More recently, oral administration of tryptophan ethylester, a lipid-soluble form of tryptophan,
has been shown to increase serum tryptophan and reverse clinical symptoms in patients with Hartnup
disease [277].
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Methioninuria Two case reports of patients with isolated increased urinary excretion of methionine and
its metabolic breakdown products have been described [278, 279]. These patients have malodorous urine,
edema, episodic hyperventilation, seizures, and mental retardation. The underlying defect appears to
involve the transport mechanisms of methionine in the kidneys and in the intestine. a-hydroxybutyric
acid, a bacterial degradation product of unabsorbed intestinal methionine, was present in the urine of these
patients. This organic acid could be responsible for their neurological symptoms. Low-methionine diet
resulted in significant clinical improvement. These case reports, as well as the observation that methionine
is not hyperexcreted in Hartnup disease, despite that it shares the same broad-spectrum amino acid
transport system, support the hypothesis of the existence of a specific transport pathway for methionine in
renal and intestinal epithelium.

Histidinuria Two siblings [280] and two other patients [281, 282] have been reported with isolated
histidinuria. All showed significant mental retardation. Investigation revealed impaired transport of
histidine in the kidney and intestine. Parents of the two affected siblings showed normal urinary histidine
excretion under normal conditions, but hyperhistidinuria after an oral histidine load. The mode of
inheritance of this disease is uncertain, but autosomal-recessive inheritance has been proposed
[16]. Although the broad-specificity transporter of neutral amino acids is the major carrier for histidine,
as suggested by in vitro studies as well as by fractional excretion rates above 50 % for this amino acid in
Hartnup disease [16], these case reports suggest the existence of an isolated histidine carrier that operates
in the renal tubules and in the intestine.

Iminoaciduria and Glycinuria
Two distinct disorders belong to this group of aminoacidurias: iminoglycinuria and isolated glycinuria.

Iminoglycinuria Iminoglycinuria is an autosomal-recessive membrane transport defect characterized by
excretion of excessive amounts of proline, hydroxyproline, and glycine in the urine [283]. Iminoglycinuria
is a benign condition with an estimated incidence of 1:15,000 live births [283, 284].

It has been postulated that the transport pathway shared by imino acids and glycine (PAT; see section
“Specificity of Transport”; Table 1) and located in the brush-border membrane is defective in this
condition [172, 283]. Selective, glycine- (Gly) or imino acid-specific (Imino) transport systems could
also be affected. This could account for normal plasma levels of glycine and/or imino acids that are
occasionally observed in iminoglycinuria. As discussed above (see section “Maturation of Tubular amino
acid transport”), delayed maturation of these selective transporters in normal infants is responsible for
physiological neonatal iminoglycinuria [163, 172]. Lack of functional expression of the two selective
transporters soon after birth also explains why infants with iminoglycinuria have fractional excretion
fraction of glycine and proline approaching 100 % in the first months of life; these decline afterward
[16]. Defective intestinal transport of proline has been observed in some patients with
iminoglycinuria [283].

Iminoglycinuria is a genetically heterogeneous condition [16, 283]. This view is supported by several
observations. First, some, but not all obligate heterozygotes carriers have hyperglycinuria, but not
iminoaciduria; others have normal urinary amino acid excretion [285]. Secondly, some homozygous
patients have impaired intestinal transport, while others do not. Thirdly, patients with normal maximal
transport (Tm) for proline that have a defect in glycine transport more pronounced than the defect in the
transport of proline (K, defect) have been reported [286] (see below).

In 2008, Broer and colleagues [97] demonstrated that complex combinations of mutations and poly-
morphisms in the PAT2/SLC36A2, XT2/SLC6A18, and IMINO/SLC6A20 systems (i.e., the molecular
counter parts of the PAT, Gly and Imino systems, respectively) cause iminoglycinuria. The main gene
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involved in patients that are homozygotes for the disease is SLC36A2, whereas mutations and poly-
morphisms in the SLC6A 18 and SLC6A20 genes modulate the renal and/or intestinal phenotypes, as well
as the iminoglycine/glycine urinary excretion rates [97].

The differential diagnosis of iminoglycinuria includes neonatal iminoglycinuria, Fanconi syndrome,
and hyperprolinemia, an inborn error of proline metabolism.

Isolated Glycinuria Isolated glycinuria without iminoaciduria has been reported in two families [286,
287]. It has been suggested that this condition results from mutations involving the high-affinity carrier for
glycine Gly [16] functioning at the molecular level via the XT2/SLC6A18 protein complex that is
expressed in the brush-border membranes of the late proximal tubule (Table 1). In addition or alterna-
tively, hyperglycinuria could result from a defect in the shared, iminoacid-glycine transport system PAT2/
SLC36A2 that compromises the affinity of the carrier for its substrate, rather than its capacity (K, variant)
[49, 97]. This condition appears to be inherited as an autosomal-dominant trait. It is therefore also possible
that these cases represent hyperglycinuric heterozygotes for the iminoglycinuria allele. Glycinuria has
also been reported in association with glycosuria (glycoglycinuria) [288]. Overall, the genetic defect
underlying isolated glycinuria is still unclear.

Dicarboxylic Aminoaciduria

Selective urinary hyperexcretion of the acidic amino acids glutamate and aspartate was first reported in
two children [289, 290]. One of these children also had impaired intestinal absorption of these amino
acids. Treatment with glutamate and aspartate corrected the hypoglycemia observed in one patient [289],
which probably was caused by decreased gluconeogenesis. This condition is inherited as an autosomal-
recessive trait and appears to be benign; screening in a French-Canadian population revealed a large
number of healthy probands with hyperdicarboxylic aminoaciduria and an incidence of 1:35,000 live
births [291].

It has been suspected that the pathogenic mechanism underlying the disease was a defect in the
dicarboxylic amino acid transport system, X Ag, located in the renal brush-border membrane. Indeed,
mutations in the human gene encoding the Na'/H" and K'-dependent glutamate/aspartate transporter
EAACI (SLC1A1; EAAT3), that is expressed in the luminal membrane of the late proximal tubule (see
section “Molecular Structure of Amino Acid Transporters”; Fig. 1), were identified in patients with
dicarboxylic aminoaciduria [60]. Similarly, EAAC1-deficient mice develop dicarboxylic aminoaciduria
[59]. EAACI is also widely expressed in the brain, where it functions as an important neurotransmitter
[51]; however, little evidence suggests that patients with dicarboxylic aminoaciduria have significant
neurological involvement, except for more frequent obsessive—compulsive behaviors [49, 60].

Of notice, decreased uptake of anionic amino acids is also observed in cultured skin fibroblasts from
patients [292], which is somewhat unexpected.

B-Aminoaciduria

No defects in the luminal membrane-bound, Na'- and Cl1~-dependent transport systems that transport
taurine/B-alanine (TAUT; SLC6A6) and betaine/GABA (BGT1; SLC6A12) have been reported in
humans. Impaired taurine transport has been observed in mice [293]. Studies on kidney slices [293]
and isolated basolateral membrane vesicles [168] have localized the transport defect at the antiluminal
membrane of the proximal tubular epithelium. In analogy with the defect in LPI, impaired taurine
transport across the basolateral membrane probably results in backflux to the tubular lumen explaining
hypertaurinuria in this strain of mice [168, 293].
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Glycosuria

General Characteristics of Renal Glucose Transport

Under normal conditions, the reabsorption of filtered glucose by the renal tubule is almost complete. Less
than 0.05 % of the renal glucose load is excreted in the human urine [294]; 90 % of the filtered glucose is
reabsorbed in the proximal convoluted tubule and the rest is reclaimed in the proximal straight tubule
[294, 295]. No measurable glucose reabsorption occurs distal to the proximal tubule.

Reabsorption of glucose across the proximal tubular brush-border membrane occurs by an active,
carrier-mediated, concentrative, Na'-dependent transport process [294, 295]. The Na" electrochemical
gradient driving glucose transport across the brush-border membrane is maintained by the activity of the
basolateral membrane-bound Na'-K'-ATPase that pumps Na“ out and K" into the cell. Na'-glucose
cotransport across the luminal membrane is electrogenic positive and phlorizin-inhibitable. Glucose exit
from the cell occurs by a Na'-independent, facilitated diffusion down the glucose concentration gradient
[295]. This diffusional exit of glucose is mediated by a carrier that is distinct from that found at the luminal
membrane surface (see later).

The mammalian kidney is characterized by a limited capacity to reabsorb p-glucose [294, 296]. As
plasma glucose concentration increases, the capacity to reabsorb the filtered load of glucose reaches a
maximal value, beyond which glucose is lost in urine. The glucose titration curve illustrated in Fig. 5
allows defining glucose transport parameters including the minimum threshold (Fing), defined as the
filtered glucose load at which 1 mg of glucose per minute appears in the urine, and the tubular maximal
transport of glucose (Tmg). Reported Tmg values for glucose in human adults and children range between
260 to 350 mg/min per 1.73 m? [297-299], with lower values in infants [299, 300]. When corrected for the
GFR (Tm/GFR), the maximum transport value is approximately 2.5 mg/mL in all age groups [299].

The glucose titration curve in Fig. 5 is also characterized by a splay, a rounding of the curve during the
transition from virtually complete reabsorption of filtered p-glucose to excretion of all the glucose filtered
in excess of the reabsorption capacity of the renal tubule. This deviation from the theoretical curve is
explained by nephron functional heterogeneity, as well as by the variation in affinity for glucose or K,
values between carriers [296].
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Fig. 5 Renal glucose titration curves. Theoretical and observed normal curves are compared to abnormal curves observed in
type A and type B renal glycosuria. 7mg maximum rate for glucose reabsorption, F,,;,c minimum threshold (Reprinted with
permission from Ref. [296])
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Studies on isolated perfused tubules [301] and isolated BBMV from pars convoluta (SI1 and S2
segments) and pars recta (S3 segment) of the proximal tubule [302-304] demonstrate that the kinetic
properties and stoichiometric relationships of p-glucose reabsorption change along the nephron. These
studies provide functional evidence for two Na'-dependent transport mechanisms, a low-affinity/high-
capacity cotransport system in the early proximal tubule and a high-affinity/low-capacity system in the
late proximal tubule. The Na'-glucose coupling ratio was found to be 1:1 in the convoluted proximal
tubule and 2:1 in the straight proximal tubule [303, 304].

The efficiency of a coupled carrier system increases as the power of the stoichiometry [295,
304]. Whereas the early proximal tubule glucose transporter is responsible for the reabsorption of the
bulk of filtered p-glucose from the tubular lumen, the late proximal tubule glucose transporter is
responsible for the removal of the last traces of glucose from the urine [304]. The arrangement of
transporters in series along the proximal tubule enables the kidney to reabsorb glucose from the urine
in a more energy-efficient mechanism than can be achieved by either of the cotransporters acting alone.

Molecular Biology of Na*-Glucose Cotransporters

Considerable progress has been made in the past two decades in elucidating the molecular structure of
membrane proteins that mediate sugar transport processes [294, 305-307]. Hediger et al., using expres-
sion cloning in Xenopus oocytes, cloned and sequenced the first Na'-dependent p-glucose transporter
from rabbit [45] and human [308] intestine. Subsequently, molecular analysis revealed that rabbit
intestinal and renal Na'-glucose cotransporters are essentially identical [309]. The transporter was later
termed SGLT1 and is encoded by the SLC5A1 gene [305].

Na'-glucose cotransporters belong to the SLC5 family of sodium cotransport proteins, also known as
the sodium solute symporter (SSS) family, which includes more than 220 eukaryotic and prokaryotic
homologues [305, 306]. Included in the SLCS family are 12 human genes which encode for plasma
membrane Na'-coupled cotransporters specific for solutes such as glucose, myo-inositol, and iodide
[307]. This subgroup of cotransporters includes six Na -glucose cotransporters (SGLTs), all of which are
expressed in the kidney, among other organs [306, 307].

SGLT1 (SLC5A1), the prototype of SGLT cotransporters (Fig. 6), is composed of 664 amino acids and
has 14 membrane-spanning domains that are presumed to be a-helical, with the NH, and COOH termini
facing the cytoplasmic side of the membrane [307, 310]. A simple glycosylation site is located in the
hydrophilic domain between transmembrane segments 5 and 6 [311]. SGLT1 from rabbit [45], rat [312],
pig [313], and human [308] show high homology in sequence; in human, the gene maps to chromosome
22q11.2 [314]. Studies on Xenopus oocytes [315] have demonstrated that protein kinases (PKA and PKC)
are essential to modulate SGLT1 activity by controlling its insertion or endocytic retrieval into or from the
plasma membrane.

Further expression studies by Pajor et al. [316] and Lee et al. [312] have provided evidence that the
renal Na'-glucose cotransporter SGLT1 is the high-affinity/low-capacity transporter located predomi-
nantly in the straight proximal tubule (S3 segment); stoichiometry studies are consistent with a Na" to
glucose coupling ratio of 2:1 [312], while functional analyses of mutant proteins showed that the COOH
terminal domain, comprising the last five transmembrane o-helices, is involved in sugar binding and
translocation [317, 318]. The SGLT1 (SLC5A1) gene has been implicated in hereditary glucose-galactose
malabsoption.

A second low-affinity Na'-glucose cotransporter termed SGLT2 (SLC5A2) was isolated from rat [319]
and human [320, 321] kidney. The amino acid sequence of SGLT2 is 59 % identical to that of SGLT1
[320]. SGLT2 has a Na" glucose coupling ratio of 1:1, does not recognize galactose (which is a substrate
for SGLT1), and is strongly expressed in proximal tubule early segments (S1 and S2) [321]. The human
SGLT2 gene was mapped to chromosome 16p11.2 [322]. Clinical, physiological and molecular data
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Fig. 6 Schematic structure of the Na+/glucose cotransporter (SGLT) and the facilitative glucose transporter (GLUT). The two
mutations shown in SGLT were identified in one of the original families with glucose-galactose malabsorption (Adapted with
permission from Ref. [310])

indicate the SLC5A2 gene that encodes for SGLT2, is responsible for familial renal glycosuria (see
section “Hereditary Glycosuria™).

A third Na'-dependent glucose transporter, termed SGLT3 (SLC5A4), was isolated from a LLC-PK,
pig renal cell line [323]. It is a low-affinity, Na'-glucose (not galactose) cotransporter with a very low
expression level in renal tissue [294, 324]. The human SGLT3 gene is located on chromosome
22 [307]. SGLT3 operates as a glucose-gated ion channel in muscles and neurons and functions as a
glucose sensor rather than a Na'/glucose cotransporter [325, 326]. Two additional SGLT proteins, namely
SGLT4 (SLC5A8) and SGLTS5 (SLC5A10), are expressed in the kidney. Their properties in general and in
the kidney, in particular, have not been explored [307].

It is noteworthy that some of the SGLT proteins display unexpected properties in addition to their Na'-
glucose cotransport activity. SGLT1 (SLC5AT1), for example, has been shown to serve as a water channel,
a urea channel, and a cotransporter of both water and urea [327-329].

To gain insights into the mechanisms of Na'-sugar contransport, Faham et al. [330] have analyzed the
crystal structure of the Vibrio parahaemolyticus sodium-galactose symporter (vSGLT), a bacterial
homolog with 32 % amino acid identity with the human SGLT1 protein (hRSGLT1), and refined it to
2.7 A resolution. As shown in Fig. 7, the structure comprising 14 transmembrane (TM) domains, has a
core motif of inverted repeats of 5 TM helices, that strikingly resembles the leucine transporter LeuT,
despite that their amino acid sequence is very different [331]. Galactose binds to the center of the core
[330]; molecular dynamic studies show that upon release of Na" into the cytoplasm the protein undergoes
conformational change allowing the release of galactose into the cytoplasm [332].
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Fig. 7 Structure of vSGLT. (a) Topology. The structure is colored as a rainbow from the N terminus (red) to the C terminus
(purple). The blue and red trapeziums represent the inverted topology of TM2 to TM6 and TM7 to TM11. The gray hexagon
with red trim represents the galactose. Residues involved in sugar recognition, gate residues, and a proposed Na" site are shown
in cyan, gray, and yellow circles. (b) Structure viewed in the membrane plane. The coloring scheme and numbering of o helices
is the same as in a. Bound galactose is shown as black and red spheres for the C and O atoms. The proposed Na" ion is colored
as a blue sphere (Reprinted with permission from Ref. [330])

Facilitative Glucose Transporters

Glucose concentrated inside tubular epithelial cells reaches the interstitium along its concentration
gradient through facilitative glucose transporters located in the basolateral membrane [294, 333]. The
basolateral Na'-independent and the luminal Na"-dependent glucose transport systems differ with respect
to inhibition and specificity [294, 295]. The basolateral glucose transporter is inhibited by the mold
metabolite cytochalasin-B, but not by phlorizin. It also accepts p-glucose.

The basolateral membrane glucose transporters belong to the SLC2 family of Na'-independent
facilitative hexose (and polyol) transporters, which includes 14 facilitative glucose transporters
GLUTI1-14 [333-335]. All these isoforms have extensive structural homologies but differ in their tissue
distribution, specific function, insulin sensitivity, sugar specificity, and kinetic characteristics [333]. The
human erythrocyte glucose transporter GLUT1 (SLC2A1) was the first glucose transporter to be cloned
and sequenced [336]. It is the most ubiquitously distributed among the various isoforms, although levels
of expression differ between tissues [333, 334]. All facilitative glucose transporters (Fig. 6) have
12 membrane-spanning domains, with both the NH, and the COOH termini of the protein facing the
cytoplasm [310, 333]. A single glycosylation site is located between transmembrane domains 1 and 2.

Studies using specific anti- GLUT1 antibodies have detected this high-affinity transporter in the kidney
[337-339], in the basolateral membrane of cells of the proximal straight tubule (S3 segment). GLUT2
(SLC2A2), a low-affinity transporter, is the predominant facilitative glucose transporter of hepatocytes,
intestine and renal tubules [337, 338]. In the kidney, GLUT?2 is present only in the basolateral membrane
of tubular cells located in the S1 and S2 segments of the proximal convoluted tubule [337, 338]. Mutations
in SLC2A2 cause Fanconi—Bickel syndrome. GLUTS has also been identified in the kidney [340].

In summary, transepithelial glucose transport in the proximal tubule occurs by two different pairs of
apical Na'-dependent and basolateral Na -independent glucose transporters [294, 333] (Fig. 8). A luminal
Na'-dependent, low-affinity/high-capacity glucose transporter (SGLT2/SLC5A2) and a basolateral Na'-
independent, low-affinity transporter (GLUT2/SLC2A2) are responsible for the bulk of glucose
reabsorption in the early part of the proximal tubule. A luminal Na'-dependent, high-affinity/low-
capacity transporter (SGLT1/SLC5A1), coupled with a basolateral Na'-independent, high-affinity trans-
porter (GLUT1/SLC2A1), reabsorb the remaining glucose molecules in the late part of the proximal
tubule.

Page 31 of 52



Pediatric Nephrology
DOI 10.1007/978-3-642-27843-3 33-1
© Springer-Verlag Berlin Heidelberg 2014

Proximal Convoluted Tubule

LUMEN CELL BLOOD

Classic Isolated

Glycosuria
Na*
P
K+

Na™ Fanconi-Bickel
S

GLT2 X Syndrome
GLUT2

Glucose ?—»

Glucose

Proximal Straight Tubule

Glucose-Galactose

Malabsorption,
Mild Glycosuria
Na*
ATP
Na* K
SGLT1
Glucose GLUT1

Glucose —?—»

Fig. 8 Schematic model for the distribution (luminal or basolateral) of cloned glucose transporters in renal tubular epithelium.
Orientation permits net reabsorption from lumen to interstitium. Depicted are hereditary glycosurias caused by defects in these
transporters. See text for details

Maturation of Glucose Transport

Immature renal tubule in animals [341, 342] and humans [299, 343, 344] is characterized by decreased
ability to reabsorb glucose. Tubular reabsorption of glucose relates directly to postnatal age and glycos-
uria occurs commonly in infants less than 30 weeks gestational age [343—345]. Only a little data is
available on the development of renal glucose transport mechanisms [341, 346-352]; further studies are
needed to better understand this specific aspect of glucose reabsorption in developing kidneys.

Hereditary Glycosuria

Familial Renal Glycosuria

Familial renal glycosuria (OMIM# 233100) is characterized by variable losses of glucose in urine despite
normal concentrations in blood [353]. The defect is specific for glucose; no increase in the urinary
excretion of other sugars is present. Renal glycosuria is a benign condition. Patients are asymptomatic,
except in some cases during pregnancy or during prolonged starvation, when dehydration and ketosis may
develop [353]. The general metabolism of carbohydrates as well as insulin secretion are normal. The
condition exists from infancy throughout adult life, and diagnosis usually is done on routine urine
analysis. The distinction between renal glycosuria and diabetes mellitus is made with a fasting blood
glucose level and a glucose tolerance test.
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The disease is transmitted along an autosomal recessive mode, although glycosuria in some heterozy-
gote carriers has led investigators to also postulate a dominant inheritance [353, 354]. Renal glycosuria is
not associated with impaired D-glucose transport in the intestinal epithelium [298]. The underlying
pathogenic mechanism appears to be an isolated, selective defect in proximal tubular glucose transport.
The analysis of renal titration curves for glucose reabsorption reveals two types of renal glycosuria [296,
353] (Fig. 5). In type A, or classic renal glycosuria, both minimal glucose threshold (F,;,g) and maximum
rate of glucose reabsorption (Tmg) are reduced. In type B, the F ;g is reduced, while Tmg is normal,
although the splay is increased. It has been suggested that the type A mutation reflects reduction in the
capacity of the glucose transport system, which might arise from a uniform defect in all nephrons, while
type B reflects a decrease in the affinity of the transport system, which may also be a consequence of
nephron heterogeneity [298, 355]. A third type of glycosuria, termed type O, was described by Oemar
et al. [356]; in this rare condition, tubular reabsorption of glucose is virtually absent, and all glucose
filtered is excreted in the urine.

In 2002, the SGLT2 gene (SLC5A2), was first established as the main mutated gene in familial isolated
glycosuria [357] (Fig. 8). Subsequent studies confirmed this finding [358-362]. To date, close to
30 mutations have been identified in patients with familial renal glycosuria [307, 363]. These include
missense, nonsense, and frame shift mutations.

Of note, SLC5A2 mutations may also be associated in a minority of cases with generalized aminoac-
iduria [361], which is also a feature of maturity-onset diabetes of the young type 3 (MODY 3) that is
caused by mutations in the hepatocyte nuclear factor-1 alpha (HNF-1a) gene [364]. HNF-1a acts as a
transcription regulator of both SLC5A2 [365, 366] and collectrin, a modulator of amino acid transport
[367] (see section “Molecular Structure of Amino Acid Transporters”). Hence, aberrant HNF-1o may
represent the link between the glycosuria and the aminoaciduria that are observed in some cases of
hereditary renal glycosuria and in MODY 3.

Contrary to isolated renal glycosuria, intestinal glucose-galactose malabsorption is a potentially lethal
disease. Glucose-galactose malabsorption (OMIM# 182380) is an autosomal-recessive disease charac-
terized by a neonatal onset life-threatening watery requiring immediate withdrawal of glucose and
galactose from the diet [353]. Studies of jejunal biopsy specimens have shown a defect in the intestinal
Na'-dependent glucose transport [368]. In 1991, mutations in the intestinal brush-border SGLT1 Na'-
glucose cotransporter were shown in two sisters with glucose-galactose malabsorption [369], which made
this condition the first disease found to be caused by a mutation in a membrane transport protein. To date,
more than 40 mutations have been identified in patients with glucose-galactose malabsorption [307]. In
most cases, these cause missorting of the protein to the cell surface [307, 353]. Patients with glucose-
galactose malabsorption have a mild defect in renal tubular reabsorption of glucose, with normal T, for
glucose but decreased minimal threshold (F.ing) [353, 368]. In contrast, patients with renal glycosuria
have no intestinal defect in D-glucose absorption. This proves that the SGLT1 Na'-glucose cotransporter
that is mutated in glucose-galactose malabsorption is shared between the intestine and the kidney, as
previously suggested [312, 316], while the glucose transporter impaired in glycosuria is not shared.

The accumulated clinical, physiologic, and molecular data on renal glucose transport have now led to
the following model explaining the pathogenesis of familial renal glycosuria [294, 307, 370, 371] (Fig. 8).
Defects in the low-affinity/high-capacity 1Na'-1 glucose cotransporter (SGLT2/SLC5A2) of the early
proximal tubule cause type A or type O classic renal glycosuria, and have no effect on glucose absorption
in the intestine. Recent studies in SGLT2-deficient mice [372, 373] have confirmed that SGLT2 mediates
the reabsorption of most filtered glucose molecules in the early proximal tubule, mimicking SGLT2/
SLC5A2 mutations in humans. Conversely, mutations in the high-affinity/low-capacity 2Na"-1glucose
cotransporter (SGLT1/SLC5A1), which also transports galactose and mediates residual glucose
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reabsorption in the late proximal tubule cause glucose-galactose malabsorption and type B renal (mild)
glycosuria.

Fanconi-Bickel Syndrome

Mutations in the gene encoding for GLUT2 (SLC2A2), the basolateral facilitative glucose transporter of
the proximal convoluted tubule, cause Fanconi-Bickel syndrome (OMIM# 227810) [374-376] (Fig. 8).
This autosomal recessive disorder is characterized by glycogen accumulation in the liver and in the
kidneys, fasting hypoglycemia, impaired utilization of glucose and galactose, renal Fanconi syndrome,
rickets and markedly stunted growth. Renal losses of glucose are due to impaired transport of mono-
saccharides across the renal basolateral membrane. Conceivably, this leads to glucose accumulation and
cell toxicity, resulting in generalized proximal tubulopathy. More than 30 different SLC2A2 mutations
have been described in patients with Fanconi-Bickel syndrome; the clinical phenotype can be very
heterogeneous [377, 378]. Knock-out mice lacking GLUT2 gene exhibit extreme glycosuria [379]. Treat-
ment is symptomatic and includes control of glucose homeostasis, treatment of rickets, replacement of
renal solute losses, and promotion of growth [376] (see also chapter “» Vesicoureteral Reflux and
Scarring in Children”).

Pharmacological Inhibitors of Na™-Glucose Cotransporters

Promoting urinary excretion of glucose by inhibiting SGLT2 function has become an attractive strategy
for the management of type 2 diabetes [294, 370, 380-382]. In the past, the use of phlorizin for this
purpose was limited because of its side effects, partial oral bioavailability, and lack of selectivity for
SGLT2 [294, 370]. Over the past decade, SGLT2-specific inhibitors have been developed and are
currently under investigation for the treatment of diabetic patients [380-383]. These include compounds
such as dapaglifiozin, canagliflozin or YM543, among others. The potential advantages of these therapies
include mitigation of hyperglycemia independently from insulin secretion, and induction of an osmotic
diuresis, which can be beneficial in reducing glomerular hyperfiltration, body weight gain, and hyper-
tension [380, 381, 384]. Recent studies, however, have reported serious side effects [380, 382, 373],
including volume contraction, malnutrition, and infections. Hence, more safety data are needed before
these treatments can be introduced in human medicine.
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