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A systems biology approach to under standing therole of peptide transportersin biology
H. Daniel, MeissneB. $anier D. Weitz and |. ey, Molecular Nutrition Unit, Technical University of Munich,
Am forum 5, D-85350rEising-Weihenstephan, Germany.

Cell membrane transporters for di- and tripeptides are found in bacteria, yeast, plartehretes and
vertebrates including mammald.hey mediate the cellular uptakof essentially all possible di- and tripeptides
and numerous pharmacologically aeti peptidomimetics by a proton-dependent electrogenic symport
mechanism.

In mammals, the tw di-tripeptide transporters that Ve been characterized in detail are PEPT1 and
PEPT2. PEPT1 mediates as w ldfinity but high capacity system the influx of peptides from dietary protein
digestion in the gut into intestinal epithelial cells whereas PEPT2 as the fimgty aubtype transporter is
found in a variety of epithelial cells (i.e. lung, mammary gland, choroiugjeand prominent expression in
renal cells with a role in the reabsorption of filtered peptides. For understanding the biological importance of
peptide transporters we follotwo lines of research; a gene guided approach by comparing the structure and
functions of the same proteins in variouganisms E. coli, C. elgans zebrafish, mice, rabbit, humans) and a
technology-dren goproach by applying transcriptomics, proteomics and metabolomics for phenotype analysis
in animals C. eleganand mice) lacking either one of the peptide transporters.

The cloning and functional characterization Eaf coli peptide transporters with only awosequence
homology (YGDR) but high functional similarity to mammalian PEPT lviples ne&v insights into structure-
function relationship.Carriers from the various species when studied by electrophysiology after expression in
Xenopusoogytes shav very similar features despite marksequence dérences. Gendeletions followed by
analysis of phenotypical consequencesehkeen carried out irC. elgansand mice. In the nematode, a
deletion of the PEPT1 homologous genevmtes clues for the role of the intestinal peptide transporter in
delivery of bulk qualities of amino acids for growth andvelepment and for a critical crosstalk with the
insulin/IGF receptor pathay. There is also a significant effect on stress-resistance of the animals when lacking
PEPT1 (Meissnest al, 2004).

A mouse line lacking a functional PEPT2 protein did notshiay dovious phenotypical changes despite
impaired transport of model peptides in kig@ad choroids plexus (Rubio-Aliaget al, 2003). Havever, when
kidney tissue samples of ® and WT mice were submitted to gene expression analysis byAaDidroarray,
proteome analysis by 2D-SD&BE and peptide mass fingerprintinga MALDI-T OF-MS and metabolite
fingerprintingvia GC-MS a variety of metabolic alterations were identifi€dthways of amino acid handling
shaved impairments and also pathways that process keto acids andycaavedr Metabolisrof cysteine and
morewer of cysteiryl-glycine (Cys-Gly), the break-@m product of GSH by-GT was identified as altered as
well. Analysisof urine samples suggests that PEPT2 in renal cells is primarily responsible far ofo@js-

Gly from the tubular fluids.
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Na'-H* exchange regulatory factors NHERF-1 and NHERF-2: rolesin albumin endocytosisin

the proximal tubule

P. Poronnikt, C. Fergusor, R. Rartor?, C.H. Yurf and D.H. Hryciw, 1School of Biomedical Sciencehe
University of Queensland, Brisbar@LD 4072, Australia?Institute of Molecular Biosciences, The University
of Queensland, Brisban@LD 4072, Australia andDepartment of Medicineivision of Digestive Diseases,
Emory UniversityAtlanta, USA.

A key function of the renal proximal tubules is to constilii reabsorb the seral grams of albmin
that pass across the glomerular barrier per @ai occursvia receptofmediated endocytosis and requires the
formation of a macromolecular compléhat involves the sozenger receptor nggin, the CI channel CIC-5
and the N&H"* exchanger isoform 3 (NHE3). The exact composition of the comauld role of these proteins
remains, haever, unclear Patients with Deng dsease (genetic defects in CIC-5) and CIC-5 knockout mice
have persistent proteinuria, demonstrating an atégrole for CIC-5 in albumin uptake.eNave previously
shavn that the cytosolic C-terminus of CIC-5 interacts with cofilin and Nedd4-2gudate albumin uptak
(Hryciw et al, 2003; Hryciwet al, 2004). AsCIC-5 contains a potential C-terminal PDZ binding motif, we
investigated if CIC-5 interacted with the NHERF-1/2 PDZ $olas and the role of this interaction in athin
uptake.

For this study we wsed the widely accepted model of renal albumin uptéke opossum kidggOK)
proximal tubule cell line. Western blotting was used to confirm that these cells expressed NHERF1/2 and
electron microscop was used to confirm subcellular localisation. Co-immunoprecipitatias wused to
determine whether NHERF1/2 bound to CIC-5 in OK cell lysates. GST-fusion proteins were used to determine
which PDZ domain of NHERF-2 bound to CIC-5 and maltose-binding fusion proteins used to identify the
binding site for NHERF-2 on the C-terminus of CIC-5. Endogenous NHERF-2 and NHERF-1 were silenced by
the use of siRN transfection plasmids and albumin upatas measured by standard fluorescent methods. Cell
surface biotinylation was also used to monitor changes in CIC-5 under these conditions.

Using electron microscgpve demonstrated that OK cellsgressed both NHERF-1 and NHERF-2 with
NHERF-1 primarily at the microvilli while NHERF-2 ag on intracellular membranes consistent with sites of
albumin endocytosis. Co-immunoprecipitation in OK cell lysatesvgidothat NHERF-2 but not NHERF-1
bound to CIC-5n vivo. GST-pulldonvns revealed that the C-terminus of CIC-5 bound to NHERF-2 and that this
interaction occurred via PDZ-2 of NHERF-Burther,in vitro experiments with maltose-binding protein fusions
confirmed that NHERF-2 bound to an internal site on the C-terminus of CIC-5 and not to the terminal PDZ
binding motif of CIC-5. Functional analysis of this interaction demonstrated that silencing of NHERF-2
significantly reduced albumin uptake, accompanied by a reduction in cetswkpression of CIC-5This
suggests that NHERF-2 plays eykscaffolding role in the endagdic complex. In contrast, when NHERF-hsv
silenced, there was an increase in albumin @ppakalleled by an increase in surfaceels of CIC-5.

Our data are consistent with a model in which thecady of abumin uptale is dependent on the
availability of the components of the macromolecular complex. NHERF-1 is typically responsible for restricting
the lateral mobility of NHE3 in the membrane and we propose that knookdbNHERF-1 may increase the
awailability of NHE3 to the endatic complex, resulting in more CIC-5 being recruited into the comple
thereby increasing albumin up@aNHERF-2, on the other hand, plays an integral role in the endocytic ®omple
itself.

Hryciw, D.H., Ekbeg, J., Lee, A., Lensink, I.L., kmar S., Guggino, W.B., Cook, D.l., Pollock, C.A. &
Poronnik, P (2004)Journal of Biological Chemistry279, 54996-5007.
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Sulphate ionsin mammalian physiology: lessons from sulphate transporter knock-out mice
PA. Dawson, B. Gardiner?, S. Lleé!, M.C. Kut, SM. Grimmond and D. Marlovich?, 1School of Biomedical
Sciences, aninstitute of Molecular Bioscienc&niversity of Queensland, Brisbar@.D 4072, Australia.

Inorganic sulphate (Sg') is the fourth most abundant anion in mammalian plasma and is essential for
numerous metabolic and cellular processes (Mack, 2001). In humans and rodents, sulphate reabsorption is
mediated by the I\TaSO42' cotransporter (NaS1) located at the brush border membrane, and Sat-1, a
SOf‘-anion exchanger located on the basolateral membranes of proxinddrtaells. Both NaS1 null
(Nast") and sat-1 null at-1") mice exhibit hyposulphataemia, highlighting the importance of these
transporters in maintaining §b homeostasis. Sinc&asl”~ mice exhibit reduced growth andvér
abnormalities, including hepatogety (Dawson et al 2003), we aimed to uestigate the hepatic gene
expression profile oNasT” mice using oligonucleotide microarrays. The mRNevds of 130 genes with
functional roles in metabolism, cell signalling, cell defence, immune response, cell structure, transcription or
protein synthesis were altered (66 induced, 64rdregulated) inNas1- mice when compared ftdasI’* mice.

The most up-regulated transcripvds in NasT mice were found for the sulphotransferase geBedt3al
(Cb00% increase) ardBlult2a2(100% increase), whereas the metallothionein-1 ddtie,was amongst the most
down-rgulated genes (70% decreas8pveral genes imolved in lipid metabolism, includin§cdl Acly, Gpam
Elovi6andAcs15 were found to be up-regulated30% increase) itNasT’ mice. Increasetkevels of hepatic
lipid ((1L6% increase), serum cholesteroP@% increase) and LDLL00% increase), and reduced hepatic
glycogen leels ((50% decrease), were found NasT” mice. In addition, Nas1~ mice hae a increased
hepatotoxicity to acetaminophen (250-mg/kg i.p.) associated with increased sefinactMity (>300%
increase) and reduced hepatic GS¥le (>60% decreaseNast’ mice live longer (25% increase) than their
NasI’* littermates, and he a @creased incidence (0/#edted,P<0.025) of hepatic tumours, when compared
to NasT”* mice (4/7 afected) at 2 years of age. In summahe typosulphataemitNast’~ mouse provides a
previously uncharacterised animal model of increased lifespan and altered hepatic metabolism.

Dawson, P.A., Beck, L. & Martwvich, D. (2003)Proceedings of the National Academy of Scien& AJ100,

13704-137009.
Markovich, D (2001)Physiological Review®l, 1499-1534.
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Regulation of epithelial Na* channels
A. Dinudom, I.-H. Lee and D.l. Cook, School of Medical Sciences, University ofyyaé 2006, Asutralia.

Body sodium and fluid homeostasis is largely determined by the activity*dfaveport proteins that are
expressed in the kidyeand the GI tract. Among these, the epithelial" daannels (ENaC) play an important
role in N& transport by the distal kidgend the distal colon. This is evident from the observations that gain of
function mutations of ENaC, as occur in Liddleyndrome, cause hyperabsorption of *Na the distal
collecting duct of the kidne leading to salt-sensit# hypertension, whereas loss of function mutations, as occur
in pseudohypoaldosteronism type |, cause hypotension.

It is well established that the adty of ENaC is tightly regulated. The most important regulators of ENaC
are aldosterone and arginin@sepressin which increase activity of the channel during extracellular dluiche
depletion. ENaC activity is alsogelated by the concentration of Na the luminal fluid facing the apical
membrane. This regulation is mediated lyyosolic N& concentration which inastites the channels by a
mechanism iwolving the G protein, GG and an ubiquitin-protein ligase, either Nedd4 or Nedd4-2, which
ubiquitinates the channels and triggers their endocytosis (Dinetlaim 1998).

Recent studies ke suggested that, in addition to its genomic effects, aldosterone mastad&NaC via
a mechanism that wolves the serum- and glucocorticoid-stimulated kinase, Sgk. This kinase igethdtie
phosphorylate Nedd4-2 so as tovard it binding the channels. Contrary to this belief, weehfaund in whole-
cell patch-clamp studies on mouse mandibular duct cells that inclusion of recombinant, cahsitctive Sk
in the pipette solution does not peat inactivation of ENaC by increased intracellular N&Ve found instead
that ENaC actity is increased by another protein kinase, the G-protein coupled receptor kinase, Grk2. Our
experiments in saliary duct cells further shweed that Grk2 phosphorylates tResubunit of ENaC and that this
phosphorylation preents N& feedback inhibition of the channel by peating the binding of Nedd4/Nedd4-2
to channel (Dinudoret al, 2004)). We then irvestigated the regulation of ENaC by Grk2 in Fisher Ratroh
(FRT) cells, a model epithelium. found that epression of Grk2 in FRcells expressing ENaC caused a&{w
fold increase in the activity of ENaC compared torFfells in which ENaC alone isxpressed. Comersely
transfection of siRM directed against Grk2 into HRcells expressing ENaC inhibited ENaC wit}i.
Interestingly the mechanism by which Grk2g@ates ENaC in FR cells differed from the mechanism in
salvary duct cells. V& found in FR cells that a kinase-dead mutant of Grk2\&téid ENaC in a same manner
as wild-type Grk2, and that aedtion of the channels by Grk2 was due to bindingrefulunits of the Gq,11
family of G proteins by the Regulatory G-protein Signalling (RGS) domain of Grk2. The exact identity of the G
protein that inhibits ENaC in HRcells, and the mechanism by which it does so, are currently being
investigated.

Dinudom, A., Harey, K.F., Komwatana, P., Young, J.A. & Cook, D.l. (199Bjoceeding of the National
Academy of Sciences USR5, 7169-7173.
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Disorders of neutral amino acid resorption in epithelial cells
S. Broer School of Biochemistry & Molecular Biologywstralian National UniversityCanberra, ACT 0200,
Australia.

Recent successes in the molecular cloning and identification of apical neutral amino acid transperters ha
shed a ne light on inherited neutral amino acidurias, such as Hartnup disorder and iminoglycidartaup
disorder is caused by mutations in the neutral amino acid transp8A€lL BSLC6A19) (Kletaet al, 2004;
Seowet al, 2004). The transporter is found in kignand intestine, where it iswolved in the resorption of all
neutral amino acids (Broeet al, 2004). It belongs to the SLC6arhily, comprising transporters for
neurotransmitters, osmolytes and creatirfATR. transports neutral amino acids together with f-lda but in
contrast to other members of the SLC6 family is chloride independent. The &t dlso contains a number
of ‘orphan transporters’ the physiological function of which has remainedeligentification of SLC6A19 as
a Na“-dependent amino acid transporter suggested that orphan neurotransmitter transporters atghiein f
amino acid transporters. SLC6A20 turned out to be the long-sought IMINO systerh,aadN@i-dependent
proline transporter (Bwdczuk et al, 2005). SLC6A20 is highly expressed in the kigaad intestine and may
play a role in iminoglycinuria, a disorder characterised ygyehsecretion of proline and glycine in the urine.
Although SLC6A20 transports prolineitonot glycine, it is considered a candidate for iminoglycinuria because
excess of proline in the proximal tubule could compete for glycine apbtgkhe proline/glycine transporter
PAT1 (SLC36A1). Further functional analysis of SLC6 orphan transporters demonstrated that SLC6A15 is a
transporter for large neutral amino acids plus proline. The transporter is highgssed in the brain and
kidney. In the kidng it may sere as a hgh-affinity back-up transporter for selected amino acids in the distal
parts of the proximal tubule. Functionally SLC6A15 is related $8TB and was hence named’Br2. It
transports neutral amino acids together with T &lad is chloride independent. In summayrew family of
Na*-dependent amino acid transporters has been identified, the members of whigbhaee in the transport
of amino acids in epithelial cells and the nervous system.
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