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Summary

The proton-dependent di- and tripeptide transpoRepT1
represents the major route of dietary amino adiaki in the intestine
of many species. This transporter belongs to tha&esaarrier family
SLC15 and because of its electrogenic propertigsay be studied
both through electrophysiological and radiotraqatake experiments.

In this work some functional and structural asp&ét®epTl
have been investigated at the molecular level. dditon to the
physiological relevance, understanding of the tetanf its
mechanisms of operation is important since PepTdeas to be
involved in the absorption of many important, grafldministered,
drugs such as antibiotics, angiotensin-convertingibitors, and
antiviral agents.

The electrophisyiological and biophysical propertod PepT1
expressed irXenopusoocytes were investigated with two-electrode
voltage-clamp.

Most of the above functional observations werewerifrom
uptake data, in absence of control of the membvattage, or from
electrophysiological measurement of steady transparents, in the
presence of a dipeptide substrate. Important aohditiinformations
regarding the transport mechanism may arise frorasorement of
presteady-state currents, the electrophysiologiggials that can be
observed in absence of organic substrate, andrépatsent the first
steps in the transport cycle. A unified kinetic rabtbr PepT1 has
been devised that can describe the different ctersiics of the
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isoforms of different species, with respect to bptbsteady-state and
transport-associated currents.

Mutational studies have provided significant evickerfior the
functional role of some residues in PepTl1. Pardidyl Arg282 and
Asp341, in the transmembrane domain 7 and 8 ofréimsporter, have
been reported to form a charge pair that may basakreform during
the transport cycle. The attention has been focusedhese two
oppositely charged aminoacids to better understhed functional
role in the absorption pathway.

Finally, the functional and structural basis ofeese operation
of wild-type and mutated forms of PepT1 have bdadied. Mutants
in the putative charge pair residues Arg282 and3A&pof rabbit
PepT1 have been shown exhibit properties usefoetter understand
the possibility of reverse transport. This reversaaile of operation
may be either the effect or the cause of abnormgbathological

conditions.
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Introduction

Chapter 1. Introduction

1.1 Protein digestion and absorption

Proteins are essential components for nutritiomethéostasis
in humans. Normally, a western diet provides betw&&and 100 g of
protein/day and, in addition, 50-60 g/day of endmges proteins are
secreted along the oro-gastrointestinal tract. @hpgsteins undergo a
complex series of degradative processes by theolyir enzymes
secreted from stomach and pancreas or bound tdortineh border
membrane of enterocytes. The result of this prgteohctivity is a
mixture of amino acids and small peptides that epidly and
efficiently absorbed by the small intestinal entgtes (Erickson and
Kim, 1990;Daniel, 2004).

Transport across the enterocyte involves uptaken fitee gut
across the brush-border membrane, diffusion thrabghcytoplasm,
and exit to the portal blood across the basolater@ambrane. The
brush borders contain unique transport propertiediile the
basolateral membranes are very similar to plasmanbremes of
nonepithelial cells (Steveret al, 1984). Distinct carrier mechanisms
exist in the brush border membrane for the trarispbfree amino
acids and peptides. In fact, not only the free anaaids, but also di-
and tripeptides are taken up by intestinal epi#theills in intact form
by an oligopeptide transporter named PepTl (Fiy.1Ebllowing
apical influx, di- and tripeptides are sequentiallydrolyzed by
multiple cytosolic hydrolases followed by basolateefflux of the

amino acids via different amino acid transportilygtems. Peptides



Introduction

not undergoing hydrolysis can exit the cell by adbateral peptic-
transportingsystem not yet identified on a molecular b (Daniel,
2004).

| proteins from endogenous sources ‘ pancreatic pmlnses‘-
proteins oligopeplides

— %@fﬁ%

epithelial cells

basolateral membrane

‘ Na'/K*-ATPase ‘ K*-channel | peptide transporter Laminu acid transporters |

Fig.1.1 Generation and uptake of- and tripeptidegDaniel, 2004.
1.2 PepTI overview

1.2.1 PepT1 discovery... a bit of history

PepT1l is an electrogenic Hcoupled transporter ¢
oligopeptids and peptic-derived drugsidentified by expressio
cloning from a rabbit intestinal cDNA library andunictional
characterization irXenopusoocytes in 1994. It presents theique

feature of @ilizing an inwardly directed proton gradient to all

2



Introduction

peptides to enter the cell even against the coraté@m gradient;
indeed, the electrogenic PepTl-mediated uptakendepiendent of
extracellular N& K* and Cl, and of membrane potential (Feti al,
1994). The H-peptide cotransport process across apical membne
enterocytes was dimostred in 1980s in earlier sgidmploying brush
border membrane vescicles (Ganapahwl, 1984;Ganapathgt al,
1985). The acid-loading activity of PepT1 requites apical NaH"
antiporter activity which exports protons enterthg cell via PepT1 in
exchange for extracellular Naions (Ganapathy and Leibach,
1985;Kennedt al, 2002).

The controversial discussion about the active pansof short
chain peptides in the mammalian gut epitheliumtasthin 1960 with
the discovery of intracellular hydrolysis of dipiejgs during intestinal
absorption (NEWEY and SMYTH, 1960). That oligopep8 were
able to cross apical membranes was demonstratedndgsuring
hydrolytic activity of peptidases in homogenatesh&f mucosa and in
isolated brush border membranes. The almost totélity of
peptidases with specificity for di- and tripeptideas originated from
the soluble cytosolic fraction: this suggested thiggopeptides, but
not tetrapeptides and more longer ones are absorbadact form
(Sterchi and Woodley, 1980;Daniel, 2004).

After the cloning of the PepTl cDNA, an important
demonstration of its relevance in the transferrvédt oligopeptides
from the gut Iumen into blood circulation came from
pharmacokinetics and cystinuria studies. In thgedse the transport
of amino acids such as arginine and lysine is ndficgent, but

patients suffering from cystinuria do not develofysine deficiency
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when they provide this essential amino acid assd-diypeptide and
not in free form (Helliert al, 1971;de Sanctist al, 2001). Finally,
drugs resistant to hydrolysis, such as aminocegpalins or ACE-
inhibitors, that utilize PepT1 for intestinal abston rapidly appear in
circulation (Fig.1.2). However, the molecular natof the basolateral

transport is not known (Daniel, 2004).

J Peptide transporler |

= —
Aok o ey ;
witre] S .. ... [
[Sopaings | estarprodrugs ; |
" [HYDROLYSIS | | Srvg mmproriars |
"l.,m drug SIS TTERTSRIERIRRIEEY 3
Peptide transporters
———
~~ \ ; ;-f_ﬁe.'_f_'ﬁ_‘. AtPaso |
H*d——l_.f ] H* z:-:‘q—l ]
(S i3
Ha.’ — e 3NB+ _F 3Na*
V. ATP
MNa®/H" antiporter
Apical Basolateral

Fig.1.2 Transport of peptidomimetics (Daniel and Kottr@02).

1.2.2 SLC15 family

All the SoLute Carrier (SLC) genes have been dladsby the
Human Genome Organisation (HUGO) in a list of tpamter families
that currently includes almost 50 families and mdhan 300
transporter genes. The SLC series includes genssdiery passive
transporters, ion-coupled transporters and exchiandée remaining
transporter-related genes encoding ATP-driven pairters, channels,

ionotropic receptors, aquaporins, transporter amaheels subunits,
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auxiliary/regulatory transport proteins don’t bejoto SLC series
(Hedigeret al, 2004).

PepTl is the prototype member of the proton oligope
cotransporter family SLC15 (Fig.1.3). Transportefsthe SLC15
family are electrogenic and utilize the proton-raetiorce for uphill
transport of short chain peptides and peptido-morahto a variety
of cells. Four transporters belong to the SLC15 ifamthe
oligopeptide transporters, PepT1 and PepT2, angeapede/histidine
transporters PHT1 e PHT2. The first two have bemmtified into
intestinal and renal epithelial cells and more négeinto bile duct
epithelium (PepT1), glia cells and epithelia of dme@roid plexus, lung
and mammary gland (PepT2). Whereas, it is not igetr ¢f PHT1 and
PHT2 are located on the plasma membrane or représasomal
transporters for the proton-dependent export oftidime and
dipeptides from lysosomal protein degradation thcytosol (Daniel
and Kottra, 2004).

Human Protein Aliases Predominant| Coupling Tissue distribution Human Sequnece
Gene Name substrates ions and cellular gene locus Accession
Name expression 1D
Oligopeptide Di- and Intestine, kidney
SLC15A1 | PepTl trar)sport_er 1, tripeptides H* apical, lysosomal 13q33-q34 NM_005073
H*/peptide protons membrane
transporter 1
Oligopeptide Di-, and Kidney, lung,
transporter 2, tripeptides + brain, mammary .
SLC15A2 PepT2 H*/peptide protons H gland, bronchial 3013.3-921 NM_021082
transporter 2 epithelium
Peptide/histidine Histidine, Lung, spleen,
PHT2 transporter 2, di- and + thymus (faintly
SLC15A3 hPTR3 human peptide tripeptides H in brain, liver, 11q12.1 NM_016582
transporter 3 protons adrenal gland,
heart)
Peptide/histidine Histidine,
PHT1 transporter 1, di- and + Brain, retina,
SLC15A4 PTR4 human peptide tripeptides H placenta 12924.32 NM_145648
transporter 4 protons

Tab.1.1 SLC15 family (Daniel and Kottra, 2004).

SLC15 transporters present from 450 to more thaf 75

aminoacidic residues (the procaryotic variants sraller than the
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eukaryotic ones) and contain 12 transmembrane dsng&MD) with
the N- and C-termini facing the cytosol. Conservesidues are found
in all family members (Steinaat al, 1995). There is a protein stretch
located in the end region of the TMD2, the followimtracellular
loop and reaching into TMD3. The second more comsesignature
motif is found in the central part of TMD5 and camsps a stretch of
11 amino acid residues (Hauset al, 2005). Moreover, in the
mammalian species there is a histidyl residue atdiy for the
catalytic activity of PepT1 and PepT2 (fe¢ial, 1997).

PepTl and PepT2 are able to transport all 400 rdiife
dipeptides and 8000 different tripeptides derivadmf the 20
proteinogenic La-amino acids; PepTl represent the low-
affinity/high-capacity variant, and PepT2 the hiffimaty/low-
capacity variant. PHT1 and PHT2 accept also frestidime as a
substrate, but it is not known if they can transploe same spectrum
of di- and tripeptides of PepT1l and PepT2. The ideftistidine
transporters appear to be phylogenetically simitar proton
oligopeptide transporters found in plants, whichdrat the transport
of histidine, nitrates, di- and tripeptides. The nmmaalian SLC15
members can only transport di- and tripeptides, redee in bacteria,
yeast and plants there are proton oligopeptideansporter with the
capability of transporting peptides containing mtran three amino
acid residues. (Daniel and Kottra, 2004).
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1.2.3 PepTl1 gene

In 1994, the complementary DNA coding for rablepP1 was
cloned screening an intestinal cDNA library by ugtaof glycyl-
sarcosine™C-labelled inXenopus laevioocytes (Feiet al, 1994).
Subsequently, PepT1 was isolated by expressiomgandmic cloning
from other species such as human (Liahgl, 1995), rat (Saitet al,
1995), Caenorhabditis elegané-ei et al, 1998), mouse (Feat al,
2000), sheep, cow, pig, chicken (Chetral, 1999;Cheret al, 2002),
zebrafish (Verriet al, 2003) and macaco (Zhaegal, 2004).

The gene encoding hPepTl maps to human chromosome
13933-34 (Lianget al, 1995) and consists of 23 exons. The open
reading frame encodes 708 amino acids and the seguyaresents
50% identity and 70% similarity to PepT2. In geheraammalian
PepT1genes present a high degree of similarity in baibtering and
coding sequences. In particular, it is thought ®epT1orthologues
genes evolved by exon shuffling and rearrangemehtinctional
modules, because the genomic structures of hunémansePepTl
genes are modular, with each transmembrane segmenioop unit
encoded by a different exon (Fig.1.3). The putagiremoter region of
hPepT1lcontains TATA boxes and GC-rich regions. TATA bsxae
located in unusual positions (511 bp and 517 bpgregs from the
transcription start site), while GC boxes are ledatear the start site
(at -29 bp and several others within 300 bp). Tl of structure
suggests that the GC box is a more important premaot the
regulation ofhPepT1than is the TATA box. However, there may also
be more than one transcription start site. Theralss® a potential

insulin responsive element located upstream froe ttAnscription
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start site: this suggests that insulin might beoimed in the regulation

of hPepT ltranscriptional activity (Urttet al, 2001).

mPEPT1
Protein N .
PN NG A g S
IT 12T 3 [47 Ts5[ 76— [70 [8T[91 — — — —  [OIr2
mPEPTI
DNA A o8 ) & ~ M
¢ PO U I AP R ,\%\\q@%\“ & \Q\L’\\ \O‘l‘ \,p RO ">?7* '?\3‘ Bp*
| ‘ ] 4
N N S AN N\ N . B SOS
’ N \ \i:-\
NN N 500 b
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mpeptl ATG \ \\\ . '\:«‘\' : TGA
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1 23 87 & 21 15 16 17 18 1920 321 22 23
MR I AA /AATAAA|
W L‘ (| i i
T™MD 11 I IVV VI VII vl IX X Xl X1
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Fig.1.3 Gene and cDNA organization of mouse PepT1 (Fal.e2000).

1.2.4 PepT1 structure: from the prediction to the

crystal

Rabbit PepT1 is a protein of 707 amino acids oghinto 12
membrane-spanning regions and a big loop betweed9IMnd
TMD10 with the N- an C-termini facing the cytosdtig.1.4). The
molecular weight is 71 kD of which at least 11 ke due to N-linked
glycosylation: the putative N-glycosylation siteg &sn 50, 439, 498
and 513. There are also a protein kinase C site€C(FSér 357) and a
CAMP dependent phosphorylation site (PKA, Thr 362¢i et al,
1994).
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Fig.1.4 Membrane topology of rabbit PepT1 (Fei et al., 409

The membrane topology of PepT1 has been proposed tine
first cloning from rabbit small intestine: the dasal hydropathy plot
suggested that rbPepT1 has 12 TMD (éeal, 1994). This model
was tested and confirmed in hPepT1 (81% identith whPepT1) by
inserting epitope tags into predicted intra- orasellular loops, and
determining their accessibility to an anti-epitag&ibody (Covitzet
al., 1998). More recently, other information about thede in which
the TMDs might be arranged in the membrane arevelgrirom site-
directed mutagenesis of individual residues (Mahed004), cysteine
scanning of TMDs (Kulkarnet al, 2003a;Kulkarnet al, 2003b) and
from indirect computer-based approaches. The aigi?2 TMDs
model has been refined by using the program MEM@MEMbrane
protein Structure and Topology) which predictedhwi8% accuracy,
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the exact residues forming TMDs 1 and 2 (McGuéiral, 2000) and
the program Cn3D correlating the rbPepT1 sequeritetiose of the
previously crystallized bacterial transporters La¢f.coli proton-
coupled lactose permease, (Abramsen al, 2003) and GIpT
(glycerol-3-phosphate/inorganic phosphate antipoiiduanget al,
2003;Meredith and Price, 2006). Moreover, there ewieélences that
PepT1 acts as a multimer: according to the suggesteleling PepT1
could be a tetramer, with a minimum requirementvad functional
subunits in each protein complex (Panitsial, 2006).

Finally, in the end of 2010, the crystal structofea peptide
transporter from the bacteriu®hewanella oneidensi®epTk, has
been reported by Newstead and coworkers (Newstead, 2011).
This bacterial homologue shows 30% identity wittiie TM regions
to the mammalian PepT1l and PepT2 proteins andi&ipebperties
very similar to those reported for hPepT1. All poesly identified
residues proposed to be functionally important he mammalian
transporters are conserved (Newsteadl, 2011). The overall fold
adopted by TM helices is the same observed forltheTMDs in
LacY, GlpT and EmrD E.coli multidrug transporter) (Abramsost
al., 2003;Huanget al, 2003;Yinet al, 2006). But Pepd, contains 14
TMD: helices H1-H6 and H7-H12 form six-helix burglidaat come
together to form a ‘V’-shaped transporter, relabgda pseudo two-
fold symmetry axis running perpendicular to the rbesme plane. The
two additional TM helices, HA and HB, are insertedo the
cytoplasmic loop forming a hairpinlike structurecmnnect the N- and
C-terminal bundles (Fig.1.5 A). They do not conitd to any

10
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conserved transport mechanism because are absahbther species
(Newsteacket al, 2011).

A Extracellular side

Intracellular side

B (]

Extracellular

Extracellular side

Central

Intracellular side Gaviy

Fig.1.5 Structure of Pepst A: PepTE,topologyB: View in the plane of the
membraneC: View from the extracellular side of the membrane
(Newstead et al., 2011).

In the crystal structure there are two hydrophitwities, one
central and one smaller extracellular (Fig.1.5B)e central cavity is
in the centre of the membrane closed to the eXtuaespace by a
gate formed by helices H1, H2, H7 and H8. Accesth¢éocytoplasm
from this cavity is restricted by an intracellulgate formed by side-
chain interactions between two-helix hairpins, ¢edi H4 and H5 on
the N-terminal side, and H10 and H11 on the opmp$irterminal
side (Fig.1.5 C) (Newsteadt al, 2011). The interaction between
these helices occurs through residues that areenmt across the

11



Introduction

vertebrate peptide transporters; the most promineht these
interactions involves part of the highly conservie@R2 (Peptide
Transport family) motif (FYxxINXG) in which point giations
inactivate or greatly impair the transport (Hausteal, 2005).

The smaller extracellular cavity is also located the interface
between the N- and C-terminal domains. It is cdm&ped, with the
apex at the bottom near the central cavity, opeouigvard and its
overall dimensions are ~16 x 8 x 8 A. This cavianaepresent the
vestiges of entrance for peptides because is sintdathe one
representing the exit pathway for substrate in ErfNBwsteacet al,
2011).

1.2.5 The oligopeptide-binding site

Waiting for the crystal structure, different greupising
computer modeling methods predicted an arrangeroénhe 12
TMDs to form a transmembrane channel (Bolgeal, 1998;Yeunget
al., 1998). This model of hPepT1, based on the amptigpty of the
helices and on minimizing interactions of the faadsTMDs in
pairwise fashion, was refined by Lee and coworkermhe
transmembrane channel is described like a “bublle/estibule large
enough to accommodate a dipeptide (le¢eal, 1999). Some years
later, Meredith by modeling rat PepT1 on the LacYystal structure
reviewed the position of the TMDs (Fig.1.6 A). Tini®del corrected
Lee’s group assumptions that TMDs adjacent in #gpience are also
physically adjacent in the membrane and that tHed®e cross the
lipid bilayer perpendicular to the surface. Theidalwheels were

arranged in order to keep in the central chanreetésidues that were

12
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predicted to have a role in the substrate bindifg.{.6 B) (Meredith
and Price, 2006).

A i - B
|/I';ﬂ\\ / TM\ Out
e \‘g'/ _ 4 3 B e R
-'/TM \ \  padt T
'\11 _\_ Eses5 \ N w\(z:: 4
- |/TM YSE:M{TM )

_ | L
B \JO wzm\r__y /T;n\ r 4 ,

1L

TM\- vi2 - e ) il ‘Bubble’
Qz/ - Y167, —/ E595 03—
( ™ 2% FM\ Y167 /
A 1}:91 4 ' - R282
-
[ T;u\. Tg" ) Sa L J . hPepT1
" s \.‘_4 ,.) In

Fig.1.6 A: 12-TM model for hPepT1. B: Schematic repregd@naf the
transmembrane channel with vestibule (‘bubble’)
(Meredith and Price, 2006).

After the crystallization of Pegf(Newsteacet al, 2011), it is
believed that the central hydrophilic cavity obsehun crystal could
represent the oligopeptide-binding site becausdim®nsions, ~ 13 X
12 x 11 A, are sufficient to accommodate both did ari-peptides.
Moreover, these dimensions are sterically restacfor larger tetra-
peptide ligands and can also explain the lack bhigf for single
amino acids that cannot interact sufficiently witbth the N- and C-
terminal domains of the transporter.

The binding site (Fig.1.7) is formed by residuemnirhelices H1,
H2, H4 and H5 from the N-terminal six-helix bundied from helices
H7, H8, H10 and H11 from the C-terminal bundle. @@ N-terminal
side there is a positively charged cluster of thzeeserved residues,
Arg25(27), Arg32(34) and Lys127(140) (numbers inadkets
correspond to the equivalent residues in human Pepg\nhd also two

13
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conserved tyrosine residues, Tyr29(31) and Tyr63(@& positioned
close to this. On the C-terminal side, at a distaot~ 13 A from
Lys127(140), are two further strictly conserveddass, Glu419(595)
and Ser423(599), located in close proximity to B@#{l67). The
presence of a negatively charged residue at trsgiqo is important
because the arrangement of opposite charges wlibirbinding site
could be a role in the recognition and orientatbdmpeptides through
the creation of a dipole moment. The presence wérak possible
hydrogen-bond donors and acceptors, as the tyrossidues, could
be advantageous in adapting to peptides of vatengths, sequences
and charges (Newsteatlal, 2011).

Fig.1.7 The Peptide-binding site of Peg{Newstead et al., 2011).

Water also plays a key role in the docking prodedsed both the
two cavities observed in the crystallized Pgpare fully solvated.
Water acts as a versatile space filling buffer leemvthe substrate and
the carrier-binding site and both charged and paarwell as large

apolar substrates can be accommodated at the s@n{@ameet al,
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1996). But most of the conserved residues in thalibg site are
hydrophobic  residues, including 1le157(170), Trp&B),
Phe315(297) and Trp446(622). These hydrophobic gisclredicted
also by biochemical studies, are likely to provide suitable
environment for peptide side chains generally @a#ét al, 2000)
more hydrophobic than the peptide backbone. In, facitation of
Trp312(294) of PepT1 to alanine reduces substiatieka in HEK293
cells (Bolgeret al, 1998). Interestingly, some conserved residues are
not located in the peptide-binding site but closdéhe central cavity
and may have an important role in positioning nesglinvolved in the
substrate-binding (Newsteatlal, 2011).

Detailed structural information about the substhkateling site are
important not only to understand the mode of trarisjpy which
PepT1 binds and transports its substrates thabfitgreat interest to

researchers, but also to make PepT1 a good drigedesystem.

1.2.6 Substrate specificity

All information about the substrate specificityRépT1 derive
from detailed studies in which an enormous numbkerdie and
tripeptides, amino acid derivatives and inhibitbese been tested by
electrophysiological techniques, competition assaged also
computational modeling. This large analysis hasviged a good
prediction of the substrate-binding template befibv@n the binding
site features were published with the crystal stmecof a prokaryotic
homologue of PepT1 (Newsteatlal, 2011).

PepT1 can transport thousands of di- and tripeptidat differ

in structure, molecular size, polarity, net chargfereochemistry, and

15



Introduction

even the mesomeric structure of the peptide bdtsdhadrd to imagine
that a single carrier protein would be able to gpant these quite
different substrates. For example, the moleculassmaan vary
between 132 Da for a di-glycine and 577 Da foi-&ryptophane, and
the net charge can range (at pH 7) from neutraditalently anionic,

as for a triglutamate, or trivalently cationic, fas a tri-lysine. But

evidences of multiple peptide transporters for diferent substrate
groups, initially postulated in the brush bordemmbeane of intestinal
epithelial cells, have not yet provided (DanielD2)

The most simple substrate structures transpogdeBPT1 are
omega-amino fatty acids. This demonstrates thatnmaihnmolecular
determinants of substrates for recognition by taedporter are two
oppositely charged head groups (i.e., amino antozgr groups)
separated by at least four methylene groups (Bj.The distance of
5.5 to 6.3 A between the centers of the head grexpéains why
neither free amino acids nor tetrapeptides candomdb or transported
(Doringet al, 1998b).

All additional structural features in a compountheir modulate
substrate affinity or even prevent substrate bigdindeed the peptide
bond is not a prerequisite for substrate recogmititVhen an
additional carbonyl group is incorporated into thackbone, as
realized in delta-aminolevulinic acid (ALA), sulste affinity of the
amino fatty acid increaseBhe carbonyl oxygen in the peptide bond is
the relevant functional component because it cam fadditional
hydrogen bonds with the substrate-binding domaimek&as, if the
peptide bond is replaced by an isosteric thioxodbonif the peptide-

bond nitrogen is methylated there is a reductiosuhbstrate affinity
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(Doring et al, 1998a). Moreover, tha-amino group of the peptide
transporter substrates and its spatial locatioly plecrucial role in
binding affinity and translocation. This group maym a salt bridge
with either an acidic residue or a histidine residocated in the
substrate binding pocket. In fact, peptides comgiproline residues
are critical substrates not only with respect ® ¢bnformation of the
peptide bond but also with respect to other strattgonstraints.
When provided in an aminoterminal position in pees, thex-amino
group is embedded into the pyrrolidine ring systéme: peptide bond
has a rigid, planar double-bond structure and #nbanyl-oxygen that
generally increases the affinity of substrates,obexs negatively
charged impairing interaction with the transporfdre consequence is
a marked reduction in substrate affinity (Brandsthal, 1998).
However, there are substrates in which themino group is not
present, such as in some R-lactams and ACE-inhsbitbat are
transported by PepTl. Therefore, other groups @se¢hcompounds
could interact with different residues in the bimglidomain (Daniel,
2004). The transporter can accommodate such a langeoer of
different structures because water shields electnarges of amino
acid side chains in the carrier's substrate-bindioghain weakening
unfavorable interactions between charged subsgetaps and the
protein (Tameet al, 1996). Moreover, the substrate binding site of
PepT1 is strongly stereoselective and oligopeptategaining solely
D-enantiomers of amino acids are not transportedvaéver, PepT1 is
able to transport peptides containing both L- andéniino acid
residues: in this case the affinity depends from Erenantiomers

location in the oligopeptide. D-enantiomers arelyawvell accepted in
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the amino-terminalocation, whereas when located in the carboxy-
terminal position of a peptide, affinity is markedieduced (Daniel,
2004).

more hydrophobic side chains prefemred,

certain restrictions in side cahin size and conformation apply,
béinding pocket accepls all charges,

sterosalective binding

A

peptide bond not required,
when present, only the trans-form accepted
maybemplmdhyismmlhmmmd

| ‘pepﬂdohmdmtrngmllmlraqumd ‘
may be methylated

R 2nd. paplide bond is not required,
1 | masy be modified Le b\r mmhylum
not essential, | |
be located in B ' ! 1
mwmnmam:. + HzN __bmwy!'ua fing system as given in the
when provided in a ring system, affinity declines B-iactam antibiotics withoul koss of affinity
0 R, NH
v >_
["carbonyl function is not essential | COOH
whaon present. affinity Incumias| |
R3
Y
move hydrop side chains p | | not essential,
binding pocket accapts not il charges, | repiacement siriclly dopendent on group
sterosalective binding | sterical location most eritical
cartain size restrictions |
v
maora hydrophobic side chains preferred,
certain size restrictions
storonslective binding

Fig.1.8 Molecular determinants of PepT1 substrates
(Daniel and Kottra, 2004).

1.2.7 Critical residues in PepT1

Significant evidences about the critical role onsoresidues in
PepTl1 derive from mutational studies. Histidine @¥7) in the
second transmembrane domain (TM2) is essentidPé@T1 function
(Fei et al, 1997;Chenet al, 2000;Uchiyameet al, 2003) and the
protonation of this residue is a necessary stefnentransport cycle
(Steelet al, 1997). In fact, when protonated, H57 has beepgsed
to bind the carboxy terminus of the peptide subst(@eradaet al,
1996;Baileyet al, 2000). The neighboring tyrosine, Y56, has also
been shown to stabilize proton binding and, togethi¢h Y91 and
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Y167, to play important roles in determining th&rafy and transport
rate of rabbit PepT1l forming hydrogen bonds andviding a
hydrophobic environment for side chains (Uchiyaghal, 2003;Pieri
et al, 2009). In addition, histidine 121 (H121) in TM4as a
functional role in the central cavity of PepT1 (@@aet al, 1996) and
also three residues of TM7, F293, L296 and F29hjested to
cysteine-scanning mutation analysis, are strudyunahportant for
PepT1, because of their hydrophobic packing intemagKulkarni et
al., 2003b). Again a structural role was proposedtifgptofane 294
(W294), because some PepT1 mutants in this resldo& have any
detectable transport activity, even if W294 wastaht of cysteine
replacement in human PepTl (Bolgetr al, 1998;Panitsa®t al,
2006). Various mutants of glutamate 595 (E595)ep™. have been
reported to drastically reduce transport activigxcept where
mutation was to an aspartic acid (& al, 2009), indicating the
importance of a negatively charged residue at plosition. In fact,
E595 could bind the amino termini of PepT1 subssrasince together
with H57 forms a dipole moment important in theagition and in
the arrangement of peptides (Bailetyal, 2000). Other residues have
been found to affect PepT1 activity in interestuugys: particularly
Arg282 (R282) and Asp 341 (D341) have been repometbrm a
charge pair that may break and reform during tlaasport cycle
(Kulkarni et al, 2007;Pieriet al, 2008;Meredith, 2009). Interestingly
mutation R282E appeared to convert the cotrangpiorta substrate-
gated, rater unspecific channel (Meredith, 2004i[Rteal., 2008).
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1.3 Electrophysiological properties of PepT1

Overexpression of ion-coupled cotransporters ireroégous
systems, especiallyXenopus laevis oocytes, allows precise
electrophysiological measurements which revealilgetdeatures in
the kinetic mechanism.

PepT1 as well as most cotransporters displays tao kinds
of electrical activity: in the absence of organidhstrate, transient
presteady-state currentd,§ are generated by charge relocation
during voltage steps; in the presence of substria@esport-associated

currents [i;) are recorded.

1.3.1 Presteady-state currents and transport-

associated currents

lore has the characteristics of an intramembrane charge
movement, as it is transient, saturable and symen@tageret al,
1993;Bossiet al, 1999;Forlaniet al, 2001). Conversely,l; is true
transmembrane current, as the actual charge cpigrsically move
from the extracellular to the cytosolic compartmentsice versalpe
and I, are reminiscent of two distinct currents in vodadependent
ionic channels: the gating current and ionic currémrough the
channel itself, respectively (Armstrong and BeZanill974;Hille,
2001). In ionic channels clearly distinct functidmsve been assigned
to the two currents. The gating currents are betieto signal the
conformational changes that accompany opening lg®ming) of the
permeation pathway (Catterall, 1993). The currerdugh the channel
can only occur when the gates are open, and therefosimple

relation, based on Ohm’s law, exists between tlubatility of the
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channel being open and the current flux. Whereasidhic current
obviously depends on the presence and on the leguih potential of
the permeating ion and this parameter does nottatfee gating
currents (Fescet al, 2002).

In cotransporters the situation is certainly ldsas in fact, the
charges responsible foye cannot be clearly distinguished from those
giving rise to the transmembrane current fllgee of cotransporter
may also be explained as due to rearrangementlodrged portion of
the protein in the membrane field (Magerr al, 1996;Looet al,
1998); however, the charge relocation might be tdude motion of
ilons that move back and forth between the extesohltion and an
open vestibule in the transporter facing the exlialar side (Mager
et al, 1996;Lesteet al, 1996). Whatever the actual mechanism, it is
generally agreed that presteady-state currentesept a partial step
in the transport cycle. The time integral of thisxdk of current
represents the amount of charges that moves inntbenbrane
electrical field in response to the voltage chariges. possible to note
that the same amount of charges moves during thé (foom the
holding potential, ¥, to a given potential) and the “off” (when the
voltage is returned back to,)of the voltage pulse (Fig.1.9 B). Such
behavior is reproduced by a simple electrical d¢ircanstituted by a
resistor and a capacitor in series (Fig.1.9 A)ehevoltage steglVv

generates a current given by:

I = %Vexp (—R—tc), [eq.1.1]
which declines to zero with a time constant givenri= RC
and displaces an amount of chaf@e CA4V onto the capacitor plates
(Fig.1.9 B) (Perest al, 2004).
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Fig.1.9 A: Electrical circuit simulating intramembrane aigg movement.
B: time course of the relevant electrical quangtie response to step
voltage changes across the membrane (Peres &0ai4).

1.3.2 Intramembrane charge movement

The empirical relations explaining electrophysiotad)
observations represent the starting point for tleeetbpment of
kinetic schemes of heterologously espressed tramespo In the
simplest formalization a two-state system is asslinre state A the
electrical charge associated with the transposelocated near the
internal limit of the membrane electrical field, ¥ehin state B the
charge is displaced toward the outer membrane mgigg.1.10).

Clearly, the relative occupation of the two statels depend on the
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membrane potential: assuming a positive mobile gdhastate A in
Fig.1.10 will be populated at negative internal gmials, while at
positive potentials the most populated state valBo This description
may be translated in terms of reaction kineticxdesd in the figure:

a
—C @
B
<7
. B
out in

Fig.1.10 Elementary representation of a two-state systguaaing
intramembrane charge movement.

in which a and 3 are the voltage-dependent unidirectional rate
constants (dimensions™s for the outward and inward charge
movement, respectively.

Consistent with the laws of electrodiffusianandp will depend
on the membrane voltage according to the followgegeral kind of
expressions:

a =k, exp@dV/ 2kT)
[egs 1.2]
B =kzexp(-gdV/ 2kT)

where q is the elementary charg8,is the fraction of electrical
field over which the charge movement occuksjs Boltzmann’s
constantT the absolute temperature akoandks are the zero voltage
rate constants. Clearly, will increase as the membrane potential is
made more positive anglwill increase as the membrane potential is

made more negative.
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Considering a given population of molecules that camdergo
reaction in Fig.1.10A4 + B = constant, and defining the relative

amounts of A and B as:

* A B

A" = v and B* = v [egs 1.3]

we have:
dA”
T —aA* + [B*

[egs 1.4]

dB
i aA* — BB*

it is easy to verify that at equilibrium, B* is @ by:
B*=a/(a+p) [eq.1.5]

and therefore, replacing eqs 1.2 in eq.1.5:

B* = —; ! [eq.1.6]
1+£exp (-Vq8/kT)

which is a Boltzmann relation with sloge= gqé/kT , and in which
the molecules are equidistributed in the two stategoltage V, ,, =
In (kg/kg)ls.

From eqs 1.4 it is also easy to derive the diffeatequation that

describes the approach to equilibrium followingodtage jump:

%: a—(a+p)B* [eq.1.7]

which may be solved to give:
B* = By + (B — Bo) (1-exp[-t/7]) [eq.1.8]
where the subscript O and respectively refer to the value before
and after the voltage jump, so th} andB,, are the fractions of
molecules in state B before and after the voltdgenge respectively;
they may be obtained from eq.1.5 by using the spoeding values

of o andp:
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By = —0
* " ap+ Bo
[egs 1.9]
Bl = —=
7 U + Poo
The time constant of the exponential is:
1=1/(A0 + f) [eq.1.10]

Calling Qnax the total amount of electrical charge involvedhe
process, the time course of the transient currBateel by voltage
changes can be obtained by differentiating eq.@dBraultiplying the
result by Qax Which gives:

= nexCB0) oy (—t/7) [eq.1.11]
This expression constitutes the basis for the amabf the presteady-
state currents observed in transporters. Fittingl.g&f to the

experimental traces of transient current yields tihee constant of
decayt, while the time integral gives:

J, T = Quax (B3 — B) [eq.1.12]
which represents the amount of charge moved byvtiage
jump.
In particular, at any membrane voltage the quantitycharge

displaced towards the inner side is given Qy(V) = QuaxA” =
Qmaxa%. If, in agreement with standard notation, a misign is

assigned to inward charge movement, this may beittew as:

_ B
Q(V) - _Qmax m-

The analysis of presteady-state currents is peddrhy first of all
isolating these currents from the endogenous coemsnof the

oocytes and from other contributions to the totakent; this may be
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achieved by subtracting the traces recorded initond in which the
presteady-state currents have been eliminatechébyde, for instance,
of saturant concentration of substrate (Fig.1.11Bom the
corresponding traces recorded in control conditiorffig.1.11A)
(Bossiet al, 1999). A correction of the baseline may consetiydre
necessary before performing the integration of tiansients
(Fig.1.11C). The graph of the integrated chargenstjaoltage shows
the typical sigmoidal shape (Fig.1.11E) expectemnfreq.1.6. For
each voltage step the “on” and “off” integrals aode, as expected in
a process in which the fraction of charge in the tpositions at
equilibrium conditions is determined only by volkéag

The relaxation time constanimay be obtained by fitting single or
multiple exponentials to the current records atheaotential; a
representative vs. V plot is shown in Fig.1.11D. Thevs. V plot is
bell-shaped, confirming the expectations of equmsti@.2 and 1.10.
Furthermore, the theory outlined above predicts tha maximum
value oft should occur at the voltage where 50% of the ah@sgn
one position and 50% in the other andhould depend only on the

voltage after the jump.

A Control B Gly-GlIn
3 mM
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Fig.1.11 Analysis of presteady-state currents for the gutide
transporter rbPepT1. A: traces recorded in phystagsolution, containing
98 mM N& among other ions; B: traces from the same oocfter adding 3

mM Gly-GlIn; C: isolated presteady-state currentsuléing by the
subtraction of the traces in B from those in Ar&laxation time constant of
the transient currents in C as function of voltagecharge vs. V plot from

the integration of the transient currents.

1.3.3 Transport mechanism of PepT1

In 1996, Wright and coworkers have investigatedttaasport
mechanism of human intestinal PepT1l with regard vadtage
dependence, steady-state kinetics and transiemgehaovements
using two microelectrode voltage clamp iKenopus oocytes
expressing the transportdrhey found that HGly-Sar cotransport
obey Michaelis-Menten-type kinetics. The appardfihity constant
for Gly-Sar is ~ 0.7 mM aV, -50 mV (in the pH range 5.0-6.0). At
eachVp, Hill coefficients are ~1 for Hactivation of the Gly-Sar-

evoked current, suggesting I:H Gly-Sar transport stoichiometry. In
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the presence of H but in the absence of Gly-Sar, they observed
voltage-dependent presteady-state currents. Acupridi their model
(Fig.1.12), these transient currents are due tdibgidissociation of
H* to/from the cotransporter and a conformationalngeaof the
unloaded carrier between the external and intenm&mbrane
interfaces. Presteady-state data indicate thatad bind to the empty
carrier in the absence of oligopeptide. The stesdie data indicate
that H and oligopeptide are translocated simultaneousihé same
reaction step, because, at leasVgimore positive than -70 mV, the
affinity of the carrier for substrate (Gly-Sar) eebrates at
diminishing [H]o. Moreover, the transporter prefers to bind &hd
substrate in an orderly fashion; Hrst. In fact, the apparent maximal
transport rate is significantly attenuated only @fid’], was reduced
100-fold, and even then the reduction jpy is less than for a system

in which activator and substrate binding was randMackenzieet

al., 1996).
B ﬁ "I-b_i“di:g Bﬂa
|

voltage-sensitive
conformational change

¢

Fig.1.12 Model of charge movement proposed by Wright amebdcers for
hPepT1 (Nussberger et al., 1997).
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One year after, a more detailed transport mechanism
considering the affect of intracellular pH on thee{gteady-state

kinetics of rabbit PepT1 was purposed (Nussbezgat, 1997).

conformnunnal
change
H’-bin dlng [[aslj H+ Outwardly
occluded
et ‘aom s

(fast)

\[:oltag:n::n:'e l / T (substrate @
ﬂ]'ll ormational change d
(slw] A].lHﬂV Ap.ﬂvL v required)
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H- state
l-l -dissociation {slo“} I
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Fig.1.13 Model of charge movement proposed by Hediger amikers for
rabbit PepT1 (Nussberger et al., 1997).

According to this revised model (Fig.1.13) the eyngdrrier has a
single H-binding site that is symmetrically accessible frbath sides
of the membrane. Hoinding to the extra- or intracellular surface is
followed by a conformational change resulting ire ttormation of
outwardly or inwardly facing occluded states, respely, and that
these protonated states cannot cycle between sideior outside in
the absence of peptide. The pre-steady-state ¢srierresponse to
voltage jumps are due to binding or dissociationHof within the
membrane electric field near the extra- or intdatal transporter
surface (steps 2/1 and 4/5) and to reorientatiothefempty carrier
during the voltage sensitive conformational changep 6).
Increasing the H chemical gradient and/or decreasing,

(hyperpolarization) shift the carrier toward the outwardly occhad
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state. In other words, acidic pH increases the mundf PepTl
molecules in the outwardly facing state that hasnareased affinity
for peptides. Similarly, decreasing thé Ehemical gradient and/or
increasingVy (depolarization) shift the carrier toward the imadig
occluded state.

Thus, the model predicts that the magnitude andripplof the
transient charge movements depend on the electrochemical
gradientAccording to the authors, from a physiological pexive,
this concept makes sense because the pH near tdstinal brush
border membrane is acidic (pH 5.5-6.0), which favibke outwardly
occluded state and promotes efficient peptide gbsor (Nussberger
et al, 1997).

New implications for proton-driven peptide sympaltrive

from crystal structure of PepT1.
Extracellular side

Outward-facing

Pep calwty Extracellular  Central Inward-facing
cavity cavity cavity

Proton-
binding
region

Pep
Outward-facing Occluded Inward-facing
conformation conformation

Intracellular side

Fig.1.14 Mechanism for peptide—proton symport proposedPiEpTs,
(Newstead et al., 2011).
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The Pep¥E, structure presents a ligand-bound occluded
conformation with a clearly identified substratexdting site. Both
ends of the central cavity containing residues Ivew in peptide
binding are closed. For uptake of peptide, therakchvity needs to
be connected to the extracellular space, potentitdfough the
extracellular cavity (Fig.1.14). The central andragellular cavities
are separated by a putative extracellular gategtwisi made of helix
H7. Opening of the intracellular gate seems to detrolled by the
movement of helix hairpin HL0-H11 in the C-termihalix bundle.
This hairpin, forming a restriction for exit of boad peptide to the
intracellular side, would move together with theblsundle C1,
composed of helices H7, H11 and H12. From thiscttral model
employed to explain PepT1 transport, the N-termimalix bundle
seems less dynamic, whereas the C-terminal hehxlleucontains the
mobile gates, quite possibly driven by the protdecteochemical
gradient. To understand the mechanism in full hewewt will be
essential to determine the Pgp$tructure in different conformational
states and determine the sites of protonation atige binding
(Newsteackt al, 2011).

1.3.4 Mode of transport

How does PepTl successfully link the transport oths
diverse compounds to the cotransport of protons29®7, Hediger
and coworkers published a study in which they examthe
stoichiometry of neutral and charged dipeptidesdparted by rabbit
PepTl expressed ienopusoocytes and the pH dependence of the

transporter (Steadt al, 1997). First of all, the independence of PepT1
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uptake of extracellular NaK* and Clis confirmed (Fekt al, 1994)
and, moreover, it was demonstrated that peptid&ezl/dluxes are
entirely due to A movement since the transporter doesn't display
substrate-gated anion conductances. Using a ssibsfrates, kinetic
parameters and transport efficiency are determindte various
classes of dipeptidesNeutral, acidic as well as basic dipeptides
induce intracellular acidification. Maximal trangpof Gly-Leu, Gly-
Glu, Gly-Lys and Ala-Lys occur at pH 5.5, 5.2, 6dhd 5.8,
respectively. Thdnax values are relatively pH independent but the
apparent affinity K,) values for these peptides are highly pH
dependent.In other words,at physiological pH (pH 5.5-6.0) PepT1
prefers neutral and acidic peptides.

The rate of intracellular acidification (measuresing a pH-
sensitive microelectrode), the initial rates of thetake of
radiolabelled peptides and the associated chawyedlgave proton-
substrate coupling ratios of 1:1, 2:1 and 1:1 feutral, acidic and
basic dipeptides, respectively. In particular, adow to the purposed
model for the coupled transport (Fig.1.15), negivcharged
dipeptides are cotransported with two protons, @fewhich is
involved in H coupling while the other is predicted to neutrlthe
charge on the substrate creating a zwitterionicispe On the other
hand, a single proton is cotransported with posigivcharged
dipeptides and the transport optima is shifted tod&anore basic pH
values. To account for this, a histidine residuwated near the peptide
site is predicted to be deprotonated at or above6gHto allow
binding and translocation of positively chargedegifides (Steett al,
1997).
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Gly-Leu

Outside

Inside

Fig.1.15 Model for coupled transport of neutral and chargpeptides by
PepT1 (Steel et al., 1997).

1.4 Regulation, pathological implications

and pharmacology of PepT1

1.4.1 Regulation of PepT1 transport activity

PepT1 activity is modulated by regulation factacting on the
gene expression or influencing the targeting oftthasporter on the
membrane.

Intracellular signaling pathways induce acute clesno the
transport activity. An activation of PKC stimulatesndocitotic
mechanisms causing a rapid decline in apical peptptake based on
a decreased i Without changes in substrate affinity.

Prolonged exposure to substrates also causes Repieval
from the membrane via endocytosis without to inedRKC pathways
(Mertl et al, 2008). In contrast with these observations, cotetlion
rabbit PepT1 expressed Xenopusoocytes, long-term incubation of
human intestinal Caco-2 cells in a dipeptide-comig culture
medium increases the % of hPepTl with no change in K
(Thamothararet al, 1998).

These apparently opposite findings can be explaibgdthe

presence in Caco-2 cell model of a compensationharesm to
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increasede novosynthesis of new carrier proteins; since the aocyt
does not express endogenously oligopeptide tratesppand it cannot
respond like a mammalian cell with alterations @ng transcription,
the type of adaptation observed in Caco-2 cellmocthe expected in
oocytes (Mertkt al, 2008).

Other regulation pathways involve CcAMP; increasing
intracellular cAMP levels by cholera toxin or foddin treatment
inhibits peptide transport (Mullest al, 1996), whereas a decrease in
the cAMP-level, for example, by the adrenoreceptynist clonidine,
stimulates transport as shown in Caco2-3B cells @ndhe rat
jejunum (Berliozet al, 1999;Berliozet al, 2000).

An acute effect on the transport activity of Pep3 bbserved by
alterations in intracellular free calcium concetitna An increase in
free calcium rapidly decreases activity, whereadeerease in free
calcium causes an increaseg,Vof PepT1 (Wenzedt al, 2002).

PepT1 transport activity also depends on the trangmane
proton gradient, which is mainly generated by tipéca N&/H"
exchanger and any alterations of pH gradients agwilnane potential
secondarily affect PepT1 activity (Thwaitetsal, 2002).

Indeed, a pH-sensing regulatory factorhdtepT1(hPepT1RF)
was cloned and characterized; its amino acids segués more
shorter but almost the same than PepT1: residues958inhPepT1-
RF are identical to residues 8-185 in hPepT1, wheresidues 1-17
and 196-208 are unique. When expressedX@nopus oocytes,
hPepT1RF alone does not induce any peptide transport agtitaiit
when it is coexpressed with hPepT1, Gly-Sar uptak®ore strongly
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inactivated at lower pH than in presence of Pepdhea(Saitoet al,
1997).

A regulation of PepTl1l abundance and activity intregial
cells can be observed by hormones such as indejiin, growth
hormone, and thyroid hormone (Thamothaedral, 1999b;Buyseet
al., 2001;Ashideet al, 2002). Insulin stimulates dipeptide uptake into
Caco-2 cells increasing the,¥ without changes in K (Thamotharan
et al, 1999b). Similarly, leptin was shown to enhanceegtide
uptake into Caco-2 cells and in the rat intestiBaey§eet al, 2001).
Whereas both hormones appear to increase the Repiein density
in the apical membrane by recruitment of preforntehsporters,
without changes at the transcriptional level, tresit of Caco-2 cells
with 3,5,3'-triiodothyronine (T3) reduces the,) for dipeptide influx
significantly with a concomitant reduction in thegd1l mRNA to
30% of control level (Ashideet al, 2002). Recombinant human
growth hormone has recently been shown to incrpaeptide transport
activity in Caco-2 cells (Suet al, 2003) and in combination with
epidermal growth factor also increased PepT1 esesn the rabbit
small intestine after midgut resection (Aviseaal, 2001).

Several studies have demonstrated that the exprelsiel of
PepT1 and its function is altered by dietary treatts. In rats, a brief
fast (Thamotharaet al, 1999a), as well as sustained starvation and
malnourishment (lharaet al, 2000), is associated with a high
expression level of PepTl1l. This is important alsithwespect to
protein assimilation in states of impaired jejursttucture and
function, suggesting that the high resistance oé fihtestinal

oligopeptide transport activity to tissue damageb@sed on an
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increased protein synthesis rate (Tanekal, 1998). Moreover, free
amino acids and dipeptide, especially Phe and @&g/-Rncrease
PepTl expression by a mechanism involving transonpfactors
associated with gene regulation under essentialn@macids
deprivation (Pohjanpelto and Holtta, 1990;Guereinal, 1993).

Recently, a microRNA-mediated regulation of PepTl
expression was observed during the differentiatafn intestinal
epithelial Caco-2 cells. It was demonstrated thatroRNA-92b
(miR-92b) suppresses PepTl expression, by dirdetigeting the
PepT1 3’-untranslated region, at both mRNA andginolevels, with
subsequent reduced PepT1 transport activity. Intiadd miR-92b
suppresses bacterial peptide-induced proinflammatesponses in
intestinal epithelial cells by inhibiting PepT1 egpsion (Dalmasset
al., 2011).

PepT1 activity shows also a circadian rhythm: galbst
transport and mRNA expression of intestinal ratTHepre greater in
the dark phase than the light phase. In contraslrisoform of the
transporter shows little diurnal rhythmicity in peon and mRNA
expression. These findings indicate that PepT1llatign could affect
the intestinal absorption of dietary protein (Raml, 2002).

1.4.2 PepT1 implications in pathological states
Several studies have demonstrated PepT1l implication
pathological states that alter the expression lawnel the function of
the transporter.
Diabetes, for example, induces an increased pretgnession

level of PepT1 in the small intestine, in factrats made diabetic by
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treatment with streptozotocin, the maximal peptidasport activity
increases almost twofold than in the control. Imtipalar, diabetes
increases the abundance of mMRNA encoding PepT loutithltering
its rate of transcription, but increasing in thabgization of mMRNA
encoding the transporter. Lastly, studies show dabetes similarly
affects the protein and gene expression of thel iepform of the
transporter (Gangopadhyayal, 2002).

Bacterial infections have also been demonstratedalter
PepT1 expression level and function in the gut. &ample, in rats
infected with Cryptosporidium parvumwhich causes diarrhea in
children and may lead to malnutrition, PepT1l isregulated at
transcriptional level (Barboet al, 2003). It was reported that
pathogenic bacteria induce PepT1 expression innoglges via the
transcription factor Cdx2 (Nguyest al, 2010).

PepT1 is expressed throughout the small intestidasaabsent
or expressed at very low levels in the human colonucosa under
normal conditions, but there are findings that st @xpressed in
inflamed colonic tissues. In patients suffering nfrashort-bowel
syndrome (SBS), a devastating clinical problem atimrized by
diarrhea, dehydration, micronutrient depletion, ageéneralized
malnutrition, the abundance of PepT1l mRNA in théorads more
than 5-fold that in control subjects. This up-regign of PepT1 in the
colon of SBS patients is an example of gut adaptatthe human
colon can increase the luminal transport of di- amkptides derived
from the diet or other sources during intestindufa (Ziegleret al,
2002).
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Moreover, in patients with chronic ulcerative dslitand
Crohn’s disease, PepTl mediates transport of thetetal
proinflammatory peptides such as formyl-methioregdyl-
phenylalanine (fMLP) (Merlinet al, 2001), muramyl dipeptide
(MDP) (Vavrickaet al, 2004), and L-AlarD-Glu-meso-DAP (Tri-
DAP) (Dalmassoet al, 2010). In particular, hPepTl-mediated
transport of fMLP, potentially stimulates expressuf key accessory
immune molecule such as MHC-1 (Merliet al, 2001); MDP
activates NF-kB and chemokine production (Vavriekal, 2004).

These data collectively indicate that, in someestaif chronic
inflammation, hPepT1, anomolously expressed inctilen, may play
an important role in promoting colonocyte parti¢cipa in host
defense and pathogen clearance (Ngweteal, 2009).

There is no known pathology associated with thefumation
of the oligopeptide transporter, but a functionalymorphism in the
PepT1 gene might be of relevance to inflammatioth antibacterial
responses in inflammatory bowel disease. In theorskdoop of
hPepT1 transporter it was found a coding polymaphiwhere the C
to T nucleotide substitution corresponds to an anaitid change from
serine to asparagines at residue 117 (Serll7Ashis Single
nucleotide polymorphism (SNP) shows significant bigverse
association with inflammatory bowel disease ingras from Sweden
and Finland: the common allele C has predisposimd) @rotective
effects in the Swedish and Finnish cohorts, resgegt It was
suggested that the PepT1-Asnll7 variant operate®ra efficient
transport of MDP (Zucchelbt al, 2009).
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Other functional SNPs were identified: the variBnd586Leu
shows significantly reduced transport capacity (ghat al, 2003)
and also for the variant Phe28Tyr altered transpbrGly-Sar and
cephalexin is observed in various transfected mdmmacells
(Anderleet al, 2006). PepT1 polymorphisms need additional sgjdie
but it's evident that may have an important role translation,
degradation and membrane insertion of the transpaabd may
contribute to disease susceptibility.

1.4.3 Pharmacological relevance of PepT1

The structural similarity of a variety of drugs kithe basic
structure of di- or tri-peptides explains the tgor$ of antibiotics,
angiotensin-converting inhibitors, and antiviraleats by PepTl.
Moreover, the high transport capacity of PepT1 vedlofast and
efficient intestinal uptake of the drugs (Dani€)02).

Classic and well-characterized drug substrateepflR are the
numerous amino beta-lactam antibiotics of the clesparin and
penicillin classes (Ganapathgt al, 1995) as well as selected
angiotensin-converting enzyme inhibitors such gstamil and the
ester prodrugs enalapril and fosinopril. Their iatéion with PepT1
in the gut epithelium provides an oral availabilggnerally between
40% and 90% of a dose of these drugs (hal, 2000;Shuet al,
2001). A variety of compounds with structures mtatto the
cephalosporins or the ACE-ester prodrugs have la¢sm shown to
inhibit the peptide transporters, but their affnis generally low
(Daniel and Kottra, 2004). The orally active sulpylorea

compounds nateglinide and glibenclamide inhibit tipeptide
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transporters noncompetitively (Sawaea al, 1999;Teradaet al,
2000). On the other hand, a series of high-affityfye competitive
could be developed on basis of lysyl-dipeptideswimch the side
chain amino function is blocked with a Z or Z(y@roup especially
if this modification is located in the amino-terrainposition of a
dipeptide (Knutteret al, 2001;Theiset al, 2002). Other interesting
drugs shown to be PepT1l-substrates include sudpirad selective
dopamine D2 receptor antagonist (Watanabel, 2002), and the
dipeptide-mimetic bestatin that as a peptidasebitdri also acts as an
antitumor agent (Teradat al, 1997). The capability of peptide
transporters for the uptake of d-aminolevuliniada@LA) can be also
used for tumor therapy (Dorirgt al, 1998a;Neumann and Brandsch,
2003). ALA is a precursor of cellular porphyrin #yasis: laser-
induced photoactivation of the accumulated porptsyris used to
submit tumor cells to necrosis (Keky al, 2002).

In conclusion, broad substrate specificity, highnsport rate
and also a growing scientific interest in intestipeptide transport in
pharmacology make PepT1 a good target for efficbeal delivery of

rational designed drugs.
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Chapter 2. Materials and Methods

2.1 Molecular biology

2.1.1 PepTI1 cDNAs

cDNAs encoding PepTl1l were cloned in pSPORTL1 vector
betweenSal andNotl sites (for rb PepT1-FLAG cDNA) (Merdt al,
2008) and betweersal and Hindlll sites (for sb and zb PepT1l
CcDNAS).

pSPORT1 (Fig.2.1) is an expression vector thatgmtssthe
ampicillin resistance (A and the reported multi cloning site (MCS).
At both ends of the MCS there are promotor sitesig T3 and M13

RNA polymerases.

Hind Il (214) BamH (220)
SnaBl (211} “ Xbal (226)

M1 (204)} | Eagl (233)
Sph(202) Notl (233)
\ 1 (242
Aatil (196}, | | | |‘ | JSSE:C \[(2252]]
2 i i V][] sat i 254)
beta-galactosidase alpha peptldel‘ A\ ‘ ol o,
promol 00, 0% i\

P& promolor (10 |/ EcoRl (284)
1]/ msri(271)
/// Age(273)
Accb5| (276)
Kan | (280)
Pst1(285) T7 promotor (100.0%

Nael (3981)

M13r (100.0%)

F1intergenic region

pQE_rprom (100.0%)
__Narl (554)
. EcoRV (746)
Scal (3215) Apa | (389)
AP pSPORT1
—~
4109 bp
lac repressor
AspE| (2735)
_

pUC ori

Fig.2.1 pSPORT1 vector.
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2.1.2 Construction of point mutations

Mutations in rabbit PepTl1l were obtained by sitedid
mutagenesis (Quickchange Site-Directed MutagenésisStratagene
Inc., Milano, lItaly). Briefly, 20 ng of the plasmidontaining the
FLAG-wild-type PepT1l cDNA (Mertlet al, 2008) were amplified
with 2.5 units ofPfu DNA polymerase in the presence of overlapping
primers containing in their sequence the mutatelbios:
roPepT1 D341R: Scctggtccccatcatcgegecgtggtgtatce-3
rbPepT1 H57R: 5’-ggacgacaacctgtccaccgittaccacacgttcgtc-3’
rbPepT1 R282X:5cgcgcagatcaagatggttaggxgtgctgttcctgtacatccc-3
where the original sequencagg was transformed inxxx that
correspond to the following triplet for R282jat, for R282Agcg, for
R282Egag, for R282Kaag, for R282Qgac and for R282Qgt. PCR
amplification was performed with 25 thermal cycté<95°C for 30 s,
55°C for 1 min, and 68°C for 14 min. Then, 10 ur@tsDpnl were
added directly to the amplification reaction, ar tsample was
incubated for 1 h at 37 °C to digest the parentathylated DNA.
JM109 supercompetent cells were finally transformwitt 1 ul of the
reaction mixture and plated onto LB-ampicillin gat(see below for
details). After plasmid purification, plasmid cDNAwere fully

sequenced (Eurofin MWG Operon Biotech).

2.1.3 Plasmid amplification, extraction and
purification

The vectors containing PepT1l cDNAs were introduced
JM109 strain ofE. Coli by the means of the heat-shock procedure

following the instructions of the bacteria suppli€gPromega).
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Transformed bacteria were then left to grow forwhbd h in SOC
medium [tryptone 2% (w/v), yeast extract 0.5% (wMNpCl 10 mM,
KCI 2.5 mM, glucose 20 mM], centrifuged, plated qoates
containing selective medium (LB-Agar added with %@®/ml

ampicillin) and incubated over night at 37°C. Tlsg difter, colonies
were picked up and inoculated in liquid selectivedmm (LB added
with 50 pg/ml ampicillin). Bacteria were left to grow overght at

37°C and then the plasmid DNA was extracted usirigawt® Plus

SV Miniprep (Promega) following supplier’s instrimt. The

extracted DNA was loaded on a 1% agarose gel in TRBbuffer to

check the quality and to estimate the concentration

2.1.41In vitro transcription

In order to achieve an efficient vitro transcription, the clone
containing the cDNA of interest has to be lineatize 3’ direction
with respect to the coding region. The cDNA encgdiabbit PepT1-
FLAG transporters was linearized witbott and the cDNA encoding
seabass and zebrafish transporters Witid 11l. 8-10 pug of plasmid
DNA were digested, then purified using the WiZag8¥ Gel and PCR
Clean-Up System (Promega) and eluted inB%f nuclease free
water. 3ul were loaded on a 1% agarose gel in TAE 1X buffer
check the linearization. The remaining DNA was uedhein vitro
transcription as detailed described previously @Bet al, 2007).
Briefly, the linearized DNA was incubated at 374 8h in presence
of 200 units of T7 RNA polymerase, 18of 5X Trascription Buffer,
8 ul of 100 mM DTT, 2.5ul of RNasin 30 Uidl, 13 uL NTPs mix
(ATP, CTP, UTP 10 mM and GTP 0.5 mM), @b of 10 mM Cap
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Analog (Promega), 1)l RNA polymerase 20 W (final volume 90
uL). After 10, 20, and 40 min from the beginning of theubation, 1
pL of 25 MM GTP was added to the reaction. After 1 h from taet s
of the transcription, a mix of @ of 5X TB, 1 ul of 100 mMDTT, 1

ul of RNasin 30 Wdl, 5 ul of NTPs mix, 1ul of T7 RNA polymerase
20 Uful, 1 pl of 25 mMGTP, 4ul of nuclease-free water was added to
each sample. At the end of 3 h, the reaction wagpsd by adding
nuclease-free to a volume of 200 All enzymes were supplied by
Promega ltalia, Milan, Italy.

The transcribed cRNA was extracted with
phenol:chloroform:isoamyl alcohol, 25:24:1, pH Géecipitated with
LiCl 8 M and washed with 70% EtOH. The dried cRNAsnthen
resuspended in a small volume of nuclease-free rwatel the
concentration estimated using a spectrophotom&t8sdonm unit = 40
ug/ml).

Transcribed cRNAs had a modifications which minmcvivo
conditions: the process of 5’ capping. The so dal@ap Analog” is a
modified guanine (HG(5)ppp(5')G) which, although is not necessary
for the protein expression, increases the trawsiafficiency and also

protects the mRNA from degradation.

2.1.5 Heterologous expression in oocytes

Xenopus laevisoocytes are a powerful expression system
(Fig.2.2) with numerous advantages: i) high exposssrate of
exogenous proteins (even after only 18 hours); am) efficient
biosynthetic apparatus which allows all post-tratiehal
modifications necessary for the functionality ahd torrect targeting
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of the protein; iii) high density of proteins prashd upon cytoplasmic
MRNA injection; iv) dimensions well adapted for muimjection and
voltage clamp; v) easiness to maintain in cultarequite long period
(ten or more days) with no particular sterile caoiodis; Vi)
coexpression of different proteins in various camakions by simply
co-injecting the respective cRNAs; vii) low expriess levels of
endogenous membrane proteins (the endogenous ¢hdrave been
well characterized, thus it is easy to distingurstm from the injected
proteins).

Xenopus oocytes have also some disadvantages: i) the
expression of exogenous protein is transienthe) ideal temperature
for their survival (about 18°C) is usually loweraththe temperature
appropriate for exogenous proteins (37°C for maranaproteins)
and this can affect the folding process; iii) althb quiescent cells,
oocytes possess their own genetic ensemble whig/htninterfere
with the exogenous proteins.

el

Lo

cRMA

wegsal pala

e
prolein

Fedbcular
|y

Fig.2.2 The process of expressing exogenous proteinsnopds oocytes.

Oocytes were prepared as detailed described prEyi@Bossi
et al, 2007). Oocytes were obtained from adult femalenopus
laevis, the frogs were anaesthetised in MS222 (tricaine
methansulfonate) 0.10%(w/v) solution in tap wated portions of the
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ovary were removed through an incision on the aleforithe oocytes
were treated with collagenase (Sigma Type IA) 1migh ND96 Ca

free, for at least 1 h at 18°C. After 24 hours 8tQ in modified
Barth’s saline solution (MBS), the healthy lookimgpcytes, were
injected with 12.5 ng of cRNA in 50 nl of water,ingg a manual
microinjection system (Drummond). The oocytes ween incubated
at 18°C for 3-4 days in MBS before electrophysiaabstudies. The
experiments were carried out according to the tutstnal and

national ethical guidelines.

2.2 Protein localization

2.2.1 Single-oocyte chemiluminescence

The expression of PepT1-FLAG isoforms at the ooqiesma
membrane was determined by the single oocyte chermkscence
(SOC) technique (Zeranguet al, 1999),(McAlearet al, 2006;Rauh
et al, 2010), that employs enzyme amplification with a
chemiluminescent substrate and sensitive lineaectieh with a
luminometer. Oocytes expressing different FLAG-Pesoforms, as
well as non-transfected oocytes, were washed tfoic& min in ice-
cold ND96 pH 7.6 and then fixed with 4% paraforneddgde in ND96
for 15 min at 4 ° C, rinsed 3x5 min with equal vakes of ND96, and
then incubated for 1 hour in a 1% BSA-ND96 blocksujution (used
in subsequent antibody incubation steps). Fixedl@dadked oocytes
were incubated for 1 h in primary mouse anti-FLA@R NBigma,
Milan Italy) monoclonal antibody fig/ml in 1% BSA-ND96, washed
6x3min in 1% BSA-ND96, incubated for 1 hour in sedary
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peroxidase-conjugated goat anti-mouse IgGud/ml, IgG-HRP
(Jackson ImmunoResearch Laboratories), washed ®x3mil%
BSA-ND96 and then 6x3min in ND96 alone. For chemiluescence
readings, each oocyte was transferred into a wedl 8 wells plate
(Assay Plate White not treated flat bottom-Corn@wstar) filled with
50 ul SuperSignal Femto (Pierce); the washing solutivas
eliminated as much as possible. Chemiluminescera quantified
with a Tecan Infinity 200 microplate reader. Thatps were read not
later than 5 minutes after the transfer of thd tiacyte. The data were
then acquired at least three times in 10 minutesfaneach oocyte
the mean of three readings was calculated. Reselts normalized to
the mean value of wild-type FLAG-PepT1 for eachchaand are
given in relative light units (RLU).

2.2.2 Immunohistochemistry

Oocytes in which transport activity had been conéd
electrophysiologically were fixed in 100% methaabl20°C for 2 h,
then rehydrated at room temperature (RT) for 15utes in 50:50
(v/v) methanol/phosphate-buffered saline (PBS)lofeéd by 2x15
minutes washes in PBS. The fixed oocytes were #mhedded in
Polyfreeze tissue freezing medium (Polysciences,petgim,
Germany) and immediately frozen in liquid nitrog€iryosections (7
pnm) were obtained with a Leica CM 1850 cryostate $hctions were
incubated in the blocking buffer [2% bovine seruthuanin, BSA
(wiv), 0.1% Tween in PBS] at RT for 30 min, there thrimary
antibody, mouse anti-FLAG M2 (SIGMA, Milan ltaly,.&8 mg/mL)
1:1000 in blocking buffer was added and incubate®® for 1 h.
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Samples were washed 3x5 min in blocking buffer &t Rhe oocytes
sections were then incubated in the secondary auyifCy™ 3-
conjugated AffiniPure Donkey Anti-Mouse (Jackson
ImmunoResearch), 1.4 mg/mL, diluted 1:1000 in BiogkBuffer] at
RT for 45 min and again washed 3x5 min with Blogkihuffer.
Images were observed with a fluorescence micros@papus BH2
through a rhodamine filter set (excitation/emisditiers 550/580nm).

Images were acquired with a DS-5M-L1 Nikon digtamera system.

2.3 [Electrophysiology and data analysis
Membrane electrophysiology has several advantames
other techniques used in transport studies: inteebrane voltage of
the cell is under control; ii) the temporal resmatis high; iii) the
results may be obtained immediately, data can belyaed and
interpreted in real-time, and consequently the qmas can be
changed or adjusted during the same experimentdicse These
benefits may be exploited in the study of transgsrtthereby adding
valuable information and significantly increasindficgency. The
activity of electrogenic transporters, that tranale electrical charge,
by definition, during their working cycle, is strgly influenced by the
transmembrane potential. Thus, tracer flux expemimeuffer from
some uncertainty, because the membrane voltaget isnaer control,
and not only the value of the electrical gradientinknown, but it is
also bound to change as a consequence of theoglentc activity of
the transporter itself. A more reliable evaluatairthe activity of the
transporter is obtained instead when the membrastenfal is

“clamped”.
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2.3.1 Two-Electrode Voltage-Clamp (TEVC)

The “voltage-clamp” technique was introduced by iMant
and Cole (Cole and Curtis, 1941), and by Hodgkinxlely and Katz
(HODGKIN et al, 1952) to study the ionic currents underlying the
action potential in nerve axons, and it has bee¢anebed to the study
of transporters soon after the cloning and expoessf the first
transporters irXenopus laevisocytes (Hedigeet al, 1987;lkedaet
al., 1989;Parengt al, 1992;Mageet al, 1993).

The TEVC technique is based on the use of two
microelectrodes, one for recording the transmenevattage and one
for passing current (Fig.2.3). The recorded menwranltage is
compared to the desired (command) voltage and apensating
current is automatically injected into the cell bye appropriate
electronic apparatus. In this technique the inddeeh (controlled)
variable is the membrane voltage, controlled by é¢xperimenter,

while the dependent (measured) variable is the mamebcurrent.

(> Qr

Fig.2.3 Two-Electrode Voltage-Clamp.
FBA is the feedback amplifier, E’ is the voltagecglode and
I" is the current electrode.
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When a current takes place due to the activityhefttansport
systems located in the membrane, a negative fekdbdhe circuitry
injects into the oocyte a current that exactly cengates the charge
flow trough the cell membrane, in order to maintaemsmembrane
voltage under control. In addition to keeping thenmbrane potential
constant, membrane voltage changes of any desoed €an be
applied to the cell by the TEVC technique. In tlase of ion-coupled
transporters, the transmembrane current is an atidic of the
transport activity, and the possibility of accuhateontrolling the
membrane potential is particularly crucial in vgkadependent
processes.

Theideal voltage clamp simply consists of a battery, a dwitc
a wire, the cell and an ammeter (Fig.2.4). Sinee whre has zero
resistance when the switch is closed, the membpatential steps
instantly to the battery voltage. This generatesngpulse of current
that charges the membrane capacitance (Q.\¥.&), followed by a
steady-state current{I= VcmdRm) to sustain the voltage across the

membrane resistance.

o o

Fig.2.4 The ideal Voltage Clamp.
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In this work some experiments were conducted irrecif
clamp conditions, i.e. without strict voltage cahtrbut with the

possibility of constant current injections.

2.3.2 TEVC experimental setup

A schematic view of the TEVC experimental setugduis this
work.

Bath ground

—— |  Computer

Perfusion in
4

Voltage clamp
l amplifier / Current electrode
/ Voltage electrode

L-|—- w [/_1_4{ Perfusion out

Vacuum source

— >

Flow of buffer

Fig.2.5 Schematic representation of the experimental setup

The voltage-clamp amplifier (GeneClamp, Axon Instents
Foster City, CA, USA or Oocyte Clamp OC-725B, Warne
Instruments, Hamden, CT, USA) was connected to mapcter
through an AD/DA (analog-digital, digital-analog) orwverter
(DlgiData 1200, Axon Instr.). This device convelite analog signal
from the amplifier to a digital signal intelligibfer the computer, and
vice versa. Usually, signals derived from the afigyliwere also

51



Materials and Methods

displayed on an oscilloscope (TDS 420, TekTronig.,IlBeaverton,
OR, USA).

A dissection microscope (Wild M3B, Leica Microsysie AG,
Wetzlar, Germany) was used to visualize the oocwed
micromanipulators (MM-33, Martzhauser Wetzlar GmkHCo. KG,
Wetzlar-Steindorf, Germany) were use to move trecteddes. A
perfusion system consisted of a set (16) of sysndelivers the
various solutions to the unique solution inlet bk tchamber (a
modified version of RC-1Z, Warner Instr.). All theyringes were
connected to the inlet by the use of two manifqelé>-8, Warner
Instr.) and were all positioned at the same heiglurder to have the
same flow rate for each solution. The recordingmdber has a small
volume (about 200ul, 85 ml/mm height) which allows a rapid
solution exchange (about 8-10 seconds in our sysfEne solution is
aspirated by a modified acquarium pump throughdi®u reservoir
connected to the oocyte well. The oocyte was placatie chamber
and impaled with the two Ag/AgCI electrodes. Intihaar glass
microelectrodes were filled with KCI 3 M and hag tiesistances
between 0.5 — 4 KA. These resistance values were usually obtained
by gently breaking the tips on the bottom of thearober. Agar
bridges (3% agar in 3 M KCI) connected the batlctedeles to the
experimental chamber.

All the equipments needed for the recording (theselition
microscope, the perfusion system, the oocyte chgmbe
micromanipulators and reference electrode) are eplamside a

Faraday cage, in order to reduce the noise derivem
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electromagnetic fields, and on an anti vibratidsigaThe cage and all

the instruments inside of it were grounded.

2.3.3 Protocols and data analysis

In voltage-clamp mode the holding potentiadV/y)( was
generally -60 mV, unless otherwise indicated. $tandard protocol
consisted in 200 ms long pulses to test potentral® -140 to +40
mV, in 20 mV increments. Other protocols includipgepulses are
described in the text. The current signal wasréltieat 1 kHz before
sampling at 2 kHz.

Two methods were used to isolate the presteadg-statents
elicited by voltage jumps (Merédt al, 2008;Sangaletet al, 2009): in
the first, the slow component of a double-exporatrfitting of the
transient was taken to represent the presteady-statents, while in
the second, the currents remaining after subtnacidhe traces in the
presence from those in the absence of substrate assumed to
represent the intramembrane charge movement. Thatad traces
were fitted with single exponentials to obtain tiv@e constant of
decline, and integrated to calculate the amountigpplaced charge,
after zeroing any residual steady-state transporent. The presence
of gently decaying currents during the voltage pulsaas sometimes
observed in some mutants at alkaline pH. In theses a sloping
baseline was subtracted before fitting and intégnat The two
methods gave generally equivalent results; theraciodn method was
preferred when the presteady state currents weske ¥vath time

constants approaching that of the endogenous ¢eyeattansients.
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Data were analyzed using Clampfit 8.2 (Axon Instemts),
and figures were prepared with Origin 5.0 (Micro&aftware Inc.,
Northampton, MA, USA).

2.4 Solutions

The oocyte culture and washing solutions had thieviting
composition (in mM), ND96: NaCl 96, KCI 2, Mg(Cl, CaC} 1.8
Hepes 5, pH 7.6; MBS: NaCl 88, KCIl 1, NaHE®.4, Hepes 15,
Ca(NG;), 0.30, CaCGl0.41, MgSQ 0.82, sodium penicillin 10 pg/ml,
streptomycin sulphate 10 pg/ml, gentamycin sulphE®® pg/ml,
nystatin 10 U/ml, pH 7.6; PBS: NaCl 138, KCI 2.72NPQ, 8.1,
KH.PO, 1.9, pH 7.6. The external control solution had fisleowing
composition (mM): NaCl, 98; Mgg|l 1; CaC}, 1.8.

Different pH buffers were used for the various pidues: for
pH 6.5, Mes 5 mM was used; Hepes 5 mM was empléyegH 7.0
and 7.5, while for pH 8.0 the buffer was Taps 5 miMe final pH
values were adjusted with HCI and NaOH. Substrate® added at
the indicated concentrations to the appropriatetswis.

The non-hydrolyzable substrate Gly-Sar was used for
confirmatory intracellular injection experiments.valume of 50 nl of
a concentrated solution (200 mM Gly-Sar in pH 7.Udfdr) was
injected, leading to an approximate final concdignaof 20 mM
(assuming an oocyte volume of about 500 nl).

All substrates for electrophysiology experimentsensupplied
from Sigma, Milan, Italy. Irbesartan was from Sasffentis.

Experiments were performed at room temperature220€).
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Chapter 3. Results

The identification of the structural basis of thendtional
mechanism of PepT1 is important because, in additoits role in
nutrient uptake, this transporter represents a magohway for the
absorption of several therapeutic drugs. Most efdhove functional
observations were derived from uptake data, inratesef control of
the membrane voltage, or from electrophysiologroaglasurement of
steady transport currents, in presence of a digepsubstrate.
Important additional informations regarding thensport mechanism
may arise from measurement of presteady-state niarrethe
electrophysiological signals that can be observwedabsence of
organic substrate, and that represent the firgissie the transport
cycle (Fescet al, 2002;Perest al, 2004).

3.1 Unified modeling of PepT1
In PepT1 acidic pH appears to enhance the uptagebstrates

(Fei et al, 1994;Mackenzieet al, 1996) due to the presence of an
acidic microenvironment in the vicinity of the apstive enterocytes
generated by the activity of the Md® exchanger in the apical
membrane (Kennedgt al, 2002;Watanabet al, 2005). However,
there are some apparently contradictory aspecfsshrspecies and in
rabbits, electrophysiological measurements haveicated a
substantially pH-independent maximal rate of transgSteelet al,
1997;Sangalettet al, 2009) or even a potentiating effect of alkaline
pH (Kottra and Daniel, 2001;Veret al, 2003). Uptake experiments
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with human PepT1 in an extended pH range have slaoweil-shaped
activity—pH relationship (Fujisawat al, 2006). A similar trend has
been found for the maximal transport current in thkbit isoform
(Amashehet al, 1997). From a structural point of view, the lewél
homology among the various transporter isoformmafmmalian and
fish species is about 56% amino acidic identity &2&b6 similarity.
However, these values can reach 72% and 90%, tesggcwhen
considering only the human, rabbit, zebrafish, asdabass
transporters, and limiting the analysis to the garaembrane domains
involved in pore formation (TM 1, 3, 5, 7, 8, an@) Jor to residues
facing the pore (TM 2 and 4) (Meredith and Pridg)&.

Electrophysiological and biophysical analyses wased to
compare the partial and complete transport cycfethe intestinal
oligopeptide transporter PepTl among three spe¢s=abass,
zebrafish, and rabbit).

3.1.1 Presteady-state currents in the different
species

The PepTls of rabbit (rbPepTl), seabass (sbPepdid,
zebrafish (zfPepT1) exhibit presteady-state cusr@mtthe absence of
organic substrate. Fig.3.1 compares the currerdsiced in each
isoform by voltage pulses in the absence and pceseh saturating
Gly-GIn at pH 6.5. Although experiments have beerfggmed in a
more extended range (6.0-8.0), pH 6.5 seems regigibgical
conditions, at least in rabbit PepT1 (based onptHeof the luminal
surface of the mammalian small intestine) (Thwadad Anderson,
2007).

56



Results

Control

pH=6.5
- = —%%

Rabbit 05 Sea Bass Zebrafish

pA

Gly-GIn 01s
3mM

Fig.3.1 Comparison of PepT1 presteady-state currents troee
species. In the absence of organic substrate @op,rall three transporters
display slowly decaying transients in responsedn™and “off” voltage
steps. The bottom row shows the steady currente@ttin the same oocytes
by the addition of 3 mM Gly-GIn and the simultaredisappearance of the
presteady-state currents.

Although the presteady-state currents of rbPepTd sbPepT1
have already been described and analyzed (Nussbetgeal,
1997;Sangalettet al, 2009), information on zfPepT1 is lacking. As
shown in Fig.3.1 (top row), the two fish specieghibited larger
currents for hyperpolarization than for depolaias, while the
transients from rbPepT1 are approximately symoataround the
-60 mV holding potential. Adding saturating amoumts organic
substrate (3 mM Gly-GIn) elicited steady transpartrents (Fig.3.1,
bottom row) and, as commonly observed in most edgenic
transporters, abolished the presteady-state carrent

The presteady-state currents were separated frenfiatt peaks
due to the endogenous oocyte capacity, using tWfereint procedures
(see Materials and Methods for details). In thestfira double

exponential function has been fitted to currentsorged in the
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absence of substrate. In the second, the curr@eredrin the presence
of saturating substrate have been subtracted fnasetin its absence
and a single exponential fitted to the differeniceboth cases, steady
transport currents were subtracted before fittirgexponentials.

As previously observed (Mertét al, 2008;Sangalettiet al,
2009), the two methods give virtually identicaluks. This is relevant
not only to better understand the transporter mashg but is also
important because of the intrinsic limitations bé ttwo-exponential
method. Namely, the separation of two exponentiaisfitting is
impossible when the two time constants are closealone. Because
the time constants for charging the oocyte membipacity are
generally around 1 ms, the two-exponential methcetomes
unreliable when the decay time constant of the tpagly-state
currents approaches this value (i.e., 2-3 ms). iBhisdeed the case
for both fish species at the most positive poténtexplored (see
below). In addition, both rabbit and seabass PegXhibit an
acceleration of the presteady-state current dedawlkaline pH
(Nussbergeet al, 1997;Sangaletgt al, 2009). For these reasons, the
subtraction method has been used to isolate th&sents. Because
the presteady-state currents of seabass and ztbeak very similar
to each other and the results from seabass PeyElphaviously been
published (Sangaletét al, 2009), only data from zebrafish are shown
here.

The voltage dependences of the decay time constand the
intramembrane charge movemef@} obtained from the isolated

presteady-state currents are shown in Fig.3.2.
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Fig.3.2 Effects of external pH on the properties of thespeady-state
currents.In all species, external alkalinization shifts tirae constant vs.
potential ¢/VV) and the charge vs. potential (Q/V) curves tavaiore
negative potentials. Furthermore, the time constdrtecay is strongly
reduced. In the rightmost column, the unidirectiaiadée constants of the

intramembrane charge movement are shown.

Several observations can be made when comparindirte
constant vs. potentiat/{/) and charge vs. potenti&{V) curves of the
rabbit and fish PepTl. First, as already mentioraddpH 6.5, the
rbPepT1 transients are more symmetrical arountidteing potential,
this is confirmed by the position of the bell-shdpg/ curve with a
maximum at about -90 mV. For the fish transporterdy the right
half of the bell-shaped curve is visible in thetage range that can
reasonably be explored; the seabass transportezaeppo have a
maximum at about -140 mV (Sangaletti al, 2009), whereas the
maximal ¢ for the zebrafish isoform may be at even more tiega

voltages. Similarly, theQ/V curves for rbPepTl show a clear
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sigmoidal shape, whereas in the fish transportatg the rightmost
part of a sigmoid is detectable. Therefore, theperties of the fish
PepT1s are shifted to more negative potentials eoeapto those of
the rabbit isoform.

Furthermore, from the/V and Q/V curves it is possible to
derive (Fesceet al, 2002) the unidirectional rate constants of the
charge movement and their voltage dependency, diogpito the

relations:

inrate= 1&
T Qrax [egs 3.1]

outrate= i(l— &j

T

The decay rates of rbPepT1 transient currents areéhrslower than
those of both fish transporters, with sbPepT1 fattan zfPepTl
(Sangalettet al, 2009).

3.1.2 Effects of external pH on the presteady-state

currents

Alkalinization of the external medium has been shaavproduce
negative shifts in the/V and theQ/V curves in rabbit and seabass
PepTl (Nussbergest al, 1997;Sangalettet al, 2009). This effect
was also seen in zfPepT1. Fig.3.2 compares theségdetween the
fish and rabbit isoforms.

The equilibrium distribution of the charge movedridg the
presteady-state currents can be described with Bb#zmann

equation:
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Qmax
1+ eXF{ B (V _VO.S):l
g

whereQmax IS the maximal moveable chargé;s is the voltage at

Q= [eq.3.2]

which half of the charge is moved (that is, the poidt of the
sigmoidal); ands = kT/go represents a slope factor, in whighs the
elementary electronic chargk,is the Boltzmann constant, is the
absolute temperature, amdlis the fraction of electrical field over
which the charge movement occurs. Fitting @&/ curves to this

equation gives the parameters summarized in Tab.3.1

Rabbit Seabass Zebrafish
pH 6.5 7.5 6.5 7.5 6.5 7.5
Qmx(NC) | 33.2+19| 315+1.2 10.2+0.2 6.8+0.9 11.0%x0] 99+11
Vos(mV) | -41.4+25| -100+2.3 -987+183 -1220+0.6 81016 | -119+7.2
¢ (MmV) 429+3.1| 395+1.7 23.1%0.fF 2327 31120 335+%3.3

Tab.3.1 Boltzman equation parameters.

The higher value ot in the rabbit form suggests that charge
movement may occur over a smaller fraction of themiorane
electrical field in rabbit than in the two fish sjpes.

The sigmoidal Q/V curve may represent the steady-state
distribution of the transporter molecules between tonformations
with the center of charge in two different locasoof the membrane
electrical field. The charge movement process neagdscribed with
the simple reaction:

whereoutrate andinrate are the unidirectional rate constants, and
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Qin andQoy: are the amount of charge at an inner and outetigros
respectively, in the membrane electrical field.idteasy to derive
outrateandinrate from the experimenta&/V andz/V curves, because:

_ 1 and Q. _ Q, _ inrate
outrate +inrate Q. +Qu: Q.. oOutrate+inrate

[egs 3.3]

where Qnax IS the maximal moveable charge, obtained from the
saturating values of th@/V sigmoidal curve.

In all transporters, alkalinization sped up botle thward and
outward rates, although the effect on this lasapater was much
larger (Fig.3.2, bottom row). Notably, the voltaggsvhich the in and
out rates crossed showed the same shifts aghalues.

These observations indicate that protonation ofdemtfied
amino acids slows down the rates of the charge4ngovi
conformational changes induced by membrane poteitideed, the
much slower value of the decay time constant fétel'l may be
explained by its higher isoelectric point (Dangtlal, 2006); at the
same pH, it will be protonated to a higher degtentwill sbPepT1
and zfPepTL1. Its movements in response to volthgages will occur
less frequently for this reason.

3.1.3 Modeling PepT1 presteady-state currents

A kinetic scheme has been deviced to simulate theewed
results, particularly those showing a pH-dependeatease in both
unidirectional rate constants. To incorporate tlmving effects of
protonation on both unidirectional rate constaatsne changes were
made to existing models (Mackenazé al, 1996;Nussbergeet al,

1997). As shown in Fig.3.3, the intramembrane ohampvement
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occurs between states 1 and 6, and the rearrangerhéme empty
transporter displaces an intrinsic net negativegdén the membrane
field. This transition is bracketed by two protoodind states (T2 and
T7) effectively modulating the T&> T6 transition (see below).

Fig.3.3 Minimal kinetic scheme used to simulate the efitekternal pH on
the presteady-state currents of PepT1 transpori@emsitions T+ T6 and
T3< T4 are voltage-dependent. In the absence of ocgsutistrate (S), the
only possible states are T1, T2, T5, T6 and T#r&at protons can bind to
T1 (leading to state T2) and to T6 (leading toestgf). T2 and T7 act as
traps, effectively slowing down both inward andward charge movement.

Extracellular oligopeptides bind to state T2, legdio state T3
and causing a partially voltage-dependent confdomat
rearrangement from T3 to T4, a state from whichdiganic substrate
is released intracellularly (T5). The subsequelsase of H leads to
the inward-facing, empty transporter (state T6).

The introduction of the protonated state T7 isifiest by the
need to reproduce the slowing action of externadqms on the inward
rate of charge movement, observed especially infigte isoforms
(i.e., the transition T6— T1). External protons “sequester” the
transporter in this state, effectively slowing dotie return from the
inward- to the outward-facing conformation. Thengiéion to state T7

may represent a proton binding to an allosterie, siis has already
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been suggested (Veret al, 2003), to account for the smaller
transport current observed at acidic pH in the aietit PepT1.
The set of differential equations describing thenptete scheme

can be written as:

dam _
dt
dT.
d_t2 =k, T, = (k21 + k23)T2 +Kg, T
dT.

d_: =kyl, = (k32 +Kay )T3 +KyaT,

_(k12 + k16 )Tl + k21T2 + kGlTG

dT,

d_t4 = k34T3 - (k43 + k45)T4 + k54T5 [eqs 3-4]
dT.

d_ts = k45T4 - (k54 + k56 )Ts + k65T6

dT, _

F _k16T 1 + k56T5 - (k61 + k65 + k67 )T6 + k76T7

dT
d_t7 = k67T6 - k76T7

where T1-T7 are the probabilities that the trangpas in a given
state, and th& values are the rate constants, either dependent or

independent of concentration and voltage (see 3aband 3.3).

Rate ki ka | K% | K% | Kss Kes Kez K7s 015 | 061 0

Units | Mt | st st st st | Mist | Mist | Mlst

Rabbit 9 x 750 | 152 10 | 1 x| 15x 5 X 400 | 0.45| 0.26 | 0.71
10° 100 10 10°

Fish | 35x | 750 | 1050 | 15 | 1 x | 1.5x 5 x 400 | 0.39 | 0.48| 0.87
10° 10 10 10°

Tab.3.2 Model kinetic parameters in absence of substrate.
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The unidirectional rate constants of Fig.3.2 weiteed with

growing and decaying exponentials in the form

outrate= outrate exgd, gV /kT)

and [egs 3.5]
inrate=inrate’ exd- J, qV/kT),

whereoutraté andinrate’ are the zero-voltage rateg:k, and T have

the same meaning as in eq.3.2; apg and J,, (with J,, +J, =90

in eq.3.2) are the asymmetric fractional dieleatistances.

Rateskis, Ke1, Kiz, ko1, ke7, and kze were determined based on the
effects of voltage and external pH on the unidicel rate constants
of Fig.3.2. Assuming that the binding/unbinding pfotons in
transitions Tl— T2 and T6« T7 is much faster than in T& T6,
the unidirectional rate constants of charge movenoenrate and

inrate can be written as:

outrate= f, k¢

: egs 3.6
inrate= f, ks, [ed ]
where
for = u
iz + Koy [egs 3.7]
— Kz
s k67 + k76

are modulating factors that depend on the exterpadton
concentration (Cheat al, 1996). Becausk;, andks7 (but notk,; and
kze) increase with acidity, the modulating factors lwiéduce the
values of botloutrateandinrate.

The values okss andkss were adjusted to account for the effects
of internal pH (Nussbergest al, 1997), assuming a fixed value of
7.5. Because the parameters of the two fish speaes similar, they
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were handled together, and a “generalized” fismdparter was
modeled (Tab.3.2).

Fig.3.4 shows the results of the simulations fdsbraand the
generalized fish transporter. Clearly, the simaladiare in very good
qualitative and, for rabbit PepT1, also quantimi@greement with the
experimental results shown in Fig.3.2.
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Fig.3.4 Simulated traces of presteady-state currents atexternal pH
values for rabbit (A) and generalized fish (B) P&pThe traces were
analyzed following the same procedure as that ésethe experimental
subtracted recordings to produce the curves shawvthé bottom graphs.

3.1.4 Transport currents of PepT1

The transport currents generated by rabbit, zedirafind seabass
PepTl have been previously studied (Setehl, 1997;Kottra and
Daniel, 2001;Verriet al, 2003;Sangalettet al, 2009). These three
isoforms show a similar trend: in all cases, acidixternal pH

increases substrate affinity, but it either de@esdg&ottra and Daniel,
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2001;Verriet al, 2003) or does not affect (Stextlal, 1997;Sangaletti

et al, 2009) the maximal current. These features atestrthted in
Fig.3.5 for the rabbit transporter; very similamges can be observed
for the zebrafish (Verret al, 2003) and seabass isoforms (Sangaletti
et al, 2009). In human PepT1, on the other hand, higkitgc
increases both substrate affinity dpgi(Fei et al, 1994;Mackenziet

al., 1996).
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Fig.3.5 Transport-associated current from rabbit PepTap row: I/V
relationships of the transport-associated currgistgstrate present minus
substrate absent) at pH 7.5 (A) and 6.5 @)ttom row: values oflx (C)

and Kys (D) obtained by fitting the concentration-currestationships from
(A and B) with the Michaelis-Menten equation.

Another interesting feature apparent in Fig.3.5es presence of

a small outward current, especially at low substancentration and
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alkaline pH (see below). This effect has also besgorted for the
zebrafish transporter (Vergt al, 2003), but not for the seabass or
human transporters (Mackenaeal, 1996;Sangaletgt al, 2009).

The decrease ihax at acidic pH in rabbit and fish transporters is
unexpected given that the inwardly directed progébectrochemical
gradient increases. This effect, however, mightelplained by a
decreased cycling rate related to the slowing efdharge movement
caused by protonation. In the case of inward satestransport, the
transport cycle is circulated only in a clockwiskeedtion, i.e., the
transition of the empty transporter occurs in tife—=¥ T1 direction,
showing large pH dependency (Fig.3.2, bottom row).

A useful index of the overall transport efficienisygiven by the
ratio Ima/Kos, Which is the slope of the Michaelis-Menten re&aship
at zero substrate concentration. The largest éifiez in efficiency, in
favor of the more acidic solution in the physiokaji range of
membrane potential, was observed in the rabbispanter; there was
no significant difference in the zebrafish. Thisndine with the acidic
pH of the small intestine of rabbit but alkaline pHh zebrafish
(Nalbantet al, 1999).
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Fig.3.6 Transport efficiencyPlots of the ratio of relative,h,/Kos for rabbit
(A) seabass (B) and zebrafish (C).
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3.1.5 Transport current modeling

Kinetic models for human and rabbit PepT1 have h@eposed
(Mackenzieet al, 1996;Irieet al, 2005;Sala-Rabanadt al, 2006);
however, none have been tested thoroughly on rabbitfish
transporters to verify their ability to simulateettimain aspects of
transporter functioning. Therefore, the presteadyescurrent model
developed above has been tested to determineility &b simulate
the characteristics of the transport-associatedents. Only the
essential states necessary to complete the transpie were added,
namely states T3 and T4, corresponding to the odtwand inward-
facing conformations with bound substrate. Becdhsebest fit of the
experimentally observed charge movement requiraasition T1l«
T6 to occur over 71% of the membrane electricdtl ffer rabbit and
87% for fish (Tab.3.2), the remaining fractionalltage-dependence
for protons was attributed to the 3 T4 transition.

The additional kinetic parameters necessary to wadcdor

substrate binding and translocation are shown m3[3a.

Rate Ko K k%, k%% Kus Kss 834
Units M1s? st st st st M1s?
Rabbit 2x10 20 6000 6000 5000 3.49 x*0| 0.29
Fish 8 x 10 20 6000 6000 5000 8.89 x*#0| 0.13

Tab.3.3 Additional parameters in presence of substrate.

The parameters used to simulate the presteadyestaents (Tab.3.2)
were not modified. In particulakyz and ks, were chosen to give a
value ofKgs consistent with the experimental observationsHa6b,
andks, andk,3 were set to be equal to each other at 0 voltageneme

significantly faster than the other rates. Simylds was set at a high
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value, while ks, was derived from the other rates to satisfy the
principle of detailed balance (Hille, 2001).

Fig.3.7 illustrates simulations showing the modediility to
reproduce the main findings for transport-assodiaterrents in the
different species, that is, the effects of exteptdlon the Michaelis-
Menten parameters,ax andKgs. These parameters were obtained by
applying the same procedure used for the experahelata: the/V
curves corresponding to various substrate condenrisa (0.03-10
mM) were generated by numerical simulations ana thg andKgs
were obtained by fitting the dose—current curvesagh potential with
a Michaelis-Menten equation. The left column in.Big simulates the
rabbit transporter. At alkaline pHmax appears to remain constant
(Steelet al, 1997) or to slightly increase (Kottra and Dani001),
while the apparent affinity decreases (higkes). Both experimental
observations are reproduced by the model, althotigh Kos
simulations are not completely satisfactory (Fig)3possibly because
“zero trans” conditions were assumed in calculajonvhereas
substrates can be expected to accumulate in thecatular
compartment near the membrane in real measuremBmscentral
column of the figure represents the generalizeth fisansporter
(Tab.3.2 and Tab.3.3). Again, the model reprodutesl unique
features of this transporter, namely, the incréasdgax at alkaline pH
and the affinity decrease common to all species. stiess the
versatility of the model, an opposite effectlggx has been simulated,
such as the increase observed with acidity in hunkapTl
(Mackenzieet al, 1996): this is shown in the right column of Fig,3

together with the usual effect dfys. This last series of simulations
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was obtained using the rabbit kinetic parametetl @isingle change:
a reduction ofks; from 51 to 1*10° (Tab.3.2) is sufficient to
produce an opposite effect of pH i

Rabbit Fish Human
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Fig.3.7 Simulations of the Michaelis-Menten parametks.and ks were
obtained by analyzing the dose-current curves gardrby the model,
using the rate values indicated in Tables 3.2 ai8df@ rabbit (left column),
fish (center column) and “human” (right column).
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3.2 Electrostatic gates in PepT1

Mutations of single amino acids may result in cdagkble
changes of the transport function of nutrient tpamters. In the case
of PepTl, the conserved residue His 57, residinghm second
transmembrane segment, as well as the corresporesidue His 87
in PepT2, were found to be essential for the fumatig, whereas
tyrosine residues adjacent to H57 seem to stahitieecotransported
proton when interacting with H57 (Teradd al, 1996;Feiet al,
1997). The nearby histidine residue His 121 (arslHi2 in PepT2) is
not essential, but influences the substrate bindasgH121 mutants
have shown decreased affinities (Chetnal, 2000). The tyrosine
residue Y167 has an important function as wellgesiits mutation to
alanine completely abolished transport via PepTkuf)g et al,
1998). By using the cysteine scanning method Kulkaand
coworkers identified in the transmembrane segmg&rdad 7 several
residues important for the transport function anggested that these
segments line the putative aqueous channel (Kulletral, 2003b).
Finally, the same authors identified two oppositelyarged residues
(R282 and D341) in the transmembrane segments 7 &nd
respectively, that form a salt bridge and play mpartant role in the
substrate translocation via PepT1 (Kulkaehal, 2007). Interestingly
mutation Arg282Glu appeared to convert the cotrariep in a
substrate-gated, rather unspecific cation charivietddith, 2004;Pieri
et al, 2008). In addition, this mutation caused loss@ensitivity to
pH.

Therefore the properties of the presteady-stateeots in the

wild-type and in mutants of the charge-pair ressdBR282 and D341
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have beeninvestigate. The properties of the transp@dsociatel
current in these mutants were studied in paraielthe attempt o
gathering a more complete picture of the rolesheteé residue The
position of thee two residues is shown in Fig..

Fig.3.8 Representation of the 12 TMDs topology of PepT1liaditation of
the position of the FLAG-tag.

3.2.1 Presteady-state currents in charge-pair
mutants

Considering that the prestei-state currents of PepTl ¢
believed to be mostly due to the rearrangemenhafges intrinsic t
the transporte(Mackenzieet al, 1996;Nussbergest al, 1997), the
behaviour of char¢-reverting mutants in these positions of rbPe
(R282D, R282E and D341 has been examineds well as th
conservative mutation R282K, and the substitutibrarginine 282
with the noneharged no-polar alanine (R282A), or the namargec
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polar glutamine (R282Q). Furthermore, the esserttiatidine 57
(H57R) and the double mutant R282D-D341R have besird.

Fig.3.9 shows representative traces from the uarisoforms.
All R282 mutants were able to generate presteaatg-sturrents in
absence of substrate, as well as transport-asedc@trrents with
amplitudes comparable to the wild-type, while therents observed
in the D341R form were smaller, and neither transpeelated nor
presteady currents could be observed in the doobiant R282D-
D341R and in H57R.

Control Gly-GIn Control Gly-GIn Control Gly-GIn

R282K D341R
— | I

= e
—
— ——

R282D

R282D R282E

=

F R282Q

0.1ls

il

il

Fig.3.9 Current responses to voltage pulses in absenceessknce of
substrate at pH 7.5 in the wild-type and indicategtants of the rbPepTL1.
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3.2.2 Localization and membrane expression of the
FLAG protein

Immunolocalization  experiments were performed to
understand whether the various mutants were ctrraserted in the
oocyte membrane. Representative images are showagid.10 A.
The negative controls (non-injected oocytes and/tescexpressing a
wild-type transporter with no FLAG), gave no vigbsignal in the
membrane of the oocytes. All the other isoforms eweorrectly
localized in the membrane to a variable extent.s€hebservations
were confirmed by the single-oocyte chemiluminesee{SOC)
experiments that were performed on larger numbemooytes from
different batches (Fig.3.10 B). All functional maota were present in
the membrane at levels similar or greater than wild-type, in
agreement with previous results (Kulkaetial, 2007). Our data also
confirm the correct membrane localization of thendfnctional
mutant H57R (Uchiyamat al, 2003). However, the double mutant
R282D-D341R gave only very weak signals in both the
immunolocalization and in the chemiluminescenceeexpents, in

agreement with the lack of transport-related cusélrig.3.9).
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Fig.3.10 rbPepT1wt and mutants surface expression.
Immunohistochemisti(A) and chemiluminescence experimégBijsof
oocytes expressing FLArbPepT1 WT and thiadicated mutant
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These results are generally well correlated to the
electrophysiological observations: the lack of s@orter-associated
currents seen in the R282D-D341R double mutanaialieled by the
weak luminescence signal in Fig.3.10 for this isefowhile the large
currents displayed by the R282 mutants are in aggee with the
strong signals of the localization and luminesceexgeriments. On
the contrary the small presteady-state and trahgporents recorded
in the H57R and D341R forms are in contrast witle tlarge
membrane expression seen in the results report&iyiB.10. Based
on these observations, the reduced functionalitghaf last mutant
appears to be attributable to a defect in the nutdecmechanism
rather than to insufficient targeting to the menmiera

The presteady-state currents generated by the idnatt
mutants maintained the sensitivity to external pHshowing a shift
towards more negative potentials at more alkalidegs illustrated in
Fig.3.11 for the R282D mutant. The isolated cusemre analysed as
explained in the Method, and the results of thiglysis are plotted in
the bottom row of Fig.3.11, showing the accelemtiaction of
alkaline pH on the time constant and the shift t@sanore negative
potentials induced by this pH on boitv and Q/V curves. Fitting a
Boltzmann equation [eq.3.2] to the R282D data gfFiL1 gived/os=
-45 £+ 09 mV at pH 7.5, and 7.8 + 6 mV at pH 6.5his group of
oocytes. The estimated maximal moveable chargeaappge remain
substantially constant (41.4 + 0.8 nC at pHW&37.6 = 3.1 nC at pH
6.5), although these data are subject to signifiearors especially at
pH 7.5 because of lack of saturation at positivéeipitals. The
comparison with the wild-type data (filled symbaoig=ig.3.11) shows
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that at the same pH the decay time constants dRB82D mutant are
shorter and that both'V and Q/V curves of the mutant are shifted
towards more positive potentialgys = -59.2 + 1.3 mV at pH 6.5 in
this group). These effects were also seen, to musidegree, in all

other arginine mutants.

H=7.5 =
P R282D pH=6.5
v
1
WA
0.1s
40- ﬁ 20+
. /é
. WT 6.5
30 E/ \i\ 104 S%i
— WT
T %/ 6.5 ®) ? 6.5
E 20/ 50 E '
N A \ﬁ\@ o 0 65 557
%7§4%‘§‘§\§ g0~ Ve
10 ~og P
75 —6 -104 /g/
= 75
0 . : : | ) ; ; ; . )
160 -120 -80 -40 O 40 160 -120 -80 -40 O 40
Vv, (mV) vV, (mV)

Fig.3.11 Mutants in the charge-pair residues were pH-saresit
Top row: traces of pre-steady-state currents issdaising the subtraction
method in a representative oocyte expressing their&282D mutant at the
two indicated pH values. Bottom row: values oftthree constant of decay
and of the amount of displaced charge in the two pH

3.2.3 Unidirectional rates

A more complete analysis of the charge movemenpesties
of the different isoforms at pH 6.5 is shown in.Bi@2. Here th&/V
curves are plotted as the amount of charge displétcean inner
position in the membrane electrical field, relatitee the maximal
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displaceable charg&.,), obtained from fitting Boltzmann equation
[eq.3.2] to the sigmoidal curves (Fessteal, 2002). Fitting theQ/V
curves in Fig.3.12 A to this equation gives, foe trarious isoforms,
the parameters summarized in Tab.3.4.

WT | D34IR | R282K | R282D | R282E | R282A | R282Q
(11) (5) (7) (7) (7) (7) (7)
Vos(mV) | 600+ | -1134+ | -383% | -12+ | +15% | +29+ | -181%
1.1 2.2 4.8 1.8 7.1 4.3 6.2

o (mV) 29.7 + 39.3 % 33.6 344 + 275+ 202+ 28.2+
14 1.2 2.4 0.8 11 2.3 1.8

Tab.3.4 Boltzman equation parameters.

It may be seen that in all arginine 282 mutantsQié curves
are shifted towards more positive potentials comgao the wild-
type, and the time constants are shorter. Conyersgplacement of
the negative aspartate 341 with arginine causegative shift of both
7/V and Q/V curves together with an increase in the maxinraketi
constant value (Fig.3.12 A and B).

With the partial exception of the D341R mutant, stoong
changes in the slope fact@ican be seen in Tab.3.4, implying that the
mutated residues are only marginally (if at aljalved in the charge
movement underlying the presteady-state currents.

From the data in Fig.3.12 A and B, the plotsimfate and
outrate for the wild-type and the six functional mutantancbe
obtained (Fig.3.12 C and D). These graphs show toatpared to the
wild-type, the mutants of R282 exhibit faster indaand slower

outward rate, while the opposite occurs in the IRB#dutant.
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Fig.3.12 Charge movement analysis. A and B: relative amotintoved
charge and decay time constant, respectively feinticated isoforms at

3.2.4 Transport currents

pH 6.5. C and D: outward and inward rate constants.

To complete the analysis of the electrophysioldgicaperties

of the charge-pair mutants, experiments have beamfommed to

compare the characteristics of the transport-agsmticurrent, and

their possible correlations to the presteady-stateents.

The top row of Fig.3.13 shows the records of tiséaied transport

currents (obtained by subtracting the currentsbiseace of substrate

from those in presence of 1 mM Gly-GIn) in four megentative
oocytes expressing the WT PepTl, the R282D, the2R28r the
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D341R mutant, each tested with the usual pulseopobtat external
pH 7.5. In the bottom row of Fig.3.13 the averd&ecurves at four
pH values (6.5, 7, 7.5 and 8) are plotted. The ligaye normalized to
the current value at -140 mV (pH = 7.5) for a measy comparison;
however it must be remembered that the currenterged by the
D341R mutant were significantly smaller in absolualue (see
Fig.3.9). In all isoforms, changes in external phised shifts in the
I/V curves that were in the same directions as fomptiesteady-state
currents parameters. This observation indicates the substrate
transport activity is still pH-dependent in thesgee mutants. At
potentials more positive than -40 mV, the shapehefrelationships
shows inward rectification in the wild-type and tpaularly in the

D341R mutant, while it is much more linear in th282D and R282A
forms, that show a very clear reversal and stromgvard currents.
Indeed reversal of the transport current is sesa @ the wild-type
transporter at pH 8 (squares in Fig.3.13).

The transport current generated by the R282K muieas
qualitatively similar to that of the wild-type, whithe behaviour of
the R282E and R282Q mutants was comparable to R2&2dD
R282A, respectively, with evident outward curreasl clear shifts in
Erev induced by changes in pH and substrate concesrirakior the
non-conservative arginine mutants, semilog plot&.gfvs. pH were
linear (R > 0.98) with slopes between -38.2 (R282ibd -49.6
(R282A) mV/pH unit (Fig.3.14 A), indicating a suastial
contribution of protons to the current. It may leéevant to note that
the amplitude of the outward current and the pmsitf the reversal

potential are also dependent on the voltage protwd on the level
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of expression of the transporters ((Kotted al, 2002) and our

observation in 3.3).

WT R282A D341R
N ——
— \—
0.1ls
Vi (MV) 02 o 4 Vi (mV) 02
-160-120 -80 -40 | 40 v (mv) f % -160-120 -80 -40 } 40
oA m -160 120 so 4o oA 40 -2
) -160-120 -80 -40° 40 1) 2
% /_2 A - [/e é =
04 8 s/ L7 & o4 S 04 ¢
= o = =}
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2 e 2 a 2 2
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Fig.3.13 Transport currents in the different isoforms.

Top row: subtracted traces (1 mM Gly—GIn minus ulbstrate) at pH 7.5
from four representative oocytes expressing thicateld transporters. Note
the slow decay in the current traces exhibitedngyR282D and R282A
mutants (arrows). Bottom row: |-V curves elicitgdlomM Gly—Gin in the
four isoforms at different external pH values.

The estimation of the apparent affinity for extérpeotons is
made difficult by the presence of the outward cquisgsee below).
However, limiting the analysis to the wild-type, ethproton
concentrations eliciting half the maximal curramtrease with voltage
from 15 nM at -120 mV to about 770 nM at -120 nigy(3.14 B), in
qualitative and quantitative agreement with presiaeterminations
(Amashelet al, 1997;Kottreet al, 2002).
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Fig.3.14 A: pH dependence of reversal potential in the nonservative
arginine mutants. B: Apparent affinity for protoias the wild-type PepT1.

Changing the dipeptide concentration at constanppduces
on the transport currents the effects illustrate#ig.3.15 for the wild-
type and the R282D mutant (very similar resultsenvseen in the
R282E, R282Q and R282A forms). Higher substrateceoinations
applied at pH 7.5 produce an increase in currenplinde that
reaches saturation at 1 mM in the wild-type, aniftstthe reversal
potential towards more positive values in all isofe. Indeed, at this
pH and using lower substrate concentrations, a ckzersal of the
current is visible also in the wild-type, confirmginprevious
observations (Verriet al, 2003;Kottraet al, 2009). The fact that
changes in the concentration of a neutral sulesteatich as Gly-Gln,
are able to affedt.e, suggests that the organic substrate is transkbcate
as a complex with the electric charge, confirmihgttthese mutants

behave as true cotransporters.
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Fig.3.15 Effects of changing the external Gly-GIn concemmrabn the
current and the conductance at fixed pH (7.5) mwhld-type (A) and
R282D (B) PepT1. Increasing [Gly—GIn]shiftg,Howards more positive
valuesC and D: dose—conductance curves for the two isagor
E and F: voltage dependence of the maximal condaet§G,.,) and
substrate concentration producing half,&(Kqs) obtained by fitting
Michaelis—Menten equations (continuous curveshéodata in C and D (for
clarity only the data at140,-100, 60, -20 and + 20 mV are shown).
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The reversal of the current direction complicatesdvaluation
of the apparent affinity for the substrate from tisual current-dose
plots. An alternative possibility to gain informatis on the ability of
the transporter to interact with the substratehes wise of the chord
conductance @) as an indicator of the level of activity. The otho
conductance is defined as (Aidley, 1989):

G= —Vm _l £ [eq.3.8]
This quantity is directly proportional to the transt current, but it
remains always positive, being divided by the etmttemical
gradient. Fig.3.15 C and D plot this quantity aghithe substrate
concentration. Fitting these plots with a Michadlisnten equation

gives the values of the maximal conductanGg.f) and of the
substrate concentration producing halax (Ks). These graphs are

shown in Fig.3.15 E and F. It may be noted thatdifferent voltage-
dependence dbmaxin the two isoforms reflects the opposite curvatur
of the I/V plots in Fig. 3.15 A and B. Clear§, cannot be directly
compared to the apparent affinity classically atedias the substrate
concentration producing the half-maximal currenta@idenzieet al,
1996;Kottra and Daniel, 2001). However in the pnéssontext the
aim of this analysis was to compare the propedfdhe mutants with

those of the wild-type. Fig.3.15 F shows théfs for the R282D

mutant is greater than for the wild-type over mostthe voltage

range, indicating a lower affinity for the orgasigbstrate.
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3.2.5 Charged substrates

PepT1 transporters are known to accept as sulsstsateeral
di- and tri-peptides possessing different electicb@rge, provided the
charged amino acid is in the amino-terminus pasi(igottra et al,
2002). Therefore the behaviour of the charge-paitamts has been
tested in the presence of the dipeptides. Lys-@hd Asp-Gly, in
addition to Gly-GIn. The results are shown in Fig@for the wild-
type and the mutants D341R, R282Q, R282D and R282Kin the
other experiments illustrated above, R282E and R2&haved quite
similarly to R282D and to R282Q respectively.

The inward rectifying characteristic of the wildp;, D341R
and R282K transporters appears to be independentercharge
carried by the substrate. In all isoforms, Asp-G@ljcits smaller
transport currents at this pH (7.5) compared to-Glly. On the
contrary the currents produced by Lys-Gly are langeall cases,
reaching amplitudes about twice or more that ofridaatral Gly-GlIn in
the non-conservative arginine mutants. These gesaohfirm previous
observations on the wild-type (Amasheh al, 1997;Kottraet al,
2002).
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Fig.3.16 Voltage dependence of the transport currentstelicby differently
charged dipeptides (all at 1 mM) in the indicatedtamts at pH 7.5.

The potency order of the substrates remains uneuamg all

functional mutants, compared to the wild-type. Hegre a closer look

at the graphs reveals more subtle differencesdéygee of reduction

(compared to Gly-GIn) of the negatively chargedegiide is greater

in the non-conservative arginine mutants and smallehe D341R

form. Conversely, in these mutants Lys-Gly produaesubstantially

linearl/V relationship and significant outward currents.
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3.3 Reverse operation in PepT1

The question of reverse operation is a relevanteiss many
cotransport systems, especially in the context elrological
disorders in which leakage of neurotransmitters thie extracellular
space may have profound consequences. Althougiphisiological
role of these transporters is the reuptake, inrsgvestances a release
of neurotransmitter via the transporter has beegported. This
reversed mode of operation may be either the etieche cause of
abnormal or pathological conditions. In the casethd glutamate
transporters, export of glutamate may lead to tbeeaged extracellular
levels that cause excitotoxicity (Rossial, 2000), while in the SLC6
family reversal of the operation of the dopamiransporter is caused
by amphetamines (Khoshbouwetial, 2003) (Seideét al, 2005), and
release of GABA through GAT1 has been hypothestreconcur in
causing epileptic seizures (Richerson and Wu, RigBerson and
Wu, 2004).

Although the SLC15 family is distinct from the gefaenilies
of the neurotransmitter transporters cited aboeC{Sand SLC6),
there is growing evidence that different familieaynshare common
structural modules (Meredith and Price, 2006;Abramand Wright,
2009;Krishnamurthyet al, 2009). It is conceivable therefore that an
investigation on the structural determinants oferse operation in
PepTl may contribute to understand the same progesthe
neurotransmitter transporterSurthermore, the renal isoform of the
peptide transporter, PepT2 has been identified gnathers in the

enteric nervous system in both glia cells, and ecifig subset of
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neurons and could play a role in both release ealsorption of small
neuropeptides (Rult al, 2005).

Outward currents have been observed, under certain
experimaental conditions, in the zebrafish isofaiPepTl (Verriet
al., 2003), and also in a mammalian isoform (Ko#taal, 2009).
Interestingly, in this last case it was reporteat the outward currents
were greatly enhanced in conditions of high intlata substrate
concentration, or following inhibition of intracalar dipeptide
hydrolysis.

The two rbPepT1 mutants in arginine 282 (R282D RR82A)
exhibit large outward transport currents that reni- and substrate
concentration-dependent. An analogous mutant (RR8&#Erabbit
PepT1 was previously reported to exhibit charasties similar to a
substrate-gated unspecific cation channel (Mere@i®04). Therefore
the properties of reverse operation in the R282® RRA82A mutants
have been investigated to understand to what debeseperation of
PepTl1l was modified from a coupled-transport modea tohannel
mode, obeying the principles of electrodiffusion.

The hypothesis of an important role of local
accumulation/depletion of substrate near the intred extracellular
sides of the transporter, previously suggested t(&oand Daniel,
2001), was tested by employing different experirakmrotocols,
aimed at altering the transport regime by long ingstholding
potentials.

PepT1 transporters show relatively poor substrpeificity
(Vig et al, 2006): many di- and tri-peptides, either neutoal

electrically charged, are transported, while singieino acids and
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tetrapeptides are not (Herrera-Ruiz and Knipp, ZDaAiel et al,
2006). Having observed enhanced outward currentsumants in
which the positive R282 was removed, the importasfca charge in
the substrate was also investigated, using bothitipelg and
negatively charge dipeptides, in addition to thétanwonic Gly-Gin.

3.3.1 Outward transport currents of PepTI1 in

experimental conditions

Outward transport currents have been observed lid-type
PepT1 when depolarizing pulses of relatively shioration (50 — 250
ms) are applied with the voltage-clamp techniquenfinegative (-40,
-60 mV) holding potentials (Kottra and Daniel, 2DqVerri et al,
2003;Kottraet al, 2009). Outward currents are most easily seen at
alkaline pH and relatively low substrate concerdret, since
increasing the concentration of either substrateHor shifts the
current-voltage relationships to more positive ptads, eventually
bringing the reversal potentiaE{,) out of the experimental range
(Verri et al, 2003) and our unpublished observations). In audito
the results in wild-type PepT1, some mutants innang 282 are also
capable of conducting quite large outward curreass, shown in
Fig.3.17.
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Fig.3.17 A: Transport currents recorded in the presencé ofM Gly-GIn in
the wild-type and indicated mutants at pH 8.0./8:relationships.
C: Surface expression, reported as results of Hetluminescence
experiments.

The I/V relationships plotted in Fig.3.17 B show that lre t
same conditions of pH and substrate concentrahenvalue ofE,
becomes progressively more negative as the positharge of
arginine is first neutralized to alanine and théarged in sign with
aspartate. Moreover, the R282D mutant (but not R28fnerated
significantly larger currents than the wild typen Ghe contrary,
reverting the sign of the negative aspartate 344 positive arginine
(D341R) produces a transporter which is still fimeal but shows
reduced transport currents and no reversal in ¥mord voltage
range. In the group of oocytes illustrated in Fi§73 the average
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currents at -140 mV were: 568 + 58 nA for wild-ty @98 £ 172 nA
for R282D, 464 + 94 nA for R282A and 184 + 35 fd341R (mean *
SE,n=4-7).

Another evident feature in the traces of the transpurrents
generated by the R282D and R282A mutants is the slecline
during the voltage pulse (arrows in Fig.3.17 Apehaviour that may
suggest either the existence of a deactivatingge®@r a progressive
reduction in the driving force.

In both R282D and R282A mutants the reversal pitient
the transport current is shifted by changes in eeitthe proton
concentration or the substrate concentration (Fi§)3 This result
suggests that the translocation of the two spemtesrs in a coupled
fashion. The shifts ik, caused by the pH and substrate changes in
the mutants R282D and R282A are plotted in Fig8 8land D. The
slopes of theE, vs. pH curve are -42.3 and -43.7 mV/pH unit
respectively; although less than the 58 mV/pH ymédicted for a
pure H current on the basis of the Nernst equation, thvesees are
nevertheless consistent with a substantial corntdbuof H' to the
current. Similarly, the semilog plots Bfe, vs [Gly-GIn] are not linear
for both mutants (Fig.3.18 D) with even lower slsmempared to the
pH dependence. The slope conductagge,§ of thel/V curves aE,
has been also estimated. This parameter is plattdeg.3.18 as a
function of pH and substrate concentration for bathutants.
Interestingly, whilegsiope increases with increasing concentrations of
Gly-GIn (Fig.3.18 D), it appears to be substantialidependent from
the proton concentration (Fig.3.18 B). This lastteis contrary to the

expectations for an electrodiffusive process, Waild predict instead
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an increase in slope conductance when the contentraf the

permeating species is raised (Hille, 2001).
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Fig.3.18 Effects of changing pH and substrate concentnatio the R282D
and R282A mutanté.: External alkalinization at fixed (1 mM) Gly-GIn
concentration shifts the 1/V curves towards morgatiee potentials. The
change in E, with pH is shown in B for R282D and for R282A R0sitive
shifts in the 1/V curves produced by increasingdkiernal Gly-Gin
concentration at fixed pH (7.5) in the two mutaiitise shifts in k, induced
in this case are plotted in D, together with thepsl conductance at& this
parameter shows an increase at higher Gly-GIn cotre¢ions.

3.3.2 Current reversal in the wild-type and R282

mutants

The apparently anomalous effects mentioned abovehen

slope conductance arounH., prompted us to perform other

experiments aimed at better understanding this gghenon, both in

the wild-type and in the R282D/A mutants. The nsitg<f further
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controls was also suggested by the declining bebaween in the
current traces in Fig.3.17. Long-lasting voltaged aurrent-clamp
experiments have been performed on both wild-typd R282D
mutant to investigate this point. Fig.3.19 A showdtage-clamp
experiments in which the membrane voltage was stéppice from -
40 mV to +40 mV and back: the first step was giwrethe absence of
substrate, and the second in presence of Gly-GimMLat pH 8. In
these conditionE,e, should be close to -30 mV in the R282D mutant.

Aa R282D Ab WT
+40 mV +40 mV
T I Voltage [
40mv clamp 40 mv
H8
1/mM Gly-GIn P 1 mM Gly-GIn
L e R : 0
600 | 200
nA nA
30s
B Current
a clamp Bb
754 — 754 WT
R282D —

50 504
mV — mV
251 ﬂ 251 —
|
01 01 -
-25+ -254
30s 30s

-50- -50-

Fig.3.19 A: Long lasting records showing the slow deactoraprocess
following step voltage changes in R282D and WT Regdtiring the first
seconds after the jump at +40 mV the current ingfessence of substrate is
more positive than in its absence (gray arrow); beer, at later times it
becomes more negative; Burrent clamp recordings at pH 8 in R282D
and WT PepTL1: the addition of substrate inducedezations, implying
that an inward current was generated by the tramsgo
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Fig.3.19 Aa shows that jumping to +40 mV when the
transporter is activated by 1 mM Gly-GIn causesirstantaneous
large outward current (black arrow) that declinethwime constants
in the order of fractions of seconds, and it issexn in absence of the
substrate (gray arrow). Initially the current is magositive than the
value recorded at the same voltage in absence bstrate (dashed
line), but at the end of the 20 s period at +40 imYecomes less
positive (that is, a negative current after sultioag. A qualitatively
similar behaviour, although with smaller currentas observed in the
wild-type PepT1 (Fig.3.19 Ab).

Fig.3.19 B shows complementary experiments perfdrme
again on both wild-type and R282D with analogousuits. The
oocytes were kept in current-clamp conditions, ag. appropriate
current was injected to keep the membrane voltagedesired value
before substrate application, but the membranenpatevas let free
to change as a consequence of transporter operaflime
representative traces in Fig.3.19 Ba, from an a@ogxpressing
R282D, and in Fig.3.19 Bb, from an oocyte expragsvild-type
PepT1, show that addition of 1 mM Gly-GIn at pH Batk bars)
always induces a depolarization, irrespective ef starting value of
the voltage (-40, 0 and +40 mV), indicating that turrent generated

by the transporter is in all cases in the inwarddation.

3.3.3 The outward current is due to temporary

accumulation of substrates
To discriminate whether the current decays seefigs 3.17
and 3.19 were due to changes in electrochemicaliggrtaor to a
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transporter-intrinsic deactivation process, a serd experiments
employing different strategies was performed. FRD3llustrates the
results of a representative experiment using aopabtin which three
fast (200 ms) voltage ramps ranging from +40 td-&®/ (or from -

140 to +40 mV) were superimposed to a long lastolgage step to
+40 (or -140) mV in conditions inducing the decdytle transport
current in both directions (pH 8, 1 mM Gly-GIn).
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A R282D
a Ab Ac 100
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, Il Il 120 -80  -40 /fzo
o0 -
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° t-100
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Fig.3.20 Step and ramps protocols to investigate the bafdise transport

current declineAb and Bb show the subtracted (substrate minugant

transport currents: both records show the slowlgluhéng currents, which

are in the outward direction in Ab and in the inwgatirection in Bb. Ac and

Bc: I/V relationships; in Ac the reversal potentimbves toward more

positive values with the second and third ramp,re&g in Bc the opposite

behavior is observed. I/V curves remain substagtjadrallel to each other.
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As shown in Fig.3.20. Ac and Bc, th®&/ curves derived from
the ramps shift along the voltage axis accordinght® application
order and to the level of the long-lasting voltggdse. The ramps
superimposed to the depolarizing (+40 mV) pulse i@kha
progressive shift toward more positive potenti&lig.3.20 Ac), while
those applied during the pulse to -140 mV are mowath time
toward more negative potentials (Fig.3.20 Bc). reséngly, in both
cases the curves remain parallel to each othertthabit may be
concluded that only the reversal potential is dédc not the
conductance.

These observations represent a strong indicati@at the
decline of the transport current during either tepolarizing or the
hyperpolarizing pulses is due to substrate conagatr changes in the
vicinity of the transporters. In fact, assumingttBa, might be written
as a Nernst equation for the proton-substrate oexnpl

E :ﬂ nm [eq.3.9]
“ F [rc],

where TC stands fotransported complexthe continuous
inward flow during the hyperpolarizing pulse wilharease [TG]
(and/or decrease [Tg)) causingE,, to change with time to more
negative values, as observed in Fig.3.20 Bc. Oncthrary, the
initial outward current seen when stepping the ipide from —60 to
+40 mV (Fig.3.20 Ab) will decrease [Tg](and/or increase [TG))
shifting Erey to more positive potentials (Fig.3.20 Ac).

On the whole, the results shown in Fig.3.20 indichiat the

outward current seen during short depolarizatisnsaused by a local

accumulation of the transported complex at theagslular side of the
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membrane and/or a local depletion of the complethatextracellular
side during the continuous inward transport ocogrit the negative
holding potential, confirming earlier suggestiok®ttra and Daniel,
2001).

In another series of experiments a prepulse lagisgo +40
mV from V;, = -40 mV was applied to the membrane before moving
the potential to variable 1 s long test pulses (+40-140 mV).
Fig.3.21 shows this kind of protocol applied to @otyte expressing
the R282D mutant at pH 7.5. Upon addition of 3 mMW-GIn a
slowly declining outward current is seen during pinepulse, while an
opposite behaviour (i.e. a slowly declining inwardrent) is observed
at the most negative test pulse potentials (Fi@.22niddle traces).
Subtraction of the currents in the absence fronsehn the presence
of substrate gives the isolated transport curr@fitg3.21 A rightmost
traces), in which the declining behaviour at negapotentials during
the test pulses is still visible. The averdfeé relationship obtained
from the currents values at the end of the tessgqsuis plotted in
Fig.3.21 C (open squares). It can be seen thagubkis protocol no
outward current can be observed up to +40 mV. Intrest, a clear
current reversal around +10 mV is noticeable ingame conditions
of pH and Gly-GIn concentration when using the shi@polarizing
pulses fromv, = -60 mV (filled squares in Fig.3.21 C).

This experiment indicates that during the preptisse40 mV
the accumulation/depletion effects are dissipated.
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Fig.3.21 Currents elicited by the prepulse protocol showBj in the absence
and in the presence of 3 mM GlyGIn at pH 7.5 iroaoyte expressing the
R282D isoform; C: Plot of the current at the endha test pulse in Ac (open
symbols); for comparison, the filled symbols are data obtained using the
short-duration pulse protocol (from Vh -60 mV) franother oocyte in the

same conditions.

To check the physiological relevance of this pheeoom, a
similar approach was applied to oocytes expregbiagvild-type form
of PepT1. In this case a shorter (250 ms) prepidse40 mV was
sufficient to abolish the temporary phase of outlvazurrent
(Fig.3.22). The transport-associated currents, iobthas usual by
subtracting the traces in the absence from thosthanpresence of
substrate, were always inwardly directed, even amddions of
alkaline pH and low organic substrate concentratigfig.3.22 A
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rightmost traces). This correction, although modestows an
extension of the voltage range in which the vahlfegpparent affinity
(1/Kos) and maximal current {4, can be obtained from a Michaelis-
Menten analysis.

No substrate 3 mM Gly-GIn Difference
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Fig.3.22 Transport currents with the prepulse protodnlthe wild-type
PepT1 a 250 ms prepulse duration was sufficieabtdish any outward
current elicited by the jump from the -60 mV hoddpotential to positive
potentials.This is demonstrated by the fact that the subtdacterents (A,
rightmost traces) are all in the inward directio@; D: I,,.xand Ky obtained
by Michaelis-Menten analysis on dose-current cureesen circles: same

parameters calculated with the usual protocol.

The average values #fs and Iyax calculated from a group of
oocytes tested with such protocol at pH 7.5 is shiowFig.3.22 C and
D (open squares), together with their counterphtaioed using the

customary pulse protocol in which the test pulsesrewapplied
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directly fromV,, = -60 mV without prepulse (open circles). It can b
seen that while the data from the classical prdtao® limited to -40
mV, because at more positive potentials the cura¢nbw substrate
concentration becomes outwardly directed, the psepyrotocol
allows an extension of the analysis up to +20 nihoaigh forKys the

statistical error becomes very large also in thsec

3.3.4 Intracellular injection of substrates

In order to find further support to the resultsagpd above, a
series of experiments has been performed injeduiastrates in the
cytoplasm of the oocyte. This procedure was alresgported to
produce significant outward transport currents imdyype PepT1,
when using hydrolysis-resistant dipeptides, orbitlmg intracellular
peptidases (Kottrat al, 2009). The results of our experiments on the
wild-type and R282D, R282A and D341R isoforms dtesirated in
Fig.3.23. In the upper part of this figure membraokage recordings
in current-clamp condition are shown: first of illcan be noted that
in all isoforms the resting membrane potential Ipees significantly
more negative after substrate injection (range t@5-100 mV),
compared to the initial -20 to -50 mV. This progigs
hyperpolarization, already observed in the wildetyfiKottra et al,
2009), develops in few minutes after injection &rid not observed in
oocytes not expressing the transporters. The denedat of a strongly
negative resting potential is clearly consisterthvie activation of an
outward current by the transporter as a consequeittee increased

intracellular Gly-Sar concentration.
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Fig.3.23 Application of Irbesartan.

Top row: current-clamp recordings showing the negtpotential
changes induced by application of Irbesartan (I&J &ly-Sar.
Bottom graphs: corresponding uncorrected I/V relaships before

(open symbols) and after (filled symbols) the inpecof Gly-Sar.

Squares are data in the absence and circles iptasence of IS.

Additional evidence is provided by the applicatioh the
blocker Irbesartan (IS) (Knitteat al, 2009): the traces in Fig.3.23
show that while external Gly-Sar 3 mM depolarizee thembrane
when applied either before or after the intracalluinjection, the
application of Irbesartan (2 mM) is effective inogucing a
depolarization only after substrate injection. Tehdsst observations
indicate that, while the depolarizations inducedesyernal Gly-Sar

are due to the development of an inward transporteat, those
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induced by Irbesartan are due to the inhibitiommfoutward current.
Interestingly, the hyperpolarization of the restmgmbrane potential
and the Irbesartan-induced depolarization are seeall isoforms,
including D341R, in spite of the much lower cureigenerated by
this mutant. Thel/V curves in Fig.3.23 confirm then the findings
reported in the preceding figures, by showing tres@nce of a strong
outward current following the intracellular injemti of Gly-Sar, and a
reduction of this current by Irbesartan.

3.3.5 Ion and substrate specificity

Previous results (Kulkarnet al, 2007;Pieriet al, 2008)
(Meredith, 2004) have suggested that residues R282D341 form
an ion bridge whose cyclic breaking and formatioayngate the
translocation process. Furthermore, it has beepgsed (Meredith,
2009) that PepTl may represent a transitional yenbietween
transporters and channels. Then possible altestionion and
substrate specificity in the R282D mutant have haeastigated (the
same results were obtained in R282A as well). Thssiple
participation of other cations in the current éédi by the organic
substrate was tested by replacing external Méth K*, Li* or
tetramethylammonium ion (TMA. However these ionic substitutions
did not significantly alter the shape of th& relationships in the
presence of Gly-GIn at various concentrations ahfd vialues, as
shown in Fig.3.24 for pH 8 and Gly-GIn 1 mM. It cama seen that the
reversal potential and the outwardly directed aurege independent
on the kind of cation representing the vast majoof external

positive charges.

103



Results

Na’ pH 8 TMA'
1 mM Gly-GIn R282D o8
[\N\ & v, (mv) %%%g
N -160 -120 -80 —40/Q 40
0 = P :
5 -
{04 2
\@ 1 - o7 3
HA TMAﬁég/ los 2
K é/ . <
01s Na &

--1.2

Fig.3.24 Replacement of Navith TMA' or K* in the external solution did
not alter significantly the amplitude or the revarpotential of the transport

current elicited by the organic substrate.

This result, together with the observations of &t confirms
therefore that the species carrying the electridahrge in both
directions are indeed protons in complex with thgaaic substrate.

The substrate selectivity of R282D was also congpavéh
that of the wild-type with special attention to thbkility to generate
reverse current. A first series of results is exi@med in Fig.3.25,
where the capacity to transport di-, tri-, tetrapigs, as well as
histidine by the R282D mutant was tested. It isvim@Herrera-Ruiz
and Knipp, 2003;Daniett al, 2006) that PepT1 family members are
able to transport several di- and tri-peptides, hot tetrapeptides.
Furthermore, among the SLC15A family of transpaitdhe PepT
subfamily is differentiated from the PHT subfamiby its inability to
transport histidine. The representative recordsigf3.25 A show
that, with respect to substrate selectivity, R2&®&baves in a manner
similar to the wild-type transporters. The sameepoy order was
found in the other two tested mutants, R282A and1B3 (not
shown). Furthermore, as illustrated in Fig.3.25tiheptides (LGG)
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are also able to generate outward current when stiwt pulse

protocol fromVy, = -60 mV is used.

A

GQ GGGG GGG LGG His  GQ

0 GQ GGGG GGG LGG His GQ

Relative current

R282D

0.2
nA

1Im

Fig.3.25 Transport current elicited by di-, tri-, tetrapegés and histidine in
the wild-type and in the R282D mutant (GQ: gly-dBGGG: tetra glycine;
GGG: tri glycine; LGG: leu-gly-gly; His: histidine)

3.3.6 Charged dipeptides

In the context of the substrate selectivity analy#i seemed
particularly interesting to examine the behaviolithe mutants in the
charge-pair residues when charged dipeptides wsd in place of
the neutral substrates employed in all previougerents.

The relevance of introducing a negative or a pgsiamino
acid in the substrate dipeptide, as well as itstiposwas already
studied in the wild-type PepT1l (Amashehal, 1997) (Kottraet al,
2002). An important conclusion from these studiesswhat the
binding pocket of PepT1 can accept only neutralnanacids at the
carboxy terminus, while at the amino terminus aidk of charges can

be accommodated.

105



Results

WT R282D D341R
{1.0 ] 1.0/§ 11.0
J
V_(mv) los V. (mV) /%Kg/i Vv, (mV) los
-160 -120 -80 -40 40 160 -120 -80 -40 A~ -160 -120 -80 -40 .40
WF@* = "» ot =
GD ¢= g/ﬁ/ BE— GD jgggj >
DG 2 {-05 =  GD,DG,GK 1-05 = DG = = {05 =
CK =e o g oK *f/ g
0 1-1.0 5 Go o 10 5 o 1-1.0 3
GQ o 3 Q [3) GQ °
{-15 ¢ 15 @ 5 j1s5 8
KG E B KG 8
120 © 20 @ 120 @
@ 14 o
los KG los l2s

Fig.3.26 Current-voltage relationships of the transport i@nts elicited by
differently charged dipeptides in comparison witlg-GIn (all at 1 mM) in
the indicated isoforms at pH 7.5.

Fig.3.26 compares the transport currents geneedtdee same
pH (7.5) and substrate concentration (1 mM) whepositive or a
negative residue is introduced in either positibthe dipeptide. The
transport currents were normalized to the curreariegated by the
neutral dipeptide Gly-GIn at -140 mV in each oocybefore
averaging. The previous observations on the wipbtyare
qualitatively confirmed in the mutants: the trangpaurrents
generated by Lys-Gly are larger compared to Gly-4@lall isoforms,
while those produced by Gly-Lys and by the two niegéy charged
dipeptides are smaller. However, the degree ofataluor increase is
different in the two mutants: in the R282D the eliéinces are
enhanced Lys-Gly showing a much larger increas@%dgs 60% in
the wild type), while the currents generated by-O)g, Gly-Asp and
Asp-Gly are reduced relatively more than in thedwtiype. In the
D341R form, that produces in general smaller cusré¢see Fig.3.17),
the Gly-Lys, Gly-Asp and Asp-Gly currents are lsg®ngly reduced,
and the Lys-Gly current increases similarly to theld-type.
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Furthermore, Lys-Gly can produce large outward enis in R282D,
while all substrates produce strongly inward-rgatidj currents in
D341R.

The results for the wild-type are in line with pi@ys
observations (Amashelet al, 1997) (Kottraet al, 2002), and
qualitatively reflect the excess positive or negatcharge of the
different dipeptides at pH 7.5. The more than dedldlope of thé/\V
curves in the R282D mutant can be best explaingdl winearly
doubled charge/mole ratio and, in addition, withraareased turnover
rate of the transporter.

On the contrary, the lack of effect in the substrsglectivity
order suggests that these mutations do not ingekah the binding
pocket of the transporter. This prediction has bdested by
evaluating the amount of presteady-state chargeememnt removed
by interaction with the various dipeptides. It isokvn that in many
transporters, including PepT1 (Sala-Rabatadl, 2006;Sangalettet
al., 2009) the presteady-state currents in absencsubs$trate are
mutually exclusive with the transport currents ,(i.they are
progressively reduced with corresponding increasestransport
current). Fig. 3.27 shows the residual charge mevenm presence of
1 mM of different dipeptides (Gly-GIn, Lys-Gly an@ly-Asp) in
representative oocytes expressing the wild-type #rel mutants
R282D and D341R.
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Fig. 3.27 Residual charge movement for the wild-type andr®2@2D and
D341R mutantin the presence of a neutral, a basic and an acidic dijglept

as indicated (all at concentration 1 mM and pH 7.5)

As shown in the traces of Fig. 3.27, 1 mM Gly-Ghda.ys-Gly
remove almost completely the presteady-state cisrremthe wild
type, while most of this kind of current remainsgresence of the
same amount of Gly-Asp (the same result was obdemith Asp-Gly
and Gly-Lys). These observations may be quantifiechparing the
Q/V curves obtained by integrating the presteady-stateent isolated
using a double exponential fitting of the traceslrsence of substrate
(considered to represent the total charge), toitiegrals of the
transient currents obtained by difference of tlaeds in absence and

in presence of substrate (residual charge) (Fesed, 2002). These
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data are shown in the bottom graphs of Fig. 3.2&aiy the residual
charge in the presence of 1 mM Gly-GIn and Lys-iSlglose to zero
in the wild type, and for these substrates it resa small fraction of
the total charge in both mutants. In contrast,Gbr-Asp the residual
charge is close to the total charge in all isoforAsalogous results
were obtained for the other, poorly functional ghppges (not shown).

The amount of residual charge can be consideregsamate
of the fraction of transporters not involved in theual transport, i.e.
transporters that do not interact with the substrat this view, the
data of Fig. 3.27 indicate that for all isoformsy&lsp interacts
poorly, while Gly-GIn and Lys-Gly show a comparalilegree of
interaction between each other, although in theantst this level
appears lower than in the wild type.

Taking together the results of Figs 3.26 and 3iRtan be
concluded that, since the level of interaction ¢f-Gln and Lys-Gly
with the R282D mutant is similar, the more than fola increase in
transport current by Lys-Gly should be ascribedthe increased
charge/mole ratio of the transported complex, aodsiply to an

increased turnover rate.
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Chapter 4. Discussion

4.1 Unified modeling of PepT1
Electrophysiological results on the transport attiwf PepTl

have shown differences in the various species, imgngrom an
acidity-induced increase ipaxto no change or a decrease in seabass,
zebrafish, and rabbit isoforms. More consistenect are seen in the
apparent affinity for substrate, which appears torease with
acidification in all cases. Although an increasearansport-associated
current with lower pH is easily understood as aseguence of a
stronger protonic electrochemical gradient, anease in current at
higher pH is harder to explain. The presteady-stateents of many
ion-coupled transporters in the absence of orgsutstrate arise from
the ion—transporter interaction and are qualitétiaad quantitatively
related to transport activity (Peresal, 2004;Cherubinet al, 2010).
Therefore, the properties of such currents in thseéorms showing
partially different pH dependency have been anaymgarallel, with
the aim of gathering additional information to expl the observed
differences.

4.1.1 Comparison of the presteady-state currents in

the different species
An analysis of the presteady-state currents wigpeet to the
voltage dependence of the decay time constant la@damount of

displaced charge showed that the two types of suave positioned
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differently (at the same external pH) on the vadtais. The rabbit
curves are positively shifted and the zebrafishvesirare negatively
shifted, with the seabass curves located closkaaé¢brafish ones. In
addition, the decline in the presteady-state cuirfe@lfowing voltage

jumps is faster in the zebrafish and seabass toaiesp than in the
rabbit isoform. These results are in good agreemthtthe different

isoelectric points of the three proteins: 7.4786#&nd 6.00 for rabbit,
seabass, and zebrafish, respectively ((Daeiehl, 2006) and our
calculation). This suggests that rabbit PepT1 nmayiotonated more
easily than the fish isoforms. If this protonatiocludes the residues
involved in establishing states T2 and T7 in oudslpit may explain

the slower rates of charge movement observed agahme pH in the

rabbit protein.

4.1.2 Effect of external pH on unidirectional rates

As previously reported for the rabbit and seabasssporters
(Nussbergeet al, 1997;Sangaletet al, 2009), the charge movement
characteristics of all three proteins are affette@xternal pH through
shifts along the voltage axis and an acceleratibrthe decay at
alkaline pH. The analysis has been extended touletdc the
unidirectional rate constants of charge movementhex membrane
electrical field and their dependence on exterkhl p

The results, shown in Fig.3.2, indicate that amdase in external
protons slows down both inward and outward chargeaments in all
of the examined species. These observations makdikely that the
presteady-state currents are primarily caused lyntiovement of

external protons in the membrane electrical fiakl] instead suggest
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that the currents are mostly due to the rearrangerog intrinsic
transporter charges. These results are in agreemiht models
proposed for rabbit (Nussberger al, 1997) and for human PepTl
(Irie et al, 2005), in which the presteady-state currentsgaresrated
largely by the movement of intrinsic transporteargjes (negative, on
the whole). In these models, inward and outwarésrare slowed
down by the binding of internal and external pretdhat trap the
transporters in “occluded” states.

Because these models do not account for the slosiagn of the
inward charge movement by external protons, a nuadibn has been
introducted by adding a new state (T7 of Fig.3a3Which the “inward
facing” transporter can bind external protons. Pprag of the
transporter in state T7 by external protonation rtiegn explain the
decrease in inward rate of (positive) charge mover(teansition T6
— T1) caused by acidic pH. The voltage- and pH-ddpeoe of the
unidirectional rates of charge movement was bégdfiwith a single
conformational change of the intrinsically chargeainsporter over
71% (rabbit) or 87% (fish) of the membrane eleatriteld. For this
reason, a partial voltage dependence encompassiegrdsidual
fraction of the field was introduced in the traimit between the
outward- and inward-facing conformations of the lyfuloaded
transporter (T3— T4).

The ability of the model to reproduce the voltagpehdence of
the displaced charge and the decay time constamteth as the effects
of changing external pH, was verified by simulatithg presteady-
state currents in the rabbit and a generalizedRigbT1 using kinetic

parameters derived from experimental observatidie results in
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Fig.3.4 show that the kinetic scheme of Fig.3.3 cepable of
reproducing the properties of both the rabbit askd PepT1 with only
a minor adjustment of the parameters (Tab.3.2).

4.1.3 Transport currents

The model of Fig.3.3 was further tested to verify ability to
simulate the transport-associated currents. The paoson was
limited to the currents generated by the neutrpéptide Gly-Gin at
pH 6.5 and 7.5, which should represent the phygiockb conditions of
the unstirred microenvironment in which PepT1 ofe=aat least in
mammals (Thwaites and Anderson, 2007). Becausemibael was
constructed from observations of the presteady statrents and the
parameters were optimized to simulate the chaiatitsy of these
currents, the behavior of the transport curre@isnot be completely
reproduced for two main reasons. First, differenbstrates may
present specific interactions with the transpottert are difficult to
incorporate in the model. Secondly, the model duoasinclude the
effects of the variable percentage of charged neharged species of
substrate at different pH. In spite of these draskbaFig.3.7 shows
that simulations of mammalian and fish PepT1s usirgadditional
parameters of Tab.3.3 can reproduce the basic iexgatal
observations. There is less agreement than thaingot for the
presteady-state currents, and it is mostly limitedualitative aspects
such as changes in the relative amplituded. gf at different pH
values and the common higher affinity at the maiglia pH. The
general trend of the voltage dependence of affimtymimicked,

although there are significant quantitative disarepes.
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As already mentioned, the pH dependence of the mmaxi
transport current of human PepT1 is the oppositihalf of rabbit and
fish (Amashehet al, 1997;Steelet al, 1997;Kottra and Daniel,
2001;Verri et al, 2003;Sangalettet al, 2009). In an analysis by
Fujisawa and coworkers, the pH dependency of huRegmll was
bell-shaped, with maximal transport rate at pH 5A&hough the
decreasing transport at high pH values is causeda breduced
transmembrane pH gradient, the decrease at lowegsHlts from a
change in the transporter protein itself caused foptonation of a
histidine residue near the substrate binding donfaijisawaet al,
2006). The model presented here similarly predictd | ,ax should
decrease at both extreme acidic and alkaline plgebBding on the pH
at which the maximal transport rate occurs andvittth of the bell-
shaped Imax vs. pH curve (possibly related to slight structura
differences in the functionally important region#f)js feature can
account for all observed species-specific diffeesnan the pH
dependencies, including the increasénig with acidity found in the
human PepT1l(Mackenziet al, 1996). The observed differences in
the pH dependencies may be related to the actualahkes found in
the small intestine. Although slightly acidic vatuare found in
mammals because there is no luminal expressidmec$adium-proton
exchanger (NHE3), the microenvironment of zebrafistierocytes
should be alkaline, thus allowing optimal condigofor peptide
transport (Verriet al, 2003). Interestingly, the type-1I Rhosphate
cotransporter cloned from the zebrafish intestinso aexhibits
maximal transport activation at alkaline extradeliypH (Nalbantet
al., 1999).

114



Discussion

4.2 Electrostatic gates in PepT1

Different researchers studied a number of mutamtBepT1
residues R282 and D341, reporting various effeatshe transport
characteristics (Meredith, 2004;Kulkarmt al, 2007;Pieriet al,
2008;Meredith, 2009). No informations however haeen published
to date on the properties of the presteady-statemis generated by
mutants in these residues. Then these currentsdemreinvestigated,
trying also to correlate the observations regardireginitial steps of

the transport cycle with those on the completesipart cycle.

4.2.1 Effects of mutations on the presteady-state

currents

Single-residue mutations of arginine 282 in lysiaé&nine,
glutamine, glutamate or aspartate produce fundtidrensporters
displaying conspicuous presteady-state and trahspamrents. In
contrast, both types of current are strongly reduice the D341R
mutant. Localization experiments show that all ¢hésoforms are
present in the oocyte membrane, with the mutantsnain many
cases significantly larger surface expression tharwild-type. While
the correspondence between localization and fumdcsioery good for
the wild-type, and all the arginine mutants, theklaf correlation for
the D341R form suggests that its reduced activitynot due to
insufficient targeting but to defects in the molecumechanism. The
other two mutations tested, the double mutant R2B2B1R, aimed
to reestablish the charge pair, and H57R, did moetate presteady
nor steady transport currents. However, while #itet gave a strong

signal in the immunolocalization and SOC experiragebnfirming
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the functional nature of the defect, the doubleanuR282D-D341R
was not detectable in the membrane (Fig.3.10),camsequently no
transporter-related currents were observed (Fig.3.9

Changes in external pH affected the characteristicshe
presteady-state currents in all functional mutafiigy.3.11). This
observation indicates that mutations deep in thacstre of the
transporter do not alter the ability to interacthwprotons even in the
absence of organic substrate.

The characteristics of the presteady-state cur@mtshanged
in opposite ways by the non-conservative mutationsthe two
different residues: botlQ/V and /V curves are shifted to the right
along the voltage axis in the R282D, R282E, R282@ R282A
forms, and to the left in the D341R form (Fig.3.18Boltzmann
analysis of the charges voltage curves reveals only small changes in
the slope of the sigmoidal for the arginine mutaiitsis observation
implies the constancy of the equivalent electridatance s and
therefore makes it unlikely that the mutated resgdcould be directly
involved in the charge-moving conformational reag@ament. The
decrease ino resulting fromthe greater slope factor for D341R
(Tab.3.4) may reflect a distortion in the proteitmusture in this
mutant, or it may simply represent an overestindate to the lack of
saturation of th&)/V curve in this mutant. However, forcing the slope
parameter for D341R to the wild-type value (29.7 )md the
Boltzmann analysis produced only negligible changas the
unidirectional rate constants.

Derivation of the unidirectional rate constantstioé charge
movement produces more detailed informations: hineard rate (that
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is the inward rate of movement of a positive chamgethe outward
rate of movement of a negative charge) is enhand®h the positive
arginine 282 is neutralized to alanine or glutamoreis replaced by a
negative aspartate or glutamate; correspondingdyotitward rate is
diminished in these mutants with respect to thedipe. The
opposite effect occurs when the negative aspaBiéteis replaced by
a positive arginine: in this case the outward mtnhanced, while the
inward rate is depressed.

This behaviour appears consistent with the idea rdsidues
R282 and D341 participate in the generation ofcallelectrical field
over which the voltage-dependent charge movemerdgbgence of
substrate occurs (Fig.4.1). Although only the kremigie of the atomic
structure will allow making accurate calculatioitsis reasonable to
think that neutralization of positive arginine @versal of its charge
will generate a negative local potential that widistort the
intramembrane potential profile. Conversely, théssiution of a
negative aspartate with a positive arginine willealthe potential
profile in the opposite (positive) way (Fig.4.1 Bdl may be
speculated that in this last case the positivetrgdat field generated
by the arginine residue might be so strong so Yeay little charge
movement can occur in the experimentally usefutag# range, as
observed experimentally.

This explanation is analogous to that used to adctar the
shifting effects of divalent cations or ionic stgém on voltage-
dependent channels (Hilet al, 1975;Hille, 2001), chapter 20).
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Fig.4.1 Schematic representation of the electrostatic figldnerated by the
pair R282-D341 and their mutations.

Light red and blue areas represent negative andgtipeselectrical fields,
respectively. In the absence of substrate revarstie positive field
generated by R282, causes a negative distortitineanembrane potential
profile, producing an increase in the field effeety acting on the charge
movement (red line in Ba). The opposite mutatiodlbB3adds a positive
component to the membrane potential profile cauaidgcrease in the field
effectively acting on the charge movement (blueilinBa). To reach the
same level of electrical field acting on the changevement (yellow band)

the intracellular voltage () must compensate for these alterations and be

set to +4V or -4V, respectively, for the two mutants (Bb).

Referring to the potential profiles shown in Fig.48Ba, the
local potential increase caused by the extra arginvill reduce the

electrical field acting on the charge movement+#iyV (blue line);
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therefore to obtain the same rate of charge moveasm the wild-
type (black profile line), the intracellular potettwill have to be
moved more negative WV (Fig.4.1 Bb, blue line). Consequently the
voltage dependence of the unidirectional rates ballshifted towards
more negative potentials (Fig.4.1 Bc). The sameauragnts in the
opposite direction can be used to explain the pes#hift observed in
the non-conservative R282 mutants (Fig.4.1 B). @emgg the
exponential nature of the curves, the voltage shilt appear as a
change in amplitude at a fixed potential.

The gradation of effects observed experimentallgsdoot
exactly correspond to what may be simplisticallpented, i.e. that
neutral substitutions (R282Q and R282A) should Hass effect than
charge reverting mutations (R282D and R282E). |dd&282A
appears to have effects lying midway between tladsB282D and
R282E, while those of R282Q are located betweemiltetype and
R282D. These observations suggest that the pslaon-polar nature
of the residues and steric factors may also be iitapbin determining

the rates of charge movement.

4.2.2 Transport currents

The amplitudes of the transport-associated currgeterated
by the addition of organic substrate are in goodetation with the
amount of intramembrane charge movement in eadbriso while
the non-conservative R282 mutants are able to gendransport
currents comparable or even larger than the witgtyp341R shows
much reduced currents.

As shown in Figs 3.13, 3.14 and 3.15, in all isofsrthe
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transport-related currents are affected by changexternal pH and
in the concentration of organic substrate. An iaseein either one of
these two factors cause larger currents and aldts gshe curves
toward more positive potentials. This effect istigafarly evident in
the R282 mutants that exhibit a clear reversahefdurrent direction.
In these mutantg, shifts with the concentration of external protons
with a slope between -38 and -49 mV/pH decade (udipg on the
isoform) that, although less than the value predidby the Nernst
equation, indicates anyway an important role oftgme as charge
carriers. The change IinEe, induced by different Gly-GIn
concentration at constant pH, also observed irethagtants, can only
be explained if the translocation of this neutrglegtide occurs as a
complex with an electrical charge, supporting tteai that protons
bind to the carboxylic group of the substrate ie tianslocation
process (Kulkarnet al, 2007;Pierket al, 2008).

The experiments on the transport currents confinerefore
that the mutants maintain the essential charatitsriof a pH-
dependent cotransport system, coupling the traastot of protons
and organic substrate, as in the wild-type.

The change in direction of the transport curremt stmft in Ee,
with substrate concentration observed in the narsexvative arginine
mutants make it difficult to estimate the apparsuistrate affinity in
the usual way, i.e. by fitting Michaelis —Menternuatjons to current
vs concentration plots. To obtain an estimate of jesslterations in
the substrate affinity in these mutants, the chmordductance of the
I/V plots has been used (Fig.3.15) (Aidley, 1989).0kdmng to eq.3.8,

this quantity is proportional to the current ampdé and it is always
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positive, being divided by the electrochemical ggat (V — Er.\). As
shown in Fig.3.15, the estimate of the substrataceotration
producing half the maximal conductance is, in thie-type, similar
to that calculated with the usual methods (our bhphed
observations, and (Mackenzg¢ al, 1996;Kottra and Daniel, 2001)).

The values ofK$, for the R282D mutants, calculated in the same

way, show a reduction of about 50% of the appaaéimtity compared
to the wild-type.

All functional mutants are able to transport chdrgeeptides
as well. The results shown in Fig.3.16 confirm pwas observations
(Amashehet al, 1997;Kottraet al, 2002) concerning the wild-type
that showed variable charge/molar ratios dependmghe charge of
the dipeptide and on the external pH. Therefore small currents
elicited by Asp-Gly (in contrast to the larger on@sduced by Lys-
Gly) can be attributed to the high percentage efside chains bearing
a negative charge at this pH (7.5). The differdmipe of thel/V
curves (rectifyingvs linear) appears to be isoform-dependent (and
substrate-independent), suggesting that the treatsbm mechanism is
determined by the structure of the transporter,reoty the nature of
the substrate. The relatively stronger increasenfared to the wild-
type) observed in the current generated by Lys-{alythe non-
conservative arginine mutants, indicates that uhitaxh to the greater
charge/mole ratio an increase in turnover rate imaye occurred,
possibly due to a faster release rate of a momngly charged

substrate complex towards the cytoplasm.
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4.2.3 R282 and D341 represent the gates of the

transport cycle

The idea that the transport cycle of PepT1 couldydted by
these two residues was put forward by Kulkarnilefkaulkarni et al,
2007) who proposed a cyclic breaking and recorgiituwf the ionic
interaction. The electrophysiological character@at of the six
functional mutants, described above, gives supyotilis hypothesis.
The shifts along the voltage axis of the charge enmant parameters
shown in Fig.3.12 may be explained as due to diters in the
intramembrane electrical field caused by the difely charged
mutants with a likely contributions of steric effecas mentioned
above (see for example the difference between 282R and R282Q
mutants).

The different amplitude and voltage dependence hd t
transport current in the mutants are also releirathis respect. With
the exception of the conservative R282K mutatidimtaer functional
mutations disrupt the charge pair, however theysdoin different
ways. In the non-conservative arginine mutationexress negative
charge is produced: although the details of thalleonformational
rearrangement of the mutated protein are unknots, conceivable
that the passage of positively charged substratet as the Gly-GIn-
H* complex might be favoured in these cases (sed.E)g.

As shown in the Results section, the symmetricalatian on
the other residue of the pair, that is D341R, sltbwrich reduced
presteady-state and transport currents. In contsaskpression on the
plasma membrane of the oocytes was comparabletiatiother fully

functional isoforms (Fig.3.10). The schematic repraation of
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Fig.4.1 suggests that in this case the presentteeqgiositive charge of
the arginine may produce an additional positivecteleal field
preventing protons to reach the appropriate sitéotm a complex
with the substrate.

The experiments using charged dipeptides confirnies
efficiency order observed for the wild-type trandpoat pH 7.5 (Asp-
Gly < Gly-GIn < Lys-Gly) with only small relativeariations in all
tested mutants. This observation suggests thami@tions in the
charge-pair residues affect mainly the proton adgon rather than

substrate binding and translocation.

4.3 Reverse operation in PepT1

The PepT1l mutants investigated in the present wamk
correctly expressed in the oocyte membrane (Fig)3dnd maintain
the characteristic of true cotransporters, as shisvn by the fact that
both protons and substrate concentrations affectdtiersal potential
of the transport current (Fig.3.18), and that thiessrate selectivity is
unaltered. Although qualitatively in the correctedition, the shifts in
Eev significantly deviate from the predictions of tNernst equation.
Further difficulties arise when examining the slgo@ductance of the
transport current at the reversal potential: adogrdo the theory of
electrodiffusion (Hille, 2001) this parameter shbiuricrease when the
concentration of the diffusing species is increaséd shown in
Fig.3.18 this is verified for the dipeptide substr&ly-GIn, but not for
protons, for which no significant dependencyggdpeis found.

Having established that R282D and R282A can beiderex
as true cotransporters with some interestingly redteproperties
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(conspicuous outward currents), the functional asuluctural
determinants of reverse operation in these protdiage been

investigated.

4.3.1 Determinants of reverse operation in PepT1

The experiments illustrated in Fig.3.19 show tlegt dutward
currents visible in Figs 3.17 and 3.18 are onlygerary and may be
consequent to the active state of the transpoatersegative holding
potentials. These declining outward currents might considered
similar to the *“tail” currents observed in voltagetivated ionic
channels when stepping the voltage from a conditiormvhich the
channel is open, to other voltages where it witisel (Hodgkin and
Huxley, 1952;Hille, 2001). If this is the case, tAé curves obtained
from relatively short (<1 s) pulses may actuallypresent
“instantaneous”l/V relationships of the current generated by the
transporter at the level of activation of the hotgdpotential.

The observation (Figs 3.17 and 3.20) that the partscurrent
declines during strong voltage pulses in either otijzing or
hyperpolarizing directions suggests that this effeay arise from
changes in the driving force, rather than fromrannsic deactivation
process of the transporter, because this last &fnprocess usually
depends monotonically on voltage. The hypothesia oéduction in
driving force is demonstrated by the results ofékperiments of Figs
3.20, 3.21 and 3.22, as well as from the long+tgstiecordings of
Fig.3.19. In fact, during a prolonged flux of theot@n-substrate
complex a local accumulation and/or depletion & tomplex may

occur in the vicinity of the transporter, and tlwél decrease the
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concentration-dependent component of the electrocad gradient
causing a current decline.

The experiment of Fig.3.20 clearly demonstrates the
occurrence of this phenomenon in both directionsfact, during a
long lasting hyperpolarization the reversal potntbecomes
progressively more negative in agreement with aiedse in theut/in
ratio of the concentrations of the transported igsefeq.3.9]. Vice
versa, during a long lasting depolarization, thg, shift is toward
more positive potentials, consistent with an inseean theout/in
concentration ratio. However th&V relationships measured at
different times during the long pulses in eitherediion remain
parallel to each other, excluding changes in theinsic rate of
transport. Although this effect is most evidenthe two arginine 282
mutants, it was shown that the hypothesis of asprart-dependent
local concentration change can also explain thdirigs regarding the
wild-type transporter (Kottra and Daniel, 2001).eTéxperiments of
Figs 3.21 and 3.22 show that using an appropriatgogol the
accumulation/depletion effect can be reduced, aslléads to more
accurate determinations of the kinetic propertiesamsport [max and
Kos), whose values can be obtained over an extendede raf
membrane potentials. The ability to conduct curienthe outward
direction was already demonstrated in the wild-tipepT1 (Kottraet
al., 2009). It was shown here that not only mutantsrginine 282 but
also D341R exhibit the same capacity in presendegbf intracellular
concentrations of a non-hydrolizable substrates Timding indicates
that the different shape of tH&/ curves exhibited by the different

isoforms (i.e. inward rectifyings linear, see Figs 3.17 and 3.26),
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obtained using a classical pulse protocol frgm= - 60 mV is not
related to an intrinsic incapacity of the wild-tyaed D341R forms to
transport in reverse mode, but depends on thereiftéeransport rates,
producing different degrees of accumulation/deptetffects. Indeed
the transformation from linear to inward rectifyimgn be obtained

using appropriate protocols (see Fig.3.21).

4.3.2 Other substrates

Of the two residues forming a putative charge-pairthe
PepT1 structure, R282 and D341 (Kulkaetial, 2007;Pieriet al,
2008), only mutants in arginine 282 present thewatd current
phenotype (Fig.3.17). Our initial results using tineutral dipeptide
Gly-GIn showed that the arginine mutants facilitéte substrate flow
both in terms of amplitude and direction, since liherelationships
are approximately linear; while the symmetric miotatD341R has an
opposite action, rendering more difficult the tnams of substrates,
and enhancing the inward rectification properteadly present in the
wild-type.

The subsequent experiments in presence of differatibns
(Li* , K and TMA'), and using various organic substrates, showed
that the mutations do not introduce qualitativeeraltion in ionic
selectivity, nor in substrate specificity. Protaagpear to remain the
charge carriers, and the potency order of substiEtdifferent size or
bearing different charge is not changed comparethéowild-type.
Furthermore, the reversal of the transport curcantbe also observed
with tripeptides, suggesting that this property rnist substrate-

dependent, but is intrinsic in the mutated trantgwor
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The selectivity order of the charged dipeptides aies
substantially unaltered in the mutants compardtdovild-type at pH
7.5. The two negatively charged dipeptide producdy csmall
currents, reflecting the high percentage of the sidains bearing a
negative charge at this pH. The two positive digkgst highlight the
relevance of the position of the charge: when ysme is at the amino
terminus the transporter is able to generate langeents, while when
it is located at the carboxy terminus the curraares much reduced
(Kottra et al, 2002). Quantitatively, the behaviour of the clearg
reverting mutants R282D and D341R is opposite imymeespect:
while R282D shows increased current relative to whld-type, the
current generated by D341R is much reduced (seS.Eif). This
observation is consistent with the idea of these megsidues being part
of the gate controlling the flux of inward positiveharges:
neutralization of the positive arginine 282, or iéplacement with a
negative amino acid, may facilitate the approachthef positively
charged transport complex, while the replacementhef negative
aspartate 341 with a positive arginine may haveadhgosite effect.
This notion is also supported by the amplified @ase (relative to
Gly-GIn) in the current generated by Lys-Gly in tR€82D mutant
compared to wild-type and D341R. This effect isrored by the
stronger reduction in the same mutant of the curgamerated by
Asp-Gly, compared to the wild-type. Interestingllgis last substrate
produces a higher fraction of the Gly-GIn currentthe D341R
mutant, compared to the wild-type.
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Chapter 5. Conclusions

In this work new determinants have been identiffred function
and structure of PepTl because, in addition tarats in nutrient
uptake, this transporter represents a major pattiorathe absorption
of several therapeutic drugs.

First of all, a unified kinetic scheme has beenppsed that
explains the main electrophysiological propertidsPepTl in the
presence and absence of organic substrate and degendence. The
model also can describe the behavior of differemfarms from
mammalian and fish species.

Interestingly, these results suggest a dual ralgpfotons in the
operation of PepT1. In the proposed model, proamesfundamental
to neutralize the transporter during the inwardssabe translocation,
and their release in the cytosol uncovers the egative charge of the
empty transporter, which then undergoes an enesgppating
working stroke to return to the outward-facing coniation
(transition T6 — T1 in Fig.3.3). However, protonation of the
transporter in another site breaks the transpartecgnd counteracts
the potentiating effects of external acidity on thenover rate. As
demonstrated by the proposed model, a differerdnoal between the
two roles played by protons may generate oppodfects on the
maximal transport velocity, as has been experintigntdserved in
human PepT1 vs. rabbit or fish transporters. Thistemxce of two
apparently contrasting actions of external protdoss not negatively
impact the overall efficiency of substrate uptakecause turnover rate
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and affinity are generally inversely related innsport processes
(Soragneet al, 2005). Indeed, using the ratiolgfxto Kos as an index
of the efficiency of transport, both experimentataland our model
showed that PepT1 is well optimized to meet itscfiom across
species and expected physiological pH conditions.

Mutagenesis studies have shown that the opposdkérged
residues Arg282 and Asp341, in the transmembrameanio7 and 8 of
PepTl, form a barrier in the absorption pathwaybs8tution of
Arg282 with neutral or negatively charged residpesduce a shift
towards more positive potentials in the charadiessof charge
movement with respect to the wild-type form. Comsedy replacement
of Asp341 with Arg reduce both presteady-state tesuasport currents
and produce a negative shift of the charge moverpserties. In
summary, residues R282 and D341 participate ingreeration of a
local electrical field over which the voltage-degent charge
movement in the absence of substrate occurs. Rdroovaversal of
the positive field generated by Arg282 cause a tegaistortion to
the membrane potential profile, producing an insee&n the field
strength effectively acting on the inward chargevemoent. To reach
the same level of electrical field acting on therge movement the
intracellular voltage must compensate for thisratten and be set to
less negative values. In contrast, the mutation3A%prg adds a
positive component to the membrane potential pradihd must be
compensate by an increased membrane negativitys, Tha shown
results support the idea that Arg282 and Asp34Y i role of

electrostatic gates in the PepTL1 transport cycle.
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Finally, mutants in the putative charge pair resglérg282 and
Asp341 of rabbit PepT1 have been shown exhibit gnogs useful to
better understand the possibility of reverse trartspn fact, wild-type
and Arg282 mutants, while retaining the essentharacteristics of
proton-coupled cotransportersexhibit outward currents in the
presence of Gly-GIn. Long-lasting voltage- and entrclamp
experiments have shown that these currents areteniporary, and
reflect accumulation and/or depletion effects ntearmembrane. The
reversal potential of the outward currents is aéddoy both pH and
substrate concentration, confirming coupled trartsipothe wild-type
and in the mutants as well. Removal of arginine 2®pears to
facilitate the flow of the transported complex iotho directions, while
replacement of aspartate 341 with a positive resitimits the
transport rate and strengthens the inwardly-raagfycharacteristics
of the wild-type transporter. This observation ensistent with the
idea of these two residues being part of the gatéralling the flux of
inward positive charges.

This work has contributed to better understand rinede of
transport by which PepT1 binds and transportsutssisates that it's
of great interest to researchers; moreover thesailet functional
information can be also used to make PepTl1l a good delivery

system.
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