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Abstract. The cloned intestinal peptide transporter is ca-Introduction
pable of electrogenic Hcoupled cotransport of neutral
di- and tripeptides and selected peptide mimetics. Sinc
the mechanism by which PepT1 transports substrates th%
carry a net negative or positive charge at neutral pH i
poorly understood, we determined Xenopusoocytes
expressing PepT1 the characteristics of transport of dif

ferently charged glycylpeptides. Transport function OfceIIs by specific peptide transport systems in the apical

PepT1 was assessed by flux studies employing a radiq- : . . .
labeled dipeptide and by the two-electrode Voltagec_’membrane. The intestinal peptide carriers have recently

I techni our studi h that the t tbeen cloned from rabbit (PepT1) [1, 5] and human
clamp-technique. Qur studies show, that the transpor e(thepTl) [6] small intestinal cDNA libraries. Injection
is capable of translocating all substrates by an eIectrobf the rabbit intestinal peptide transporters cRNA into
genic process that follows Michaelis Menten kinetics.

L Xenopus laevisocytes induces a transport activity that
Whereas the apparentyl§ value of a zwitterionic sub- P y P Y

rate is onl deratel affected by alterations in oM is characterized as NaK™* and CI' independent but elec-
straté 1S only moderately aflected by afterations in p Ortrogenic as a consequence of peptideftbtransport.
membrane potential, &5 values of charged substrates

are strongly dependent on both, pH and membrane IOOPepTl appears to have a broad substrate specificity ac:

| L S == FCepting di- and tripeptides [1, 5, 6] as well as a variety of
tentlal.dvghereag tTle gfﬁ:my Of thehanlonc d'p‘?p".de 'nt')_peptide mimetics includinf-lactam antibiotics [1, 5, 10,
g:rea?zesho@;niaclz;gw)éaiwaef?irr:%; f?)er,eSTCft;c;n:I:I spuH 13, 14] and selected angiotensin-converting enzyme in-
values (5.5-8.0). The driving force for uptake is Ioro_hlbltors [1]. Although some functional as well as pre-

ided mainly by the insid tive t b | liminary structural informations of the intestinal peptide
vided mainly by the Inside negatve transmembrane e ect'ransporters are available [4, 5, 8], the operational mode
trical potential. In addition, affinity for proton interac-

. ) of PepT1 is poorly understood. There are several thou-
tion with PepT1 was found to depend on membrane POsand possible peptides which could serve as substrate:

Sor the transport system including a variety carrying a net

o q]iegative or positive charge at physiological pH. Con-
uptake of the zwitterionic form of a charged substrateCerning the fundamental questions whether and how

contriputes to overall transport and t_hat consquerltly th?’epTl transports these differently charged substrates,
stoichiometry of the flux-coupling ratios for peptide?H only preliminary information is available [2, 9, 11]. We

H5O" cotransport may vary depending on pH. have employed flux studies with radiolabelegbhenyl-

Key words: Intestinal peptide transporter — Expression alanyli-alanine and the two-electrode voltage-clamp

— Substrate specificity — Two-electrode voltage-clamptechnique inXenopusoocytes expressing PepT1 to gain
technique information on binding and transport of differently

charged dipeptides.

Di- and tripeptides in the intestinal lumen derive from
e hydrolysis of dietary and endogenous proteins by a
bncerted action of pancreatic proteases and brush bor-
Yer membrane bound peptide hydrolases. Short chain
peptides released are either hydrolyzed to the constituten
amino acids or are taken up in intact form into epithelial

Materials and Methods

Peptides were purchased from Sigma (Deisenhofen, FRG). Custom-
_— synthesizedop-[*H]-phenylalanine--alanine ¢H-D-Phe-Ala) with a
Correspondence ta4. Daniel specific activity of 9 Ci/mmol was obtained from Zeneca (UK).
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METHODS ABBREVIATIONS

PepT1, rabbit M/oligopeptide transporter 1 (hPep T1, human), ChoCl,
Xenopus laevis Oocytes and Transport Assay choline chloride, Gly-GIn, glycyl-L-glutamine, Gly-Asp, glycyl-L-
aspartate, Gly-Lys, glycyl-L-lysine, Lys-Lys, L-lysyl-L-lysine, Glu-
Oocyte preparation and handling have been described previously [1fG!U. L-glutamyl-L-glutamate, }, oocyte membrane potential.
The oocytes were injected with 50 nl of,8 (controls) or 5 ng/50 nl
of Pep T1 complementary RNA (cRNA). Three days post injection Results
uptake of*H-D-Phe-Ala was assessed under standard assay conditions
in a buffer composed of (in m): 100 NaCl, 2 KCl, 1 CaGl 1 MgCl,

and 5 N-2-hydroxyethylpeperazine-M-ethane-sulfonic acid CHARACTERISTICS OFD-PHE-ALA TRANSPORT INTO
(HEPES)/Tris or 5 24¢-morpholino)ethanesulfonic acid (MES)/Tris to OocYTES EXPRESSINGPEPT 1

allow changes in medium pH from 5.5 to 8.0. Oocytes displaying at

least a 10-fold increase of peptide uptake over water-injected controIan-ection of the transporters cRNA into oocvtes resulted
were used for both flux measurements and electrophysiology. Kinetics J P Yy

of 3H-D-Phe-Ala influx was measured for 10 min of incubation in the ' pH dependent influx O?H'D'F.)he'Ala UD.ta_ke (50.m)
presence of increasing concentrations of D-Phe-Ala (0.025 to f)o m that exceeded at pH 6.0 influx into water injected control
and uptake rates in water injected control oocytes were substracted@OCytes several fold (Fig. 1, left panéise). p-Phe-Ala
Inhibition of *H-D-Phe-Ala influx (0.25um) in the presence of com- uptake as a function of substrate concentration ([S]) at
peting substrates was determined at pH 8.0, 7.4, 6.5 and 5.5 in thgH 6.0 displayed saturation kinetics with an apparent
presence of 1 m of either glycyltglutamine (Gly-GIn), glycyle- K05value of .15+ 0.21 m (Fig. 1, left panel). When
aspartate (Gly-Asp) or glycy-lysine (Gly-Lys). in the same batch of oocytes D-Phe-Ala evoked inward
currents were recorded as a function of [S] (Fig. 1, right
Electrophysiology upper panel), a saturation kinetics was obtained with an
almost identical apparentds value of 1.23 £ 0.18 m
A conventional two-electrode voltage-clamp technique was applied to(Fig. 1, right lower panel). In addition, a significant lin-
characterize responses in currehttp substrate addition in oocytes agr correlationl? < 0_001) is obtained when inward cur-
injected with 5 ng transporter cRNA as described previously [11]. rents are plotted against the corresponding influx rates as

Steady-state current-voltagk-Y) relationships were measured in the . . . ..
absence and the presence of different peptides with water-injected o measured under indentical EXpe“mental conditions.

cytes serving as controls. Membrane potential in oocytes was held g]'hes_e functional data de_monstrate that d'pept'de trans-
-60 mV and stepped symmetrically to test potentials from ~150 to +50POrt INt0 00Cytes expressing Pep T1 is pH dependent at
mV by 500 msec rectangular voltage pulses and current recordingdfOw substrate concentration, saturable and electrogenic

were obtained during the last 100 msec. Inward currents in voltageas a consequence of dipeptidé/bbtransport.
clamped oocytes as a function of substrate concentration were mea-

sured at pH values of 8.0, 7.4, 6.5 and 5.5.
INTERACTION OF CHARGED DIPEPTIDES WITH

3H-D-PHE-ALA UPTAKE
Titration Curves and Dissociation/association Profiles

To investigate whether and how differently charged sub-
To determine the percentage of the respective ionic species of Gly-Aspstrates interact with PepT1, we first determined to which
Gly-GIn and Gly-Lys present at the different pH values as used in theaxtent the uptake oH-D-Phe-Ala (25uM) into oocytes
experiments we obtained the dipeptides titration curves. This was donp5 inhibited by Gly-Asp, Gly-Gln and Gly-Lys at pH

by titrating 20 ml of 5 nw dipeptide dissolved in the same buffers as . .
used in the experiments (without Tris or Mes) and subsequent additioryalues of 8.0, 7.4, 6.5 and 5.5. As shown in Fig. 2,

of 100l of 0.1 N NaOH or HCI respectively. pkvalues were deter- Gly-Gin displays at all pH values the strongest inhibitory
mined after plotting the pH measured as a function of meq/&@H  potency among the three substrates. In contrastml m
added and subsequent calculation of the turning points using INPLOTGIly-Asp showed no interaction with PepT1 at pH 8.0 but
The percentage of the various substrate species as a function of pH waghibited 3H-D-Phe-Ala uptake at pH 7.4. G|y-|_y3 re-

calculated according to the Henderson-Hasselbalch equation as det ced D-Phe-Ala influx by 23% at pH 8.0 and by 31% at

scribed previously [13]. pH 7.4. When pH was lowered te6.5 Gly-Asp re-
duced influx of the labeled substrate by more than 75%,
Calculations whereas Gly-Lys inhibited influx significantly at pH 6.5

(50%; P < 0.001) but not at pH 5.5. These data show,
All calculations (linear as well as nonlinear regression analysis) werethat the interaction of differently charged dipeptides with
performed by using INPLOT, statistical analysis by using INSTAT the transporters substrate binding site is strongly depen-
(GraphPAD, Los Angeles, CA). Flux studies as well as most of thedent on external pH Whereas the relative aff|n|ty of the
electrophysiological experiments were carried out with 5-8 oocyteszwitterionic GIy-GIn was 0n|y modestly affected by pH,
from at least two separate batches and results are presented as t y-Asp affinity increased significantly with decreasing

means sem. For selected studies representative data obtained in in- L .
dividual oocytes are presented. Comparative analysis of kinetic parampH' The apparent afﬂmty of Gly'LyS was hlgheSt at pH

eters for the different substrates was performed in experiments utilizing-5 but was in general low when compared to the other
the same batch of oocytes. substrates.
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Fig. 1. Left panel:Concentration-dependent kinetics%f-D-Phe-Ala influx into oocytes expressing rabbit PepT1. Three days post injection of 5
ng of PepT1-cRNA uptake of 0.025 to 5.0vnD-Phe-Ala was measured at pH 6.0. Corresponding uptake ratesRbe-Ala in water-injected
control oocytes served as controls and were substracted. Data were fitted to a Michaelis-Menten kinetics by nonlinear regression analysis |
least squares method K 1.15 + 0.21 nm; V,,,. 628.6 + 37.6 pmol oocyte™- 10 mirn%) and are presented as the measem. Inset: pH
dependence of D-Phe-Ala uptake into oocytes expressing PepT1. Uptakequef #3-D-Phe-Ala determined at buffer pH 5.5 to pH 8.0. Uptake
rates of control oocytes were substracted. Data are presented as raeanRight upper panelSubstrate-evoked inward currents in an oocyte
expressing PepT1 as a function of D-Phe-Ala concentration. Three days after injection of 5 ng of PepT1-cRNA individual oocytes were perft
with increasing D-Phe-Ala concentrations at pH 6.0 and substrate-evoked inward currents were recorded while the membrane potential was clz
to —60 mV. Water injected control oocytes showed no current response when perfused with D-FRigit#lmwer panelConcentration dependent
kinetics of inward currents generated by superfusion of oocytes expressing PepT1 with increasing amounts of D-Phe-Ala at pH 6.0. Oocytes
clamped to —-60 mV and substrate evoked inward currents were plotted according to Michaelis-MgntehZ& + 0.18 nw; V,,,.,c 97 = 33 nA).

[ pH8O | | pH74 | [ pH65 | | pH55
control
x
o X
é % Fig. 2. Inhibition of *H-D-Phe-Ala influx into
"g'. ¥ oocytes expressing PepT1 by selectec_i dipeptides
- (Gly-GIn, Gly-Asp, Gly-Lys) as a function of pH.
o Uptake of 25um 3H-D-Phe-Ala was measured
c three days after cRNA injection in the absence
8 (control) or presence of 1 mof the dipeptides.
N Values are expressed as the mearsent
. ***Significantly different from control @ <
i 4 0.001), **(P < 0.01).
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INWARD CURRENTS IN RESPONSE TOCOMBINED experiments we determined whether substrate-evoked in-
DiPEPTIDE PERFUSION ward currents were also mediated by a common substrate

binding site. For this purpose the two-electrode voltage-
Although the inhibition data already suggested that dif-clamp technique was applied to measure inward currents
ferently charged substrates compete with D-Phe-Ala foin oocytes clamped to —-60 mV at pH 6.5 in response to
a common binding site on PepT1, in a next series ofthe three differently charged dipeptides. As shown in
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Fig. 3. Representative inward currents in oocytes expressing PepT1 evoked by superfusion with@lp&In, Gly-Asp or Gly-Lys. In addition,
current responses as a consequence of superfusion withv2@yrAsp or Gly-Lys subsequent to 2.5w1Gly-Gln and to a simultaneous application

of the three differently charged dipeptides are shown. Membrane potential was clamped to —60 mV and currents were recorded at pH 6.5 by
a conventional two-electrode voltage-clamp.

Fig. 3 the three substrates at a concentration of 256 m substrate concentrations and different pH shows that in
caused similar currents irrespective of their charge. Perease of the zwitterionic peptide (Gly-GlIn) currents were
fusion of oocytes with 2.5 m Gly-GIn evoked mean only moderately affected by pH, with lowest currents
inward currents of 131 + 22 nA that did not change generated at pH 5.5. In contrast, currents generated by
significantly when Gly-GIn concentration was increasedGly-Asp increased almost fivefold by lowering pH from
to 10 nm. Addition of 2.5 mm Gly-Asp or Gly-Lys sub- 7.4 to 5.5. Currents evoked by Gly-Lys were similar at
sequently to Gly-GIn perfusion or a combined substratepH 7.4 and 6.5 but were reduced by almost 50% at pH
perfusion with Gly-GIn, Gly-Asp and Gly-Lys caused 5.5. At pH 8.0 Gly-Asp did not cause any inward cur-
inward currents that were similar to those obtained forrents and Gly-GIn evoked currents were too low to be
Gly-GlIn perfusion alone. In all cases, currents returnedanalyzed (Table). Nevertheless, under these obviously
to baseline valueswhen substrates were washed out (Fignfavorable conditions for electrogenic uptake of zwit-
3). Since substrate-evoked currents did not show anyerionic and anionic peptides, the cationic Gly-Lys
additive response when perfused simultaneously or concaused currents of 180 + 22 nA at a membrane potential
secutively, it is concluded that all dipeptides indeed seenof —60 mV. The divergent dependencelgf,, on extra-

to interact at a single binding site on PepT1. cellular pH in case of the cationic Gly-Lys and the an-
ionic Gly-Asp was found to be even more pronounced
INWARD CURRENTS GENERATED BY GLY-ASP, GLY-GLN when the dianionic glutamyl-glutamate (Glu-Glu) and
AND GLY-LYS AS A FUNCTION OF SUBSTRATE the dicationic lysyl-lysine (Lys-Lys) were investigated
CONCENTRATION AND FH (Table). Whereas Lys-Lys caused highest inward cur-

rents at pH 8.0, it did not cause any detectable currents at
Currents generated by influx of the different peptidespH 5.5. In contrast, Glu-Glu failed to induce a positive
(oocytes clamped to —60 mV) were recorded at pH 6.5 incharge transfer at pH 8.0 and pH 7.4 but generated high
response to increasing substrate concentrations (0.1 toibward currents of 185 + 25 nA at pH 5.5.
mm). All three substrates displayed saturation kinetics  That not only thd ., values, but also the apparent
(Fig. 4A) with similar maximal currentsl(,,,) but dif-  affinities of the differently charged dipeptides are af-
ferent response at low substrate concentrations. Whefected by external pH is shown in FigB4 Whereas the
similarly the substrate evoked currents were measured dtigh affinity of the zwitterionic Gly-Gln remained essen-
pH 5.5 and 7.4, the saturation kinetics obtained allowedially unaffected by pH (pH 5.5: 0.139 + 0.031vmpH
a comparative analysis of apparent affinity constant$.5: 0.173 + 0.042 m, pH 7.4: 0.156 + 0.037 m), the
(Kq.5 and apparent,,, values (Fig. 8). Inspection of app. K, 5 values for Gly-Asp and Gly-Lys were found to
Fig. 4B reveals that substrate-evoked currents differ inbe extremely dependent on pH. In case of the cationic
their dependence on extracellular pH. Comparing thesubstrate, a very low affinity of 2.911 + 0.522vnwas
current responses for the different peptides at saturatingetermined at pH 5.5, that increased to 0.567 + 0.1&5 m
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Fig. 4. (A) Inward currents in individual oocytes expressing PepTl as evoked by Gly-Asp, Gly-GIn or Gly-Lys as a function of dipeptic
concentration (pH 6.5). Membrane potential was clamped to —-60 mV and oocytes were superfused consecutively with increasing concentratic
the peptide. After recording the currents at a given substrate concentration, oocytes were perfused with a dipeptide free buffer at pH 6.5 until c
returned to baseline values followed by infusion of the next solution containing a higher substrate concerBatamcéntration-dependent

kinetics of current responses to perfusion of oocytes with Gly-Asp, Gly-GIn or Gly-Lys (0.1 te)sampH 5.5, pH 6.5 and pH 7.4. Oocytes

expressing PepT1 were superfused with increasing dipeptide concentrations at the different pH values and resulting inward currents measur
holding potential of -60 mV were fitted by nonlinear approximation according to the least squares method to a Michaelis-Menten equation.

Table. Current responses (in nA) in voltage-clamped oocytes expresst wax AS A FUNCTION OF [H +]out AND V
ing PepT1 when perfused with selected differently charged dipeptides
as a function of pl;

pH 5.5 pH 6.5 pH 7.4 pH 8.0
Lys-Lys 0 65+17 155 + 16 192 29
Gly-Lys 58+ 11 109 + 25 117 30 180 + 22
Gly-Gln 97 £15 131+ 22 102 + 36 2+ 1
Gly-Asp 181+ 12 100 + 19 31+11 0
Glu-Glu 185 + 25 48+ 9 0 0

Maximal inward currentsl{,,,) in oocytes expressing PepT1 obtained

by superfusion with 5 m or 10 mv of the individual dipeptided,,ax

values were measured at a holding potential of -60 mV using theplayed saturation kinetics for [‘H-lOut for all three sub-
two-electrode voltage-clamp. Data are presented as the mean af

6 to 8 oocytes.

at pH 6.5 and 0.392 + 0.104nmat pH 7.4. The opposite

was observed for Gly-Asp; were app.,K decreased
from 1.341 £ 0.221 m at pH 7.4 to 0.186 = 0.033 m
at pH 6.5 and 0.135 + 0.041xmat pH 5.5.

To analyze the pH dependence of peptide binding and
transport in more detail we determined the substrate-
evoked currents (at 2.5m) as a function of the apparent
extracellular proton concentration in oocytes clamped to
membrane potentials of +0, —-60 or —100 mV. From the
corresponding steady stakeV relationships at pH 8.0,
7.4, 6.5, 5.85 and 5.5, currents were replotted as a func-
tion of apparent [F],,; and different membrane poten-
tials. As shown in Fig. 5, in the absence of a membrane
potential, inward currents as a function of 4, dis-

strates with Hill-coefficients not different from 1 (1.18 +
0.21). Half maximal transport in the absence of a mem-
brane potential was achieved at'Ji,, concentrations of
approximately 200 m in the presence of Gly-Gln, 100
nm in case of Gly-Lys and 400min case of Gly-Asp.
Maximal currents at zero membrane potential reached
approximately 50 nA for all substrates, indicating that
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Fig. 5. Substrate-evoked inward currents in oocytes clamped to membrane potentials of 0, —60 and —100 mV and perfused with buffers of diffe
pH containing 2.5 m of the dipeptides. Current responses were taken from steady-state current-vbiiégeekationships in oocytes where
membrane potential was stepped symmetrically to potentials between +50 and —150 mV. Substrate-dependent inward currents were replottec
difference measured in the absence and presence of 2.8ipeptide. Data are presented as the measnof 6 to 8 oocytes.

when only the substrate and proton gradients provide thenore detail the dependence of substrate affinitywgrat
driving force, charge movement mediated by PepT1 waglifferent pH values. Steady-state current-voltage rela-
essentially independent of the kind of substrate and itsionships were recorded in individual oocytes perfused at
charge. pH 7.4, 6.5 and 5.5 and in the presence of increasing
When the membrane potential is clamped to —60 orsubstrate concentrations. From the correspondiig
-100 mV, the apparent affinity of H,, for its interaction  relationships apparentJ§ values were derived for the
with PepT1 increases significantly in the presence of alldifferent substrates at membrane potentials changed
substrates (Fig. 3).Because Gly-GIn and Gly-Lys in- from +50 to —150 mV. When [ values were plotted as
duced maximal currents already at pH 7.4, the apparerda function ofV,, (Fig. 6), it is observed that Gly-Gin
Ko s for [H*],.: has to be considerably lower than 4@ n  affinities were less affected by, at any given pH than
at inside negative membrane potentials. In contrast, théhose of Gly-Asp and Gly-Lys. Neverthelessy, Kval-
[H*]ou: dependence of the Gly-Asp mediated currentsues for Gly-Gin showed a dependence\gnby decreas-
showed a significantly higher§&for [H*],,;0f210+31 ing almost tenfold when the membrane potential was
nv at -60 mV and 153 + 23 nM at —-100 mV respec- depolarized (e.g., at pH 6.5 fromyk 0.145 nm at —150
tively. When [H],,, was increased from 316mn(pH  mV to 0.013 nm at £0 mV). This increase in affinity as
6.5) to 3.1um (pH 5.5) in the presence of a hyperpolar- a consequence of membrane depolarisation was ever
ized membrane potential, Gly-GIn induced currents weramore pronounced in case of Gly-Asp and much more pH
almost unaffected whereas those generated by Gly-Lydependent. Hyperpolarization of the oocyte membrane
and Gly-Asp displayed opposite changes. Gly-Asp me-decreased the affinities more than tenfold at any pH,
diated currents slightly increased, Gly-Lys evoked cur-whereas lowering pH increased affinity at avy, (Fig.
rents declined with increasing proton concentration.  6). In contrast, affinities for Gly-Lys increased by in-
From the data obtained on [H,, interaction with a  creasing pH from 5.5 to 7.4 but simultaneously affinities
proposed binding site on the transporter, it appears thawere reduced by hyperpolarization ¥f, < -50 mV.
initial proton interaction with PepT1 is a prerequisite for These data demonstrate the complex interrelationship be-
any substantial PepT1 activity. In the presence of artween membrane potential and ‘[, in affecting the
inside negative membrane potential this transport activaaffinities by which differently charged dipeptides inter-
tion is achieved even in the absence of a proton gradienfct with the substrate binding site of PepT1.
except in case of Gly-Asp. Moreover, it needs to be
emphasized, that although the maximal currents for the
different substrates were found to be almost identicalPiscussion
(255 £ 43 nA), thesd,, . values were obtained under
quite different experimental conditions. Gly-Asp evoked Hydrolysis of dietary proteins in the gastrointestinal tract
highestl .., was measured at -100 mV and pH 5.5, thoseproduces a large amount and a huge variety of short
for Gly-GIn and Gly-Lys were obtained at pH 7.4 (Fig. 5). chain peptides. Not only will these peptides vary with
respect to net charge and solubility, they also cover a
SUBSTRATE AFFINITIES AS A FUNCTION OF pH AND V,,, wide range of molecular weights from 96.2 Da (di-Gly)
to 522.6 Da (tri-Trp). A fundamental question that has
Since membrane potential has a pronounced effect onot been investigated in detail is how the peptide trans-
inward currents, as shown in Fig. 5, we investigated inporter handles charged substrates. More than 20% of all
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Fig. 6. Apparent substrate affinities as a function of pH and membrane potential. Oocytes expressing PepT1 were perfused at pH 5.5, pH ¢
pH 7.4 and in the presence of increasing substrate concentrations (0.IvMp Bineach substrate concentration, steady dtaferelationships were
recorded by the two-electrode voltage-clamp technique and currents obtained were replotted as a function of substrate concentration. Data wer
to a Michaelis-Menten kinetics by nonlinear regression analysis by the least squares method and appaetne& of the different peptides were
calculated for each individual membrane potential.

possible di- and tripeptides carry net negative or positivea H" translocation rate that exceeds the substrate flux rate
charge at physiological pH and competition experiments¢o compensate for the charge of the substrate. Although
have established that a number of charged substrates @?2:1 coupling ratio could explain electrogenic Gly-Asp
interact with the transporters substrate binding sites [3, Sflux at low pH easily, it has to be taken into account, that
10, 13, 14]. the substrates charge changes simultaneously by alter
The present study was designed to elucidate thations in pH. To be able to calculate the percentage of

characteristics by which PepT1 transports differentlythe different ionic species present at a given pH, we
charged dipeptides. By measuring substrate evoked cupbtained titration curves for all three substrates in media
rents in Xenopusoocytes expressing PepT1l we could at the same ionic strength as the buffers used in the
demonstrate that all dipeptides, regardless of their neéxperiments. From the titration curve of Gly-Asp we
charge, are transported electrogenically. We found thatalculated pK values of 2.81, 4.45 and 8.60 and there-
dipeptide transport obeys Michaelis Menten type saturafore at pH 6.5 1.0% and at pH 5.5 8.2% of the substrate
tion kinetics with apparent ¥ values and,, ., values are in the uncharged form (Fig. 7). At saturating dipep-
differently affected by/,,,and pH for neutral and charged tide concentrations as used (>2.W)rthis is equivalent
substrates. We furthermore showed that maximal transto >200 um of substrate in its neutral form at pH 5.5.
port velocity in case of neutral substrates is only depenAssuming that the apparent affinity of the zwitterionic
dent on membrane potential and not on pH. In case oform of Gly-Asp (Gly-Asg) is not very much different
charged substrates a complex interrelationship betweeinom that of the Gly-GIn, one could predict, that the
membrane potential and [H,,, determines substrate af- Gly-Asp evoked currents under these conditions are to-
finity and consequently the transport rates. tally (or at least mostly) generated by transport of the

neutral form. With a K 5 for Gly-Asp found to be<100

wM (at pH 5.5 and -60 mV), maximal transport rates at
VARIABLE FLUX COUPLING RATIOS AND TRANSPORT OF this pH could result from transport of the neutral form by
THE NONCHARGED SUBSTRATE SPECIES a similar or identical flux coupling ratio as for zwitter-

ionic dipeptides such as Gly-GIn or Gly-Sar. This hy-
The striking finding that all substrates regardless of theipothesis is further supported by the dependence of the
net charge are transported electrogenically addresses ti@&y-Asp K, s on membrane potential. Similar to the
guestion of whether this is a consequence of variable fluxewitterionic Gly-Gin, affinity of Gly-Asp at pH 6.5 and
coupling rates for substrate and/H;O" translocation. 5.5 is high and is only modestly affected by alterations in
Although Fei et al. [5] and Mackenzie et al. [7] con- membrane potential between 0 and —100 mV. Shifting
cluded that transport of a zwitterionic substrate (Gly-Sar)pH to 7.4 (only 0.1% of Gly-Asp is uncharged) at inside
occurs with a 1:1 F/peptide flux coupling stoichiome- negative membrane potentials causes a tenfold increase
try, electrogenic transport of charged substrates requireis K, 5, which indicates a very low affinity of the nega-
a different stoichiometry for Hmovement when a simi- tively charged substrate species for its interaction with
lar transport mode is assumed. the binding site on PepT1. However, it has to be taken

Rheogenic Gly-Asp uptake can only be achieved byinto account that increasing [H,,, also activates trans-
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port of Gly-Asp by increased proton binding to PepT1
and consequently by increasing the transport capacity.
A low extracellular pH therefore could affect transport of
an anionic substrate by (a) an increased binding affinity 75
of the anionic peptide species after protonation of one or: [
more functional groups in the substrate binding domain gqf
and/or by (b) an increased affinity of the now also pre- @ [
sent zwitterionic form of the substrate. Inward currents [
evoked by Gly-Asp could consequently always represent 25
the sum of transport of the anionic form with at least two
protons and/or the zwitterionic species occurring by a 0
predicted 1:1 flux coupling ratio representative for neu-
tral substrates. According to this concept, the proposed
dual transport mode would contribute to overall currents

100 Gly—-Asp

P

Gly-Gin

100y

to a different extent depending onTH,, and membrane 75:
potential. o

A similar dual transport mode could be postulated for § 50
the cationic Gly-Lys. Again, pH andf,, would be deter- §
minants for both the coupling rate and the changes in sub® [
strate affinity. The assumption of a Gly-Lysl™ coupling 25}
ratio identical to that of zwitterionic substrates (e.g., 1:1),

would result in a net substrate flux for Gly-Lys half of that 0
of Gly-GIn at the samé,,,,, The Gly-Lys:H" coupling
ratio of 1:1 with additive charge movement (50% substrate,
50% proton) could explain the significant inward currents
measured under conditions were inhibition of transport of 75:
D-Phe-Ala by Gly-Lys was extremely lowsée Fig. "
2). However, changes in the percentage of the Gly- LySo
carrying no net charge when the pH is elevated above pH;-,
6.5 are not negligible. Increasing pH to 7.4 generates® i
13.1% of uncharged Gly-Lys and at pH 8.0 more than 37% 25
of the substrate is in the zwitterionic form (Fig. 7). Trans-
port of the zwitterionic form of Gly-Lys therefore could .
also contribute significantly to total currents. The hypoth- 2 4 6 8 10 12
esis that the neutral Gly-Lys species is the preferred trans- PH
ported form is supported by the observation that highest
maximal transport rates are obtained at very IO\MLbland Fig. 7. Percentage of ionic species of Gly-Asp, Gly-GIn and Gly-Lys
negative insid&,. Similarly, highest substrate induced in- 25 & function of pH.
ward currents were observed for the dicationic Lys-Lys
only at pH= 7.4. I max IS SoOlely dependent on membrane potential and es-
sentially unaffected by pH. In contrast, for the charged
substrates adverse affinity effects counteract the trans-
EFFECTS OFMEMBRANE POTENTIAL ON SUBSTRATE porters capability to reach maximal velocity. As dem-
AEFINITY AND TRANSPORTVELOCITY onstrated, the,,, for Gly-Asp increases severalfold at
inside negativé/,, by reducing pH, below 7.4 and this
is paralleled by an increase in substrate affinity at more
The membrane potential plays an important role foracidic pH. Gly-Lys evoked currents on the opposite de-
maximal transport capacity of the various dipeptidescrease significantly under these conditions. This obvi-
tested. This becomes evident from Fig. 5, where a mor@usly results from a markedly reduced affinity for bind-
than 20-fold increase in Gly-GIn (2.5m) evoked cur- ing of the charged Gly-Lys form to PepT1 and could be
rents at pH 7.4 is observed wh¥p,is decreased from 0 a consequence of an increased competition between Gly-
mV to =100 mV. That this increase in current is not aLys" and H/H;O" at the proton binding site of PepT1 at
conseqguence of an altered substrate affinity becomes eview pH,, . This hypothesis is supported by the observa-
dent by inspection of Fig. 6. Gly-GIn affinity is ex- tion that in case of Gly-Lys an increase in[lg,, from
tremely high and 2.5 m substrate always causes satu-40 nv to <1 um at =60 mV and even more pronounced
ration. In the case of zwitterionic substrates thereforeat —100 mV causes a significant reduction of transport

100p

s0}
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activation by H, which is paralleled by the marked loss brane potential. The alterations in substrate affinity by

in substrate affinity. This phenomenon could also be repH andV,, are much more pronounced in the case of

sponsible for the small currents generated by Gly-Lys atharged than in the case of zwitterionic substrates. This
hyperpolarized membrane potentials (i.e., at ~100 mV)appears to be due to a generally lower substrate affinity
and pH 5.5, that are much lower than those evoked by thef the charged compounds and by changes in the per-
other substrates. centage of zwitterionic form present by altering™TH,.

The neutral species of a charged dipeptide shows in-
creased affinity for interaction with PepT1 and conse-

EFFECTS OFMEMBRANE POTENTIAL AND SUBSTRATE ON quently increases the maximal transport rate.

H* INTERACTION WITH PEPT1

The lack of a sigmoidal dependence of substrate evokethis work was supported by the Deutsche Forschungsgemeinschatt,
currents on external proton concentration, as shown irProjekt B12, SFB 249 to H. Daniel. S. Amasheh is a recipient of a
Fig. 5, suggests that all three peptides are transported dgllowship from the Schaumann Stiftun.

a 1:1 flux coupling ratio. It is pertinent to note that even

the Hill coefficients obtained for Gly-Asp mediated cur-

rents as a function of [H,,, (Fig. 5) never exceeded 1.25 References
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