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ABSTRACT: Histidyl residues are known to be essential for the catalytic function of thedtipled peptide
transporters expressed in the intestine and the kidney, most likely participating in the binding and
translocation of H. Three histidyl residues are conserved among the intestinal and renal peptide
transporters (PEPT1 and PEPT2, respectively) from different animal species. In hPEPTL, these residues
are His-57, His-121, and His-260. The corresponding residues in hPEPT2 are His-87, His-142, and His-
278. We have individually mutated each of these histidyl residues in hPEPT1 and in hPEPT2 and compared
the catalytic function of the mutants with that of their respective wild type transporters by expressing the
transporters irKenopus lagis oocytes and also in HelLa cells. His-57 in hPEPT1 and His-87 in hPEPT2
were found to be absolutely essential for catalytic activity because the corresponding mutants had no
detectable peptide transport activity. His-121 in hPEPT1 is not essential since mutation of this residue
did not impair transport function. His-142 in hPEPT2 was found to play a significant role in the
maintenance of transport function but was not found to be obligatory because the mutant had appreciable
transport activity. The obligatory histidyl residue (His-57 in hPEPT1 and His-87 in hPEPT2) is located

in an almost identical topological position in both transporters, near the extracellular surface of the second
putative transmembrane domain. The second conserved histidyl residue is located in the fourth putative
transmembrane domain in hPEPT1 as well as in hPEPT2. The third conserved histidyl residue is present
in the cytoplasmic loop between the transmembrane domains 6 and 7 and is unlikely to play any significant
role in the binding and translocation offtand this was supported by the findings that mutation of this
histidyl residue in hPEPT1 did not interfere with transport function. The loss of transport function of
hPEPT1 and hPEPT2, when His-57 in hPEPT1 and His-87 in hPEPT2 were mutated, was not due to
alterations in protein expression because the expression levels of these mutants were similar to those of
the respective wild type transporters in HelLa cells as assessed by immunoblot analysis. Confocal analysis
of immunofluorescence iX. laevis oocytes expressing the wild type and the three histidine mutants of
hPEPT1 showed that the transporter protein is expressed exclusively in the plasma membrane and that
the level of expression is comparable among the wild type and the three mutants. These site-directed
mutagenesis studies clearly show that His-57 in hPEPT1 and His-87 in hPEPT2 are the most critical
histidyl residues necessary for the catalytic function of these transporters.

Recent molecular cloning studies have established that thesystems for which H is a cotransported ion are known to
H*-coupled peptide transporters expressed in the mammaliarcontain specific histidyl residues that are essential for the
small intestine and kldney are members of a distinct famlly Cata|ytic activity of these transport systems. Examp|es of
of transport proteins [for reviews, see Ganapathy and Leibachipege transport systems include the W exchanger (Grillo
(1996) and Leibach and Ganapathy (1996)]. The role of a ¢ Aronson, 1986; Ganapattet al, 1987), the organic cation/

transmembrane Hgradient as the driving force for the . o hinorer (Horiet al, 1989), and the folate transporter

intestinal and renal peptide transporters was originally . . . .
delineated in studies with isolated brush border membrane(Sald & Mohammadkhani, 1993) in mammals. The function

vesicles from these two tissues (Ganapathy & Leibach, 1983; °f SPecific histidyl residues in Hbinding and translocation
Ganapathyet al, 1984: Miyamotoet al., 1985; Takuwaet has been investigated in great detail in the case of the
al., 1985). The mechanisms responsible for the generationEscherichia coliLac permease, a prototypicalHoupled

of the H' gradient across the intestinal and renal brush border solute transport system (Kaback, 1987). Work from our
membranes have been recently reviewed (Ganapathy &laboratory, described several years ago (Miyamettal,
Leibach, 1991; Ganapathst al, 1994). Several transport 1986), has led to the identification of a similar essential
function for specific histidyl residues in the catalytic activity
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There is evidence at the molecular level that the intestinal mutagenesis with hPEPT1 could not be used for mutagenesis
and renal peptide transporters are distinct proteins €Fei  with hPEPT2 because of the presence of sitesimir in
al., 1994; Bollet al,, 1994, 1996; Liangt al., 1995; Liuet the hPEPT2 cDNA. The presence of the specific mutation
al., 1995; Saitcet al.,, 1995, 1996; Miyamotet al., 1996), introduced into the hPEPT1 cDNA or into the hPEPT2
even though both transport systems mediate active transportDNA by the specific mutagenic primers was confirmed by
of dipeptides and tripeptides energized by a transmembranesequencing. DNA sequencing was done by the dideoxy
H* gradient. PEPTL1 is a protein consisting of 7010 chain termination method (Sanget al., 1977).
amino acids, depending on the animal species, and is cRNA SynthesisWild type and mutant plasmids were
primarily expressed in the small intestine and, to a lesser linearized withBamnHI, and the cDNA inserts were tran-
extent, in the kidney. PEPT2 consists of 729 amino acids scribedin vitro using T7 RNA polymerase in the presence
and is prominently expressed in the kidney but is absent in of RNase inhibitor and RNA cap analog. The Ambion
the small intestine. Even though PEPT1 and PEPT2 areMEGAscript kit was employed for this purpose. The
similar in several aspects of their transport function, signifi- resultant cRNAs were each phenahloroform extracted and
cant differences do exist between these transporters in term&thanol precipitated. The RNA concentration was deter-
of substrate affinity (Ramamoorttgt al., 1995) and substrate  mined by UV spectrophotometry, and the integrity of the
specificity (Ganapathgt al., 1995). RNA was verified by denaturing 1% formaldehyde-agarose

We have recently reported cloning and characterization gel electrophoresis and visualization using ethidium bromide
of the human PEPT1 and PEPT2 (Liasigal., 1995; Liuet fluorescence.
al., 1995). The present investigation was undertaken to Oocyte Expression and Electrophysiological Studi€s-
identify the histidyl residues that are critical for the catalytic cytes, isolated fronXenopus laeis (Nasco, Fort Atkinson,
activity of these two transporters using site-directed mu- WI), were subjected to digestion with collagenase A (Boe-
tagenesis. Results of this investigation demonstrate that His-hringer-Mannheim) (1.6 mg/mL) in a €afree buffer for
57 in human PEPT1 and His-87 in human PEPT2 are 30 min at room temperature, and manually defolliculated.
obligatory for transport function. Each of these histidyl Mature (stage ¥ VI), defolliculated oocytes were selected
residues is present in an almost identical location in the and maintained at 18 in modified Barth’s medium (Parent
second putative transmembrane domain of the respectiveet al,, 1992) with 10 mg/L gentamycin sulfate. Oocytes were
transport protein. injected 1 day after isolation with approximately 50 ng of

wild type or mutant hPEPT1 cRNA and incubated at'C8

MATERIALS AND METHODS The oocytes were used for electrophysiological studie® 5

Site-Directed MutagenesisThe Transformer Site-Directed  days after cRNA injection.
Mutagenesis Kit (Clontech) was used to mutate the histidine A two-microelectrode voltage-clamp system (Lebal.,
codon in hPEPT1 and hPEPT2 (CAT or CAC) to an 1993) was used to measure steady-state currents associated
asparagine codon (AAT or AAC) or a glutamine codon with wild type or mutant hPEPT1 expressed in oocytes.
(CAA) according to the manufacturer’s protocol. There are Oocytes were superfused at room temperature first with a
three highly conserved histidyl residues in hPEPT1 and pH 7.5 buffer (96 mM NaCl, 2 mM KCI, 1.8 mM Cagl1
hPEPT2 (see Results and Discussion). The mutagenicmM MgCl,, 5 mM Hepes/Tris), followed by a pH 5.5 buffer
primers used to mutate these histidyl residues in the presen{100 mM NaCl, 2 mM KCI, 1 mM MgCJ, 3 mM Hepes, 3
study are as follows: 'SCACCGCCATCTACAATACG- mM Mes, and 3 mM Tris) and then by Gly-Sar solutions of
TTTGTGGC-3 (hPEPT1, H57N), 53CGCCATCTACC- varied concentrations made in the same pH 5.5 buffer. Test
AAACGTTTGTGGCTCT-3 (hPEPT1, H57Q),'5GCCTT- solutions were always washed out by superfusing the oocyte
CCTGTGCAAGTGGTGCTGTCCT-3(hPEPTL, H121Q),  with Gly-Sar-free, choline chloride-containing medium, pH
5-ACAGCCTTCCTGTGAACGTGGTGCTGT-3IhPEPTL, 7.5. The holding membrane potential was0 mV. For
H121N), 3-CCCAAGAGGGAGCAATGGCTGGACTGG- determination of thé/V (current/membrane potential) rela-
3 (hPEPT1, H260Q),'sCCCAAGAGGGAGAACTGGCTG- tionship, step changes in membrane potentials) were
GACTGG-3 (hPEPT1, H260N), 5SCCACATCTATATA- applied, each for a duration of 100 ms50 to—150 mV in
CAATGCCTTCAGCAGCC-3 (hPEPT2, H87N), and'5 20-mV increments) using a voltage clamp amplifier (GeneC-
GGAGGACAAGTGGTAAACACAGTCCTATCA-3 lamp 500) controlled by the computer software program
(hPEPT2, H142N). The selection primers used in this study pPCLAMP 6.0 (Axon Instruments, Foster City, CA). The
are B3-GCTCATCATTGGATATCGTTCTTCGGG-3 for currents were averaged over three sweeps and low-pass
hPEPT1 mutagenesis and-GTGACTGGTGAGATCT- filtered at 500 Hz by an eight-pole Bassel filter. Steady-
CAAACAAGTC-3' for hPEPT2 mutagenesis. A unique state data were fitted to the following equation:
Xmrl restriction site was chosen as the target site for selection

for site-directed mutagenesis with hPEPT1. There is a single eSS
site for this enzyme in the pBluescript vector carrying the | = T a—
hPEPT1 cDNA insert. The cDNA insert lacks this site. In KostS

the selection primer used for mutagenesis with hPEPT1, the

Xmn site was changed to @BcoRV site. For mutagenesis  wherel is the Gly-Sar-evoked current (i.e., the difference
with hPEPT2, a uniqué&cd site was chosen as the target between the steady-state currents measured in the presence
site for selection. There is a single site for this restriction and absence of Gly-Sanax is the derived current maxi-
enzyme in the pBluescript vector carrying the hPEPT2 cDNA mum, S is the concentration of Gly-Sar ot H is the Hill

insert. The cDNA insert lacks this site. In the selection coefficient, andKys is the concentration of Gly-Sar or'H
primer used for mutagenesis with hPEPT2, 8ud site was at which the current is half-maximal. Wheis H*, the
changed to afglll site. The selection primer chosen for Hill coefficient n represents the HGly-Sar coupling ratio.
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hPEPT2 MNPFQKNESK ETLFSPVSIE EVPPRPPSPP KKPSPTICGS NYPLSIAFIV VNEFCERFSY YGMKAVLILY FLYFLHWNED in SLCYFTPILG
RabPEPT2 MNPFQONESK ETLFSPVSTE ETPPRLSSPA KKTPPKICGS NYPLSIAFIV VNEFCERFSY YGMKAVLTLY FLYFLHWNED SLCYFTPILG
RatPEPT2 MNPFQKNESK ETLFSPVSTE EMLPRPPSPP KKSPPKIFGS SYPVSIAFIV VNEFCERFSY YGMKAVLTLY FLYFLHWNED SLCYFTPILG

hPEPTL . ... itiis tivinvrane sarnnsaans MGMSKSHSFF GYPLSIFFIV VNEFCERFSY YGMRAILILY FTNFISWDDN ALCYLTPILG
RatPEPTL ... .itvere cnnsooanss sosnnoecan MGMSKSRGCF GYPLSIFFIV VNEFCERFSY YGMRALLVLY FRNFLGWDDD ALCYLTPILG
RabPEPTL .. ..iiiiie tiiasvrnne noansennns MGMSKSLSCF GYPLSIFFIV VNEFCERFSY YGMRALLILY FRNFIGWDDN : ALCYLTPILG
101 200

hPEPT2 AAIADSWLGK FKTIIYLSLV YVLGHVIKSL GALPILGGQ. ........ Al SLIGLS LIALGTGGIK PCVAAFGGDQ FEEKHAEERT RYFSVFYLSI
RabPEPT2 AATADSWLGK FKTIIYLSLV NVLGHVIKSL SAFPILGGK. ........ W # SLVGLC LIALGTGGIK PCVAAFGGDQ FEEKHAEERT RYFSGFYLAI
RatPEPT2 AAIADSWLGK FKTIIYLSLV YVLGHVFKSL GAIPILGGK. ........ ML HTILSLVGLS LIALGTGGIK PCVAAFGGDQ FEEEHAEART RYFSVFYLAI
hPEPT1 ALIADSWLGK FKTIVSLSIV YTIGQAVTSV SSINDLTDHN HDGTPDSLPV 8:8; SLIGLA LIALGTGGIK PCVSAFGGDQ FEEGQEKQRN RFFSIFYLAI
RatPEPT1 ALIADSWLGK FKTIVSLSIV YTIGQAVISV SSINDLTDHD HDGSPNNLPL 5&3 ALSMIGLA LIALGTGGIK PCVSAFGGDQ FEEGQEKQRN RFFSIFYLATI
RabPEPT1 ALIADAWLGK FKTIVWLSIV YTIGQAVTSL SSVNELTDNN HDGTPDSLPV HVAVCMIGLL LIALGTGGIK PCVSAFGGDQ FEEGQEKORN RFFSIFYLAI
201 300

hPEPT2 NAGSLISTFI TPMLRGDVQC F..GEDCYAL AFGVPGLLMV IALVVFAMGS KIYNKPPPEG NIVAQVFKCI WFAISNRFKN RSGDIPKRED WLDWAAEKYP
RabPEPT2 NAGSLISTFI TPMLRGDVQC F..GEDCYAL AFGVPGLLMV IALVVFAMGS KMYKKPPPEG NIVAQVVKCI WFAISNRFKN RSEDIPKRQH WLDWAAEKYP
RatPEPT2 NAGSLISTFI TPMLRGDVKC F..GQDCYAL AFGVPGLLMV LALVVFAMGS KMYRKPPPEG NIVAQVIKCI WFALCNRFRN RSGDLPKROM WLDWAAEKYP
hPEPT1 NAGSLLSTII TPMLRVQQCG IHSKQACYPL AFGVPAALMA VALIVFVLGS GMYKKFKPQG NIMGKVAKCI GFAIKNRFRH RSKAFPKREH WLDWAKEKYD
RatPEPT1 NAGSLLSTII TPILRVQQCG IHSQQACYPL AFGVPAALMA VALIVFVLGS GMYKKFQPQG NIMGKVAKCI RFAIKNRFRH RSKAFPKRNH
RabPEPT1 NAGSLLSTII TPMVRVQQCG IHVKQACYPL AFGIPAILMA VSLIVFIIGS GMYKKFKPQG NILSKVVKCI CFAIKNRFRH RSKQFPKRAH

Ficure 1: Comparison of partial amino acid sequences among the cloned human, rabbit, and rat PEPT1 and PEPT2 (hPEPT1, rabPEPT1,
ratPEPT1, hPEPT2, rabPEPT2, and ratPEPT2, respectively).

Expression of hPEPT1 and hPEPT2 in HeLa Cellhis Plasma membranes isolated from human intestinal cell
was done using the vaccinia virus expression system aslines HT-29 and Caco-2 and crude membranes prepared from
described previously (Liangt al., 1995; Liuet al., 1995; transfected Hela cells were probed with the antibody by
Ramamoorthyet al, 1995). The wild type and mutant immunoblotting. The proteins separated by SBFAGE
cDNAs are located downstream of the T7 promotor present were transferred onto an activated nylon membrane (Hybond
in the pBluescript vector. Thus, the transcription of the N*, Amersham). The membrane was blocked with 1% non-
cDNA inserts is under the control of T7 promotor. The fat dry milk, 3% fetal bovine serum, and 0.5% Tween-20
vaccinia virus expression system utilizes a recombinant and then probed with the antibody g4/mL). Immunore-
(VTF;-3) vaccinia virus encoding T7 RNA polymerase active protein bands were identified by the Enhanced
(Blakely et al., 1991). When HelLa cells are infected first ChemiLuminescence Western blotting detection system
with the recombinant virus and then transfected with the (Amersham). In the case of. laevis oocytes expressing
plasmids containing either the hPEPT1 cDNA insert (ph- the wild type or the mutant hPEPTL1s, confocal analysis of
PEPT1) or the hPEPT2 cDNA insert (phPEPT2), the cells immunofluorescence was used to detect the hPEPTL1 protein.
acquire the ability to functionally express the cDNA inserts Oocytes injected with water (control) or hPEPT1 cRNAs
using the virus-encoded T7 RNA polymerase. Using this were fixed in ethanol/acetic acid (95:5, v/v) at@ for 1 h
technigue, PEPT1- or PEPT2-mediated transport activity wasand then washed three times in phosphate-buffered saline at
measured in the cells after Q2 h post-transfection by  room temperature. Washed oocytes were placed in 10% goat
assaying the uptake of [Z€]glycyl[1-*“C]sarcosine (specific  serum for 10 min and then incubated with antipeptide
radioactivity, 109 mCi/mmol; Cambridge Research Chemi- antibody (1:100 dilution) at 4°C overnight. This was
cals, U.K.). The uptake medium was 25 mM Mes/Tris (pH followed by washing the oocytes three times in phosphate-
6.0), containing 140 mM NaCl, 5.4 mM KCI, 1.8 mM Cal  buffered saline. Oocytes were then incubated with fluores-
0.8 mM MgSQ, and 5 mM glucose. The time of incubation cein isothiocyanate-labeled AffiniPure goat antirabbit IgG
was 3 min, and the concentration of Gly-Sar was(®0for antibody (Jackson ImmunoResearch Laboratories, West
PEPT1. For PEPT2, the time of incubation was 3 min, and Grove, PA) at room temperaturerfd h in dark. After
the concentration of Gly-Sar was oM. Nonspecific washing the oocytes again in phosphate-buffered saline,
transport was determined in parallel experiments with the immunofluorescence was detected by confocal microscopy
pBluescript vector. HelLa cells do not possess detectable(Bio-Rad, model MRC-600).
levels of endogenous carrier-mediated Gly-Sar transport
activity. Therefore, the Gly-Sar uptake measured in cells RESULTS AND DISCUSSION
transfected with the empty vector represents diffusion of Gly-  Consered Histidyl Residues in PEPT1 and PERT2
Sar. This component was subtracted from the uptake PEPT1 and PEPT2 have been cloned from three different
measured in cells transfected with phPEPT1 or phPEPT2 tognimal species, namely rat, rabbit, and human @Eeal.,
determine uptake that was specific to the cDNA inserts.  1994; Boll et al., 1994, 1996; Liancet al., 1995; Saitoet

Immunodetectian Antipeptide antibodies were raised al., 1995, 1996; Liet al,, 1995; Miyamotcet al,, 1996). A
against an 18-amino acid peptide sequence in hPEPT1. Thepartial alignment of amino acid sequences of all these six
peptide, RFRHRSKAFPKREHWLDW, corresponds to posi- peptide transporters is given in Figure 1, identifying the
tion 247-264 in the hPEPT1 amino acid sequence and is conserved histidyl residues. There are three of them, His-
located in the large putative intracellular loop between 57, His-121, and His-260 in the human PEPT1 and His-87,
transmembrane domains 6 and 7. A cysteine residue wasHis-142, and His-278 in the human PEPT2. His-57 and His-
added to the C-terminus of this peptide for coupling to 87 are located in the second putative transmembrane domain
keyhole lympet hemocyanin. Polyclonal antibodies against near the extracellular surface in the respective proteins. His-
this peptide-keyhole lympet hemocyanin conjugate were 121 and His-142 are located in the fourth putative trans-
raised in rabbits. The antibodies were affinity-purified by membrane domain in the respective proteins. However, the
passing through a column of Sepharose 4B to which the 18-position of His-121 in hPEPT1 is much closer to the
amino acid peptide had been coupled by the cyanogenextracellular surface than that of His-142 in hPEPT2. The
bromide activation method. third histidyl residue (His-260 in hPEPT1 and His-278 in
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FIGURE 2: Representative recording of Gly-Sar-evoked inward currents in oocytes expressing the wild type (hnPEPT1) and mutant (H121Q,
H260N, and H57Q) PEPT1s. The oocytes were superfused first with a pH 7.5 buffer, followed by a pH 5.5 buffer and then by a 10 mM
Gly-Sar solution prepared in the same pH 5.5 buffer. Recordings were done on the fifth day following injection of the respective cRNA.

hPEPT2) is present in the large intracellular loop between (Mackenzieet al, 1996). The following are the salient
the putative transmembrane domains 6 and 7 in the respectivdeatures: (i) the currents evoked by Gly-Sar at saturating
proteins. concentrations are dependent upon membrane potential
Generation of hPEPT1 and hPEPT2 MutantSix dif- between—150 and+50 mV, but with no reversal of the
ferent hPEPT1 mutants were generated by converting eacheurrent within this range of membrane potential; (ii) the
of the three conserved histidyl residues to asparagine orcurrents increase hyperbolically with increasing extracellular
glutamine. These mutants are designated as H57N, H57QH™ concentration, with a HGIly-Sar coupling ratio of
H121N, H121Q, H260N, and H260Q. Two different \PEPT2 approximately 1 and an apparent affinity constatys for
mutants were generated by converting the first two of the H in the range of 0.051 uM; and (iii) the Ko for Gly-
three conserved histidyl residues to asparagine. TheseSar is markedly dependent upon membrane potential at pH
mutants are designated as H87N and H142N. Asparagineb.0, theKq s being minimal (0.3-0.7 mM) at the membrane
and glutamine were selected for substitution because replacepotential range of-50 to+50 mV but increasing substan-
ment of histidine with either of these amino acids would tially with hyperpolarizing membrane potential. Similar
have minimal steric effect and charge effect on the resultant studies done with the four hPEPT1 mutants showed that the
mutant protein. characteristics of Gly-Sar-evoked currents in oocytes ex-
Functional Analysis of Wild Type hPEPT1 and Mutant Pressing these hPEPT1 mutants were comparable to the
hPEPT1s The function of the wild type and six mutant characteristics described previously for the wild type hPEPT1.

hPEPT1s was tested in oocytes expressing these proteins by N data given in Figures 3 and 4 were obtained with the
analyzing Gly-Sar-evoked currents at a holding potential of H260N mutant of hPEPT1. Similar data were obtained with

—50 mV. When the pH of the superfusing buffer was each of the other three mutants (data not shown). Figure 3
changed from 7.5 to 5.5, there was a significant inward describes the current/membrane potential relationship for the
current associated with the change. Addition of 10 mM Gly- H260N mutant at increasing concentrations of Gly-Sar

Sar to the superfusing medium at pH 5.5 further evoked a (0-25-20 mM) and at pH 5.5. At lower, subsaturating
marked inward current in oocytes expressing the wild type concentrations of Gly-Sar, the evoked currents were not very
hPEPT1 (Figure 2). Comparable inward currents were Much dependent upon membrane potential. However, when
observed in the case of four hPEPT1 mutants in which His- the concentrations of Gly-Sar were increased, the dependence
121 or His-260 was changed to asparagine or glutamine.Of the currents upon membrane potential became clearly
Representative traces for the mutants H121Q and H260N€vident. There was no reversal of the currents between
are given in Figure 2. In contrast, mutants in which His-57 mMembrane potentiat150 and+50 mV at all concentrations
was changed to asparagine or glutamine failed to evoke©f Gly-Sar tested.
detectable inward currents upon addition of Gly-Sar. A  The dependence of Gly-Sar (10 mM)-evoked currents on
representative trace for the H57N mutant is given in Figure extracellular H concentration is described in Figure 4A. The
2. These results were reproducible in a number of different currents were hyperbolically related td ldoncentration. The
oocytes. These data suggest that His-57 is absolutelyH*/Gly-Sar coupling ratio was 0.8 0.1 and theKqs for
essential for the transport activity of hPEPT1. The other H* was 0.08:M. Figure 4B shows the dependencekafs
two conserved histidyl residues, His-121 and His-260, do for Gly-Sar at pH 5.5 on membrane potential. This was done
not appear to be critical for the activity. by determining the evoked currents over a range of Gly-Sar
Since the four hPEPT1 mutants (H121N, H121Q, H260N, concentrations (0.2520 mM) at different membrane po-
and H260Q) showed comparable Gly-Sar-evoked currentstential and using the data to determigs at each membrane
as the wild type hPEPT1, we investigated the characteristicsPotential. TheKqs for Gly-Sar was markedly dependent
of these currents in detail to see whether there are differenceg/Pon membrane potential. Th&s was minimal at—10
in various kinetic parameters of the evoked currents as amV but increased several-fold as membrane potential was
consequence of substitution of His-121 and His-260. The hyperpolarized.
characteristics of Gly-Sar-evoked currents in oocytes ex- Taken collectively, these results show that mutation of His-
pressing the wild type hPEPT1 have been recently reported121 and His-260 in hPEPTL1 to asparagine or glutamine does
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r+50 among the three conserved histidyl residues to play a role
v V) in the binding and translocation oftH His-57 and His-121
are, on the other hand, located in putative transmembrane
| j | L domains and thus either one or both of the residues may
e potentially be involved in H binding and translocation.
o However, the data described above clearly demonstrate that
- ” -~ His-57 which is located in the second transmembrane domain
NI S & is the only histidyl residue that is absolutely essential for
& the catalytic activity of hPEPT1. His-121 which is located
- in the fourth putative transmembrane domain does not appear
e - 100 to play an essential role in the catalytic activity.

- We have also employed a different functional expression
technique, namely the vaccinia virus expression system, to
corroborate the findings from the oocyte expression system
with respect to the obligatory role of His-57 in hPEPT1
. function. Hela cells were transfected with either the wild
R type hPEPT1 cDNA or the mutant hPEPT1 cDNA (H57N
N . or H121N) using this transient expression technique and the
20mM * cDNA-induced transport activity was measured in the cells
by assaying Gly-Sar transport at pH 6.0. Cells transfected
with empty pBluescript vector served as control. The results
FiIGure 3: Voltage-dependence of Gly-Sar-evoked currents for the given in Figure 5 show that Gly-Sar transport in cells

hPEPT1 mutant H260N. Recordings were done on the 5th day i i _
following injection of cRNA. The oocyte was superfused first with transfected with wild type hPEPT1 cDNA was about 20

a pH 5.5 buffer and then with increasing concentrations (9225 fold higher than in cells transfe_cted with the empty vector.
mM) of Gly-Sar prepared in the same pH 5.5 buffer. The pulse In contrast, Gly-Sar transport in cells transfected with the
protocol was applied when the Gly-Sar-evoked current reached theH57N mutant hPEPT1 cDNA was not different from that in
maximum at each testing concentration of Gly-Sar. The Gly-Sar- cells transfected with the empty vector. These data show
g\églﬁegoﬁzgreﬁr;gg is rg?tgig_gg?mst membrane potentie.() for that the H57N mutant has no detectable transport activity,
' thus confirming the observations from oocyte expression.

not have any significant influence on the catalytic activity W& have also expressed the H121N mutant in Hela cells.
of hPEPT1. With respect to important parameters of the The transport activity qf this mutant was almost comparable
catalytic activity such as current/ membrane potential (80%) to that of the wild type hPEPT1.

relationship, H/Gly-Sar coupling ratio, apparent affinity Functional Analysis of Wild Type hPEPT2 and Mutant
(Ko.s) for H* and Gly-Sar and dependencekys for Gly- hPEPT2s Even though the recently cloned rabbit PEPT2
Sar on membrane potential, all four mutants (H121N, induces considerable substrate-evoked currents in oocytes
H121Q, H260N, and H260Q) functioned exactly as the wild expressing this transporter (Bell al, 1996), hPEPT2 evokes
type hPEPT1. The findings that His-260 is not essential for negligible Gly-Sar-evoked currents'’s nA) in oocytes. This

the catalytic activity of hPEPT1 are not surprising because precluded the use of the oocyte expression system to analyze
this residue is located in one of the putative cytoplasmic loops the catalytic activity of hPEPT2 and its mutants. However,
of the transport protein and thus is the least likely residue hPEPT2 could be studied with the vaccinia virus expression

—
wh
<)
g
.
w
(=3
=)
+
L
=3

w

[

»
N

(]

1 (A)

[H*] @M) g [®
0 2500 5000 7500 10000 L,
0 | | | | |
A -6
20
-5 %
=407 pH=5.5 -4 3
_ n=0.80 +0.13 o)
< -60 ) -3 2
o K5 /=77.13 aM ) .
_80 —
-1
-100 |
I T T T f T T T 0
120 -160 -140 -120 -100 -80 -60 -40 20 0
V. mv)

Ficure 4: Dependence of Gly-Sar-evoked currents onddncentration (A) and dependence of the apparent affinity for Gly4&a) on
membrane potential (B) for the hPEPT1 mutant H260N. (A) At a Gly-Sar concentration of 10 mM, Gly-Sar-evoked cliyreet (
measured at a fixed membrane potentiabQ mV) but at varying concentrations of"HpH range, 5.6-8.0). (B) Ko 5 was determined by
measuring Gly-Sar-evoked currents over a Gly-Sar concentration range ef2ZD26M at each indicated membrane potentiald) and
by fitting the data to the MichaelisMenten equation. The pH of the superfusion medium was 5.5.
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FiIGURE 5: Transport function of the wild type hPEPTL and the type and mutant hPEPT1s and hPEPT2s. The polyclonal antibodies

H57N and H121N mutants of hPEPTL in HeLa Cells. The cDNAs USed here were raised against an 18-amino acid peptide sequence

were expressed in HeLa cells by using the vaccinia virus expressioni! hPEPTL. (A) Plasma membranes prepared from HT-29 cells

technique. Cells were transfected with one of the following: (PePtide transport-negative) and Caco-2 cells (peptide transport-
pBluescript (pBS) without cDNA insert (A), pBS-hPEPT1 cDNA  POsitive) were probed with the antibodies. (B) HeLa cells were
(B), pBS-H57N hPEPT1 cDNA (C), or pBS-H121N hPEPT1 cDNA transfected with one of the following using the vaccinia virus

D). Transport of 20uM Gly-Sar was measured in these cells at €XPression technique: pBluescript (pBS) without cDNA insert, pBS-
|(oH) 6.0 with an mesbation erod of 3 hPEPTL cDNA (wild type, WT), pBS-H57N hPEPT1 cDNA, or

pBS-H121N hPEPT1 cDNA. Crude membranes were prepared from
40 cell lysates and probed with the antibodies. (C) HelLa cells were
transfected with one of the following using the vaccinia virus
expression technique: pBluescript (pBS) without cDNA insert, pBS-
hPEPT2 cDNA (wild type, WT), pBS-H87N hPEPT2 cDNA, or
pBS-H142N hPEPT2 cDNA. Crude membranes were prepared from
cell lysates and probed with the antibodies. Arrows indicate the
molecular mass of the proteins in kDa.

20
putative transmembrane domain is not absolutely essential,
this residue does appear to play a significant role in the
10 - maintenance of the catalytic activity of hPEPT2.
The results described thus far demonstrate that the histidyl
residue which is obligatory for catalytic function of hPEPT1
A B C D

Gly—Sar transport
(pmol/3 min/10° cells

and hPEPT?2 is the residue that is present in the second
putative transmembrane domain of these proteins, namely

FIGURe 6: Transport function of the wild type hPEPT2 and the ;.. -~ : . Q7 i .
H87N and H142N mutants of hPEPT2 in HeLa cells, The cDNAs H1S-57 in hPEPTIL and His-87 in hPEPT2. The relative

were expressed in HeLa cells by using the vaccinia virus expressionlocation of these hisitidyl residues in the membrane topology
technique. Cells were transfected with one of the following: Of these proteins predicted from their amino acid sequence
pBluescript (pBS) without cDNA insert (A), pBS-hPEPT2 cDNA s identical. In both of these proteins, this particular histidyl
g)), F}Prgn';'ggal pr GE&';AZ éﬁ’y’\‘éa(rc&};s’ ?nBei'gjlrgé'\i‘nhﬁlEezgzcgﬁsN; residue is located near the extracellular surface of the second
pH 6.0 with an incubation period of 3 min. Fransme'mt.)rane domain. Th|§ residue is most likely involved
in the binding and translocation of'tH With respect to the

technique (Livet al., 1995; Ramamoorthgt al., 1995). We role of the second conserved histidyl residue that is located
generated only two mutants of hPEPT2 (H87N and H142N) in the fourth putative transmembrane domain, there is a
for functional analysis. Because of the cytoplasmic location significant difference between hPEPT1 and hPEPT2. In
of His-278 in hPEPT2, which makes it the least likely hPEPT1, there is no indication that this residue (His-121) is
candidate for the essential histidyl residue, mutants involving essential for catalytic function to any significant extent. On
this particular residue were not generated in the present studythe other hand, mutation of the corresponding histidyl residue
The results given in Figure 6 show that Gly-Sar transport in in hPEPT2 (His-142) significantly reduces the catalytic
Hela cells transfected with wild type hPEPT2 cDNA was activity, suggesting a potential functional role for this residue.
about 2.5-fold greater than transport in cells transfected with  Immunodetectian The results of the present study strongly
empty pBluescript vector. In contrast, Gly-Sar transport in suggest, but do not prove, that His-57 in hPEPT1 and His-
cells transfected with the H87N mutant was the same as that87 in hPEPT2 are obligatory for the transport function of
in cells transfected with the empty vector, clearly demon- these proteins. It could be argued that the lack of detectable
strating that the H87N mutant has no detectable catalytic transport activity with the hPEPT1 and hPEPT2 mutants in
activity. The H142N mutant was found to induce Gly-Sar which these histidyl residues are mutated may be due to
transport activity in HelLa cells to a significant extent, interference of these mutations with protein stability rather
indicating that this particular mutant does have measurablethan due to the obligatory nature of the histidyl residues.
catalytic activity. However, the activity was found to be Therefore, we investigated the expression of these proteins
only about 30% of the activity induced by the wild type in HeLa cells transfected with wild type and mutant cDNAs
hPEPT2. It is concluded from these results that His-87, by immunoblot analysis. The antibodies used for this
which is located in the second putative transmembrane purpose were raised against an 18-amino acid peptide
domain of hPEPT2, is absolutely essential for catalytic sequence in hPEPT1. The specificity of affinity-purified
activity. Although His-147 which is located in the fourth antibodies toward the peptide transporter was first probed
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Ficure 8: Confocal analysis of hPEPT1-specific immunofluorescenck. ilaevis oocytes. Oocytes were injected with water (control) or

with cRNAs of the wild type and mutant hPEPT1s. A polyclonal antipeptide antibody raised in rabbits against an 18-amino acid peptide
sequence of hPEPT1 was used as the primary antibody, and fluorescein isothiocyanate-labeled goat antirabbit IgG was used as the secondary
antibody. Immunofluorescence was detected by confocal microscopy.

e

by immunoblot analysis with plasma membranes isolated Hela cells expressing hPEPT1 is probably due to difference
from two human colon carcinoma cell lines, HT-29 and in glycosylation. hPEPT1 has seven putative N-glycosylation
Caco-2. The HT-29 clone used in our laboratory does not sites. Caco-2 cells express hPEPT1 endogenously, and
possess detectabletHtoupled peptide transport activity, therefore hPEPTL in these cells is expected to be optimally
whereas the Caco-2 cell clone expresses “dpéptide glycosylated. In contrast, hPEPT1 is only transiently
cotransporter which is structurally and functionally identical expressed in HeLa cells, and the expressed proteins are most
to hPEPT1 (Brandscht al., 1994; Ganapathgt al., 1995; probably underglycosylated contributing to the relatively
Muller et al., 1996). Plasma membranes were isolated from smaller molecular mass.

these two cell lines by Mg-aggregation technique (Jayanthi  we do not have antipeptide antibodies against hPEPT2.
et al, 1994) and used for analysis with the antibodies. A However, we found that the antibodies raised against the
major protein corresponding to a molecular mass of 120 kDa peptide sequence in hPEPT1 do crossreact with hPEPT2.
was detectable with these antibodies in plasma membranescomparison of amino acid sequences between hPEPT1 and
from Caco-2 cells (Figure 7A). This protein was absent in hPEPT2 reveals that hPEPT2 possesses a region highly
plasma membranes which were obtained from HT-29 cells. homologous to the 18-amino acid peptide sequence of
These data show that the antibodies used in this study arenPEPT1 against which the antibodies were raised. The
specific for the peptide transporter. These antibodies wereamino acid identity in this region of hPEPT2 and the 18-
subsequently used for immunoblot analysis of membrane amino acid peptide of hPEPT1 is 61%. This homologous
fractions obtained from Hela cells transfected with empty region in hPEPT2 is located in the large cytoplasmic loop
pBluescript vector, wild type hPEPT1 cDNA or mutant between transmembrane domains 6 and 7 which is the same
hPEPT1 cDNAs (Figure 7B). A prominent protein band of as the location of the 18-amino acid peptide sequence in
92 kDa and a much less prominent protein band of 78 kDa hPEPT1. Therefore, it is not surprising that the polyclonal
were detected with the antibodies in HelLa cells transfected antibodies raised against the 18-amino acid peptide crossreact
with wild type hPEPT1. These two proteins were not present with hPEPT2. This enabled us to perform immunoblot
in membrane fractions obtained from HelLa cells transfected analysis of the expression of hPEPT2 in HeLa cells trans-
with the empty vector, suggesting that the proteins are relatedfected with wild type and mutant hPEPT2 cDNAs (Figure
to hPEPT1. A more relevant finding was that these two 7C). A major protein with a molecular mass of 90 kDa was
proteins were expressed in HelLa cells transfected with thedetected in HelLa cells expressing the wild type hPEPT2.
H57N hPEPT1 and H121N hPEPT1 mutant cDNAs to levels This protein was absent in HeLa cells which were transfected
comparable to those in cells expressing the wild type with the empty vector. The level of expression of this 90
hPEPT1. There was a minor protein band with a molecular kDa protein was similar in cells transfected with the wild
mass of 140 kDa detectable by the antibodies, but this proteintype hPEPT2 cDNA or with the mutant (H87N and H142N)

is unrelated to hPEPT1 because it was also present in HeLehPEPT2 cDNAs. There were a number of other proteins in
cells transfected with the empty vector. These data showHeLa cells which were detected by the antibodies, but these
that mutation of His-57 or His-121 in hPEPT1 does not proteins were unrelated to hPEPT2 as they were also present
interfere with protein stability. Therefore, lack of detectable in cells transfected with the empty vector. The unrelated
transport activity with the H57N hPEPT1 mutant indicates proteins are more numerous in Figure 7C than in Figure 7B
the obligatory role of His-57 in the catalytic function of because the time of exposure of the autoradiographic film
hPEPT1. The difference in the molecular mass of the to detect hPEPT2 was much longer than to detect hPEPT1
proteins detected by the antibodies between Caco-2 cells andvith these antibodies. These results show that mutation of
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His-87 or His-142 in hPEPT2 does not interfere with protein peptide cotransporters PEPT1 and PEPT2. This was ac-
stability. Therefore, lack of detectable transport activity with complished by site-directed mutagenesis of specific histidyl
the H87N hPEPT2 mutant indicates the obligatory role of residues and by comparative analysis of transport function
His-87 in the catalytic function of hPEPT2. Even though and protein expression of the wild type and mutant cDNAs.
the transport activity of the H142N hPEPT2 mutant was only The results of the investigation show that His-57 in hPEPT1
30% of the transport activity of the wild type hPEPT2, the and His-87 in hPEPT2 are absolutely essential for the
level of expression of the hPEPT2 protein was comparable transport function of these proteins. These two critical
in both cases. This shows that His-142 does indeed play ahistidyl residues are located in similar topological positions
significant function in the maintenance of the transport in these proteins, i.e., near the extracellular surface of the
activity. It has to be pointed out here that the molecular second putative transmembrane domain. These histidyl
size of the hPEPT2 protein detected in HelLa cells is much residues are most likely involved in the binding and
smaller than the molecular size of the rabbit homolog translocation of H associated with the peptide transport
(glycosylated form) (Bollet al, 1996). The rabbit PEPT2  activity of hPEPT1 and hPEPT2.
consists of 729 amino acids just as hPEPT2 does and the
molecular size of the protein core+g82 kDa in both cases. = ACKNOWLEDGMENT
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