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Introduction 

The initial interest in the field of peptide transport originated in the discovery of a 

specific transport system for small peptides consisting of two or three amino acids in the 

small intestine (Nixon & Mawer, 1970). Dietary proteins are hydrolyzed by the combined 

action of gastric and pancreatic proteolytic enzymes to a mixture of large and small 

peptides, and amino acids, in which large peptides predominate. Large peptides undergo 

further hydrolysis by a variety of peptidases present in the brush border membrane of the 

intestinal epithelium. Free amino acids are absorbed into the enterocyte across the brush 

border membrane via group-specific amino acid transport systems. Small peptides, 

consisting of two or three amino acids are transported intact across the brush border 

membrane via specific peptide transport systems. These peptides are rapidly hydrolyzed 

by the highly active cytosolic peptidases (Das & Radhakrishnan, 1972) to free amino 

acids. Amino acids exit from the cell into the. circulation via group-specific amino acid 

transport systems present in the basolateral membrane of the enterocyte. Small peptides 

that are resistant to cytosolic peptidases may be transported intact across the basolateral 

membrane, but this route contributes very little to the total protein absorptive process 

comparing to the amino acid exiting route (Fig. I). 



Fig.l. Digestion and absorption of proteins in the small intestine. 

1. brush border peptidases. 

2. brush border amino acid transport systems. 

3. brush border peptide transport system(s). 

4. cytoplasmic peptidases. 

5. basolateral amino acid transport system(s). 

6. basolateral peptide transport system(s). 
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The mammalian kidney plays an important role in the degradation of proteins and 

peptide hormones. As is the case with the enterocyte, the plasma membrane of the 

epithelial cells from the renal tubule also contains two distinct regions, the luminal 

(brush-border) and antiluminal (basolateral) membranes which are distinguished 

morphologically, functionally and biochemically. For many ·years it was believed that 

renal tubular cells were capable of absorbing only free amino acids and that transport 

systems specific for di-. and tripeptides did not exist in these cells because of the 

following reasons: 

I) The concentration of small peptides in plasma is extremely low and does not seem to 

justify the presence of specific transport systems for peptides in the kidney. 

2) The presence of highly active peptidases and the presence of efficient amino acid 

transport systems in the kidney have been believed to be sufficient to prevent the urinary 

excretion of small peptides from the filtrate. 

3) Several experiments on isolated brush border membranes, isolated tubules, or intact 

kidney tissues have shown that small peptides were completely hydrolyzed to free amino 

acids before reabsorption. 

Many studies, however, have shown that this concept was wrong. It was evident 

from human studies and animal studies that the kidney possessed the capacity to reabsorb 

small peptides (Benoit & Watten, 1968; Adibi & Krzysik, ·1977). Direct evidence for the 

concentrative uptake of dipeptides in the kidney was obtained by Nutzenadel and Scriver 

(1976) by measuring intracellular peptide concentrations. They employed carnosine as 

the model dipeptide to study its uptake and metabolism in kidney cortical slices. This 
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dipeptide was accumulated within the cell against a concentration gradient. Purified renal 

brush border membrane vesicles from rabbit were used in our laboratory to study renal 

peptide transport. These studies have provided, for the first time, unequivocal evidence 

for the presence of a peptide transport system in renal brush border membranes 

(Ganapathy et al., 1981a). Glycylproline was used in these studies because of its high 

resistance to hydrolysis by renal brush border membrane peptidases (Ganapathy et a!., 

1980). Analysis of intravesicular contents showed that 80% of the total radiolabel inside 

the vesicles was intact glycylproline. Additional evidence came from competition 

experiments (Ganapathy et al., 1981 b). The effects of various dipeptides and the 

constitu~nt amino acids on glycyl-proline transport showed that all dipeptides were potent 

inhibitors of glycylproline transport. The inhibition by dipeptides was significantly 

greater than the inh.ibition by the constituent amino acids. All these results showed that 

there was a dipeptide transport system located on the luminal membrane of the renal 

tubular cells (Fig.2). The renal brush border membrane has high peptidase activity. 

Proteins and linear peptides are hydrolyzed to a mixture of small peptides and amino 

acids by the concerted action of endopeptidase, aminopeptidases, dipeptidylpeptidases, 

and dipeptidases. Free amino acids are then absorbed by specific amino acid transport 

mechanisms. Small peptides (di- and tripeptides) cross the brush border membrane by 

peptide transport mechanisms. Once inside the cell, these peptides undergo hydrolysis by 

soluble peptidases. Peptides highly resistant to cellular peptidases may also cross the 

tubular cell from the liminal brush border membrane into the cytoplasm and finally across 

the basolateral membrane and appear intact in blood. Proteins and large peptides are also 



Fig.2. Handling of proteins and pep tides by renal tubular epithelial cells. 

• A T=amino acid transport. 

• PT =peptide transport. 

• SP=soluble peptidases. 

• EP=endopeptidase. 

• AP=aminopeptidases. 

• DP= dipeptidases. 

• DPP=dipeptidyl peptidases. 

• SL=secondary lysosome. 
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endocytosed and digested within lysosomes. It is possible that lysosomal digestion of 

proteins is incomplete and that the end products are comprised of free amino acids as well 

as small peptides. We speculate that brush border membrane peptidases would also be 

involved in lysosomal breakdown of endocytosed proteins because a portion of brush 

border membrane, which is pinched off with the endocytosed· protein, may fuse with the 

lysosomal membrane during the process. 

The renal peptide transport system serves an important function in the 

conservation of peptide nitrogen under physiological conditions. The origin of dipeptides 

and possibly tripeptides which serve as substrates for the kidney peptide transport system 

is as follows. 

I) Even though the protein digestion products enter the blood mostly as free amino 

acids, some peptides which are highly resistant to hydrolysis do appear intact in blood. 

2) In addition to the peptides of dietary origin, peptides are released from intracellular 

pools as the result of degradation of cellular proteins. The route of these peptides getting 

into the blood is not clear. The peptides may be transported out of the cell by peptide 

transporters. 

3) The concentration of small peptides in the glomerular filtrate may be manyfold 

greater than that in blood. The kidney brush border membrane contains high 

endopeptidase activity, In addition, this membrane is very rich in dipeptidylpeptidase IV, 

an enzyme primarily responsible for hydrolysis of the X-Pro-Y type peptides generating 

theN-terminal dipeptides. These peptidases may act on large polypeptides and proteins in 
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the filtrate and result in a significant concentration of small peptides in the kidney tubular 

lumen. 

Both the intestinal and kidney peptide transporters have important physiological, 

pharmacological and nutritional functions. The intestinal peptide transporter is 

responsible for the absorption of small peptides digested from-dietary proteins, while the 

kidney counterpart is for the reabsorption of small peptides present in the glomerular 

filtrate. The 13-lactam antibiotics such as aminocephalosporins and aminopenicillins 

possess structural features similar to those of tripeptides and consequently are recognized 

by the peptide transport system as substrates (Okano et a!., 1986; Tsuji, 1987) (Fig. 3). 

This underscores the pharmacological relevance of the peptide transport system. The 13-

lactam antibiotics remain resistant to the action of enterocyte peptidases and appear intact 

in the blood in pharmacologically active form. The affinity of these antibiotics to the 

intestinal peptide transport system is, therefore, an important determinant of their 

therapeutic efficacy. The kidney is responsible for elimination of these compounds, and 

the rate of elimination is a major factor in determining their half-life in the circulation. 

The peptide transport system in the kidney also recognizes these compounds as substrates 

and plays a role in their reabsorption from tubuler filtrate and enhancing the half-lives of 

these drugs in circulation (Inui et a\.,1984). Thus, the intestinal and renal peptide 

transport systems are important components in the pharmacology of the 13-lactam 

antibiotics. The nutritional advantage in the intestinal absorption of amino nitrogen in the 



Fig.3. Structures of u-amino-B-lactam antibiotics and tripeptides. 
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form of peptides versus free amino acids has clinical implications. The reasons for this 

include: 

I) faster absorption of amino acids when given in the form of peptides than in the form 

of free amino acids. 

2) more even appearance of amino acids in blood after absorption from peptide mixtures 

than from amino acid mixtures. 

3) avoidence of competition during transport between amino acids when absorbed as 

peptides instead of free amino acids. 

4) conservation of metabolic energy in transporting amino acids as oligomeric peptides 

rather than in the monomeric form. 

5) relative resistance of peptide transport compared to amino acid transport to numerous 

adverse conditions such as starvation, vitamin deficiency, and intestinal diseases. So, a 

peptide-based enteral diet has many desirable features. 

In addition, recent studies have shown that it is possible to supply amino nitrogen 

in the form of di- and tripeptides in parenteral nutrition (Adibi, 1987; Grimble, 1994). 

The success of this procedure in clinical medicine largely depends on efficient 

transport/hydrolysis of these peptides by extraintestinal organs. To date, kidney is the 

only organ other than intestine which has been shown to possess significant peptide 

transport activity. Therefore, the ability of the kidney to transport and degrade peptides 

may play a major role in the efficient utilization of these peptide-based parenteral 

solutions. 
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Intestinal and renal epithelial cells are capable of accumulating di- and tripeptides 

against a concentration gradient (Addison et a!., 1972; Adibi & Krzysik, 1977). This is an 

active transport process. The dependence of the process on metabolic energy is indicated 

by the demonstration of inhibition of peptide transport by hypoxia, ATP depletion, and 

metabolic inhibitors such as cyanide and dinitrophenol (Calonge eta!., 1990). 

In biological systems, active transport of organic solutes is coupled primarily to 

simultaneous transport of inorganic ions. The free energy released during the movement 

of the inorganic ions down a concentration gradient is used as the driving force to move 

the organic solutes against a concentration gradient. In bacterial systems, the principal 

inorganic ion used for this purpose is H+. The electrochemical W gradient generated 

either by respiration or A TP hydrolysis is located across the bacterial cell membrane and 

consists of an electrical component(t. 'V) and a chemical component(t.pH). In animal 

cells, the principal coupling ion appears to be Na + rather than W. The electrochemical 

N a+ gradient exists across the animal cell plasma membrane and is generated by the Na +

K+ pump. In recent years, evidence has accumulated which indicates that the difference 

in the preferred inorganic ion between bacterial (W) and animal (Na+) systems is not 

absolute. A number of Na+-coupled solute transport systems have recently been 

discovered in bacteria (Skulachev, 1985). Likewise, a number of organic solute transport 

systems in animal cells have been shown to be coupled to H+ rather than Na+. 
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In the intestine and the kidney, transport of most amino acids is coupled to the 

transport ofNa+. It was generally assumed that peptide transport in the intestine and the 

kidney was also driven by aNa+ gradient. This assumption was supported by many 

earlier studies with intact tissue preparations which demonstrated the dependence of 

peptide transport on Na +(Matthews, 1975). But, the evidence for a direct role of a Na + 

gradient in the energization of peptide transport was never unequivocal. Firstly, there is a 

quantitative difference between the Na +-dependence of amino acid transport and that of 

peptide transport. Amino acid transport is completely dependent on the presence of aNa+ 

gradient. In contrast, the dependence of peptide transport on Na + is only partial (Himukai 

eta!., 1978). There is significant peptide transport activity even in the absence ofNa+. 

The presence of aNa+ gradient stimulates amino acid transport by increasing the affinity 

of the amino acid carrier for its substrates without changing the maximal velocity, 

whereas, aNa+ gradient increases peptide transport by changing the maximal velocity, 

but the affinity of the carrier for its substrates is not altered (Rubino et al., 1971 ). 

Moreover, there are a number of studies in which peptide transport was not at all 

dependent on Na +(Cheeseman & Parsons, 1974; Himukai & Hoshi, 1980). 

The use of purified brush border membrane vesicles offers us a suitable system to 

investigate the molecular mechanisms involved in the translocation of peptides across the 

membrane. The isolated membrane vesicles would be free of (Na+-K+) ATPase activity 

and the ionic composition both inside and outside the vesicles can be changed at will. Our 
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laboratory demonstrated for the first time that transport of glycylproline into intestinal 

and renal brush border membrane vesicles was similar in the presence of either aNa+ or a 

K+ gradient and the transport was inhibited by other dipeptides in the presence as well as 

in the absence of Na+ (Ganapathy eta!., 198la,b). It was also first demonstrated in our 

laboratory that changes in membrane potential have an influence on dipeptide transport in 

intestinal and renal brush border membrane vesicles (Ganapathy & Leibach, 1983). An 

interipr-negative membrane potential stimulated dipeptide transport whereas an interior

positive membrane potential inhibited transport. These studies provided evidence that 

transport of peptides may be accompanied by simultaneous transport of a cation other 

than Na + in the same direction. 

Investigations on the role of pH on peptide transport provided the first clue to the 

identity of the cotransported cation. Transport of peptides in intestinal and renal brush 

border membrane vesicles was optimal at an extravesicular pH of 5.5-6.0 (Ganapathy & 

Leibach, 1983). In order to differentiate the effects of the external pH per se from those 

of the pH gradient on peptide transport, peptide transport was measured in the presence 

and absence of a transmembrane pH gradient, but with a fixed external pH. Peptide 

transport was found to be significantly stimulated by the presence of an inwardly directed 

H+ gradient. An inward-directed H+ gradient by itself is capable of energizing uphill 

transport of the dipeptide glycylsarcosine in rabbit renal brush border membrane vesicles 

(Miyamoto et a!., 1985). In the presence of the H+ gradient, the intravesicular 

concentration of the dipeptide at the peak of the overshoot was 4 times that of the 
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equilibrium value. The presence of an inside-negative membrane potential further 

·enhanced the uptake. When the membrane potential and the H+ gradient were 

simultaneously present, the intravesicular concentration of the dipeptide at the peak of 

the overshoot was 8 times that of the equilibrium value. These findings provided 

unequivocal evidence for energization of peptide transport· by electrical as well as 

chemical components of the proton motive force. 

The mechanisms involved in the generation and maintenance of the H+ gradient 

across the brush border membrane of intestinal and renal epithelial cells are beginning to 

be revealed. (Na+-K+)ATPase located in the basolateral membrane of epithelial cells 

generates an electrical gradient and a chemical Na + gradient across the brush border 

membrane. The chemical Na+ gradient is the driving force for the Na+-H+ exchanger in 

the brush border membrane. The W gradient generated by the action of the Na+-w 

exchanger together with the electrical gradient established by the (Na+-K+)ATPase 

energizes the uphill transport of peptides in these cells (Fig. 4). Therefore, intestinal and 

renal peptide transport systems which are driven by an electrochemical H+ gradient are 

classified as tertiary active transport systems. 

Until recently, there has been a dearth of knowledge with regard to the molecular 

nature of the proteins that are involved in the transport of peptides in the small intestine 

and kidney. Using a number of group-specific reagents to modify peptide transport 

activity in renal brush border membrane vesicles with the aim of identifying the amino 



Fig.4. Model depicting cellular mechanism · involved in energization of 

peptide transport system in the small intestine and the proximal 

tubule. 

Numbers represent the following: 

1. Na+-K+-ATPase. 

2. amino acid-Na +co transport. 

3. Na+-H+ exchanger. 

4. peptide-W cotransport. 
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acid residues of the transporter that are essential for biological activity, studies from our 

laboratory showed that diethylpyrocarbonate , a reagent specific for histidyl groups, 

inhibited W gradient-driven uptake of dipeptides in renal brush border membrane 

vesicles (Miyamoto et a!., 1986). The inhibition was due to covalent modification of one 

or more essential histidyl residues. In another set of experiments with thiol group-specific 

reagents, there was also evidence for the presence of thiol groups at the active site of the 

renal peptide transporter. 

The intestinal peptide transport system has also been investigated for its 

susceptibility to amino acid-specific reagents (Kramer et a!., 1988a). Available evidence 

indicates that histidyl groups are essential for the activity of the transport system. There 

appears to be some difference regarding the participation of thiol groups between the 

renal and intestinal peptide transport systems. Unlike the renal system, the intestinal 

system is not inhibited when thiol groups are chemically modified. This indicates that the 

two transport systems are similar but not identical (Kramer eta!., 1990a). 

The peptide transport proteins have been identified and purified usmg 

photoaffinity labeling techniques. Two proteins with apparent molecular weights, 

130,000 and 95,000 were labelled with photolabile analogs ofpeptides in.the renal brush

border membrane (Kramer et a!., 1988b ). In the intestinal brush-border membrane, a 

single protein of molecular weight 127,000 has been shown to be specifically labelled 

with photolabile peptide analogs (Kramer., 1987). The 127kDa protein has been purified 

to homogeneity and the experiments utilizing the polyclonal antibodies raised against this 
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protein provide di"rect evidence for the participation of the protein in peptide transport 

(Kramer eta!., 1990b ). 

Functional expression of the intestinal peptide transport system in Xenopus laevis 

oocytes by microinjection of poly( At RNA isolated from rabbit intestinal mucosa has 

been demonstrated (Miyamoto et a!., 1991 ). There was signitkant endogenous activity of 

glycylsarcosine uptake in water-injected oocytes, but the uptake activity increased nearly 

3-fold in poly( At RNA-injected oocytes. The expression of the peptide transporter was 

time-dependent. The expression reached a maximum on day 4 following mRNA 

injection. The expressed transport system is specific for peptides and has no affinity for 

free amino acids. The activity of the transport system as measured by the uptake of 

dipeptides is stimulated by an inwardly-directed W gradient. 

In order to study the structural and functional characteristics of plasma membrane 

transporters which are generally of low abundance ( <0.1% of membrane protein), an 

essential step is the isolation and expression of eDNA clones encoding these proteins. 

Recently, a complementary DNA coding for a 707-amino-acid peptide transporter 

(rPEPT 1) was isolated by expression cloning using Xenopus laevis oocytes to screen a 

rabbit intestinal eDNA library for the uptake of 14c-labeled dipeptide glycylsarcosine 

(Fei et a!., 1994). Subsequently, a human intestinal peptide transporter eDNA was 

isolated by using the rPEPT 1 eDNA as a probe to screen a human intestinal eDNA 

library (Liang et a!., 1995). This eDNA induced W-dependent peptide transport activity 

when expressed in HeLa cells or in Xenopus laevis oocytes. The predicted protein 
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consists of708 amino acids with 12 membrane-spanning domains and two putative sites 

for protein kinase C-dependent phosphorylation. The eDNA-induced transport process 

accepts dipeptides, tripeptides, and amino ~-lactam antibiotics but not free amino acids as 

substrates. This human W/peptide cotransporter exhibits a high degree of homology 

(81% identity and 92% similarity) to the rabbit W/peptide cotransporter. Chromosomal 

localization studies with somatic cell hybrid analysis and in situ hybridization have 

located this gene to chromosome 13 q33-q34. 

Functional studies with isolated brush border membrane vesicles have established 

that the kidney peptide transport system exhibits several characteristics that are similar to 

those of the intestinal peptide transport system, including H+ dependence (Miyamoto et 

a!., 1985; Tiruppathi eta!., 1990a) and specificity for di- and tripeptides (Tiruppathi eta!., 

1990b). However, there are notable differences in certain specific aspects of the peptide 

transport process between the small intestine and the kidney. While there is evidence for 

the presence of orily a low-affinity high-capacity peptide transport system in the intestine, 

two kinetically distinguishable peptide transport systems have been described in the 

kidney (Daniel et a!., 1991 ). One carrier system was characterized as the high-affinity, 

low-capacity type (Kt=44.1±11.2uM, Vmax=0.41±0.03nmol/mg protein/Ss) and the other 

as the low-affinity, high-capacity type (Kt=2.62±0.50mM, Vmax= 4.04±0.80nmol/mg 

protein!Ss). The high-affinity transporter is far more sensitive to changes in proton 

gradient and membrane potential than the low-affinity transporter. The high-affinity 

system is the major component of the renal peptide transport process. 
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In addition, experiments with amino acid group-specific reagents indicated that 

the renal and intestinal transport systems are similar but not identical (Kramer et a!., 

1990a; Miyamoto et a!., 1988, 1990). Even though the transport systems in both tissues 

possess histidyl residues for their catalytic activity, there appears to be a difference in the 

role of thiol groups. The renal peptide transport system is inhibitable by chemical agents 

which covalently modify thiol groups. In contrast, the intestinal peptide transport system 

is unaffected by such agents. These observations indicate that the absorption of peptides 

in the small intestine and the kidney may be mediated by two different transporter 

prott>ins. In order to prove this hypothesis at a molecular level, isolation of the human 

kidney peptide transporter eDNA and establishment that it is different from the already 

cloned· human intestinal peptide transporter eDNA will be necessary which will 

unequivocally demonstrate the participation of two different transport proteins in the 

absorption of peptides/~-lactam antibiotics in these two tissues. 

There is evidence for involvement of histidyl groups in the catalytic activity of · 

several H+-coupled systems (e.g. peptide transporter, Na+-H+ exchanger, organic 

cation!H+ antiporter) (Ganapathy et a!., 1987a; Hori et a!., 1989). The uniqueness of the 

histidyl group resides on its pK being 6.5, which is very close to the physiological pH 

(pH 7.4) in the cell. This renders the histidyl groups to easily take up protons at acidic pH 

and get a positive charge. They also release protons easily when pH becomes basic. The 

role of specific histidyl groups in H+ binding and translocation has been studied in great· 

detail in the case of the E. coli Lac permease, a prototypical H+-coupled solute transporter 

system(Kaback, 1987). Site-directed mutagenesis studies in our laboratory have also 
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demonstrated that histidyl groups in the human intestinal peptide transporter are very 

important for the transport of small peptides and ~-lactam antibiotics. 

The specific aims of the present project were i) to isolate a eDNA clone from a 

human kidney eDNA library which encodes a functional peptide transporter, ii) to study 

the structural and functional characteristics of this transporter, iii) to identify the 

histidine residue(s) which is (are) essential for the H+-coupled peptide transport activity 

using site-directed mutagenesis. In addition, I also tried to subclone the human intestinal 

peptide transporter with poly(A) tail into pBluescript SKII(-) in oredr to get higher 

expression ofthis clone in Xenopus oocyte expression system. 



Materials and Methods 

1. Screening of a Human Kidney eDNA Library 

A human kidney lambda gtlO eDNA library obtained from Dr.Graeme Bell, 

University of Chicago, was screened by plaque hybridization using VCS 257 host cells. 

The probe was a 560bp fragment released from the 5' -end of the coding region of the 

rabbit intestinal peptide transporter eDNA by Afllll and Hindlii double restriction 

enzyme digestion. The probe was radiolabeled with [ a}2P]dCTP using the Oligo labeling 

Kit from Pharmacia LKB Biotechnology. 

Hybridization was carried out at 35°C in a solution containing 50% formamide, 

6xSSC, 5xDenhart's solution, 0.1%SDS and IOOug/ml of salmon sperm DNA. Washing 

was done under medium stringency conditions in O.lxSSC, 0.5%SDS at 37° for 20min. 

Positive clones were identified and plaque-purified by secondary and tertiary screening. 

On the tertiary autoradiograms, 100% of the plaques showed positive hybridization 

signal, confirming the purity of the clones. 

2. Plate Lysate Method for Extracting Phage DNA 

Lambda gtlO bacteriophage was grown on 150mm LB agar plates containing 

1 OmM MgS04• E.coli plating bacteria (VCS 257) were infected with Lambda gtl 0 phage 

20 
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at the required plaquing density and grown until confluent. Lysis was allowed to occur at 

a temperature of 37°C overnight. Fifteen milliliters of SM (SOmM Tris-HCl, pH 7.5, 

0.1M NaCl, 0.2%(w/v) MgS04.H20,and O.Ql %(w/v) gelatin) was added to each plate and 

gently shaken for Sh at room temperature. The volume of SM for each plate was 

measured and readjusted to 15ml and shaken for a further orie hour as before. Bacterial 

debris was removed by centrifugation (10,000g at room temperature), and a 1-ml aliquot 

of the amplified recombinants was stored at 4°C, while the remainder was placed in a 

SOml sterile centrifuge tube with Sml of a concentrated slurry of DEAE-cellulose 

(Whatman DE-52) previously equilibrated with sterile 50mM Tris-HCl, pH 7.5, 10mM 
. . 

MgS04, 1h/time, 3-4 times. The mixture was rotated on coulter mixer for 3h at room 

temperature and then centrifuged at room temperature for 3min (4000rpm). The 

supernatant was collected and centrifuged again. The clear supernatant was mixed with an 

equal volume of filtered 20%(w/v) polyethylene glycol, 2M NaCl in SM buffer and then 

left for 2h or overnight at 0°C. Bacteriophage was collected by centrifugation at 1 O,OOOg 

for 20min at 4°C, and the viral pellet was suspended in O.Sml TE (10mM Tris-HCl, pH 

8.0, 1mM EDTA). The bacteriophage DNA was extracted with phenol-chloroform, and 

then with chloroform twice. The Lambda DNA was precipitated with 2 vol of 100% 

ethanol and left at -20°C for several hours. It was then centrifuged at 10,000g for 20min 

at 4°C. The DNA pellet was washed with 70% ethanol twice, and dissolved in 

appropriate volume ofTE buffer. 
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3. Isolation of the eDNA Insert 

The screening yieled 24 positive clones. Phage DNA from these clones was 

isolated by the plate lysate method (Elliott & Green, 1989) described above. Digestion of 

the DNA with EcoRI restriction enzyme yielded four DNA fragments, 1.85, 0.5, 0.2, 0.15 

kb in size. The digestion pattern indicated that there are three internal recognition sites for 

EcoRI in the insert and that the size of the full-length insert was approximately 2.7kb. All 

four fragments of the eDNA insert hybridized to the probe from the full length insert of 

rabbit intestinal W/peptide cotransporter eDNA clone. 

4. Subeloning into pBiueseript SKII(-) of the Fragments arising from 

Complete Digestion of the eDNA Insert 

The four fragments (1.85, 0.5, 0.2, 0.15kb in size) arising from the complete 

EcoRI digestion were separated by electrophoresis in a 1% agarose gel. Each fragment 

was cut from the gel and gene cleaned individually (Gene Clean Kit from BiolOl 

Company). pB!uescript SKII(-) phagemid was also digested by EcoR I, iaolated on the 

gel and gene cleaned. 

The ligation reaction was set up as follows: 3 to 1 molar ratio of DNA insert to 

pBluescript SKII(-) vector according to the size of DNA insert and vector (pB!uescript 

SKII is 2.9 kb in length) was added in 20ul volume together with 4ul of 5x ligation buffer 

and lui of ligase (lulu!, GIBCO BRL). The ligation mixture was incubated at 16°C for 
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24 hrs. Transformation was performed by electroporation using DH108 competent cells as 

host cells (GIBCO BRL). For this, the ligation mixture was precipitated with equal 

volume ofSM ammonium acetate and 2.S volumes of 100% ethanol at -80°C for 1hr. The 

sample was centrifuged for 20min at 4°C. The pellet was washed twice with O.Sml of 

7S% ethanol, spun for 10 min at 4°C and dried under vacuum. The DNA was 

resuspended in Sui water. 40ul(for 0.2cm <cuvette) of the DH108 competent 'cell 

suspension was transferred to the microcentrifuge tube containing 2ul ligated DNA in 

H20. The mixture was transferred to a chilled 0.2cm Gene Pulser cuvette (Bio-Rad) and 

pulsed at 2.SKV and 2SuF using a Bio-Rad Gene Pulser electroporation apparatus with a 

pulse extender. 1m! S.O.C.(2% bactotryptone, 0.5% yeast extract, IOmM NaCI, 2.SmM 

KCI, 10mM MgCI2, 20mM glucose) medium was added immediately and the mixture 

was transferred from the cuvette to a ISm! polyprenelyne tube and shaken at 22Srpm, 

37°C for 1hr. It was then spread on LB plates with ampicillin (IOOug/ml), 120~1 X-gal 

(S-bromo, 4-chloro, 3-indolyl, ~-D-galactoside, 20mg/ml), and 12ul of 20%IPTG ( 

isopropyl ~-D-thiogalactopyranoside). The plates were incubated overnight at 37°C. 

White colonies were identified and chosen as starting material for the isolation of DNA. 

5. Small Scale Preparation of Double Strand Plasmid DNA 

Each white colony was inoculated in 3m! of LB medium containing 1 OOug/rni of 

ampicillin in a Falcon sterile 14ml-tube, and grown overnight at 37°C with vigorous 

shaking (22Srpm). 2m! of this culture was centrifuged and ·the supernatant was removed. 
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The bacterial pellet was resuspended in 200ul of Cell Resuspension Solution. 200ul of 

Cell Lysis Solution was added and mixed by gently inverting the tube several times until 

it clears. 200ul of Neutralization Sohition was added and mixed by inverting the tube 

several times. The mixture was spun in a microcentrifuge for 5 minutes. The cleared 

supernatant was decanted into a new microcentrifuge tube and lml of the Wizard™ 

Minicolumn Solution was added. The plunger was removed from a 3m! disposable 

syringe. The syringe barrel was attached to the luer-lock extension of each Minicolumn. 

The tip of the Minicolumn/syringe barrel assembly was inserted into the vacuum 

manifold. The Resin/DNA mix was pipeted into the syringe barrel. A vacuum was 

applied to pull the Resin/DNA mix into the Minicolumn. 2m! of Column Wash Solution 

was added to the syringe barrel and the vacuum was reapplied to draw the solution 

through the Minicolumn. The syringe barrel was removed and the minicolumn was 

transferred to a l.Sml microcentrifuge tube. The Minicolumn was spun for 2 minutes to 

remove any residual Column Wash Solution. The Minicolumn was transferred into a new 

microcentrifuge tube. SOul of water was applied to the Minicolumn. To elute the DNA, 

the Minicolumn was spun for 20seconds. The plasmid DNA was stored at -20°C. 

6. Large Scale Preparation of Double Strand Plasmid DNA 

A single white colony was used to inoculate lOOm! of LB medium containing 

lOOug/ml of ampicillin in a baked SOOml-flask, and grown overnight at 37°C with 

·vigorous shaking (225rpm). On the second morning, SOml of this culture was transferred 
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into a disposable sterile centrifuge tube (Fisher Scientific Inc.) and centrifuged for I Omin 

at 4,000 rpm at 4°C. The supernatant medium was removed. The bacterial pellets were 

resuspended in 4ml of ice-cold buffer Pl (IOOug/ml RNase A, 50mM Tris/HCI, lOmM 

EDTA, pH 8.0) at room temperature. 4ml of buffer P2 (200mM NaOH, 1%SDS) was 

then added. The tube was gently inverted several times until the mixture became clear 

(usually 5min at room temperature} 4ml of ice-cold buffer P3 (3.0M K acetate, pH 5.5) 

was added to the tube. The tube was again gently inverted several times and stored on ice 

for 15min. The sample was centrifuged at 5,000rpm for 30min at 4°C .. The supernatant 

was transferred to a fresh sterile 30m! Oakridge tube (Nalgene) and centrifuged at 

16,000rpm for 15min at 4°C. At the same time, a QIAGEN-tip 100 was equilibrated with 

4ml of buffer QBT(750mM NaCI, 50mM MOPS, 15% ethanol, pH7.0, 0.15% Triton X

I 00). After the buffer drained out from the column, the supernatant was applied from the 

centrifuge tube onto the QIAGEN-tip 100. It was washed with 10m! of buffer QC (l.OM 

NaCI, 50mM MOPS, 15% ethanol, pH 7.0) twice. Finally the DNA was eluted into a new 

centrifuge tube with 5ml of buffer QF (1.25M.NaCI, 50mM Tris/HCI, 15% ethanol, pH 

8.5). The DNA was precipitated with 0. 7 volumes of isopropanol and centrifuged at 

16,000rpm at 4°C for 30 min. The DNA was washed with 5ml of cold 70% ethanol, air 

dried for 5min, and redissolved in a suitable volume ofTE buffer (!OmM Tris/HCI, lmM 

EDTA, pH 8.0). 
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7. DNA sequencing with double stranded DNA 

The four fragments (1.8S, O.S, 0.2, O.lSkb in size) arising from the complete 

EcoRI digestion were subcloned into pBluescript SKI!(-) for nucleotide sequencing by 

the dideoxy-mediated chain-termination method (Sanger et al., 1977). Synthetic 

oligonucleotide primers were used whenever necessary to complete the sequencing of 

both the sense and the antisense strands. The DNA was isolated using the Kit from 

Qiagen Inc. 

Sequencing was performed using a Sequenase Quick-denature Plasmid 

Sequencing Kit (USB, cleveland, Ohio). 2.Sug double stranded DNA and lpmol primer 

were denatured in 0.2N NaOH for lOmin at 37°C. The DNA was then neutralized by HCI 

with the plasmid reaction buffer supplied in the Kit at 37°C for lOmin. The pH which 

was 6.0-7.0 was checked with pH indicator paper. In the labeling reaction, the following 

components were added to !Sui of template/primer solution: lui ofO.!M DTT, 2ul of l:S 

diluted labeling mix, lui of [u-3Ss]-ATP, 2ul of 1:8 diluted Sequenase. The reaction 

mixture was incubated for 2-Smin at room temperature. Separate tubes were used to 

prepare 2.Sul each of ddATP, ddCTP, ddGTP, or ddTTP. 4.Sul of labeling reaction 

solution was added to each of the ddNTPs and the reaction was incubated for Smin at 

37°C. 4ul of stop solution were then added to each tube to stop the reactions. 3ul of each 

sample was heated for 3min at 7S°C before loading. The sample was electrophorese~ in a 

8% denaturing polyacrylamide-urea sequencing gel at SOmA and 7Sw. The temperature 

was kept at 4S-S0°C. After electrophoresis, the gel was rinsed in I 0% methanol, and 10% 
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acetic acid solution for I Omin at room temperature. It was then vaccum-dried for 40min 

at 80°C. The Kodak X-AR film was exposed to the gel at -80°C overnight The sequence 

was read and analyzed by the software package GCG version 7.B (Genetics Computer 

Groups, Madison, WI). Sequence alignment was done using the GenBank program GAP. 

8. EcoR I Partial Digestion of the eDNA Insert 

In order to obtain the full-length (2. 7kb) eDNA for functional expression, the 

phage DNA containing the eDNA insert was partially digested with EcoR I. The phage 

DNA was digested with increasing concentrations of EcoR I. This procedure yieled five 

new fragments(2.7, 2.5, 2.35, 2.0, and 0.65kb in size) in addition to the complete digested 

four fragments (1.85, 0.5, 0.2, 0.15kb in size). The digestion fragments were analyzed by 

Southern hybridization. The concentration ofEcoRI (-0.375u to lug phage DNA) which 

generated the maximal amounts of 2.7kb (full-length eDNA) and 2.5kb (consisting of 

1.85, 0.5, and 0.15kb) fragments were chosen for digestion in a large scale in order to get 

enough amount of DNA insert to subclone into pBluescript SKI!(-) phagemid vector 

(Stratagene). 

, 9. Southern Blot and Hybridization (Maniatis et al.,1989) 

9.1 Electrophoresis and capillary transfer 

2ug of partial digestion fragments was electrophoresed in an ethidium bromide 

stained 1% agarose gel with lxTBE buffer. The gel was run at 65 V for 1.5hr. After 
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electrophoresis was completed, the bottom left-hand corner of the gel was cut off for the 

correct orientation of the gel and a photograph was taken. The gel was transferred to a 

clean plastic box and the DNA was denatured by soaking the gel for 30min in O.SN 

NaOH l.SM NaCl with gentle agitation. The gel was briefly rinsed in deionized water 

and then neutralized by soaking for 30min in l.SM Tris-HCl (pH 7.0) 3M NaCl at room 

temperature with constant gentle agitation: A piece of Hybond-N+ nylon membrane 

(Amersham) about 3mm larger than the gel in both dimensions was floated on the surface 

of a dish of deionized water, uritil it wet completely from beneath, and then immersed in 

transfer buffer for at least 5 minutes. 

A glass plate was bridged on a pan filled with 20xSSC (3M NaCl, 0.3M 

Na3citrate·2H20, pH 7.0) transfer buffer. A long piece of Whatinan 3MM paper was 

placed on the glass plate with both ends soaking in the buffer. The gel was removed from 

the neutralization solution and placed on the support with no air bubbles between the 

3MM paper and the gel. The wet nylon filter was placed on top of the gel with no air 

bubbles between the filter and the gel. Two pieces of 3MM paper (same size as the filter) 

were wet in 2xSSC and placed on top of the wet nylon filter. Any air bubbles were 

smoothed out with a lOml size pipet. A stack of paper towels(5-8cm high) was placed on 

the 3MM papers along with a 500-g weight. The set up was wrapped with saran wrap to 

prevent evaporation of the transfer buffer. The transfer of DNA was allowed to proceed 

12-24hr. 

The gel and the nylon membrane were turned over and laid gel side up. The gel 

was peeled from the filter. The membrane was soaked in 6xSSC for 5 minutes. Then the 
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membrane was removed from the 6xSSC and placed on one sheet of 3MM paper with. 

DNA side up to dry at room temperature, and then sandwiched between two sheets of 

3MM paper. The DNA was fixed by baking for 2hr at 80°C in a vacuum oven. The 

membrane was then wrapped in saran wrap and stored at 4°C. 

9.2 Prehybridization 

The nylon membrane was placed together with 20m! prehybridization buffer 

(6xSSC, 50% formamide, 20xDenhardt's reagent, 1% SDS, 5% dextran sulfate, lOOug/ml 

denatured, fragmented salmon sperm DNA) into a plastic bag and sealed. The membrane 

and. buffer were incubated for 6hr at 42°C in a water bath with gentle shaking. 

9.3 Preparation of Double Strand DNA Probe by Oligo-labeling(Oiigolabeling Kit, 

Pharmacia Biotech Inc.) 

40ng of PEPT 2 full-length eDNA dissolved in TE (!OmM Tris-HCl, pH 8.0, 

lmM EDTA) buffer was heated for lOmin at 100°C, and then chilled on ice for lOmin. 

I Oul of reagent mix, 6ul of [ a-32P]dCTP (Amersham Life Science Inc.) and 1 ul of 

Klenow Fragment(! unit/ul) were added to the eDNA solution, and mixed gently. The 

reaction was incubated at room temperature for 16 hr. 

The labeled probe was purifed as follows: 20ul STE (O.lM NaCl, lOmMTris-HCl 

pH 8.0, lmM EDTA pH 8.0) buffer was put into the labeled mixture. The push colurrui 

(Stratagene) was equilibrated twice with 70ul STE buffer. The labeled mixture was 

pushed through the column and collected in a microcentrifuge tube. 70ul STE buffer was 
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again pushed through the column and collected. The radioactivity of the purified probe 

was checked by the Beckman counter. 

9.4 Hybridization 

The labeled probe was denatured by heating for I Omin at !00°C and then chilled 

m ice for I Omin. I Om! prehybridization solution was removed from the bag. The 

denatured probe was added in the remaining I Om! of prehybridization solution and the 

bag was resealed. Hybridization was carried out at 42°C overnight. The filter was washed 

in 2xSSC, 0.5% SDS for 2x20min at room temperature, O.JxSSC, 0.1% SDS for 20min at 

65°C, rinsed in 2xSSC at room temperature, and then air dried on paper towels. Kodak 

X-ray film was exposed to the membrane at room temperature for 30min. 

10. PCR Cloning of a Full-length eDNA 

10.1. PCR reaction 

Our attempts to subclone the 2.7kb fragment in pBluescript SKII(-) were not 

successful. However, we succeeded in subcloning the 2.5kb fragment in this vector 

immediately downstream from the T7 promoter. This clone could not be functionally 

expressed because of the lack of a 0.2kb fragment at the S'end. In order to clone the full

length 2.7kb fragment, we designed two PCR primers, with the upstream· primer 

corresponding to the 5'end of the eDNA insert with extra nucleotides at the S'end to 

generate an Xhol enzyme site,-and the downstream primer corresponding to a region 
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located approximately in the middle of the 1.85kb fragment. The downstream primer 

contained a unique restriction site for Nsi I. 

Upstream primer 

HK0,2 PCR 5'-GCG CTC GAG GAG AGA GAG AGA GTA AGG-3' 

Downstream primer 

MG15 5'-TGA ACC CTG CTG ATC CAA-3' 

With these primers, we performed the PCR: 1.25ug ·of the phage DNA was used 

as the template DNA in a reaction volume of lOOul. The PCR amplification was 

performed in asolution containing 50mM KCl, !OmM Tris-Cl (pH 8.3), 1.5mM MgCI2, 

200uM of each dNTP, IOOpM of each primer, and 2.5 units of Taq DNA 

polymerase(Perkin Elmer/Cetus Corp., Norwalk, CT). PCR reactions were carried out 

with a five minute hot start. Two cycles with parameters of 94°C for 2min, 42°C for 

l.l5min, and 72°C for !Omin. Thirty cycles of94°C for !min, 42°C for !min, and 72°C 

for 1.3min. Finally there was one cycle of 72°C for lOmin. A sample(!Oul) of the 

amplified product was electrophoresed on a 1% agarose gel in lxTAE (0.04M Tris

acetate, O.OOIM EDTA) buffer. The DNA was stained with ethidium bromide and 

photographed. 

After the PCR, a 0.9kb PCR product was obtained. This PCR fragment was 

subjected to a double enzyme digestion with Xho I and Nsi I and electrophoresed on 1% 

agarose gel. The digested 0.7kb fragment with Xho I and Nsi I cohesive end was isolated · 

using Gene clean. The 2.5kb clone in pBluescript SKII(-) was double digested with Xho I 

and Nsi I and purified by agarose gel electrophoresis and gene cleaned. The 5.0 kb 
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fragment with Xho I and Nsi I cohesive end was isolated, gene cleaned, and ligated to the 

0.7kb fragment which included the S'end of the eDNA insert (Fig. 5). The ligation 

reaction was: 3 to I molar ratio of the 0.7kb fragment and 5.0 kb fragment were added in 

20ul ligation together with 4ul of Sx ligation buffer and 1 ul of ligase (1 u/ul, GIBCO 

BRL). The ligation mixture was incubated at 16°C for 24hrs. The ligation m!xture was 

transformed by heat shock transformation. 

10.2 Heat shock transformation 

DH5a competent cells (SOul, GIBCO BRL) were transformed with 2ul of ligation 

reaction mixture by preincubation of cells and DNA on ice for 30min, followed by heat 

shock at 37°C for 30 sec. The transformed competent cells were recovered by S.O.C for 1 

hr at 37°C, and then spread on LB plates with carbenicillin (50ug/ml), X-gal (0.01 %) and 

IPTG (O.SmM). The plates were incubated overnight at 37°C. White colonies were 

idetified and chosen for isolation of DNA (See Double strand plasmid DNA small scale 

preparation). 

10.3 Isolation of full-length clone 

Three white colonies were identified and DNA was isolated. Using Xhoi and Nsii 

double digestion of these three DNAs, the· products were electrophoresed on a 1% 

agarose gel in lxTBE buffer. All these DNAs showed one 0.7kb fragment and one S.Okb 

fragment when stained with ethidium bromide. This digestion pattern indicated that all 

three colonies represented the full-length clone (2.7kb in size). We sequenced the 0.7kb 

region obtained by PCR to confirm the PCR fidelity. The eDNA insert in the construct 



Fig.S. Strategy for getting the full-length PEPT 2 clone by PCR. 
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was under the control of T7 promoter, suitable for functional expression in HeLa cells 

using the vaccinia virus expression system. The cloning process of PEPT 2 is 

schematically described in Fig. 6. 

11. Functional Expression in HeLa Cells 

This was done using the vaccinia virus expression system (Blakely et al.,l991). 

Subconfluent HeLa cells were first infected with a recombinant (VTF7-3) vaccinia virus 

encoding T7 RNA polymerase and then transfected with the plasmid construct carrying 

the full-length eDNA immediately downstream from a T7 promotor. The strategy behind 

this approach is that the virus-encoded T7 RNA polymerase catalyzes the transcription of 

the eDNA under the control of the T7 promoter allowing transient expression of the 

eDNA-encoded protein in the HeLa cell plasma membrane (Fig. 7). 

11.1 Cell Culture 

HeLa cells were cultured in OPTI-MEM medium supplemented with 5% fetal 

bovine serum and 1% pencillin!streptomycin at 37°C in 5% C02• 

11.2 Virus Preparation 

Following a modification of the protocol by Mackett et a! (1984), VTF7-~, a 

recombinant vaccinia virus that expresses T7 RNA polymerase (Studier et a!., 1990) was 

prepared by infecting HeLa cells grown to near confluency (lxl07 cells/plate) in 250cm 

tissue culture plates using I plaque-forming unit (PFU)/1 Ocells. Cells were incubated 

with virus in serum-free DMEM for 30min, at 37°C with frequent rocking. Virus was 

removed and replaced with standard media. Infected cells were incubated at 37°C for 



Fig.6. Scheme for cloning the human kidney peptide transporter PEPT 2. 
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Fig.7. Strategy for HeLa cell expression. 



Strategy for t-lela Cell Expression 

Empty vector 

ncr.c,mbinanl vaccinia virus (VT1' 7•3 ) 

, containing T7 RNA polymerase gene 

i!._ ~~~~~~r~~;b-7 r.DNA in vector with 
T7 promotor 

C'""'"~•:rip~ ~~) ~~-·pBiuescript { T7{ cON~ (. ---
-...._ . - -· - -- -- -·-

Liposome-mediated '... 
transfection ~ ~i~~ 

iufectlon 

/ 
Liposome-mediated 

transfection -·-
I> · <I HeLa cells ~ 

J Functional expression 
(8 - 12 hours) J 

t:f1L~~+ l~t , \'·' ",lj~'~~~lf'' ··-~· ·1;1:.~ 

1 Assay for transport function 1 
-~ using radiolabeled substratu ~ 

CONTROL TEST 
ENDOGENOUS 

ACTIVITY 
ENDOGErJOUS PLUS 

eDNA-INDUCED ACTIVITY 
w 

"' 



37 

48hrs prior to harvesting. The cells were harvested in phosphate-buffered saline (PBS) 

with a rubber policeman. After pelleting in a table-top centrifuge, the cells were 

resuspended in ice-cold 10mM Tris-HCl (pH 9.0) and homogenized with 10 strokes in a 

dounce homogenizer. The homogenate was centrifuged at lOOOg for 5min at 4°C. The 

supernatant was saved and the pellet resuspended in lOmM Tris-HCl (pH 9.0), 

homogenized for a second time, and respun. Combined supernatants were subjected to 

several rounds of freeze-thawing, layered over 36% sucrose in lOmM Tris-HCl (pH 9.0), 

and spun at 89, 600g for 20min at 4°C. Pellets were resuspended in lOmM Tris-HCl (pH 

9.0) and aliquots were prepared and stored at -20°C. The virus was titered by iilfecting 

near confluent HeLa cells (lxl06 cells/well) in 6-well (35mrn) plates with various 

dilutions of the virus preparation. Cells were incubated for 36-48h and visible plaques 

determined after removal of media. 

11.3 Infectionffransfection Procedure 

HeLa cells grown in 24-well (-3xl05 cells/well) plates were infected with VTF7-

3 at a multiplicity of I 0 PFU/cell. The virus was allowed to adsorb for 30min in OPTI-

MEM medium (GIBCO BRL) at 37°C with occasional rocking of the plate. Cells were 

then transfected with the PEPT 2 eDNA using the lipofection procedure (Feigner et al. 

1987). The PEPT 2 plasmid DNA (lug/well) and lipofectin (3ul/well, BRL) were 

separately diluted in OPTI-MEM and these dilute solutions mixed together to allow 

DNA/lipid complexes to form. A I :3 DNA:lipid ratio (w/w) was found to be optimal for 

the transfection efficiency and this ratio was used throughout the ttansfections described. 
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Following direct application of DNA/lipid mixtures, cells were incubated at 37°C for 8-

lOh. 

11.4 Transport Assay 

HeLa cells· were washed with uptake medium (25mM Mes/Tris (pH 6.0) or 25mM 

Hepes/Tris (pH 8.0) containing 140mM NaCl, 5.4mM KCl, 1.8mM CaCl2, 0.8mM 

MgS04, and 5 mM glucose) 8-IOh following transfection. Uptake ofradiolabeled 30uM 

[2_14q glycyl-[1_14q sarcosine (specific radioactivity 109 mCi/mmol, Cambridge 

Research Biochemicals, United Kindo~), 50nM eH]-labeled glycine or 50nM eHJ-

labeled proline was measured. The incubation time for uptake measurements was 3 min. 

Nonspecific transport was determined in parallel experiments with the pBluescript SKII 

vector alone. This value was subtracted from the control transport. In substrate specificity 

experiments, the concentration of unlabeled amino acids, peptides, and ~-lactam 

antibiotics was I OmM. The pH-dependence was investigated by measuring the 

glycylsarcosine transport at various extracellular pH values. The uptake medium of 

different pH (5.0-9.0) was monitored by a pH meter by appropriately mixing two buffers, 

25mM Hepes/Tris (pH 9.0) and 25 mM Mes/Tris (pH 5.0). Kinetic parameters were 

determined by studying the transport rate at varying concentrations of glycylsarcosine 

(I 0-500uM). The affinity of PEPT 2 for various other dipeptides was estimated, 

according to the method of Hajjar and Curran (1970). The concentration of 

glycylsarcosine was 25 uM for PEPT I and 50uM for PEPT 2. The concentration of 

inhibitory peptides was I OOuM. All experiments were routinely performed in duplicate or 

triplicate and each experiment was repeated at least two times. Statistical and kinetic 
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analyses were done using a commercially available computer software program called 

Fig. P version 6.0 (Biosoft, Cambridge, UK). 

12. Analysis of Tissue Distribution of PEPT 1 and PEPT 2 mRNA by 

Reverse Transcription-coupled PCR(RT-PCR) 

12.1 RNA isolation 

The total RNA of human kidney and human jejunum was isolated by the 

RNAzol™ method (Biotecx). The tissue samples were homogenized. with RNAzol™ ( 

2m! per 100 mg tissue) with a few strokes in a glass Teflon homogenizer. 0.2ml 

chloroform was added per 2m! of homogenate, shaken vigorously for 15 seconds and let 

stand on ice for 15 minutes. The suspension was centrifuged at 12,000g (4°C) for 15 

minutes. The upper aqueous phase was transferred to the fresh tube. An equal volume of 

isopropanol was added and the samples were kept for 45 minutes at -20°C. Then the 

samples were centrifuged for 15 minutes at 12,000g (4°C). A white pellet formed at the 

bottom of the tube. The supernatant was removed and the RNA pellet was washed twice 

with 75% ethanol by vortexing and subsequent centrifugation for 8 minutes at 7500g 

( 4°C). The pellet was dried and dissolve in a suitable volume. 

12.2 RT-PCR amplification 

This was done using the RNA from human kidney and human jejunum as 

templates. The primers were two sequencing primers for PEPT 1 and PEPT 2: 

PEPT 1 upstream primer: 5'-GCA GTC ACC TCA GTA OCT A-3' 



Position: 342-360 bp 

PEPT 1 downstream primer: 5'-GCT GCT GAT GTTTGC ATA-3' 

Position: 1575-1592 bp 

PEPT 2 upstream primer: 5'-GCA GCT CAT TAT GGA TGT-3' 

Position: 900-917bp 

PEPT 2 downstream primer: 5'-ACA GAT ATG CTG CAC CAA-3' 

Position: 1760-1777bp 
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These primers were chosen from the regions which had the lowest sequence 

homology between PEPT 1 and PEPT 2. 

First, the total RNA was denatured at 70°C for 1 Omin and then immediately put 

on ice for 2min. The reverse transcription reaction was carried out at 42°C for 60min 

with SOmM KCI, 10mM Tris-HCI (pH 8.3), SmM MgCI2, lmM of each dNTP, 0.75uM 

of downstream primer, I U/ul RNase inhibitor (Perkin Elmer), and 50 units of MuL V 

reverse transcriptase (Perkin Elmer). The reaction was stoped at 99°C for Smin. 

The PCR reactions were carried out by changing the MgCI2 concentration to 

2mM, adding O.ISuM upstream primer, and 2.5U AmpliTaq DNA polymerase. Cycle 

times were 94°C for Smin (Hot start), Two cycles of 94°C for 2min, 55°C (PEPT 1) or 

58°C (PEPT 2) for l.lSmin, and 72°C for 10min. 40 cycles of 94°C for !min, 55°C 

(PEPT 1) or 58°C (PEPT 2) for !min, and 72°C for 1min. The final extension was 72°C 

for 20min. After the PCR reaction, 1 Oul of each product was electrophoresed on 1% 

agarose gel under 60 volts for 2hrs. The photograph was taken using Polaroid film. 
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13. Site-directed Mutagenesis of PEPT 2 

The Transformer™ Site-directed Mutagenesis Kit (Stratagene), based on the 

method of Deng and Nickoloff (1992)(Fig. 8) is a highly efficient method of introducing 

specific base changes into any double-stranded plasmid. This unique method works by 

simultaneously annealing two oligonucleotide primers to one strand of a denatured 

double-st~anded plasmid. One primer introduces the desired mutation (referred to as the 

mutagenic primer). The second primer mutates a restriction site unique to the plasmid for 

the purpose of selection (referred to as the selection primer). The two primers are 

simultaneously annealed to one strand of the denatured double-stranded plasmid under 

conditions favoring the formation of hybrids between the primers and the DNA template. 

After standard DNA elongation, ligation, and a primary selection by digesting with 

restriction enzyme, the mixture of mutated and unmutated plasmids are transformed into 

a mutS E. coli strain defective in mismatch repair. Transformants are pooled, and plasmid 

DNA is prepared from the mixed bacterial population. The isolated DNA is then 

subjected to a second selective restriction enzyme digestion. Since the mutated DNA 

lacks the restriction enzyme recognition site, it is resistant to digestion. The parental 

DNA, however, is sensitive. to digestion and will be linearized, rendering it at least 100 

times less efficient in transformation of bacterial cells (Cohen et a!., 1972; Conley et a!., 

1984). A final transformation using the thoroughly digested DNA will result in highly 

efficient recovery of the desired mutated plasmids. 



Fig.S. Strategy for site-directed mutagenesis with Clontech Transformer™ 

kit (Stratagene). 
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13.1. Design and Synthesis of the Selection an!f Mutagenic Primers 

The function of the selection primer is to eliminate an original unique restriction 

enzyme site and change into another unique restriction site. The selection primer can be 

designed by incorporating one or more base pair changes within the targeted unique 

restriction site. Our selection primer was designed by changing the original unique 

restriction enzyme (Sea I) site to another unique restriction site (Bgl II). The Sea I 

restriction site is located within the pBluescript SKI! vector sequence, not within the 

cloned eDNA. So this change will not interfere with the expression of our gene ( e.g.; by 

causing a reading-frame shift or a premature termination codon). The mutagenic primers 

were designed to introduce the desired mutation. In our case, the three conserved histidyl 

residues were changed to asparagine residues. The position and sequence of the selection 

primer and mutagenic primers are shown in Fig; 9. They were synthesized in the Central 

Core Facility in our department. They were stored at -20°C at a concentration of I ug/ul. 

In most cases, I 0 nucleotides of uninterrupted matching sequences on both ends 

of the primer (flanking the mismatch site) will give sufficient annealing stability, 

provided that the GC content of the primer is greater than 50%. If the GC content is less 

than 50%, the lengths of the primer should be extended accordingly. The mismatch bases 

should be placed in the center of the primer sequence. The annealing strength of the 

mutagenic primer should always be equal to or greater than that of the selection primer. 

13.2 Phosphorylation of the Synthetic Oligonucleotide Primers 

The synthetic oligonucleotide primers must be phosphorylated at the 5 'end, so 

that they can be ligated to the 3'end of the newly synthesized strand. The protocol for 



Fig.9. Sequence and position of selection and mutagenic primers. 
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primer phosphorylation is: To a 1.5-ml microcentrifuge tube, 2ul 10xT4 kinase buffer 

(USB), 2ul lOmM ATP (Pharmacia), lui of each primer (lug/ul), and lOu T4 

polynucleotide kinase (10u/3ul) were added. The volume was adjusted to 20ul with H20. 

The contents were mixed and centrifuged briefly, and incubated at 37°C for 60min. The 

reaction was stoped by heating at 65°C for !Omin. The pho~phorylated primers can be 

stored at -20°C. 

13.3. Competent BMH 71-18 mutS cell preparation 

The cell stock provided in the Transformer™ Site-directed Mutagenesis Kit was 

streaked on an LB plate containing 1.5% agar and 50ug/ml tetracycline. The plate was 

incubated at 3 7°C overnight. A single well-isolated colony was picked and inoculated 

into a sterile tube containing 5ml of LB broth plus 50ug/ml tetracycline. It was incubated 

at 37°C overnight with shaking at 220rpm. Then, lml of the saturated overnight culture 

ofBMH 71-18 mutS cells was transferred to a fresh, sterile 500-ml flask contaning lOOm! 

of LB medium (no tetracycline at this step). The cells were incubated at 37°C with 

shaking at 220rpm until the OD600 reaches 0.5±0.03. This usually took 2.5-3.0hr. When 

the culture reached an OD600 of 0.5, the flask was chilled on ice for 20min and then the 

cells were collected by centrifugation at 1 ,200xg for 5min at 4 °C. The cells were 

resuspended in !Om! of ice-cold TSS (85% LB medium, 10% polyethyleneglycol, 5% 

dimethylsulfoxide, 50mM MgC12 pH6.5). They can be stored at -70°C for long-term 

storage. 
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13.4 Template Denaturation and Annealing of Primers 

Complete denaturation of the template DNA must occur. Crucial to the success of 

the Transformer mutagenesis is the coupling of the mutations introduced by the selection 

and mutagenic primers. To ensure high coupling, both the selection and mutagenic 

primers should be present in a 200-fold molar excess to the single-stranded template 

DNA. The reaction was set up in a 1.5-ml microcentrifuge tube as follows: 2ul of lOx 

annealing buffer, 0.1 ug plasmid DNA, 0.1 ug of phosphorylated selection primer and 

mutagenic primer were added with water to a total volume of 20ul and mixed well. The 

tube was incubated at I00°C for 3min. It was then chilled immediately in an ice water 

bath (0°C) for Smin. 

The mutant DNA strand was synthesized as follows: To the primer/plasmid 

annealing reaction, 3ul of 1 Ox synthesis buffer (Clontech), I ul T4 DNA polymerase (2-

4u/ul), 1 ul of T4 DNA ligase (4-6u/ul), and Sui of H20 were added. The contents were 

mixed and incubated at 37°C for 1-2hr. The reaction was stopped by heating at 70°C for 

Smin to inactivate the enzymes, and then the tube was allowed to cool to room 

temperature. 

13.5 Primary Selection by Restriction Digestion 

The restriction enzyme Sea I can selectively linearize the parental DNA. This step 

will greatly increase the percentage of mutant plasmids present in the pool of the first 

transformation, and will facilitate the next restriction digestion. The concentration of 

NaCI is very important for getting a complete digestion. The concentration ofNaCI in the 

synthesis/ligation mixture is 37.5mM in a total volume of 30ul. The optimum buffer for 
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Seal is Promega Buffer K or D. In Buffer D, enzyme activity is 75-100% of the activity 

in Buffer K. In order to get the final NaCl concentration to be 150mM, 2.55ul of lOx 

Buffer D and 1 ul of Sea I restriction enzyme were a!fded to the synthesis/ligation mixture 

and the mixture was incubated at 37°C for 3-4hr. The restriction enzyme was inactivated 

by heating at 70°C for 5min. 

13.6 First Transformation 

Chemical transformation was used to amplifY the mutated strand (as well as the 

parental strand) in mucS (repair-deficient) E. coli.. A wa~er bath was preheated to 42°C. 

Sui ( 15ng) of the Sea I digested plasmid/primer DNA solution was added to a 1.5-ml 

microcentrifuge tube containing 1 OOul of competent BMH71-18 mutS cells and incubated 

on ice for 20min. The tube was transferred to 42°C for !min and immediately lrnl of 

S.O.C. medium was added. It was incubated at 37°C for 60min with shaking at 220rpm 

for recovery. After the 60min recovery period, 1 OOul of the transformation mixture 

(mixed with 40ul of 20mg/ml x-gal solution and lOu! of 20mM IPTG solution) was 

spread on a LB (lOOug/ml Ampicillin) plate and incubated at 37°C overnight. The 

number of clonies on the plate gave early indication of the effectiveness of the mutagenic 

procedure. 

13.7 Amplification Step 

4ml of LB medium containing 1 OOug/ml ampicillin was added to the remaining 

900ul transformation mixture. The culture was incubated at 37°C overnight With shaking 

at220rpm. 
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13.8 Isolation of the Mixed Plasmid Pool Using the Boiling-Lysis Method 

The boiling-lysis method consistently results in clean "mini-prep" DNA. The 5rnl 

overnight E. coli cultures were centrifuged at 3,000 rpm (700-1200xg) for 5min at room 

temperature (-22°C). The supernatant was decanted. The cell pellets were resuspended in 

200ul of STET (8% Sucrose, 5% Triton X-100, 50mM Tris-HCI, pH 8.0, 50mM EDTA, 

pH 8.0) buffer. The suspensions were transferred to 1.5-ml microcentrifuge tubes. 1 Oul of 

Iysozyme/RNase mix (!Omg/ml lysozyme, Img/ml RNase, 50mM Tris-HCI, pH 8.0) 

were added. The tubes were transferred to 100°C for 3min and centrifuged in a 

microcentrifuge at 14,000rpm (-IO,OOOxg) for !Omin at room temperature (-22°C). The 

supernatant was transferred to fresh 1.5-ml microcentrifuge tubes. To remove the 

proteins, phenol, phenol/chloroform, and chloroform extractions were used. 200ul of 

5.0M ammonium acetate solution and 400ul of isopropanol were added to each tube and 

centrifuged in a microcentrifuge at 14,000rpm (-lO,OOOxg) for 2min at room temperature. 

The supernatant was discarded. The pellets were washed with 70% ethanol and dried. The 

DNA pellets were dissolved in lOu! ofTE buffer and OD600 was measured. 

13.9 Secondary Selective Restriction Enzyme Digestion 

Complete digestion of parental ( uiunutated) plasmids by Sea I will greatly 

increase the percentage of the mutant plasmid pool. First the purified mixed plasmid 

DNA was diluted to 0.1 ug/ul. The secondary Sea I enzyme digestion is as follows: 2ul of 

O.lug/ul plasmid DNA, 2ul lOx restriction enzyme buffer K, lui (!Ou/ul) Sea I restriction 
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enzyme and H20 were added to a 20ul reaction. It was mixed well and incubated at 37°C 

for 2hr. Additi.onal 2ul 1 Ox restriction buffer, 1 ul Sea I restriction enzyme and 17ul H20 

were added. The incubation was continued at 37°C for another lhr. The enzyme was 

inactivated by heating at 70°C for 5 min. 

13.10 Final Transformation 

This step was used to amplify and clone the mutated plasmid. S.Oul of the 

digested plasmid DNA (approximately 25ng) was used for transformation of SOul DH5o: 

competent cell (GIBCO BRL) by chemical transformation. After the 60-min period 

recovery, 200ul of the transformed cells, 40ul of 20mg/ml x-gal solution, and lOu! of 

20mM IPTG solution were spreaded evenly onto LB plates containing the 1 OOug/rnl 

ampicillin for selection oftransformants. The plates were incubated at 37°C overnight. 

13.11 Characterization of the mutant plasmids 

After final transformation, the DNA of the putative mutant plasmids was isolated 

with a mini-prep DNA extraction Kit (Promega) and screened by Bgl II restriction 

enzyme digestion. The digested plasmids were further conformed by Sea I not digesting 

and direct sequencing of the mutagenized regions. 

14. Functional Expression of the Mutants in HeLa Cells 

The Infectionltransfection procedure and transport assay were the same as before 

except that the incubation time for radiolabeled substrate was Smin instead of 3 min. The 
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empty pBluescript SKII vector, wild type PEPT 2, and the two mutants of PEPT 2 were 

functionally analyzed at the same time. 

15. Subcloning of a Polyadenylated Human Intestinal Peptide 

Transporter eDNA into pBluescript SKII(-) 

The cloning of a 2.2-kb eDNA fragment (PEPT 1) has been described previously 

(Liang et al. 1995). However this truncated eDNA did not possess a 3' poly( A) tail and 

had only about 80 nucleotides in the 3' untranslated region. Liang et al. also had screened 

a human ileal eDNA library and isolated a clone with longer insert. This clone (named 

phage 4) had three EcoRI fragments. The sequence of the insert was the same as PEPT 1 

except that this clone had 900 nucleotides in the 3'-untranslated region containing a 

polyadenylation signal (AATAAA) and a poly(A) tail. 

Using EcoRI partial digestion, a 2.5kb eDNA fragment (PEPTI B) containing the 

3'-untranslated region and poly(A) tail but lacking a 5'-coding region of 0.6kb was 

subcloned. Subsequent sequencing revealed that both PEPT I and PEPTl B were in ·the 

same orientation within the vector (downstream from the T7 promoter). There was an 

overlapping region between PEPT 1 and PEPTl B containing a unique restriction site 

(Nsi I). Double digestion of PEPT1 B with Nsi I (in the insert) and Xbal (in the multiple 

cloning site) yielded a 1.8-kb eDNA fragment containing the entire 3'-untranslated region 

and part of the coding region. Double digestion of PEPT 1 with Nsi I and Xbal and 

removal of a l.Okb fragment by gel purification generated a 4.2kb fragment containing 

the entire pBluescript SK.II and part of the 5'-coding region. The 1.8kb and 4.2kb 
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fragments were ligated together which yielded a 3.lkb full-length human intestinal 

W/peptide transporter eDNA. Plasmid DNA was prepared using the CsCI equilibrium 

ultracentrifugation method for expression in the Xenopus Iaevis oocyte system (see 

appendix A). Since the eDNA in the vector pBluescript SK(-) contains the start site codon 

3' to the plasmid-encoded T7 RNA polymerase promoter. Therefore, ·!n v·itro transcription 

of the eDNA was done with T7 RNA polymerase (Fig. 1 0) (Appendix B). Capping of 

cRNA was done using a kit from Stratagene. The DNA template was digested by RNase 

free DNase (Stratagene). Female frogs were purchased from Nasco Biologicals Inc., Fort 

Atkinson, WI. The next day after oocyte preparation, the oocytes were microinjected with 

either SOn! of sterile water (control) or lng/nl cRNA (test). Injection was done into the 

white cytoplasm part. The activity of the expressed transporter in oocytes was assayed by 

uptake studies with radiolabelled glycylsarcosine. 



Fig.lO. Strategy for expression of exogenous eDNA in Xenopus laevis oocyte. 
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Results 

1. Isolation of the peptide transporter eDNA clones from a human 

kidney eDNA library 

The human kidney lambda gtlO eDNA library was screened by plaque 

hybridization using VCS 257 host cells. The probe we used was a S'end fragment(560bp) 

of the rabbit intestinal H+/peptide cotransporter eDNA. This fragment corresponded to a 
\ 
I 

conserved coding region of the rabbit intestinal peptide transporter, the plant 

nitrate/chlorate transporter and the yeast peptide permease, all three belonging to theW-

coupled transporter gene family. 

Several rounds of screening under low stringency conditions were performed to 

obtain positive clones in pure form. This was necessary because even after secondary 

screening some of the negative phage clones may contaminate the positive clones. The 

purity of the clones was confirmed only after tertiary screening. The number of the 

plaques on the plate equaled the positive signals on the X-ray film. Finally 24 positive 

clones were identified. Phage DNA was prepared from these clones. Since this eDNA 

library was constructed using EcoRI adaptors, digestion with this restriction enzyme will 

show the insert DNA digestion pattern and length. The full length of the insert DNA will 

53 
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be the sum of the length of individual EcoR I fragments. All of these positive clones 

were found to be related to each other as judged from EcoRI digestion pattern. Most of 

these clones had three EcoRI fragments (1.85kb, O.Skb, 0.45kb). Only two of the clones 

had four EcoRI fragments (1.85kb, O.Skb, 0.2kb, and O.!Skb). We chose one clone 

(named IA) which had three EcoR I fragments to study its structure and function. 

2. Subcloning of the EcoR !-digestion -fragments into pBluescript SKIT 

From clone !A, phage DNA was isolated in large amounts. Using EcoRI 

complete digestion, the 1.85kb, O.Skb, 0.45kb fragments were electrophoresed, gel 

purified and ligated into the pB!uescript SKU(-) phagemid individuely. DH10B 

competent cells were transformed with the recombinant plasmid DNA and grown on 

LB/agar plates with ampicillin and X-gal/IPTG. The pBluescript SKII(-) phagemid 

contains a LacZ gene in its multiple cloning region. When this region is intact ( i.e., when 

there is no DNA fragment inserted into the cloning site). The LacZ gene is expressed. If 

the bacteria containing pBluescript SKU are cultured .in the presence of IPTG which is

the inducer of the LacZ gene promoter and X -gal which is a chromogenic substrate for 

the LacZ gene product p-galactosidase, the LacZ gene will be expressed, and the 

resulting colonies appear blue. If the LacZ gene is disrupted by insertion of a piece of 

DNA into the cloning site, then the bacteria do not produce the LacZ gene product and 

the colonies are white rather than blue. 

Since the O.Skb fragment was difficult to separate from the 0.45kb fragment, both 

of these fragments were cut together and genecleaned. After ligation and transformation, 
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size analysis of the DNA inserts in the white colonies was performed by electrophoresis 

of the EcoR I digestion fragments on a low melting agarose gel to distinguish the O.Skb 

fragment from the 0.45kb fragment. These efforts led to successful subcloning of the 

1.85kb, O.Skb, and 0.45kb fragments into pBluescript SKI!(-). 

3. Sequencing and alignment of the EcoRI digestion fragments 

The insert of lA clone was sequenced from both ends using the T7 and T3 

sequencing primers on the plasmid. To complete the sequencing, 19 additional primers 

were designed based on the obtained sequences. Each primer was 18 nucleotide-long and 

had 50-60% GC content. The suitability of the sequencing primers was checked using the 

Oligo 4.0 software program. Both the sense and antisense strands were sequenced for 

confirmation. 

The sequences of the l.85kb, O.Skb, 0.45kb fragments were compared with the 

PEPT I sequence for sequence homology using the GenBank program Bestfit. This 

indicated the order of the EcoR I digestion fragments in the kidney eDNA insert to. be 

1.85kb followed by 0.5kb and 0.45kb. But the first base of the 1.85kb fragment was the 

123rd bp of the PEPT 1 eDNA and the first amino acid in one of the open reading frames 

of the 1.85kb fragment is the the 23rd amino acid of PEPT I. This clone was tested for 

functional expression using the HeLa cell expression system. This clone was found to be 

nonfunctional.· This meant that the clone lA was truncated at the 5' end. 
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4. Sequence analysis of the 1.85kb Fragments of Other Positive Clones 

Since the clone lA was found to be truncated at the 5' end, we analyzed 'other 

positive clones with an aim to obtain a full length clone. In this analysis, we found two 

clones showing a digestion pattern different from that of the other. These 2 had 3 EcoRI 

internal sites in the eDNA inserts, generating 1.85kb, O.Skb, 0.2kb and O.lSkb fragments 

upon EcoR I complete digestion. The 1.85kb fragment sequence was still the same as that 

of clone lA. The 0.2kb fragment appeared to be new and most likely represented the 5' 

end fragment that was missing in the clone lA. Using a low melting agarose gel, we 

isolated the 0.2kb and 0.15kb fragments and subcloned them into pB!uescript SK.II(-). 

After sequencing, we found that the 0.2kb fragment sequence aligned with the S'end of 

PEPTI. It was the missing 5'-end fragment of clone lA. The O.Skb fragment was the 

same as the O.Skb fragment of clone !A by EcoR I digestion. The O.lSkb was same as 

0.45kb, but with 350bp truncated at the 3'end. This clone, called clone 3A, was used in 

subsequent efforts to obtain the full length clone suitable for functional expression. 

5. Subcloning of the partial2.5kb fragment into pBiuescript SKII(-) 

A pilot experiment was run first to determine the optimal concentration of EcoR I 

which would give the maximal amount of the full-length eDNA insert. After digesting the 

phage DNA with increasing concentrations of EcoRI, the digestion products were size

fractionated on a 1% agarose gel and capillary transferred onto a Hybond nylon 

membrane. In order to clearly show the EcoRI partial digestion pattern, a Southern blot 
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was performed later after we obtained the full-length insert and used it as the probe 

(Fig.ll ). In addition to the four complete digestion fragments (1.85kb, 0.5kb, 0.2kb, and 

0.15kb), this procedure yielded five new fragments (2.7, 2.5, 2.35, 2.0, and 0.65kb in 

size). The 2.7kb is the full-length insert. After several attempts, the subcloning of the 

2. 7kb fragment into pBluescript SKII(-) was not successful. However, we succeeded in 

subcloning the 2.5kb fragment (consisting of 1.85kb, 0.5kb and 0.15kb) into this vector. 

·The correct orientation was known by sequencing the two ends of the insert. We found 

this 2.5kb clone was under T7 promoter control. However this clone lacked the 5'end 

0.2kb fragment and hence was nonfunctional. 

6. Subcloning of the full-length (2.7kb) eDNA into pBiuescript Skii(-) 

We used the following strategy to obtain the 2.7kb full-length clone. We designed 

one upstream primer (primer I) with an adaptor at the 5'end of the primer containing 

Xhoi restriction enzyme site. The downstream primer (primer 2) was a sequencing primer 

which corresponded to a region located approximately in the middle of the 1.85kb 

fragment with a unique Nsi I restriction enzyme site at about 0.2kb upstream of this 

primer. With these primers and the 3A phage DNA as the template, a 0.9kb PCR product 

was obtained. This product and the 2.5kb clone were double digested with Xho I and Nsi 

I restriction enzymes. After digestion, we isolated and genecleaned a 0.7kb fragment from 

the PCR product and a 5 kb fragment from the 2.5kb clone. We ligated these two 

fragments and transformed DH5a competent cells with the ligation products. We got 

three·white colonies. After DNA preparation and digestion by Xho I and Nsi I restriction 



Fig.ll. Southern blot of partial digestion products of PEPT 2 

Phage DNA was digested with increasing concentrations of EcoR I, and the 

digestion products were electrophoresed and probed with [32P]-labeled full-length 

human kidney peptidem+ cotransporter eDNA. The arrow at the top indicates the 

lane containing the maximal amount of the full-length(2. 7kb in size) PEPT 2 

eDNA. The concentration of EcoR I corresponding to this lane was chosen for a 

large scale preparation of the full-length PEPT 2 eDNA. 



1 .• ,...--: 

EcoR I concentration 

Kb 

____...--: 2. 7 
. 2.5 

====:::--... }·3 5 ~2.0 
1.85 

t-----0.65 
f------0.5 

~~-==::::::-- 0.2 - 0.15 

58 



59 

enzymes, it was found that all three colonies had the 2.7kb full-length insert. This was 

confirmed again by digestion with several other restriction enzymes and DNA sequencing 

of the two ends of the insert. 

7. Sequence and structure analysis 

The full-length eDNA, PEPT 2, is 2685bp long with an open reading frame of 

2190bp (including termination codon) (Fig.12). The initiation codon is in a Kozak 

consensus sequence, GCCATGA (Kozak, 1986). The coding sequence is flanked by a 

30bp long sequence on the 5' untranslated region and a 465bp long sequence on the 3' 

untranslated region. The eDNA is predicted to code for a protein consisting of 729 amino 

acids. The encoded protein is expected to have a core molecular size of 81,940 Da and an 

isoelectric point of 8.26. Hydropathy analysis of the amino acid sequence was done 

according to Kyte & Doolittle (1982) .. With 22-23 residues per transmembrane domain, 

hydropathy analysis revealed the presence of 12 transmembrane domains in the PEPT 2 

(Fig.l3 ). There is a long hydrophilic segment ( -165 amino acids) between the 

transmembrane domains 9 and I 0, which resembles the human intestinal peptide 

transporter (PEPT I) and the rabbit intestinal peptide transporter. There are three putative 

N-glycosylation sites (Asn-Xaa-Ser or Asn-Xaa-Thr) in this exoplasmic hydrophilic 

segment. There are five potential sites for protein kinase C-dependent phosphorylation 

(Ser/Thr-Xaa-Lys/ Arg), but no site for protein kinase A-dependent phosphorylation. 

Comparison of the amino acid sequence between the kidney clone (PEPT 2) and the 

human intestinal H+/peptide cotransporter (PEPT I) reveals significant homology, with 



Fig.12. Nucleotide and predicted primary amino acid sequence ofPEPT 2. 

The full-length PEPT 2 eDNA is 268Sbp long with an open reading frame of 

2190bp(including termination codon). The predicted protein consists of 729 

amino acids. Underlined amino acid sequences indicate the 12 stretches of 

hydrophobic amino acids presumed to span the plasma membrane. 
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Fig.13. Hydropathy plot of the amino acid sequence ofPEPT 2 

Number 1-12 refers to · the predicted membrane spanning regions with a 

long( about 200 amino acids) hydrophilic segment between the transmembrane 

domains 9 and 10. The upper and lower numbers denote the amino acid number in 

the sequence. The hydropathy analysis was done by the method ?f Kyte and 

Doolittle (1982) using the Genetics Computer Group Sequence Analysis Software 

Package, Version 7 .I. 
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50% identity and 70% similarity (Fig.14 ). The similarity includes identity and the 

conservative change of amino acids. PEPT 2 is 21 amino acids longer than PEPT 1 at the 

N-terminus. The extent of similarity is much higher in transmembrane domains than in 

the large hydrophilic loop and in the amino- and carboxy-termini. 

8. Analysis of Tissue distribution ofPEPT 1 & PEPT 2 by RT-PCR 

Mammalian kidney and small intestine are the primary tissues in which W

coupled peptide transport activity is expressed. Northern blot analysis of mRNA derrived 

from human kidney and intestine with PEPT 2 eDNA as the probe failed to detect 

hybridizable transcripts in these tissues, most likely due to low abundance of the 

transcripts. Therefore, we used RT-PCR to detect the expression of the PEPT 2 and 

PEPT 1 mRNA in the human kidney and small intestine. 

For RT-PCR, two sets of PCR primers were designed based on the nucleotide 

sequences of the cloned human kidney eDNA (PEPT 2) and the human intestinal 

W /peptide co transporter (PEPT I) eDNA. According to the nucleotide sequence 

alignment of these two cDNAs, we chose the region which had the least similarity 

(especially at the 3'end of the primer) between the two eDNA sequences as PCR primers. 

Also we considered the appropriate length between upstream and downstream primers. 

The kidney eDNA-specific primers corresponded to nucleotide positions 900-917 (18mer, 

upstream primer) and 1760-1777 (18mer, downstream primer) of the eDNA. The 

intestine eDNA-specific primers corresponded to nucleotide positions 342-360 (18mer, 



Fig.14. Alignment of the amino acid sequences ofPEPT 1 & PEPT 2. 

The deduced amino acid sequences of the human kfdney peptide/H+ 

cotransporter(PEPT 2) and human intestinal peptide/H+ cotransporter(PEPT 1) 

were aligned using the GAP analysis software of the Genetics Computer Group 

Sequence Analysis Software Package Version 7 .1. Sequence identities are lined. 

The dots denote conserved amino acid substitutions. Overall, the two protein 

sequences exhibit 50% identity and 70% similarity . 
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upstream primer) and 1575-1592 (18mer, downstream primer) of the eDNA. RNA 

samples derived from human kidney (cortex) and human small intestine Gejunum) were 

subjected to RT-PCR with each set of these primers and the products were analyzed by 

agarose gel electrophoresis. Using kidney eDNA-specific primers, RNA from human 

kidney produced a PCR product of expected size (0.9kb) (Fig. ·15). In contrast, RNA from 

human intestine failed to generate this product. These results showed that PEPT 2 is 

specifically expressed in the kidney. Small intestine, a major site for peptide transport, 

does not express PEPT 2. 

In contrast to PEPT 2, Northern analysis with PEPT 1 eDNA as the probe has 

indicated previously that PEPT 1 transcripts were present in the small intestine as well as 

in the kidney (Liang et al., 1995). In the present study, we investigated the expression of 

the PEPT 1 transcript in these two tissues by RT-PCR. Using the intestinal eDNA

specific primers, total RNA from both tissues produced PCR products of expected size 

( -1.2kb) (Fig.15). In order to avoid cross amplification of PCR product from these two 

homologous clones, the specificity of the PCR primers was established by using PEPT 1 

and PEPT 2 eDNA independently as templates. The results showed that the RT-PCR 

primers we chose were specific for either PEPT 1 or PEPT 2. It is clear from these 

experiments that PEPT 1 is expressed in both intestine and kidney whereas PEPT 2 is 

expressed only in kidney. 



Fig.lS. Differential expression ofPEPT 1 and PEPT 2 in human intestine and 

kidney. 

RNA from human intestine(Ianes 1 and 4) and human kidney(lanes 2 and 5) was 

subjected to RT-PCR using primer pairs specific for either PEPT I (lanes 4-6) or 

PEPT 2(lanes 1-3). Lanes 3 and 6 are negative controls run in p~allel in the 

absence of RNA. The RT-PCR products were analyzed by agarose gel 

electrophoresis. 
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9. Functional Expression in HeLa Cells 

To establish the identity of PEPT 2 as a W/peptide co transporter, the function of 

the clone was evaluated in HeLa cells using the vaccinia virus expression system 

(Blakely et al., 1991 ). Vaccinia virus infects a broad range of host cells and can be. 

replicated, transcribed, and translated in the cytoplasm. Single genes carried directly into 

cells in this expression system can achieve high-level expression without the requirement 

for nuclear transit and the translation products exhibit proper post-translational processing 

and normal functional properties (Piccini et al., 1987; Leonard et a!., 1989). The 

recombinant vaccinia virus containing the gene for T7 RNA polymerase can transcribe 

the eDNA insert of the transfected plasmid-eDNA construct provided the insert is under 

the control of the T7 promoter. 

The PEPT 2 eDNA was constructed in pBluescript SKII(-) under T7 promoter 

control, which could also serve as the target of vaccinia-encoded T7 RNA polymerase. 

When this construct was transfected into HeLa cells expressing a recombinant vaccinia 

virus T7 RNA polymerase, the cells were able to transport the dipeptide glycylsarcosine 

in a H+-dependent manner. The transport in PEPT 2 cDNA-transfected cells was 4-fold 

higher than in cells transfected with the vector alone (Fig. 16). The H+-dependence of the 

eDNA-induced peptide transport activity was shown by the significant increase in the 

activity when measured at pH 6.0 instead of pH 8.0. However, the activity was unaffected 

by the pH change in control cells. The transport of glycylsarcosine observed in control 

HeLa cells was not carrier-mediated because this activity was not saturable. 



Fig.16. Transport of glycylsarcosine, glycine and proline in HeLa cells. 

HeLa cells were transfected with either empty vector( open bars) or PEPT 2 eDNA 

(striped bars) and 8-lOh following transfection transport of radiolabeled 

glycylsarcosine(30uM), glycine(SOnM), or proline(SOnM) was measured at pH 

6.0 or 8.0 using a 3 min incubation period. Values are means±S.E .. 
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The radiolabel in glycylsarcosine used in transport measurements was present in 

the glycyl moiety as well as in the sarcosyl moiety. Mammalian kidney is known to 

express a W-coupled transport system for amino acids such as glycine and proline 

(Roigaard-Peterson et al., 1987; Rajendran et al., 1987). If the dipeptide is hydrolyzed to 

any significant extent during incubation with the cells, transport of the radio label may be 

mediated by the H+-coupled amino acid transport systems rather than by theW/peptide 

cotransporter system. Therefore, in order to establish unequivocally that the cloned 

kidney eDNA is indeed a H+ /peptide cotransporter, it was necessary to compare the 

transport of glycine and proline in control and PEPT 2 cDNA-transfected cells (Fig. 16). 

The results showed that there was no difference in the transport activities of these two 

amino acids in control cells versus cDNA-transfected cells , clearly establishing the 

identity ofPEPT 2 as a H+-coupled peptide transporter. 

10. Functional Characterization of the PEPT 2 in HeLa Cells 

10.1 Kinetics of glycylsarcosine transport in PEPT 2 cDNA-transfected HeLa cells 

The reabsorption of small peptides in mammalian kidney is energized by a 

transmembrane electrochemical H+ gradient. Kinetic studies with brush-border 

membrane vesicles have indicated the existence of multiple peptide transport systems in 

the kidney (Silbemagl et al., 1987; Skopicki eta!., 1991). PEPT 1 was cloned in our 

laboratory from human intestine. It is expressed not only in the intestine but also in the 

kidney. It is a low-affinity transporter which is in agreement with previous studies 
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demonstrating the presence of a low-affinity peptide transporter in the kidney. PEPT 2 

cloned in the current project is kidney-specific and is not expressed in the intestine. It also 

catalyzes W -coupled peptide transport. The earlier findings indicated the presence of a 

high affinity peptide transport system in the kidney (Daniel et a!., 1991; Tiruppathi et a!., 

1990 a,b,c ). In order to provide more evidence for functional differentiation between 

PEPT 1 and PEPT 2, we used the vaccinia virus expression technique to determine the 

kinetic parameters for PEPT 2-mediated dipeptide transport at varying concentrations of 

glycylsarcosine (10-SOOuM). The concentration-transport rate relationship was 

hyperbolic, indicating saturability of the PEPT 2 eDNA-induced transport process (Fig. 

17). The experimental data was found to fit best (r=0.99) to a transport model describing 

a single carrier-mediated process plus a diffusional process. This analysis gave the 

following values for the kinetic parameters of the carrier-mediated process: Kt, 74±14uM 

and Vmax, 504±32pmol/106cells/3min. These results showed that PEPT 2 codes for a 

high-affinity H+/peptide cotransporter. The apparent affinity of PEPT 2 for 

glycylsarcosine is 4-fold greater than that of PEPT I under identical experimental 

conditions (Kt value ofPEPT I was 0.29±0.04mM). 

10.2 pH-dependence of PEPT 2 function 

There is evidence from brush border membrane vesicle studies that peptide 

transport is an active process. It is driven by a W gradient rather than a Na + gradient. 

The extravesicular pH directly influences the activity of the peptide transport system. The 

pH-dependence of PEPT 2 function was investigated in our system by measuring the 



Fig.17. Kinetics of glycylsarcosine transport induced by PEPT 2 eDNA in 

HeLa cells. 

Transport of glycylsarcosine in PEPT 2 cDNA-transfected HeLa cells was 

measured at pH 6.0 with a 3 min incubation over glycylsarcosine concentration 

range of 10-500 uM. Values represent means±S.E. for 3 determinl!tions. Inset: 

Eadie-Hofstee plot for carrier-mediated transport. 
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PEPT 2 eDNA-induced glycylsarcosine transport in HeLa cells at various extracellular 

pH (pH 5.0-9.0). The transport was very low at pH 9.0, but it increased markedly when 

the pH was decreased. The pH-transport rate relationship was bell-shaped in the pH range 

of 5.5-9.0, with an optimum at pH 6.0-7.0 (Fig.l8). This result confirmed the 

proton/peptide cotransport mechanism and the optimum pH fm the peptide transport. 

10.3 Substrate specificity of PEPT 2 transport activity 

The peptide transporter not only transports dipeptides, but also transports 

tripeptide and ~-lactarn antibiotics. To determine the substrate specificity of PEPT 2, the 

ability of unlabeled amino acids, dipeptides, tripeptides, and amino ~-lactam antibiotics 

(IOmM) to compete with [14q glycylsarcosine (30uM) for the transport process induced 

by PEPT 2 was studied (Table I). The free amino acids (glycine, sarcosine) had no effect 

on the transport. On the other hand, dipeptides, tripeptides, as well as the three amino ~

lactam antibiotics ( cyclacillin, cefadroxil, and cephalexin) were found to be potent 

inhibitors of the transport. The PEPT 2-induced transport system thus appears to be 

specific for small peptides and peptide-like compounds, such as ~-lactam antibiotics with 

no affinity toward free· amino acids. 

10.4 Affinity ofPEPT2 for various other dipeptides 

PEPT 2 encodes a high-affinity H+/peptide cotransporter. The apparent affinity of 

PEPT 2 for glycylsarcosine is 4-fold greater than that of PEPT 1 under identical 

experimental conditions. Glycylsarcosine is a zwitterionic dipeptide consisting of neutral 

amino acids. Therefore, it is of interest to know whether the relatively higher affinity of 



Fig.l8. Dependence of PEPT 2-mediated glycylsarcosine transport on 

extracellular pH. 

HeLa cells were transfected with PEPT 2 eDNA and 12h following transfection 

transport of 30uM glycylsarcosine was measured with a 3 min incubation at 

different extracellular pH. Values represent means±S.E. for 3 determinations. 
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Table I. Substrate specificity of PEPT 2 expressed in HeLa cells. 

HeLa cells were transfected with either the empty vector or PEPT 2 eDNA and 8-

IOh following transfection, transport of [14C]-labeled glycylsarc~sine douM) 

was measured at pH 6.0 using a 3 min incubation. Concentration of unlabeled 

amino acids, peptides, and ~-lactam antibiotics was 1 OmM. Data represent" PEPT 

2 eDNA-induced transport, calculated by subtracting the transport in vector

transfected cells from the transport in PEPT 2 cDNA-transfected cells. In the 

absence of unlabeled compounds, the transport in vector-transfected cells 

represented 25±3% of the transport in PEPT 2 cDNA-transfected cells. Values aie 

means±S.E .. 
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PEPT 2 compared to PEPT 1 is also observed for other peptides consisting of anionic 

and/or cationic amino acids. 

Assuming competitive interaction between the inhibitory peptides and 

glycylsarcosine, we compared the ability of a number of anionic and cationic dipeptides 

to inhibit the transport or' glycylsarcosine mediated by PEPT 1 and PEPT 2 following 

their expression in HeLa cells (Table II). All dipeptides tested inhibited glycylsarcosine 

transport induced by PEPT 1 and PEPT 2. In the case of PEPT 1, the transport was 

measured at a glycylsarcosine concentration of 25uM. This concentration was less than 

one-tenth of the Kt value (290uM). The inhibition caused by 1 OOuM of Ala-Asp, Ala

Lys, Lys-Ala and Asp-Lys under these conditions ranged between 20 and 55%. The 

inhibition by I OOuM of the neutral dipeptide Ala-Ala was also within this range. In the 

case of PEPT2, the transport was measured at a glycylsarcosine concentration of 50uM. 

This concentration was very close to the Kt value (74uM). Under these conditions, the 

inhibition caused by I OOuM of Ala-Asp, Als-Lys, Lys-Ala, Asp-Lys and Ala-Ala was in 

the range of 70-90%. Using these inhibition data and the respective Kt values, we 

estimated the inhibition constants (Ki) for these peptides according to the method of 

Hajjar and Curran (1970). 

As shown in Table II, the Ki values were in the range of 80-400uM for PEPT 1. 

In contrast, the corresponding Ki values for PEPT 2 in the range of 6-23uM were many

fold lower than those for PEPT 1, demonstrating that PEPT 2 exhibits higher affinity than 

PEPTl not only for zwitterionic dipeptides but also for anionic and cationic dipeptides. 



Table II. Inhibition of PEPT l-and PEPT 2-mediated glycylsarcosine 
transport by zwitterionic, anionic and cationic dipeptides. 

HeLa cells were transfected with either PEPT I eDNA or PEPT 2 eDNA and the 

transport of glycylsarcosine was measured at pH 6.0 with a 3 min incubation. 

Concentration of Gly-Sar was 25uM for PEPT I and 50uM for PEPT 2., 

Concentration of inhibitory peptides was I OOuM. Gly-Sar transport !lleasured in 

cells transfected with empty vector was subtracted from the transport measured in 

cDNA-transfected cells to determine PEPT l-or PEPT 2-mediated transport. Ki 

values were estimated using a Kt of 290uM for PEPT I and 74uM for PEPT 2. 

Values represent means±S.E. for 3 determinations. 
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11. Site-directed Mutagenesis of PEPT 2 and Functional Studies of the 

Mutated Clones in HeLa Cells 

Following the eDNA cloning and functional expression, we need to know the 

molecular mechanisms of peptide transport. From the chemical modification studies, we 

know that histidyl residues are crucial for peptide transport. Comparison of the amino 

acid sequence among the cloned rat intestinal, rabbit intestinal, rabbit kidney, human 

intestinal, and human kidney peptide transporters show that there are three histidyl 

residues conserved an1ong all these transporters (Fig. 19). These histidyl residues 

probably participate in the i-t -dependent transport function of these transporters. 

Functional role of these conserved histidyl residues in PEPT 1 has been evaluated by 

mutating these residues and by comparing the transport characteristics of the mutant 

transporters with those of the parent wild type transporter (F ei et a!., 1996). A similar 

approach was taken to evaluate the functional role of the conserved histidyl residues in 

PEPT 2. We mutated the first two conserved histidyl residues of PEPT 2 to asparagine 

residues. These two residues aligned to the His57 (mutant 1) and His 121 (mutant 2)· of 

PEPT 1. Using the vaccinia virus expression system, we transfected the empty vector 

pBluescript SK II, the wild type PEPT2, the mutant I and the mutant 2 eDNA 

individually into the HeLa cells (Fig.20). The results showed that the uptake of 

glycylsarcosine by the mutant I and mutant 2 are significantly lower than that of wild 

type PEPT 2. After subtraction of the endogenous uptake, the uptake of glycylsarcosine 

by mutant I was zero and the uptake of glycylsarcosine by mutant 2 was only 30% 

compared to that of the wild type. These data show that His-57 is obligate for the 



Fig.19. Location of the three conserved histidine residues among the 

members ofthe peptide transporter family. 

• hPEPT2=human kidney peptide transporter. 

, • rabPEPT2=rabbit kidney peptide transporter. 

• hPEPTl =human intestinal peptide transporter. 

• ratPEPTI =rat intestinal peptide transporter. 

• rabPEPTl =rabbit intestinal peptide transporter. 

• The three conserved histidine residues are boxed. 
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Fig.20. Functional studies of PEPT 2 mutants in HeLa cells. 

Upper panel: HeLa cells were transfected with empty vector (column 1 ), wild type 

PEPT2 eDNA (column 2), mutant 1 (column 3), and mutant 2 (column 4). 

Transport of glycylsarcosine was measured at pH6.0 using a 5 min incubation 

period. V a!ties are means±S.E .. 

Lower panel:· After subtraction of the endogenous transport, the eDNA-specific 

transport was calculated for mutant 1 (column 2) and mutant 2 (column 3) as 

percent of the transport activity of the wild type PEPT 2 (column 1). 
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transport function and that His-121 is also at least partially essential. But we still do not 

know the exact role of the histidyl residues in the peptide transport. Since one amino acid 

change could significantly affect the half life of a protein, future studies will have to 

determine the transporter density in the HeLa cell plasma membrane for the wild type and 

mutant PEPT 2. 

12. Subcloning and Sequencing of the Human Intestinal Peptide 

Transporter eDNA with the Poly( A) Tail 

Nearly all mRNAs in eukaryotic cells end in a homopolymer of 20-250 adenine 

nucleotides. This poly(A) "tail", which is added in the nucleus following transcription, is 

usually shortened once the mRNA enters the cytoplasm. The poly( A) tail both stimulates 

translation and stabilizes the mRNA. The shortening of the poly(A) tail by nucleases will 

result in rapid decay of the mRNA and reduce the half-life of the mRNAs. So in order to 

get high expression of the message in expression systems such as the Xenopus oocyte 

expression system, it is desirable to get a eDNA clone with the poly(A) tail. The 

originally cloned PEPT I eDNA (2.2kb) did not have a poly( A) tail. When this clone was 

expressed in Xenopus oocytes, a significant expression of the transport function was 

detectable. But for electrophysiological studies, a higher expression level is required. 

Therefore, we screened a human intestinal eDNA library to obtain a PEPT I eDNA clone 

with a poly( A) tail. This clone, named phage 4, is 3 134bp long with a -900 bp long 3'

UTR and a stretch of 29 adenine nucleotides at the 3' end of the sense strand (Fig.2 I). 

According to the results of electrophysiological studies using this clone (Mackenzie et al. 
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1996), the long 3'-UTR and poly(A) tail increased significantly the expression of the 

peptide transporter in the Xenopus oocyte expression system. 



Fig.21. Nucleotide and predicted amino acid sequence ofthe human 

intestinal peptideiH+ cotransporter eDNA (phage4). 

This clone has the same coding region as PEPT I. But it is 3,134bp long With 

-900bp long 3'-UTR and a stretch of 29 adenine nucleotides at the 3'-end. 
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Discussion 

The Na+-independent carrier-mediated mechanism for the transport of di- and 

tripeptides across the luminal membrane of kidney tubular ·epithelial cells has been 

investigated in detail (Ganapathy et a!., 1986; Ganapathy et a!., 1987b; Silbemagl S, 

1988). This transport process is distinct from the Na+-dependent transport systems for 

free amino acids. Studies using isolated brush border membrane vesicles have shown that 

renal peptide transport is energized by an inwardly directed H+ gradient via an 

electrogenic H+/peptide cotransport mechanism (Ganapathy eta!., 1983; Takuwa eta!., 

1985; Daniel eta!., 1991). The H+-dependency of this system has been widely accepted 

and has been confirmed in different animal species and with different tissue preparations 

(Barfuss et a!., 1988; Silbemagl et a!., 1987). This transport system also accepts several 

~-lactam antibiotics (Inui et a!., 1984; Kramer et a!., 1988b) which possess tripeptide-like 

chemical structures as substrates. It is well known that there is a similar H+-coupled 

peptide transport system in the luminal membrane of the intestinal absorptive cells. There 

are still notable differences in certain aspects of the peptide transport process between the 

small intestine and the kidney. There is only a low-affinity high-capacity peptide 

transport system in the intestine, but two kinetically distinguishable peptide transport 
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systems have been described in the kidney. The results of the study of Daniel et al.(1991) 

were suggestive of two separate carriers. The evidence is based on the observation that 

alteration in the membrane potential had a different impact on the kinetics of Gly-Gln 

uptake by the high affmity and the low affinity systems. A linear relationship was found 

between the inside-negative K+ diffusion potentials and the velocity of the high affinity 

system. In contrast, the low affinity system did not respond significantly to changes in 

membrane potential. Moreover, other investigations using brush-border membrane 

vesicles prepared only from the cortex of rat kidney also concluded the existence of the 

high and low affinity peptide transporters (Silbernagl eta!., 1987). 

In order to prove the existence of two different peptide transporters in small 

intestine and kidney at the molecular level, we have attempted to isolate and characterize 

the cDNAs encoding the intestine-specific and kidney-specific H+/peptide cotransporters. 

Recently, our laboratory has successfully isolated and characterized a eDNA encoding the 

H+/peptide cotransporter from human intestine (Liang et a!., 1994). This transporter, 

called PEPT I, is a low-affinity peptide transporter with the Kt value 290uM. In this 

study, we have isolated and characterized the kidney-specific H+/peptide cotransporter by 

homologous hybridization. This transporter, called PEPT 2, shows SO% homology in 

amino acid sequence to the human intestinal W /peptide co transporter (PEPT I). The 

tissue distribution of PEPT 1 showed that PEPT 1 is expressed not only in the small 

intestine, but also in the kidney (Liang et a!., 1994). But the Northern blot analysis of 

PEPT 2 expression in different tissues gave negative results, probably due to low 
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abundance of PEPT 2 transcripts. It is also possible that the hybridization-ready Human 

Multiple Tissue blot that we used in this study has lost sensitivity because it has been 

reused earlier several times in our laboratory. In order to detect PEPT 2 mRNA, we 

applied the RT-PCR technique using total RNA from human intestine and kidney. The 

results show that while PEPT 1 is expressed in the intestine- as well as in the kidney, 

PEPT 2 is expressed only in the kidney. Functional expression of PEPT 2 in HeLa cells 

using the vaccinia virus system demonstrated that PEPT 2 is high-affinity peptide 

transporter with a Kt value of 74uM. These studies have provided a molecular 

explanation for the differences between the intestinal and kidney peptide transporters. 

In the process of cloning, we struggled for a long time to subclone the full-length 

eDNA into pBluescript SKI!(-). The difficulty was primarily due to the presence of 

several EcoR I sites in the eDNA insert. When we did partial digestion to generate the 

full-length insert, there were totally nine partial and complete digestion fragments shown 

on the gel. It was difficult to separate them very well and get a sufficient amount of the 

full-length fragment for cloning. After several attempts, we successfully subcloned the 

2.5kb (lacking the 5' end 0.2kb fragment) into pBluescript SKII. Then we used a PCR 

strategy to obtain the missing 5' end 0.2kb fragment and ligate it to 5'end of the 2.5kb 

fragment. The partial digestion, gene cleaning, and subcloning work were very tedious. In 

the future, we could use some other alternative strategies such as: 

1. Synthesize two oligonucleotide primers with unique restriction enzyme sites. These 

primers should just flank the insert. Do PCR using phage DNA as template and pfu 
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DNA polymerase (stratagene) or Vent DNA polymerase (New England Biolabs) to 

increase PCR fidelity. 

2. If we could subclone the 5' -end partially digested fragment and the 3 '-end partially 

digested fragment, we can choose one unique enzyme cutting in the overlapping region of 

the these two subclones and ligate them to generate the full length eDNA. 

3. Use several additional restriction enzymes to determine whether some other enzyme 

might have been better than EcoR I for our purpose. 

Using the vaccinia virus expression system, the expression of PEPT 2 in HeLa 

cell was successful. For gene expression, bacterial systems provide important 

adavantages, such as ease of use and high expression, but impose a number of limitations 

for synthesis of eukaryotic proteins. In particular, correct folding, proteolytic processing, 

glycosylation, secretion and subunit assembly may not occur or may occur incorrectly in 

bacteria. For these reasons, eukaryotic cells are preferred for expression of eukaryotic 

genes. We considered that a hybrid vector system that would utilize the highly efficient 

bacteriophage T7 RNA polymerase in an eukaryotic environment might have significant 

advantages. T7 RNA polymerase is a single-subunit enzyme, ·with high catalytic activity 

and strict promoter specificity (Chamberlin eta!., 1982; Dunn eta!., 1983). One potential 

problem with the use of a prokaryotic RNA polymerase in a eukaryotic cell is the 

requirement for mRNA to be processed, capped, methylated, and polyadenylated. The 

strategy explored here involves the introduction of the T7 RNA polymerse gene into a 

cytoplasmic virus. 
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Poxviruses comprise a widespread family of DNA viruses that transcribe and 

replicate their DNA in the cytoplasm. Vaccinia virus, the prototypal member of this 

family, has a large linear double-stranded DNA genome that encodes an entire 

transcription system including polymerase, capping/methylating enzymes and poly(A) 

polymerase(Moss, 1985). Therefore, single genes carried directly into cells by this virus 

can achieve high-level expression without the requirement for nuclear transit and 

translation products exhibit proper post-translational processing and normal functional 

properties (Piccini.et al., 1987; Leonard et al., 1989). Production of recombinant vaccinia 

virus, carrying T7 RNA polymerase, however, requires site-spe~ific integration with 

recombination plasmids (Mackett et al., 1984; Rice et al., 1988). The vaccinia/T7 hybrid 

virus, when transfected into cells, can produce large amount of T7 RNA polymerase in 

the cytoplasm and act on T7 promoter-bearing target sequences to achieve high level and 

rapid cytoplasmic gene expression. 

Still there are many doubts about the modification and translation efficiency of 

the T7 transcripts. It was found that T7 transcripts comprise 30% of the total cytoplasmic 

RNA at 24 hr after infection, but only 1 0% of the T7 transcripts was expressed (Fuerst et 

al., 1989). The gross difference between the amount of transcripts and protein synthesized 

indicated that translation was suboptimal. Analysis of the 5' ends of the transcripts 

indicated that they were initiated properly. At least 25% of these transcripts were 

polyadenylated based on adsorption to oligo (dT)- cellulose; however, only 5 to 10% of 

these were capped (Elroy-stein et al., 1989). Since the cap structure plays an important 

role in translation, the poor capping provided an explanation for the discrepancy between 
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the major amount of RNA made and the moderate amount of protein expressed. There is 

evidence that vaccinia virus RNA guanylyltransferase is associated with the viral 

transcription complex, thereby allowing RNA synthesis and capping to occur 

concurrently. This suggests that a lack of coupling between the vaccinia virus RNA 

guanylyltransferase and bacteriophage T7 RNA polymerase delays capping of T7 

transcripts. In addition, the 5' end stem-loop structure of the T7 transcripts, which was 

found to be crucial for its stability, might interfere with capping as well as with ribosome 

binding and scanning. 

To improve the efficiency of the system further, it will be necessary to increase 

the translatability of the abundant RNA made. One approach is to overproduce the 

vaccinia virus RNA guanylyltransferase in the hope that the extent of capping will be 

increased. The opposite strategy is to modify the 5' ends of the RNAs to enhance cap

independent translation. It is well known that the mRNAs of certain viruses, including 

members of the picornavirus families are not capped (Svitkin et a!., 1978). The vaccinia 

virus/bacteriophage T7 system may provide a powerful tool for the study of both RNA 

degradation and cap-independent translation. 

Using the vaccinia virus expression system, we have demonstrated that the human 

PEPT 2 is a high-affinity H+/peptide cotransporter in contrast to the recently cloned 

human PEPT 1 which is a low-affinity W/peptide cotransporter. The relatively higher 

affinity of PEPT 2 versus PEPT 1 is seen for a variety of structurally diverse dipeptides, 

including zwitterionic dipeptides, anionic dipeptides, and cationic dipeptides. This 

marked difference in the affinity for peptide substrates is the first functional distinction 
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between the cloned human PEPT 1 and human PEPT 2. The high-affinity of PEPT 2 for 

peptides is physiologically important because the concentration of the peptide substrates 

in the renal tubular lumen is expected to be low. The high-affinity transport system is 

suited for efficient reabsorption of peptides under these conditions. The low-affinity 

PEPT 1 is expressed in the intestine and also in the kidney. In the intestinal lumen, the 

concentration of pep tides arising from the digestion of dietary proteins is expected to be 

very high and the low-affinity/high-capacity transport system PEPT 1 is physiologically 

suited for absorption of the peptides in the intestine. 

Since the brush border membrane of the renal tubular cells is one of the richest 

sources of peptidases, it is likely that the concentration of small peptides is very low in 

the early parts of the proximal tubule, but the concentration increases along the length of 

the proximal tubule due to hydrolysis oflarger peptides and proteins by these peptidases. 

We speculate that PEPT 2 and PEPT 1 may be expressed differentially in the proximal 

and distal regions of the proximal tubule respectively to function most effectively in the 

reabsorption of peptides under these conditions. 

In addition to endogenous peptide s1;1bstrates, the intestinal and renal peptide 

transport systems also accept several peptidomimetic drugs as substrates(Tsuji et 

al., 1987). It is likely that there are differences ·between PEPT 1 and PEPT 2 in the 

recognition of these drugs (Ganapathy et al., 1995). This indicates that significant 

quantitative as well as qualitative differences exist in the handling of these drugs between 

the intestine which expresses only PEPT 1 and kidney which expresses primarily PEPT 2. 
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The functional distinction between PEPT 1 and PEPT 2 in terms of substrate 

affinity may also be very useful in future studies directed at identifying the specific 

domains responsible for substrate binding in PEPT 1 and PEPT 2. 

In addition to the expression of PEPT 2 in HeLa cells using the vaccinia virus 

expression system, we have also tried to express the cloned PEPT 2 in Xenopus laevis 

oocytes. For PEPT 1, even the clone without the poly(A) tail gave 8-fold greater activity 

for glycylsarcosine transport than found in water injected oocytes. The clone with 

poly(A) tail (phage 4) gave 40-50-fold higher expression. But PEPT 2 failed to be 

expressed in the Xenopus laevis oocytes. We ligated a length of DNA that encoded the 

poly(A) tail and -500nt 3'UTR of PEPT 1 to the 3'-end of the PEPT 2 eDNA in order to 

improve the mRNA stability ofPEPT 2. Using electrophysiology, we only observed very 

little current (-5nA). This means that PEPT 2 was able to induce peptide transport in 

Xenopus laevis oocyte. But for some unknown reasons, the expression of PEPT 2 in 

Xenopus laevis oocyte is very low. With purified brushborder membrane vessicles, the 

' 
uptake of peptides was much higher in the kidney than in the intestine. But in Xenopus 

laevis oocyte expression system, when the intestinal mRNA was microinjected into 

oocyte, a 3-fold increase in uptake activity was observed(Miyamoto et al., 1991). 

However, when the kidney mRNA was injected into oocyte, there was no signal 

observed. Therefore, it seems likely that there are some unknown elements interfering 

with the kidney peptide transporter expression in Xenopus oocytes. There may be some 

sequences in the 3'-UTR ofPEPT 2 eDNA which makes the mRNA unstable, or maybe 

the short 5'-UTR (30nt) of PEPT 2 eDNA interrrupts the recognition of the translation 



90 

start codon (ATG) by the oocyte translation system. For these reasons, we can trY to 

remove the 5'-UTR and 3'-UTR ofPEPT 2 eDNA and insert only the coding region of 

PEPT 2 eDNA into the vector which has a poly( A) tail, or we can try primer extension 

method to improve the length of the 5'-UTR. If these approaches still can not resolve the 

low expression ofPEPT 2 in the Xenopus expression system, it might mean that there are 

probably some other more complicated reasons. Nonetheless, the low expression of the 

human PEPT 2 eDNA in oocyte expression system is a very interesting phenomenon. The 

resolution of this puzzle will help us to understand more about the regulation of gene 

expression in Xenopus oocytes. 

The cloning of PEPT 1 and PEPT 2 also provides a useful tool to identify new 

cell lines which express PEPT 1 or PEPT 2. Such cell lines would offer ideal 

experimental models for the regulatory aspects of the peptide transporters. A cultured cell 

line of intestinal origin(Caco-2) is currently available as a model system to investigate 

intestinal peptide transport(Brandsch et a!., 1994; Thwaites et a!., 1993). The kinetic 

characteristics of the peptide transport system expressed in this cell line are si!llilar to 

those of the peptide transport system present in the normal intestine. But there is a lack of 

such a cell line of kidney origin available as a model to investigate the kidney-specific 

peptide transport system. The widely used kidney epithelial cell lines OK, LLC-PKI, and 

MDCK share many features with normal epithelial cells. We have recently examined 

these cell lines for their suitability as a model for renal peptide transport (Brandsch et a!., 

1995a). These studies have shown that LLC-PK1 and OK cells do not possess H+/peptide 

cotransport activity. Even though MDCK cells express H+-coupled peptide transport 
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activity, kinetic studies reveal that the transporter expressed in these cells is most likely 

PEPT 1, the low-affinity/high-capacity type. There is no evidence for the expression of 

high-affinity/low-capacity type (PEPT 2) in MDCK cells. Recently, our laboratory 

(Brandsch eta!., 1995b) has identified for the first time a renal cell line which exclusively 

expresses PEPT 2. This cell line, called SKPT-0193 Cl.2 was derived from the rat kidney 

proximal tubule. Kinetic studies have revealed that the H+ -coupled peptide transporter 

present in this cell line exhibits high affinity for its peptide substrates. Examination of 

peptide transport over a wide range of peptide concentrations has ruled out the presence 

of any measurable low-affinity transport systems. Northern analysis of poly( A)+ RNA 

derived from these cells with PEPT 1- and PEPT 2-specific eDNA probes has provided 

evidence for the expression of only PEPT 2. So the MDCK cells express PEPT 1 and 

SKPT-0193 C1.2 cells express PEPT 2. MDCK cells were most likely derived from distal 

regions of the renal tubule. In contrast, SKPT-0193 Cl.2 cells were originally derived 

from proximal renal tubules. As discussed earlier, the normal kidney may express the 

low-affinity PEPT I in the distal regions of the tubule and the high-affinity PEPT 2 in the 

proximal regions of the tubule. This is the physiological basis for the differential 

expression ofPEPT 1 and PEPT 2 in MDCK and SKPT-0193 Cl.2 cells respectively. 

With the eDNA for PEPT 2 now available and its amino acid sequence known, 

the eDNA will provide an invaluable tool to investigate the regulation of the transporter 

function in intact cells. The eDNA can be used to determine the steady state levels of the 

transporter mRNA transcripts and thus investigate transcriptional regulation and mRNA 

stability changes. The amino acid sequence can be used in the generation of antipeptide 
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antibodies directed specifically against PEPT 2. The antibodies raised against the 

transporter are vital for progress in areas such as irnrnunolocalization of the transporter in 

tissues and cultured cells, regulation of the transporter function, and synthesis and sorting 

of the transporter. There are a number of strategies available to raise antibodies against 

the transporter. Other, in some ways more desirable, approaches are available to generate 

anti-PEPT 2 antibodies. The PEPT 2 eDNA can be cloned into an appropriate bacterial 

vectors which can be used to synthesize the transporter protein as a fusion protein in 

E.coli. The major advantage of this method is that the recombinant E.coli can be grown in 

large quantities to yield miligram quantities of the transporter fusion protein. The 

transporter can be excised from the fusion protein and used as the antigen to raise 

antibodies. The antitransporter antibodies will also be useful in irnrnunoprecipitation and 

subsequent purification of the transporter protein for further characterization. If the 

catalytic function of the transporter is modulated by phosphorylation/dephosphorylation, 

the availability of the antibodies will assist us in demonstrating the phosphoprotein nature 

of the transporter. 



SUMMARY 

In this project, we have successfully cloned a human kidney peptide/~-lactam 

antibiotic transporter (PEPT 2) from a human kidney lambda gt10 eDNA library. The 

full-length eDNA clone has four EcoR I fragments (1.85kb, 0.5kb, 0.2kb, and 0.15kb). 

Each fragment was subcloned into pBluescript SKII and sequenced. Combining the 

partial digestion and PCR methods, we have subcloned the full-length eDNA insert 

(2. 7kb) from lambda gtl 0 bacteriophage vector into pBluescript SKII phagemid vector. 

In the plasmid-eDNA construct, the insert is under the control of the T7 promotor. Thus, 

the eDNA can be expressed functionally using the vaccinia virus expression system and 

the Xenopus oocyte expression system. 

The sequence and structure of the PEPT 2 eDNA have been analyzed. The full

length eDNA is 2685bp long with an open reading frame of 2190 bp (including 

termination codon). The coding sequence is flanked by a 30bp iong sequence on the 5'

untranslated region and a 465 bp iong sequence on the 3'-untranslated region. The eDNA 

is predicted to code for a protein consisting of 729 amino acids. The encoded protein is 

expected to have a core moleculer size of 81,940 Da and an isoelectric point of 8.26. 

Hydropathy analysis of the amino acid sequence identifies the presence of 12 

transmembrane domains in PEPT 2. There is a long hydrophilic segment between the 
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transmembrane domains 9 and 10. There are three putative N-g1ycosylation sites in this 

exoplasmic hydrophilic segment. There are five potential sites for protein kinase C

dependent phosphorylation but no site for protein kinase A-dependent phosphorylation. 

Comparison of the amino acid sequence between the PEPT 2 and PEPT 1 reveals 50% 

identity and 70% similarity. PEPT 2 is 21 amino acids longer than PEPT 1 at the N

terminus. The extent of similarity is much higher in transmembrane domains than in the 

large hydrophilic loop and in the amino-and carboxy-termini. 

While PEPT 1 is expressed in both intestine and kidney, PEPT 2 is expressed only 

in kidney. The function of PEPT 2 was evaluated in HeLa cells using the vaccinia virus 

expression system. When this construct was transfected into HeLa cells, the cells were 

able to transport the dipeptide glycylsarcosine in a W-dependent manner. The transport 

in PEPT 2 cDNA-transfected cells was 4-fold higher than in cells transfected with the 

vector alone. This eDNA-induced peptide transport activity was significantly higher 

when measured at pH 6.0 instead of pH 8.0. The increase in the transport of radiolabel 

from [14C]glycylsarcosine in cDNA-transfected cells was not due to the transport of 

amino acids which might have resulted from the dipeptide by hydrolysis. The transport 

. was indeed due to the transport of the intact dipeptide. 

Kinetic studies with the vaccinia virus expression technique gave the following 

values for the kinetic parameters for the activity of PEPT 2: Kt, 74±14uM and Vmax 

504±32pmolll o6cells/3min. These results showed that PEPT 2 codes for a high-affinity 

W/peptide cotransporter. The apparent affinity of PEPT 2 for glycylsarcosine is 4-fold 
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greater than that of PEPT 1. The pH-transport rate relationship of PEPT 2 is bell-shaped 

in the pH range of 5.5-9.0, with an optimum at pH 6.0-7.0. In the determination of 

substrate specificity of PEPT 2, the free amino acids (glycine, leucine, sarcosine) are not 

transported by this transporter. The PEPT 2-induced transport system appears to be 

specific for small peptides and peptide-like compounds, such as P-lactam antibiotics. 

When we compared the ability of a number of anionic and cationic dipeptides to inhibit 

the transport of glycylsarcosine mediated by PEPT 1 and PEPT 2 following their 

expression in HeLa cells, all dipeptides tested inhibited glycylsarcosine transport induced 

by PEPT 1 and PEPT 2. The calculated Ki values for PEPT 2 are however many-fold 

lower than those for PEPT 1, demonstrating that PEPT 2 exhibits higher affinity than 

PEPT 1 not only for zwitterionic dipeptides but also for anionic and cationic dipeptides. 

Site-directed mutagenesis of PEPT i eDNA shows that the first conserved histidyl 

residue is absolutely essential, while the second conserved histidyl residue is at least 

partial essential for the transport function. 



Appendix 

A. CsCl EQUILIBRIUM ULTRACENTRIFUGATION METHOD 

I. Prepare a I OOml overnight growth of bacteria by selecting a small colony from plate 
\ 

containing plasmid grown on media with appropriate antibiotic. Incubate overnight at 

37°C with shaking. 

2. Dilute overnight growth of bacteria into one liter of LB medium and grow bacteria at 

37°C with shaking to an O.D. at 600 nm of0.6. The capacity of the flask should be 

five times the volume ofliquid. 

3. Add ISOmg of chloramphenicol. 

4. Incubate cultures with shaking at 37°C for 16 hours. 

5. Collect the bacteria by centrifugation at 9,000 rpm for 10 minutes at 4°C and drain 

pellets. 

6. Resuspend the pellets in a total volume of 36 ml of 50 mM glucose, 25 mM Tris-HCl, 

10 mM EDTA, pH 8.0. 

7. To the suspension, add 4 ml of a 40 mg/ml solution oflysozyme in the glucose buffer 

indicated above and incubate the mixture at room temperature for I 0 minutes. 
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8. Add 80 ml of 0.2 M NaOH, 1% SDS(this solution sho11ld not be more than one week 

old) and gently swirl the mixture. The suspension should clear. Do not shake too 

vigorously as this will release chromosomal DNA. 

9. Then add 40 ml of a 5.0 M acetate solution(3.0 M potassium acetate, 2.0 M acetic 

acid) and mix well. A white precipitate should form. 

10. <ientrifuge the solution at 8,000 rpm for 5 minutes at 4°C and filter the supernatant 

through 4-5 layers of sterile gauze. 

11. Add 0.6 volumes ofpropan-2-ol to the filtrate and mix thoroughly. 

12. Collect the precipitate by centrifugation at 10,000 rpm for 10 minutes at 4°C. 

13. Wash the pellets witiJ cold 70% EtOH containing 200 mM Tris-HCl, pH 8.0, 

recentrifuge and drain. 

14. Resuspend the pellets in a total volume of30 ml of!O mM Tris-HCl, pH 7.4, 0.5 mM 

EDTA. 

15. Add 30g cesium chloride for every 30 ml of DNA solution. 

16. To each gradient add 10 mg ethidium bromide dissolved in 1 ml dimethyl sulfoxide. 

17. Centrifuge the gradients at 40,000 rpm for 24-48 hours at 15°C with Ti 50 Beckman 

rotors. 

18. The gradients generally contain three bands: the lowest band does not adsorb 

ethidium bromide; Both of the upper two bands adsorb ethidium bromide but on 

many gradients the less dense band of the two, which corresponds to chromosomal 

DNA can barely be seen. (If the preparation is quite good, the upper band will be 



98 

multimers of the plasmid and there will be essentially no chromosomal DNA). Collect 

the plasmid band, which corresponds to the lower of the two ethidium bromide 

adsorbing bands. 

19. Extract the ehhidium bromide with isopropanol that has been saturated with 10 mM 

Tris-HCI pH 7.4, 0.5 mM EDTA and cesium chloride. 

20. Dialyze with several changes of 10 mM Tris-HCI pH 7.4, 0.5 mM EDTA overnight. 

21. Determine concentration of DNA. 

B. IN VITRO TRANSCRIPTION OF CDNA TO CRNA 

To make IOOul ofcRNA, the following are incorporated: 

RNasein (Promega 440/ul) 5:0ul 

5 x Transcription Buffer(Stratagene) 20.0 ul 

rNTPs mixture 4.0ul 

Cap Analogue(Pharmacia 0.50/ul) 3.0ul 

0.75 M DTT(Stratagene) 4.0 ul 

GIBCOH20 add to !OOul 

eDNA template 3.0ug 

T7 RNA Polymerase(Stratagene) 2.0ul 

Centrifuge the mixture briefly and incubate at 3 7°C water bath for 15min. Add 

lui !OmM GTP(Stratagene) and put in 37°C for 15min. Add lui !OmM GTP again and 



99 

incubate at 37°C for another 15min. Then add 4ul RNase-free DNase(Stratagene) and 

incubate at 37°C for an additional 30min to degrade the DNA template. 

Add lOOul GIBCO H20. Extract with phenoVchloroform and chloroform. 

Precipitate with ammonium acetate and 100% EtOH. Wash with 70% EtOH three ~imes. 

Dry the pellets and dissolve in 1 OOul GIBCO H20. Precipitate. again and wash the pellets 

with 70% EtOH three times. Dry the pellets and dissolve in lOu! of H20, Run lul on the 

formaldehyde gel and read O.D. with another 1 ul cRNA. Store the remaining cRNA at -

80oC 

C. XENOPUS LAEVIS OOCYTE MICROINJECTION 

C.l. Oocyte preparation 

Anesthetize female Xenopus by immersing in 0.1% MS-222(3-aminobenzoic acid 

ethylester) until the frog refrains from righting itself when tipped over. Remove 

approximately 2/3 of ovary, cut into each lobes. Keep in Barth's solution at room 

temperature. Cut oocytes into clamps. Isolated oocytes were transferred to vial with 

transfer pipette. Only good cells which are in stage 4 and stage 5 with clear edge of black 

and white part should be collected. Treat the oocytes with collagenase(2mg/ml) in Barth's 

solution for 45min at room temperature. Rinse 4-5 times with Barth's. Oocytes can be 

stored in incubator at 18°C and defolliculation can be done on the following day. 

C.2. Defolliculation 
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Using a pipette, transfer 8-10 oocytes to large petri-dish under microscope with 

defolliculation solution. Gather the oocytes in the middle (at the center) of dish and 

defolliculate them with forcepts. Move the defolliculated oocytes to the edge of the dish 

so that it is easy to distinguish. Transfer the defolliculated oocytes to vials with 

Barth's! gentamicin. Inject the RNA after overnight incubation .. 

C.3. RNA injection 

Heat RNA 2min at 65°C. Spin at 4°C for Smin. Put parafilm leaning against 

petridish which has mesh and immersed with Barth's/gentamicin. Drop RNA solution in 

the middle of parafilm. Suck RNA with 20um(tip diameter), pulled, siliconized inside and 

baked glass pipetts. 

Put oocytes on mesh using transferpipette: 20-30 oocytes/one time. Injection of 

oocytes should be done near equator in the white part. Inject SOn! for each egg. 
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