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Abstract 

 
Absorption of dietary proteins can be met through the uptake of free amino acids 

or as small peptides. A peptide transport protein, PepT1, is responsible for the absorption 

of intact peptides arising from digestion of dietary proteins. PepT1 is driven by a H+-

coupled transport system that allows for the absorption of small peptides through the 

intestinal brush border membrane. Screening of a porcine intestinal cDNA library with a 

sheep PepT1 cDNA probe resulted in the identification of three porcine PepT1 (pPepT1) 

cDNAs of varying sizes and sequences.  Each variant cDNA isolated was cloned into a 

mammalian expression vector, sequenced, and expressed in Chinese hamster ovary 

(CHO) cells. Peptide transport was assessed by uptake studies using the radiolabeled 

dipeptide [3H]-Gly-Sar. Only one of the three cDNAs encoding for a protein of 708 

amino acids induced H+-dependent peptide transport activity. Through computer analysis, 

a putative protein structure for pPepT1 was developed. The transporter has an unusual 13 

transmembrane structure with the N-terminus located extracellularly and the C-terminus 

located intracellularly. Seven glycosylation sites and three protein kinase C 

phosphorylation sites are located throughout the protein. Expression of pPepT1 activity in 

CHO cells had a optimal peptide uptake at 18-24 hours. The transporter showed optimal 

uptake at a pH of 5.5-6.0. Eighteen different unlabeled dipeptides and tripeptides were 

found to inhibit the uptake of [3H] -Gly-Sar in competition studies. The IC50 of 13 of the 

dipeptides and two tripeptides ranged between 0.015 to 0.4 mmol/L. The exceptions were 



Lys-Lys, Arg-Lys, and Lys-Trp-Lys, which showed IC50 values greater than 1.37 mmol/L 

and appear to be poor substrates for pPepT1. All three of the tetrapeptides examined 

showed very high IC50 values and inhibition of the uptake of Gly-Sar was too small to 

measure even at a 10mM concentration. Dipeptides and tripeptides appear to be 

substrates for the porcine intestinal peptide transporter while tetrapeptides do not appear 

to be transported. 
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          Chapter 1 
 

Introduction 

 
In recent years, it has been established that absorption of amino acids can occur 

through the uptake of free amino acids or as small peptides. Two major peptide 

transporters, PepT1 and PepT2, have been cloned from several mammalian species over 

the last decade.  PepT1 and PepT2 are capable of absorption of di- and tripeptides as well 

as various peptide-like drugs by H+-coupled cotransport (Wenzel et al., 2001). The only 

peptide transporter isolated from the gastrointestinal tract, PepT1, is believed to be solely 

responsible for peptide transport from this region. Until recently, little research has 

focused on peptide transport in agricultural species. The magnitude of peptide absorption 

and the nutritional and pharmaceutical significances of this process are still unknown for 

many food-producing species, such as swine. 

There is convincing evidence that feeding small peptides may require less 

metabolic energy and transport time, making them superior to that of feeding free amino 

acids of comparable amino acid composition (Ganapathy et al., 1994).  For many years 

porcine intestinal tissue has been used for in vivo experiments but little is known about 

the kinetic and affinity properties of transporters. Tissue samples from the porcine 

intestine were observed to uptake dipeptides in Michaelis-Menten type saturation kinetics 

(Winckler et al., 1999). Cloning and characterization of the porcine intestinal peptide 

transporter would provide a better understanding of the peptide transport process. In the 

future, the knowledge gained from studying the substrate specificity and transport 

kinetics of the porcine peptide transporter may aid in implementing a better management 

program for swine nutrition. Forms of supplemental amino acids such as specific peptides 
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or mixtures of specific peptides may improve animal productivity (Webb et al., 1990).  

Outcomes from research in this area may lead to better management of the nutritional 

needs of farm animals and the reduction in wasted nitrogen excreted in manure which can 

pollute the environment.  
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Chapter II 

                                            Review of Literature 

 
Protein intake is essential for normal growth, pregnancy, and lactation in swine 

and all other mammals. Assimilation of dietary proteins in the small intestine is crucial in 

fulfilling the nutritional needs for amino acids and maintaining a proper nitrogen balance 

in mammals. For amino acids to be utilized, uptake across the brush border membrane 

and the basolateral membrane of intestinal enterocytes must occur. Numerous transport 

systems located within intestinal epithelia membranes allow for absorption of amino 

acids in the form of free amino acids, di-, and tripeptides. An important finding since the 

end product of protein digestion includes a mixture of free amino acids and small 

peptides. In recent years the importance of peptide transport has been documented and a 

few different peptide transporters have been cloned and identified.   The focus of this 

review is on the efforts to clone and characterize the intestinal peptide transporter 

(PepT1) from mammalian species.   

 

The Role of Amino Acids in Mammals 

Since mammals are unable to use molecular nitrogen, they must acquire fixed 

nitrogen from compounds such as amino acids. A constant supply of amino acids are 

necessary to replace the amino acids that cannot be recaptured during normal daily 

protein degradation.  Oxidation to fix nitrogen from amino acids provides much of an 

animals energy and also provides the basic building blocks for proteins, DNA and RNA 

(Morris, 1991). There is believed to be 20 or 21 amino acids (TGA codon can encode for 

selenocysteine) that are encoded by DNA and about another 120 amino acids that arise by 
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post translational modification (Chambers et al., 1986). Mammals are unable to 

synthesize about 10 amino acids from constituents normally present in the diet at a rate 

commensurate with optimal performance. These 10 amino acids are referred to as 

essential amino acids while all other amino acids are nonessential and can be produced by 

the body. Even nonessential amino acids can not be ignored when formulating a diet 

because a diet that contains all the essential amino acids but is lacking nonessential amino 

acids will be inadequate in the nitrogen needed for production of nonessential amino 

acids (Morris, 1991).  To formulate a balanced and economical diet in which no amino 

acid should become deficient, it is important to know the rate of absorption from the 

lumen of all amino acids and peptides. 

 

Protein Digestion and Absorption 

  Proteins need to be digested into small absorbable products before they can be 

taken up by enterocytes.  The digestion of proteins begins with interluminal hydrolysis by 

pancreatic and gastric secretions that contain proteases. Pepsins contained within gastric 

juices are able to hydrolyze a broad range of peptide bonds.  The products of this peptide 

hydrolysis have the ability to stimulate gastrin and  cholecystokinin  release that regulate 

gastric acid secretions and gastric emptying. These enzymes are rapidly denatured in 

alkaline environments resulting in little to no peptic digestion past the duodenum 

(Johnson, 2001).  

Pancreatic enzyme secretions contain numerous endopeptidases and 

exopeptidases. Luminal endopeptidases attack specific internal peptide bonds in proteins, 

while exopeptidases attack stepwise from the amino or carboxyl terminus. The average 
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North American human diet provides 70-100g of exogenous proteins daily and 

approximately 95 to 98% of these proteins are digested and absorbed (Erickson and 

Kim,1990). This demonstrates the broad range of enzymes that are available throughout 

the gastrointestinal tract to carry out efficient digestion.  

 The wide range of peptidases and peptide chain substrates result in numerous 

distinct end-products. Luminal digestion proteins are presented to the small intestine as 

approximately 40% free amino acids and 60% peptides ranging in size from two to six 

amino acids (Johnson, 2001). The small intestine is the principal site for protein 

absorption and by the time luminal contents reach the ileocecal juction, protein digestion 

is almost complete  (Ganapathy et al., 1994). Free amino acids are carried across the 

brush border membrane via group specific amino acid transport systems. While a single 

peptide transporter, PepT1, is thought to be responsible for peptide uptake in the 

gastrointestinal tract.  Small peptides consisting of di- and tripeptides are absorbed across 

the brush border membrane by these peptide transporters located in the apical membrane 

of intestinal enterocytes (Matthews, 1987; Fei et al., 2000).  

Products from protein digestion that are too large for absorption into the 

enterocytes are further hydrolyzed by membrane bound brush border peptidases. These 

brush border peptidases have higher activity in the ileum than the jejunum, resulting in a 

decrease of peptide concentration from the jejunum to the ileum (Johnson et al., 2001). 

The products from brush border hydrolysis generate a major portion of the absorbable 

products from protein digestion. Peptides that are resistant to hydrolysis are transported 

across the apical membrane by peptide transporters and are rapidly hydrolyzed by 

cytosolic peptidases into free amino acids (Chang et al., 1996).  Group specific amino 
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acid transporters on the basolateral membrane of enterocytes are responsible for these 

amino acids entering the circulation (Adibi et al., 1997). Although, peptide transporters 

located on the basolateral membrane of enterocytes may be responsible for transport of 

the minimal number of hydrolysis resistant peptides (Dyer et al., 1990; Ganapathy et al., 

1994).  

 

Physiological Importance of Peptide Transporters 

Peptide transport has been observed in a broad range of organisms, from bacteria 

to humans. This raises the question of what physiological advantage could 

transmembrane transport of small peptides provide that allows it to be conserved 

throughout evolution. One explanation may be that membrane transport accounts for 

much of the energy expended by the cell for maintenance and any mechanism to reduce 

energy expenditure would be beneficial. Matthews et al. (1968) first demonstrated that 

the uptake of amino acids in peptide form requires less energy and time than that of the 

transport of free amino acids made of the same constituents. Peptide transporters also 

have the advantage of being more resistant to adverse conditions than free amino acid 

transporters. Under conditions of starvation, protein-caloric malnutrition, vitamin 

deficiency, and intestinal disease, peptide transporters tend to remain unaffected. This 

may help in preventing wide variations in intestinal absorption during times of 

physiological stress (Ogihara et al., 1999) 

A main advantage for possessing the ability to uptake peptides may be 

nutritionally based. The uptake of peptides may lead to more effective protein synthesis. 

The enzymes within the gastrointestinal tract system are not adequate to hydrolyze every 
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protein to completion within a reasonable time. Without a peptide transport system intact 

peptides not hydrolyzed completely would be excreted as waste. For this reason, it is 

important that peptides of any length be rapidly transported across the brush border 

membrane where they may be hydrolyzed by cytosolic peptidases.  

Peptide transport also acts as a backup system for many of the numerous amino 

acid transporters. Through genetic mutations an amino acid transporter may become 

nonfunctional, such as in the case of patients with Hartnup and Cystinuria disease 

(Timofeeva et al., 2000). In patients with these disorders, affected amino acid transporters 

are unable to absorb free amino acids across the brush border membranes. In these cases 

a patient may still meet nutritional needs for non-transported amino acids by feeding 

amino acids in dipeptide form which are taken up by peptide transporters (Hellier et al., 

1970; Navab et al., 1970). Sometimes it is the amino acids themselves that are the cause 

of inadequate nutrition. Some amino acids such as glutamine and cysteine are very 

unstable as free amino acids. These amino acids, if incorporated into small peptide 

chains, become stable and can be absorbed intact across the brush border membrane.   

One of the most important functions of PepT1 may be its ability to uptake various 

pharmaceutical drugs. In the mammalian system, peptide transporters PepT1 and PepT2 

are currently the main focus for improving bioavailability of numerous pharmaceuticals. 

These transporters have already been observed to play an essential role in the absorption 

of β-lactam antibiotics, angiotension-converting enzyme (ACE) inhibitors, rennin 

inhibitors, and an anti-tumor drug, bestatin (Inui et al., 2000a). PepT1 is of great interest 

to pharmaceutical companies because of its potential to uptake orally administered drugs 

from the GI tract and its wide substrate specificity (Terada et al., 2000). The intestinal 
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peptide transport system and the ability of the enterocyte to hydrolyze dipeptides may be 

exploited to improve intestinal absorption of certain drugs by presenting them in the form 

of prodrugs. In this approach, intact prodrugs are transported across the brush border 

membrane; once inside the cell, the drugs can be released by peptidase hydrolysis 

(Ganapathy et al, 1994). Scientists hope to even further broaden this drug spectrum by 

chemically modifying and/or targeting numerous pharmaceuticals to these peptide 

transporters. 

 Locating and mapping the binding regions of peptide transporters will be 

essential in understanding how these transporters accept such a wide variety of substrates. 

This research will also allow for synthesis of peptide analogs for pharmaceutical purposes 

that have high oral availability. Drugs can be designed so that they are targeted to a 

transporter within a specific tissue type. Even though research on drug transport via 

peptide transporters has focused on using rats as the mammalian model, the livestock 

industry may also benefit from this research in the future. Drugs in which injection is 

currently the only form of adequate administration may be modified to target peptide 

transporters so that the drugs may be administered orally. 

 

Cloning of Peptide Transporters 

Early studies on peptide transporters were mainly performed with brush border 

membrane vesicles (BBMV). This method was advantageous over the use of intact tissue 

preparations because of the control over the supply of energy and the absence of 

complicating factors such as intracellular metabolism. Once the apical and basolateral 

membranes of the brush border were isolated, BBMV could be utilized to independently 
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study each membrane (Tsuji and Tamai, 1996). In this method, the uptake of substrates is 

measured with a rapid filtration technique. In 1987 a transporter of a molecular weight 

127 kDa was identified by direct photoaffinity labeling of rabbit small intestine BBMV’s 

with [3H] dipeptides and benzylpenicillin, a β-lactam antibiotic (Kramer, 1987). The 

purified transporter was later incorporated into a proteoliposome and its transport 

properties were studied. The peptide binding protein demonstrated H+-dependent and 

stereospecific transport activity (Tamai et al., 1988).   

Xenopus laevis oocytes were an important model in early peptide transport studies 

since the gene(s) for the peptide transport protein(s) was unknown. The peptide 

transporters could still be expressed and studied in Xenopus laevis oocytes as long as 

mRNA could be isolated. Xenopus oocytes were microinjected with exogenous mRNA to 

produce functionally competent forms of the protein. This system not only translates 

injected mRNA from any eukaryotic source, but also has the ability to add any post-

translational modifications and to target proteins to subcellular organelles. This is 

especially important with PepT1 because it has numerous glycosylation sites and is 

embedded in the cell membrane. 

The ability to clone and overexpress RNA through molecular biology techniques 

has greatly expanded our knowledge of peptide transporters. Molecular biology has 

allowed us to molecularly characterize transporters, identify families of structurally 

similar proteins, and isolate and identify transporters in specific tissues (Williamson and 

Oxender, 1990). Using expression cloning to screen a rabbit intestinal cDNA library, 

rabbit PepT1 and a human kidney isoform PepT2 were first isolated (Fei et al., 1994; Liu 

et al., 1995). The open reading frames of PepT1 and PepT2 predicted proteins of 707-710 
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amino acid residues for PepT1 and 724 amino acid residues for PepT2. PepT1 and PepT2 

share approximately 50% sequence identity across species (Doring et al., 2002). An 

important difference between PepT1 and PepT2 is that PepT1 has a broad substrate range 

and in most cases is a low affinity transporter, while PepT2 has a more selective substrate 

range and is a higher affinity transporter (Inui et al., 2000b; Theis et al., 2002).  

Once the PepT1 cDNA was isolated, many other mammalian cell lines besides the 

Xenopus oocytes could be used for expression studies.  Cell lines such as Chinese 

hamster ovary (CHO) and human Hela are commonly transfected with PepT1 to observe 

peptide transport by PepT1 in the absence of effects from other transporters. Human 

intestinal Caco-2 cells have been used as in vivo models since they expresses a variety of 

transporters including carriers for cationic, anionic and neutral amino acids as well as 

PepT1. The Caco-2 cell line allows researchers to study peptide transport by PepT1 and 

its possible interactions with other transporters found in the small intestine.  Besides 

rabbit PepT1, cDNAs from rat, mouse, sheep, human, chicken, and turkey have all been 

isolated and cloned by hybridization techniques (Saito et al., 1995; Fei et al., 2000; Pan et 

al., 2001; Liang et al., 1995; Chen et al., 2002). When the PepT1 cDNA sequences of 

these species are compared, they show a high degree of sequence homology. 

Surprisingly, these transporters show very little homology to the H+-coupled peptide 

transporters present in yeast or bacteria (Liang et al., 1995).  

 

Expression of PepT1  

PepT1 mRNA is expressed in the small intestine, colon, liver, kidney, pancreas, 

and lysosomes of pancreatic acinar cells (Shen et al., 1999; Ziegler et al., 2002). The 
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highest expression of PepT1 is in the small intestine but even within this intestinal region 

absorption varies. A main function of the small intestine is as the primary site for protein 

digestion and protein absorption. The proximal small intestine has greater absorptive 

capabilities for small peptides than the distal region of the small intestine in rats 

(Ganapathy et al., 1994). This is opposite to what is found in amino acid transport where 

absorption is greater in the distal small intestine (Matthews et al, 1971).  The greater 

absorption of peptides in the small intestine has been shown to be a result of a greater 

abundance of peptide transport (PepT1) located in the proximal region rather than greater 

affinity of peptides in this region. This is an important finding because the amount of 

small peptides decreases while free amino acids increase as proteins pass through the 

small intestine. The expression of PepT1 is not only seen across regions of the small 

intestine but also along the crypt villus axis. Increased expression of mRNA and PepT1 

protein have been observed at the tip of the villus with decreased expression towards the 

base (Ogihara et al., 1999; Groneberg et al., 2001). 

 Expression of PepT1 can be altered by numerous physiological states including 

development, nutrition, and clinical disorders. An organism’s age can have a significant 

effect on the expression of PepT1 and peptide uptake. Shen et al. (2001) observed 

varying PepT1 mRNA and protein levels in rats from embryonic to adulthood. In rats, 

maximal expression of PepT1 was between 3-5 d after birth and then rapidly declined. 

Adult protein levels are approximately 70% of that observed in rats at 3-5 d. Conflicting 

data have recently been published that argues that PepT1 levels in the rat are unchanged 

from 5-40 d postnatal (Rome et al., 2002).  In many species, peptide transporters have 

been observed in the small intestine even before birth. The physiological purpose of this 
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may be to enable a newborn to absorb nutrients at birth, even if premature (Buddington et 

al., 1990). PepT1 has also been observed in the colon but only before and shortly after 

birth (Shen et al., 2001).  The presence of PepT1 in the colon during this time may be 

essential in protein absorption during the immediate postnatal period when the small 

intestine is often not fully functional (James et al., 1976). 

Toshiyuki et al. (1999)  investigated the molecular mechanisms of transcriptional 

activation of PepT1 by dietary protein. Compared to rats fed protein-free diets, rats fed 

diets of Gly-Phe or the amino acid phenylalanine had an increase in PepT1 mRNA and 

protein in the intestinal mucosal cells. These rats also had a stimulated Gly-Sar transport 

activity that was due to an increase of Vmax but not Km for Gly-Sar transport (Toshiyuki 

et al., 1999). This demonstrated that dietary intake and protein levels could alter the 

transport of peptides. Although, not all dipeptides and amino acids stimulated PepT1 

mRNA production, suggesting that only selective amino acids and dipeptides regulate 

PepT1 expression. This would corroborate the idea that transcriptional regulation may be 

partially controlled by binding of certain amino acids to a stimulatory factor or directly to 

the amino acid responsive element located in the promoter region of the gene (Fei, 2000; 

Shiraga, 1999). Interestingly, Ogihara et al. (1999) observed that after a period of 

starvation a marked increase in the amount of PepT1 was present, whereas dietary 

administration of amino acids reduced it.  It may be energetically advantageous for 

mammals to express more PepT1 and less amino acid transporters during times of 

starvation. Peptide transporters are less specific for substrates compared to amino acid 

transporters, so it may be more advantageous during starvation to maintain expression of 

one peptide transporter instead of many amino acid transporters. This phenomenon may 
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also be important as the mammal prepares to receive proteins when enzyme levels are 

lower than normal and digestion of proteins may be reduced.   

Up-regulation of PepT1 may also occur as a result of intestinal adaptation. 

Patients that have short-bowel syndrome (SBS) often experience a decrease in diarrheal 

episodes and an apparent increase in nutrient absorption over time. Intestinal adaptation 

in SBS does not appear to involve an increase in gut-mucosal crypt depth or villus size. 

Although, a significant increase in PepT1 mRNA levels in the colon of patients with SBS 

compared to those with normal GI tracts may be the explanation for these clinical 

observations (Ziegler et al., 2002).  

 

Transport Mechanisms of PepT1 

Originally it was believed that aminopeptidase N of enterocytes directly 

participated in peptide transport across the membrane microvilli (Ugolev and Delaey, 

1973). In this model all dipeptides were hydrolyzed by aminopeptidase N and 

subsequently transferred as resultant free amino acids by amino acid specific carriers 

(Antonov et al., 1984). Recent advances made in the area of intestinal handling of dietary 

proteins have lead to a modified model and a better understanding of peptide transport. In 

1987, Kramer et al. identified a putative peptide carrier protein by photoaffinity labeling 

using photoreactive derivatives of β-lactam antibiotics and dipeptides. Using kinetic 

assays and the molecular weight of the protein isolated, Kramer et al.(1990) demonstrated 

that aminopeptidase N could not be the peptide carrier protein of interest. This putative 

peptide transporter protein of 127 kDa molecular weight was later isolated from rabbit 

small intestine and identified as PepT1.  
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 For many years the driving force for peptide transport was believed to be a Na+ 

gradient. This was the likely hypothesis since some amino acid transporters in the small 

intestine used a Na+ gradient to energize transport of free amino acids against their 

concentration gradients (Ganapathy et al., 1987).  This hypothesis proved to be inaccurate 

after peptide transport was only partially inhibited 35-65% when Na+ was completely 

replaced. Although a Na+ gradient does not affect a transporter's affinity for a substrate, it 

does change the maximum velocity of the transport for the peptide (Addison et al., 1975).  

The dependence of pH for peptide transport was a major clue to the possible 

driving force for peptide transporters.  Numerous studies revealed that transport was 

accelerated under slightly acidic conditions of pH 5.5-6.0. For this reason it was believed 

that peptide transport could be energized by a proton-coupled transport system. 

Ganapathy et al. (1987) helped confirm this mode of transport when they observed that 

peptide transport in the presence of an inward-directed H+ gradient was significantly 

greater than in the absence of a H+ gradient and was completely inhibited by the presence 

of a proton ionophore.  The model for peptide transport that is now accepted is that 

peptide transport across the brush border membrane is believed to occur by a single 

proton coupled carrier protein that cotransports a proton with every peptide. This model 

is supported by the fact that the pH on the immediate intracellular surface of the brush 

border membrane is slightly acid compared to that of the lumen (Lucas, 1983). Peptide 

transport is often called a tertiary active transport system because, even though ATP is 

not directly involved in peptide transport, it is required to maintain a Na+ gradient.  A 

Na+/H+ exchanger localized in the brush border membrane is responsible for maintaining 

this pH balance and producing a H+ gradient (Fig 2.1). PepT1 uses this inward H+  
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Fig 2.1 A Na+/H+ exchanger localized in the brush border membrane of the 
enterocyte is responsible for maintaining the pH balance and producing a H+ 
gradient. PepT1 uses this inward H+ gradient and a negative transmembrane 
potential difference as the driving force for peptide transport. Although ATP is 
not directly involved in peptide transport it is required to maintain the Na+ 

gradient (Drawing based on Daniel, 1996). 
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gradient and a negative transmembrane potential difference as the driving force for 

peptide transport (Inui et al., 2000a).  

 

Substrate Spectrum and Affinity for PepT1 

      Since PepT1 is the only peptide transporter known to be expressed in the 

intestine, it is believed to be the sole transport system of small peptides in the lumen (Fei 

et al., 2000). With over 400 chemically distinct dipeptides and 8,000 tripeptides, 

characterizing the full range of substrate affinity for PepT1 has been a challenge. The 

substrate range for PepT1 includes di-, tripeptides, peptide-like drugs, and even 

compounds without an obvious peptide bond or equivalent (Inui et al., 2000a). The 

substrates demonstrated to be transported by PepT1 have been shown to be competitive 

inhibitors of each other.   

The dipeptide Glycylsarcosine (Gly-Sar) was discovered to have methylated 

peptide bonds that allowed it to be resistant to hydrolysis and accumulate intact in 

bacteria. Even after 2-3 hours of incubation with brush border membranes, hydrolysis 

was not detectable (Miqamoto, 1985).  This hydrolysis resistant dipeptide led to an 

important advance in the study of PepT1 substrate affinity. [3H] Gly-Sar, which is rapidly 

taken up by PepT1, can be used in inhibition studies to test PepT1s affinity for any 

substrate. The hydrolysis resistant compounds such as Gly-Sar, carnosine and peptides 

containing proline and hypoxanthine are often used as substrates to test the affinity of 

numerous substrates. These hydrolysis resistant peptides are an invaluable tool in 

studying peptide transport since they eliminate the possibility of free amino acid 

inhibition at the brush border membrane (Matthews, 1987). 
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PepT1 is capable of transporting a broad array of neutral, acidic, and basic di-and  

tripeptides, however, the affinity among the peptides varies greatly. Chain length of 

peptides impacts their affinity for the peptide transporter. The highest affinity preference 

for PepT1 seems to be dipeptides and peptides containing bulky aliphatic side chains and 

hydrophobic amino acid residues such as methionine and valine (Fei et al., 1998b). 

Tetrapeptides may be transported to a small extent but only at high concentrations, while 

larger peptides have not been shown to be absorbed by carrier-mediated transport. The 

peptides transported by PepT1 are observed to have simple Michaelis-Menten type 

kinetics (Wenzel et al., 1996).   

Free amino acids do not affect the transport kinetics of PepT1 for peptides and do 

not interact with the apical binding region of the peptide transporters (Thwaites et al., 

1993; Liang et al., 1995). Interestingly though, an example of direct interplay between 

amino acid and peptide transport in intestinal cells may selectively alter the kinetics of 

amino acid absorption. Wenzel et al. (2001) observed the effect of absorption of 

dipeptides by PepT1 on altering the uptake of free cationic and neutral amino acids. 

Preincubation of Caco-2 cells with neutral, mono- or dicationic dipeptides increased the 

influx of a cationic amino acid, L-[3H]Arg, up to four-fold.  This trans-stimulation of L--

[3H] Arg influx is dependent on intracellular hydrolysis of peptides. The inability of 

trans-stimulation of L-[3H] Arg to occur when a hydrolysis resistant dipeptide, d-Phe-l- 

Ala, was preloaded demonstrated that intracellular hydrolysis is a prerequisite for this 

phenomena to occur. Peptide absorption appears to selectively affect cationic amino acid 

transporters since influx of L-[3H] Ala remained unchanged (Wenzel et al., 2001).  
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Structure of the PepT1 Gene  

The genomic organization of the mouse PepT1 gene was important for 

characterizing the promoter region of PepT1. The mouse PepT1 gene, cloned from a 

genomic DNA library, is 38kb long and consists of 23 exons and 22 introns (Fei et al., 

2000). Functional mapping of the promoter region of the rat PepT1 helped in 

understanding how this gene was regulated at a molecular level. Toshiyuki et al. (1999) 

found the transcriptional start site was located 80 bases upstream from the translational 

start site and the TATA box and GC box sequences were located at 22 and 39 bases 

before the transcriptional start site. Analysis of the mouse promoter region revealed that 

the mouse TATA box was absent in the expected position between –30 to –90 

nucleotides upstream of the transcriptional start site. Although, a TATA box-like 

sequence was observed 813 nucleotides upstream (Fei et al., 2000). Three GC rich 

regions that may be potential binding sites for transcription factors were observed at 

similar positions in both the rat and the mouse promoter regions.  An amino acid 

responsive element in the promoter region may explain how diet can increase the 

abundance of PepT1 in the intestinal brush border membrane (Shiraga et al., 1999).     

 

Structure of the PepT1 Protein 

 The crystallization of the membrane protein, PepT1, for structural 

characterization by spectroscopic methods has proven to be technically demanding 

(Turner and Weiner, 1993). For this reason computer generated hydropathy plots have 

been the main method of choice. Hydropathy plots of PepT1 sequences from numerous 

species predict a protein with 12 putative transmembrane domains (TMD) and both 
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amino and carboxy termini intracellular (Fig 2.2). These transmembrane spanning 

domains create a putative pore that allows passage of a broad range of di- and tripeptides. 

Although, the structural function of the large hydrophilic extracellular loop located 

between transmembrane domains 9 and 10 is still unknown, it is the region of greatest 

sequence variation among species (Liang et al., 1995).        

Various motifs have been identified using computer analysis. Sequence analysis 

of various species of PepT1 shows numerous N-glycosylation sites and multiple putative 

sites for protein kinase C-dependent phosphorylation. These protein kinase C-dependent 

phosphorylation sites may indicate that the transporter is regulated by reversible 

phosphorylation. Also present across species is a unique FING motif (FYxxINxGSL) in 

the hydrophobic region of the fifth transmembrane domain. This highly conserved region 

is necessary for substrate transport but the FING motif’s exact function is still unknown 

(Steiner et al., 1995).  

Hydropathy profiles provide a general idea of structure but fail to establish the 

precise number and locations of the TMD. One method being implemented to further 

analyze the transmembrane topology of PepT1 is epitope insertion. Covitz et al. (1998) 

inserted 5 epitope tags into different amino acid locations of human PepT1 and labeled 

them with an anti-monoclonal antibody for the epitope. Using western blots and 

immunofluorescense, only epitope insertions located extracellularly could be observed. 

Epitopes were placed between TMD 1 and 2, 2 and 3, 3 and 4, 9 and 10, and at the C 

terminus. The results of this study demonstrated that the epitopes between TMD 1 and 2, 

3 and 4, and 9 and 10 were all extracellular and those between 2 and 3 and at the carboxy  
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Figure 2.2 Predicted structure of the PepT1 protein. PepT1 has 12 transmembrane 
domains (TMD) with a large extracellular loop between TMD 9 and 10. The 
amino and carboxy termini are located intracellularly. 
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terminus were intracellular (Covitz et al., 1998). This confirmed the putative model of 

PepT1 proposed by Fei et al. (1994).  

To fully exploit PepT1 for optimizing nutritional and drug delivery, it will be 

necessary to understand its substrate binding domain. Site directed mutagenesis and the 

creation of chimeric proteins have been valuable in mapping putative binding regions.  

Analysis of chimeric proteins using two similar proteins is a powerful strategy to 

determine the role of large structural domains, while limiting disruption in protein folding 

(Isenring and Forbush, 1997). Chimeras with TMD 1-9 of PepT2 and TMD 10-12 from 

PepT1 resulted in a protein with PepT2-like transporter characteristics. The reverse 

chimera, TMD 1-9 of PepT1 and TMD 10-12 of PepT2, demonstrated PepT1 

characteristics leading to the theory that the N-terminal region probably determines the 

phenotypical characteristics of the peptide transporter. A follow-up study that employed 

several PepT1-PepT2 chimeras narrowed the possible substrate binding domain to TMD 

7, 8, and 9 (Fei et al., 1998). Site directed mutagenesis has also been used to map or 

identify a proposed binding region for the coupling H+ ion. Chen et al. (2000) have 

demonstrated that histidine-57 and histidine-121 are intimately involved in the binding of 

the coupling H+ ion and the recognition of transportable peptide substrates. 

 

Peptide Transport in Agricultural Species 

Peptide transport has been examined in a few agricultural species including sheep, 

cattle, chicken and turkey (Pan et al., 2001; Chen et al., 1999; Chen et al., 2002) The farm 

industry may benefit greatly from the knowledge gained from peptide transport in these 

species. Forms of supplemental amino acids such as specific peptides or mixtures of 
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specific peptides may improve animal productivity (Webb et al., 1990).  Outcomes from 

research in this area may lead to better management of the nutritional needs of farm 

animals and the reduction in wasted nitrogen into the environment.  

Using a probe encoding for a 446-bp fragment of the sheep PepT1, Chen et al. 

(1999) observed hybridization of mRNA from sheep, cattle, swine and chickens. Both 

cattle and sheep had mRNAs of 2.8 kb that hybridized to the probe in the rumen, omasum 

and small intestine. The kinetic properties of the sheep PepT1 were later investigated by 

using the sheep PepT1 cDNA to transfect Chinese hamster ovary (CHO) cells.  

Competition studies using the transfected cells showed that di- and  tripeptides all 

inhibited [3H] Gly-Sar uptake. The tetrapeptides and some tripeptides examined were 

poor inhibitors of Gly-Sar uptake. Interestingly, when Xenopus oocytes were injected 

with oPepT1 mRNA,  all tetrapeptides tested did not evoke an inward current indicating 

that they were not transported (Chen et al., 2002, Pan et al., 2001).   

In chickens, a mRNA of only 1.9 kb from the small intestinal region showed 

hybridization to the sheep PepT1 probe. (Chen et al., 1999). A 2,914 bp cDNA encoding 

for cPepT1 was later isolated and a mRNA of 2.9 kb was identified in chickens using the 

chicken cDNA as probe. Xenopus oocytes injected with the cPepT1 mRNA showed 

transport of various dipeptides and tripeptides but not tetrapeptides (Chen et al., 2002). 

The 446-bp sheep PepT1 cDNA fragment hybridized with mRNA in pig from the 

duodenum, jejunum, and ileum but not to mRNA from the stomach, large intestine, liver, 

kidney and semitendinosus and longissimus muscles. Also two bands, 3.5 and 2.9 kb, 

were observed with northern blot analysis, indicating potential alternative mRNA 

processing (Chen et al., 1999).   
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For many years porcine intestinal tissue has been used for in vivo experiments but 

little is known about the kinetic and affinity properties of these transporters. Tissue 

samples from the porcine intestine have demonstrated dipeptide uptake that fits  

Michaelis-Menten type saturation kinetics and is mediated by a single binding site 

(Winckler et al, 1999). The knowledge gained from studying the substrate specificity and 

transport kinetics of the swine peptide transporter may aid in implementing a better 

management program for swine nutrition and also reducing the wasted nitrogen excreted 

into the environment.   
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Chapter III 

Objectives 

The objective of this thesis project was to clone and characterize the pig intestinal peptide 

transporter. Three possible variant cDNA clones for the pig intestinal peptide transporter 

(pPepT1) were isolated and functionally characterized. The specific objectives of this 

thesis are: 

 

1. To determine the complete nucleotide sequence of the three pig PepT1 clones isolated  

2. To determine the encoded amino acid sequence and putative structure of pPepT1 

using computer analysis 

3. To express a functional pPepT1 clone in transfected mammalian cells.   

4. To determine the kinetic properties and substrate specificity for pPepT1 using uptake 

and competition assays.    
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Chapter IV 

Materials and Methods  

Construction and Screening of a Porcine Intestinal cDNA Library 

 A cDNA library was created and screened by YuanXiang Pan in 1999 using 

poly(A)+RNA isolated from porcine intestinal tissue according to the manufacturer's 

protocol with minor modifications. The ZAP Express cDNA synthesis system was 

employed for this purpose (Stratagene, La Jolla, Ca). For first strand synthesis reaction, a 

50-nucleotide primer with poly(dT) and a Xho I site was used as a primer for reverse 

transcriptase (RT). The second strand synthesis was performed with DNA polymerase I. 

EcoRI adapters were added to the ends and the cDNA was digested with XhoI. Only 

cDNA of a size larger than .5 kb were used for library construction. The cDNA was then 

ligated into the EcoRI/ XhoI-digested ZAP express vector. Vector-ligated cDNA was 

packaged with Gigapack III Gold packaging extract according to the manufacturer’s 

protocol. The phage were titered and then introduced into the Escherichia coli strain 

XL1-Blue MRF.  

Positive clones were identified by plaque hybridization of the cDNA library and 

transferred from NZY agar plates to MSI Magna nylon transfer membranes by plaque 

lifts according to the manufacturer’s protocol. The probe used for screening was a 446-bp 

fragment of sheep PepT1 cDNA (Chen et al., 1999b). The cDNA probe was labeled with 

[α-32P] dATP (ICN Pharmaceutical, Costa Mesa, CA) by nick translation using DNA 

polymerase I/DNase I (Invitrogen, Gaithersburg, MD) and purified by Sephadex G-25 

spin column chromatography. Hybridization was carried out for 16 h at 42°C in a 

solution containing 50% formamide, 5 x Denhardt’s solution, 6 x SSPE, .5% SDS and 10 
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µg/mL denatured salmon sperm DNA. Post-hybridization washing was done under high-

stringency conditions, which involved washing twice in 5 x SSC, .5% SDS at room 

temperature for 15 min, twice in 1 x SSC, .5% SDS at 37°C for 15 min, and twice in .1 x 

SSC, 1% SDS at 65°C for 15 min. In vivo excision was performed on the isolates to 

obtain the cDNA insert in the pBK-CMV phagemid vector. Briefly, a positive plaque 

identified after screening of the cDNA library was cored from the agar plates and 

transferred to a 1.5 mL microcentrifuge tube with 500 µL SM buffer and 20 µL 

chloroform at 4°C overnight.  1 x 105 phage particles were mixed with 200 µL of XL1-

Blue MRF’ cells (OD600 of 1.0) and 1 µL of the ExAssist helper phage (1 x 106 pfu/µL) 

and plated on LB-kanamycin (50 µg/mL) agar plates. Colonies were picked for partial 

DNA sequencing to identify clones that contain the pig PepT1 cDNA.   Three isolated 

clones, p17, p18 and p21 (named for the order in which they were isolated) all contained 

sequences similar to the sheep PepT1.  

Subcloning of Amplified cDNA Fragments 

Each of the clones was digested with SpeI and 100µg of the digest was used as a 

PCR template. For consistency during expression of the variant clones, the same 5’ 

primer was used for all three clones. The primers were also designed with linker sites so 

that each PCR product would contain a 5’ BamHI site (5'ATC TAG GAT CCT CCA 

CAA TGG GAA TGT CC GTG CCA C3') and a 3’ KpnI site (5'ATC TGG TAC CTG 

GCT CCT GTC TTG TTT AAC 3'). PCR was carried out using PCR Master Mix 

(Promega, Madison, WI) at 72°C for 5min, 80°C for 15min, (95°C for 1 min, 56°C for 1 

min, 70°C for 3 min) 35cycles, 72°C for15 min and held at 25°C. The PCR products (5 

µg) were digested with BamHI and KpnI for 4.0 h and ligated into KpnI/BamH1 digested 
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pTargeT vector (Promega, Madison, WI). The ligated vectors were eletrotransformed into 

MaxEfficiency DH10B Competent cells (Invitrogen, Gaithersburg, MD). Initially, 

electrotransformation was tried in the XL1-Blue MRF’ cells but after screening of a few 

thousand false positives the cells were abandoned. Similar problems with transmembrane 

domain proteins being toxic to the expressing bacteria have been observed by others 

(Yike et al., 1996). After eletrotransformation with MaxEfficiency DH10B Competent 

cells (Invitrogen) colonies containing plasmids with pPepT1 were isolated.  Clones were 

sequenced (Virginia Bioinformatics Institute, Blacksburg, VA) and scanned for mutations 

that may interfere with expression of the gene. Large-scale cesium-chloride plasmid 

preps were prepared for use in the expression system.  

RT-PCR of pPepT1 from Swine Intestinal Tissue 

Two sets of total RNA were isolated from the jejunum of swine and used for 

reverse transcription coupled polymerase chain reaction (RT-PCR).  Total RNA was 

isolated in 1999 and 2002 . Total RNA isolated in 1999 was used for RT-PCR in 2000 

and again in 2002 in addition to the total RNA isolated in 2002. Five micrograms of the 

total RNA was diluted to 10 µL with nuclease-free water and then denatured for 10 min 

at 75°C.  The tube was spun down and immediately placed on ice to chill. To the tube 4 

µL of 5 x Reaction buffer, 0.5 µL Oligo dT, 0.5 µL RNase Inhibitor (40 u/µL), 2 µL 

MgCl2  (75 mM), 1 µL RT, 2 µL nucleotide mix (10 mM) was added and incubated at 

37°C for 1 h. The RT enzyme was heat inactivated by placing the tube at 95°C for 10 

min. After inactivation, 5 µL of the RT product was used in the PCR reaction with 0.5 µg 

of the forward (5' GTA ATG TCA TGG CCA AAG TCG 3') and reverse primer (5'CGT 

TGA CGG TCT GCA TCT GA 3’), 12.5 µL of the PCR Master Mix ( Promega, 
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Madison, WI), and 12.5 µL of nuclease-free water. The two primers for PCR were 

designed around the 90 bp deletion region observed in clone p21.  The PCR was 

performed at 72°C for 5 min, 80°C for 15 min, (95°C for 1 min, 56°C for 1 min, 70°C for 

1 min) 35cycles, 72°C for 15 min and held at 25°C. PCR products were separated on a 

1% agarose gel and stained with ethidium bromide.       

Northern Blot Analysis  

 Tissue distribution of pPepT1 mRNA transcripts was determined by northern blot. 

Forty micrograms of total RNA from intestinal tissues were size-fractionated on a 1% gel 

containing 2.2 mol/L formaldehyde. The size-fractionated RNA were then transferred to 

a nylon membrane by capillary action. The membrane was probed with a 688 bp PCR 

fragment encoding for part of the pPept1 cDNA located approximately 800 bp after the 

start codon. The probe was labeled using [α-32P] dATP (ICN Pharmaceutical, Costa 

Mesa, CA ) by nick translation using DNA Polymerase I/DNase I (Invitrogen, 

Gaithersburg, MD). The blot was hybridized at 42°C overnight and washed under high 

stringency conditions. The blot was exposed to Kodak XAR-5 film with an intensifying 

screen for 48 h at -80°C.      

Expression of PepT1 in Chinese Hamster Ovary Cells  

 Expression of pPepT1 was assayed in transfected Chinese hamster ovary  (CHO) 

cells. The media for culturing these cells consisted of Dulbecco’s modified Eagles’s 

medium (DMEM) containing 10% fetal bovine serum, 1% nonessential amino acids, 

penicillin (100 U/mL) streptomycin (100U/mL) and Fungizone (250ug/500mL) (Atlanta 

Biologicals, Norcross, GA ). Cells were then incubated at 37°C in an atmosphere of 5% 

CO2 at a relative humidity of 90%. The day prior to transfection, cells were trypsinized 
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and plated on a 12 well plate at an approximate density of 2.0 x 105cells /well. Twenty 

four hours later transfection of the cells was performed at approximately 70 %  

confluency. For each well, a mixture of 2.4 µL Lipofectamine (2µg/µL, Life 

Technologies, Gaithersburg, MD), 1.6 µg pTargeT plasmid with and without insert and 

40 µL of OPTI-MEM (Life Technologies, Gaithersburg, MD) was placed into a 

polystyrene tube and incubated for 30 min at room temperature. Four and half milliliters 

of OPTI-MEM was then added to the lipid DNA-complex and the tube was lightly 

shaken, 390 µL of the mixture was then added to each well. One milliliter of OPTI-MEM 

was added to each well and incubated at 37°C for 5 h. At the end of 5 h the medium was 

removed and 2 mL of DMEM with 10% FBS, were added.  

Measurement of Uptake of Amino Acids 

Uptake measurements were performed 18 to 20 h after transfection. Growth 

medium was removed and the cells were washed with PBS. Room temperature uptake 

buffer containing 25 mM MES (pH 6.0), 5 mM glucose, 0.8 mM MgSO4, 1.8 mM CaCl2, 

5.4 mM KCl, and 140 mM NaCl with a final pH of 6.0 was used to dilute peptides and 

wash cells. One hundred microliters [3H] Gly-Sar (4 Ci/mmol, Moravek, Brea, CA) at a 

concentration of 1.0 mCi/mL was added to 400 µl of ethanol and 500 µl 4mM of cold 

Gly-Sar for a final 2 mM Gly-Sar stock with a specific activity of 50 mCi/mmol.  Two 

and a half microliters of the Gly-Sar stock were added to the uptake buffer solution for a 

final volume of 0.25 mL/well. The mixture was added to the wells and incubated at room 

temperature for 25 min. The buffer was removed and the wells were washed three times 

with ice-cold uptake buffer to stop uptake.  To lyse the cells, 500 µL of 0.1% SDS were 

added to each well for 20 min.  Uptake of [3H] Gly-Sar was quantified by scintillation 
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counting of 450 µL of the lysed solution. Inhibition studies were performed in a similar 

manner as above but the 2 mM [3H] Gly-Sar (50 mCi/mmol) was incubated with inhibitor 

peptides at concentrations ranging from 0.001 mM to 10mM. The peptides chosen for the 

competition studies were Gly-Sar, Met-Met, Met-Lys, Phe-Phe, Met-Leu, Met-Gly, Met-

Glu, Lys-Met, Leu-Val, Lys-Lys, Lys-Phe, Trp-Phe, Val-Leu, Arg-Lys, Gly-Met, Met-

Leu-Phe, Leu-Gly-Gly, Lys-Trp-Lys, Met-Gly-Met-Met, Val-Gly-Ser-Glu  and Pro-Phe-

Gly-Lys (Sigma, St. Louis, MO) All data are given as a mean ± S.E. of three or four 

independent replicates. Calculated  IC50 values (i.e. concentration of the unlabeled 

compound nessasary to inhibit 50% of radiolabeled dipeptide carrier mediated uptake) 

were determined by non-linear regression using PRISM (GraphPad, San Diego, CA).  
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Recloning of pPepT1 into the pTargeT Expression Vector 
 
 

                                                               PCR Amplify 
 

                                                    Restriction Digests 

 

Fig 4.1 The three clones containing the pPepT1 cDNA clones, were chosen as PCR 
templates for recloning of the peptide transporter cDNA into mammalian expression 
vectors. Primers for PCR were designed with BamHI and KpnI linkers sites and the PCR 
product was digested with these enzymes. The digested cDNA was ligated into a 
BamHI/KpnI digested  pTargeT (Promega, Madison, WI). 
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    Chapter V 

Results  

Sequence and Structure of PepT1 cDNAs Isolated from a Porcine Intestinal  

cDNA Library.  Results from an earlier study performed in our laboratory demonstrated 

the presence of two poly(A)+ RNAs  that hybridized to a sheep PepT1 cDNA probe in pig 

intestinal tissues (Chen et al., 1999). To clone the peptide transporter from pig, an 

intestinal cDNA library was constructed and screened with a 446-bp fragment encoding 

for sheep PepT1.   The positive plaques that were isolated after screening were excised in 

vivo using the single-clone excision protocol to isolate cDNA inserts cloned into the 

pBK-CMV vector. These clones were sequenced and three were found to contain 

chimeric cDNAs consisting of pPepT1 cDNA and some random cDNA.  It is theorized 

that the phage DNA supplied in the cDNA library kit had only been digested with XhoI, 

while the EcoR1 cloning site for the 5' end of the cDNA remained intact.  The single 

restriction site caused the cDNAs cloned into the pBK-CMV vector to be cloned in 

backwards and/or with other cDNA in front of the peptide transporter gene. Three clones 

containing pPepT1 cDNA were chosen as PCR templates for recloning of the peptide 

transporter cDNA into mammalian expression vectors. These three clones were named 

p17, p18, and p21 for the order in which they were isolated (Fig 5.1).    

Full length sequencing of the clones showed cDNA lengths of approximately 2.7 

and 3.0 kb, a result of alternative poly-adenylation between the p17 and p18 clones.  Both 

cDNAs  contained  a sequence (AGTAAA) similar to the consensus polyadenylation 

signal (AATAAA).  A poly (A) tail follows 16 nucleotides after this polyadenylation-like 

signal in clone p17, while p18 contained another 328 nucleotides of sequence before its 
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polyadenylation tail and has no apparent poly-adenylation signal immediately upstream 

of the poly (A) tail.  The third clone, p21, diverged from the other two clones before the 

polyadenylation site. The pPepT1 cDNA was found to be fused to the mannosidase gene 

but had no apparent polyadenylation site or poly (A) tail. The three clones also differed in 

sequence within their open reading frames.  Clone p18 contained a unique four base 

deletion at 647 base pairs downstream from the start codon, causing a frameshift in the 

PepT1 amino acid sequence.  The p21 cDNA clone also contained a deletion that was 90 

bases in size and found 812 base pairs downstream from the start codon (Fig 5.2 and 5.3).  

To examine the functional characteristics, the cDNA for the three PepT1 clones 

were PCR amplified and inserted into new mammalian expression vectors. A single 5'- 

end primer for all three clones was designed containing an ATG site (not present in the 

p18 clone) and a BamHI linker site.  A 3'-end primer was designed containing a KpnI 

linker site and was positioned downstream from the stop codon but before the sequence 

divergence of the clones at nucleotide 2505 (p17 clone). The three PCR products 

encoding for the potential pPepT1 gene were cloned into the pTargeT mammalian 

expression vector cut with BamHI and KpnI.  The expression vectors containing the 

amplified cDNA fragments from clones p17, p18 and p21 had open reading frames of 

2,127 bp, 855 bp, and 2,037 bp (including the termination codon) and encoded for 

proteins of 708, 284, and 678 amino acids (Fig 5.4). Through functional expression it was 

determined that only the p17 clone (encoding for a 708 amino acid protein) had the 

ability to transport small peptides. This cDNA is believed to encode for the full length 

protein of the porcine intestinal peptide H+/cotransporter (pPepT1).  
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Structure of the pPepT1 Protein. The 708 amino acid protein is predicted to have 

a molecular weight of 78.9 kDa and an isoelectric point of 8.4. Hydropathy analysis of 

the primary amino acid sequence of the protein shows the presence of 13 putative 

transmembrane domains. A large hydrophilic loop of approximately 200 amino acid 

residues is located between transmembrane domains 10 and 11 (Fig 5.5).  After a model 

for the protein was constructed that accommodated all 13 transmembrane domains and 

the hydrophilic loop, the model placed the hydrophilic loop and amino terminus 

extracellular and the carboxyl terminus intracellular. 

Throughout the protein there are seven predicted N-linked glycosylation sites and 

three potential protein kinase C phosphorylation sites and no protein kinase A 

phosphorylation sites (Fig 5.6). The FING motif unique to the PTR2 family of 

proton/oligopeptide symporters is located between amino acids 163 and 175 and has the 

amino acid sequence of FsiFYLaINAGSL. The predicted amino acid sequence of the  

pPepT1 protein is 82.8, 85.7, and 64.7% identical to PepT1 from human, sheep and 

chicken (Fig 5.7). 

Tissue Distribution of pPepT1 mRNA. From northern blot analysis under 

medium stringency conditions two mRNA products were detected at 2.9 and 3.5 kb in 

duodenal, jejunal and ileal tissues. The highest level of detection was in the duodenum 

and jejunum and lower levels were detected in the ileum. There was no detectable 

hybridization with RNA isolated from liver tissue.  There was also hybridization of a 

band at approximately 1.8kb that may be the result of a degradation product. This lower 

band appears proportional to the pPepT1 mRNA in each tissue and is absent in the liver 

tissue (Fig 5.8). 
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In Vivo Detection of p21 Deletion. To examine the in vivo expression of the 

alternative mRNAs, total RNA isolated from jejunal tissue of pigs was used for reverse 

transcription coupled polymerase chain reaction. Two sets of total RNA were isolated 

and RT-PCR was performed using primers designed around the 90 bp deletion region 

observed in clone p21. The first set of total RNA was isolated and aliquoted in 1999 and 

and RT-PCR was performed in 2000 and again in 2002. Two bands at 210 and 300 bp 

were observed from the RT-PCR performed in 2000 but the same sample of total RNA 

only showed one band when RT-PCR was performed in 2002.  Total RNA isolated in 

2002 that had been through multiple freeze/thaws also showed the presence of only the 

top band.  The lower band corresponded to the PCR product with the deletion. This 

suggests that the mRNA encoding for the cDNA with the 90bp deletion may be very 

unstable and rapidly degrades as a result of freeze/thawing (Fig 5.9).  

Functional Expression of pPepT1 in Chinese Hamster Ovary (CHO) Cells 

To study the functional expression of the three cDNA clones isolated, uptake of [3H]Gly-

Sar was measured in transiently transfected CHO cells. Only clone p17 was able to 

transport the hydrolysis resistant dipeptide (Gly-Sar) and is thought to encode for the 

functional pig intestinal peptide transporter (pPepT1). cDNA from clones p18 and p21 

evoked uptake of Gly-Sar similar to levels observed in cells transfected with vector alone, 

and are thought to be nonfunctional. Uptake of Gly-Sar by pPepT1 was examined at a pH 

of 5.0, 5.5, 6.0, 6.5, and 7.0, with the maximal uptake at pH 6.0 and 6.5.  The optimal pH 

is between 6.0 and 6.5 and all uptake studies subsequently used an uptake buffer with a 

pH of 6.0 (Fig 5.10).  Assays were run for 25 min because uptake was still observed to be 

linear at this time (Fig 5.11) Uptake of Gly-Sar was determined at various concentrations 
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in the range of .1 to 10 mM. The Lineweaver-Burke plot was used to derive the Vmax and 

Km, which were determined to be 3.3 nmol/25 min and 0.9 mmol/L. 

The substrate specificity of pPepT1 was investigated by inhibition of [3H] Gly-Sar 

uptake by 15 dipeptides, 3 tripeptides and 3 tetrapeptides. Each peptide was assayed to 

calculate the IC50 values (the concentration of competitor peptide that results in 50% 

inhibition of Gly-Sar uptake). Peptides that have a high binding affinity for pPepT1 

would have a low IC50 compared to peptides with lower affinities for the transporter. The 

IC50 of 13 of the dipeptides (Gly-Sar, Met-Met, Met-Lys, Phe-Phe, Met-Leu, Met-Gly, 

Met-Glu, Lys-Met, Leu-Val,  Lys-Phe, Trp-Phe, Val-Leu, Gly-Met,  and two tripeptides 

(Met-Leu-Phe, Leu-Gly-Gly) ranged between 0.015  and  0.53 mmol/L. The exceptions 

were Lys-Lys, Arg-Lys, and Lys-Trp-Lys, which showed IC50 values of 3.85, 1.38 and 

2.22 mmol/L and appear to be poor substrates for pPepT1. All three of the tetrapeptides 

(Met-Gly-Met-Met, Val-Gly-Ser-Glu and Pro-Phe-Gly-Lys) showed very high IC50 

values and inhibition of the uptake of Gly-Sar was too small to measure even at a 10 mM 

concentration (Fig 5.12 and Table 5.1).   
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Fig 5.1 The three pPepT1 cDNAs isolated from screening a swine intestinal cDNA 
library. Misc. DNA indicates the presence of a random cDNA cloned with pPepT1.  
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Fig 5.2 Structural comparisons of the three pPepT1 cDNAs isolated from a 
porcine intestinal cDNA library. Breaks in the line indicate a deletion region. 
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Fig 5.3 Sequence comparisons of the three pPepT1 cDNAs isolated from a porcine 
intestinal cDNA library. 
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cDNA Sequence alignment 

 
p17 ATGGGAATGTCCGTGCCACAGAGCTGCTTCGGTTATCCCTTGAGCATCTTCTTCATCGTG 60 
p21 ATGGGAATGTCCGTGCCACAGAGCTGCTTCGGTTATCCCTTGAGCATCTTCTTCATCGTG 60 
p18 ATGGGAATGTCCGTGCCACAGAGCTGCTTCGGTTATCCCTTGAGCATCTTCTTCATCGTG 60 
    ************************************************************ 
p17 GTCAACGAGTTCTGTGAAAGGTTTTCCTACTATGGAATGAGAGCACTCCTGATCCTGTAC 120 
p21 GTCAACGAGTTCTGTGAAAGGTTTTCCTACTATGGAATGAGAGCACTCCTGATCCTGTAC 120 
p18 GTCAACGAGTTCTGTGAAAGGTTTTCCTACTATGGAATGAGAGCACTCCTGATCCTGTAC 120 
    ************************************************************ 
p17 TTCCGGCTTTTCATCGGCTGGAATGACAATCTGTCCACTGCCATCTACCACACCTTTGTG 180 
p21 TTCCGGCTTTTCATCGGCTGGAATGACAATCTGTCCACTGCCATCTACCACACCTTTGTG 180 
p18 TTCCGGCTTTTCATCGGCTGGAATGACAATCTGTCCACTGCCATCTACCACACCTTTGTG 180 
    ************************************************************ 
p17 GCTCTGTGCTACCTGACGCCCATTCTAGGAGCCCTCATCGCCGACTCCTGGCTGGGGAAG 240 
p21 GCTCTGTGCTACCTGACGCCCATTCTAGGAGCCCTCATCGCCGACTCCTGGCTGGGGAAG 240 
p18 GCTCTGTGCTACCTGACGCCCATTCTAGGAGCCCTCATCGCCGACTCCTGGCTGGGGAAG 240 
    ************************************************************ 
p17 TTCAAGACAATTGTGTCGTTGTCCATCGTCTACACCATTGGACAGGTGGTCATGGCCGTG 300 
p21 TTCAAGACAATTGTGTCGTTGTCCATCGTCTACACCATTGGACAGGTGGTCATGGCCGTG 300 
p18 TTCAAGACAATTGTGTCGTTGTCCATCGTCTACACCATTGGACAGGTGGTCATGGCCGTG 300 
    ************************************************************ 
p17 AGCTCCATCAATGACCTCACAGACTTCGACCACAACGGAACCCCCAACAGCATGTCTGTG 360 
p21 AGCTCCATCAATGACCTCACAGACTTCGACCACAACGGAACCCCCAACAGCATGTCTGTG 360 
p18 AGCTCCATCAATGACCTCACAGACTTCGACCACAACGGAACCCCCAACAGCATGTCTGTG 360 
    ************************************************************ 
p17 CACGTGGCGCTGTCCATGATCGGCCTGGCCCTGATTGCTCTGGGTACTGGCGGGATAAAG 420 
p21 CACGTGGCGCTGTCCATGATCGGCCTGGCCCTGATTGCTCTGGGTACTGGCGGGATAAAG 420 
p18 CACGTGGCGCTGTCCATGATCGGCCTGGCCCTGATTGCTCTGGGTACTGGCGGGATAAAG 420 
    ************************************************************ 
p17 CCCTGTGTGTCGGCCTTTGGGGGCGATCAGTTTGAAGAGGGCCAGGAAAAGCAAAGAAAC 480 
p21 CCCTGTGTGTCGGCCTTTGGGGGCGATCAGTTTGAAGAGGGCCAGGAAAAGCAAAGAAAC 480 
p18 CCCTGTGTGTCGGCCTTTGGGGGCGATCAGTTTGAAGAGGGCCAGGAAAAGCAAAGAAAC 480 
    ************************************************************ 
p17 CGATTTTTTTCCATCTTTTATTTGGCCATTAATGCTGGAAGTTTGCTTTCTACTATCATC 540 
p21 CGATTTTTTTCCATCTTTTATTTGGCCATTAATGCTGGAAGTTTGCTTTCTACTATCATC 540 
p18 CGATTTTTTTCCATCTTTTATTTGGCCATTAATGCTGGAAGTTTGCTTTCTACTATCATC 540 
    ************************************************************ 
p17 ACTCCCATGCTCAGAGTTCAACAATGTGGAATTCACAGTACCCAGGCTTGCTACCCACTG 600 
p21 ACTCCCATGCTCAGAGTTCAACAATGTGGAATTCACAGTACCCAGGCTTGCTACCCACTG 600 
p18 ACTCCCATGCTCAGAGTTCAACAATGTGGAATTCACAGTACCCAGGCTTGCTACCCACTG 600 
    ************************************************************ 
p17 GCATTTGGGGTTCCTGCTGCTCTCATGGCTGTATCTCTGATTGTGTTTGTCATGGGCAGC 660 
p21 GCATTTGGGGTTCCTGCTGCTCTCATGGCTGTATCTCTGATTGTGTTTGTCATGGGCAGC 660 
p18 GCATTTGGGGTTCCTGCTGCTCTCATGGCTGTATCTCTGATTGTGT----CATGGGCAGC 656 
    **********************************************    ********** 
p17 AGAATGTACAAGAAGCTCAAGCCCCAGGGTAATGTCATGGCCAAAGTCGTCAAGTGCATC 720 
p21 AGAATGTACAAGAAGCTCAAGCCCCAGGGTAATGTCATGGCCAAAGTCGTCAAGTGCATC 720 
p18 AGAATGTACAAGAAGCTCAAGCCCCAGGGTAATGTCATGGCCAAAGTCGTCAAGTGCATC 716 
    ************************************************************ 
p17 GGGTTTGCCATCAAAAATAGGTTTAGGCATCGGAGTAAGAAGTTTCCCAAGAGGGAGCAC 780 
p21 GGGTTTGCCATCAAAAATAGGTTTAGGCATCGGAGTAAGAAGTTTCCCAAGAGGGAGCAC 780 
p18 GGGTTTGCCATCAAAAATAGGTTTAGGCATCGGAGTAAGAAGTTTCCCAAGAGGGAGCAC 776 
    ************************************************************ 
p17 TGGCTGGACTGGGCCAAGGAGAAATATGACGAGCGGCTCATCTGTCAAATCAAGATGGTC 840 
p21 TGGCTGGACTGGGCCAAGGAGAAATATGACG----------------------------- 811 
p18 TGGCTGGACTGGGCCAAGGAGAAATATGACGAGCGGCTCATCTGTCAAATCAAGATGGTC 836 
    ******************************* 
p17 ACGCGCGTGATGTTCCTGTATATCCCGCTCCCCATGTTCTGGGCTTTGTTTGACCAGCAG 900 
p21 ------------------------------------------------------------ 
p18 ACGCGCGTGATGTTCCTGTATATCCCGCTCCCCATGTTCTGGGCTTTGTTTGACCAGCAG 896 
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p17 GGCTCCAGGTGGACACTGCAAGCAACGACCATGAATGGGCAAATTGGGTTGCTTAAAATC 960 
p21 -GCTCCAGGTGGACACTGCAAGCAACGACCATGAATGGGCAAATTGGGTTGCTTAAAATC 870 
p18 GGCTCCAGGTGGACACTGCAAGCAACGACCATGAATGGGCAAATTGGGTTGCTTAAAATC 956 
     *********************************************************** 
p17 CAGCCGGATCAGATGCAGACCGTCAACGCCATCCTGATCGTTATCATGGTTCCCATCATG 1020 
p21 CAGCCGGATCAGATGCAGACCGTCAACGCCATCCTGATCGTTATCATGGTTCCCATCATG 930 
p18 CAGCCGGATCAGATGCAGACCGTCAACGCCATCCTGATCGTTATCATGGTTCCCATCATG 1016 
    ************************************************************ 
p17 GATGCTGTGGTGTATCCTCTGATCGCGAAGTGTGGTTTGAATTTCACCTCCCTGAGGAAG 1080 
p21 GATGCTGTGGTGTATCCTCTGATCGCGAAGTGTGGTTTGAATTTCACCTCCCTGAGGAAG 990 
p18 GATGCTGTGGTGTATCCTCTGATCGCGAAGTGTGGTTTGAATTTCACCTCCCTGAGGAAG 1076 
    ************************************************************ 
p17 ATGACAGTTGGGATGTTCCTGGCTTCCATGGCTTTCGTGGCAGCTGCCATCGTGCAGGTG 1140 
p21 ATGACAGTTGGGATGTTCCTGGCTTCCATGGCTTTCGTGGCAGCTGCCATCGTGCAGGTG 1050 
p18 ATGACAGTTGGGATGTTCCTGGCTTCCATGGCTTTCGTGGCAGCTGCCATCGTGCAGGTG 1136 
    ************************************************************ 
p17 GAGATTGACAAAACTCTTCCAGTCTTCCCCAAAGGAAATGAAGTCCAAGTTAAAGTACTG 1200 
p21 GAGATTGACAAAACTCTTCCAGTCTTCCCCAAAGGAAATGAAGTCCAAGTTAAAGTACTG 1110 
p18 GAGATTGACAAAACTCTTCCAGTCTTCCCCAAAGGAAATGAAGTCCAAGTTAAAGTACTG 1196 
    ************************************************************ 
p17 AACATAGGAAATAACAGCATGTCCGTATCTTTTCCTGGAACGACGGTGACCCTTGACCAG 1260 
p21 AACATAGGAAATAACAGCATGTCCGTATCTTTTCCTGGAACGACGGTGACCCTTGACCAG 1170 
p18 AACATAGGAAATAACAGCATGTCCGTATCTTTTCCTGGAACGACGGTGACCCTTGACCAG 1256 
    ************************************************************ 
p17 ATGTCTCAAACACACGAATTTCTGACTTTCGACGTCAACAAACTGACAAGTATAAACATT 1320 
p21 ATGTCTCAAACACACGAATTTCTGACTTTCGACGTCAACAAACTGACAAGTATAAACATT 1230 
p18 ATGTCTCAAACACACGAATTTCTGACTTTCGACGTCAACAAACTGACAAGTATAAACATT 1316 
    ************************************************************ 
p17 AGTTCTGCTGGATCACCAGCCACTCCAGTAACTTACAACTTTGAGCAGGGCCATCGCCAT 1380 
p21 AGTTCTGCTGGATCACCAGCCACTCCAGTAACTTACAACTTTGAGCAGGGCCATCGCCAT 1290 
p18 AGTTCTGCTGGATCACCAGCCACTCCAGTAACTTACAACTTTGAGCAGGGCCATCGCCAT 1376 
    ************************************************************ 
p17 ACCCTTCTGGTGTGGGGCCCCAGTCACTACCGAGTGGTAAAGGACGGCCTTAACCAGAAG 1440 
p21 ACCCTTCTGGTGTGGGGCCCCAGTCACTACCGAGTGGTAAAGGACGGCCTTAACCAGAAG 1350 
p18 ACCCTTCTGGTGTGGGGCCCCAGTCACTACCGAGTGGTAAAGGACGGCCTTAACCAGAAG 1436 
    ************************************************************ 
p17 CCTGAAAAAGGAGAAAACGGAGTCAGATTTGTAAATACTTTTGACGAGAGCTTCAATGTC 1500 
p21 CCTGAAAAAGGAGAAAACGGAGTCAGATTTGTAAATACTTTTGACGAGAGCTTCAATGTC 1410 
p18 CCTGAAAAAGGAGAAAACGGAGTCAGATTTGTAAATACTTTTGACGAGAGCTTCAATGTC 1496 
    ************************************************************ 
p17 ACGATGGATGGGAAAGTCTACATAGATGTCACCAGTCACAACGCCAGCGCCTATCAGTTT 1560 
p21 ACGATGGATGGGAAAGTCTACATAGATGTCACCAGTCACAACGCCAGCGCCTATCAGTTT 1470 
p18 ACGATGGATGGGAAAGTCTACATAGATGTCACCAGTCACAACGCCAGCGCCTATCAGTTT 1556 
    ************************************************************ 
p17 TTTCCTTCAGGCGCAAAAAGCTTCATCGTGCACTCACCGGAGATTTCACCGCAGTGTAAA 1620 
p21 TTTCCTTCAGGCGCAAAAAGCTTCATCGTGCACTCACCGGAGATTTCACCGCAGTGTAAA 1530 
p18 TTTCCTTCAGGCGCAAAAAGCTTCATCGTGCACTCACCGGAGATTTCACCGCAGTGTAAA 1616 
    ************************************************************ 
p17 AATAATTTCACGTCCTCCAGCCTTGAATTTGGCAGCGCGTTTACCTATGTGATCACGAGG 1680 
p21 AATAATTTCACGTCCTCCAGCCTTGAATTTGGCAGCGCGTTTACCTATGTGATCACGAGG 1590 
p18 AATAATTTCACGTCCTCCAGCCTTGAATTTGGCAGCGCGTTTACCTATGTGATCACGAGG 1676 
    ************************************************************ 
p17 AAGGAGGACAGCTGCCCCGATCTGAAGATTTTTGAGGATATTTCCCCCAATACGATTAAC 1740 
p21 AAGGAGGACAGCTGCCCCGATCTGAAGATTTTTGAGGATATTTCCCCCAATACGATTAAC 1650 
p18 AAGGAGGACAGCTGCCCCGATCTGAAGATTTTTGAGGATATTTCCCCCAATACGATTAAC 1736 
    ************************************************************ 
p17 ATGGCTCTGCAGATCCCGCAGTATTTCCTCATCACCTGCGGCGAGGTGGTCTTCTCTGTC 1800 
p21 ATGGCTCTGCAGATCCCGCAGTATTTCCTCATCACCTGCGGCGAGGTGGTCTTCTCTGTC 1710 
p18 ATGGCTCTGCAGATCCCGCAGTATTTCCTCATCACCTGCGGCGAGGTGGTCTTCTCTGTC 1796 
    ************************************************************ 
p17 ACGGGACTGGAGTTCTCCTATTCTCAGGCTCCTTCCAACATGAAGTCGGTGCTTCAAGCA 1860 
p21 ACGGGACTGGAGTTCTCCTATTCTCAGGCTCCTTCCAACATGAAGTCGGTGCTTCAAGCA 1770 
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p18 ACGGGACTGGAGTTCTCCTATTCTCAGGCTCCTTCCAACATGAAGTCGGTGCTTCAAGCA 1856 
    ************************************************************ 
p17 GGATGGCTGTTGACCGTGGCTGTTGGCAACATCATCGTGCTTATCGTGGCAGGAGCAGGC 1920 
p21 GGATGGCTGTTGACCGTGGCTGTTGGCAACATCATCGTGCTTATCGTGGCAGGAGCAGGC 1830 
p18 GGATGGCTGTTGACCGTGGCTGTTGGCAACATCATCGTGCTTATCGTGGCAGGAGCAGGC 1916 
    ************************************************************ 
p17 CAGTTCAGTGAACAGTGGGCCGAGTACGTTCTGTTTGCGGGGTTGCTCCTCGCCGTCTGC 1980 
p21 CAGTTCAGTGAACAGTGGGCCGAGTACGTTCTGTTTGCGGGGTTGCTCCTCGCCGTCTGC 1890 
p18 CAGTTCAGTGAACAGTGGGCCGAGTACGTTCTGTTTGCGGGGTTGCTCCTCGCCGTCTGC 1976 
    ************************************************************ 
p17 ATAATATTTGCCATCATGGCTCGATTCTACACGTACATCAACCCAGCAGAGGTTGAAGCT 2040 
p21 ATAATATTTGCCATCATGGCTCGATTCTACACGTACATCAACCCAGCAGAGGTTGAAGCT 1950 
p18 ATAATATTTGCCATCATGGCTCGATTCTACACGTACATCAACCCAGCAGAGGTTGAAGCT 2036 
    ************************************************************ 
p17 CAGTTTGATATGGACGAAAAGAAAAAGTACCTGGGAAAGGATAGCCTGTACCCCAAGCTG 2100 
p21 CAGTTTGATATGGACGAAAAGAAAAAGTACCTGGGAAAGGATAGCCTGTACCCCAAGCTG 2010 
p18 CAGTTTGATATGGACGAAAAGAAAAAGTACCTGGGAAAGGATAGCCTGTACCCCAAGCTG 2096 
    ************************************************************ 
p17 GACACCGACGTACAGACGCAGATGTGACCATCAAGAAGCACGTGGAGGATGGCGTGGGCC 2160 
p21 GACACCGACGTACAGACGCAGATGTGACCATCAAGAAGCACGTGGAGGATGGCGTGGGCC 2070 
p18 GACACCGACGTACAGACGCAGATGTGACCATCAAGAAGCACGTGGAGGATGGCGTGGGCC 2156 
    ************************************************************ 
p17 CAGAATGTGCCCGGGCCTCCTGTCCCCTGGTGACAGGACCCTCTGCTGGGTGGCCCCTGA 2220 
p21 CAGAATGTGCCCGGGCCTCCTGTCCCCTGGTGACAGGACCCTCTGCTGGGTGGCCCCTGA 2130 
p18 CAGAATGTGCCCGGGCCTCCTGTCCCCTGGTGACAGGACCCTCTGCTGGGTGGCCCCTGA 2216 
    ************************************************************ 
p17 TGGGAACGACTTGAGGACAGTGAACCAAACCAAGAAAGCTCTTTTCTAAGCAGCCAGCCA 2280 
p21 TGGGAACGACTTGAGGACAGTGAACCAAACCAAGAAAGCTCTTTTCTAAGCAGCCAGCCA 2190 
p18 TGGGAACGACTTGAGGACAGTGAACCAAACCAAGAAAGCTCTTTTCTAAGCAGCCAGCCA 2276 
    ************************************************************ 
p17 TGAACCTAAAACTCTAAAACATGTCCTGCTGTTCCTTTTCTTTTTTAGAGACGTCTTTAA 2340 
p21 TGAACCTAAAACTCTAAAACATGTCCTGCTGTTCCTTTTCTTTTTTAGAGACGTCTTTAA 2250 
p18 TGAACCTAAAACTCTAAAACATGTCCTGCTGTTCCTTTTCTTTTTTAGAGACGTCTTTAA 2336 
    ************************************************************ 
p17 AAGTACACACACATATGTGCACACACACACACACAACACTGGGTCCATACCCTGCATGTT 2400 
p21 AAGTACACACACATATGTGCACACACACACACACAACACTGGGTCCATACCCTGCATGTT 2310 
p18 AAGTACACACACATATGTGCACACACACACACACAACACTGGGTCCATACCCTGCATGTT 2396 
    ************************************************************ 
p17 ACTCCTTTCCTACCACACAAATCAAGTCATTTGCGATTAACTTAAGTTTTTGAAATGGTG 2460 
p21 ACTCCTTTCCTACCACACAAATCAAGTCATTTGCGATTAACTTAAGTTTTTGAAATGGTG 2370 
p18 ACTCCTTTCCTACCACACAAATCAAGTCATTTGCGATTAACTTAAGTTTTTGAAATGGTG 2456 
    ************************************************************ 
p17 GCAAAGTTGTGTATTGTTTGCATTCAGACATTCTATGGAAACGGTGTTAAACAAGACAGG 2520 
p21 GCAAAGTTGTGTATTGTTTGCATTCAGACATTCTATGGAAACGGTGTTAAACAAGACAGG 2430 
p18 GCAAAGTTGTGTATTGTTTGCATTCAGACATTCTATGGAAACGGTGTTAAACAAGACAGG 2516 
    ************************************************************ 
p17 AGCCAAGATGAAATGTGAGCGTATGGGGTTTGCAGTGGAAATTGATGAGACTGCCCTCTT 2580            
p21 AGCCAAGATGAAATGTAGAGGCCTACGCAGTCAGTC------------------------ 2466 
p18 AGCCAAGATGAAATGTGAGCGTATGGGGTTTGCAGTGGAAATTGATGAGACTGCCCTCTT 2576 
    **************** 
p17 CCCTGATAACTTTACCTTCTGTTTGAGTTTTGTTTTTTCCAGATCCTCCCTCTTTTTAAA 2640 
p18 CCCTGATAACTTTACCTTCTGTTTGAGTTTTGTTTTTTCCAGATCCTCCCTCTTTTTAAA 2636 
 
p17 TTATGTGTCACTCAAAAAACCAGCCGAGTAAAGAAGGCAAGTCATGGTTAAAAAAAAA-- 2698    
p18 TTATGTGTCACTCAAAAAACCAGCCGAGTAAAGAAGGCAAGTCATGGTTTTTGGTGTTTC 2696 
 
p18 AATGGTATGAAATAAATTCTTGTTCTGAAGAGTGTGTATTTGAGGCAGAGTAAGAAATTC 2756  
p18 CTGGGAGTTCCGTTGTGAGGAACACTACACGAATCCGACTAGGAACCAGGAGGTTTCTAC 2816 
P18 GTTTGATCCCTGGCCCTGCTCAGTGGGTTAAGGATCTGGTGTTGCCATGAGCTGTGGTGT 2876   
P18 GGGTCTCAGACACAGCTCAGATCTGGCATTGTTGTGGCTGTGGTGTAGGCCAGCAGCTAC 2936 
P18 AGCTCCAATTAGACCCCTAGCCTGGGAACTTCCATATGCCGTGGGTGCAGCCCTAAAAAA 2996 
P18 AAAAAAAAAAA------------------------------------------------- 3056 
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Protein Alignment of isolated pPepT1 cDNAs  
 
p17 MGMSVPQSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFRLFIGWNDNLSTAIYHTFV 60 
p21 MGMSVPQSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFRLFIGWNDNLSTAIYHTFV 60 
p18 MGMSVPQSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFRLFIGWNDNLSTAIYHTFV 60 
    ************************************************************ 
p17 ALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQVVMAVSSINDLTDFDHNGTPNSMSV 120 
p21 ALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQVVMAVSSINDLTDFDHNGTPNSMSV 120 
p18 ALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQVVMAVSSINDLTDFDHNGTPNSMSV 120 
    ************************************************************ 
p17 HVALSMIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAGSLLSTII 180 
p21 HVALSMIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAGSLLSTII 180 
p18 HVALSMIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAGSLLSTII 180 
    ************************************************************ 
p17 TPMLRVQQCGIHSTQACYPLAFGVPAALMAVSLIVFVMGSRMYKKLKPQGNVMAKVVKCI 240 
p21 TPMLRVQQCGIHSTQACYPLAFGVPAALMAVSLIVFVMGSRMYKKLKPQGNVMAKVVKCI 240 
p18 TPMLRVQQCGIHSTQACYPLAFGVPAALMAVSLIVSWAAECTRSSSPRVMSWPKSSSASG 240 
    *********************************** 
p17 GFAIKNRFRHRSKKFPKREHWLDWAKEKYDERLICQIKMVTRVMFLYIPLPMFWALFDQQ 300 
p21 GFAIKNRFRHRSKKFPKREHWLDWAKEKYD------------------------------ 270 
p18 LPSKIGLGIGVRSFPRGSTGWTGPRRNMTSGSSVKSRWSRASTP*--------------- 284 
 
p17 GSRWTLQATTMNGQIGLLKIQPDQMQTVNAILIVIMVPIMDAVVYPLIAKCGLNFTSLRK 360 
p21 GSRWTLQATTMNGQIGLLKIQPDQMQTVNAILIVIMVPIMDAVVYPLIAKCGLNFTSLRK 330 
        
p17 MTVGMFLASMAFVAAAIVQVEIDKTLPVFPKGNEVQVKVLNIGNNSMSVSFPGTTVTLDQ 420 
p21 MTVGMFLASMAFVAAAIVQVEIDKTLPVFPKGNEVQVKVLNIGNNSMSVSFPGTTVTLDQ 390 
 
p17 MSQTHEFLTFDVNKLTSINISSAGSPATPVTYNFEQGHRHTLLVWGPSHYRVVKDGLNQK 480 
p21 MSQTHEFLTFDVNKLTSINISSAGSPATPVTYNFEQGHRHTLLVWGPSHYRVVKDGLNQK 450 
                         
p17 PEKGENGVRFVNTFDESFNVTMDGKVYIDVTSHNASAYQFFPSGAKSFIVHSPEISPQCK 540 
p21 PEKGENGVRFVNTFDESFNVTMDGKVYIDVTSHNASAYQFFPSGAKSFIVHSPEISPQCK 510 
 
p17 NNFTSSSLEFGSAFTYVITRKEDSCPDLKIFEDISPNTINMALQIPQYFLITCGEVVFSV 600 
p21 NNFTSSSLEFGSAFTYVITRKEDSCPDLKIFEDISPNTINMALQIPQYFLITCGEVVFSV 570 
 
p17 TGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGAGQFSEQWAEYVLFAGLLLAVC 660 
p21 TGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGAGQFSEQWAEYVLFAGLLLAVC 630 
 
p17 IIFAIMARFYTYINPAEVEAQFDMDEKKKYLGKDSLYPKLDTDVQTQM* 708 
p21 IIFAIMARFYTYINPAEVEAQFDMDEKKKYLGKDSLYPKLDTDVQTQM* 678 
 

Fig 5.4 Alignment of the amino acid sequences predicted for pPepT1 clones p17, p21 and 
p18.  
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  cDNA and Predicted Amino Acid Sequence 
        
   
atgggaatgtccgtgccacagagctgcttcggttatcccttgagcatcttcttcatcgtg 
 M  G  M  S  V  P  Q  S  C  F  G  Y  P  L  S  I  F  F  I  V  20 
Gtcaacgagttctgtgaaaggttttcctactatggaatgagagcactcctgatcctgtac  
 V  N  E  F  C  E  R  F  S  Y  Y  G  M  R  A  L  L  I  L  Y  40 
ttccggcttttcatcggctggaatgacaatctgtccactgccatctaccacacctttgtg 
 F  R  L  F  I  G  W  N  D  N  L  S  T  A  I  Y  H  T  F  V  60 
gctctgtgctacctgacgcccattctaggagccctcatcgccgactcctggctggggaag 
 A  L  C  Y  L  T  P  I  L  G  A  L  I  A  D  S  W  L  G  K  80 
ttcaagacaattgtgtcgttgtccatcgtctacaccattggacaggtggtcatggccgtg 
 F  K  T  I  V  S  L  S  I  V  Y  T  I  G  Q  V  V  M  A  V  100 
agctccatcaatgacctcacagacttcgaccacaacggaacccccaacagcatgtctgtg 
 S  S  I  N  D  L  T  D  F  D  H  N  G  T  P  N  S  M  S  V  120 
cacgtggcgctgtccatgatcggcctggccctgattgctctgggtactggcgggataaag 
 H  V  A  L  S  M  I  G  L  A  L  I  A  L  G  T  G  G  I  K  140 
Ccctgtgtgtcggcctttgggggcgatcagtttgaagagggccaggaaaagcaaagaaac   
 P  C  V  S  A  F  G  G  D  Q  F  E  E  G  Q  E  K  Q  R  N  160 
cgatttttttccatcttttatttggccattaatgctggaagtttgctttctactatcatc 
 R  F  F  S  I  F  Y  L  A  I  N  A  G  S  L  L  S  T  I  I  180 
actcccatgctcagagttcaacaatgtggaattcacagtacccaggcttgctacccactg 
 T  P  M  L  R  V  Q  Q  C  G  I  H  S  T  Q  A  C  Y  P  L  200 
gcatttggggttcctgctgctctcatggctgtatctctgattgtgtttgtcatgggcagc 
 A  F  G  V  P  A  A  L  M  A  V  S  L  I  V  F  V  M  G  S  220 
agaatgtacaagaagctcaagccccagggtaatgtcatggccaaagtcgtcaagtgcatc 
 R  M  Y  K  K  L  K  P  Q  G  N  V  M  A  K  V  V  K  C  I  240 
gggtttgccatcaaaaataggtttaggcatcggagtaagaagtttcccaagagggagcac 
 G  F  A  I  K  N  R  F  R  H  R  S  K  K  F  P  K  R  E  H  260 
tggctggactgggccaaggagaaatatgacgagcggctcatctgtcaaatcaagatggtc 
 W  L  D  W  A  K  E  K  Y  D  E  R  L  I  C  Q  I  K  M  V  280 
acgcgcgtgatgttcctgtatatcccgctccccatgttctgggctttgtttgaccagcag 
 T  R  V  M  F  L  Y  I  P  L  P  M  F  W  A  L  F  D  Q  Q  300 
ggctccaggtggacactgcaagcaacgaccatgaatgggcaaattgggttgcttaaaatc 
 G  S  R  W  T  L  Q  A  T  T  M  N  G  Q  I  G  L  L  K  I  320 
cagccggatcagatgcagaccgtcaacgccatcctgatcgttatcatggttcccatcatg 
 Q  P  D  Q  M  Q  T  V  N  A  I  L  I  V  I  M  V  P  I  M  340 
gatgctgtggtgtatcctctgatcgcgaagtgtggtttgaatttcacctccctgaggaag 
 D  A  V  V  Y  P  L  I  A  K  C  G  L  N  F  T  S  L  R  K  360 
atgacagttgggatgttcctggcttccatggctttcgtggcagctgccatcgtgcaggtg 
 M  T  V  G  M  F  L  A  S  M  A  F  V  A  A  A  I  V  Q  V  380 
gagattgacaaaactcttccagtcttccccaaaggaaatgaagtccaagttaaagtactg 
 E  I  D  K  T  L  P  V  F  P  K  G  N  E  V  Q  V  K  V  L  400 
aacataggaaataacagcatgtccgtatcttttcctggaacgacggtgacccttgaccag 
 N  I  G  N  N  S  M  S  V  S  F  P  G  T  T  V  T  L  D  Q  420 
atgtctcaaacacacgaatttctgactttcgacgtcaacaaactgacaagtataaacatt 
 M  S  Q  T  H  E  F  L  T  F  D  V  N  K  L  T  S  I  N  I  440 
Agttctgctggatcaccagccactccagtaacttacaactttgagcagggccatcgccat 
 S  S  A  G  S  P  A  T  P  V  T  Y  N  F  E  Q  G  H  R  H  460 
acccttctggtgtggggccccagtcactaccgagtggtaaaggacggccttaaccagaag 
 T  L  L  V  W  G  P  S  H  Y  R  V  V  K  D  G  L  N  Q  K  480 
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cctgaaaaaggagaaaacggagtcagatttgtaaatacttttgacgagagcttcaatgtc 
 P  E  K  G  E  N  G  V  R  F  V  N  T  F  D  E  S  F  N  V  500 
Acgatggatgggaaagtctacatagatgtcaccagtcacaacgccagcgcctatcagttt 
 T  M  D  G  K  V  Y  I  D  V  T  S  H  N  A  S  A  Y  Q  F  520 
tttccttcaggcgcaaaaagcttcatcgtgcactcaccggagatttcaccgcagtgtaaa 
 F  P  S  G  A  K  S  F  I  V  H  S  P  E  I  S  P  Q  C  K  540 
aataatttcacgtcctccagccttgaatttggcagcgcgtttacctatgtgatcacgagg 
 N  N  F  T  S  S  S  L  E  F  G  S  A  F  T  Y  V  I  T  R  560 
aaggaggacagctgccccgatctgaagatttttgaggatatttcccccaatacgattaac 
 K  E  D  S  C  P  D  L  K  I  F  E  D  I  S  P  N  T  I  N  580 
atggctctgcagatcccgcagtatttcctcatcacctgcggcgaggtggtcttctctgtc 
 M  A  L  Q  I  P  Q  Y  F  L  I  T  C  G  E  V  V  F  S  V  600 
acgggactggagttctcctattctcaggctccttccaacatgaagtcggtgcttcaagca 
 T  G  L  E  F  S  Y  S  Q  A  P  S  N  M  K  S  V  L  Q  A  620 
ggatggctgttgaccgtggctgttggcaacatcatcgtgcttatcgtggcaggagcaggc 
 G  W  L  L  T  V  A  V  G  N  I  I  V  L  I  V  A  G  A  G  640 
cagttcagtgaacagtgggccgagtacgttctgtttgcggggttgctcctcgccgtctgc 
 Q  F  S  E  Q  W  A  E  Y  V  L  F  A  G  L  L  L  A  V  C  660 
ataatatttgccatcatggctcgattctacacgtacatcaacccagcagaggttgaagct 
 I  I  F  A  I  M  A  R  F  Y  T  Y  I  N  P  A  E  V  E  A  680 
cagtttgatatggacgaaaagaaaaagtacctgggaaaggatagcctgtaccccaagctg 
 Q  F  D  M  D  E  K  K  K  Y  L  G  K  D  S  L  Y  P  K  L  700 
gacaccgacgtacagacgcagatgtgaccatcaagaagcacgtggaggatggcgtgggcc 
 D  T  D  V  Q  T  Q  M  -                                   708 
cagaatgtgcccgggcctcctgtcccctggtgacaggaccctctgctgggtggcccctga 
tgggaacgacttgaggacagtgaaccaaaccaagaaagctcttttctaagcagccagcca 
tgaacctaaaactctaaaacatgtcctgctgttccttttcttttttagagacgtctttaa 
aagtacacacacatatgtgcacacacacacacacaacactgggtccataccctgcatgtt 
actcctttcctaccacacaaatcaagtcatttgcgattaacttaagtttttgaaatggtg 
gcaaagttgtgtattgtttgcattcagacattctatggaaacggtgttaaacaagacagg 
agccaagatgaaatgtgagcgtatggggtttgcagtggaaattgatgagactgccctctt 
ccctgataactttaccttctgtttgagttttgttttttccagatcctccctctttttaaa 
ttatgtgtcactcaaaaaaccagccgagtaaagaaggcaagtcatggttaaaaaaaaa 
  

 
 
 
 
Figure 5.5 The cDNA and deduced amino acid sequences for pPepT1. The predicted 13 
transmembrane domains are underlined and the putative polyadenylation signal is in bold. 
The nucleotide sequence of pPepT1 cDNA has been deposited in GenBank (accession 
number AY180903). 
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Figure 5.6 Putative structure of the pPepT1 protein. A) Hydropathy analysis with 
TMpred indicated that pPepT1 has 13 transmembrane domains with a large extracellular 
loop between transmembrane domains 10 and 11. B) Putative structure of pPepT1 with 
potential N-linked glycosylation sites indicated by (✝ ) and potential protein kinase C 
phosphorylation sites indicated by PKC. 
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Figure 5.7 Comparison of primary amino acid sequences of porcine gastrointestinal 
peptide transporter (pPepT1), human hPepT1, sheep oPepT1 and chicken cPepT1. The 
predicted amino acid sequence of pPepT1 protein is 82.8, 85.7, and 64.7% identical to 
PepT1 from human , sheep and chicken. Identical amino acids across species are 
identified by (*).  
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Pig             -------MGMSVPQSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFRLFIGWNDNLST 53 
Ovine           -------MGMSVPKSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFQRFLGWNDNLGT 53 
Human           -------MGMSKSHSFFGYPLSIFFIVVNEFCERFSYYGMRAILILYFTNFISWDDNLST 53 
Chicken         MAAKSKSKGRSVPN-CFGYPLSIFFIVINEFCERFSYYGMRAVLVLYFKYFLRWDDNFST 59 
                        * *     *********** ************** * ***  *  * **  * 
 
Pig             AIYHTFVALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQVVMAVSSINDLTDFDHNG 113 
Ovine           AIYHTFVALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQVVIAVSSINDLTDFNHDG 113 
Human           AIYHTFVALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQAVTSVSSINDLTDHNHDG 113 
Chicken         AIYHTFVALCYLTPILGALIADSWLGKFKTIVSLSIVYTIGQAVMAVSSINDMTDQNRDG 119 
                ****************************************** *  ****** **    * 
 
Pig             TPNSMSVHVALSMIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAG 173 
Ovine           TPNNISVHVALSMIGLVLIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAG 173 
Human           TPDSLPVHVVLSLIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAG 173 
Chicken         NPDNIAVHIALSMTGLILIALGTGGIKPCVSAFGGDQFEEHQEKQRSRFFSIFYLSINAG 179 
                 *    **  **  ** *********************** ***** ******** **** 
 
Pig             SLLSTIITPMLRVQQCGIHSTQACYPLAFGVPAALMAVSLIVFVMGSRMYKKLKPQGNVM 233 
Ovine           SLLSTIITPMLRVQVCGIHSKQACYPLAFGVPAALMAVSLIVFVIGSGMYKKVQPQGNIM 233 
Human           SLLSTIITPMLRVQQCGIHSKQACYPLAFGVPAALMAVALIVFVLGSGMYKKFKPQGNIM 233 
Chicken         SLISTIITPILRAQECGIHSRQQCYPLAFGVPAALMAVSLVVFIAGSGMYKKVQPQGNIM 239 
                ** ****** ** * ***** * *************** * **  ** ****  **** * 
 
Pig             AKVVKCIGFAIKNRFRHRSKKFPKREHWLDWAKEKYDERLICQIKMVTRVMFLYIPLPMF 293 
Ovine           SKVARCIGFAIKNRISHRSKKFPKREHWLDWASEKYDERLISQIKMVTRVMFLYIPLPMF 293 
Human           GKVAKCIGFAIKNRFRHRSKAFPKREHWLDWAKEKYDERLISQIKMVTRVMFLYIPLPMF 293 
Chicken         VRVCKCIGFAIKNRFRHRSKEYPKREHWLDWASEKYDKRLIAQTKMVLKVLFLYIPLPMF 299 
                  *  *********  ****  ********** **** *** * ***  * ********* 
 
Pig             WALFDQQGSRWTLQATTMNGQIGLLKIQPDQMQTVNAILIVIMVPIMDAVVYPLIAKCGL 353 
Ovine           WALFDQQGSRWTLQATTMSGKIGIIEIQPDQMQTVNAILIVVMVPIVDAVVYPLIAKCGL 353 
Human           WALFDQQGSRWTLQATTMSGKIGALEIQPDQMQTVNAILIVIMVPIFDAVLYPLIAKCGF 353 
Chicken         WALFDQQGSRWTLQATTMDGDFGAMQIQPDQMQTVNPILIIIMVPVVDAVIYPLIQKCKI 359 
                ****************** *  *   ********** ***  ***  *** **** **   
 
Pig             NFTSLRKMTVGMFLASMAFVAAAIVQVEIDKTLPVFPKGNEVQVKVLNIGNNSMSVSFPG 413 
Ovine           NFTSLKKMTVGMFLASMAFVAAAIVQVDIDKTLPVFPKGNEVQIKVLNIGNNSMTVSFPG 413 
Human           NFTSLKKMAVGMVLASMAFVVAAIVQVEIDKTLPVFPKGNEVQIKVLNIGNNTMNISLPG 413 
Chicken         NFTPLRRITVGMFLAGLAFVAAALLQVQIDKTLPVFPAAGQAQIKIINLGDSNANVTFLP 419 
                *** *    *** **  *** **  ** *********     * *  * *  
 
Pig             --TTVTLDQMSQTHEFLTFDVNKLTSINISSAGSPATPVTYNFEQGHRHTLLVWGPSH-- 469 
Ovine           --TTVTCDQMSQTNGFLTFNVDNLS-INISSTGTPVTPVTHNFESGHRHTLLVWAPSN-- 468 
Human           --EMVTLGPMSQTNAFMTFDVNKLTRINISSPGSPVTAVTDDFKQGQRHTLLVWAPNH-- 469 
Chicken         NLQNVTVLPMEST-GYRMFESSQLKSVMVN-FGSESRSENIDSISSNTHTVTIKNAAAGI 477 
                    **   *  *     *    *        *               **     
 
Pig             -YRVVKDGLNQKPEKGENGVRFVNTFDESFNVTMDGKVYIDVTSHNASAYQFFPSGAKSF 528 
Ovine           -YQVVKDGLNQKPEKGRNGIRFVNAFGESFGVTMDGEVYNNVSGHNASEYLFFSSGVKSF 527 
Human           -YQVVKDGLNQKPEKGENGIRFVNTFNELITITMSGKVYANISSYNASTYQFFPSGIKGF 528 
Chicken         VSSLRSDNFTSKPEEGKNLVRFVNNLPQTVNITMGDTTFGILEETSISNYSPFS-GGRTY 536 
                      *    *** * *  ****        **             * *  *  *    
 
Pig             IVHSPEISPQCKNNFTSSSLEFGSAFTYVITRKEDSCPDLKIFEDISPNTINMALQIPQY 588 
Ovine           TINSPEISQQCEKQFKTSYLEFGSAFTYVISRKSDGCPEPKIFEDISPNTVSMALQIPQY 587 
Human           TISSTEIPPQCQPNFNTFYLEFGSAYTYIVQRKNDSCPEVKVFEDISANTVNMALQIPQY 588 
Chicken         DIVITAGSTNCKP--TSEKLGYGGAYTIVINECSGDVTQLRYIEDIQPNTVHMAWQIPQY 594 
                          *        *  * * *                ***  **  ** ***** 
 
Pig             FLITCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGAGQFSEQWAE 648 
Ovine           FLLTCGEVVFSITGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGAGQFSEQWAE 647 
Human           FLLTCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGAGQFSKQWAE 648 
Chicken         FILTCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWLLTVAVGNIIVLIVAGASKLSEQWAE 654 
                *  ******** ***************************************   * **** 
 
Pig             YVLFAGLLLAVCIIFAIMARFYTYINPAEVEAQFDMDEKKKYLGKDSLYPKLDTDVQTQM 708 
Ovine           YVLFAALLLVVCIIFAIMARFYTYVNPAEIEAQFDEDDKEDDLEKSNPYAKLDFVSQTQM 707 
Human           YILFAALLLVVCVIFAIMARFYTYINPAEIEAQFDEDEKKNRLEKSNPYFMSGANSQKQM 708 
Chicken         YVLFAALLFAVCIIFAVMAYFYTYTDPNEVEAQLDEEEKKKQIKQDPDLHGKESEAVSQM 714 
                             * *** **  ** *** **  ****  * * *** *   *                   ** 
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Fig 5.8 Northern blot analysis of pPepT1 mRNA in pig tissues. Total RNA (20 µg) was 
loaded per lane and the blot was hybridized with a 800 bp fragment of the pPepT1 cDNA 
as a probe.  
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A)            100bp                         1999 
                 Marker     Blank     total RNA 

                     
 
B)  100 bp   1999     2002     p17     p21  
                Marker   RNA    RNA  vector  vector 

 
 
Fig 5.9 A) RT-PCR products from total RNA isolated from the pig jejunum in 1999. 
Bands correspond to the size of PCR products with and without the 90 bp deletion seen in 
clone p21.  B) RT-PCR was run with total RNA  from 1999 and 2002. A single PCR 
product was observed at the same size as the p17 vector control. 
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Fig 5.10 Influence of pH on Gly-Sar uptake by pPepT1. pPepT1 transfected CHO 
cells were incubated in an uptake buffer ranging in pH of 5.0 to 7.0 containing 20 
µM of [3H] Gly-Sar.  Counts were measured by disintegrations per min (dpm). 
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Fig 5.11 Uptake of [3H] Gly-Sar over time in pPepT1 transfected CHO cells. 
pPepT1 transfected CHO cells were incubated in an uptake buffer of pH 6.0 
containing 20 µM of [3H] Gly-Sar.  Counts were measured by disintegrations per 
min (dpm). 
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Fig 5.12 Transport of Glycylsarcosine in pPepT1 transfected CHO cells was 
measured in the presence of numerous di-, tri, and tetrapeptides at concentrations 
ranging from  0.01-10 mM. Inhibition of Gly-Sar was performed at a pH of 6.0 for 
25 min. The data represents the mean of four determinations. 
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Table 5.1 

 
Kinetics of pPepT1 in CHO cells transfected 

with pPepT1 cDNA 
 
Substrate   MW       Charge1        Hydrophobicity2       IC50

3(µmol/L)          
 
Dipeptide 
Arg-Lys     302 +2 -8.4 1379     
Gly-Met           206  0 1.5 30.5 
Leu-Val           230  0  8.0 55.9 
Lys-Lys           274                 +2 -7.8 3845 
Lys-Met          277                 +1 -2.0 39.8 
Lys-Phe           293 +1 -1.1 30.3 
Met-Glu          278 -1 -1.6 526.4 
Met-Gly           206 0  1.5 5.2 
Met Leu           262 0  5.7 3.6 
Met-Met          280          0 3.8 13.3 
Phe-Phe           312          0  5.6 15.3 
Trp-Phe           351          0 1.9 56.0 
Val-Leu           230             0 8.0 212.3 
 
Tripeptides 
Lys-Trp-Lys 460 +2 -8.7 2221 
Met-Leu-Phe 409   0 8.5 399 
Leu-Gly-Gly 245          0 3.0 219 
 
Tetrapeptides 
Pro-Phe-Gly-Lys 501 +1 -3.1               Cannot be determined 
Met-Gly-Met-Met 468          0  5.3               Cannot be determined 
Val-Gly-Ser-Glu 444        -1 -0.5               Cannot be determined 

 

1 Charge: calculated at pH 6.0. 
2. Hydrophobicity: calculated as the average of the value of the constituent amino acids 
according to Kyte and Doolittle (1982). 
3. IC50: determined as the unlabeled peptide concentation needed to inhibit 50% of Gly-
Sar uptake. 
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  Chapter VI 

Discussion 

In recent years, it has been established that absorption of amino acids could be 

met through the uptake of free amino acids or as small peptides. The only peptide 

transporter isolated from the gastrointestinal tract, PepT1, is believed to be solely 

responsible for peptide transport from this region. The magnitude of peptide absorption 

and the nutritional and pharmaceutical significances of this peptide transporter are still 

unknown for many food-producing species, such as swine. Here, we report the cloning 

and characterization of the pig intestinal peptide transporter. 

Three variant cDNAs were isolated from the screening of a porcine intestinal 

cDNA library, probed with a fragment of the ovine PepT1 cDNA. Two of the isolated 

cDNAs, named p17 and p18, differ at the 3’ end of the gene by alternative 

polyadenylation sites.  These alternative polyadenylation sites are believed to correspond 

to the two PepT1 mRNAs observed on northern blots of pig intestinal RNA. The two 

mRNAs of 2.9 and 3.5 kb are observed in the tissues of the duodenum, jejunum, and 

ileum, whereas in all other species examined (human, mouse, rat, rabbit, sheep, cow and 

chicken) only a single mRNA ranging from 2.9 to 3.0 kb is observed (Chen et al., 1999). 

Clone p18 also contained a unique 4 bp deletion 647 base pairs downstream of the start 

codon. This deletion caused a frame shift in the open reading frame and resulted in a 

truncated 284 amino acid protein that was nonfunctional in the CHO expression system. 

RT-PCR of this region from total RNA did not detect this four base pair deletion and is 

probably a result of an error during reverse transcription while creating the cDNA library.  
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The third clone isolated, p21, has a variant mRNA that seems to be unique to pigs. 

This cDNA is similar in sequence to the other clones at the 5’ end of the gene but 

contains a 90 base pair deletion. Compared to the mouse genomic PepT1 sequence, this 

deletion corresponds exactly to the excision of exon 14, which encodes a transmembrane 

domain (Fei et al., 2000). The 90 base deletion may be the result of alternative RNA 

splicing. Two bands approximately 90 base pairs apart were observed by RT-PCR on 

isolated total RNA from the jejunum. Interestingly, this band was not detected in samples 

that were freeze/thawed more than two times. It is likely that this form of the mRNA is 

very unstable and rapidly degrades.  The cDNA containing the 90 base pair deletion did 

not contain a poly (A) tail or a polyadenylation site corresponding to either of the other 

two clones. It is not known if the absence of the poly (A) tail is a result of truncation 

during library construction or if it is found in vivo.  The poly (A) tail is known to 

stabilize mRNA and its absence may be an explanation for its rapid degradation.  CHO 

cells transfected with the p21 clone were unable to transport the dipeptide Gly-Sar. This 

may be a result of the mRNA being too unstable to be translated into a functional protein. 

The absence of the 90 base pair region in clone p21 that would normally encode for the 

eighth transmembrane domain may also explain the loss of functionality of this clone.  

To examine functional characteristics, the three clones were PCR amplified and 

ligated into the pTargeT mammalian expression vector. When the vectors were expressed 

in CHO cells and uptake of [3H]Gly-Sar was measured, only the p17 clone that lacked  

deletions was capable of transporting the dipeptide. The cDNA from this clone has an 

open reading frame of 2,124 bp and encodes for a protein that is similar in sequence and 
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amino acid size, 708 amino acids, to that of other mammalian PepT1 studied (Doring et 

al., 2002).   

All members of the PTR family are believed to have a conserved 12 

transmembrane structure, however pPepT1 has a predicted 13 transmembrane domain 

structure. Using the Tmpred, PredictProtein and the HMMTOP hydrophobicity analysis 

programs, pPepT1 was analyzed to have 13 transmembrane domains.  The extra predicted 

transmembrane domain is located at the amino terminus of the protein, while the other 12 

transmembrane domains are conserved.  This model for the pPepT1 protein would place 

the amino- terminus extracellular and the carboxy- terminus intracellular. Hydrophobicity 

comparisons across species demonstrate that this thirteenth transmembrane domain may 

be present in other species but its hydrophobicity scoring was too low to be considered a 

transmembrane domain. The human PepT1 (hPepT1) may also possess 13 

transmembrane domains and could be an indicator that this structure is found in higher 

monogastrics (Liang et al., 1995)(Fig 6.1).  This predicted model may be significant for 

drug targeting to PepT1 since the amino termini would now be accessible. The use of 

epitope tagging of the amino terminus could confirm this 13 transmembrane domain 

structure.   

To evaluate its transport characteristics, pPepT1 was transfected into CHO cells 

and uptake and inhibition assays were performed. In agreement with previous studies 

PepT1 transport was pH dependent and had an optimal uptake at a pH between 6.0 and 

6.5.  Functional expression studies in CHO cells demonstrated that most dipeptides and 

tripeptides had a high affinity for pPepT1, demonstrated by low IC50 values. Exceptions 

were dipeptides and tripeptides that contained a C-terminal lysine such as Lys-Lys, Arg-
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Lys and Lys-Trp-Lys which all had lower affinities for pPepT1 and high IC50 values. 

These three peptides are also composed of at least two positively charged amino acids 

and all three peptides are also very hydrophilic, with hydrophobicity numbers lower than 

7.0. This suggests that charge and/or hydrophobicity of a peptide may affect its affinity 

for the peptide transporter.  Lister et al. (1997) previously showed that at a pH of 6.8 

compared to that of 7.4, the transport of negatively charged and neutral charged peptides 

increased in rat small intestinal tissue, while positively charged peptide transport 

decreased. The carboxy-terminal Lys on each of the three peptides may have an impact 

on the uptake of the dipeptides since peptides with amino-terminal Lys have 

demonstrated the ability to be readily transported.  To examine if the carboxy-terminal 

lysine peptides in this study  were inhibited by their charge or the lysine, it will be 

necessary to assay peptides such as Met-Lys, and Phe-Lys, that contain a single positive 

charge and a carboxy-terminal Lysine.  

When comparing pPepT1 kinetics to that of other agricultural species such as 

chicken and sheep, there is a strong overall similarity. All three species of PepT1 are able 

to transport di- and tripeptides and show lower affinities for peptides with a carboxy-

terminal Lys. Interestingly, sheep had a much higher affinity for Lys-Lys than the other 

two species (Chen et al., 2002a, 2002b). The lower IC50 of Lys-Lys in sheep may be an 

adaptation in ruminants to take up higher levels of lysine. Like sheep and chicken PepT1, 

the pig PepT1 had a high affinity for neutral peptides, although, the pPepT1 demonstrated 

a lower affinity for Met-Glu and the tripeptides (Met-Leu-Phe, Leu-Gly-Gly) than the 

sheep or chicken. An important difference in pPepT1 to other species is that all three 

tetrapeptides studied for uptake did not show any significant inhibition of Gly-Sar, even 
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at very high concentrations of 10 mM. Unlike sheep and chicken, which demonstrated 

transport of selective tetrapeptides in PepT1 transfected CHO cells, pPepT1 does not 

appear to transport tetrapeptides.  The small amount of inhibition of Gly-Sar seen with 

high concentrations of tetrapeptides is probably due to contamination of di- and 

tripeptides in the tetrapeptide mix or from hydrolysis of the tetrapeptide in tissue culture 

(Table 6.1). The degradation of tetrapeptides in cell culture media may explain the 

discrepancy seen in sheep between tetrapeptide uptake in the Xenopus and CHO cell 

systems. A true PepT1 kinetic comparison across species is difficult since assays were 

performed at different times using different protocols and reagents.     

In summary, a porcine intestinal peptide transporter, pPepT1, encoding for a 708 

amino acid protein was cloned from porcine intestinal tissue. This protein has a unique 

predicted 13 transmembrane domain structure. This model has a extra amino-terminal 

transmembrane when compared to previously observed species and is predicted to have 

its amino-terminus extracellular and its carboxy-terminus intracellular. Northern blot 

analysis demonstrated that two mRNA products were present in the duodenum, jejunum 

and ileum when probed with pPept1 cDNA. These two mRNA products are believed to 

be a result of alternative polyadenylation as observed in the cDNA sequence of clones 

isolated.  Functional expression of pPepT1 was performed by uptake and inhibition 

assays using transiently transfected CHO cells. The pPept1 protein demonstrated that it 

was capable of transporting di- and tripeptides readily but not tetrapeptides. The IC50 of 

13 of the dipeptides and two tripeptides ranged between 0.015 to 0.53 mmol/L. The 

exceptions were Lys-Lys, Arg-Lys, and Lys-Trp-Lys, which showed IC50 values greater 

than 1.37 mmol/L and appear to be poor substrates for pPepT1. All three of the 
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tetrapeptides examined showed very high IC50 values and inhibition of the uptake of Gly-

Sar was too small to measure even at a 10mM concentration.  
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           Chapter VII 

        Implications 

In the future, the knowledge gained from studying the substrate specificity and 

transport kinetics of the porcine intestinal peptide transporter may aid in implementing a 

better management program for swine nutrition. Since feeding small peptides may be 

advantageous over feeding free amino acids of the same constituents, forms of 

supplemental amino acids such as specific peptides or mixtures of specific peptides may 

improve porcine productivity  (Webb et al., 1990).  Outcomes from research in this area 

may lead to better management of the nutritional needs of all farm animals and the 

reduction in wasted nitrogen excreted in manure, which can pollute the environment.  

Another important implication from studying the kinetic properties of pPepT1 

may be its ablity to uptake various pharmaceutical drugs. In the mammalian system, 

peptide transporters PepT1 and PepT2 are currently the main focus for improving 

bioavailability of numerous pharmaceuticals because of its potential to uptake orally 

administered drugs from the GI tract and its wide substrate specificity (Terada et al., 

2000). The pPept1 protein may be targeted for transport of orally administered drugs such 

as β-lactam antibiotics to pigs. Drugs in which injection is currently the only form of 

adequate administration may be modified to target peptide transporters, which may be 

economically advantageous to swine producers.  
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Fig 6.1 The predicted transmembrane domains of the PepT1 protein for pig, human, 
sheep, rabbit, mouse rat, turkey and chicken. Rabbit, mouse and rat all appear to contain a 
12 transmembrane domain structure but in pig and human a 13 transmembrane domain 
structure is very plausible.  
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Table 6.1 
 

Comparison of the Kinetics of PepT1 Transfected CHO cells in  
       Various Agricultural Species    

      IC50(µmol/L)     
 

Peptide   Pig   Chicken  Sheep  
Gly-Met 30 70 NA 
Lys-Lys 3845 7900 739 
Lys-Met 40 110 50 
Lys-Phe 30 110 24 
Met-Glu 526 20 37  
Met-Gly 5 270 16  
Met-Leu 4 40 21  
Met-Met 13 20 24  
Trp-Phe 56 20 NA 
Lys-Trp-Lys 2221 5900 3732 
Met-Leu-Phe 399 40 14   
Leu-Gly-Gly 219 80 126  
Pro-Phe-Gly-Lys     Cannot be determined 4300 2074 
Met-Gly-Met-Met     Cannot be determined 3900 952 
Val-Gly-Ser-Glu       Cannot be determined 27000 6870               
 
 
Cannot be determined: Gly-Sar uptake was inhibited less than 50% in the presence of 
competative peptides at a concentration of 10 mM. 
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