
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Lactase, sucrase-isomaltase, and carbamoyl phosphate synthase I expression
in human intestine

van Beers, E.H.

Publication date
1999

Link to publication

Citation for published version (APA):
van Beers, E. H. (1999). Lactase, sucrase-isomaltase, and carbamoyl phosphate synthase I
expression in human intestine. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/lactase-sucraseisomaltase-and-carbamoyl-phosphate-synthase-i-expression-in-human-intestine(43bdf6de-e8a6-4c96-a1c4-61f00cf6bd76).html


Chapter 3 

Intestinal Expression of Lactase, Sucrase-Isomaltase and 
Carbamoyl Phosphate Synthase I 

based on the review 

Intestinal Brush Border Glycohydrolases: Structure, Function, and 

Development 

EH Van Beers, HA Büller, RJ Grand, AWC Einerhand and J Dekker 

Crit. Rev. Biochem. Mol. Biol. 30; 197-262. (1995) 





Intestinal Expression of Lactase, Sucrase-Isomaltase and CPSI - 19 

Intestinal Expression of Lactase, Sucrase-Isomaltase and 
Carbamoyl Phosphate Synthase I 

Abstract 

Lactase and sucrase-isomaltase are the principal mammalian intestinal glycohydrolases, 
which exclusively reside in the brush border of small intestinal enterocytes. Glycohydrolase 
deficiencies are of great clinical importance because they are associated with diminished 
digestion of dietary sugars, often causing malnutrition or symptoms of osmotic or fermentative 
diarrhea. This chapter describes the structure, biosynthesis, substrate specificity, hydrolytic 
mechanism, gene regulation and developmental expression of lactase, sucrase-isomaltase and 
expression patterns for carbamoyl phosphate synthase, another important enzyme expressed in 
mammalian small intestinal enterocytes. Both these glycohydrolases are in fact disaccharidases, 
and crucial for the digestion of disaccharides in most mammals. Their relevance in comparison 
with glycohydrolases of the salivary glands and pancreas is discussed. We refer to studies 
describing human, porcine, rabbit, rat, birds (chicken and ostrich), molluscs, bacterial, and 
fungal glycohydrolases because they provide relevant information with respect to catalytic 
mechanisms, structure, and evolutionary relationship. We will also describe the expression and 
the localization of CPSI in duodenal enterocytes because we expect a physiological relevance for 
this enzyme in intestine as well as consider it an important control in the comparison to 
enterocyte brush-border disaccharidases. 

Carbohydrate digestion, absorption, and nutritional importance 

Polysaccharides 
Cellulose is a large glucose homopolymer with predominantly ß(l-4) 

glucosidic bonds that are theoretically susceptible to lactase but resistant to small 
intestinal digestion due to its insolubility. Thus, except for in ruminants, cellulose has 
little or no nutritional value in mammals. In contrast to cellulose, starch is well digested 
by mammals and therefore of significant dietary value. Starch, is a glucose 
homopolymer consisting of a mixture of amylose and amylopectin in potatoes, rice, and 
wheat. The glucose residues in amylose and amylopectin are linked by a(l-4) bonds, 
whereas only amylopectin contains cc(l-6) glucosidic branch-points. Both types of cc-
glucosidic bonds are hydrolysed by enzymes in all mammals, and probably most other 
animals. 

Disaccharides 
Disaccharides are the next valuable sugars in the human diet. The most 

important animal derived disaccharide is lactose, found exclusively in milk and 
consists of a galactose and a glucose residue joined by a ß(l-4) glycosidic bond. 
Lactose is the predominant nutritional sugar for sucklings and is exclusively 
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hydrolysed by small intestinal lactase. Adult mammals do normally not ingest 
lactose and thus lactase is essential mainly during suckling. Accordingly, lactase has 
a specific ontogenetic pattern of regulation. Sucrose, the other important dietary 
disaccharide, is produced only in plants, mainly in fruits and vegetables. It consists 
of glucose and fructose joined by an a(l-4) glucosidic bond. Sucrose is only 
hydrolyzed by small intestinal sucrase. 

Monosaccharides 
The monosaccharides glucose, galactose, and fructose from fruits and honey 

do not require digestion but are absorbed in the small intestine unaltered. 

Other dietary saccharides 
Glycolipids and glycoproteins are dietary compounds containing saccharides. 

However, the nutritional and energy values seem insignificant because these compound 
account for only a small portion of the dietary intake. Moreover, for 'digestion-resistant' 
saccharides, i.e. complex carbohydrates, glycolipids, and glycoproteins no mammalian 
enzymes seem to exist in the digestive tract. On the other hand, the intestinal 
microorganisms provide most of the enzymatic activity to liberate the dietary and 
caloric value from complex carbohydrates as well as from glycolipids and 
glycoproteins, especially in the anaerobic colonic compartment where their digestion 
results in the formation of short chain fatty acids, crucial to the physiology of the 
colonocytes (Perman and Modler, 1982; Parrett et al, 1997; Midvedt, 1997). 

Digestion of dietary poly- oligo- and disaccharides by salivary, pancreatic, and 
small intestinal glycohydrolases 

Digestion of starch 
The digestion of starch starts in the mouth by salivary a-amylase, which acts 

only shortly since it is inactivated in the stomach so that saccharides generally leave the 
stomach unchanged. Starch digestion continues in the duodenum by a-amylase from 
the exocrine pancreas which hydrolyses only the cc(l-4) glucosidic bonds. As the a-
amylases are not true exoglycosidases but liberate glucose as dimers or trimers, free 
glucose is virtually not formed. The combined action of salivary and pancreatic a-
amylases thus results in maltose, maltotriose and relatively small amounts of 'limit 
dextrins' none of which are absorbed by the intestine. Starch may partially escape 
digestion, especially when the small intestinal digestive capacity is exceeded, and thus 
reach the colon (5-20% of daily starch intake in humans) where it is salvaged by 
bacterial fermentation to absorbable short-chain fatty acids. 

The brush-border disaccharidases 
Intestinal enterocytes of most mammalian species only produce four 

membrane anchored glycohydrolases: trehalase, maltase-glucoamylase (MG), lactase, 
and sucrase-isomaltase (SI) (Galand, 1989; Semenza and Auricchio 1989; Nichols et 



Intestinal Expression of Lactase, Sucrase-Isomaltase and CPSI - 21 

al, 1998). Due to the relative importance of lactase and SI compared to both MG and 
trehalase, we will only describe lactase and SI in more detail. 

R£R trans-Golgi brush border membrane 

Lactase 

Sucrase-

isomaltase 

Figure 2. Biosynthesis of brush-border glycohydrolases. This figure schematically 
summarizes the biosynthesis of the brush-border glycohydrolases lactase and sucrase-isomaltase. 
Indicated are the position of the N- or the C-terminus of the polypeptide (N/C), high mannose (O) and 
complex jV-glycosylation (•) , O-glycosylation (D), proteolytic cleavage (I), and membrane (=). Note 
that lactase and sucrase-isomaltase are both proteolytically cleaved. After this cleavage, the subunits of 
sucrase-isomaltase remain associated, while the yV-terminal domain of lactase is intracellularly 
degraded, as indicated by the parentheses. 

Lactase activity is unique and therefore essential for the survival of newborn 
mammals to digest lactose from milk, but still relevant to adults that continue a milk 
drinking habit. In contrast to sucrose which is absent from the diet until after weaning, 
lactose is present at substantial levels in the newborn diet of almost all mammalian 
species except for milk from most aquatic mammals such as whales, sea-lions and seals 
whose milk contains fat as predominant caloric value. 

Sucrase-isomaltase is crucial in further digestion of the intermediates of starch 
hydrolysis. It liberates free monomelic glucose from their di- and oligomeric substrates. 
Because in humans, sucrase-isomaltase is far more abundant than maltase-gluco-
amylase, it accounts for about 80% of the maltase (and maltotriase) activity in the small 
intestine (Semenza, 1986). Whereas maltase activity is present in the sucrase-
isomaltase as well as in the maltase-glucoamylase complex, (dietary) sucrose is 
exclusively hydrolysed by the sucrase subunit of the SI enzyme complex. 

Absorption of monosaccharides involves three transporters 
The small intestine is the major site for monosaccharide absorption by either 

transcellular transport through specific epithelial transporters, or by paracellular 
transport via the tight-junctions (Wright et al.,1994 and Pappenheimer 1993). The 
Na/glucose and Na/galactose cotransporter (SGLT1) and the fructose transporter 
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(GLUT5) are present in the apical membrane of enterocytes (Turk et al, 1991). SGLTl 
accounts for the energy-dependent uptake of D-glucose/galactose and GLUT5 for the 
energy-independent uptake of fructose (Wright et al, 1994). The basolateral membrane 
contains GLUT2 with broad specificity for pentoses and hexoses and is responsible for 
the energy-independent facilitated diffusion of glucose, galactose and fructose into the 
blood. 

Carbohydrate digestion by intestinal bacteria and the absorption of short-chain fatty 
acids 

The human colon contains up to 10" bacteria/ml that will usually ferment 
undigested carbohydrate compounds. Such fermentation leads to the production of H2, 
C02, and CH4 and short chain fatty acids (primarily acetate, propionate and butyrate), 
which are taken up and/or metabolised by the colonocytes. However, salvage of 
saccharides is limited since a high concentration of colonic saccharides can cause 
gastrointestinal complaints and osmotic diarrhea. This explains how glycohydrolase 
deficiencies often cause diarrhea, decreased nutrient uptake, impaired recovery of the 
epithelium, and severe malnutrition. 

The small intestinal epithelium 

Architecture and tissue homeostasis 
The gastrointestinal epithelium consists of crypts and villi lined by a single-

layer of epithelial cells forming a selective barrier. This epithelium expresses the 
proteins regulating the digestion and selective uptake of nutrients. The small intestinal 
epithelium consists of enterocytes, goblet cells, enteroendocrine cells, and Paneth cells 
(Madara and Trier, 1994). These cells are continuously produced in crypts by a 
pluripotent stem cell lineage that is anchored near the bottom of the crypts (Ponder et 
al, 1985). See also figure 1. The migration of the epithelial cells from crypt to villus tip 
and therefore epithelial renewal takes about 3 days in rodents and about 5 days in adult 
humans (Gordon, 1989, 1993). 

Structure of the enterocyte 
Enterocytes are the predominant small intestinal cell types. They account for 

most of the simple, non-stratified small intestinal epithelium. Enterocytes are polarized 
cells with apical and baso-lateral plasma membrane domains, separated by tight-
junctions (Citi, 1993; Rindler and Hoops, 1994). Tight-junctions thus are integrated 
parts of the barrier between the lumen of the gut and the interior of the body (Madara 
and Trier, 1994; Citi, 1993). In mature, differentiated enterocytes this apical microvillar 
membrane harbors the digestive disaccharidases (Schmitz et al, 1973; Pinto et al, 
1983; Quaroni and Isselbacher, 1985; Peterson and Mooseker, 1992, 1993; Peterson et 
al, 1993). Differences in enterocyte function between crypt and villus are reflected in 
their morphology and gene expression patterns (Simon, et al, 1979; Louvard et al, 
1992; Rindler and Hoops, 1994; Madara and Trier, 1994). Enterocyte differences are 
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also apparent along the length of the intestine. Such longitudinal differentiation is 
reflected for example by far shorter microvilli of colonic enterocytes compared to those 
present on jejunal enterocytes (Louvard et al, 1992). The basolateral membrane of the 
enterocyte is involved in epithelial-stromal interactions that are important in 
establishing the crypt-villus axis as well as the cephalo-caudal axis of the intestine. This 
extracellular matrix, partly produced by the epithelial cells and partly by the connective 
tissue is also important for enterocyte development (Louvard et al, 1992; Sanderson et 
al, 1996). 

To date, the most relevant in vitro enterocyte-model is the human colonic 
adenocarcinoma cell line Caco-2. It displays a wide variety of small intestinal villus 
enterocyte characteristics. It forms a fully functional brush-border, and expresses the 
glycohydrolases lactase and sucrase-isomaltase (Pinto et al, 1983; Hauri et al, 1985; 
LeBivic et al, 1990; Gilbert et al, 1991; Peterson and Mooseker, 1992, 1993; Peterson 
et al, 1993). 

Developmental imprinting 
Grafts of fetal mouse intestine to various locations along the horizontal 

intestinal axis are indistinguishable from non-grafted tissue (Ferguson et al, 1973). 
This means that the stem cells of fetal intestine are imprinted to form either small 
intestine or colon under the appropriate conditions. More sophisticated experiments 
with transgenic mice have shown very similar results (Rubin et al, 1991, 1992). Also 
rat intestinal epithelial glycohydrolase expression seems imprinted during fetal 
development (Ferguson et al, 1973; Kendall et al, 1979; Montgomery et al, 1981b; 
Yeh and Moog, 1986; Yeh et al, 1991b). In addition to isografts, the xenograft model 
was used to study positional effects on expression of brush-border glycohydrolases 
(Duluc et al, 1994). Segments of 14-day-old fetal rat intestine, xenografted into nude 
mice or chicken embryos, showed normal development for 2-4 weeks with respect to 
their morphology. Lactase and sucrase-isomaltase expression in these xenografts 
determined at both mRNA and protein level was normal. Thus, the fetal endoderm 
holds most of the temporal and positional information required for mammalian 
intestinal development (Duluc et al, 1994). Nevertheless, some epithelial functional 
plasticity to external influences on distribution of cell types and on gene expression 
patterns have been reported (Enss et al, 1994; Lundin et al, 1993; Schmidt-Wittig et 
al, 1996). 

Lactase 

Structure and biosynthesis 
In the mammalian intestine, lactase (EC 3.2.1.23/45/46/62) is the most 

important glycohydrolase during early post-natal life. In fact, milk is the sole nutrient 
during the suckling period of all mammals, and lactose is the predominant carbohydrate 
ingested. The enzymatic hydrolysis of ingested lactose into equimolar amounts of 
glucose and galactose before absorption is solely attributed to the action of small 
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intestinal lactase. Absence or near absence of expression is associated with symptoms 
of lactose intolerance. Apart from its enzymatic specificity towards lactose (ß-D-
galactoside galactohydrolase, EC 3.2.1.23), lactase has also catalytic activities towards 
hydrophobic substrates, such as glycosylceramides (EC 3.2.1.45-46) and phlorizin (EC 
3.2.1.62). Classically, this enzyme complex was referred to as, lactase-phlorizin 
hydrolase suggesting one lactose as well as one phlorizin hydrolyzing subunit. Mature 
membrane anchored lactase indeed has two active sites located on the same 
polypeptide. Recently, we have demonstrated that one active site contains most of the 
catalytic activity towards both lactose and hydrophobic substrates, whereas the second 
active site only has residual activity towards hydrophobic substrates. We further refer to 
this enzyme as lactase. 

Isolation 
Lactase can be isolated from intestinal brush-border vesicles from most 

mammals of any age, but the enzyme is particularly abundant in the small intestine of 
suckling mammals. Lactase was isolated mostly by chromatography before specific 
antibodies for immunoaffmity isolation were available. These are now widely used for 
lactase isolation from rat, rabbit, human, and pig (Biiller et al, 1987; Nairn et al, 1987; 
Skovbjerg et al, 1981; Wacker et al, 1992). These preparations always contain at least 
a precursor lactase polypeptide (200-240 kDa) and the mature lactase (130-160 kDa). 
Both polypeptides are membrane-associated, unless liberated by detergents or mild 
proteinase treatment (Colombo et al, 1973; Tsuboi et al, 1979; Skovbjerg et al, 1981). 
Hydrophobie photolabeling of rabbit lactase with [125I]TID showed that there was one 
membrane-spanning domain in the C-terrninus of the enzyme, and that the orientation 
was of a type I transmembrane glycoprotein (Wacker et al, 1992). Lactase 
dimerization during biosynthesis proved essential for its transport to the brush-border 
(Nairn and Nairn 1996). There are indications that mature rat lactase exists as a non-
covalent dimer in the brush-border membrane (Danielsen, 1990, 1994; Nairn et al, 
1987; Dudley et al, 1993). 

Biosynthesis 
Lactase biosynthesis has been described for pig, rat, rabbit, and human 

(Skovbjerg et al, 1984; Danielsen et al, 1984b; Dudley et al, 1993; Bullere al, 1987; 
Rossi et al, 1992, 1993a, 1993b; Villa et al, 1992, 1993; Nairn et al, 1987, 1994b; 
Sterchi et al, 1990) summarized in figure 2. Moreover, endogenous lactase 
biosynthesis was described in human Caco-2 cells, and in COS and MDCK cells after 
transfection of the full-length human lactase cDNA (Nairn et al, 1991; Hauri et al, 
1985; Grünberg et al, 1992; Jacob et al, 1994). In all these studies, metabolically 
labelled lactase oecured as a 200-220 kDa precursor containing high mannose N-
glycosylation. This pro-lactase was folded to its final configuration within the RER, 
and subsequently transported to the Golgi apparatus, where the TV-linked glycans were 
converted to complex forms. Commonly, this complexly /V-glycosylated pro-lactase 
becomes also O-glycosylated to some extent, leading within 1 hour to a pro-lactase 
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form with slightly increased molecular mass on SDS-PAGE of 225-240 kDa. 
Concurrent with transport of pro-lactase to the brush-border membrane, proteolytic 
cleavage generates mature lactase of 130-160 kDa and a pro-peptide that is 
immediately degraded (Ouwendijk et al, 1998). 

IV 

Human 

Rabbit 

c cc cccc c c c c c c ccc 

AA 0 500 1000 1500 2000 

Figure 3 . Pr imary structure of lactase. The sequences of human, rabbit, and rat lactase are 
shown, as these were deduced from the respective cDNAs (Mantei et al, 1988; Duluc et al, 1991). The 
sequences were extracted from GenBank, release 85.0 (1994), aligned and compared according to the 
algorithm of Feng and Doolittle (1987). The domains I-IV indicate internal homology within each 
lactase sequence. The white Ar-terminal box indicates the cleavable signal sequence. The black box 
indicates the C-terminal transmembrane sequence. The lightly and heavily shaded areas indicate 
regions of low and high homology, respectively, between the corresponding domains of lactase from 
these species. (Y), N-glycosylation site; (C), cysteine residue; (E), glutamate residue implicated as 
active site residue; (+), heavily positively charged domain; (-), heavily negatively charged domain; AA, 
amino acid residues. (-1), indicates the proteolytic cleavage site with the concensus sequence: S(K or 
R)(V,T, or A)R i (A or V). Reproduced with permission from Rings et al, (1994b). 

Likewise, proteolytic processing of lactase in expiants from pig, human, and 
rabbit as well as human lactase expressed in MDCK cells, occured after passage 
through the Golgi, but primarily before insertion into the plasma membrane (Skovbjerg 
et al, 1984; Danielsen and Cowell, 1984; Lottaz et al, 1992; Villa et al, 1993; 
Grünberg et al, 1992). A yet unidentified but enterocyte intrinsic proteinase seems 
responsible for this processing since pro-lactase cleavage still occurs in the absence of 
luminal proteinases caused by pancreatic duct ligation, or in absence of proteinases in 
the media of tissue or cell cultures (Hauri et al, 1985; Danielsen et al, 1981; Büller et 
al, 1987; Rossi et al, 1992; Nairn et al, 1987; Sterchi et al, 1990; Villa et al, 1992). 
The responsible proteinase seems to be specific for epithelial cells, as the pro-lactase 
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processing occurs after transfection of lactase cDNA to the epithelial cell line MDCK, 
but not after transfection to non-epithelial COS cells (Nairn et al, 1991, Jacob et al, 
1994; Grünberg et al, 1992; Neele et al, 1995). 

Sorting and dimerization 
The apical sorting of lactase is very efficient, at least partly due to sorting 

signals in the pro-peptide. Apical sorting also occurs efficiently in kidney epithelial 
cells (MDCK) when transfected with lactase cDNA (Grünberg et al, 1992; Jacob et al, 
1994). These studies further showed that proteolytic cleavage is not a prerequisite for 
correct sorting. In contrast to the lactase protein, intracellular sorting to the apical part 
of enterocytes also occurs for lactase mRNA in rat and human (Rings et al, 1992a; 
Maiuri et al, 1994, Barth et al, 1998). Control experiments showed sorting of 
carbamoyl phosphate synthase mRNA encoding mitochondrially localized CPS close to 
the mitochondria and PEPCK mRNA encoding cytosolic phospho-enol-pyruvate 
carboxykinase throughout the entire cytoplasm (Rings et al, 1992a). 

Studies by Danielsen indicated dimerization of pig lactase as a late step in 
biosynthesis. Pig lactase could be cross-linked exclusively in the mature form, 
suggesting non-covalent dimerization (Danielsen, 1990). This was confirmed by 
isolation of metabolically labelled pig lactase dimers by sucrose density gradient 
centrifugation: monomelic lactase was high mannose 7V-glycosylated, whereas dimeric 
lactase was cleaved to the mature molecular weight as well as complexly N-
glycosylated (Danielsen, 1994). Also electron micrographs of purified pig lactase 
suggested lactase dimerization (Skovbjerg et al, 1981). In contrast to pig, human 
lactase dimerization occured as early as in the endoplasmic reticulum (RER), and was a 
prerequisite for lactase intracellular trafficking (Panzer et al,. 1998; Nairn and Nairn, 
1996). 

Half-life 
The 'mean residence time' of lactase in the brush-border of enterocytes was 

estimated to be 7.8 h in in vivo experiments in adult rat (Dudley et al, 1993, 1998). 
While, in vitro measurements showed a longer half-live of 11 h in adults rats (Castillo 
et al, 1990). Lactase has a relatively long half-life in Caco-2 cell cultures, compared to 
sucrase-isomaltase because lactase activity did not correlate to its rate of biosynthesis 
but remained high even in confluent Caco-2 cultures for at least two weeks in absence 
of significant lactase protein biosynthesis (Van Beers et al, 1995a). 

The function of the pro-peptide 
Deletion and mutational analysis studies have ldicated that the pro-peptide of 

human lactase precursor is nessesary, but not sufficient, for transport competence and 
was therefore referred to as 'intramolecular chaperone' (Oberholzer et al, 1993; 
Ouwendijk et al, 1998). In addition to the pro-peptide, amino acids beyond position 
1646 of human lactase including the transmembrane anchor and cytoplasmic region 
appeared to be essential for correct folding, dimerization and transport (Nairn et al, 
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1994b; Nairn and Nairn, 1996; Jacob et al, 1997). Thus, despite lack of disacchandase 
activity in the pro-region (Neele et al, 1995), the chaperone function seems to 
sufficiently explain its evolutionary preservation to ensure lactase activity in the 
microvillar membrane. 

Functions ofN- and O-glycosylation 
Lactase contains about 10% TV-glycans which appeared of significant 

importance to proper folding and exit from the RER. Inhibition of A -̂glycan 
modification in human biopsies inhibited lactase transport from the RER to the Golgi 
complex, but not from the Golgi complex to the plasma membrane (Nairn et al, 
1994a). Moreover, experimental inhibition of lactase A-glycosylation in human 
intestinal biopsies precluded the formation of mature lactase (Nairn et al, 1987). 
Differences in mobility on SDS-PAGE of lactase, during development and between 
different regions of the intestine are due to small differences in structure of the glycans 
(Srivastava et al, 1987). Terminal sialic acid on lactase in rats is gradually replaced 
with fucose after 20 days of post-natal development (Biiller et al, 1990b). Differences 
in lactase electrophoretic mobilities between newborn rat small intestinal and colon 
were due to differences in processing of the complexly Af-linked glycans (Biiller et al, 
1989a, 1989b, 1990b). These differences were however without any effect on the 
catalytic properties of rat lactase. Although AMinked glycan processing into complex 
forms precedes proteolytic cleavage of pro-lactase, it is not a prerequisite for this 
cleavage (Lottaz et al, 1992; Rossi et al, 1993a; Nairn, 1992a, 1994a). Lactase 
contains some O-glycosylation in most species studied (Biiller et al, 1989a, 1989b, 
1990b; Nairn and Lentze, 1992). O-glycosylation was found exclusively on the mature 
part of the human lactase polypeptide (Nairn and Lentze, 1992). Human lactase 
appeared heterogeneous with respect to O-glycosylation: mature lactase with and 
without O-glycosylation could be isolated from the same human tissue (Nairn and 
Lentze, 1992). These O-glycans, consisting of (sialyl-)T-antigens, had a marked effect 
on catalytic properties of human lactase. Although the Km of the two isoforms towards 
lactose was identical (14 mM), O-glycans increased its Vniax four-fold over the lactase 
lacking O-glycans. Presently, it is unclear if both isoforms can be synthesised together 
within a single enterocyte or whether these isoforms reflect differences among 
enterocytes. Either way, it accounts for some post-transcriptional regulation of lactase 
activity in the intestine. 

Structure revealed by cDNA sequences 
The complete lactase cDNAs from human, rabbit and rat small intestine have 

been cloned and sequenced (Mantei et al, 1988; Duluc et al, 1991). The deduced 
translation products consisted of 1926, 1927, and 1928 amino acids for rabbit, human 
and rat, respectively. The homology between these sequences is 75-78%, and appeared 
equally distributed along the length of the sequences (figure 3). As deduced from 
biosynthetic studies these cDNAs encode single-chain high molecular weight 
precursors. The N-termini of mature lactase from rat (Dudley et al, 1993), human 
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(Montgomery et al, 1991), and rabbit (Mantel et al, 1988) were found within these 
sequences around residue 867 as part of a 'trypsin-like' cleavage sequence, which is not 
particularly well conserved (figure 3). A single hydrophobic domain, that functions as 
the membrane anchor was identified at the extreme C-termini of all cDNAs (Mantei et 
al, 1988; Wacker et al, 1992). The resulting type I membrane-bound enzymes have a 
short cytoplasmic tail of about 25 residues. The lactase genomic sequences as well as 
the primary translation products from human, rabbit and rat revealed a fourfold internal 
homology (designated domain I-IV, figure 3). Domains H, III and IV of all lactase 
cDNA sequences show homologies of 38-55% whereas domain I has diverged most, 
showing significant homology only over a stretch of about 90 residues. However, high 
domain I conservation among species suggested analogous function such as in folding 
of the pro-lactase in the RER. 

In addition to lactase homology between mammalian species, significant 
similarity exists with bacterial ß-glycosidases (Gräbnitz et al, 1991; Henrissat, 1991; 
Henrissat and Bairoch, 1993; Trimbur et cd., 1992). The bacterial ß-glycosidases 
possess molecular masses around 50 kDa, further suggesting that an ancestral gene, 
coding for a protein of about 50 kDa was duplicated twice to generate the mammalian 
lactase. On the contrary, there is no sequence homology between human lactase and the 
lysosomal ß-galactosidase (Oshima et al, 1988). 

The amino acid positions for the structurally important A'-glycosylation and 
cysteine residues are remarkably conserved among the three lactase sequences known 
to date (figure 3). The various lactase sequences contain 17-18 cysteine residues, of 
which 15 are conserved, while 11 of the 14-15 potential A^-glycosylation sites are 
conserved. 

Substrate specificity and active sites 
Early studies indicated that lactase isolated from brush-border preparations 

contained two active sites. Colombo et al,(1973) isolated a single protein with both 
lactase and phlorizin hydrolase activity. Heat inactivation differentially inactivated the 
two enzymatic activities, demonstrating that the most heat-sensitive activity was 
directed towards hydrophilic compounds such as lactose and cellulose, and the other to 
hydrophobic substrates such as phlorizin and ß-glycosylceramides (Colombo et al, 
1973; Skovbjerg et al, 1981; Leese and Semenza, 1973). They also reported different 
sensitivity of both activities to inhibitors such as Tris, further suggesting multiple active 
sites of the enzyme. Purified pig lactase had a pH optimum for lactose hydrolysis of 6, 
while pH 5 as well as 7 still gave half maximal activities; the Km for lactose and 
phlorizin were 21 mM and 0.44 mM, respectively (Skovbjerg et al, 1981). These Km 

values and pH optima were well within range of those for lactase from rat, human, and 
hamster (Colombo et al, 1973; Büller et al, 1989c; Nairn and Lentze, 1992). Isolated 
lactase hydrolyses many ß-glycosidic compounds, among which the following 
compounds: 1. lactose, which is hydrolysed at low Km, but at high speed, 2. hydrophilic 
compounds such as cellobiose and cellodextrins, 3. polymeric cellulose although 
hydrolysed poorly (Skovbjerg et al, 1982), 4. naturally occurring hydrophobic 
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substances such as phlorizin, ß-glucosyl-, and ß-galactosylceramide, 5. a large number 
of (hydrophobic) test substrates, such as ort/zo-nitr,ophenyl-ß(l-4)-galactopyranoside 
(ONP-gal), and -glucopyranoside (ONP-glc). There is no activity to any a-glycosidic 
compound tested. Generally, lactase displays lower Km values for ß-glucopyranosides 
than for ß-galactopyranosides, indicating that the listing of lactase as only a ß-
galactosidase is only half of the story; it would be better to refer to it as a ß-glycosidase. 

Substrate specificity has been studied using a series of chemically defined 
substrates resembling lactose. Most of the hydroxyl-groups in the molecule were 
changed independently into either hydrogen- or methyl-groups (Rivera-Sagredo et al, 
1992). The OH-groups at positions 2 and 3 of the galactose moiety are essential for 
hydrolysis, while absence of the hydroxyl-group at position 6 rendered a better 
substrate. The OH-groups at position 3 or 6 of the glucose moiety proved important but 
not essential for hydrolysis (Rivera-Sagredo et al, 1992). These findings also explain 
why the same active site of lactase is able to exert ß-glucosidase as well as ß-
galactosidase activity. The conformation of the two hydroxyl-groups at the 2 and 3 
position, which were shown to be essential for catalysis, are identical in glucose and 
galactose. Only the conformation of the OH-group at position 4 is different, but this 
group is irrelevant for catalysis. Thus, lactase is able to hydrolyse ß-gluco- and ß-
galactopyranosides, and the substrate specificity is further determined by the capability 
of the a-glycan moiety to fit into the catalytic cleft. 

Table I. Identification of the active sites of rat lactase by site-directed 
mutagenesis . Full-length rat lactase cDNA was transfected into COS cells (Neele et al, 1995). 
Lactase in transfected cells had similar catalytic activity as wild-type lactase from rat intestine: The Km 

for wild-type (brush-border) lactase towards lactose and ONP-glc were 52 and 2.3 mM, respectively, 
while Km values of the transfected rat lactase were 48 and 3.1 mM, respectively. COS cells contained 
negligible background lactase, cellobiase, and ONP-glc. The activities for the mutants were expressed 
relative to the hydrolytic activity of the wild-type transfectant. The 'double' mutant contains both 
E1274G and E1750G. Transfections were performed for 48 h, then cells were lysed and lactase was 
immunoprecipitated for enzyme activity measurement for 1 h at saturating substrate concentrations. 
The size and quantity of lactase produced in each transfection was similar on SDS-PAGE (not shown). 

Enzyme/Substrate Lactose Cellobiose ONP-glc 

Control < 1 % < 1 % <\o/Q 

Wild-type 100% 100% 100% 

E1274G 98% 95% 91% 

E1274D 94% 102% 86? 

E1750G < 1 % < i % 24% 

E1750D < 1 % <io/0 26% 

'Double' < 1 % < 1 % <io/0 

Only one main active site with ß-gluco- as well as ß-galactosidase activity 
Lactase is completely inhibited by the covalent binding of conduritol beta 

epoxide (CBE) (Wacker et al, 1992). This demonstrated that its reaction mechanism 
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resembled that of sucrase-isomaltase and indicated that the critical active site 
nucleophiles were carboxyl-groups, as in all configuration-retaining glycosidases. 
Wacker et a/.,(1992) demonstrated two CBE sensitive active sites in rabbit lactase each 
with different inactivation kinetics. Both active site residues in lactase were glutamic 
acid (E) compared to aspartic acid (D) in sucrase-isomaltase. They concluded that E 
and E1747 represented the active site residues for lactose and phlorizin respectively. The 
homologous glutamic acid (E) residues in rat lactase E1274 and E1750 were individually 
mutated to test this two-active site hypothesis. It appeared that mutating the E1274 hardly 
affected lactase, ONP-glc, ONP-gal, or phlorizin hydrolase activities (Table I; Neele et 
al, 1995). Conversely, E1750 mutants significantly inhibited activity towards all the 
above substrates, hydrophilic and hydrophobic. Thus, all lactase activity and most 
activity towards hydrophobic substrates is confined to E 

Sucrase-isomaltase 

Structure and biosynthesis of sucrase-isomaltase 
Two of the four maltase activities of the small intestinal brush-border involved 

in digestion of starch are assigned to sucrase-isomaltase, an' enzyme complex 
containing two separate polypeptides (Skovbjerg et al, 1979). This enzyme complex, 
which represents quantitatively the most important maltase activity in humans, 
comprises about 10% of brush-border membrane proteins. It further contains all 
intestinal sucrase activity, which is essential for the digestion of sucrose. Classically, 
sucrase-isomaltase was isolated from brush-border membranes, by solubilization of the 
enzyme complex with papain, affinity chromatography on Sephadex G-200, and ion-
exchange chromatography on DEAE-Sephadex G-25 (Alvarado and Mahmood, 1979). 
With the availability of versatile anti-sucrase-isomaltase monoclonal antibodies, it has 
become standard to immuno-isolate sucrase-isomaltase from various species (e.g. 
Sjöström et al, 1982; Danielsen and Cowell, 1984; Haun et al, 1985; Nairn et al, 
1988). The enzyme complex is most specifically detected by its sucrase activity, which 
is unique to this complex, and distinguishes it from the maltase-glucoamylase complex. 

Isolation and structure 
The sucrase-isomaltase complex is tightly associated with the brush-border 

membrane, as it can only be solubilized by detergents such as Triton X-100 or by mild 
papain digestion. The molecular masses of the isolated enzyme complexes vary slightly 
between the various species examined. Preparations of the mammalian enzyme 
complex from human, rat, and pig consist of two non-covalently associated subumts, of 
which the smaller one (120-140 kDa) is sucrase, while the larger one (140-151 kDa) 
represents isomaltase (Haun et al, 1980, 1985; Sjöström et al, 1982; Danielsen and 
Cowell, 1984; Nairn et al, 1988; Gorvel et al, 1991; Hoffman and Chang, 1991). In 
chicken sucrase-isomaltase, the sucrase subunit appears to be the larger subunit (Hu et 
al, 1987). Often a third band of 230-260 kDa is observed in preparations of sucrase-
isomaltase, which has been shown to represent a single polypeptide precursor form of 
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the complex. Only the isomaltase subunit is directly associated with the membrane, 
while the sucrase subunit interacts non-covalently with the isomaltase subunit, but not 
with the membrane (Cowell et al, 1986). This interaction of the isomaltase with the 
brush-border membrane is mediated by a hydrophobic sequence in the extreme N-
terminus of human, rabbit, pig, and rat sucrase-isomaltase as revealed by Af-terminal 
sequencing of the intact isomaltase subunit (Spiess et al, 1982; Wacker et al, 1981; 
Sjöström et al, 1982). Also the chicken sucrase-isomaltase was found, by hydrophobic 
labelling with [125I]TID, to be linked to the brush-border membrane by its isomaltase 
subunit, indicating phylogenetic conservation of the membrane insertion mode and the 
subunit organisation of the enzyme complex (Hu et al, 1987). The visualisation by 
electron microscopy of the intact pig sucrase-isomaltase complex revealed that the 
complex is projected from the brush-border membrane by a 3.5 nm-long 'stalk', while 
the banana-shaped bulk of the enzyme protrudes maximally 17 nm from the membrane 
(Cowell et al, 1986). This study also revealed that sucrase-isomaltase forms dimers of 
the a2ß2-type. Metabolic studies also indicated that pig sucrase-isomaltase homo-
dimerized in the RER (Danielsen, 1994). Dimerization of human sucrase-isomaltase 
could not be demonstrated in Caco-2 cells by chemical cross-linking experiments under 
a wide variety of conditions, while the brush-border enzyme, dipeptidylpeptidase IV, 
was readily shown to oligomerize as result of a Golgi located process (Jascur et al, 
1991). Beaulieu (Beauheu et al, 1989) also found that all biosynthetic intermediates of 
Caco-2 cell sucrase-isomaltase had identical sedimentation characteristics, further 
suggesting that dimerization does not occur. As the overall structure, biosynthesis and 
functions are very similar among sucrase-isomaltase complexes from different species, 
species differences may be less likely, which leads to speculate that technical factors 
may have accounted for failure to detect dimers in Caco-2 cells. 

Biosynthesis and intracellular transport 
The study of the biosynthesis of sucrase-isomaltase has revealed that the 

sucrase and the isomaltase subunit are synthesised as part of the same polypeptide 
precursor: pro-sucrase-isomaltase (figure 4). Cell free synthesis of sucrase-isomaltase 
from rabbit intestinal RNA, in the presence of RER membrane vesicles, produced a 270 
kDa polypeptide (Wacker et al, 1981). Likewise, in vitro metabolic labelling studies 
performed on pig, rat, human, and rabbit expiants and in human cell lines all showed 
the synthesis of a pro-sucrase-isomaltase (Danielsen et al, 1981; Danielsen and 
Cowell, 1984; Haun et al, 1985; Nairn et al, 1988; Hoffman and Chang, 1991). The 
precursor, located in the RER, was found to be extensively high mannose N-
glycosylated. These JV-glycans were demonstrated to be essential for the proper folding 
and subsequent egress of pro-sucrase-isomaltase from the RER: non-A-glycosylated, 
malfolded precursors were rapidly proteolytically degraded (Danielsen, 1992). The exit 
of this pro-sucrase-isomaltase from the RER is relatively slow compared to other brush-
border enzymes, such as aminopeptidase N and peptidylpeptidase IV. This is most 
likely due to the relatively slow conformational maturation of the precursor (Matter and 
Hauri, 1991; Danielsen, 1992). The asynchronous transport of brush-border enzymes to 
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the cell surface is not due to timing differences of trimming of jV-linked 
oligosaccharides (Matter et al, 1989). Both the rate-limiting steps of transport to the 
Golgi complex and the degradation of the malfolded pro-sucrase-isomaltase were 
further confirmed in heat-shocked Caco-2 cells. At 42.5°C, pro-sucrase-isomaltase was 
no longer transported to the brush-border, but accumulated instead in a malfolded form 
in the RER where it was subsequently degraded. In contrast, the biosynthesis and 
transport of aminopeptidase N and dipeptidylpeptidase IV were unaffected at this 
temperature in Caco-2 cells (Quaroni et al, 1993). 

After proper folding in the RER, the pro-sucrase-isomaltase is transported to 
the Golgi complex to be complexly N- and O-glycosylated, leading to a precursor with 
an approximately 20 kDa higher molecular mass than the high mannose form 
(Damelsen and Cowell, 1984; Hauri et al, 1985; Nairn et al, 1988; Hoffman and 
Chang, 1991). Sucrase-isomaltase is tyrosine-sulfated in the fr-aw-Golgi (Danielsen, 
1987). Then, the pro-sucrase-isomaltase is transported to the apical brush-border 
membrane. Natural occurring mutations in human sucrase-isomaltase often lead to 
transport incompetent enzyme molecules (Nairn et al, 1988). Cell biological analysis 
of this transport incompetence revealed that the intracellular sorting signal for apical 
transport resided in the luminal domain of the membrane-bound isomaltase subunit 
(Fransen et al, 1991). Danielsen (Danielsen, 1994) found that the homo-dimerization 
of sucrase-isomaltase was not an absolute requirement for transport, as some complexly 
/Y-glycosylated sucrase-isomaltase was found in the monomeric form in the brush-
border membrane. 

Sucrase-isomaltase is efficiently transported to the apical membrane of Caco-2 
cells by vectorial transport (>90%), while missorted sucrase-isomaltase is rapidly 
transcytosed to the apical membrane in Caco-2 cells (LeBivic et al, 1990). This apical 
transport in Caco-2 cells was demonstrated to be highly facilitated by association of the 
transport vesicles to microtubules. Sucrase-isomaltase was still primarily delivered to 
the apical brush-border membrane in absence of microtubules, but the missorting to the 
basolateral membrane increased markedly, and the rate of transport to the apical 
membrane decreased drastically (Gilbert et al, 1991). Interestingly, when the brush-
border is not assembled, sucrase-isomaltase is no longer transported to the plasma 
membrane in contrast with other brush-border enzymes, such as e.g. 
dipeptidylpeptidase IV, neutral aminopeptidase, and neutral endopeptidase. This was 
demonstrated in Caco-2 cells in which brush-border assembly was perturbed by 
expression of villin antisense RNA (Costa de Beauregard et al, 1995). Caco-2 cells, 
transfected with the villin antisense DNA, fail to sort sucrase-isomaltase to the apical 
membrane, although a significant amount of sucrase-isomaltase was made. As the cells 
became fully polarized with respect most other specific basolateral and apical 
membrane compounds, the direct route to the apical membrane apparently demands 
villin and/or a developed brush-border. 

Forskolin, a drug that elevates cellular cAMP levels, completely inhibited the 
apical transport of sucrase-isomaltase in Caco-2 cells, by a presently unknown 
mechanism (Rousset et al, 1989). The pro-sucrase-isomaltase is proteolytically cleaved 
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to its mature form by pancreatic proteinases in the gut lumen. In isolated loops of the 
small intestine, the precursor is not hydrolysed (Montgomery et al, 1981a). 
Disconnection of the pancreatic duct also prohibited the conversion to mature sucrase-
isomaltase (Cowell et al, 1986). In fetal rats, which have not yet developed a 
functional pancreas, only pro-sucrase-isomaltase is produced in the intestine (Hauri et 
al, 1980). 

Isomaltase 
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Human | 

Rabbit I 

Rat 
r r 
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Figure 4. Primary structure of sucrase-isomaltase. The sequences of human, rabbit, and 
rat sucrase-isomaltase are shown, as these were deduced from the respective cDNAs (Hunziker et al, 
1986; Chantret et al, 1992; Chandrasena et al, 1994). The sequences were extracted from GenBank, 
release 85.0 (1994), and aligned and compared according to the algorithm of Feng and Doolittle (1987). 
The isomaltase region of each enzyme complex shows high homology to the sucrase region. The black 
box indicates the /V-terminal non-cleavable signal sequence, which in addition serves as transmembrane 
sequence. The white TV-terminal box indicates the highly O-glycosylated region within each isomaltase 
sequence. The lightly and heavily shaded areas indicate regions of low and high homology, 
respectively, between the corresponding regions of sucrase-isomaltase from these species. (Y), N-
glycosylation site; (C), cysteine residue; (4), proteolytic cleavage site; (E), glutamate residue 
implicated as active site residue; AA, amino acid residues. 

Moreover, in numerous in vitro studies on intestinal expiants or on cell lines, 
the pro-sucrase-isomaltase was not proteolytically split unless exogenous proteinases 
were added to the culture medium (e.g. Damelsen et al, 1982; Hauri et al, 1985; Nairn 
et al, 1988; Fransen et al, 1991; Shapiro et al, 1991). The mean residence time in vivo 
of rat sucrase-isomaltase in small intestinal brush-border membrane is rather short: 5.8 
h. To maintain a steady state level of the enzyme complex, the cells have to synthesise 
about 4 times the amount of active enzyme present in the brush-border membrane each 
day (Dudley et al, 1993). Klumperman et al. (1991), studying endocytosis of brush-
border membranes in Caco-2 cells, found that sucrase-isomaltase as well as 
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dipeptidylpeptidase IV are most likely recycled to the apical membrane after 
endocytosis, and not transported to the lysosomal compartment, indicating that the 
degradation of brush-border enzymes may proceed by another mechanism. 

Primary amino acid sequences 
The cDNAs of sucrase-isomaltase from rabbit, human, and rat have been 

completely sequenced (Hunziker et al, 1986; Chantret et al, 1992; Chandrasena et al, 
1994). The deduced polypeptide sequences of the rabbit, human, and rat sucrase-
isomaltase consist of 1827, 1827, and 1841 amino acids, respectively (figure 4). The 
human sequence is 84% identical with the rabbit sequence, while the rat sequence is 
somewhat less conserved (about 75%) with respect to both the rabbit and human 
sequence, most likely reflecting the phylogenetic distance between these three species. 
All three sequences show two-fold internal homology in their sucrase and isomaltase 
regions. Between the sucrase and isomaltase subunits in each of these species, 38-41%, 
of all amino acids are identical while in addition 34-40% of their amino acids appeared 
not identical but still conserved. The homologous residues between the complete 
polypeptides are scattered along the lengths of these sequences, and thus there are no 
indications of major insertions or deletions in the sequence. Each isomaltase subunit 
contains a sequence of about 65 residues, which has no homologous counterpart in the 
sucrase sequence. This sequence in the extreme yV-terminus of pro-sucrase-isomaltase 
contains the only hydrophobic region. Starting at amino acid 13 of the sequence of all 
three species and comprising 20 residues, this sequence functions as a signal sequence 
for translocation into the RER and concomitantly as a transmembrane anchor, 
rendering a class II transmembrane protein, with a very short cytoplasmic tail of 12 
residues (Hunziker et al, 1986; Chantret et al, 1992; Chandrasena et al, 1994). It was 
demonstrated that the non-cleavable signal-anchor sequence of rabbit sucrase-
isomaltase could be converted to a cleavable signal sequence by single amino acid 
substitutions, or small deletions (Hegner et al, 1992). Introduction of a proline residue 
at position 28 or 29, i.e. at about two-thirds of the hydrophobic sequence was very 
effective in yielding a signal sequence, which mediated translocation, and was 
subsequently cleaved. Shortening of the hydrophobic sequence from 20 to 12 amino 
acids yielded a fully functional, cleavable signal sequence. The consequence of these 
mutations expressed in an in vitro translation/translocation system was a soluble 
sucrase-isomaltase. The effects of these mutations were not tested by transfection into 
eukaryotic cells, and thus it remains uncertain what the consequences are of these 
mutations for folding in the RER, intracellular transport, and polar expression. 

The isomaltase sequences show a 24-32 amino acids threonine/serine-rich 
region, following the transmembrane region, and are presumably O-glycosylated. 
Heavily O-glycosylated regions, known as mucin-hke regions, form extended 
filamentous configurations (Strous and Dekker, 1992). This region likely represents the 
'stalk' of the isomaltase subunit observed by electron microscopy. 

The human, rabbit, and rat sequences contain 18, 18, and 16 A^-glycosylation 
sites, respectively, of which 9 are found at homologous positions (figure 4). This most 
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likely reflects physical constraints with respect to the tertiary structure of the enzyme 
complex. Also some /V-glycosylation sites are found in similar positions, i.e. within five 
amino acid stretches, when the sequences of the sucrase and isomaltase subunits are 
aligned. Eight of the structurally important C-residues are conserved between the 
sucrase and isomaltase subunits of all three sequences. Both subunits of rabbit, rat, and 
human sucrase-isomaltase contain the conserved sequence, DGLWIDMNE, of which 
the C-terminal D-residue (bold) has been assigned as the active site residue. The 
proteolytic cleavage which results in the two subunits occurs between arginine 1007 
and isoleucine 1008 in all three sequences, as was already inferred from TV-terminal 
sequencing of the isolated sucrase subunits of various species (Semenza, 1986). 

Sequence similarity to other a-glucosidases 
The sequences of sucrase-isomaltase show remarkable similarities to human 

lysosomal oc-glucosidase. The human lysosomal (acid) a-glucosidase (EC 3.2.1.20) is 
able to hydrolyse lysosomal glycogen, and demonstrates homology of about 26% to the 
sucrase as well as the isomaltase subunits of rabbit, rat, and human sucrase-isomaltase 
(Hoefsloot et al, 1988). Seven of the 11 cysteine residues of lysosomal a-glucosidase 
are conserved in each of the sucrase and isomaltase subunits of the three species. Also, 
3 of the 8 /V-glycosylation sites occur at homologous positions in the lysosomal enzyme 
when compared to each of the sucrase and isomaltase subunits. As originally suggested 
by Hunziker and co-workers (1986), the sucrase-isomaltase gene likely resulted from a 
duplication of an ancestral a-glucosidase. As the human lysosomal a-glucosidase is 
about half the size of sucrase-isomaltase, and presumably contains only one active site 
sequence (the DGLWIDMNE sequence is also present in this sequence, and was 
assigned independently as active site; Dinur et al, 1986), it seems very likely that 
during evolution this enzyme derived from the same ancestral gene as sucrase-
isomaltase. If this is true, the gene duplication event leading to separate lysosomal and 
brush-border a-glucosidases was a much earlier event in evolution than the duplication 
leading to the two-active site polypeptide of sucrase-isomaltase. This is indicated by the 
lower homology of the lysosomal enzyme with each of the sucrase and isomaltase 
subunits (about 26%) versus the homology between the sucrase and isomaltase subunits 
(over 40%), and also by the two-fold internal homology of sucrase-isomaltase, which 
does not occur in lysosomal a-glucosidase. The sucrase-isomaltase complex also 
contains homology with several yeast a-glucosidases (EC 3.2.1.20), further suggesting 
the evolutionary existence of an ancestral a-glucosidase gene. For example, an a-
glucosidase of Candida tsukubaensis has 35% amino acid homology with the 
isomaltase, and 36% homology with sucrase as well as 34% homology with human 
lysosomal a-glucosidase (Kinsella et al, 1991). The highly conserved region 
GIWDLDMNE was distinguished in this sequence, possibly representing the active site 
of this yeast a-glucosidase. Furthermore, a glucoamylase cDNA cloned from 
Schwanniomyces occidentalis showed an amino acid homology of about 35% 
compared to human acid a-glucosidase,. rabbit sucrase, and rabbit isomaltase. The 
homology is scattered along the whole length of the sequence, and includes a presumed 
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active site sequence very similar to sucrase-isomaltase (DGIWADMNE, Nairn et al, 
1991a). 

Substrate specificity and hydrolytic mechanism of sucrase-isomaltase 
Sucrase-isomaltase accounts for about 80% of the maltase activity in the 

human small intestine. Both sites of sucrase-isomaltase possess maltase activity, but the 
enzyme complex exhibits only very limited activity towards larger glucans (Semenza, 
1987). The two active sites within the complex have overlapping substrate specificities. 
However, the sucrase subunit is responsible for all of the sucrase activity in the small 
intestine. The activity of the isomaltase subunit can be distinguished from the activity 
of the sucrase subunit by the fact that it does not display any sucrase activity, but 
instead displays isomaltase activity, which is not exhibited by the sucrase subunit. The 
activity of sucrase-isomaltase can further be distinguished from the activities of the 
maltase-glucoamylase complex by its relatively low heat-stability (Quezada-Calvillo et 
ai, 1993; Semenza, 1986). Studies on the substrate specificities performed by Gray et 
al. (1979) and Cogoli and Semenza (1975) on the intact enzyme complex, and its 
individual subunits from rat and rabbit, respectively, can be summarised as follows: 1. 
the sucrase subunit hydrolyses sucrose, but not a(l-6) glucosidic bonds, 2. the 
isomaltase subunit hydrolyses oc(l-6) glucosidic bonds but not sucrose, 3. both subunits 
hydrolyse maltose and maltotriose, 4. both subunits hydrolyse hydrophobic aryl-cc-
glucopyranosides to some extent, and 5. the complex shows no activity towards 
polymeric glucans, such as starch, and both subunits show only minor activity towards 
small a-limit dextrins. 

Proteolytic processing is of little consequence to the enzymatic activities of the 
sucrase-isomaltase enzyme complex. The pro-sucrase-isomaltase, produced by tissue 
expiants of pig, rat, and human in the absence of proteolytic cleavage, is as active as the 
mature, cleaved form (Sjöström et ai, 1980; Montgomery et al, 1981a; Hauri et al, 
1982). Rabbit sucrase activity shows a broad pH optimum with maximum at pH 7.0, 
and with half-maximal activities at pH 5.5 and 8.5, respectively (Alvarado and 
Mahmood, 1979). Both sites appear equally sensitive to inactivation by CBE, and, as 
for most brush-border glycohydrolases, Tris is an effective inhibitor (Cogoli and 
Semenza, 1975). The Km for sucrose, isomaltose, and maltose hydrolysis is in the order 
of 4-20 mM for the rabbit, mouse, and rabbit intestinal enzyme, and the hydrolysis 
follows Michaelis-Menten kinetics. Simple Michaelis-Menten kinetics for this two-
active site enzyme complex indicates that these sites are quite similar, and the sites 
should work in parallel rather than sequentially. 

A model for the catalytic mechanism 
With respect to catalytic mechanism and architecture of the active site most 

glycohydrolases may function by very similar reaction mechanisms. Most work on the 
reaction mechanism has been performed on sucrase-isomaltase (Cogoli and Semenza, 
1975). As all of the reaction mechanisms of glycosidases studied thusfar seem to follow 
the rules originally suggested for sucrase-isomaltase (Reviewed by Semenza, 1987; 
Semenza and Auricchio, 1989), this subject is summarised in the form of figure 5. 
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Figure 5. The minimal catalytic mechanism of brush-border glycohydrolases. 
This figure illustrates the catalytic mechanism as demonstrated for sucrase-isomaltase (i.e. cc-
glucosidase activity). This mechanism likely also applies to lactase. Arguments indicating that the 
catalytic mechanisms are quite similar for brush-border glycohydrolases include: 1. similar pH-curves, 
2. competitive inhibition by the non-protonated form of Tris, nojirimycin, as well as deoxynojirimycin, 
3. irreversible inactivation by the substrate-analogue CBE, and 4. retention of the CI-configuration of 
the liberated glucan-moiety after hydrolysis. A) The substrate is bound to the active site of the enzyme. 
The a-glycon moiety (indicated as R) is bound to the enzyme, outside the active site of the enzyme. B) 
The glucosyl oxygen is protonated by a proton-donor (indicated as -A-H, presumably a glutamyl-y-
COOH). C) The positive charge on the glucosyl-oxygen is relayed towards the CI-atom of the 
glucosyl-residue, the bond between the glucosyl CI-atom and the oxygen splits, and the a-glycon (R-
OH) is liberated from the enzyme as the first product. D) The resulting glucose oxocarbonium ion is 
temporarily stabilized by a negative charge (aspartate-ß-COO"). E) Finally, the oxocarbonium ion is 
substituted by a nucleophile (OH"), from the same side, from which the a-glycon left. Thus, ct-glucose 
is liberated, with the same configuration at the CI-atom as in the original substrate. (After Semenza, 
1987). 

A central feature of the catalysis by glycohydrolases is the stabilisation of an 
oxocarbonium ion by a carboxyl-group (figure 5). In sucrase-isomaltase this 
carboxyl-group was found to be an aspartic acid residue in both subunits of the 
complex, identified by affinity labelling with CBE (Quaroni and Semenza, 1976). 
After the complete sequencing of the cDNAs of rabbit, rat, and human sucrase-
isomaltase, this active site aspartic acid (bold) was identified as part of an absolutely 
conserved nonapeptide sequence (DGLWIDMNE) in all sucrase and isomaltase 
subunits (figure 4). The other residue participating in the catalysis, the proton donor, 
presumably a glutamyl-y-COOH, was not identified in the sucrase-isomaltase 
sequences. 



38- Chapter 3 

Gene regulation of lactase and sucrase-isomaltase 

Lactase gene 

The human lactase gene is located on the second chromosome (Kruse et al, 
1988). The expression of lactase exhibits essentially two phenotypes: In about 75% of 
humans the level of lactase activity steeply declines after weaning (often referred to as 
adult-type hypolactasia), while in a minority (mostly Caucasians) lactase levels persist 
throughout life. The human lactase gene was isolated to determine if lactase phenotypes 
correlated to allelic variation. The human lactase gene comprises about 70 kb, including 
16 introns and 1100 bp of its 5' flanking region (Boll et al, 1991). The lactase exons of 
six individuals were sequenced, including two subjects with adult-type hypolactasia. 
None of the mutations was concordant with lactase persistence or with adult-type 
hypolactasia (Boll et al, 1991). However, lactase phenotype is inheritable and therefore 
most likely inherited independently from the lactase structural gene. 

The double duplication in the coding portion of the lactase gene, indicated by 
its cDNA sequence (figure 3), was not represented by the intron locations. Only one 
intron was located at a homologous position in domains II, III, and IV, while most 
introns were clustered in domains I and IV (Boll et al, 1991), suggesting that the 
addition of introns is a more recent event than the gene duplication. 

Villa et al (1993) have desenbed the presence of multiple (three) independent 
lactase genes in rabbit. These genes give rise to three individual lactase mRNAs, 
encoding polypeptides, which are about 94% homologous. Interestingly, the sequences 
diverge most in domain IV, which was shown in rat lactase to carry the principal 
catalytic site of lactase. All three lactase mRNAs were collectively expressed in the 
same individual rabbit, but at different positions along the length of the intestine. 
Thusfar, data do not suggest that more than one lactase gene exist in other species. 

Lactase gene promoter 
The promoter sequence of human lactase contains several potential binding 

sites for transcription factors (approximate position relative to the transcription 
initiation site m bp): a TATA-box (-30), Spl (-210), SRF (-250), AP-2 (-410), 
CTF/NF-1 (-535), CREB (-635), and Octl/Oct2 (-980) (Boll et al, 1991). In addition, 
two Alu sequences were found in this promoter sequence. To date, functional analysis 
of these promoter elements has not been performed. It should be noted that there are no 
potential binding sites for hormone receptors such as those for glucocorticoid, steroid, 
or thyroid hormones, which suggests that these hormones do not exert a direct effect on 
lactase gene expression. The above mentioned transcription factors are more or less 
'general' factors, known to regulate many genes. As lactase displays a unique 
expression pattern both during development and in tissue, it seems logical that one or 
more novel factors should govern lactase expression. Such a factor may have been 
identified by Troelsen and co-workers (1992). They identified a trans -acting factor, 
which interacts with the pig lactase promoter and co-varies with enzymatic activity of 
lactase during post-natal life. The available 980-bp of the pig lactase promoter was 74% 
identical with that of the human, while no Alu sequences (generally specific for the 
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human genome) were found. A 125 bp and a 980 bp fragment of the pig lactase 
promoter were placed in front of a ß-globin reporter gene, and transfected into Caco-2 
cells, which are known to display endogenous (human) lactase expression. The 
expression of the ß-globin reporter gene was shown to mimic the expression of the 
endogenous lactase in Caco-2 cells. Incubation of the promoter sequence with nuclear 
extracts from pig intestine led to the identification of a protected DNA fragment, 
corresponding to bp -40 to -54 of the promoter sequence. This cw-acting element, 
designated CE-LPH1, had a unique sequence, and was bound by a factor, designated 
NF-LPH1. NF-LPH1 is was absent from liver, while in intestine it was 15 times more 
abundant in newborn than in adult pig intestine, which show high and low lactase 
activity, respectively. Thus, the presence of the trans-acting factor NF-LPH1 correlates 
well with the expression of lactase, suggesting that it plays a role in determining the 
level of lactase expression and perhaps its tissue specific distribution. The 1 kb 
fragment of the pig lactase promoter was further shown to direct the cell spécifie 
expression of the ß-globin reporter gene in transgenic mice, and also the developmental 
expression, which mimicked that of lactase in normal mice (Troelsen et ai, 1994a). 
This strongly indicates that 1 kb of the pig lactase promoter contains all m-acting 
elements to direct the correct cell type and temporal expression of lactase. However, 
elements regulating correct expression in the proximal-to-distal axis of the intestine are 
largely absent in this construct. Information within this pig lactase promoter does direct 
expression in Caco-2 cells as well as in the transgenic mice, indicating that the signals 
and mechanisms of transcriptional regulation, governing lactase expression, may be 
well conserved among these species. 

One kb sequence of the rat 5' flanking region of the lactase gene has been 
sequenced and compared to that of the human gene. It was found that the first 155 
bases upstream from the transcriptional start site showed 72% homology, while the 
more distant sequences were only 50% homologous (Boukamel and Freund, 1992). As 
in the human sequence, potential CTF/NF and AP2 sites were found in rat, while 
CREB, Octl/Oct2, SRF, and SP1 sites, identified in the human sequence, were not 
present in the rat sequence (Boukamel and Freund, 1992). On the other hand, the rat 
lactase promoter showed a potential calcium response element and a C/EBP binding 
site, which were not present in the human sequence. Three C/EBP consensus binding 
sites were also recently identified in the promoter of human sucrase-isomaltase (Wu et 
ai, 1992; see below). In our laboratories, we were able to show that developmental 
expression of the three C/EBP isoforms in rat intestinal tissue were identical to the 
expression of rat lactase, suggesting that C/EBP may in part be responsible for the 
tissue specific expression of lactase (Montgomery et ai, 1997). This coordinate 
expression of lactase and C/EBP in the rat was also found independently by other 
authors (Van den Hoffet ai, 1994). Various constructs were made by cloning promoter 
fragments of rat lactase to a human growth hormone reporter gene. Subsequently, these 
constructs were transfected into Caco-2 cells and HepG2 cells (Verhave et ai, 1994). 
By progressively shortening the promoter it was found that positive and negative 
regulatory elements are present upstream of the transcriptional start site, between 
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nucleotide positions 1580-2040 and 74-821, respectively. Very little promoter activity 
was found in HepG2 cells, indicating that the 1 kb lactase promoter fragment was able 
to direct tissue specific gene expression (Verhave et al, 1994). 

Sucrase-isomaltase gene and its promoter 
The human sucrase-isomaltase gene is located on chromosome 3 and 12.2 kb 

of its promoter has been cloned (Green et al, 1987; Wu et al, 1992). When 3.6 kb of 
this promoter was sequenced, only very few consensus sites for binding of transcription 
factors were found: a TATA sequence was located at -27 bp, and three C/EBP binding 
sites were identified at -808, -991, and -2524 bp, while Alu sequences were absent (Wu 
et al, 1992). The presence of putative C/EBP binding sites was very interesting as 
C/EBP is expressed in the rat intestinal epithelium, making this /raws-acting factor a 
candidate to direct tissue specific expression of sucrase-isomaltase. 

Sucrase-isomaltase promoter constructs of various lengths were cloned 
upstream of a reporter gene and transfected into various human cell lines to study tissue 
specific gene expression (Wu et al, 1992). Constructs containing only 303 or 324 bp of 
the sucrase-isomaltase promoter were capable to direct high expression in Caco-2 cells, 
while the cell lines HeLa and HepG2, which lacked endogenous sucrase-isomaltase 
expression, showed only background activity, even with a promoter fragment up to 
3424 bp. The human sucrase-isomaltase promoter was shown to direct nearly 
appropriate tissue specific expression of a reporter gene in transgenic mice (Markowitz 
et al, 1993). A reporter gene driven by 3424 bp of this promoter was expressed in the 
jejunum, ileum and to some extent in the colon. This was slightly different from the 
endogenous mouse sucrase-isomaltase, which was confined only to the small intestine. 
However, the expression was restricted to enterocytes. The crypt-villus distribution of 
the expressed reporter gene in the small intestinal epithelium was also identical to the 
endogenous mouse sucrase-isomaltase. This indicates that this portion of the promoter 
contains virtually all information for tissue specific expression of sucrase-isomaltase. 
Moreover, this promoter seems evolutionanly conserved since the human promoter 
directed correct expression of the reporter gene in the mouse. 

In analysing the human sucrase-isomaltase promoter further, Traber and co
workers (1992b) identified three novel cz's-acting elements and the /ra«.s-acting factors 
binding to these respective elements. First, these authors cloned 3.4 kb of the mouse 
sucrase-isomaltase promoter, and demonstrated that it and the human promoter were 
homologous between -183 bp and the transcription initiation site. As was inferred from 
the expression of the human promoter in transgenic mice, the mouse and human 
promoter should contain common elements, functional in both species. Three common 
elements were found designated SIF1, SIF2, and SIF3, along with a highly conserved 
TATA region. Constructs containing a reporter gene and various portions of the human 
183 bp promoter fragment were transfected to Caco-2 cells and non-sucrase-isomaltase 
expressing cell lines. SIF1 was demonstrated to be essential for proper tissue specific 
expression, while SIF2 and SIF3 were positive regulatory elements, enhancing sucrase-
isomaltase expression. DNase I footprinting demonstrated that the protein, binding to 
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SIFl (designated SIFl-BP), was only present m enterocyte-like cells. SDF2 and SIF3 
binding sites were probably bound by similar proteins, which were not exclusively 
found in enterocytes. Thus, the SIFl sequence and SEF1-BP are strong candidates for 
directing the tissue specific sucrase-isomaltase expression in human and mouse. None 
of the conserved binding sites bound C/EBP, although a potential C/EBP site was 
present in the SIFl region, indicating that if C/EBP were to play a role, it binds outside 
this 183 bp region (Traber et al, 1992b). 

Troelsen et al. (1994b) found an interesting link between the tissue specific 
expression of lactase and sucrase-isomaltase. They analysed the binding of nuclear 
proteins, extracted from Caco-2 cells, to DNA fragments representing the CE-LPH1 
sequence (as identified in the pig lactase promoter) and the SIF1 sequence (as identified 
in the mouse and human sucrase-isomaltase promoters). Both of these DNA sequences 
competed for the same nuclear factors, which were present only in Caco-2 extracts, and 
the binding factors, NF-LPH1 and SIFl-BP, were found to be of a similar size: 50 kDa. 
Thus, it was concluded that the longest homologous sequence within SIFl and CE-
LPH1, i.e. ATTTT, could bind a similar 50 kDa factor, which is able to confer tissue 
specificity to the expression of both lactase and sucrase-isomaltase. However, now that 
the tissue specificity of the expression of these genes may be at least partly resolved, 
the very different developmental expression of these genes (discussed in the next 
section) still awaits elucidation. 

Regulation of developmental expression 

Tissue specificity of lactase and sucrase-isomaltase is very similar, as they are 
both exclusively expressed in brush-borders of small intestinal enterocytes. 
Nonetheless, their developmental expression patterns are very different as lactase is 
strongly upregulated before birth and declines during weaning, while sucrase-
isomaltase is low or absent until weaning but highly present during adult life. We will 
emphasise in this section on the mechanisms underlying the developmental expression 
patterns of lactase and sucrase-isomaltase. 

Regulation is primarily transcriptional 
It is widely accepted that the regulation of lactase and sucrase-isomaltase 

expression is primarily transcriptional. A large number of studies, in man, rabbit, rat, 
sheep, and pig, found that lactase expression correlated well with the amount of lactase 
mRNA (Büller et al, 1990a; Escher et al, 1992; Duluc et al, 1993; Lacey et al, 1994; 
Rings et al, 1992b, 1994a; Keller et al, 1992; Harvey et al, 1995; Torp et al, 1993; 
Villa et al, 1992; Krasinski et al, 1994), see figure 6. Similar studies demonstrated that 
sucrase-isomaltase expression in mouse, human and rat is also primarily 
transcriptionally controlled (Markowitz et al, 1993; Traber, 1990; Traber et al, 1992a; 
Krasinski et al, 1994; Rings et al, 1994a). Transcriptional control of lactase and 
sucrase-isomaltase was also found in the Caco-2 cell line (Beaulieu and Quaroni, 1991; 
Chantret et al, 1994; Haun et al, 1994). 
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Figure 6. Coordinate relationship between lactase specific activity, lactase protein 
and lactase mRNA abundance during postnatal development in the small intestine of 
the rat. Expression of lactase was determined as enzyme activity, protein quantity (rocket 
immunoelectrophoresis), and mRNA abundance (RNase protection assay). Proximal segments were 
taken 1-2 cm adjacent to the pylorus; middle sections were taken from the geometrical middle of the 
intestine; distal sections were taken 1-2 cm adjacent to the ileocecal junction. The amounts of enzyme 
activity, protein content, and mRNA quantity show closely parallel patterns at any age and at any 
segment of the small intestine, indicating transcriptional regulation as the major factor determining 
lactase activity during rat development. Reproduced with permission from Krasinski et al. (1994). 



Intestinal Expression of Lactase, Sucrase-Isomaltase and CPSI - 43 

Lactase genetic polymorphism in human 
Lactase expression in humans is polymorphic: Two phenotypes are 

distinguished, one expressing lactase at high levels throughout life, and a second 
expressing lactase only during early childhood. As recognised by Sahi et al. (1973) and 
reviewed by Flatz (1987), lactase persistence during adult life is an autosomal dominant 
trait, primarily found in Caucasians, while the adult-type hypolactasia is the 
predominant phenotype identified in about 75% of the human population. Moreover, 
the ability to hydrolyse lactose has been found to be a concordant trait among 
monozygotic twins (Metneki et al, 1984). It should be noted that lactase is never turned 
off completely; all adult mammals display low, but significant, lactase activity. In fact, 
the adult-type hypolactasia represents the common phenotype as found in all mammals 
studied. As mentioned above, human lactase levels have been shown to be regulated 
transcriptionally: Low lactase activity in humans is strictly correlated with low mRNA 
levels (Escher et ed., 1992; Fajardo ef a/., 1994; Harvey et al, 1995; Lloydef al, 1992). 
However, thusfar no sequence differences in 1 kb of the human lactase gene promoter 
correlated to lactase persistence or adult-type hypolactasia (Lloyd et ah, 1992). 
Therefore, neither the structural part of the gene (Boll et al, 1991) nor the promoter of 
the lactase (Lloyd et ah, 1992) seem involved in the differential expression in both 
phenotypes. 

The expression of lactase is confined to villus enterocytes whereas sucrase-
isomaltase enzyme, but most likely not enzyme activity, is already detected in crypts, at 
least in humans (Beaulieu et ah, 1989; Van Beers et ah, 1998a, 1998c). During 
epithelial cell migration from crypt to villus in rat and mouse, sucrase-isomaltase and 
lactase mRNAs did not appear until at the crypt-villus junction, concomitant with the 
appearance of both enzyme activities and sucrase-isomaltase and lactase polypeptides 
(Rings et ah, 1992b, 1994a; Haun et ah, 1980; Hoffman and Chang, 1991; Traber, 
1990, 1992a; Markowitz et ah, 1993). Interestingly, lactase and sucrase-isomaltase 
mRNA expression is maximal in lower half of villus, while the level gradually declines 
towards the villus tip. This was observed in rabbit intestinal epithelium for lactase 
mRNA, while in the same study a very similar pattern of expression was found for 
SGLT1 mRNA, coding for the brush-border glucose and galactose transporter 
(Freeman et ah, 1993). Furthermore, along the longitudinal axis, sucrase-isomaltase 
mRNA was highest in the rat and human small intestine (Traber, 1990, 1992a). In 
addition, in studies from our laboratories, it was found that the mRNAs of rat lactase 
and sucrase-isomaltase were restricted after birth to the basal part of villi (Rings et ah, 
1994a). However, the lactase mRNA in embryonic epithelium was found along the 
entire length of the rudimentary villi (Rings et ah, 1992b). Thus, it seems that in normal 
villi, the transcription of the brush-border proteins encoding genes are turned on 1 -2 
days before the cells are removed from the epithelium at the villus tip. 

Starvation of 12 day old rats induced the precocious expression of sucrase-
isomaltase, while the lactase expression was virtually unaffected (Nsi-Emvo et al., 
1994). It appeared that this enhanced sucrase-isomaltase expression was independent of 
cell proliferation, and was regulated at the transcriptional level. Like in normally fed 
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adult rats, sucrase-isomaltase expression in starved rats was first detected in enterocytes 
at the crypt-villus junction. However, when (14 day old) rats were refed after 2 days of 
starvation, the migrating enterocytes at the crypt-villus junctions stopped expressing 
sucrase-isomaltase, resulting in a band of sucrase-isomaltase positive enterocytes 
towards the tip of the villus (Nsi-Emvo et al, 1994). Thus, enterocytes passing the 
crypt-villus junction are apparently not able to down-regulate the gene expression, once 
committed to sucrase-isomaltase expression. This suggests a 'point-of-no-return' 
principle for the up-regulation of brush-border glycohydrolases at the crypt-villus 
junction. 

Thus, in all cases during developmental expression, in adult human lactase 
expression, in cell lines, and in crypt-villus expression, the expression of lactase and 
sucrase-isomaltase appears to be primarily at the transcriptional level. This can be well 
illustrated by a series of experiments, performed in our laboratories, concerning lactase 
and sucrase-isomaltase in the developing rat (Rings et al, 1992b; Rings et al, 1994a; 
Krasinski et al, 1994). These studies were conducted at the histochemical level 
(enzyme histochemistry, immunohistochemistry, and in situ hybridisation) and 
biochemical level (enzyme activity, mRNA and pre-mRNA measurement by RNase 
protection assay, and polypeptide measurement by rocket electrophoresis). They 
indicated that in all segments of the intestine, during all stages of development (16 
embryonic days to adult), the levels of lactase and sucrase-isomaltase activity were 
directly correlated with the levels of the respective mRNAs (figure 6). Interestingly, a 
restriction of the lactase expression was noticed after weaning in the proximal-to-distal 
axis of the intestine (figure 7). Peak levels of lactase expression were found in the 
middle part of the jejunum. Thus, apart from the general decline of the lactase activity 
in the intestine, also the functional area of lactase expression declines dramatically. The 
combination of the decline and restriction of lactase expression has undoubted 
consequences for the lactose digesting capacity of the intestine. Furthermore, this 
implicates that the high lactase expression in lactase persistence in adult humans is 
primarily a failure to switch off the lactase gene. 

Post-translational control is secondary 
Apart from the primary regulation of lactase and sucrase-isomaltase at the 

transcriptional level, there are a number of indications for secondary post-
transcriptional regulatory mechanisms. In some studies, the ratio between lactase 
mRNA and lactase activity is different when different intestinal segments are 
compared. Thus, some investigators concluded that in developing rat lactase was 
differently regulated in the proximal compared to the distal part of the small intestine 
(Freund et al, 1989, 1990, 1991; Duluc et al, 1993). From these studies it appeared 
that after weaning the lactase mRNA/activity ratio was higher in a distal segment of the 
small intestine then elsewhere along the intestine. Other studies also indicated that the 
rat lactase mRNA/activity ratio increased during ageing of the rats (Nudell et al, 1993). 
In rabbits, the rate of biosynthesis of both lactase and sucrase-isomaltase correlated 
well with their respective mRNA levels. However, in proximal parts of the rabbit small 
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Figure 7. Distribution of lactase and sucrase-isomaltase proteins along the length of 
the rat small intestine. The expression of lactase (L) and sucrase-isomaltase (S) was determined at 
various postnatal ages (in days) by immunohistochemistry using specific monoclonal antibodies. 
Numbers 1-9 indicate the location of the small intestinal segments examened. The lactase and sucrase-
isomaltase distribution along the length of the small intestine is indicated by different shadings. 
Changes occuring between 2 points are arbitrarily shown at mid-point. The length and width of the bars 
represent the relative size of the small intestine at these ages. Shadings: white, no expression; light 
shading, mosaic expression; middle dark shading, expression in about half of the enterocytes; dark 
shading, expression in all villus enterocytes. The arrow indicates the ligament of Treitz. Reproduced 
with permission from Rings et al. (1994a). 

intestine there was an excess of lactase mRNA relative to the lactase activity and the 
converse was true for sucrase-isomaltase (Keller et al, 1992). 

Although, relatively late detection of enzyme activities of lactase and/or 
sucrase-isomaltase compared to first appearance of the respective rnRNAs may 
partially be explained by intrinsic differences in sensitivities of the techniques used to 
quantify mRNA and protein, it is more important to assess spatio-temporal changing 
ratios between mRNA, enzyme and enzyme activities. These should reflect post-
transcriptional regulation. There is indeed evidence that lactase and sucrase-isomaltase 
exhibit some post-transcriptional regulation. The half-life of lactase and sucrase-
isomaltase activities in ageing mammals was generally found to decrease, likely due to 
enhanced degradation or mactivation of the enzymes (Quan et al, 1990; Rossi et al, 
1993b;Tsuboie?û/., 1992; Dudley et al, 1992; Castillo et al, 1990). The brush-border 
glycohydrolases have different sensitivities towards luminal contents of the intestine. 
Sucrase and maltase activities were relatively insensitive to luminal proteinases, while 
lactase activity was rapidly lost after incubation with proteinases (Young and Das, 
1990). Elastase is the most potent in releasing the enzyme from the plasma membrane.' 
However, there was no correlation between the rate of release and the rate of enzyme 
mactivation, as the kinetics of release of lactase, maltase, and sucrase activities were 
similar (Young and Das, 1990). This indicates that released brush-border enzyme 
sucrase-isomaltase, still contributed to the luminal digestion of disaccharides, whereas 
lactase activity is lost upon release from the membrane. Studies by Seethar'am et al 
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(1980) indicated that the increased turnover of brush-border enzymes in the neonatal rat 
was paralleled by the intracellular increase of lysosomal proteinases, particularly 
cathepsin B. Thus, apart from luminal factors, such as proteinases, intracellular 
turnover of brush-border enzymes may partly determine the levels of glycohydrolase 
activity on the brush-border. 

Effects of hormones on expression 
Despite the unequivocal finding that sucrase-isomaltase as well as lactase 

expression patterns are imprinted during embryonic development, hormones are found 
to exert influence on the expression of these enzymes, especially during pre-weaning 
development. Generally, pituitary and adrenal cortical hormones enhance intestinal 
maturation during post-natal development. Deprivation of thyroxine and growth 
hormone, by hypophysectomy in 6 day old rats, virtually stopped intestinal maturation, 
and lactase activity remained abnormally high, while sucrase-isomaltase activity 
developed only partially during the ensuing 20 days (Castillo et al, 1991). 
Supplementation with thyroxine and growth hormone restored normal developmental 
patterns of intestinal development as well as both glycohydrolases. In another study, 
cortisone coordinately increased levels of both lactase and sucrase-isomaltase activities 
as well as m the corresponding mRNA levels in 6 day old rats (Yeh et al, 1991a; 
1991b). Administration of thyroxine alone had little effect on either enzyme. While 
thyroxine enhanced the induction of sucrase-isomaltase by cortisone, it antagonised the 
enhancing effect of cortisone on lactase expression (Yeh et al, 1991a; 1991b). 
Administration of triiodothyronine in adult rats led to the development of villus 
hyperplasia and down-regulation of lactase mRNA, while sucrase-isomaltase mRNA 
was not affected (Hodin et al, 1992). Gutschmidt and Emde, (1981) demonstrated by 
careful morphometncal studies, that in adult rat thyroxine specifically diminished the 
amount of lactase, while the crypt-villus architecture was not affected. Similarly, Raul 
et al, (1984) demonstrated that total parenteral nutrition led to increased lactase levels 
in adult rats, while supplementation with thyroid hormones was able to restore 
intestinal lactase levels. In neonatal rats, Liu et al, (1992) demonstrated that in the 
absence of thyroxine lactase activity remained elevated and failed to decline at 
weaning, while the half-life of the enzyme was approximately doubled. Injection of 
thyroxine in rat pups accelerated enterocyte migration, while this migration was 
reduced in hypothyroid rats (Liu et al, 1992). Thus, thyroid hormones exert their 
actions on the expression of brush-border glycohydrolases by effects on growth as well 
as on differentiation of the intestinal epithelium. Glucocorticoids stimulate the 
expression of sucrase-isomaltase in suckling rats (10-15 day old), while the 
glucocorticoid antagonist RU-38486 impedes sucrase-isomaltase expression in the 
developing intestine (Haun et al, 1980; Foltzer-Jourdainne et al, 1993; Galand, 1988; 
Nsi-Emvo et al, 1994). In adult diabetic rats, the sucrase-isomaltase mRNA as well as 
activity levels are increased, indicating a stimulatory role for insulin in the biosynthesis 
of sucrase-isomaltase (Hoffman and Chang, 1992). 
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Receptors for epidermal growth factor (EGF) have been demonstrated on the 
enterocytes of the human fetal gut (Menard and Pothier, 1991). EGF was shown to 
enhance intrauterine intestinal maturation and lactase expression in fetal rabbits 
(Buchmiller et al, 1993a; 1993b). Cross and Quarom, (1991) found that EGF enhanced 
the proliferation of Caco-2 cells. Independent of this growth stimulation, sucrase-
isomaltase mRNA and biosynthesis levels were greatly reduced in 12 day confluent 
Caco-2 cells, while other brush-border enzymes were unaffected, indicating a selective 
down-regulation of sucrase-isomaltase (Cross and Quaroni, 1991). Also in Caco-2 cells 
grown under serum-free conditions, EGF (as well as triiodothyronine) inhibited 
sucrase-isomaltase expression (Jumarie and Malo, 1991). In contrast, EGF was able to 
induce precocious sucrase-isomaltase expression in suckling rats (Foltzer-Jourdairme et 
al, 1993). 

EGF was found to have a very rapid and direct effect on the surface area of the 
brush-border membrane (Hardin et al, 1993). Small intestinal loops of young rabbits 
were exposed in vivo to EGF and the effect on the brush-border were measured. Within 
10 min the absorptive area of the apical membrane was increased at least two-fold, 
which was mostly attributed to lengthening of the microvilli. This increase in 
membrane area was most likely due to redistribution of pre-existing microvillar 
membrane vesicles, as the composition of the microvillar membrane did not change 
during the increase of surface area (Hardin et al, 1993). 

Caco-2 cells are a very valuable model 
Caco-2 cells were originally isolated from a colonic adenocarcinoma, however, 

these cells display virtually all characteristics of small intestinal enterocytes (Pinto et 
al, 1983). Some of the aspects of hormonal control of sucrase-isomaltase and lactase 
expression have been evaluated in Caco-2 cells. Caco-2 cells, cultured in the presence 
of 10-20% fetal calf serum, could be adapted to grow on a chemically defined medium, 
without loss of differentiation characteristics (Jumarie and Malo, 1991). 
Triiodothyronine increased the expression of sucrase-isomaltase in these cells to some 
extent, but hydrocortisone had no effect. As these hormones had no major effects on 
sucrase-isomaltase expression in Caco-2, the effects of these hormones measured in 
vivo may be secondary. Two independent studies in Caco-2 cells found that forskolin 
(an activator of adenylate cyclase) inhibited sucrase-isomaltase expression, while 
enhancing the lactase expression. Rousset et al (1989) found that diminishing the 
cAMP content of Caco-2 cells affected the sucrase-isomaltase synthesis at three levels: 
1) sucrase-isomaltase mRNA decreased, 2) biosynthesis was impaired, and 3) transport 
to the microvillar membrane was completely inhibited. These effects were reversible, 
but the experiments indicate that cAMP depletion has independent effects on these 
three levels of sucrase-isomaltase expression (Rousset et al, 1989). More recently, 
Hauri et al, (1994) confirmed these results of sucrase-isomaltase expression, and 
compared it with the effects of forskolin on lactase expression in Caco-2 cells. In 
contrast to effects on sucrase-isomaltase, lactase expression appeared to be induced by 
cAMP depletion, and this effect was primarily exerted at the transcriptional level. 
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Moreover, hydrocortisone had opposite effects on sucrase-isomaltase and lactase 
expression: lactase was inducible by hydrocortisone, while sucrase-isomaltase was 
inhibited. Hydrocortisone may work via an indirect mechanism, as the effects were 
only measurable after several days (Hauri et al, 1994). The developmental impact of 
the opposite effects of cAMP on lactase and sucrase-isomaltase expression can hardly 
be overestimated. The expression patterns of lactase and sucrase-isomaltase during 
development in animals are mirror images: lactase is switched off at weaning, while 
sucrase-isomaltase is turned on. Therefore, it seems plausible that one factor, which 
would lower the cAMP concentration in enterocytes, could up-regulate lactase as well 
as down-regulate sucrase-isomaltase during developmental. Further confirmation on 
this point is obviously required. 

Mosaic expression 
An interesting yet unexplained finding in the cellular expression of lactase 

during development is the mosaic pattern found within the intestinal epithelium. In rat, 
human and rabbit intestinal epitheha occasionally individual cells can be found with 
very high lactase expression, while the surrounding enterocytes seem devoid of any 
lactase (Maiuri et al, 1991; 1992; Lorenzsonn et al, 1993; Rings et al, 1994a). 
Sometimes, the lactase positive cells are found grouped together, and this has been 
termed 'patchy' expression. Generally, this mosaic expression is found at the proximal 
and distal boundaries of lactase expression, in zones of the intestine with low lactase 
activity (Maiuri et al, 1992; Rings et al, 1994a; figure 8). In duodenal biopsies of 
Caucasians with low lactase expression, mosaic lactase expression has been found 
(Maiuri et al, 1991; Lorenzsonn et al, 1993; Maiuri et al, 1994). However, as the 
expression of lactase in the duodenum is generally low, this mosaic expression likely 
represents the proximal transition zone of lactase expression. Duodenal biopsies are 
often used clinically to detect lactase deficiency. Obviously, as lactase is generally 
lower in this region, mosaicism must be very carefully interpreted. Furthermore, mosaic 
expression of brush-border glycohydrolases may be induced by damage to the intestinal 
epithelium. In some individuals with mild villus atrophy, sucrase-isomaltase, as well as 
lactase were found to be mosaically expressed (Nichols et al, 1992). Maiuri et al 
(1993b) compared the surface staining pattern of enterocytes of whole rabbit and 
human villi. They found that the expression on the human villi was patchy, i.e. discrete 
patches of lactase positive cells were found, whereas the lactase-positive enterocytes in 
rabbit were found as ribbons along the villi. Therefore, the regulation of the mosaicism 
of lactase in human and rabbit may be fundamentally different: in rabbit it likely has a 
clonal origin (i.e. lactase-positive cells may all be daughter cells of a certain stem cell), 
while in humans mosaicism may arise as consequence of other mechanisms. 

Similar to lactase, mosaic expression was also observed for sucrase-isomaltase 
in 16 day old rats: The first expression of sucrase-isomaltase appears in isolated cells 
throughout the small intestine (Rings et al, 1994a; figure 7 and 8). 

Thus, mosaic expression of sucrase-isomaltase seems also associated with low 
expression of sucrase-isomaltase within the epithelium. A mosaic pattern was also 
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Figure 8. Mosaic expression of lactase and sucrase-isomaltase around weaning in 
the proximal small intestine of the rat. The expression of sucrase-isomaltase and lactase was 
detected immunohistochemically, using specific monoclonal antibodies: Panel a-c, lactase expression; 
panel d-f, sucrase-isomaltase expression. Note that lactase and sucrase-isomaltase expression was 
determined in adjacent sections, a) At 16 days, lactase is expressed in all enterocytes along the villus, b) 
Mosaic expression of lactase is observed at 21 days, c) Lactase is no longer detectable at 28 days, d) 
Mosaic expression is found for sucrase-isomaltase at 16 days, e) At 21 days, sucrase-isomaltase is 
present along the entire villus, f) At 28 days sucrase-isomaltase is detected at the entire villus, although 
the cells at the extreme villus-tip are only faintly stained. Reproduced with permission from Rings et al. 
(1994a). 

individuals. This was explained by an underlying mosaic expression of a(l-2)fucosyl-
transferase responsible for formation of the H-antigen (the precursor of the A-antigen) 
(Maiuri et al, 1993a). Similar mosaic expression of sucrase-isomaltase in Caco-2 cells 
appeared to depend on cellular differentiation: All cells eventually expressed sucrase-
isomaltase (Vachon and Beaulieu, 1992) suggesting that mosaic patterns in Caco-2 are 
of another nature than the mosaics in vivo. 
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Presently, no mechanism has been suggested or identified that explains mosaic 
gene expression of enterocytic glycohydrolases. It is unlikely that such mosaicisms per 
se have a function. It seems more likely that mosaicisms or phenotypic variation among 
enterocytes are generated in a similar manner as are the various differently 
differentiated cell types anse from a single crypt. 

Effects of substrates on enzyme activities are minimal 
The expression of brush-border glycohydrolases is developmentally imprinted. 

Nevertheless, there still is a role for carbohydrate substrates in the regulation of the 
level of the individual enzymes. Lactase activity is hardly affected by the presence of 
its substrate, while only a slight inhibitory effect has been shown for glucose 
(Reviewed in Rings et ai, 1994b); administration of lactose does not elevate lactase 
specific activity. In adult rabbits and rats no adaptation of lactase activity was observed 
in the presence of milk or lactose in the diet (Plimmer, 1906). Although it has been 
reported that, irrespective of its source, a high concentration of glucose slightly 
increased lactase activity in rat (Goda et al, 1985) most literature contradict this view. 
The level of lactase expression therefore seems not influenced by the presence of high 
amounts of glucose or fructose in the diet, while these monosaccharides were shown to 
induce sucrase-isomaltase 1.6-3.2-fold (Collins et al, 1989). The independence of 
lactase development from substrate supply is emphasized by the fact that high lactase 
levels are present prior to birth and thus in complete absence of lactose. Thus, all 
evidence suggests that the level of lactase activity is genetically determined; only minor 
control may be exerted by glucose, but no regulation is exerted by lactose. In humans 
neither prolonged ingestion of lactose nor elimination of lactose from the diet altered 
lactase activity (Kogut et al, 1967; Gilat et al, 1972). 

Sucrase-isomaltase is more prone to substrate regulation than lactase 
(Reviewed by Henning, 1981, 1985; Bustamante et al, 1986). A decreased intake of 
starch led to a decrease m all brush-border glycohydrolases, indicating a specific 
adaptation to low carbohydrate intake, as brush-border peptidases were not affected 
(Goda et al, 1983). Starvation had different effects on jejunal glycohydrolases: lactase 
activity remained virtually unchanged, while sucrase-isomaltase activity increased, due 
to enhanced and impaired polypeptide synthesis, respectively (Holt and Yeh, 1992). 
The up-regulation of sucrase-isomaltase by dietary sucrose was clearly a specific 
process that increased the amount of active enzymes per cell, as sucrose did not in any 
way change the cell migration rate, the number of enterocytes, or crypt-villus ratio 
(Ferraris et al, 1992). 

The administration of galactose as sole carbohydrate source to mice led to a 
state of malnutrition, most likely due to the inability of this species to efficiently 
metabolise this compound (Smith et al, 1990). The malnutrition led to a decreased rate 
of enterocyte biogenesis, and these enterocytes showed strongly decreased lactase 
levels, while the sucrase-isomaltase levels were unaffected. Thus, lactase and sucrase-
isomaltase were regulated by different mechanisms in the enterocytes of these 
malnourished mice. 
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Fructose has a peculiar effect on the expression of brush-border enzymes. In 
cultured pig small intestinal expiants, 10-50 mM of fructose prevented the expression 
of ammopeptidase N, and decreased expression of sucrase-isomaltase to about 20%. 
Fructose induced a very rapid degradation of newly synthesised enzymes, probably due 
to aberrant N-glycosylation (Danielsen, 1989). Apart from its effect on yV-glycosylation, 
fructose perturbed the intracellular membrane traffic in the enterocyte (Danielsen et al, 
1991). Thus, fructose or sucrose at physiological concentrations may induce dramatic 
changes in enterocyte function, by some not yet identified mechanism. 

Expression in colon in health and disease 
From the above, it is clear that the expression of brush-border glycohydrolases 

is generally confined to the small intestinal enterocytes, and that the physiologically 
important functions of these enzymes are exerted in the small intestine. However, 
expression of these enzymes in the colon is also a common phenomenon in early 
development or under specific conditions. In suckling rat, expression of lactase is found 
in the colon, which was biochemically indistinguishable from jejunal lactase. In these 
young animals, the colonic epithelium of the rat has a crypt-villus architecture, which 
disappears towards weaning, and expression was confined to these rudimentary colonic 
villi (Büller et al, 1989b; Colony et al, 1989). The expression of lactase in rat was 
highest in the proximal colon, while adult rats express low levels of lactase in the colon, 
but do not express sucrase-isomaltase (Colony et al, 1989; Foltzer-Jourdainne et al, 
1989). Although sucrase-isomaltase is normally not expressed in the rat colon, 
expression could be evoked in the colon by treatment of 4 day old rats with thyroxine 
and hydrocortisone, suggesting that induction of jejunal characteristics is possible in 
young rat colon (Foltzer-Jourdainne et al, 1989). 

In humans, low levels of sucrase-isomaltase are expressed in the colon adult, 
while higher amounts are present in the fetal colon (Beauheu et al, 1990; Gorvel et al, 
1991; Real et al, 1992; Andrews et al, 1992). The colonie sucrase-isomaltase is 
biochemically indistinguishable from the jejunal enzyme (Gorvel et al, 1991). There is 
a marked over-expression of sucrase-isomaltase in colonic polyps and in 
adenocarcinomas (Real et al, 1992; Beaulieu et al, 1990). Lactase and maltase-
glucoamylase are usually absent from the adult colonic epithelium, and lactase as well 
as maltase-glucoamylase are only seldom expressed in colorectal cancer, but both 
enzymes are markedly up-regulated in transitional tissue next to these cancers (Real et 
al, 1992). There is also an increase in sucrase-isomaltase expression in ulcerative 
colitis and dysplasia resulting from this chronic inflammatory bowel disease (Andrews 
etal, 1992). 

Under the above-mentioned pathogenic circumstances, the epithelial cells are 
in a state of hyper-proliferation and concomitant de-differentiation. Also many human 
colonic cell lines, such as Caco-2 and HT29, express sucrase-isomaltase and sometimes 
lactase. These cell lines, usually derived from adenocarcinomas, are known to acquire 
small intestinal-like characteristics. Fetal colon resembles small intestine in many 
aspects, e.g. there is a crypt-villus morphology and expression of brush-border 
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enzymes. As lactase and sucrase-isomaltase are expressed in the fetal colon, the 
expression of these enzymes in hyperplastic and carcinoma tissues and in affiliated cell 
lines may logically result from this state of de-differentiation. Thus, the expression of 
lactase and sucrase-isomaltase may be regarded as fetal characteristics of colonocytes. 

Carbamoyl phosphate synthase I (CPS I) in the intestine 

Tissue specificity ofCPSI 
CPSI is expressed only in hepatocytes and enterocytes of the small intestine. In 

the liver, the CPSI expression levels are not the same for all hepatocytes. Decreasing 
content of CPSI can be found in portocentral gradient across the functional liver unit, 
the liver lobule (Moorman et al, 1989). With respect to the intestine, there is no 
evidence of CPSI gradients along the horizontal or vertical axis. Semi-quantitative 
histochemistry of CPSI mRNA and CPSI protein in adult rat did not reveal any such 
gradient (Rings et al, 1992a). 

CPSI evolution 
A gene family of enzymes with carbamoyl phosphate synthase activity 

comprising CPSI, CPSII, and CPSIII has been described to have evolved from a small 
common ancestral gene (Van den Hoff et al, 1995), probably carbamate kinase 
(Durbecq et al, 1997). In addition to this evolutionary diversification from a common 
ancestor, the chromosomal CPSI locus and its immediately flanking loci, show 
significant evolutionary conservation between human, mouse and fish (Fugu rubripes) 
because in each species CPS is similarly located in a chromosomal segment encoding 
microtubule-associated protein (MAP-2), myosin light chain (MYL-1), and carbamoyl 
phosphate synthase (Schofield et al, 1997). Furthermore, extensive conservation of 
CPS primary sequences among these species suggests a vital function for CPSI as 
suggested earlier by Van den Hoff and co-workers (Van den Hoff et al, 1995). 

CPSI physiology 
CPSI catalyzes the formation of carbamoyl from ammonia and glutamine 

and represents an important step in the urea cycle which appeares rate limiting, at least 
in liver, for the formation of urea (Meijer, 1990). The crucial function of CPSI is 
illustrated by the physiologic alterations in congenital and aquired deficiencies, i.e. in 
individuals with low or undetectable CPSI levels. In humans CPSI deficiency leads to 
high serum ammonia levels immediately after birth causing neurotoxicity, coma and 
death (Wong et al, 1994). Thus, it seems that the physiological relevance of CPSI to 
ammonia metabolism is firmly established. Whereas congenital CPSI deficiency is rare, 
aquired deficiencies may occur after organ transplantation or chemotherapy and are a 
more frequent cause of lethality (Del Rosario et al, 1997; Tuchman et al, 1997). Given 
the important physiological significance it is remarkable that so little is known about 
the expression of CPSI in humans. Especially the lack of a description of CPSI 
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expression in intestinal tissue precludes complete understanding of the role of the 
intestinal epithelium in ammonia metabolism in health and disease. Therefore, one of 
our goals was to describe CPSI enzyme expression and regulation in human intestinal 
tissue. 

CPSI biosynthesis and enzymeatic mechanism 
CPSI is a multidomain enzyme that shows evolutionary conservation with 

CPSn and HI (Van den Hoff et al, 1995). The postulated evolutionary twofold 
duplication of an ancestral gene has resulted in the formation of four domains (A, B, C 
and D). Carbamoyl phosphate synthesis occurs at domain B, the 'amidotransferase' 
domain whereas domain C forms the neccesary site for ATP hydrolysis. (Kothe et ai, 
1997; Guy et al, 1998). 

Bacterial and mammalian CPS are synthesized as single polypeptides 
containing one amidotransferase domain which hydrolyzes glutamine and transfers 
ammonia to the synthase domain (CPS-domain). The CPS domain is composed of two 
homologous subdomains, A and B, which catalyze ATP-dependent reactions in 
carbamoyl phosphate synthesis. Recombinant expression in E. coli of homodimers 
composed of AA or BB or recombinant heterodimers (AB) but not monomers, 
produced CPS activity. It was suggested that in vivo, the CPS domains A and B 
physically interact to produce enzymatic activity (Guy and Evans, 1996). 

CPS tissue specificity 
CPSI is exclusively expressed in hepatocytes and in enterocytes of the small 

intestine (Rings et al, 1992a; Goping et al, 1995) and localizes to the mitochondria. 
This was a consistent finding in human, rat, mouse, and pig (Dingemanse and Lamers, 
1994; Windmüller and Spaeth, 1976; Rings et al, 1992a; Dubois et al, 1988; Wu, 
1995). In at least porcine enterocytes it was shown that along with CPSI, all other urea-
cycle enzymes were active in the intestine, further suggesting the potential significance 
of enterocytes to the systemic nitrogen metabolism (Wu, 1995). We have studied CPSI 
for several reasons. First, it is unclear how CPSI expression in distributed in the 
intestine. We therefore investigated duodenal and colonic sections for CPSI expression. 
Second, virtually nothing is known about levels of CPSI expression in human intestine 
during the course of early infancy. To this end, we have studied duodenal biopsy 
specimens from children of various ages for CPSI expression. Third, the sub-cellular 
localization of CPSI in mitochondria made it a very suitable control in immuno-
histochemistry to help verify the specificity of other antisera that we used to detect 
brush border specific enzymes. 

Developmental expression of CPSI 
Ryall and co-workers have shown differential developmental regulation of rat 

CPSI for liver and intestine (Ryall et al, 1986). They detected appearance of CPSI 
mRNA in intestine before its appearance in liver. Moorman et al, reported first 
apearance of CPSI in fetal human liver around 5 weeks (35 days) of gestation (1989). 
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In addition to their findings, we compared the developmental appearance of CPSI 
expression in liver with that in intestine of both rat and human. De Jonge et al, have 
described expression of argmme metabolizing enzymes in enterocytes of developing rat 
in the perinatal period (1998). Their findings are in agreement with our earlier findings 
that CPSI in rat intestine is normally present in all small intestinal enterocytes in both 
crypt and villus (Frings et al, 1992a). 

CPS gene regulation 
CPSI in liver and intestine are expressed from the same gene. This implies that 

its gene promoter is equiped to direct the correct patterns of expression in enterocytes 
as well as hepatocytes. Studies descibing this promoter and analysis of its function have 
been published by Goping et ai, (1995); and by Chnstoffels et al, (1995, 1996). They 
showed among other things, corticosteroid reponsive elements that may partially 
explain regulation by hormones as observed in caloric restriction diet experiments 
(Tillman et al, 1996). Recently, an interesting specific down-regulation of hepatic 
CPSI in mice was found after exposure to hepatotoxic doses of acetaminophen (Gupta 
et al, 1997). Because these authors did not describe intestinal tissue, it remained 
unclear whether in these mice enterocytic CPSI was affected or not and if so, whether 
its decrease contributed to the toxicity observed. 
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