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ABSTRACT 

Lactase was purified from the proximal half of the small 

intestine of 12-15 day old suckling rats. Antiserum to the purified 

lactase was prepared in rabbits. The antiserum was used to determine the 

changes of lactase content relative to changes in lactase activity in the 

proximal and middle segments of the small intestine following dietary 

manipulation in adult rats. 

The dietary manipulation involved ten week old male rats that 

were fed for two weeks on a high starch (70 cal %), low fat (7 cal %) 

diet then changed for one, two and-three days to either an isocaloric low 

starch (5 cal %), high fat (73 cal %) diet or starved. 

The specific activity and the total activity of lactase decreased 

in both segments on the low starch diet. In contrast, specific activity 

increased following starvation whereas total activity did not change. 

Electroimmuno assays showed that these changes in activity were due to 

corresponding changes in the amount of lactase protein. 
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CHAPTER 1 

INTRODUCTION 

Location and Distribution of Lactase 

Rat lactase exists as an enzyme complex containing two enzymatic 

sites, lactase (e-galactoside galactohydrolase) which hydrolyses 

B-glucosides except for phlorizin and phlorizin hydrolase (phlorizin 

glucohydrolase) which is specific for phlorizin. Lactase, together with 

maltase (a-D-glucoside glucohydrolase) are the predominant sugar 

hydrolases of infant rat intestine (Doell and Kretchmer, 1962). They are 

localized on the brush border membrane villi of the intestinal epithelial 

cells and are involved in the terminal steps of intraluminal digestion. 

Studies in suckling rats (Nordstrom et al, 1964; Raul et al, 

1977; Simon et al, 1979) and in adult rats (Boyle et al, 1980) have shown 

that a villus-to-crypt gradient of activity exists. Lactase activity is 

absent in the crypt cell but increases along the villus with maximum 

lactase activity occuring in enterocytes near the tip of the villus. The 

enterocytes are known to mature both morphologically and biochemically 

while migrating from the crypt to the villus (Leblond and Stevens, 1948). 

There is also a gradient of activity along the length of the small 

intestine, being higher in newborn and adult rodents in the jejunum and 

midjejunum than the ileum. However in the middle of the suckling period 

there is some discrepancy as to the existence of the gradient. Some 

studies on isolate'd microvilli (Green and Hauri, 1977; Seetheran et al, 
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1977) showed higher activity in the jejunum than the ileum, whereas 

studies using whole tissue homogenates (Koldovskj' and Sunshine, 1970; 

Green and Hauri, 1977; Seetheran et al, 1977) showed equal levels of 

lactase activity in the jejunum and ileum. The distribution of activity 

between the supernatant (cytosol) fraction and the membrane bound (brush 

border) fraction was also found to vary with distance along the small 

intestine as well as with the developmental stage of the animal. In the 

suckling animal the majority of lactase activity in the distal half of 

the intestine was found to be soluble, located in the supernatant 

fraction, whereas in animals of all ages, almost all the activity was 

attached to the membrane in the proximal half (Seetheran et al, 1977). 

The soluble lactase activity was found to be distinct from lysosomal 

lactase activity as it was not significantly inhibited by 

p-chloromercuribenzoate (Koldovsk^ et al, 1969). 

Chemical and Immunological Properties of Lactase 

Lactase has been purified from suckling rat intestine to a high 

degree after papain solubilization (Alpers, 1969; Schlegel-Hauter et al, 

1961; Leese and Semenza, 1973; Birkenmeier and Alpers, 1974) for the 

purpose of studying its biochemical and enzymatic properties. 

Electrophoretic studies revealed that the lactase-phlorizin hydrolase 

complex consists of four isoenzymes all having similar enzymatic 

properties. Ion focusing experiments in ampholine gradients have shown 

the isoelectric point of rat intestinal lactase to be in the range of 

4.3 - 4.5. Lactase, but not phlorizin hydrolase activity was shown to be 

unstable at 37°C when purified (half life 41 min), but was stabilized by 

p-chloromercuribenzoate (half life 250 min) and partially stabilized by 
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cysteine (half life 108 min) although the 8-glycosidase complex has no 

free thiols. When still attached to the brush border membrane, the 

complex was found to be relatively stable at 37°C. The activity of 

lactase and phlorizin hydrolase like all other intestinal 

disaccharidases, was inhibited by Tris at neutral and alkaline pHs. 

Recently the separate isolation and purification of lactase from 

the proximal and the distal portions of suckling rat intestine (Cousinea 

and Green, 1980) suggested the existence of two membrane bound forms of 

the lactase-phlorizin hydrolase complex. The proximal and distal forms 

when characterized, showed different chromatographic and electrophoretic 

properties. The electrophoretic differences were abolished by 

neuramidase digestion to give two active enzymes with similar isoelectric 

points. Kinetic studies showed that the two forms had the same pH 

optimum of 6.0, the same heat stability and only a small difference in 

Km. 

Only one group (Tsuboi et al, 1979) has reported successfully 

producing antiserum to lactase, as well as maltase, purified from 

suckling rats intestines. The antiserum was used to study the antibody 

binding properties of the free and membrane bound forms of these enzymes. 

The immunotitration curves showed that there was equivalent antibody 

binding by the bound form as well as the free form whether solubilized by 

papain or Triton X-100. These results unlike those obtained for the 

rabbit sucrase-isomaltase complex (Takesue et al, 1973, 1977) implied 

that the suckling rat lactase molecule is attached singly to the external 

membrane surface with all antigenic sites freely available to antibody 

binding. The exact number of antigenic determinants present in 



papain-solublized lactase has not been quantitated. In the case of 

rabbit sucrase-isomaltase, it has been calculated that there are 

approximately four in the papain solubilized molecule. The Triton 

solubilized molecule was found to contain additional determinants not 

accessible to the IgG molecules when the complex is in the intact 

microvillus membrane. This implies the different positioning of the 

lactase-phlorizin complex from the sucrase-isomaltase complex in the 

membrane. 

The Effect of Dietary Manipulation on Lactase Activity 

The activity of lactase in mammals is affected by a variety of 

factors including the developmental stage of the animal, diurnal rhythmn, 

hormones, disease and diet (Koldovskj', 1980). 

In the rat studies it was shown that lactase activity is well 

developed in the fetus and reaches a maximum between 10 and 20 days after 

birth, then declines rapidly to a low level (less than 10%) in adults 

(Doell and Kretchmer, 1962). This has been shown to be accompanied by a 

similar decrease in lactase protein (Seethram et al, 1977). The 

possibility that the decline in lactase activity, that begins during the 

weaning period when lactase intake decreases, is linked to dietary 

factors, has been examined extensively and remains unresolved. Most 

studies have involved manipulation of the amount and type of carbohydrate 

present in the diet and examination of the subsequent effect on lactase 

activity and distribution of activity. 

This type of substrate induced enzyme adaptation has been seen in 

animals as early as the seventeenth day of fetal life when it was 
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demonstrated (Lifrak et al, 1976) that intraamniotic injections of 

lactase resulted in an increase in lactase specific activity believed to 

be due to increased lactase synthesis. A more comprehensive study was 

carried out in suckling rats by Raul et al (1978) to monitor changes in 

the amount of lactase as well as the specific activity. They similarly 

reported that feeding lactose to 11 day old sucklings resulted in 

increased specific lactase activity. The electrophoretic pattern of 

brush border proteins after lactose feeding implied an increase in the 

number of lactase molecules which could have been due to an acceleration 

of enzyme synthesis. Conversely, a slight decrease in lactase activity 

was seen in sucklings orally fed solutions of sucrose and maltose for 3-4 

days (Lebenthal et al, 1972; Raul et al, 1978). 

Interest in how dietary manipulation could delay or prevent the 

decrease in lactase activity, which takes place after weaning began as 

early as the turn of the century and resulted in conflicting data. Over 

the last twelve years, continued research by several groups has again 

failed to produce consistent results despite the use of more defined 

dietary conditions. When control diets containing either glucose 

(Sriratanban et .al, 1971) or a glucose and galactose mixutre (Leichter, 

1973) and experimental diets containing lactose were offered to suckling 

rats, before they started to consume a solid diet, no influence on the 

decrease of lactase activity was seen between 3 and 16 weeks of age. 

Schlegel-Hauter et al (1972) also failed to prevent the decrease in 

lactase activity when they fed 28 day old rats phenyl-B-galactopyranoside 

or methyl-g-thiogalactopyranoside, known inducers of 8-galactosidase in 

Escherichia coli (Jacob and Monod, 1961), for 19-28 days. Other data 
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suggested that dietary manipulation could exert, some influence on the 

decline of lactase activity. Reddy et al (1968) found that conventional 

as well as germ free rats fed a diet containing lactose as the only 

source of carbohydrate showed higher activity of lactase at 30 days than 

the control animals fed a glucose diet from birth. However this 

difference was no longer evident at 60 days. Lebenthal et al (1973) 

similarly insured that suckling rats received lactose as their sole 

carbohydrate by prolonging nursing. They found that although a higher 

specific activity was maintained in these animals than in suckling 

animals also consuming a solid diet, both groups showed a decline 

parallel to that observed in normal development. Similarly, Bolin et al 

(1971) showed that although lactose diet administered to female rats and 

offspring during pregnancy and lactation does not prevent a decline in 

lactase activity, the young in the group given the 10% lactose diet did 

have a higher specific activity of lactase. 

The fact that lactase activity is observed in rats that have not 

consumed lactose postnatally (Reddy et al, 1968) and also that a 

significant decline in lactase activity is observed in all rats 

regardless of dietary manipulation, suggests that the pattern of 

development of disaccharidase activity through suckling life to maturity 

is "intrinsic" involving a genetically defined mechanism. This theory is 

further supported by studies on fetal isografts of mice and rats 

(Ferguson et al, 1973; Kendall et al, 1979). The fetal intestinal 

segments that had no direct contact with lactose, when implanted under 

the kidney capsule of adult host, showed a pattern of development of 

lactase activity parallel to that of the control animal. 
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Although the levels of lactase in the mature rat are low, many 

recent studies have shown that the activity can be markedly affected by 

dietary manipulation or starvation. As in the case of the suckling rat, 

varing the amount of lactose in the diet of the adult rat has resulted in 

a. corresponding variation in the activity of lactase. The increase in 

activity has been shown to occur after 5 days (Goldstein et al, 1971) or 

after 21 days (Jones et al, 1972). The results obtained during 

starvation are quite different from those obtained on the low lactose 

diet and from those obtained for the activity of a-disaccharidases on 

starvation. Three groups have reported on the effects of short term 

starvation on lactase specific activity and total activity per' intestinal 

segment. McNeill and Hamilton (1971) found that both the specific and 

total activity increased after 48 and 72 hours, whereas Powell and 

McElveen (1974) and Ecknauer (1978) found a similar change in specific 

activity but no change in total activity. 

The adaptability of lactase in adult rats to a-disaccharides 

content of the diet was recently investigated for the first time 

(Koldovsky et al, 1980; Bustamante et al, 1981). Adult rats fed the high 

carbohydrate diet showed a significant increase or specific and total 

activity of lactase in the jejunum and the ileum after 3 days with 

correlation between the change observed in maltase and sucrase activity. 

It has also been shown that the activity of the lactase could be 

influenced by quantitative variation of the a-disaccharides with the 

increased or decreased intake of starch resulting in a corresponding 

increase or decrease in both sucrase and lactase specific and total 

activity within the first 24 hours (Bustamante et al, 1981; Yamada et al, 
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1981). The assaying of lactase activity at different levels of the 

villus following cryostat sectioning showed that the increase in activity 

was induced in all regions of the villus (Yamada et al, 1981). 

Although these studies report that high fat low starch diets 

reduce intestinal lactase and sucrase activity in adult rats, and that 

starvation reduces sucrase activity but increases lactase activity, the 

mechanisms by which these changes occur remains unclear. It remains to 

be shown that changes in activity and the time course of these changes 

are reflected by corresponding changes in the amount of lactase in all 

regions of the jejunoileum. The purpose of this thesis was to purify 

lactase from the suckling rat, prepare antibodies to the purified 

lactase, then use the antiserum in an immunological approach to monitor 

any quantitative changes in lactase protein in the proximal and middle 

portions of the jejunum. 



CHAPTER 2 

MATERIALS AND METHODS 

Animals and Reagents 

Suckling rats used in the isolation of lactase were of the 

Sprague Dawley strain bred in our own animal colony. Adult rats used in 

the diet study were males of the Sprague-Dawley strain purchased from 

Hilltop Lab Animals, Inc., Scottdale, PA. Antisera were produced in New 

Zealand white rabbits purchased from Blue River Ranch, Tucson AZ. 

Agarose beads (Bio-Gel A-0.5 M) and hydroxyapatite were purchased from 

Bio-Rad Labs, Richmond, CA, and DEAE-Sepharose from Pharmacia Inc., 

Piscataway, NJ. Lactose was purchased from J.T. Baker Chemical Co., 

Phillipsburg, NJ; sucrose from Fisher Scientific Co., Fairlawn, NJ; 

p-hydroxymercuribenzoate from Aldrich Chemical Co., Milwaukee, WI; 

cysteine-HCl from Calbiochem, Los Angeles, CA; agarose from Seakem, FMC 

Corporation, Rockland, ME, and the 4-Cl-5-Br-3-indolyl-e-D-fucoside from 

Bachem, Torrance, CA. Glucose oxidase, Coomassie brilliant blue R, 

papain (crude powder) and all polyacrylamide gel electrophoresis reagents 

were purchased from Sigma Chemical Co., St. Louis, MO. All diet 

ingredients were purchased from Nutritional Biochemicals Corporation, 

Cleveland, OH., and Freund's complete and incomplete adjuvant from Difco 

Laboratories, Detroit, MI. 

9 
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Lactase Isolation and Purification 

Lactase was prepared essentially using the method of Tsuboi et al 

(1979). The method is summarized in Figure 1. For each preparation 

approximately 100 suckling rats, 12-15 days old were killed by 

decapitation, and the small intestine removed from below the ligament of 

Trietz. The proximal half, used in the preparation, was flushed with 

cold saline, then stored frozen at -20°C and thawed prior to use. All 

steps were carried out at 4°C except where otherwise stated. The 50 g of 

whole intestines were homogenized in a Waring blender with 5 volumes of 

0.025 M potassium citrate, pH 6.0, then centrifuged for 1 hr at 20,000 g. 

The sediment was washed and resuspended to 100 ml volume in the same 

buffer. The lactase was then solubilized by incubating the resuspended 

sediment at 37°C for 30 mins in the presence of•100 mg papain and 2 mg 

cysteine-HCl followed by centrifugation at 100,000 g for 60 mins. 

Enzymes were then precipitated from the papain supernatant in a plastic 

flash by addition of room temperature acetone to 68% (v/v) followed by 

centrifugation at 20,000 g for 20 mins. All remaining steps in the 

procedure were carried out in plastic rather than glass ware. The 

enzymes were then dissolved in the 0.025 M potassium citrate buffer and 

recentrifuged to remove the acetone denatured protein. 

The enzyme solution was concentrated by ultrafiltration (PM 30 

Amicon filter) to approximately 5 ml, then applied to an agarose column 

(Biogel A-0.5 m, 2.5 x 80 cm) and eluted with 10 mM potassium phosphate 

buffer, pH 6.0, at a flow rate of 15 ml/hr. Every second fraction (2.75 

ml/fraction) was assayed for lactase activity, maltase activity and 

protein. There was considerable overlap between the maltase and lactase 



11 

HOMOGENATE 
(254 ml) 

S/N 
(176 ml) 

o 

S/N 
(175 ml) 

o 

51-73 g Proximal half of small intestine, 
13-15 day old suckling rats homogenized 
in 5 vol K-citrate buffer 

20,000xg/60 min. 

~~1 
PPT 

(140 ml) 

o 

Resuspended in 100 ml K-citrate buffer; 
150 mg papain/2.5 mg cys-HCi at 37°C/30 
min. 

100,000xg/60 min. 

PPT 
(67 ml) 

Acetone to 68%, room temp, for 20 min. 

20,000xg/20 min. 

S/N 
(420 ml) 

PPT 
(68 ml) 

o 
Resuspended in 65 ml K-citrate buffer. 

20,000xg/20 min. 

S/N PPT 
(67 ml) (21 ml) 

I Concentrated by ultrafiltration 

AGAROSE COLUMN 

HYDROXYAPATITE COLUMN 

DEAE-SEPHADEX COLUMN 

PURIFIED LACTASE 
(2-4 ml) 

Figure 1. Lactase Isolation and Purification 

Flow sheet showing the procedure used to purify lactase 
from the proximal half of suckling rat intestine. 
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Figure 2. Agarose Column Chromatography 

Agarose column chromatography of the acetone precipitated 
fraction solubilized in potassium citrate buffer. For details 
see Materials and Methods section. , maltase; 
——— lactase; -—— protein. Arrows denote pooled 
fractions. 



peaks with coincident protein distribution within the enzyme peaks, as 

shown in Figure 2. The lactase and maltase peak fractions were combined, 

concentrated by ultrafiltration to 35 ml, equilibrated with 10 mM 

potassium phosphate buffer then applied to a hydroxyapatite column (1.0 x 

8.0 cm). Two peaks of maltase activity were not retained by the column, 

however, the lactase was retained and subsequently eluted in a broad peak 

by the application of a linear potassium phosphate gradient, pH 6.0 to 

200 mM as shown in Figure 3. The fractions containing the maltase and 

lactase activity were pooled separately and concentrated by 

ultrafiltration. Disc electrophoresis of the lactase peak on native gels 

showed that further purification was required. Following the inethod of 

Schlegel-Hauter et al (1972), the lactase peak was again equilibrated 

with lOmM potassium phophate buffer then applied to a DEAE-Sepharose 

column (1.0 x 12.0 cm) equilibrated with 10 mM potassium phosphate 

buffer, pH 6.0. A linear gradient to 200 mM potassium phosphate* pH 6.0, 

was applied to the column and a minor broad peak of maltase activity was 

found to elute following the major peak of lactase activity as shown in 

Figure 4. The fractions containing lactase activity were pooled, 

equilibrated with 10 mM potassium phosphate buffer, pH 6.0, concentrated 

to 2.4 mis, divided into small aliquots and stored at -20°C for 

stability. According to Birkenmeier and Alpers (1974) purified lactase 

stored at this temperature should remain stable for several months. 

Monitoring the Purity of the Lactase 

Polyacrylamide Gel Electrophoresis 

Disc gel electrophoresis was performed in acrylamide gel, 7.5% by 
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Hydroxylapatite chromatography of lactase and maltase peaks from the 
agarose column. For details see Materials and Methods section. 
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Arrows denote pooled fractions. 
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DEAE-Sephadex Chromatography 

DEAE-Sephadex chromatography of lactase peak from the hydroxylapatite 
column. Same arrangement as in Figure 3. 



the method of Davis (1964). The gels were stained for protein with 0.05% 

Coomassie brillant blue in 12% trichloroacetic acid and for lactase 

activity using the histochemical indigogenic method of Lojda and Kraml 

(1971) with 4-Cl-5-Br-3-indolyl-e-D-fucoside as the substrate. 

Preparation of the Antiserum 

Before immunization the rabbits were bled through the ear vein to 

obtain 40 ml to be used as the control sera. The rabbits were then 

injected subcutaneously in multiple sites along the back using 250 pg of 

lactase in 0.5 ml of distilled water mixed with 0.5 ml of Freund's 

complete adjuvant. The injection was repeated after 2 weeks using 200 pg 

of lactase in 0.4 ml of distilled water mixed with 0.4 ml of Freund's 

incomplete adjuvant. After 3 weeks the rabbit was bled through the ear 

vein, the antibody level monitored and the injection of lactase in the 

Freund's incomplete adjuvant was again repeated. A third injection of 

lactase was given again after 3 weeks. The serum was prepared for the 

whole blood and stored frozen at -20°C. 

Characterization of the Antiserum 

Immunotitration 

The antibody level in the serum was monitored by immunological 

titration performed in 200 pi volume in 1.5 ml plastic capped centrifuge 

tubes using a constant amount of purified lactase and varying amounts of 

antiserum. The reaction was allowed to proceed for 18-24 hr at near 0°C 

in the presence of 0.1% bovine serum albumin, 50 mM NaCl and 10 mM sodium 

phosphate, pH 6.0. Titration curves were obtained by determining enzyme 
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activity remaining in solution after removal of the immunoprecipitate by 

centrifligation for 5 min at 12,000 g. 

Immunodiffusion 

Antiserum was tested against purified lactase and maltase and 

papainized extracts by gel diffusion in 1% agarose prepared in phosphate 

buffered saline, pH 8.0, according to the double diffusion method of 

Ouchterlony (1949). After 24 hr when the formation of the precipitin 

lines was essentially complete, the plates were washed in 0.9% NaCl to 

remove unprecipitated protein then dried and stained with Amido Black for 

protein and with indolyl-fucoside for lactase activity. 

Immunoelectrophoresi s 

Microimmunoelectrophoresis was carried out according to the 

method of Scheidigger (1955). Microscope slides (75 x 25 mm) were coated 

with 1% agarose gel in Tris-barbital buffer, pH 8.8, y  = 0.06, then 8 y l  

of sample was applied to each well (1.5 mm diameter) and run at 25 V/cm 

for 90 min. The punched troughs (1.0 x 50 mm) were removed, 150 yl of 

antiserum applied and the slides allowed to develop overnight. Slides 

were washed for 24 hr in 0.9% NaCl to remove unprecipitated protein then 

stained as in the case of the immunodiffusion plates. 

Diet Studies 

Animals and Diets 

Male Sprague-Dawley rats were maintained on standard laboratory 

chow for 7 days for stabilization after shipment. After this time they 

were fed a synthetic high starch diet (70 cal% starch, 7 cal% fat, 21 
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cal% protein) for 14 days. The animals were then divided into three 

groups so that the mean body weight of each group was approximately 

equal. The control group was maintained on the synthetic high starch and 

the other two groups were either fed an isocaloric low starch diet (5 cal% 

starch, 73 cal% fat, 21 cal% protein) or starved for 1 (19 hr), 2 (44 hr) 

or 3 (68 hr) days. For detailed composition of diets, see Table 1. 

Fresh diet was prepared and placed in the cages at 2:00 P.M. 

every second day. All animals were fed ad libitum and had free access to 

water. Data on body weight and food intake (corrected for spillage) on 

all rats (3 rats per cage) was recorded. Rats were killed by 

decapitation between 9:00 A.M., and 11:00 A.M, in a fed state. The small 

intestine was removed below the ligament of Treitz, flushed with cold 

saline solution, divided into three equal parts along its length and 

frozen at -20°C. 

Preparation of Homogenates 

Samples of the proximal and middle portions of the small 

intestine were thav/ed then homgenized in the Waring blender in chilled 

deionized water to a final concentration of 20% (200 mg/ml). A sample of 

the homogenate was taken and further diluted to 5 mg/ml before assays for 

disaccharidase activity and protein content were performed. The 

remainder of the 200 mg/ml homogenate was frozen awaiting determination 

of lactase content. 

Determination of Lactose Content 

Solubilization of Lactase 

The lactase-phlorizin hydrolase complex was solubilized from 1.0 
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TABLE I 

DIET COMPOSITION (per 100 g diet) 

Low fat, high starch High fat, low starch 

g cal ca1% g cal cal% 

Casein 15.7 62.8 20.9 15.9 63.6 20.8 

Starch 52.6 210.4 70.2 3.6 14.4 4.7 

Corn Oil 2.4 21.6 7.2 24.7 222.3 72.7 

Mineral Mix* 2.8 1.3 0.43 2.8 1.3 0.43 

Vitamin Mix* 0.8 3.2 1.06 0.8 3.2 1.06 

DL-methionine 0.24 1.0 0.33 0.24 1.0 0.33 

Choline Bitartrate 0.16 - - 0.16 - -

Agar 2% 25.3 ml - - 51.8 ml - -

*AIN- 76(R) 
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ml samples of 20% whole tissue homogenate using 0.48 mg of papain and 1.2 

mg of cysteine-HCl according to the method of Goda et al (1982). The 

mixture was incubated for 45 mins. A high concentration of cysteine-HCl 

was used in the incubation mixture to reduce the loss of lactase activity 

at 37°C according to Birkenmeier and Alpers (1974). After papain treat

ment, the incubation mixture was dialyzed against 10 mM potassium phos

phate buffer, pH 7.0, for 18 hrs at 0°C then centrifuged at 100,000 x g 

for 60 min. 

Electroimmuno Assay 

The lactase content of samples was determined using the 

electroimmuno assay method of Laurel! (1972). Eight yl of papain 

solubilized supernatant was applied to glass plates (8.5 x 13.5 cm) 

coated with a 2.0 mm layer of 1% agarose in Tris-barbital buffer, pH 8.0 

containing antiserum diluted 1 to 250. Electrophoresis was run overnight 

with approximately 8 V/cm. The unprecipitated proteins were removed by 

washing the plates in 0.9% saline for 24 hr. The plates were then 

pressed and dried and the immunoprecipitates visualized by Coomassie 

brill ant blue. The lactase concentration was estimated by measuring the 

peak height from the center of the well to the top of the lactase peak. 

A calibration curve was constructed from standard solutions of purified 

suckling lactase and the peak height read from the standard curve. 

Enzyme Assays and Protein Determination 

Lactase activity was measured according to Koldovskjr et al (1969) 

using 56 mM lactose in the 10 mM sodium maleate buffer, pH 5.8, 

containing 0.2 mM p-hydroxymercuribenzoate to inhibit any residual 

lysosomal acid-8-galactosidase activity. Sucrase activity was determined 
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according to Dalqvist (1964) using 56 mM sucrose in 100 mM sodium maleate 

buffer, pH 5.8. Glucose released was determined using glucose oxidase 

prepared in 0.5 M Tris, pH 7.0. Termination of lactase and sucrase 

activity was effected by boiling for 2-3 min. Assays of purified lactase 

fractions contained bovine serum albumin to a final concentration of 1 

mg/ml to stabilize the lactase against denaturation due to dilution, 

according to Palmieri and Koldovsk^ (1972). Termination of lactase 

activity in assays containing bovine serum albumin was effected by the 

addition of the Tris-glucose oxidase reagent. Protein was estimated by 

the method of Lowry et al (1951) using bovine serum albumin as the 

standard. 

Expression of Results 

Enzyme activity was expressed as units, where 1 unit is the 

amount of enzyme that liberated 1 umol glucose per hour, or as ymoles of 

liberated glucose per milligram of tissue protein per hour (specific 

activity), or per toal intestinal segment (total activity). Since 

specific activity is a value of a fraction (enzyme activity per tissue 

protein) a change in the value is reflected by either a change in the 

numerator or the denominator. The change can be either quantitative or 

qualitative (due to changes in tissue protein other than the structures 

carrying the hydrolases). Expressing the data in terms of total activity 

eliminates the possibility of an artifact that can arise when data are 

related to protein or DNA. The expression of disacchairidase activity in 

terms of specific and total activity becomes important when comparing the 

effect of low carbohydrate diet with the effect of starvation as, in the 
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case of the latter, there is a significant change of protein content in 

the intestine. 

Statistical Analysis 

Numerical data were expressed as mean ± S.E.M. of three or more 

determinations. Means of different treatment groups were compared by 

Student's t-test. The level of significance chosen was P < 0.05. 



CHAPTER 3 

RESULTS 

Lactase Purity and Antiserum Specificity 

A summary of the purification of the rat intestinal lactase is 

presented in Table II. The final isolated lactase showed a 140-fold 

purification, according to the increase in the specific activity, with 

contamination by less than 0.2 units of maltase. Although the recovery 

and degree of purification is slightly lower than previously obtained 

(Schlegel-Haueter et al., 1972; Tsuboi et al., 1979), the final 

preparation when examined by acrylamide gel electrophoresis, as seen in 

Figure 5, showed a single diffuse band characteristic of lactase, with no 

detectable contamination by maltase. 

Rabbit antiserum prepared to the purified lactase was monitored 

quantitatively by immunoprecipitation. Figure 6A shows that repeated 

immunization of the rabbit successfully increased the antibody titer in 

the serum. It was found that, in the final antiserum used for 

electroimmuno assay of papain solubilized intestinal extracts, 

approximately 1.5 yl of undiluted antiserum precipitated 0.4 units of 

purified suckling lactase. Figure 6B shows equivalent precipitation of 

the purified lactase and the suckling papainized extract as has been 

reported previously (Tsuboi et al., 1979), however adult jejunum 

papainized extract shows a significantly different precipitation curve. 

The antiserum was monitored qualitatively against purifed 

lactase, purified maltase, the agarose column fraction containing 

23 
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TABLE II 

SUMMARY OF RESULTS OF LACTASE PURIFICATIONS 

Fraction Volume Protein Lactase 

(ml) (nig) tot. act sp. act. 

Homogenate 254 3463 11430 3.3 

Supernatant fraction 176 1695 2482 1.5 

Sedimented fraction 140 735 . 7560 10.8 

Papain supernatant 175 1619 9975 6.2 

Acetone fraction 67 184 2278 12.4 

Agarose peak 35 44.10 1575 35.7 

Hydroxyapatite peak 12 9.96 672 67.5 

DEAE Sephadex peak* 2.5 0.83 375 452.0 

* Represents final isolated lactase, showing approximately 140-fold 

purification with contamination by less than 0.2 units maltase. 



25 

Figure 5. Polyacrylamide Gel Electrophoresis of Purified Lactase 
and Maltase 

Electrophoresis patterns obtained using SO yg of 
purified lactase (left) and 20 ug of partially purified 
maltase (right). Gels were stained with Coomassie 
brill ant blue for protein. The anode was at the lower 
end of the gel. 
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Figure 6. Immunotitration Curves 

Immunotitration curves are shown for: A. purified 
lactase titrated with preimmune serum or antiserum 
prepared following repeated immunization; B. • , 
purified lactase; • papainized extract [suckling 
jejunum]; A, papainized extract [adult jejunum] 
titrated with antiserum prepared following repeated 
immuni zation. 
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partially purified lactase and maltase, papainized extract from suckling 

rat intestinal homogenate and papainized extract from adult rat 

intestinal homogenate, using the comparative immunodiffusion test 

(Ouchterlony, 1949; Wilson and Pringle, 1955). The immunodiffusion 

plates shown in Figure 7A indicated that the antiserum to the lactase 

contained a very low titer of precipitins reactive to maltase. Figure 7A 

further shows that the lines of precipitation in the case of the purified 

lactase, the agarose column fraction and the papainized extract from the 

suckling rat fuse to form one continuous arc. This reaction of identity 

which occurs when identical antigenic determinants exist, was also seen 

to occur between the precipitin band formed in the case of purified 

maltase and the maltase contained in the agarose column fraction. In 

addition to the reaction of identity seen in Figure 7A, a reaction of 

non-identity was seen to exist between the purified lactase, the lactase 

present in the suckling papainized extract and the adult papainized 

extract, shown in Figure 7C. The precipitin lines crossed without 

formation of an arc suggesting the different antigenic determinants exist 

on the adult lactase molecule. The results shown in Figure 7 therefore 

suggested that the antiserum prepared was not monospecific but contained 

a low titer of antibodies to maltase and an "adult" lactase implying the 

presence of at least three components in the purified lactase 

preparation. The presence of the other components was not evident in the 

immunoelectrophoregrams, shown in Figure 8, where a single arc with 

lactase activity was seen. 

Figure 9 provides and example of the electroimmunoassay method 

used for quantitation of lactase in the papainized extract of the diet 
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Figure 7. Immunodiffusion Patterns 

Center wells contained 12ylof rabbit anti lactase 
and outer well 8 pi of the following: 

1. purified lactase (A, B and C); 
2. papainized extract [suckling jejunum] (A and B) 

or papainized extract [adult jejunum] (C); 
3. purified maltase (A, B and C); 
4. agarose column fraction containing maltase and 

lactase peaks (A and B) or suckling papainized 
extract (C). 

Plates A and C were stained with Ami do Black for protein; 
plate B was stained with indolyl-fucoside for lactase 
activity. 



Figure 8. Immunoelectrophoregram of Purified Lactase 

The center well contained 8 ul of purified lactase 
developed with 150 pi of antiserum placed in the 
trough after electrophoresis. Slides were stained 
with indolyl-fucoside for lactase activity (above) 
and with Ami do Black for protein (below). The 
anode was to the right. 
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study samples. The peaks of the standards can be seen to have a rounder 

tip than the peaks of the samples. The difference in appearance could be 

due to slower development of the samples with the blunt peaks, or a 

remaining antigen excess in the top area or it could indicate 

non-identity (Laurell, 1972). As all samples were developed for the same 

18-20 hour period the difference in appearance would again seem to 

indicate non-identity. 

Diet Studies 

Changes in body weights and the protein content of the proximal 

and middle segments of the small intestine during the three days on the 

low starch diet or starvation are summarized in Table III. There was no 

significant difference between the body weights of the control animals 

and the animals on the low starch diet during the three days, however 

there was a 10% decrease in the starved animals after three days. The 

total protein content of both the proximal and the middle intestinal 

segments of the starved animals also decreased with the most significant 

decrease occuring on the second day in the proximal segment and on the 

first day in the middle segment. 

The changes in specific activity (per unit protein) of lactase 

during the diet study are presented in Figure 10. Over the three day 

period there was a significant increase in specific activity in both 

segments during starvation with the tendency becoming apparent from the 

second day. In the group fed the low starch diet, the opposite effect on 

lactase activity was seen. Over the three days there was a significant 

decrease in both segments with the decrease being significant in the 
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Figure 9. Electroimmunoprecipitation Plate 

Electroimmunoassay of papain supernatant from 
the jejunum of six animals starved for 1 day. 
Dilutions of purified suckling lactase, 10, 
25, 50 and 100 yg/ml, as standards, to the 
left. 



TABLE III 

THE EFFECT OF STARVATION OR LOW STARCH DIET ON BODY WEIGHTS 

AND INTESTINAL PROTEIN 

HSLF1'2 
(control) 

LSHF STARVED 

Body Weight (g/animal) 
Day -14 

Day 0 

Day 1 

Day 2 

Day 3 

Food Intake (g/animal/day)3 

Day -14-0 

Day 0 

Day 1 

Day 2 

Day 3 

Total Protein (mg/segment) 

Prox. Day 0 

Day 1 

Day 2 

Day 3 

Mid. Day 0 

Day 1 

305 ±5 (12) 

385 ± 8a (12) 

385 ± 10a (6) 

390 ± lla (6) 

400 ± 1O0 (6) 

34.3 ± 2.6 

32.5 ± 1.3 

34.8 

43.8 

33.3 

312 ± 37a (6) 

318 ± 25a (6) 

370 ± 24a (6) 

307 ±3 (18) 

386 ± 6a (18) 

384 ± 6a (18) 

397 ± 7a (12.) 

403 ± 12a (6) 

25.4 ± 1.6 

32.6 ± 2.3 

39.8 ± 2.7 

37.0 ± 3.2 

46.0 

313 ± 22a (6) 

361 ± 26a (6) 

353 ± 42a (6) 

343 ± 16a (6) 

308 ±3 (18) 

383 ± 6a (18) 

366 ± 6a (18) 

354 ± 8a (12) 

343 ± 10b (6) 

35.9 ± 1.0 

36.5 ± 3.2 

276 ± 30 (6) 

228 ± 22b (6) 

206 ± llb (6) 

290 ± 22 (6) 





Food Intake (g/animal/day)3 

Day -14-0 

Day 0 

Day 1 

Day 2 

Day 3 

Total Protein (mg/segment) 

Prox. Day 0 

Day 1 

Day 2 

Day 3 

Mi d. Day 0 

Day 1 

Day 2 

Day 3 

34.3 ± 2.6 

32.5 ± 1.3 

34.8 

43.8 

33.3 

312 ± 37a (6) 

318 ± 25a (6) 

370 ± ?.4a (6) 

25.4 ± 1.6 

32.6 ± 2.3 

39.8 ± 2.7 

37.0 ± 3.2 

46.0 

349 ± 22a (6) 

313 ± 22a (6) 

361 ± 26a (6) 

353 ± 42a (6) 

343 ± 16a (6) 

343 ± 16a (6) 

403 ± 37a (6) 

35.9 ± 1.0 

36.5 ± 3.2 

276 ± 30 (6) 

228 ± 22b (6) 

206 ± llb (6) 

290 ± 22 (6) 

248 ± 20b (6) 

215 ± 16b (6) 

1 

2 

HSLF - high starch low fat diet: LSHF - low strach high fat diet. 

Values in the same group not sharing a common superscript are significantly different from the 
control values. 

Values expressed as mean + S.E.M., where the mean value per animal is derived by dividing the 
mean intake per age by 3 (3 animals/cage). .No S.E.M. is expressed where the number of cages is 
less than two. 

Numbers in brackets represent the number of animals alive on that day, used to determine the 
mean ± S.E.M. 
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Figure 10. The Effect of Starvation and Low Starch Diet on Lactase Activity 
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middle segment after one day, which was twenty-four hours earlier than in 

the proximal segment. This same time difference in the decrease of 

activity between the two segments was also seen in the decrease in 

sucrase specific activity resulting from the low starch diet shown in 

Appendix A, Figure Al. In the case of both lactase and sucrase, these 

changes in specific activity seen in the homogenates of the intestinal 

segments were reproduced in the papain supernatant fractions (Table IV 

and Appendix A, Figure A2, respectively). 

When the changes in lactase activity were expressed as the total 

activity per intestinal segment (Figure 11), there was no significant 

change in activity due to starvation in either the proximal or middle 

segment. In the case of the low starch diet the total activity also 

decreases. Therefore the results are the same whether the enzyme 

activities are calculated per protein or per intestinal segment. In 

agreement with changes in specific activity, the significance of the 

change in total activity is apparent twenty-four hours earlier in the 

middle segment than the proximal segment. Again this time difference in 

the change in lactase total activity was reflected in the change in 

sucrase total activity as shown in Figure A3. 

To determine whether changes in lactase activity are due to the 

changes in lactase protein content, the content of lactase in each sample 

was determined immunochemically. Table IV shows that the changes in con

tent of lactase followed the same trend as the change in lactase activity. 

This indicated that the dietary changes mainly influence the quantity of 

lactase rather than affecting the catalytic property of the enzyme. 
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TABLE IV 

THE EFFECT OF LOW STARCH DIET AND STARVATION ON LACTASE CON 

AND ACTIVITY IN THE JEJUNUM 

1 3 Lactase Activity ' Lactase Content Lac 
Content 

(ymol/mg protein/60 min) (ug/mg protein) 
Proximal' Middle Proximal Middle 

Control 

Day 0, 3 0.98±0.11a 1.73 +.0.12® 5.11±0.98a 10.27 ± 2.05a 0. 

Low Starch, High Fat 

Day 1 1.53 ± 0.08° 1.03 ± 0.?1D 6.69 ± 1.71 9.36 ± 1.07s 0. 

Day 2 0.95 ± 0.12a 0.54 ± 0.06b 0.98 ± 0.36b 3.64 ± 1.24b 0. 

Day 3 0.93 ± 0.14a 0.59 ± 0.24b 0.57 ± 0.10b 6.87 ± 2.18a 'b 1. 

Starved 

Day 1 0.95 ± 0.27a 1.66 ± 0.16a 17.86 ± 1.93c 31.67 ± 4. 39r 0. 

Day 22 1.36 ± 0.30a'b 2.33 ± 0.28a'c 21.71 ± 4.93C 44.00 i 6. 18c 0. 

Day 3 2.74 ± 0.19c 3.01 ± 0.12c 21.04 ± 4.01C 42.47 + 6. 67c 0. 

* Values expressed as mean S.E.M., n = 6. 

2 n = 5 

3 Mean recovery of lactase activity in the papain supernatant as a percentage of the act' 
17.21 + 1.46 in the proximal segment ans 25.02 ± 1.43 in the middle segment. 

^ Values in the same column not sharing a common superscript are significantly different, 





TABLE IV 

:T OF LOW STARCH DIET AND STARVATION ON LACTASE CONTENT 

AND ACTIVITY IN THE JEJUNUM 

1 ity ' Lactase Content Lactase Activity/Lactase 

i/60 min) (yg/mg protein) (ymol/mg lactase/60 min) 
Middle Proximal Middle Proximal Middle 

1.73 ± 0.12a 5.11 ± 0.98a 10.27 ± 2. 05a 0.176 ± 0.023a 0.201 ± 0.029a 

1.03 4- 0.21b 6.69 ± 1.71a 9.36 + 1. 07p 0.227 + 0.049a'b 0.105 ± 0.013b 

0.54 4- 0.06b 0.98 ± 0.36b 3.64 ± 1. 24b 0.952 + 0.208b,c 0.213 ± 0.044c 

0.59 + 0.24b 0.57 + 0.10b 6.87 ± 2. 18fl'b 1.282 ± 0.113c 0.074 ± 0.011b,c) 

1.66 ± 0.16a 17.86 1.93° 31.67 ± 4. 39r 0.044 ± 0.009d 0.063 4- 0.013b'd 

2.33 ± 0.28a'C 21.71 ± 4.93° 44.00 ± 6. 18c 0.062 + 0.019d 0.057 + 0.008d 

3.01 ± 0.12c 21.04 ± 4.01c 42.47 + 6. 67c 0.141 + 0.033a'd 0.082 ± 0,017a,b,d 

n = 6. 

n the papain supernatant as a percentage of the activity in the homogenate was 
t ans 25.02 ± 1.43 in the middle segment. 

ng a common superscript are significantly different. 





CHAPTER 4 

DISCUSSION 

This present study on starvation has confirmed previous reports 

demonstrating that in the jejunum of rats, lactase activity per protein 

increased (Ecknauer, dl978; McNiell and Hamilton, 1971; Yamada et al., 

1983) but that the total activity per proximal or middle segment remained 

unchanged (Ecknauer, 1978; Yamada et al., 1983). The opposite effect of 

the low starch diet, in reducing both the specific activity and the total 

activity per proximal or middle segment over the three day period also 

confirms previous studies that variation in the amount of a-disaccharides 

in the diet results in a corresponding change in lactase activity 

(Bustamante et al., 1981; Yamada et al., 1981b). 

The similar effect of starvation and low starch diet of 

decreasing both the sucrase activity per protein and per segment also 

agrees with many previous findings (see Koldovskj', 1981 for a review of 

sucrase studies). 

The corresponding changes observed between lactase activity and 

lactase content showed that the changes are due to an increase or 

decrease in enzyme protein rather than due to enzyme activation or 

inactivation. Further studies involving the incorporation of 

radiolabeled precursor would be necessary to determine whether this was 

due to a change in the rate of synthesis or of degradation. Recent 

studies on sucrase in rats fed a high sucrose diet and injected 
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3 intraperitoneaHy with L-[ H] leucine showed that the resulting 

increase in sucrase content paralleling the increase in activity was due 

to stimulation of de novo synthesis (C6zard et al., 1983). Similarly the 

decrease in lactase activity observed n'n the low starch diet study of 

this thesis could be due to a decreased rate of synthesis resulting from 

lack of substrate stimulation. It has been proposed that substrates are 

required for stabilization of disaccharidases (Raul et al., 1980). It is 

also possible that the levels of substrate in the low starch diet are too 

low to stabilize the enzyme resulting in an increased rate of 

degradation. However neither of these two proposals explain the increase 

in lactase protein content observed on starvation, which suggests that 

the effect of starvation is specific rather than being due to the absence 

of carbohydrates in the intestine. 

Although the changes in lactase content corresponded to the 

changes in activity in terms of increasing or decreasing, the ratio of 

lactase activity to content shown in Table IV was not constant and 

therefore implied that an exaggerated change was shown by the 

electroimmuno assay results. The exaggeration could be explained by the 

existance of an adult and a suckling lactase as distinct molecules with 

different antigenic determinants and by the fact that the purified 

suckling lactase was used as the standard to quantify changes in adult 

lactase content. As the immunotitration curves showed that the antiserum 

had a lower titer of antibodies to adult lactase than to suckling 

lactase, the peak heights of the adult samples would be proportionally 

higher against standards of suckling lactase. This would occur because a 

given amount of antigen would migrate further in an electric field in a 

medium with a lower antibody concentration before immunoprecipitation 



resulted. Immunochemical analysis of the diet study samples using 

antiserum prepared to lactase purified from adult rat jejunum would be 

necessary to confirm this. 

The yield of lactase obtained on papain treatment of adult 

samples relative to that obtained from suckling homogenate during the 

purification procedure was approximately four times lower, in terms of 

total activity, when the same conditions were used. The lower yield 

could be due to increased attachment of enzyme proteins in the membrane 

during development (Seetharam et al., 1977) or it could be due to the 

existance of an adult lactase bound to the membrane in a different 

configuration from suckling lactase. The lower yield after papain 

treatment as well as the lower amounts of lactase present in the jejunum 

of adult rats would make the isolation of lactase from the adult rat in 

significant quantities a laborious procedure. However, the isolation of 

the adult lactase, characterization of its biochemical and immunological 

properties, the study of its developmental pattern and further studies of 

the effect of dietary manipulation on the two different lactase molecules 

would be interesting extensions of the studies carried out in this 

thesis. 

Before the data in this thesis could be published it would be 

necessary to confirm the results obtained in the the immunodiffusion 

plates and the immunotitration curves with new preparations of suckling 

and adult papainized extracts. 
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SUCRASE RESULTS 
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Figure A1. The Effect of Starvation and Low Starch Diet on Sucrase Activity 

in Whole Tissue Homogenates Expressed Per Protein 

Ordinate: specific activity of sucrase. Abscissa: experimental days. 
Values in the same segment not sharing a common superscript are 
significantly different from control values. Vertical brackets denote' 
2 S.E.M., n = 6. •, control group; A, starved group; •, high fat 
low starch group. 
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