
Biochimica et Biophysica Acta, 382 (1975) 147-156 
~'c) Elsevier Scientific Publ ishing C o m p a n y ,  A m s t e r d a m  - Printed in The  Nether lands  

BBA 76868 

ENZYMES OF THE HUMAN INTESTINAL BRUSH BORDER MEMBRANE 

IDENTIFICATION AFTER GEL ELECTROPHORETIC SEPARATION* 

D. M A E S T R A C C I  **, H. PREISER,  T. HE DGE S ,  J. S C H M I T Z * * *  and R. K. C R A N E t  

College of Medicine and Dentistry of New Jersey, Rutgers Medical School, Department of Physiology, 
Piscataway, N.J. 08854 (U.S.A.) 

(Received Augus t  26th, 1974) 

S U M M A R Y  

The position of a number of human intestine brush border membrane enzyme 
activities in polyacrylamide gels after electrophoresis has been determined. These 
activities are, in order from the origin, maltase/glucoamylase, lactase/phlorizin 
hydrolase, maltase/sucrase/isomaltase, enteropeptidase, trehalase and 7-glutamyl- 
transferase. Leucylnaphthylamide hydrolyzing activity was inactivated by sodium 
dodecylsulfate and its position was not determined. The positions of the activities 
have been correlated with the positions of protein bands previously determined. One 
such band situated between enteropeptidase and alkaline phosphatase has not been 
identified. 

I N T R O D U C T I O N  

We have previously described methods for the preparation of purified human 
intestinal brush border membranes [1 ] and their solubilization and fractionation by 
gel electrophoresis [2]. The current paper describes the results of our efforts to identify 
enzyme activities associated with the specific bands obtained by gel electrophoresis. 
The activities studied include maltase (~-D-glucoside glucohydrolase, EC 3.2.1.20), 
glucoamylase (exo-l,4-a-glucosidase, EC 3.2.1.3), lactase (fl-D-galactoside galacto- 
hydrolase, EC 3.2.1.23), phlorizin hydrolase (phlorizin glucohydrolase, EC 3.2.1.62), 
sucrase (sucrose ~-glucohydrolase, EC 3.2.1.48), isomaltase (oligo-l,6-glucosidase, 
EC 3.2.1.10), trehalase (~t,~-trehalase, EC 3.2.1.28), enteropeptidase (EC 3.4.21.9), 
alkaline phosphatase (EC 3.1.3.1 ), ?-glutamyltransferase (EC 2.3.2.2) and leucylnaph- 
thylamide-hydrolyzing activity. 

* Port ions o f  this  paper  were reported at the Sixteenth Annua l  Meet ing o f  the Canad ian  Federa- 
t ion o f  Biological Societies, June  1973. 
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***  Present address:  Unit6 de Recherches de G6n6tique M6dicale, H6pital  des Enfants  Malades,  
Paris, France.  
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M A T E R I A L S  A N I )  M E T H O D S  

Chemicals 
Acrytamide, N,N'-methylenebisacrylamide, ammonium persulfate and N.:~, 

N',N'-tetramethylenediamine were from Eastman Kodak Co. Sodium dodecylsulfate 
was from Mallinckrodt. Coomassie brilliant blue and o-dianisidine were from 
Schwartz-Mann. i.-7-Glutamyl-p-nitroanilide, /~-naphthylamine. ammoniunl sulfa- 
mate, sodium nitrite. N-l-naphthylethylenediamine dihydrochloride, l-leucyl- F- 
naphthylamide, horseradish peroxidase, Tris, bovine serum albumin, and Triton 
X-100 were from Sigma Chemical Co. Amylogen was l¥om Merck and Co. Disacch,'i- 
rides and phlorizin were from the same commercial sources previously noted [3]. 
Glucose oxidase was from Miles L~tboratories. Other materials were reagent-grade 
commercial preparations. 

hltestinal samples 
Full-thickness sections of macroscopically normal human small intestine were 

obtained l¥om a total of 15 patients, 1 I jejunal and 4 ileal specimens are included in 
this study. 

Membrane preparation 
Brush border fragments (Fraction P2) and microvillus membranes (Fraction 

Fn) were prepared and characterized as previously described [1 ]. The fractions were 
suspended in distilled water and dry sodium dodecylsulfate or concentrated Triton 
X-100 was added, immediately prior to electrophoresis, to achieve the desired deter- 
gent concentration. 

Acrvlamide gel e/eclrophoresis 
Electrophoresis was performed as previously described [2] except that the 

lower reservoir buffer was kept at 4 C .  50/~g of protein were generally applied. 
Immediately after completion of the electrophoresis the gels wcrc removed and the 
migration front of the gels used for the enzyme localization was measured. Duplicate 
gels used to visualize the protein bands were treated as previously described [2]. The 
relative mobility was calculated knowing the position of the slices or of the protein 
band relative to the bromophenol blue front. Molecular weights were calculated 
from the migration of markers of  known molecular weights [2]. 

A S S t I  l LI' 

The principles laid down by Gabriel for identification of electrophoretically 
separated bands by biochemical assay were followed [4]. l-mm slices of  gel were taken 
by hand and placed in a grinding tube containing 0.5 ml of cold distilled water or an 
appropriate bufl'er. After homogenization and centrifugation at 3000 rev.lmin during 
10 rain the supernatant and the pellet obtained were assayed l\~r wlrious enzymic 
activities. 90 '!ii of the recovered enzyme remained in the supernatant. Disaccharidasc 
activities were assayed according to a modification by Lloyd and Whelan [5] of 
Dahlqvist 's method [6] except that the substrate concentration used was 0.1 M. 
Leucylnaphthylamide-hydrolyzing activity and alkaline phosphatase activity were 
assayed according to Goldbarg and Rutenburg [7] and Eichholz [8], respectively. 
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Phlorizin hydrolase activity was assayed as suggested by Malathi and Crane [3]. 
7-Glutamyltransferase activity was assayed according to Naftalin et al. [9]. Gluco- 
amylase activity was assayed at 37 °C at pH 6 in 0.05 M sodium maleate buffer 
using amylogen as the substrate [10]. Enteropeptidase activity was assayed as previous- 
ly described [1 l]. 

Protein was assayed according to Lowry et al. using crystalline bovine serum 
albumin as standard [12]. 

Studies of the effects of sodium dodecylsulfate and Triton X-100 on the enzyme 
activities of the intestinal brush border membrane were carried out on brush border 
fragments (0.42 mg brush border protein per ml) rather than purified microvillus 
membranes. Detergent-treated and untreated fragments were kept at 4 °C. Activities 
of the detergent-treated fragments were calculated as percentages of the activities 
found in the untreated. 

Localization of enzyme activities was studied with 30 gels. 15 of the gels were 
prepared from brush border fragments; 15 were prepared from purified membranes. 
The segments which were positive for enzyme activity were identified with protein 
bands by comparison with duplicate gels stained for protein. 

RESULTS 

Solubilization with sodium dodecylsulfate 
As in our previous studies [2] solubilization of membranes was obtained with 

2 % sodium dodecylsulfate. The sample was then diluted to 1% sodium dodecyl- 
sulfate and by subsequent gel electrophoresis in a discontinuous system containing 
0.1% sodium dodecylsulfate in the upper electrophoresis buffer only, it was possible 
to fractionate the brush border membrane into its constituents. 23 bands, at least, 
were found corresponding to a heterogeneous group of polypeptides of molecular 
weight ranging from 25 000 to over 400 000. Jejunal and ileal brush border fragments 
and brush border membrane showed differences in banding patterns but these differ- 
ences were not in that region of the gel in which the enzyme activities under study are 
to be found. 

The distribution of maltase, sucrase, and alkaline phosphatase activities in gels 
obtained from jejunal brush border membranes is shown in Fig. 1. In this experiment 
42 and 38 %, respectively, of the alkaline phosphatase and sucrase activities applied 
were recovered from the gels. Two peaks of maltase activity were found centered at 
positions corresponding to molecular weights of 440 000 and 250 000. Sucrase and 
isomaltase activities were exclusively associated with the faster-migrating maltase 
band. Alkaline phosphatase activity seemed to correspond to a single band. By similar 
means, the bands corresponding to maltase/glucoamylase, lactase/phlorizin hydrolase, 
maltase/sucrase/isomaltase, enteropeptidase, alkaline phosphatase, and trehalase 
have been identified (see Table I). Glucoamylase activity is associated with the hea- 
viest maltase. Lactase activity is associated with phlorizin hydrolase and is found in 
between the two maltases. Enteropeptidase, alkaline phosphatase and trehalase 
activities migrate further down the gel. Not indicated is one major unidentified band 
in the high-molecular-weight region migrating between enteropeptidase and alkaline 
phosphatase. In Table I, relative mobility and molecular weight are assigned on the 
basis of the location of enzymic activity. Alkaline phosphatase activity showed an 
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Fig. I. Polyacrylamidc gel cleutrophoretic pattern ol" purilied jejunal microvilhis membrane. The 
sumple (50/+g of protein) was solubilized in . ~ °,, sodium dodccylsull~itc, diluted and immediateb 
placed on the gel. Eight different gels were run simultaneously, q-~o gels ~erc stained lot protein. 
The other gels were immediately sliced into I-ram fractions and used lk>r mahase (M) sucrase (S) 
and alkaline phosphatasc (AP) activity estimations. The position of the bands after protein staining 
is indicated in the upper part of the diagram. The histograms in the lm~cr part indicate the enzyme 
activity. Relative mobility and molecular weight were calculated as described in Methods. Enzyme 
activities arc expressed in international units. 

average apparent  molecular weight of 160 000 (allowing 3 20 000 variance). When 
the gel extract having only alkaline phosphatase activity was run on another  gel and 
subsequently stained for protein a single band was obtained with an apparent  molecular 
weight corresponding to 150 000. A similar re-electrophoresis was done with a gel 
extract having sucrase and isomaltase activities. The sucrase - i somal tase  complex 
showed an apparent  molecular weight of 250 000. 

Attempts  were made to dissociate the sucrase,  isomaltase complex with [4- 
mercaptoethanol  but no observable subuni ts  were formed al though the enzymic 
activity in the 250 000 region decreased with/,~-mercaptoethanol concentrat ion (100 ',,. 
80 '~; and  50 i'<i recovery at 0.1, I and 10 "~,/~-mercaptoethanol+ respectively). 

After solubil ization with 2 'I,, sodium dodecylsulfate, not all samples ( 17 out of 
22) showed lactase activity, a smaller propor t ion (9 out of 14) showed trehalase 
activity, and only one trial out of six showed 7-glutamyltransferase activity. Leucyl- 
naphthylamide-hydrolyzing activity was always inactivated and the band correspond- 
ing to this activity has not  been identified. 

Enzyme inactit,ation as a./imction +?[ sodium dodecy/su]/ate concentration 
The fact that some brush border membrane  enzyme activities are preserved 

while others are inactivated dur ing  detergent solubilization suggested the possibility 
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T A B L E  I 

REI_ ATIVE M O B I L I T Y  A N D  C A L C U L A T E D  M O L E C U L A R  W E I G H T  A S S O C I A T E D  W I T H  
E N Z Y M E  ACTIVITIES  IN GE L S  A F T E R  E L E C T R O P H O R E S I S  OF  S O D I U M  D O D E C Y L -  
S U L F A T E - S O L U B I L I Z E D  M E M B R A N E S  

Membranes  were solubilized in 2 ~ sod i um dodecylsulfate.  The solution was diluted with water to 
1 ~ sod ium dodecylsulfate before being submi t ted  to electrophoresis  as described in Methods.  
Relative mobil±ties and molecular  weights were assigned as described in methods  based on data  pre- 
viously published [2].Total  n u m b e r  o f  gels assayed is given in parentheses  if different f rom the number  
o f  positive enzyme identifications. 

Enzyme Relative mobil i ty N u m b e r  o f  Molecular  weight 
(mean ~ S.E.) de terminat ions  

Malt ase 0.015 ± 0.000 22 440 000 ± 20 000 
Glucoamylase  6 
Lactase 0 .030±0.000  17 (22) 380 0 0 0 ± 4 0  000 
Phlorizin hydrolase 0.050 ± 0.003 4 320 000 ± 30 000 
Sucrase 0.068 ~_0.004 16 260 000 ± 30 000 
Maltase  0.072 ±0 .003  20 250 000 ± 20 000 
l somal tase  0.089 ± 0.012 6 230 000 ± 20 000 
Enteropept idase  0.091 ±0 .006  7 220 000 ± 30 000 
Alkaline phospha tase  0 .144±0.008 16 160 0 0 0 ± 2 0  000 
Trehalase 0.201 ±0 .025  9 (14) 120 0 0 0 ± 2 0  000 
~,-Glutamyltransferase 0.284 1 (6) 80 000 

that conditions other than those routinely used might be found in which at least 
enough leucylnaphthylamide-hydrolyzing activity for band identification would survive 
the necessary procedures. 

I00"( , - - ~  • AP 

u 

,,- I 

~ GG 

o ~--~ 
o a, 0.5 [sos] ,n % 2 

Fig. 2. The effect o f  sod ium dodecylsulfate on brush border  enzyme activities. Brush border f ragments  
were suspended in cold distilled water. Al iquots  were treated with sod ium dodecylsulfate (SDS) at 
the concentra t ion  shown  in the figure and  enzymic  assays performed immedia te ly  after the addi t ion  
o f  the detergent.  The enzyme activities in the detergent- treated fract ion were compared  with that  o f  
the same a m o u n t  o f  the unt rea ted  preparat ion.  Each point  in the figure represents  the mean  of  six 
determinat ions .  AP, alkaline phosphatase ;  M,  mal tase;  G, g lucoamylase;  I, isomaltase,  S, sucrase, 
T, trehalase; L, lactase; GG,  ;v-glutamyltransferase; LN, leucylnaphthylamide-hydrolyzing activity. 
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Accord ingly  ~e  studied the immedia te  effects of  graded levels of  sodium 
dodecylsu l fa te  on enzyme activities. The results are shown in Fig. 2. 0.5 ", and 2 " 
sodium dodecylsul fa te  gave similar  results a l though enzyme activities were some- 
what  lower after  t reatment  with the lat ter  concentra t ion .  ; . ' - ( ; lu tamyhrals l 'erase ,  
t rehalase and lactase activit ies were great ly reduced but enou~,h apparcnth ,  still 
r emained  [\)r band identif icat ion,  though not every time (see Table I). l.eucylnaphth.~.l- 
amide-hydro lyz ing  activi ty was complete ly  inactivated at both concentra t ions .  Some 
leucy lnaph thy lamide-hydro lyz ing  activi ty survived t reatment  with 0.1 ",, sodium 
dodecylsul fa te  and other  enzymic activities were correspondingly  higher. 

Membrane  solubi l izat ion appears  to be comple te  with 0.5 ", as well as 2 " 
sodium dodecylsul lhte  and the same gel pat terns  are obta ined.  Mcnlbranc  solubil iza-  
tion is not comple te  with 0. I ",, sodium dodecylsul fa te  and thi> concent ra t ion  gives 
an incomplete  gel pat tern.  Consequent ly ,  we did not use this concent ra t ion  l\)r band 
identif icat ion,  despi te  the part ial  surviwtl of  l eucyhmphthy lamide-hydro lyz ing  
activity.  

Enzyme inactivation as a .~unction of  time O~ incubation with sotEttm eh~decvlsuffale 
The results on enzyme activities o f  incubat ion of  membrane  f ragments  with 

0.5 'Y.~ sodium dodecylsul fa te  t\~r wtrious time periods is shown in Fig. 3. Immedia te ly  
fol lowing sodium dodecylsul fa te  t rea tment  a lkal ine phospha tase  and maltase activi- 
ties were scarcely affected whereas sucrase, t rehalase and y-g lu tamyhransferase  :activi- 
ties were great ly reduced.  Leucy lnaph thy lamide-hydro lyz ing  activi ty was complete ly  
inact ivated.  Prolonged exposure  of  the brush border  f ragments  to 0.5 '!,, sodium 
dodecylsul fa te  b rought  abou t  fur ther  slow decreases of  enzyme activities. The fact 
that  the 10",, y -g lu tamyhransferase  activi ty remaining immedia te ly  after solubil iza-  
t ion in 0.5 ",, sodium dodecylsul fa te  was reduced to 4 ',, and 0 " ,  after 2 and 24 h. 
respectively,  would seem to explain why y-glutamyl t ransferase  was usually not detect-  
able. In the normal  course of  the work,  gel extracts  are obta ined  not ear l ier  than 2 h 
after  sod ium dodecylsul fa te  solubi l izat ion.  Recoveries o f  enzyme activities from the 
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Fig. 3. The effect of 0.5!!i, sodiumdodecylsulfate on brush border enzyme activities. Brush border 
fragments were incubated at 4 'C, with and without 0.5 o{, sodium dodecylsulfate. Aliquots of the 
incubation medium were removed for analysis of brush border enzyme activities immediately and 
at 2, 24 and 48 h as explained in the text. Enzymic determinations and abbreviations are tile same as 
for Fig. 2. 
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gel, moreover, are only about 50 % in the best circumstances. Similar results to the 
above were obtained after solubilization of the brush border fragments with 0.l ~o 
and 2 ~o sodium dodecylsulfate. 

Solubilization with 1 °//o Triton X-IO0 
Enzyme activities after incubation of brush border fragments with l jo~ Triton 

X-100 for various time periods were measured, immediately after solubilization with 
1 '~o Triton X-100, almost 90 ~o of all enzyme activities was recovered and at least 
70 ~,, of  all activities remained 24 h later. Phlorizin hydrolase and glucoamylase were 
slightly activated. Trehalase, alkaline phosphatase and isomaltase were not affected. 
Lactase, sucrase, leucylnaphthylamide-hydrolyzing activity, maltase, and ?-glutamyl- 
transferase were slightly reduced. Solubilization of brush border fragments and micro- 
villus membranes with 1 ~ Triton X-100, and subsequent polyacrylamide gel electro- 
phoresis in the presence of 0.1 O//o Triton X-100 allowed the visualization of five to 
six major protein bands in the gel patterns. Five of these bands were located near the 
point of application of the original sample; the other migrated further down the 
gels. Studies of the enzyme activities on duplicate gels showed that ?-glutamyltransfer- 
ase, leucylnapthylamide-hydrolyzing activity, sucrase, alkaline phosphatase, maltase 
and lactase activities were localized in a single band at the top of the gel, while treha- 
lase migrated further. Triton X-100 solubilization is being studied further but as 
currently used is not useful for protein banding. 

DISCUSSION 

Solubilization and electrophoresis of membrane-bound enzymes with deter- 
gents often brings about inactivation [13, 14] although some membrane-bound 
enzymes are not affected and others are stimulated by detergent treatment [15]. 
Rat liver plasma membrane has been extensively studied in this regard [13-16]. 
Similar data on the intestinal brush border membrane are few [17]. 

Results reported in this paper reveal marked differences in the response of the 
intestinal brush border enzymes to sodium dodecylsulfate and Triton X-100 and it is 
clear that the conditions required for optimal solubilization are not necessarily the 
same as those needed for the preservation of the enzyme activities. Sodium dodecyl- 
sulfate gives excellent solubilization of brush border membrane but inactivates some 
enzymes. Triton X-100 does not cause important inactivation but its solubilization 
of the membrane is poor. In spite of these difficulties, we were able to identify most 
of the high-molecular-weight bands of the electrophoretic patterns of human intestinal 
brush border membrane in line with similar results reported for hamster and rat 
brush borders [17-19]. The reason for our success is that enzymes bound to intestinal 
brush border membranes seem to be more resistant to sodium dodecylsulfate treat- 
ment than are enzymes bound to other membranes. However, the intestinal membrane- 
bound enzymes are not uniform in their response to sodium dodecylsulfate or Triton 
treatment and their individuality, in this regard, as well as the overall difference 
between brush border and other membranes, may be related to the degree of depen- 
dence of an individual membrane enzyme upon lipids for its stability and/or function 
[15, 20]. 

Previous papers have reported the solubilization and isolation of the brush 
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border membrane sucrase/isomaltase complex l'ronl rat and rabbit small intestine 
[21-23]. The rabbit complex (molecular weight of 220 000) has been dissociated into 
two subunits sinlilar in size but having only one or the other enzyme actixit~ [24]. 
There is also a preliminary report that the human complex scparates into the Ix~¢) 
enzymic moieties when treated with urea/mercaptoethanol [25]. In our ~,tud 5, disso- 
ciation of the complex was not observed at any concentration of n~ercaptoethanol 
used. Also alkaline electrophoretic systems, particuhirly those containing Tris, arc 
reported to dissociate the rat sucrase/isomaltase complex [10]. This also seems not be 
the case for the human conlplex. In our study, electrophoresis wa~ performed using ~l 
multiphasic boratelsullhte system with a running pH of 9.50 in gels containing 0.41 
M Tris. Under these conditions the human sucrase isomaltase complex ~va~ not split. 
On the contrary, the only band on the gel having sucrase alad isomaltase activities 
was clearly detined and centered at the position corresponding to a molecular weight 
of 230 000. We did not test whether increasing the sodium dodecvlsulfate concentra- 
tion or the incubation time may have led to dissociation of the complex. Since Tri~ 
is a fully competitive inhibitor of the disaccharidases [26] the substrate concentration 
of the disaccharides used was increased to 0.1 M to reverse thb, inhibitor x. action. 

In rat, hamster and nian, lactase and phlorizin hydrolase tire bound together 
into an oligo-enzynle complex [27, 28] but they have different stabilities to\~ards heat. 
The present results confirm these earlier tindings. Lactase and phlorizin hydrolase 
activities are found in the same band and they have difl'erenl stabilities to sodium 
dodecylsulfate and Triton treatnlent. 

Human glucoamylase has maltase and isomaltase but no sucrase activit\ 
[29, 30]. Our findings agree well since glucoamylase activity is localized in the same 
band as the heat-stable maltase, i.e. the band corresponding to a molecular weight 
of 440 000. On the other hand, heat inactivation studies have shown that amylase 
and rnaltase activities decrease at the same rate at a given temperature [21,29] but 
in our experience these activities seem to have ditTerent sensitivities to sodium dodecyl- 
sulfate or Triton treatment. 

The molecular weights assigned to the enzyme bands in the present work ssere 
obtained on the basis of the curve previously described [2] and their reliability de- 
pends on the adequacy of the reference proteins. It must be kept in mind that most 
of the brush border enzymes are glycoproteins whose molecular weights cannot be 
accurately ascertained from the gels because of the large proportion of carbohydrate 
they carry [31 ]. However, the molecular weight for the heaviest maltase agrees well 
with the value found in the rat [32], the molecular weight found for enteropeptidase 
agrees well with the finding of Baratti et al. [33] and the rnolecular weight found for 
alkaline phosphatase agrees with the values previously found [34]. 

The separation procedure which was the basis of this study may well serve as a 
starting point for characterizing the function and properties of the proteins of the 
intestinal brush border membrane. The procedures employed tire reasonably mild 
and preserve some biological activities. The systematic ewlluation of the bands of 
the electrophoretic patterns nlay yield information of value in the purification 
and the study of" menlbrane enzyrnes in normal individuals and may allow the 
identification of the molecular basis of some brush border membrane diseases. For 
example, using nlodilicalions of the electrophoretic conditions described in this paper, 
it has been possible to study the membrane proteins of peroral biopsies of sucrase 
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isomaltase-deficient individuals. It was found that the band corresponding to this 
complex was missing [35]. 
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