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SUMMARY

Proteins associated with human jejunal and ileal epithelial brush borders and
their subfractions were solubilized with dodecyl sulfate and separated by electro-
phoresis on acrylamide gels. Twenty-three bands, at least, have been found in the
brush border membiane protein patterns, corresponding to a heterogeneous group
of polypeptides of molecular weights ranging from 25000 to over 400000. The protein
patterns obtained from jejunum and ileum are strikingly different. Thirty bands have
been found in the protein subunit patterns with the most prominent band centered
at 46000-50000 daltons. Two classes of proteins were present in the brush border,
the largest polypeptides belonging to the membrane, the smallest to the core fraction.
About 13 glycoproteins with apparent molecular weight varying from 50000 to
over 400000 have been detected in the brush border membrane. Most of them have
been identified as membrane proteins.

INTRODUCTION

The development of a variety of methods for the isoiation and purification
of plasma membranes for erythrocyte, liver, kidney, intestine and other tissues (for
review see ref. 1) and the introduction of detergents into the field protein chemistry
has permitted fractionation and analysis of membranes. The most commonly used
method involves solubilization of the proteins by sodium dodecyl sulfate and their
subsequent electrophoresis. The proteins are converted into disorganized, rardo:.n
coiled polypeptides, to which sodium dodecyl sulfate binds very tightly and in a
constant mass ratio®. The molecular weights of the polypeptides thus obtained can

be estimated by sodium dodecyl sulfate—gel electrophoresis®**.

* Portions of this paper were reported at the fifteenth Annual Meeting of the Canadian
Federation of Biological Societies, and the 14th Czechoslavak Congress of Gastroenierology in
Prague, June, 1972.

** present address: Département de Médecine, Centre Hospitalier Univarsitaire, Sherbrooke
(P.Q.) Canada.
*+* present address: Unité de Recherches de Génétique Médicale Hopital des Enfants-Mala-
des, Paris, France.
§ To whom reprint requests should be addressed.



114 D. MAESTRACCI et al.

With thistechnique, it was possible to establish the general heterogeneity of
plasma membrane proteins (for review see ref. 5). Although previous data were few,
the same heterogeneity seemed to occur in the brush border membrane of the intes-
tinal epithelial cells®~8. In these earlier studies, however, electrophoresis was carried
out in a continuous system. Since discontinuous techniques are far superior®'®
and provided high resolution patterns of sodium dodecyl sulfate-solubilized mem-
branes, a multiphasic buffer system'® was used in the present investigation. The
protein composition of human intestinal brush border membranes prepared from
jejunal and ileal surgical specimens was studied by sodium dodecyl sulfate electro-
phoresis with and without disulfide-bond cleavage. Information has been obtained
on the number and size distribution of the proteins, protein subunits and glycopro-
teins of the brush border membrane. This is the subject of this paper.

MATERIALS AND METHODS

Chemicals

Acrylamide, N,N’-methylene-bisacrylamide, ammonium persulifate, N,N,N’,N’'-
tetramethylethylenediamine and 8-anilino-1-naphthalene sulfonic acid (magnesium
salt) were purchased from Eastman Kodak Co. Mercaptoethanol, dithiothreitol,
HIO,, Tris, were obtained from Sigma Chemical Co. Sodium dodecyl sulfate was
purchased from Mallinckrodt and Coomassie brilliant blue from Schwartz-Mann.
The other chemicals were obtained from Fisher Scientific Co.

Membrane preparation

Membranes isolated as described in the preceding paper, were in a high state
of purity as judged by electron microscopy and by enzymatic analyses'!. They showed
unchanging gel patterns during two weeks when stored at —20 °C.

Suspensions of membranes were prepared in 0.05 M Na,CO; or distilled
water and were clarified by the addition of 2%, sodium dodecyl sulfate. When the
subunits were desired, 109, by volume of g-mercaptoethanol was added.

Acrylamide-gel electrophoresis

Polyacrylamide-gel electrophoresis was performed using the multiphasic buffer
system calculated from thecry by Jovin er al.'? and modified by Neville!®, for sodium
dodecy! sulfate (running pH 9.5). According to Hjerten'® upper and lower gels are
3.2x6.25 and 11.1x0.9, respectively. They are polymerized with 0.15%, N,N,N’,N’-
tetramethyethylenediamine and 0.059, ammonium persulfate at room temperature
using a 409%, sucrose solution to insure flat reproducible surfaces. After complete
polymerization (30 min) the sucrose is removed prior to casting the upper gel. Distil-
led water is layered over the upper gel solution'* and removed after polymerization
(30 mir). The gels 0.5 cm in diameter, 10 cm long are run at 1.5 mA per tube at room
temperature during 30 min before layering the samples'®. For electrophoresis, 2
parts cf solubilized brush borders or their subfractions were mixed with 2 parts
of upper gel buffer. 20-60 ug of protein (as determined by the procedure of Lowry
et al.') were generally applied except for the study of glycoprotein when loads from
100 to 200 ug of membrane protein were used. After electrophoresis carried out at
1.5 mA per gel for 90 min at room temperature the gels were removed and fixed in
12.59; trichloroacetic acid for 1 h'”.
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Protein staining and destaining
This procedure was done according to Weber and Osborn* as modified by
Neville'® except that the destaining temperature was increased to 65 °C.

Schiff staining

in order to avoid artifactual staining of some non-carbohydrate-containing
proteins, we have used the method of Glossmann and Neville'®. 8-Anilinonaphthalene
sulfonic acid is used to visualize the protein band after Schiff staining!®:1°,

Determinations of apparent molecular weights

Relative mobilities were calculated by comparison with the migration of thz
marker dye bromophenol blue.

Proteins used as markers are listed in Table I along with their sources and
molecular weights'®-2°. Individual protein concentrations generally ranged between
0.8 and 3 ug per sample. When available, chromatographically purified or electro-
phoretically homogeneous proteins were purchased. Sciutions of marker proteins
were prepared according to Neville'®, When the dimer form of thyroglobuin and the
tetramer forms of phosphorylase A and catalase were desired, the proteins werz
dissolved in 0.19% sodium dodecyl sulfate without heating or the addition of g-mer-
captoethanol. Molecular weights were calculated from the migration of markers
of known molecular weights (Table I). The position of each marker relative to the
dye front was measured after staining and a plot of the logarithm of molecular
weight versus relative mobility was drawn. The molecular weights of the brush border
membrane proteins were then determined from this curve. Molecular weights higher
than that of phosphorylase A (370000) were estimated by extrapolation of the plot.

The gels were photographed using a plexiglass gel support?! and a medium
yellow filter. The cataloguing of the membrane protein bands was done according
to Neville and Glossmann??, wherein, for example, the number 1.420 indicates a
relative intensity of 1, as the highest and a molecular weight of 420000 Daltons.

TABLE 1
PROTEINS USED AS MARKERS
Code Protein Molecular weight* Source
x 10—3
1 thyroglobulin (dimer) 669 Schwarz/Mann
2 phosphorylase A (tetramer) 370 Sigma
3 catalase (tetramer) 232 Worthington
4 p-galactosidase 130 Sigma
5 phosphorylase a 94 Sigma
6 bovine serum albumin 63 Sigma
7 ovalbumin 45 Worthington
8 chymotrypsinogen A 25 Worthington
9 myoglobin 17.2 Schwarz/Mann
10 cytochrome ¢ 12.38 Sigma
11 glucagon 3.5 Sigma
12 bacitracin 1.45 Schwarz/Mann
13 trypsin inhibitor (soy bean) 0.196 Calbiochem

* References for molecular weights!9: 20,
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RESULTS

Log of molecular weight versus relative mobility

The sulfate-borate system stacks protein-dcdecyl sulfate complexes over a
molecular weight range of 200 to more than 370000. i1g. 1 shows the curve obtained
when values of relative mobility (calculated from 11.1 x0.9 gels) are plotted against
the molecular weight on a semilog scale. When data from 5x0.9 gels are plotted
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Fig. 1. Plot of the logarithm of the protein molecular weights of a series of protein-sodium dodecyl
sulfate complexes versus their relative mobilities on gel (11.1 x 0.9). Numters refer to protein code
in Table I. Relative mobilities were calculated as described under Materials and Methods. Each
point in the figure represents the mean of eleven determinations. The standard errors of the means
of the relative mobilities were less than 0.01. This value is too small to te represented as it falls
within the filled circles usci.

in the same manner, the results are similar and the impressicn is given that the true
nature of the function is sigmoidal. The curve connecting the high-mol.-wt points
is hyperbolic. In the range of 15000-120000 a straight line can be drawn and four
markers lie on the line (deviations in mol.wt less than 5%;,). The points for cytochrome
¢, chymotrypsinogen and phosphorylase A shows respective dzviations of 25, 20 and
15%; from this line. In the range of 370000 to 669000, the true nature of the curve
remains to be confirmed. Thyroglobulin does not enter the gel, phosphorylase A
does, and the curve between their corresponding points was drawn by extrapolation.

Electrophoretic fractionatrion of brush border membrane proteins

The jejunal and ileal protein patterns observed in four different preparations
were rernarkably reproducible and revealed polypeptide heterogeneity (Figs 2 and 3).
In all preparations studied. the core fraction (IV) was not pure but always contami-
nated with variable amounts of brush border membranes!!.

Jejunal protein pattern
Comparison of gels P, (brush border) and I, II, IIl, IV (fractions obtained
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Fig. 2. Electrophoretic protein patterns obtained from jejunum. Gels P2 (brush border) Il (mem-
brane) and 1V (core fraction) were loaded with 53, 56 and 48 ug of protein, respectively. Some
proteins cannot enter the upper gel. Electrophoresis (anode at the bottom) was carried out at
1.5 mA per gel for 90 min. Staining and photography were descrited under Materials and Methods.

Fig. 3. Electrophoretic protein patterns obtained from ileum. The gels were loaded with 45 ug
of protein and stained with Coomassie brilliant blue. Fractions P2, Il and IV are respectively,
entire brush borders, brush borders membranes and core fraction. The bands 2.045, 2.035, 3.0(0,
3.003 present in Fraction Pz are missing in II.

after Tris disruption of the brush borders'') shows (Fig. 2) that each fraction his
between 3 and 5 prominent bands and at least 16 less intense bands. Gels P, (brush
border) and II (membrane) have prominent bands centered at positions correspon-
ding to about 50000, 200000 and 320000 daltons. Two other bands with a molecular
weight higher than 400000 are prominent too. 23 bands are found iin the membrane
fraction (Gel II); 21 with molecular weight varying from 27000 to 420000, two
others with a molecular weight higher than 420000.

lleal protein patterns

The patterns obtained from entire brush borders (Fraction P;), brush border
membranes (Fraction 1) and core fraction (Fraction IV) are shown in Fig. 3. Although
poorly seen in the photograph, the bands 2-045, 2-035, 3-006 and 3-003 present
in Fraction P, and Fraction IV are missing in Fraction Il. 26 proteins were found
in the brush border membrane with molecular weights varying from 23000 to more
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than 400000, two major proteins only, having a molecular weight less than 74000.
Comparison of gels of Fractions P, and II shows that the membrane fraction in-
cludes many, but not all of the proteins found in the brush border.

Comparison between the protein patterns obtained from jejunum and ileum

The comparison of the gels of Fraction II (brush border membranes) obtained
from jejunum (Fig. 2) and ileum (Fig. 3) shows marked differences in their electro-
phoretic patterns. However, these electrophoreses were performed at different times
and so, for 2 proper comparison, brush border membrane prepared from jejunum

-1400
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ég | -2025
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Fig. 4. Jejunal a}nd ileal protein patterns. 36 ug of brush border membranes prepared iruom je-
Junum (J) and ileum (I) were electrophoresed and stained with Coomassie brilliant blue. The
bands 2.052, 3.040, 3.037 are missing in the ileum. Anode is at the bottom.

Eig. 5. Electrophoretic protein subunit patterns. Brush borders (Fraction P2) and their subfrac-
tions (I, 11, III, IV) obtained from ileum were solubilized in sodium dodecyl sulfate and f-mer-
captoethanol and electrophoresed in (11.1 x 0.9) gels. The gels were loaded with 43 g of protein
(except gel Fraction I, 20 ;tg). Anode is at the bottom.
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and ileum were electrophoresed at the same time, under exactly the same condi-
tions, including the amount of protein loaded on the gel (see Fig 4).

The differences are striking! The intensity of the band 1-420 in jejunum is
diminished in ileum and ileum lacks the 2-052, 3-040, 3-037 bands. Among the bands
common to jejunum and ileum, most are of weaker intensity in the ileum. The in-
tensity of the bands 2.150 is higher in the ileum.

Protein subunit composition

The electrophoretic patterns of entire brush borders (Fraction P,) and their
subfractions (Fractions I, I1, II1, IV) are shown in Fig. 5. About 30 bands could be
resolved in Fraction P, (brush border), IT (brush border membrane) and IV (core
fraction).

Gels of Fraction P,, II and 1V have a prominent band centered at the position
corresponding to 48000 daltons. The bands 1-400, 1-230, 1-200, 1-170, 1-159, 1-110,
1-090, 2-030, 2-027, 2-250 are prominent too. The other bands appear from their
staining intensities to be minor components. Although poorly seen in the photograph,
comparison between gels of Fractions P,, II and 1V shows that 5 bands of molecular
weight lower than 25000 found in Fractions P, and IV are missing in Fraction Il.
It is apparent that the membrane fractions included many, if not all, of the large
proteins in the brush border but contained almost no detectable protein with a
molecular weight less than 25000.

Comparison of protein and protein subunits patterns

Electrophoresis of brush border membranes treated with sodium dodecyl
sulfate only (protein pattern, Fraction II) or dodecyl sulfate and -mercaptoethano!
(protein subunit pattern, Fraction Il) were carried out a‘ the same time.

22 and 29 bands were found respectively, in the protein and the protein sub-
unit patterns obtained from jejunum (Fig. 6). The differences between these patterns
are striking. Two bands. one located at the top of the gel (arrow), the other centered
at the position corresponding to 420000 daltons in Fraction 1l are missing in Frac-
tion II,,. New bands of lower molecular weight appear in this gel: 180000, 110000;
six bands between 100000 and 50000 and 5 bands with a molecular weight lower than
25000. Fraction Il has a prc ninent band centered at 46000-48000 daltons.

20 and 31 bands were found respectively in the protein and the protein sub-
unit patterns obtained from ileum (Fig. 7). In Fraction II the prominent bands were
at the top of the gel and centered at positions corresponding to 420000, 260000,
180000 and 150000 daltons. The band located at the top of the gel and the band
1-260 found in Fraction II are missing in Fraction II,, while in this gel, new bands
appear: 2-110, 1-090, 2-060, 1-046, 2-036, 2-027, 2-025. Gel Fraction Il has a
prominent band centered at 4600048000 daltons.

Glycoprotein patterns

12-13 bands with apparent inolecular weight varying from 50000 to over
400000 were stained with Schiff’s reagent in the glycoprotein and glycoprotein sub-
unit patterns obtained from brush borders and brush border membranes Three
bands only were stained heavily. The major carbohydrate containing band in the
glycoprotein and glycoprotein subunit patterns was centered at 320000-330000



120 D. MAESTRACCI et al.

Fig. 6. Protein and protein subunit patterns obtained from jejunal brush border membranes.
Fractions Il and IIn are the protein and protein subunit patterns, respectively. Electrophoresis
was performed at 1.5 mA per gel for 90 min. The gels were loaded with 56 ug of protein.

Fig. 7. Protein and protein subunit patterns obtained from ileal brush border membranes. 45 pug
of protein was applied to each gel. Electrophoretic conditions and legends are the same as in
Fig. 6. Coomassie brilliant blue stain. Anode is at the bottom.

and 420000-440000 daitons, respectively. Comparison of the membrane profile of
gels stained for proteins and carbohydrates suggest that all of the glycoproteins
could be identified as membrane proteins. The prominent Schiff positive components
centered at 4900 daltons are probably glycolipids'®-23-2¢,

DISCUSSIONM

Solubilization with 29} sodium dodecyl sulfate and subsequent electrophoretic
fractionation show the heterogeneity of the intestinal brush border membrane
proteins. This dodecyl sulfate concentration completely solubilizes these proteins
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and inhibits their proteolysis?®. Although, according to Maddy?’, the interpretation
of the results thus obtained would not be straightforward, our experiments did
provide highly resolved and reproducible patterns for 8 jejunal and 7 ileal specimens.
Only minor variations were observed from one specimen to another and were possi-
bly due to differences in specimen origin and in the precise degree of membrane
purification.

The curves of log mol. wt versus relative mobility obtained with 5x0.9; 7.5x0.9;
and 1.1 x0.9 gels are sigmoidal in nature, confirming Neville’s results'®. Since theo-
retical justification for calculating molecular weight from relative mobilities obtained
at a single gel concentration has been provided'® the molecular weights were deter-
mined only from the curve obtained with 11.1 x0.9 gels (Fig. 1) which produced
sharper and more highly resolved bands. In order to determine more precisely the
extrapolated region of this curve, apoferritin (mol.wt 480000) was tried but the
sample available was elcctrophoretically heterogeneous. Extrapolation probably does
not accurately describe the behavior of polypeptides larger than phosphorylase.
However, determinations of enzyme activities in the gel have shown (Maestracci, D,
unpublished) that the “heavy maltase” was centered at 420000-440000 daltons
in agreement with the mol.wt of 400000 reported earlier?®. These results are evidence
that proteins of mol.wt higher than 400000 enter the gel.

Although no technique can be used alone for the absolute determination
of the number of polypeptides because of possible overlaps?®, 20 and 22 bands,
at least, were present in ileal and jejunal protein patterns, respectively. Those numbers
are increased to 29 and 31 in the protein-subunit pattern. 10-15 protein or snbunits
were found in hamster®, chicken’, and rat® intestinal brush border electrophoretic
patterns. In these studies, the gels were polymerized in presence of dodecyl sulfate
and the electrophoresis carried out in a continuous system. In our experiments
dodecyl sulfate was not present in the gel, and because a discontinuous system wes
used, more highly resolved pat:erns were obtained®®.

The molecular weights of the 20-22 polypeptide chains separated on the gel
range from 23000 to 400000. Very high-mol.-wt polypeptide chains have alsc been
found in erythrocyte?2-24:39 platelet® and liver?? plasma membranes and in Lidney
brush borders?2. However, the presence of predominant bands with mol.wt about
400000 in protein and protein subunit patterns of intestinal brush border membrare
seems to differentiate this “structure” from the other plasma membranes. Whie
the function of these very large polypeptides is not yet defined in most of the plasma
membranes, the physiological role of some enzymes of very high molecular weight
associated with the intestinal brush border membrane32-42 is well known.

Most proteins of the core have a mol.wt lower than 46000-48001, while
membrane proteins are higher than 23000. However, the core and the membrane
fractions are not pure so that it is unclear to which brush border fraction the proteins
of mol.wt from 23000 to 46000 belong. Although less evident, the same conclusions
can be deduced from the protein subunit patterns. Similar findings were also obtained
using hamster intestine (Maestracci, D., unpublished). Our results and Alpers’®
seem to suggest that two classes of proteins are present in the brush border. How-
ever, in Alpers’ study the smaller proteins observed mighi be subunits resulting from
larger membrane proteins since mercaptoethanol was used. Our results, obiained
with sodium dodecyl sulfate only, and sodium dodecy! sulfate and f-mercaptoethancl,
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seem clearly to suggest that proteins or protein subunits smaller than 23000-25000
are associated only with the core fraction.

Disaccharidases activities are lower in ileum than in jejunum3®43 while it
is the contrary for leucylnaphthylamide hydrolase activity*3. This finding and the
regionalization of some transport functions to the ileum*' are consistent with our
data showing marked differences between the patterns obtained from jejunum and
ileum.

About 13 glycoprotein bands with apparent molecular weight varying from
50000 to 400000 were detected in the brush border membrane. Three only were
stained heavily. Most of them were identified as membrane proteins. It is interesting
to note that maltase?® alkaline phosphatase®®** sucrase-isomaltase*® and entero-
kinase*® all enzymes of mol.wt higher than 140000 and associated with the intes-
tinal brush border membrane are glycoproteins. In view of previously reported
anomalous behavior of glycoproteins in dodecyi sulfate gels*’**® and since it was
shown that the calculated mol.wt depended upon the percentage of acrylamide in
the gels used?, the molecular weights should be regarded as approximate. However,
the molecular weights found for maltase, sucrase, iscmaltase and alkaline phos-
phatase were consistent with earlier determinations by other physical means?8+44-45,

The most striking feature of the border membrane subunit pattern is the
prominent band centered at 48000. A major protein subunit of similar size was
obtained in liver plasma membranes, kidney brush border, erythrocyte ghost??,
According to Tilney and Mooseker’ the core within each microvillus consist of actin
subunit which provides the most prominent band (mol.wt 46000) in electrophoreto-
grams of isolated intestinal brush border. In our study, the protein subunit band
at 46000-50000 daltons was found in brush border, brush border membrane and
in the core fraction so that is it unclear to which brush border fraction this subunit
belongs. Since, electron micrographs of brush border membrane have shown that
core material was included into 30-40° of the brush membrane vesicles, this conta-
minating material could account for the prominent band centered at 46000-50000
daltons. However, there may be multiple proteins for each protein band, so that
it is impossible to be certain how much, if any, of the protein of 46000-50000 daltons
may be actin. Recently, the association of actin filaments with preparation of puri-
fied plasma membranes was demonstrated*®-5°,

The procedure described in this paper used in conjurction with gel-slicing
techniques and methods for removing the sodium dodecy! sulfate from protein—
sodium dodecyl sulfate complexes®'*? should allow the association of various
physiological and biochemical properties of the enterocyte brush border membrane
with specific polypeptide chains.
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