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Dietary proteins are recognized by the gastrointestinal 
tract to display physiological functions, however, the 
sensory mechanism of the intestinal mucosa is not 
known. We examined binding properties between the 
rat small intestinal brush-border membrane (BBM) and 
proteins by using a surface plasmon resonance biosen­
sor. BBM and solubilized BBM prepared from the rat 
jejunum bound to casein immobilized on the sensor sur­
face, but not to bovine serum albumin. The ileal BBM 
showed less binding to casein than the jejunal BBM. 
Solubilized BBM binding to immobilized a-casein was 
slightly inhibited by aminopeptidase inhibitors, but still 
more inhibited by addition of casein with the inhibitors. 
Guanidinated casein inhibited the solubilized BBM 
binding to a-casein more strongly than casein (casein so­
dium and a-casein) inhibited. Trypsinization of solubi­
lized BBM abolished its binding activity to a-casein. 
These results indicate that some membrane protein, but 
not aminopeptidases, contained in BBM interacts with 
dietary proteins, and that guanidinated casein has a 
higher affinity for BBM than intact casein. These bind­
ing intensities for proteins were closely correlated to 
physiological responsiveness, and are possibly involved 
in a sensory system for dietary protein in the intestine. 

Key words: dietary protein; brush-border membrane; 
casein; binding 

Nutrients regulate various physiological functions 
in the gastrointestinal tract through enteric nervous 
and enteroendocrine systems, so that ingested 
nutrients are effectively digested, absorbed, and uti­
lized as rebuilding materials and energy for the 
body.I-3) For example, glucose stimulates insulin 
secretion through gastric inhibitory polypeptide 
release, and fat and protein induce bile and pancreat­
ic enzyme secretion through cholecystokinin (CCK) 
release, to facilitate uptake of themselves. These en­
teric hormones are released from endocrine cells lin­
ing in the intestinal mucosa as the result of recogniz-

ing luminal nutrients in the intestine. Many studies 
on digestive and absorptive mechanisms for individ­
ual nutrients had been done. However, the mechan­
ism for sensing nutrients by the intestinal epithelium 
is not well known. 

Recently, it has been demonstrated that dietary 
proteins stimulated CCK release from isolated intes­
tinal cells,4,5) and from CCK-producing enteroendo­
crine cell line STC-l. 6

,7) These reports indicate that 
dietary proteins directly interact with intestinal 
epithelial cells including the CCK-producing en­
teroendocrine cells, and then trigger physiological 
responses. It is possible that there is a novel mechan­
ism that the binding between luminal dietary proteins 
and the apical membrane of epithelial cells governs 
the gastrointestinal response. Traditional and specific 
receptors, membrane enzymes, transporters, or 
membrane structures may mediate the novel mechan­
ism. 

In this study, we tested whether dietary proteins 
bind with the intestinal brush-border membrane, and 
characterized the properties of the binding between 
various proteins and the brush-border membrane 
(BBM) by using a surface plasmon resonance (SPR)­
biosensor. 

Materials and Methods 

Equipment and reagents. Surface plasmon 
resonance-biosensor (BIACORE 3000 system) and 
Sensor chip CMS were purchased from Biacore AB, 
Uppsala, Sweden. This system can detect and moni­
tor the binding between an immobilized molecule 
(ligand) on the sensor surface and an injected molec­
ule (analyte) over the sensor surface. Casein sodium 
from Wako Pure Chemical Ind., Osaka, Japan. a­
Casein, bovine serum albumin (BSA), Triton X-lOO 
(reduced), trypsin (EC 3.4.2l.4, type I from bovine 
pancreas), amastatin, and bestatin were from Sigma 
Chemical Co., St. Louis MO, U.S. Guanidinated 

t To whom correspondence should be addressed. Hiroshi HARA, Fax: + 81-11-706-2504; E-mail: hara@chem.agr.hokudai.ac.jp 
Abbreviations: BBM, brush-border membrane; SBBM, solubilized brush-border membrane; API, aminopeptidase inhibitor 
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casein, the lysine residues of which were converted to 
homoarginine, was prepared by previously described 
method. 8,9) 

Rat small intestinal brush-border membrane 
(BBM) preparation. Brush-border membrane (BBM) 
vesicles were prepared from male Sprague Dawley 
rats weighing about 200-300 g (Japan SLC, 
Hamamatsu, Japan) fed a laboratory chow (CE-2; 
Clea Japan inc., Tokyo, Japan), by the CaCh 
precipitation technique at 4°C with minor modifica­
tions. lO

,ll) The small intestine was excised and divided 
into the jejunum and ileum segments by cutting 
equally the length from the ligament of Treitz to the 
ileocecal junction. After rinsing of the intestinal 
lumen with ice cold saline and wiping debris off, the 
mucosa was removed by gentle scraping with a glass 
slide and collected in 10 ml of buffer 1 (50 mM man­
nitol, 2 mM Tris/HCI, pH 7.1) on ice. The mucosal 
scraping was homogenized with 10 strokes of moto­
rized glass/Teflon (Potter-Elvehjem) homogenizer at 
high speed (setting no. 10, EYELA Mini D. C Stirrer; 
Tokyo Rikakikai co., Tokyo, Japan) and then with a 
Polytron homogenizer (Kinematica, Lucerne, 
Switzerland) for 30 sec at setting no. 6. Solid CaCh 
was added to final concentration of 10 mM and the 
preparation was rehomogenized for additional 20 sec 
with a Polytron homogenizer. The mixture was 
placed on ice for 15 min and then centrifuged at 
12,000 g for 5 min (Hitachi 55P-72 ultracentrifuge; 
Hitachi-koki, Hitachinaka, Japan). The supernatant 
was centrifuged at 48,000 g for 20 min. The resultant 
pellet was suspended in 1 ml of buffer 2 (50 mM man­
nitol, 10 mM Tris/HCI, pH 7.5), homogenized with 
10 strokes with a Potter-Elvehjem homogenizer, and 
centrifuged at 48,000 g for 20 min. The vesicle pellet 
was resuspended in 1 ml of buffer 3 (10 mM HEPES/ 
Tris, pH 7.1) and homogenized with 10 strokes with 
the Potter-Elvehjem homogenizer. Solid KSCN was 
then added to a concentration of 0,6 M, and the mix­
ture was homogenized with an additional 10 strokes, 
placed on ice for 20 min, diluted 1: 10 with buffer 3, 
and placed on ice for 20 min more, After centrifuga­
tion at 6,000 g for 10 min, the supernatant was spun 
at 38,000 g for 30 min. The resultant pellet was 
rehomogenized in 1 ml of HBS-E buffer (10 mM 
HEPES, 0.15 M NaCl, 3 mM EDTA, pH 7.4), then 
stored at - 80°C until the biosensor analysis. 

Solubilization of brush-border membrane. The 
brush-border membrane vesicles pooled from 6 rats 
were solubilized by a detergent Triton X-IOO. Briefly, 
Triton X-IOO was added to pooled BBM at a concen­
tration of 0.1 %, and the preparation was shaken 
gently (100 rpm) at 4°C for 60 min by using a Vortex 
shaker (VR-36D; Taitec, Saitama, Japan). The solu­
tion was centrifuged at 100,000 g for 90 min, and the 
supernatant was collected as the solubilized BBM 

(SBBM). This was divided into portions and stored at 
- 80°C until the biosensor analysis, and then diluted 
1: 10 with HBS-E buffer before the analysis (Triton 
X-IOO final conc.; 0.01%). In preliminary examina­
tions, the concentration of Triton X-IOO at 0.1 % was 
optimal in the binding activity to immobilized 
proteins compared with higher (1 %) or lower (0.01, 
0.05%) concentrations, so we used Triton X-IOO at 
0.1 % for the solubilization of BBM. Protein concen­
trations of BBM and SBBM were measured by the 
Bio-Rad protein assay method (Bio-Rad, California, 
U.S.). 

Biosensor analysis. 
Immobilization of proteins. Proteins (casein sodi­

um, a-casein, BSA) were immobilized onto the sen­
sor surface (flow-cell) of Sensor chip CM5 using a 
mixture of N-ethyl-N' -dimethylaminopropyl­
carbodiimide and N-hydroxysuccinimide in the 
amine coupling kit (Biacore) according to previously 
described principles. 12

,13) Casein sodium (40 ,ug/ml in 
10 mM acetate buffer, pH 4.0), a-Casein (40 ,ug/ml in 
10 mM acetate buffer, pH 4.0), BSA (40,ug/ml in 
10 mM acetate buffer, pH 5.0) were respectively 
injected over the activated sensor surface using the 
surface preparation wizard in a software BIACORE 
Control 3.0 (Biacore). After coupling, the activated 
surface was blocked by the injection of 0,1 M 
ethanolamine (pH 8.0). As a blank flow-cell, 
ethanolamine was immobilized by a single injection 
of 0.1 M ethanolamine (pH 8.0) over the activated 
sensor surface without a protein injection. 

Binding study. BBM and SBBM were injected as 
"analyte" over the sensor surface on which a protein 
was immobilized. All analysis were done using HBS­
E buffer (10 mM HEPES, 0.15 M NaCl, 3 mM EDTA, 
pH 7.4) as a running buffer, at the flow rate 
10 ,ul/min, and at the temperature 25°C. Analytes 
were injected for 2 min, and injections were repeated 
2-4 times in each analysis. 

Experiment 1. BBM binding to immobilized pro­
teins. We found whether BBM bound to immobilized 
proteins. BBM was diluted with HBS-E buffer 
(10-200,ug protein/mI), and then BBM was injected 
over the sensor surface on which casein sodium, 
BSA, a-casein was immobilized respectively. In addi­
tion, BBM was prepared from the ileum as described 
above, and the ileal BBM was injected over the pro­
tein-immobilized sensor surface to compare binding 
activities with the jejunal BBM. 

Experiment 2. Solubilized BBM binding to im­
mobilized proteins. It was found whether solubilized 
BBM (SBBM) bound to immobilized proteins. SBBM 
was diluted (5-30,ug protein/ml) with HBS-ET 
buffer (HBS-E buffer containing 0.01 % Triton 
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X-100), and then injected over the protein-immobi­
lized sensor surface. 

Experiment 3. Effects of trypsinization of SBBM 
for its binding to immobilized proteins. To find 
whether the binding between SBBM and a-casein was 
due to a protein-protein interaction or not, SBBM 
was treated with trypsin. Trypsin was added to 
SBBM solution at the protein concentration ratio of 
1: 100, and the mixture was immediately incubated at 
37°C for 60 min, or placed on ice. Trypsin treated- or 
trypsin free-SBBM (10 ,Llg/ml) were injected over the 
a-casein-immobilized sensor surface as described 
above. 

Experiment 4. Effects of different buffer composi­
tions for the dissociation of SBBM bound to immobi­
lized a-casein. It was found what kind of interactions 
(ionic-, hydrogen-, hydrophobic-bond) contributed 
to the binding between SBBM and a-casein, by using 
buffers with different compositions for dissociating 
SBBM bound to a-casein on a sensor surface. We 
used HBS-E buffer (10 mM HEPES, 0.15 M NaCI, 
3 mM EDTA, pH 7.4) as a control, HBS-E buffer 
containing ethanol (5, 10, 20% v Iv) to weaken 
hydrophobic-bond, HBS-E buffer containing urea (1, 
2, 3 M) to weaken hydrogen-bond, HBS-E buffer con­
taining NaCI (0.5, 1.03.0 M) to weaken ionic- bonds, 
Tris buffer (0.5 M NaCl, 0.1 M Tris-HCI, pH 8.5) or 
sodium acetate buffer (0.5 M NaCI, 0.1 M sodium 
acetate, pH 4.5).14) These buffers were injected for 
3 min immediately after finishing the SBBM injec­
tion, by using the "co-inject" command in the Bia­
core system. Rates of SBBM remained on the a­
casein surface after injections of these solutions (at 
315 sec), were evaluated as percentage relative to 
peak amount of SBBM (at 110 sec) bound to a­
casein. 

Experiment 5. Effects of aminopeptidase inhibi­
tors, and competitive effects of proteins (casein sodi­
um, a-casein, and guanidinated casein), for the 
SBBM binding to immobilized casein. Aminopepti­
dases are proteolytic enzymes localized at the brush­
border membrane, so it was possible that they might 
contribute to the binding between BBM and proteins. 
To assess this possibility, two aminopeptidase inhibi­
tors were tested as to whether they inhibit the SBBM 
binding to immobilized casein. Amastatin (10, 
100 ,Llg/ml), a specific inhibitor for aminopeptidase A 
and leucine aminopeptidase (LAP), and/or bestatin 
(10, 100,Llg/ml), a specific inhibitor for aminopepti­
dase B and LAP, were added to the SBBM (10,Llg 

protein/ml) solution. 
In addition, we examined inhibitory effects of non­

immobilized proteins (a-casein, guanidinated casein) 
for the binding between SBBM and immobilized a­
casein to compare intensities of binding between 

SBBM and these proteins. Alpha-casein or guanidi­
nated casein (25-200,Llg/ml) was added to SBBM 
(10,Llg protein/ml) solution. 

Finally, we examined inhibitory effects of non­
immobilized proteins (a-casein, casein sodium, and 
guanidinated casein) for the binding between SBBM 
and O!-casein under the condition that aminopepti­
dase activities were eliminated. In this experiment, a 
sufficiently high concentration of the inhibitors 
(amastatin and bestatin, 100,Llg/ml each) was mixed 
with SBBM (lO,Llg protein/ml), and proteins 
(100,Llg/ml) were further added. Also, 100 ,Llg/ml of 
aminopeptidase inhibitors was further added to 
SBBM containing aminopeptidase inhibitors (total 
200 ,Llg/mi) to compare the inhibitory activity of pro­
tein with that of aminopeptidase inhibitors itself. 
SBBM containing aminopeptidase inhibitors and/or 
proteins, were injected over the a-casein-immobilized 
sensor surface as described above. 

Data analysis. The amount of BBM and SBBM 
bound to immobilized protein (resonance unit; RU) 
was calculated by subtraction of the blank flow-cell 
response from the protein immobilized flow-cell 
response. In experiment 5, the binding amounts of 
SBBM containing test agents (proteins, aminopepti­
dase inhibitors) were represented as percentages rela­
tive to that of solubilized BBM without test agents. 
Significant differences among mean values were eval­
uated by the Duncan's multiple range test (p<0.05). 

Results 

Figure I-a shows overlaid sensorgrams (changes of 
surface plasmon resonance signal) of casein sodium­
immobilized surface in response to injections of vari­
ous concentrations of BBM (expressed as "BBM pro­
tein conc." in figures). The BBM injection onto im­
mobilized casein sodium showed binding signals with 
definite association and dissociation curves, and 
amounts (RU) of BBM bound to casein sodium were 
increased in response to increasing protein concentra­
tions of BBM. BBM were injected over an a-casein­
or BSA-immobilized flow-cell, as well as casein 
sodium-immobilized flow-cell as shown in Fig. I-b. 
BBM bound to a-casein in a dose-dependent manner 
as well as to casein sodium. Sensorgrams of the a­
casein surface injected with BBM showed binding 
signals similar to the casein sodium surface. 
Although the immobilization levels of these proteins 
were almost the same {casein sodium; 5150 RU, a­
casein; 5404 RU, BSA; 6349 RU (1 RU= 1 pg/mm2 

sensor surface in a flow-cell)}, BBM bindings to im­
mobilized BSA were apparently lower than bindings 
to casein sodium and a-casein, and dose-responses 
were not observed. 

Bindings of the ileal BBM to immobilized proteins 
are shown in Fig. 2. Amounts of ileal BBM bound to 
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immobilized casein sodium and a-casein were in­
creased with increasing BBM protein concentrations 
inj ected as analytes. However, amounts of ileal BBM 
bound to immobilized casein sodium or a-casein were 
apparently lower than those of jejunal BBM. As well 
as jejunal BBM, amounts of ileal BBM bound to im­
mobilized BSA were lower than those to immobilized 
casein sodium and a-casein. 

Solubilized BBM (SBBM) also showed binding sig­
nals to a-casein-immobilized sensor surface similarly 
to unsolubilized BBM, and amounts of binding in­
creased depending on the protein concentration of 
SBBM (Fig. 3-a). Comparisons of SBBM bindings to 
immobilized casein sodium, a-casein, and BSA are 
shown in Fig . 3-b. Amounts of BBM binding were 
corrected by each immobilized protein level (ex­
pressed as " binding amounts of SBBM / 1000 RU of 
immobilized ligand" in the figure), because immobi­
li zed levels were different between each proteins, not 
as well as experim ent I and 2. Binding amounts of 
SBBM to immobilized a-casein tended to be higher 
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than those to casein sodium, and the binding to BSA 
were apparently lower than those to casein sodium 
and a-casein. 

In experiment 3-5, we used a-casein, one of the 
major components of casein, as a "ligand" because 
it was a more purified protein than casein sodium, 
and the most potent ligand bound by SBBM, as 
shown in Fig. 3-b. 

SBBM treated with trypsin showed a marked 
decrease in the binding to immobilized a-casein, as 
shown in Fig. 4. Trypsin treatment of SBBM on ice 
reduced the binding by over 40% , and that at 37 °C 
for 60 min completely abolished the binding activity. 

Figure 5-a shows overlaid sensorgrams of a-casein­
immobilized surface when various buffers were in­
jected immediately after SBBM injections. After 
these buffers were inj ected, amounts of SBBM 
remained on the Ct-casein surface (at 315 sec) were 
different among buffer compositions. That is, 
amounts of remaining SBBM after injections of 
HBS-E containing 5% ethanol or HBS-E containing 
3.0 M NaCI were higher, and that after the injection 
of HBS-E containing 3.0 M urea was lower, than that 
after the injection of HBS-E buffer. These results in­
dicate 3.0 M urea is more effective, but 5% ethanol 
and 3.0 M NaCI was less effective, for dissociating 
SBBM from a -casein, than HBS-E buffer. Rates of 
remaining SBBM relative to peak amounts of SBBM 
bound to Ct-casein were shown in Fig. 5-b. HBS-E 
buffer containing ethanol showed a dose-dependent 
decrease in the rate of remaining SBBM , and concen­
tration of a 20% was more effective for dissociating 
SBBM than HBS-E buffer. Urea contained in HBS-E 
buffer also caused dose-dependent reduction of 
remaining SBBM rate. At all concentrations tested, 
urea was more effective for dissociating SBBM from 
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Ct-casein than HBS-E buffer. H BS-E containing in­
creasing concentrations of NaCI, tris buffer (pH 8.5), 
or sodium acetate buffer (pH 4.5) were less effective 
for the dissociation than HBS-E buffer. 

SBBM bindings to Ct-casein inhibited by aminopep­
tidase inhibitors , a-casein, guanidinated casein were 
shown in Fig. 6-a. Amastatin at 10 and 100 /lg / ml 
decreased by 7% and 15% of SBBM binding to Ct­

casein, respectively. Both concentrations of bestatin 
decrease SBBM binding no more than 10% . Simul­
taneous additions of both inhibitors showed slightly 
decreased SBBM binding similarly with a single add i­
tion of amastatin. The inhibitory effect of Ct-casein 
added to SBBM was dose-dependent, and stronger 
than aminopeptidase inhibi tors. Additions of 
guanidinated casein, the lysine residues of which 
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casein-immobi li zed scnso rsur face. (b) SBBM ( IOpg/ ml) con­
tai ning AP I (amastatin and bestatin 100 ,ug / ml respect ivel y) 
were injected with or without protein (1 00 Ilg/ ml of a -casein, 
casein sod ium, guanidinated casein) over cr-casein-imm obilized 
sensorsurface. Va lues are expressed as percent ages (% ) of the 
bin ding amou nt of SIlB M without proteins and A PI , and are 
means ± SEM o f 4 repea led inj ect ions . Mean va lues not shar ing 
a letter are significantly different between treatments (p < O.05) . 

were chemically converted to homoarginine residues , 
caused dose-dependent inhibi tion fo r the binding be­
tween SBBM and a-casein , and were more effective 
than the addition of a-casein , apparently. 

Inhibitory effects o f some proteins for SBBM bind­
ing to immobili zed a-casein with aminopeptidase 
acti vities eliminated were shown in Fig. 6-b . The 
amount of SBBM bound to immobilized a -casein was 
reduced about 15% by addition of 100 g / ml of 
aminopeptidase inhibitors (amastatin a nd bestatin) . 
Further addi tion (lOO l'g / ml) o f the inh ibi tors (to tal 
200l'g/ml) reduced SBBM binding by 20% . Addi­
tions of IOOl'g/ml of casein sodium or a-casein to 
SBBM containing the inhibitors (100 I'g/ml) reduced 
a bo ut 30% or 40% o f SBBM bindings to immobi­
lized a-casein, respectively. The addition o f guanidi-

nated casein reduced 70% of SBBM binding to 
imm obilized a-casein, a nd the binding o f SBBM con­
ta ining guanidinated casein was significantly lower 
than those containi ng casein sodium or a-casein. 

Discussion 

To study the sensory mecha nism of dieta ry protein 
in the gast rointestina l t rac t, properties of binding be­
tween rat sma ll intest inal brush-bo rder membrane 
(BBM) a nd dietary proteins were analyzed by using 
the surface plasmon resona nce biosensor BI ACO RE 
3000. This is the first study di rected to the binding be­
tween the intestinal brush-bo rder membrane and die­
tary proteins. It has been explained tha t dieta ry pro­
teins in the intestinal lumen are recognized by the 
feedback mechanism in the co ntrol of the exocrine 
pancreatic secretion. IS

- 17J In this mechanism, the en­
dogeno us CCK-releasing peptides (CCK-RP) but not 
dietary proteins, ac t directly to intestina l epi thelia l 
cells . 18-20) However, specific receptors fo r the en­
dogenous CCK-RP have not been identified yet. 21 -

2
l) 

In contrast, we and other investigators demonstrated 
that proteins were recognized in the intestinal lumen 
independent o f the feedback mechanism, and these 
reports indicate that pro teins could act directly to in­
testina l epi thelial cells incl uding CCK producing en­
teroendocrine cells .6.24-26) 

In this study, as a low denatu red cond ition, BBM 
were used as "analyte" in the mobile phase, and pro­
teins were immobilized on the sensor surface as 
" ligand" in the BIACORE system, for two reasons. 
First, if BBM or SBBM was immobilized on the sen­
sor surface as " ligand " , BBM or SBBM was possibly 
denatured by exposure to low pH bu ffer (10 mM 
aceta te, pH 4 - 6) in the genera l immo bilizat io n 
procedure . Second, in the case of using heterogene­
ous ma teria ls such as BBM or SBBM for the 
"ligand " , all of compo nents in BBM may not be im­
mobilized enough a nd equally. We evaluated the 
a mount o f binding (RU) to assess properties o f bind­
ing between BBM a nd dietary proteins in a ll experi­
ments because the a ffinit y constant (such as KA or KD) 

ca n be evaluated only by using a homologous a nalyte 
the molecula r weight o f which is known . 

As shown in Fig. I-a, rat small intestina l BBM 
bound to casein sodium immobilized on sensor sur­
face in a dose-dependent manner. BBM a lso bo und 
to a -casein, a major component of casein . In con­
trast, BBM did not bo und to BSA that is used widely 
as a standard (genera l) protein but not as a dietary 
protein (Fig. I -b) . These results suggest tha t there are 
specific structures on casein and a -casein to be bound 
as one of dietary proteins by rat small intestina l 
BBM. Such binding selectivity of BBM to casein o r 
BSA corresponds with stimulative activities for 
cho lecystokinin secretion from enteroendocrine 
ce lls6.7) and in vivo act ivities fo r the increase of exo-
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crine pancreatic secretion in the previous studiesy,28) 
The ileal BBM had less binding activities to casein 

and a-casein than the jejunal BBM as shown in 
Fig. 2. This indicates that affinities for casein are 
higher in the jejunal BBM than in the ileal BBM, and 
this also corresponds to the in vivo result that the 
proteins are recognized by the proximal rather than 
the distal small intestine. 29

,30) 

Solubilized BBM showed binding activities to 
casein and a-casein, but not to BSA similarly with 
unsolubilized BBM (Fig. 3). As described in 'materi­
als and methods', solubilization by 0.1 % Triton 
X-100 was optimal for the biosensor analysis (data 
not shown). This finding indicates that one or some 
of solubilized components of BBM, without mem­
brane structure, are potent to bind with casein. 

The trypsinization (at 37°C for 60 min) of SBBM 
abolished its binding to a-casein (Fig. 4). This indi­
cates that some membrane protein(s) hydrolyzed by 
trypsin are involved in the binding between SBBM 
and a-casein, in other words, the binding is a protein­
protein interaction. This is supported by the fact that 
the boiling of SBBM (15 min) also abolished its bind­
ing activity to immobilized a-casein (data not 
shown). Partial reduction of SBBM binding by on 
ice-mixing with trypsin, may be due to partial diges­
tion of SBBM by trypsin for the period between mix­
ing and injection to the biosensor. 

It was found which kinds of forces contribute to 
the binding between SBBM and immobilized a­

casein, by using various buffer conditions for dis­
sociating SBBM bound to a-casein. As shown in 
Fig. 5, urea (1-3 M) and ethanol (20%) were more 
effective than control (HBS-E) buffer. Since urea and 
ethanol, respectively weaken hydrogen bonds and 
hydrophobic bonds, it is suggested that the binding 
between SBBM and a-casein consists of hydrogen 
and hydrophobic bonds. 

Competitive inhibition by non-immobilized a­

casein for the binding between SBBM and immobi­
lized a-casein was demonstrated as shown in Fig. 6-a. 
This supports that responses detected by the biosen­
sor represent the binding between SBBM and a­

casein immobilized on a sensor surface. Interestingly, 
guanidinated casein showed apparently further inhi­
bition than a-casein. The result that guanidinated 
casein inhibited the binding between SBBM and im­
mobilized a-casein, indicates that guanidinated 
casein bound to SBBM competitively with a-casein. 
Furthermore, higher inhibitory effect of guanidinated 
casein than that of a-casein indicates that guanidinat­
ed casein has a higher affinity for BBM than a-casein. 
In this study, inhibitory activities were evaluated to 
compare SBBM binding activities of proteins (casein 
vs. guanidinated casein), because the immobilized 
guanidinated casein onto the sensor surface was un­
stable for repetitious binding assays, unlike casein so­
dium, a-casein or BSA. 

We found whether aminopeptidases contained in 
SBBM contribute to the binding between SBBM and 
a-casein by using specific aminopeptidase inhibitors, 
amastatin and bestatin. Both inhibitors at the con­
centration of 10 ,Ug/ml reduced the SBBM binding to 
a-casein no more than 10% (Fig. 6-a), although the 
concentration of inhibitors was excessive (> 20-fold 
of ICso) for complete inhibition of aminopeptidase 
activities. 3

!) This result indicates that the SBBM bind­
ing to a-casein does not depend on aminopeptidases 
(aminopeptidase A, B, and leucine aminopeptidase). 
However, amastatin showed dose-dependent inhibi­
tion as shown in Fig. 6-a and 6-b, hence the BBM 
binding to a-casein might be sensitive to amastatin. 
Possibly, the peptidemimetic structure and some side 
chain structures of amastatin were detected by some 
a-casein-binding components of SBBM. 

As shown in Fig. 6-b, additions of a-casein or 
guanidinated casein (100,Ug/ml) to SBBM the 
aminopeptidase activities of which were blocked by 
the excess of inhibitors (amastatin and bestatin, 
100,Ug/ml each), diminished the SBBM binding to 
immobilized a-casein more than the further addition 
(100,Ug/ml) of aminopeptidase inhibitors (total 
200,Ug/ml). The addition of 100,Ug/ml of casein so­
dium inhibited the SBBM binding almost equally 
with further addition of aminopeptidase inhibitors 
(total 200 ,Ug/ml). However, molar concentrations of 
100,Ug/ml casein (M. W. > 20,000) were lower than 
that of aminopeptidase inhibitors (amastatin, M. W. 
511, bestatin, M. W. 344). Therefore, these results 
indicates that casein (a-casein, guanidinated casein 
and casein sodium) has far higher affinity to BBM 
than aminopeptidase inhibitors, and also support 
that aminopeptidases do not contribute to the bind­
ing between BBM and dietary proteins as described 
above. 

As well as the result shown in Fig. 6-a, the addition 
of guanidinated casein inhibited SBBM binding sig­
nificantly stronger than that of a-casein under the 
condition that aminopeptidase activities were elimi­
nated (Fig. 6-b). Guanidinated casein is a chemically 
modified protein that has higher bioactivity than in­
tact casein in the small intestine, that is, the modified 
protein stimulated cholecystokinin release from 
mucosa and subsequent pancreatic enzyme secretion 
much higher than intact casein. 5,9) The finding indi­
cated in this study supports that the binding of BBM 
to dietary proteins might be involved in the sensory 
mechanism for the proteins in the intestinal mucosa. 

In the brush-border membrane, there could be one 
or some components involved in the sensory mechan­
ism of dietary protein to exert physiological signaling 
by binding with dietary proteins. As a sensory 
mechanism, it is proposed the existence of specific 
receptors which detect some structural features of 
dietary proteins (not only a-casein) on the surface of 
a specific cell such as CCK-producing enteroendo-
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crine cells. As another mechanism, it is possible that 
some low specific bindings or interactions of proteins 
to brush-border membrane are associated with the 
sensory mechanism. Recent reports demonstrated 
stimulatory effects of soybean lectins on CCK release 
and pancreatic exocrine secretion in rats. 32.33) It was 
suggested that lectins bind to glycoconjugates on the 
surface of intestinal epithelial cell brush-border 
membrane, and then trigger the release of CCK. 
Thus, we do not specify the existence of traditional 
receptors such as seventh-transmembrane proteins, 
and it may be possible that some unknown protein in 
the BBM such like proteolytic enzymes or 
glycoproteins plays a role of the "dietary protein 
receptor". In this study, we demonstrated some 
characteristics of the binding between BBM and pro­
tein that correspond with some physiological 
responses caused by recognition of dietary proteins in 
the gastrointestinal tract. This supports our hypothe­
sis that dietary proteins interact directly with the in­
testinal mucosa to exert physiological functions. 
However, it requires further evidences to confirm the 
hypothesis, including the identification of putative 
receptor for dietary proteins localized at the brush­
border membrane or the identification of some inter­
action between BBM and proteins for triggering 
physiological signals. 

In conclusion, the rat small intestinal brush-border 
membrane (BBM) bound to dietary proteins. BBM 
bound to casein but not to BSA, and more to 
guanidinated casein, independent of aminopepti­
dases in BBM. Jejunal BBM had higher binding ac­
tivities to casein than ileal BBM. These bindings con­
sisted of protein-protein interactions between some 
protein (s) in the BBM and dietary protein. These 
binding intensities between proteins and BBM seems 
to correspond with physiological activities of pro­
teins in the rat small intestine, so it is possible that 
these binding may mediate the sensory mechanism of 
dietary protein in the gastrointestinal tract. 
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