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Abstract

The cholecystokinin receptor-type 1 (CCK1R) is a G-protein coupled receptor localized in the
animal gastrointestinal tract. Receptor activation by the natural peptide ligand CCK leads to a
feeling of satiety. In this study, hydrolysates from soy and milk proteins were evaluated for
their potential to activate CCK1R, assuming that bioactive peptides with a satiogenic effect
can be used as an effective therapeutic strategy for obesity. Different protein hydrolysates
were screened with a cell-based bioassay, which relies on the generation of a fluorescent
signal upon receptor activation. Fluorescence was monitored using a fluorescence plate reader
and confocal microscopy. Results from the fluorescence plate reader were biased by
background autofluorescence of the protein hydrolysate matrices, which makes the
fluorescence plate reader inappropriate for the evaluation of complex formulations.
Measurements with the confocal microscope resulted in reliable and specific results. The
latter approach showed that the gastrointestinal digested 7S fraction of soy protein

demonstrates CCK1R activity.

Keywords: cholecystokinin receptor, lorglumide, soy, casein, protein hydrolysates, bioactive

peptides
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1. INTRODUCTION

The cholecystokinin receptor-type 1 (CCK1R) is a G-protein coupled receptor, which is
expressed in different cell types of the animal gastrointestinal tract, including vagal afferent
cells and muscle cells of the intestines and stomach [2,3,15]. Activation of this receptor by the
natural peptide ligand cholecystokinin (CCK) can induce a feeling of satiety [12]. There are
indications that bioactive peptides from food protein evoke a similar effect [4] and could
therefore be used as an ingredient for functional foods with a satiogenic effect. This has
relevance for the treatment and prevention of obesity [1,19].

Previously, we described a cell-based bioassay to assess the CCKI1R-activating
potential of pure compounds [20]. The technique is based on the fluorescence measurement of
a CCK1R-induced intracellular calcium increase with a plate reader and results were validated
using confocal microscopy. The natural ligand CCK8S and a partial agonist JIMV-180 were
used to activate the CCK1R signaling cascade. We now evaluated the performance of this
assay to screen more complex formulations such as protein hydrolysates for their ability to
activate the CCK1R. The potential of the fluorescence plate reader for the screening of such
complex matrices was investigated and compared with the confocal microscope. We focused
on soy and milk proteins, well-known and convenient food proteins of which beneficial health
effects have been proven [6,9,10,13], but which differ significantly in source and structure.

2. MATERIALS AND METHODS

2.1 Cell lines and chemicals

CHO (Chinese Hamster Ovary) cells functionally expressing the rat CCK1R (CHO-CCK1R)
were established by Prof. Peter Willems [18] and native CHO-K1 cells were obtained from
Prof. Georges Leclercq (Ghent University Hospital, Department of Clinic Biology,
Microbiology and Immunology, Ghent, Belgium). Advanced Dulbecco’s modified Eagle’s

medium and Ham’s F12 medium (1:1) (DMEM-F12), fetal bovine serum (FBS), geneticin (G-
3
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418 antibiotic), Fluo-4AM, Pluronic F-127 and Hank’s buffered salt solution (HBSS) were
purchased from Invitrogen (Paisley, UK), probenecid, lorglumide ((z)-4-[(3,4-
dichlorobenzoyl)amino]-5-(dipentylamino)-5-oxopentanoic acid sodium salt; CR-1409),
bovine serum albumin (BSA), HEPES, hexane, sodium bisulfite, a-lactaloumin, x-casein,
pepsin, trypsin and chymotrypsin from Sigma-Aldrich (Bornem, Belgium/St.-Louis, MO),
sulfated cholecystokinin octapeptide (CCK8S) from Research Inc. (Barnegat, NJ), and clear
black bottom 96-well plates from Greiner (Frickenhausen, Germany). Soybeans were
purchased in the local grocery store (Heuschen & Schrouff OFT B.V., Canada). Enzymatic
soy hydrolysates E110, AM41, A2SC and A3SC were obtained from Organotechnie (La
Courneuve, France).

2.2 Preparation of 7S fraction from soy protein

The 7S fraction from soybean protein (B-conglycinin) was extracted following a method
based on pH precipitation described by Liu et al. [11]. In brief, soybean seeds were ground
with a coffee mill and defatted with hexane to obtain defatted soybean flour. The soybean
flour was extracted twice with 0.03 M Tris-HCI (pH 8.5) for 1 h at 45°C in a ratio of 15%
(w/v). Subsequently, sodium bisulfite was added to the extraction product to a concentration
of 0.01 M. The solution was kept overnight at 4°C and centrifuged. Next, NaCl was added to
a concentration of 0.25 M to the supernatants and the solution was centrifuged again. The pH
of the obtained supernatants was adjusted to 4.8, which caused the 7S protein fraction to
precipitate. The precipitate was dialyzed over pure water and subsequently freeze-dried.

2.3 Hydrolysis simulating gastrointestinal peptic digestion

An in vitro gastrointestinal digestion was performed on a-lactaloumin, k-casein and the 7S
soy proteins as described before [21]. Briefly, the lyophilized proteins were dissolved in
distilled water (4% wi/v), pH was lowered to 2 and pepsin was added in a ratio of 0.4% (w/w)

to the sample. The solution was kept at 37°C and shaken for 2 h. Next, the pH was set to 6.5
4
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and trypsin and chymotrypsin were added also in a ratio of 0.4% (w/w), and the solution was
shaken for 2.5 h at 37°C. The reaction was terminated by heating the samples for 15 min to
80°C.

2.4 Cell-based bioassay to screen for CCK1R activity

The determination of the intracellular free Ca®* concentration was performed as described
before [20]. In brief, CHO-CCK1R and CHO-K1 cells, seeded in a 96-well plate, were loaded
with a cell-permeant fluorescent dye Fluo-4AM. As receptor activation leads to a rapid
increase in intracellular calcium concentration (within seconds), the fluorescence intensity
was measured kinetically using two different setups: a fluorescence plate reader (Infinite
Pro200; Tecan, Méannedorf, Switzerland) and a confocal laser scanning microscopy system
(Nikon Alr; Nikon Instruments Inc., Paris, France).

Samples were added in fluxo: after 6 s of acquisition, the protein hydrolysate sample
or CCK8S was added instantaneously while the acquisition continued for another 34 s. For
each sample concentration, measurements were repeated in five wells for both cell types
(technical replicates) and every experiment was repeated 2-4 times (biological replicates). For
inhibition experiments, lorglumide was added at a final concentration of 50 puM, 30 min prior
to acquisition.

2.5 Image analysis

Confocal recordings were analyzed as previously described [20]. For population average
measurements, the average fluorescence intensity (per pixel) was measured for the entire
image using ImageJ freeware (National Institute of Health, Bethesda, MD). For single-cell
analysis, all cells in an image were automatically segmented and assigned as regions of
interest (ROI) of which the average intensities were analyzed using Matlab 7.10.0 (R2010a,
The Mathworks Inc., Natick, MA).

2.6 Data analysis and statistics
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Data analysis was performed in the same way for both measuring devices. Per time point i,
fluorescence measurements (F;) were normalized by dividing with the average fluorescence
before sample addition (Fo). The average normalized fluorescence values (Fi/Fo) of 5 technical
replicates of CHO-K1 were substracted from the average normalized fluorescence values
obtained for CHO-CCKI1R cells. Consequently, the relative fluorescence (RF) was calculated

using the following formula: RF, = FCHO-CCKIR _ F CHO-K1_ Next, the net
F, CHO-CCKIR & F,€HO-K1_

\

\ J

response (NR) was calculated as the total relative fluorescence from the moment of sample

40s
addition to end of the acquisition:NR=ZRFi. This net response was expressed as a

i=6s

percentage (mean = SEM) of the net response induced by 1 nM CCKSS. Statistical analyses
were performed using one-sample Student’s t-tests, two-sample Student’s t-test or non-
parametric Wilcoxon rank sum tests. Differences between net responses were considered
significant for p-values smaller than 0.05. Sigmoid dose-response curves were generated for
the net response versus sample concentration relationships and the ECs, value (the sample
concentration at which 50% of the maximum response was reached) was calculated using
Prism v4 software (GraphPad Prism, La Jolla, CA) [24].

Specifically for confocal microscopy, the robustness of the single cell analysis was
determined using an in silico approach, which calculates the minimal numbers of cells to
determine the net response accurately [20]. To this end, selected image data sets containing all
individual cell responses were progressively eroded by omitting one single, randomly selected
cell at a time, down to one single cell, and by calculating the average response with each step.
This was repeated 100 times on permutated data sets to obtain a distribution that represents
the variability within the data set. From these distributions, the coefficient of variation (COV=

standard deviation/mean) was derived and plotted against the number of cells.
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3. RESULTS
3.1 The fluorescence plate reader fails to give accurate results for complex matrices of
protein hydrolysates

First, four commercial crude soy hydrolysates E110, AM41, A2SC and A3SC were tested for
their potential to induce a CCK1R-mediated calcium flux. Measurements were performed
with the fluorescence plate reader since this setup proved to be a fast and reliable tool for pure
compounds [20]. A net response was measured for these hydrolysates between 90 and 300%.
However, there was a high variability (25 to 40%) and the fluorescence profiles showed
atypical Kkinetics. Upon addition of the protein hydrolysates an immediate (within 0.3 s)
increase in fluorescence was observed. The increase was 5 to 7 times higher than that
observed for CCK8S and this was the case both for CHO-CCK1R and CHO-K1 cells (Fig.
1a). Moreover the fluorescence level remained stable throughout the acquisition period,
irrespective of the administered dose (data not shown). For comparison, addition of CCK8S
resulted in an exponential increase of the fluorescence signal in CHO-CCK1R cells with a
delay of minimum 3 s after sample addition and no significant signal increase in CHO-K1
cells. This suggested that the crude protein hydrolysates induced a non-specific rise in
fluorescence, possibly due to the presence of an autofluorescent component.

Since it was difficult to pinpoint the exact origin of the strong (auto-)fluorescence in the
complex hydrolysates, we decided to measure the fluorescence kinetics in hydrolysates of
purified soy and milk proteins. The gastrointestinal digested 7S fraction from soy protein (1
g/l), gastrointestinal digested k-casein from milk (3 g/l) and gastrointestinal digested a-
lactalbumin (3 g/l) from milk were evaluated. The fluorescence profiles of these hydrolysates
demonstrated more reliable kinetics than those of the crude hydrolysates: the fluorescence
increase was lower than that induced by 1 nM CCK8S, reached a maximum response after

several seconds and gradually faded (Fig. 1b). In addition, the fluorescence increase of CHO-
7
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CCKI1R was significantly higher than that of CHO-K1 cells. For the 7S soy hydrolysate, a net
response of 13.4+3.0% (n=5, p=0.01) was measured, which was significantly different from
zero. Net responses were obtained of 7.7+£1.4% (n=2, p=0.11) for the k-casein hydrolysate and
19.9+4.2% (n=2, p=0.13) for the a-lactaloumin hydrolysate, but these were not significantly
different from zero.
3.2 Confocal microscopy allows to measure CCK1R activation accurately, excluding false
positives

3.2.1 Only the 7S soy hydrolysate shows a significant net response
In our previous work with pure compounds [20], we noted that it was important to validate the
data from the plate reader with a confocal microscope, especially in a context of strong
autofluorescence background. In addition, especially for crude hydrolysates, highly variable
results were obtained with the plate reader, as reported above. Therefore, the experiments
with the soy and milk protein hydrolysates were repeated using confocal microscopy and the
population-average response was calculated. To this end, the average pixel intensity of an
image comprising 150 to 250 cells was measured per well. Interestingly, the high responses
found with the fluorescence plate reader for the crude soy hydrolysates were not reproduced
with the confocal microscope. Compared to the CCK8S-induced response, a delayed and
limited increase in fluorescence was observed (Fig. 2a). CHO-CCK1R cells and CHO-K1
cells reacted alike, resulting in a low net response for all hydrolysates. The net responses for
soy hydrolysate E110, AM41, A2SC and A3SC were not higher than 7.7% and none were
significantly different from zero. Taken together, these results showed that the crude
hydrolysates failed to induce a CCK1R-mediated Ca®*-flux.

As for the hydrolysates from purified proteins, confocal analysis of the 7S soy
hydrolysate (1 g/l) showed a significant net response of 14.3+1.8% (n=4). Moreover, the

fluorescence profiles demonstrated reliable kinetics. An exponential increase was observed in
8
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fluorescence signal, which was significantly higher for CHO-CCK1R than for CHO-K1 cells;
it reached a maximum and subsequently decreased (Fig. 2b). For this hydrolysate, a dose-
response curve was established (Fig. 3), from which an ECs, value was calculated of 0.069
mg/l (95% confidence interval: 0.028-0.170 mg/l; R?2=0.79).

For the milk x-casein hydrolysate, a net response of 10.6+5.1% (n=2) was measured,
but it was not significantly different from zero (p=0.28). The net response of the milk a-
lactalbumin hydrolysate was negligible.
3.2.2 Single-cell variations for the 7S soy hydrolysate

To complement the aforementioned population-average approach and obtain a better
insight in the actual single-cell response, we measured fluorescence kinetics in individual
cells by means of automated image analysis. As documented before [20], CHO-CCKI1R cells
treated with 1 nM CCKS8S showed a strong, highly synchronous fluorescence profile. This
profile was characterized by a steep increase in fluorescence signal, reaching a maximum at 3
s after the sample addition and a subsequent gradual decrease. In contrast, CHO-K1 cells
showed no significant response to the CCK8S stimulation, except for a sporadic non-specific
fluctuation in calcium flux. When exposed to varying concentrations of the 7S soy
hydrolysate, CHO-CCKZ1R cells demonstrated intensity fluctuations with a strong intercellular
variability, both in magnitude and time point of the maximum fluorescence intensity. The
time lag between the moment of sample addition and the moment of maximum fluorescence
intensity became progressively shorter with increasing hydrolysate concentration. In parallel,
the response of individual cells became more synchronous at higher concentrations. Notably,
CHO-K1 cells also showed pronounced individual cell responses, which were significantly
different from CCK8S-treated CHO-K1 cells for concentrations of 7S soy hydrolysate higher
than 6.3E-02 g/l. These fluctuations were lower and less abundant than those observed in

CHO-CCKI1R cells, but much more pronounced than basal calcium fluctuations
9
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(Supplementary Fig. 1). Despite the inherent variability and fluctuations in both cell types, all
doses, except for 3.9E-03 g/l, induced a response in CHO-CCKI1R cells, which was
significantly different from the dose-matched CHO-K1 controls (Fig. 4a).

As a measure for the robustness of the single cell analysis, we determined the numbers
of cells required to obtain an accurate estimate of the average net response on representative
datasets of the 7S soy hydrolysate. When the coefficient of variation of the net response was
plotted against the numbers of cells that were included (as described in the material and
methods), a strong exponential decrease was observed for increasing numbers of cells (Fig.
4b). On average, across the entire dataset, 15+2 cells were required to determine the net
response (£5%) with 95% confidence.

Finally, single cell analysis on image datasets of the soy hydrolysate E110 showed
significant intensity fluctuations, which were equally abundant in CHO-CCK1R and CHO-K1
cells. Comparison with the fluorescence profiles of background regions (without cells)
confirmed that the fluorescence kinetics as measured by the population-average method, were
predominantly caused by non-specific calcium fluxes (Supplementary Fig. 2).

3.2.3 The effect of lorglumide on the 7S soy hydrolysate

To test the specificity of the CCK1R response elicited by the 7S soy hydrolysate (1 g/l),
confocal microscopy experiments were repeated in the presence of 50 puM lorglumide, a
known antagonist of CCK1R. The fluorescence profiles of lorglumide-treated CHO-CCK1R
cells showed a significant decrease compared to the profiles of cells without lorglumide
pretreatment. But surprisingly, this decrease was also observed with the CHO-CCK1R cells
(Fig. 2b), and as a result, the net response showed no significant change between lorglumide-
treated and non-treated cells.

4. DISCUSSION

In this study, we have screened raw soy hydrolysates and purified soy and milk proteins for
10
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their potential to activate the CCK1R. First, crude protein hydrolysates were tested, which
were commercially available. A primary screen was performed with a fluorescence plate
reader. However, this device produced dubious results. Very high fluorescence responses
were measured for the complex matrices, which mainly seemed to be attributed to background
autofluorescence within the sample rather than to a CCK1R-induced Ca®*-increase. Why
CHO-CCKIR cells showed a higher non-specific fluorescence response than CHO-K1, when
measured with the plate reader is still unclear. Theoretically, the subtraction of the relative
fluorescence of the CHO-K1 cells from that of the CHO-CCKZ1R cells should correct for non-
CCK1R-induced Ca®* increases and sample autofluorescence. One possibility is the presence
of technical inconsistencies such as non-linearity effects in the detection of strong
fluorescence (saturation). Visual inspection of the complex hydrolysates with a widefield
microscope confirmed that the formulations showed strong autofluorescence (data not
shown). However, in confocal microscopy the excessive signal increases, caused by the
autofluorescent components in the sample, were not detected. This is presumably a result of
its optical sectioning capacity. By reducing the field depth to the bottom of the well,
registration becomes mostly restricted to signals stemming from the cells. However, in the
fluorescence plate reader, fluorescence is measured across the entire well, which may obscure
more subtle fluorescence increases at the level of the cells due to autofluorescence of the
sample. Indeed, single cell analysis of the crude E110 protein hydrolysate showed that there
were cellular responses, even though they were non-specific and occurred both in CHO-
CCK1R and CHO-K1 cells. Hence, we conclude that confocal microscopy allows for
measuring a more specific response and testing higher sample concentrations when working
with autofluorescent samples.

As for the hydrolysates from purified proteins, the 7S soy hydrolysate yielded a

significant response with a fluorescence profile pointing to a real CCK1R activation. Single
11
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cell fluctuations showed resemblance to those observed after administration of low
concentrations of CCK8S or partial agonists such as JMV-180 [20], suggesting partial
activation of the CCK1R. The ECs, value amounted to 66 mg/l which is in the same range as
the ECso value of a commercial soy protein hydrolysate (Quest International, Naarden, the
Netherlands) described by Foltz et al. [4]. Unfortunately there were some confounding
factors, which complicate the interpretation of the data. First, the 7S soy hydrolysate was not
completely specific since it induced a less pronounced but significant response in CHO-K1
cells. Activation of CHO-K1 cells was also observed for other hydrolysates, albeit to a
variable extent, e.g. for soy hydrolysate E110. This is in contrast to the results of Foltz et al.
who reported no activation of CHO-K1 cells upon hydrolysate treatment [4]. Our results
suggest that not only CCK1R but also other receptors might become activated, which induce
an intracellular calcium flux. In fact, many receptors (other GPCRs, receptor tyrosine kinase-
type receptors...) use a similar signaling machinery involving Ca** as a second messenger
[7,8,16,17]. Activation of these receptors may complicate downstream effects and obscure the
envisioned cellular outcome. A second complication was discovered after lorglumide
treatment. While a decrease was observed in the fluorescence kinetics of CHO-CCKIR cells,
pointing to a specific CCK1R activation, we also found an unexpected decrease in CHO-K1
cells. This indicates that lorglumide might also inhibit other receptors, as was previously
suggested by Gaudreau et al. for opioid receptors [5].

Interestingly, it has been reported that hydrolysates and peptides of the 7S fraction of
soy protein are also capable of releasing CCK from STC-1 cells and reducing appetite in rats
[14,22,23]. Therefore it might be possible that the appetite-suppressing effect of the 7S soy
hydrolysates described in the latter studies have a double mode of action, i.e. stimulation of
the release of CCK on the one hand and direct activation of the CCK1R on the other hand. As

such, hydrolysates from the 7S fraction from soy protein form a promising candidate
12
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ingredient for functional foods as a helpful tool for weight control.

In conclusion, the fluorescence plate reader seems less suited to measure complex
formulations and therefore can only be used to perform a rough primary screen. Confocal
microscopy is crucial to exclude false positive and to distinguish specific from non-specific
effects. Moreover, an equally high accuracy was obtained with pure compounds [20],
indicating that the confocal microscope is as reliable for measuring complex formulations as it
is for pure compounds. Using confocal microscopy, we discovered that the gastrointestinal
digested 7S fraction from soy protein contains CCK1R activity. We also have indications that
CCK1R-activating bioactive peptides might be released from x-casein in milk, since
substantial activity was seen, although not significant at the tested concentrations in the
current experiments.

Further research is needed to increase the in vitro net responses of the protein
hydrolysates, which includes optimization of hydrolysis and purification of the active
fractions and peptides. Finally, validation of the effect of the active components in an in vivo
model is imperative. To our knowledge, this study is the first in which the effect of non-
pharmaceutical CCK1R agonists, i.e. food protein hydrolysates, is analyzed in detail at the
cellular level. This knowledge may facilitate the screening and discovery of novel products
with CCK1R activity, thereby contributing to the battle against obesity.

Acknowledgements
This project was supported by the Special Research Fund of Ghent University with projects
01J3309 and NBphotonics, and the Hercules Foundation (project AUGE/013). We like to
thank Prof. Peter Willems (Department of Biochemistry, Radboud University Nijmegen
Medical Centre, the Netherlands) for the donation of the CHO-CCKI1R cells and his
constructive remarks.

References
13



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Anderson GH, Moore SE. Dietary proteins in the regulation of food intake and body
weight in humans. J Nutr 2004;134(4):974-9.

Berthoud HR, Patterson LM. Anatomical relationship between vagal afferent fibers
and CCK-immunoreactive entero-endocrine cells in the rat small intestinal mucosa.
Acta Anat 1996;156(2):123-31.

Dufresne M, Seva C, Fourmy D. Cholecystokinin and gastrin receptors. Physiol Rev
2006;86(3):805-47.

Foltz M, Ansems P, Schwarz J, Tasker MC, Lourbakos A, Gerhardtt CC. Protein
hydrolysates induce CCK release from enteroendocrine cells and act as partial agonists
of the CCK1 receptor. J Agric Food Chem 2008;56(3):837-43.

Gaudreau P, Lavigne GJ, Quirion R. Cholecystokinin antagonists proglumide,
lorglumide and benzotript, but not L-364,718, interact with brain opioid binding-sites.
Neuropeptides 1990;16(1):51-5.

Gibbs BF, Zougman A, Masse R, Mulligan C. Production and characterization of
bioactive peptides from soy hydrolysate and soy-fermented food. Food Res Int
2004;37(2):123-31.

Hamm HE. The many faces of G protein signaling. J Biol Chem 1998;273(2):669-72.
Kiselyov K, Shin DM, Muallem S. Signalling specificity in GPCR-dependent Ca**
signalling. Cell Signal 2003;15(3):243-53.

Kitts DD, Weiler K. Bioactive proteins and peptides from food sources. Applications
of bioprocesses used in isolation and recovery. Curr Pharm Design 2003;9(16):1309-
23.

Korhonen H, Pihlanto A. Food-derived bioactive peptides - Opportunities for
designing future foods. Curr Pharm Design 2003;9(16):1297-308.

Liu C, Wang HL, Cui ZM, He XL, Wang XS, Zeng XX, et al. Optimization of
14



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

extraction and isolation for 11S and 7S globulins of soybean seed storage protein.
Food Chem 2007;102(4):1310-6.

Moran TH. Cholecystokinin and satiety: Current perspectives. Nutrition
2000;16(10):858-65.

Nagpal R, Behare P, Rana R, Kumar A, Kumar M, Arora S, et al. Bioactive peptides
derived from milk proteins and their health beneficial potentials: an update. Food
Funct;2(1):18-27.

Nishi T, Hara H, Tomita F. Soybean beta-conglycinin peptone suppresses food intake
and gastric emptying by increasing plasma cholecystokinin levels in rats. J Nutr
2003;133(2):352-7.

Noble F, Wank SA, Crawley JN, Bradwejn J, Seroogy KB, Hamon M, et al.
International union of pharmacology. XXI. Structure, distribution, and functions of
cholecystokinin receptors. Pharmacol Rev 1999;51(4):745-81.

Piiper A, Stryjek-Kaminska D, Zeuzem S. Epidermal growth factor activates
phospholipase C-gamma(l) via G(il-2) proteins in isolated pancreatic acinar
membranes. Am J Physiol-Gastroint Liver Physiol 1997;272(5):G1276-G84.

Rebres RA, Roach TIA, Fraser IDC, Philip F, Moon C, Lin KM, et al. Synergistic
Ca®" responses by G alpha(i)- and G alpha(q)-coupled G-protein-coupled receptors
require a single PLC beta isoform that is sensitive to both G beta gamma and G
alpha(q). J Biol Chem;286(2):942-51.

Smeets RLL, Garner KM, Hendriks M, van Emst-de Vries SE, Peacock MD, Hendriks
W, et al. Recovery from TPA inhibition of receptor-mediated Ca** mobilization is
paralleled by down-regulation of protein kinase C-alpha in CHO cells expressing the
CCK-A receptor. Cell Calcium 1996;20(1):1-9.

St-Onge MP. Dietary fats, teas, dairy, and nuts: potential functional foods for weight
15



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

[20]

[21]

[22]

[23]

[24]

control? Am J Clin Nutr 2005;81(1):7-15.

Staljanssens D, De Vos WH, Willems P, Van Camp J, Smagghe G. Time-resolved
quantitative analysis of CCK1 receptor-induced intracellular calcium increase.
Peptides 2011;10.1016/j.peptides.2011.02.014.

Staljanssens D, Van Camp J, Herregods G, Dhaenens M, Deforce D, Van de Voorde J,
et al. Antihypertensive effect of insect cells: In vitro and in vivo evaluation. Peptides
2011;32(3):526-30.

Sufian K, Hira T, Miyashita K, Nishi T, Asano K, Hara H. Pork peptone stimulates
cholecystokinin secretion from enteroendocrine cells and suppresses appetite in rats.
Bioscience Biotechnology and Biochemistry 2006;70(8):1869-74.

Sufian MKNB, Hira T, Nakamori T, Furuta H, Asano K, Hara H. Soybean beta-
conglycinin  bromelain  hydrolysate stimulates cholecystokinin secretion by
enteroendocrine STC-1 cells to suppress the appetite of rats under meal-feeding
conditions. Biosci Biotechnol Biochem 2011;75(5):848-53.

Vercruysse L, Smagghe G, Herregods G, Van Camp J. ACE inhibitory activity in

enzymatic hydrolysates of insect protein. J Agric Food Chem 2005;53(13):5207-11.

16



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

FIGURE LEGENDS

Fig. 1. Normalized fluorescence kinetics (Fi/Fy) for CHO-CCK1R and CHO-K1 in cell
populations monitored with a plate reader. Results for sample as well as for 1 nM are shown.
The curves represent the mean of 5 technical replicates (wells). (a) Representative curve for
soy hydrolysate E110 (3 g/l). (b) Representative curve for 7S soy hydrolysate (1 g/l).

Fig. 2. Normalized fluorescence kinetics (Fi/Fy) for CHO-CCK1R and CHO-K1 in cell
populations monitored with a resonant scanning confocal microscope. Results for sample as
well as for 1 nM are shown. The curves represent the mean of 5 technical replicates. (a)
Representative curves for soy hydrolysate E110 (3 g/l). (b) Representative curves for 7S soy
hydrolysate (1 g/l). Dotted lines represent the fluorescence kinetics of the experiments
performed in the presence of lorglumide.

Fig. 3. Dose-dependent CCK1R-mediated calcium fluxes in cell populations monitored with a
resonant scanning confocal microscope. (a) Representative relative fluorescence kinetics (RF)
of increasing concentrations of 7S soy hydrolysate (0.0039-1 g/l). The curves represent the
mean of 5 technical replicates. (b) Dose-response curve for 7S soy hydrolysate based on 2
experiments (biological replicates) in which the measurements for each concentration were
repeated 5 times, expressed as a percentage of the maximum net response, i.e. the net
response induced by 1 nM CCKS8S.

Fig. 4. Dose-dependent calcium-mediated fluorescence fluxes in individual cells monitored
with a resonant scanning confocal microscope. (a) Boxplot representing the single-cell
response of CHO-CCK1R and CHO-K1 cells to increasing concentrations of the 7S soy
hydrolysate (0.0039-1 g/l), measured as the average intensity of individual cells and expressed
as a percentage of the maximum response, i.e., the net response induced by 1 nM CCKS8S.
The boxplots are based on the results of five technical replicates. Stars indicate significant

differences from the dose-matched CHO-K1 control (3.9E-03 g/I: p= 9.1E-01, 1.6E-02 g¢/I:
17
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p=1.8E-02, 6.3E-02 g/l p=1.0E-02, 2.5E-01 g/l p=3.8E-02, 1.0 g/l p=4.8E-05). (b) In silico
erosion. Per condition, the response was calculated for all cells within one representative
image per concentration of 7S soy hydrolysate. Next, cells were progressively removed from
permutated data sets, one by one, down to the single cell and per step the average net response
was calculated. This was repeated 100 times per condition. Every line represents one
complete erosion cycle. (c) From the eroded data sets the coefficient of variation (COV) was
calculated and plotted as a function of the number of cells. The inset shows the same plot
represented on a logarithmic scale to facilitate discrimination of the exponential part of the

plot (cell numbers <20).
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Supplementary material

Supplementary Fig. 1. Inter-individual and temporal variation of normalized fluorescence
kinetics (Fi/Fo) in response to varying doses of the 7S soy hydrolysate and 1 nM CCKa8S,
monitored in CHO-CCK1R and CHO-K1 cells with a resonant scanning confocal microscope.
Every plot displays the kinetic fluorescence profiles of all cells of one arbitrarily selected
recording.

Supplementary Fig. 2. Normalized fluorescence kinetics (Fi/Fo) in response to 3 g/l of the
soy hydrolysate E110, monitored in CHO-CCKI1R (a) and CHO-K1 (b) cells with a resonant
scanning confocal microscope. Kinetic curves are displayed for one representative recording
of each cell type. The left plot shows the average signal of the whole image, the middle plot
shows the kinetics of the average signal per cell for all cells and the right plot displays the
average signal of an image region where no cells are present (background). The relative
stability of the background signal and the pronounced intensity fluctuations of individual cells
confirm that the measured response across the whole image can mostly be attributed to a

cellular component (calcium fluxes).
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