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Introduction - Background

_@

Gastrointestinal digestion

dietary proteins digestion —> amino acid intake

1833

“Shall | refuse my dinner because | do not fully
understand the process of digestion?”

[Bunt, B.1., Phys. Today 2012, 65, 48]. > : a - .y Chares Violete




Introduction - Background

o Partial hydrolysis by pepsin (Stomach)

o proteases (trypsin, chymotrypsin, carboxypeptidases) and
microorganisms peptidases (small intestine lumen)

o brush border membrane peptidase (microvilli of epithelial cells)
|
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Introduction - Background

_®

e Sources and roles of bioactive peptides

{Sources of bioactive peptides \

Animals

All proteins
Plants

\ - Cow-milk proteins /

benefit / harmful

Nagpal, R. et al. Food Funct. 2011, 2, 18-27. ; Sharma, S. et al. Int.J.Bioautomation 2011, 15, 223-250.

Health —promoting roles of
bioactive peptides
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Introduction - Background

» Hemoglobin (Hb) as a potential source of bioactive peptides ?

Hb (a2/B2): a model protein

Meat production food chain

Transport P Lairage | Si2uehter ——> slaughterhouse blood - 20% of
proteins

Slaughter
/bleeding
- | 30 % 70 %
emova .
of hooves sold discarded
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Hoorfar, J., et al., eds. Food chain integrity: A holistic approach to food traceability, safety, quality and
authenticity. 2011, Elsevier; Bah, C. S. F. et al. Compr. Rev. Food Sci. Food Saf. 2013, 12, 314—331.;

Ofori. J.. Hsieh. Y. In Food Additive. In Tech. 2012. op. 230-256.



Objectives

1

o Development of an in vitro human digestion model to study protein digestion

o Characterization of peptidomes (Gl digestion-derived peptides)

2

» Protein digestion and energy homeostasis: impact of generated peptides on
intestinal hormones

Bovine hemoglobin P
Source: NCBI '..'0
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invitro Gl digestion x3

No heating
over 37°C

l

Stop digestion
(100°C, 15 min)

s Small intestine
t=15-60 min T >
pH=6.5-6.8

sample
collection

Mouth _
t=5min [T >
g( pH = 6.5
gastric juice T
\ 5 5
a 23 8
- Stomach 22 =
l ) 95 , &L
t=30 min h= £
pH=1-2 32 ;-’.
sE 3
duodenal juice k= §
whithout bile \ £
v

Analytical strategy

Separation Vass
r:ethod spectrometry/
Bioinformatics
C18RP-HPLC  x1  \1aipl-ms/MS

LiChrospher 100 column
(Merck KGaA,
Darmstadt, Germany) G

v' Biotools 3.4

C18 LiChroCART 250-4,
AutoFlex speed, Bruker

v' Peaks 7

X1 Q

€18 NanolC ESI-HR-MS/MS
Acclaim Pepmap RSLC, l:> Thermo Scientific Orbitrap

75 um ID X,SO cm, Elite mass spectrometer
Thermo Scientific

Versantvoort, C. H. M. et al., Food Chem. Toxicol. 2005, 43, 31-40.




Results

o Hemoglobin (Hb): a highly digestible protein
Normal bore C18-HPLC profiles

Gas. Int. 0.5 ;
digest digest h
—————————— —————— 0.4 4 Hb_A eme
0.5h 2h  Mw 0.5h 2h & Hb-B /
26.6 kDa 0.3 1 >
S
LN 02 | Undigested
Vo) 14.6 kDa Hb
i 0.1 -
i I B
2 5 0.5 -
a =z
% E 04 .
A 3 Gastric
o . .
(72) ® 03 | digestion
3
=
[}
£ 02
o
1400 - é
> 0.1
_C — — 2 hour gastric digestion
o = 1200 4 —— 2 hour intestinal digestion 05 -
ED -é- 1000 -
0.4 |
% g 800
c g 03 | Intestinal
o & digestion
= 2 400 02 4
c ° -
(@]
| § 200
@) 0.1 1
L (VAN
U-) 0 - . N ] . T T T T \
108 10t 10 107 10! 20 30 40 50 60 70 80

Apparent molecular weight (Da) RT (min)
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Results - Low resolution approach

© Normal bore C18 HPLC-MALDI-MS (off-line)

Digestome 0.35 N
e.g. : gastric fraction
samples _.0.30-
€
c 0.251
@ S
& 0.20
C18-HPLC 2 ]
. X3 2 015
separation 010
0.05 e e e
@ 30 40 50  RrT(min 60
Manual collect X3
(26 fractions)
2 . MS
Automatic s
MALDI-MS and X3
MS/MS il T
m‘oo’ 1500 ‘20‘00 }

—> Gathering of all XML files

Combined XML file
+ renumbering of detected peaks

!

F &)
Enzyme : none l Hb-A and Hb-B

Missed cleavage : 36 ‘ sequences

Peptides
Matching

REALCAT plate-form, Univ Lille 1



Results - Low resolution approach
e.g. : gastric fraction

—(9
o Peptide heterogeneity (HPLC-MALDI-MS)
HB alpha chain (Hp_A), | | | | L

4
VLSARDKGNY KARWGVGGH RAEYQREALE RMFLSEFTTE

317 matching peptides (pased on Ms-data)
- sequence coverage (MS) = 100 %

% 19 peptides unambiguously

identified by MS/MS
-> sequence coverage (MS/MS) = 77 %

O O O o O
Digestion resistant sequences ?

O O O L
HBIbet.’Ia\ chain (HbI_B)

lon parent error tolerance 30

1 1 1 1
e = 339 matching peptides (vased on Ms-data)
—t —> sequence coverage (MS) = 100 %
Be = ' 5,. | 26 peptides unambigously
! il . = " — = identified by MS/MS
i : i ‘ . = | - sequence coverage (MS/MS) = 66.%
L ; N '

m and fragment mass error tolerance 0.5 Da.
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Results - High resolution approach

© nanolLC-ESI-HR-MS/MS e.g. : intestinal fraction

% ACN

Dlgestome
zZip-tip
samples 5‘7

Orbitrap Elite ¢ data-dependent mode *
mass RP = 70,000 (FWHM) .
A spectrometer 300-1600 m/z > 3%6 ions *

120 140 50

% MS param. MS/MS param.

500 counts

isolation window of 4 amu
normalized collision energy
of 35%.

e 5000 ions and max. inj. time
X Acclaim Pepmap RSLC, 75 um ID x 50 =60 ms
= . cm on Proxeon Easv-nLC svstem * 300-2000 m/z.
|n_: 100] Fae | | ‘. T . :
(P Peptide identifications
o N Database :
sl ey kb L A bovine proteins o Jvizsoniind
.‘ : ) , _ ' Just one softwaretm‘:.u;as;te::
B 3; T o g iy nwe Lt L R Hb_A 306 peptides unambiguously identified by MS/MS
| i " - sequence coverage (MS/MS) = 100 %
ca,cu .¢ b s ,
& L] _ False discovery rate (FDR) = 0%
i ‘H.‘i'a; : ‘
e

peptides

g . Y | Hb B 420 peptides unambiguously identified by MS/MS
- sequence coverage (MS/MS) = 100 %
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o Peptide heterogeneity(nanoLC-ESI-HR-MS/MS) e.g. : intestinal fraction

Hb_A !-Ib_B
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Gl digestion-resistant sequences

lon parent error tolerance 10 ppm and fragment mass error tolerance 0.2 Da. .:..:




Results - The Gl digestion-resistant sequences
12

HB_A: full sequence
Hb A - intestinal maps VLSAADKGNVKAAWGKYGGHAAEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHGAKVAAALTKAVEHLDDLPGALSELSDLHAHKLRVDPVNFKLLSHSLLVTLASHLPSDFTPAVHASLDKFLANVSTVL]

e e =

aming acids

"Em—— slphs helice. T 2 3 456 7 8 9 100 213 W5 % 1718 1 2020 22232425 2627 23 29 30 31 32 33 34 35 35 37 35 33 40 41 42 43 #4 45 45 47 48 43 50 51 52 53 54 55 56 57 5% 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 |

VIS AADKGNVKAAWGKYGGHAAEYGAEALERMFLSFPTTKTYFPHFDLSHGS AQVKGHGAKVAAALTKAVEHLDDLP

ce value

beta sheet

Peptide sequences identified from intestinal pep. [ Start End
MYLEAADKGNY.EK
VL ShADKEAMCA
MVLSAADIGAMCA &
MYLSAADKGNYE A WGK.Y
MYLEAADKGNYE ASWEKYEGH.A
WYL SAA DKM AAVGRVCGHARE Y
VL SAADKAMCR AV GHAAEY &
VL SAR DKM AUBIVEOHAAEYBAE &
MLYLEAADKGNYE AS WEKYGEHAMEYGAEAL
MYLEAADKGRYE AA WGKYGGHAMEYGAEALE
VLS DA AV KVCOHAREYGAEALER M
LS A DB
W.LSAADKGHYKASWEK Y
LSAADKGNYKAAWG K
L SAADKAMIKARYCRVGEHA
S | DKGHIVE A AVOKUGGHARE Y
LSAADKGMYKAAWGKYGGHAAEY.G
LEAADKGNYEAAWGKYGEHAAEYGAEA
S DKAMKARY KV GEHAAE TEAEAL
LS RADKHMIA AWKV GBHAAE TOAE AL E
5.8 DKGNYK AR WGKYGGHARE.Y
AADKGHNYKASWEKVEGEHAAE. T
T ADKEAYK ARG VCHAAEYGAE A
B KCAVKAAMEKVEBHARE ¥
NS VGRVBHARE ¥
K.AAWGKWEGHAAEY
K AAWGKYGGHAREY G
CAAUGVECHAAEYGAEALE
ARV 8 AEVGAEALER
K.A8WGKWEGHAAEYGAEALERMFLEF
K AAWGKYGGHAAEYGAEALERMFLSE P
AV VECHAAEYGA ALERMELSF P TT K
ARV AEVGAEALERMELSFPTTIC T
K.AAWGKWEGHAAEYGAEALERMFLEFFTTET.Y

—
E Preferential cleavage site for trypsin

HB-A: heat map of AA occurrence frequency

HB_A: full sequence

B o-helice [l B-sheet

WLEAADKGNVKAAWGKVGEGEHAAEYGAEALERMFLEFPTTKTYFPHFDLEHGEAQVKGHEAKVAAALTKAVEHLDDLPGALSELEDLHAHKLRVDPYNFKLLEHELLVTLASHLPE DFTPAVHASLDK FLANVETVLTEKYR

2
4% 8 45§ 7 N AN W 1249 40 45 AT AP AR 43 20 24022 3% M 25 0 W I T M M2 1 M 35 30 37 T T 4N 44 43 41 44 45 4C 47 AN 43 S T4 T3 T3 54 55 5 52 SA 53 OO G4 G2 63 B4 ES 6 G7 GO 3 TN T4 72 P 74 75 JC 77 70 73 NE M N NS RGBS NG NP N U3 TN 3 32 33 %5 36 37 N N AN NN NN 0N NR N W RN RN NN UR NR WD U NN N0 DN RN RN U NE NG NN RN RN NN UR NR ND OO NG MO B NN WD U DD WO O m

¥LS AADKGNYKAAVYWGK YGGHAAREYGAEALERNMFLSFPTTKTYFPHFDLSHGS AQYKGHGAKY AAALTKAYEHLDDLFPGAL SELSDLHAHKLRYDPYNFKL LSHSLLYTLASHLPSDFTPAYHASLDKFLANYSTYLTSKY

HB-B: heat map of AA occurrence frequency

HE_E: hull s=quence
MLTAEEK AR TAFWEKWKVOEVGEEALGRLLUAY P TORFFESF GOLSTADAVMNMPK UK AHGKKWLDSF SHGMKHLDDLKG TF AALSELHCOKLHYOPENFKL
m
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HLT AEEKAAYTAF WGKYKYDEY GG6EALGRLLYYTFWTGRFFESFGD0LS5T ADAYT HHHFKT KAHGKKYLDSF SHG6HKHLDDLKGT FAARLSELHGDKLHYDFENF KLLGHY LY YTLARNFGKEFTPYLAADFEGKITAGY AHALAHN
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Objectives
—® .

1

o Development of an in vitro human digestion model to study protein digestion

o Characterization of peptidomes (Gl digestion-derived peptides)

2

» Protein digestion and energy homeostasis: impact of generated peptides on
intestinal hormones

Bovine hemoglobin i
Source: NCBI '..'0
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Background - Food intake regulation: the brain/gut axis

¢ Energy Homeostasis:

Energy expenditure vs caloric intake:
need to ensure a balance

® Regulation mechanisms

Long term - adiposity signal:
To maintain body weight

« adiposity negative feedback »
(Leptin)

Short term - satiation signal:
(gut hormones, gastric distension)

—— > Food Intake
- A

Food reward
- A

Gastro-intestinal [\
tract

Short term
regulation
B

Adiposity signal

leptin
Long term
regulation L

satiety «

Protein
digestion

Satiety signals
Response to meal
stimulation

T+

tissus adipeux & "/

Instinat régiamal de rocherche
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Background - Intestinal hormones

—®

® Cholecystokinin (CCK)

Produced by | cells (duodenum) in response to lipids
and proteins.

Promotes satiation: increase gastric secretion,
decrease gastric emptying, induces satiety feeling by

'-JE-Enteroendocﬁne
Neg vagal afferen
518 ¢ |cells (EEC) agal afferents

biland L

® Glucagon-like Peptide 1 (GLP-1)

.o Produced by L cells (ileum and colon)

%2, CCKand GLP-1 One of the proglucagon products

L Promotes satiation by various pathways

; Incretin:  stimulates  glucose-dependant  insulin
Bloodstream secretion
&
Vagal, enteric, and GLP-1 inactivation by dipeptidyl peptidase IV (DPP-IV).
spinal afferent neurons Only 10-20% plasmatic GLP-1 remains

Intestinal villi

.
., :
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Background - Intestinal hormones

Glucagon-like Peptide-1 (GLP-1)
PDB ID: 100R

DDP-IV — GLP-1:

Inhibiting DPP-IV extends GLP-1 incretin activity
New target for type-2 diabetes therapy

Ex: Gliptins (e.g. Vidagliptin and saxagliptin)

E&n”ﬁg"i H;-j%@

CHN

» Dipeptidyl peptidase 4 (DPP-1V)

DPP-IV rapidly degrades GLP-1 - decrease in plasma

DPP-1V inhibition = indirect increase of GLP-1 activity

- indirect impact on food intake

-> Dietary proteins: promising sources as “natural”
DPP-1V inhibitors

Instinut ségiamal de rocharch
Charles Viollette



Experimental design

saliva \J’

In vitro
digestion

Mouth

. t=5min
ID\ pH=6.5

gastric juice

/

. Stomach

,l t = 30 min
p 2-3

1
v
supernatants
collection

sample

2

hydrolysis stop (100 °C)
centrifugation (9500 g)

Bioactivity
assays

Hormone secretion

& gene expression
DPPIV activity

Bioactive
sequence
identification

v

Small intestine

t=15-60 min
pH=6.5-6.8

duodenal juice
whithout bile \
N

1

Stop digestion
(100°C, 15 min)




Results - Intestinal hormone regulation
~9) w

Hormones secretion

160 -

oh CCK& a a a
=== GLP-1 - a
secretion %_ 120 1
RIA detection ~
X
O 80 -
O
b
b b
40 A b
0 d
800
s 2 j
& 600 - 2lb
- bc
(ol
—1 400 -
O c
Significant increase of both CCK and GLP-1 secretion in g ¢ C
: : S 200 A
presence of intestinal samples 3
d
- Beneficial effect of intestinal enzymes on peptide 0
g g o 0 Cl 5 60 120 30 60 90 120
potential bioactivity T G itestine

residence time, min

Charles Viollette




Results - Intestinal hormone regulation

—@9)

» Regulation of hormone gene expression

24h CCK &

=== > Proglucagon

' genes expression
gPCR

active GLP-1 (pM)

CCK proglucagon
1000+

rol

Ctrl 5 B0 120 30 60 90 120
mouth  stomach

ntestne

residence time, min

800+

6004

4004

2004

transcript level in % control
transcript level in % cont

Intestinal hydrolysate (14) significantly induces
both CCK and proglucagon gene expression

treatment treatment
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Results - DPP-IV activity inhibition

—0)

DPP-IV activity assay

AN 70
wie Cellextracty hpp |y activity inhibition 9 a
) DPP-IV of Hb digests ‘C’ 60 - a
In vitro colorimetric o b b
assays =
y S 50 |
E bc
£ 40 - ¢ c
>
S 30 -
= .
O
© 20 -
>
o 10 .
a 10
a
0 B 1
30 60 90 120 150 180 210 240
q q spileial 2N a t h intestine
Intestinal DPP-IV inhibition activity is somee’ . e
residence time, min

enhanced during Gl digestion
""""" > Physiological relevance, same peptides

involved?
------- > Need to identify resistant active
sequences ..

. 5
i
s

Final intestinal hydrolysate: best bioactivity
like for intestinal hormone

Charles Viollette




Results - peptide purification

&)

1600

I | cek
» Size exclusion chromatography 1200 - | secretion
z MW < 1000 Da
1200 1 . 5 S %
£) ;A B ;D SEC profile 3
<E( intestinal digest 400 4
i=2 4h digestion b
£ o00- L
[
= N AN
- 1000
S . GLP-1
g 800 | c secretion
S | o L
= MW > 500 Da
g 300 4 Z 600 -
5 o
-:‘é 2 400 - b
0 : . ; . = b
10000 1000 100 10 © 2004
Calculated molecular weight (Da) a. - ‘
& L5 r 9 ¢ 9
ooo\ N RS
80
CCK and GLP-1 different peptide g , oy
groups involved S e S
2 MW range
é’ ol : 500 — 1500 Da
------- > DPP-IV and GLP-1 > 0]
Same peptides involved? g
0
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Results - peptide purification

» C18 RP-HPLC

Abs at 214nm (AU)

g
>
]

o

2

g

Absorbance at 214 nm {mAu)
g

g

10000 1000

e

uonpiodas

103 10
Calculated molecular weight (Da)

SEE prafile

4h digestion

1000 -

S,

F2

active GLP-1 (pM)

U

F11

P——

0 800 1000 1200 1400 1600 1800 2000 2200 2400

00 3006 3200 3400 3600 800 4000 4200
unutes

Time retention (min)

00 4800 4800 000 5200 S400 %00 %800 6000 €200 €400

% DPPIV activity inhibition

800 -
600 -
400 -

200 H

y

100 -
80 -
60 -
40 -

20 +

GLP-1
secretion

DPP-IV
Inhibition

SRR R,

Peptides contained in F4 both stimulate GLP-1

secretion and inhibit DPP-IV activity
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Results - peptide purification

—@

» Peptide identification and passage across intestinal wall

' ” “ “ H
‘||\ “ W ‘

\J HM

Abs at 214nm (AU)

Tine retention (min)

F4 mtestlnal

sub-fraction
60 peptides w

Apical

Caco-2 cell
monolayer — —

Basolateral

LC-MSMS

18 peptides

HB_A: full sequence
VLSAADKGNVKAAWGKVGGHAAEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHGAKV

141 amino acids

1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

vV L 5 AADKGNVEKAAWGKVYGGHAAEYGAEALERMFLSEF

) 13=

Protein Sequence Mass (Da)
HBA_BOVIN ADKGNV 602.3024
HBA_BOVIN ADKGNVK 730.3973
HBA_BOVIN SAADKGNV 760.3715
HBA_BOVIN SAADKGNVK 959.5035
HBA_BOVIN DLHAH 591.28
HBA_BOVIN SDLHAHK 806.4035
HBB_BOVIN SDLHAH 678.3085
HBA_BOVIN DLSHGSAQ 813.3617
HBA_BOVIN KAAVT 488.2958
HBA_BOVIN MNNPK 602.2846
HBA_BOVIN SLDK 461.24
HBA_BOVIN VAAA 330.19
HBA_BOVIN VDPVN 042.27
HBA_BOVIN I VGGHAAE 639.2976
HBA_BOVIN YGAE 438.175
HBA_BOVIN YGAEA 509.2122
HBB_BOVIN ANVST 490.2387

HBB_BOVIN LTAEEK 689.3596
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Conclusion and Perspectives

_@ .

» GLP-1 / DPP4

60 resistant peptides to in vitro

Enterocyte

Jaliieq ino

&

18 resistant peptides able to
cross intestinal barrier

blood stream
Afferent neurons

- Significant increase of both GLP-1 secretion and proglucagon gene expression

= Inhibition of DPP-IV activity

- Extending GLP-1 actions (food intake regulation and incretin effect)




Conclusion and Perspectives

—@3

Hemoglobin peptidomes

- More than 700 sequences unambiguously identified in gastric and intestinal peptidomes
- Specific cleaveages sites identified
- Resistant sequences identified — recurent patterns

- These recurring patterns were made of amino acids that could be potential preferential
cleavage sites with regard to enzyme specificity.

- No particular link between enzyme resistivity and isoelectric point or hydrophobicity index
has been found out so far.

- Peptide conformations could prevent or slower enzyme activity. Secondary structure
implicated.

Proteases and peptidases Emergence of resistant ra

(Gl environnement) > bioactive sequences é v

s et : New tool for the study of this
complexe phenomenom

—3 New tool for screening dietary protein
bioactivities

R
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