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yak milk casein was explored. One strain with the potential to produce ACE-inhibitory peptides was screened from sour
yak milk using the skimmed milk plate and Lowry methods and was combined with five proteases to hydrolyze yak milk
casein. Hydrolysis degree, ACE inhibition rate, peptide concentration, and pH were used as indices to determine the optimal
proteases, and the hydrolysis process was optimized via bacteria-enzyme cofermentation and hydrolysis using an orthogonal
test. An ACE-inhibitory peptide from yak milk casein was isolated and purified using ultrafiltration and dextran gel G-15, and
its amino acid sequence was determined using liquid chromatography tandem mass spectrometry (LC-MS/MS). The effect of
temperature, pH, and a buffer salt system on its stability was determined. The potential strain Lactobacillus fermentum 187
with 43.29% ACE inhibition was screened, and the optimal protease was alkaline protease, with optimal enzyme preparation
process parameters including an enzyme-to-substrate ratio of 767 U/g, 5% lactobacillus inoculation, an enzyme digestion time of 10 h,
an enzyme digestion temperature of 37 ‘C , and a substrate pH of 7.0. The G2 peptide fraction (IC5,=0.28 mg/mL) was separated
via ultrafiltration and dextran gel G-15 and exhibited a promising antihypertensive effect; the G2 peptide fraction also has
good thermal, acid-base, and salt stability. In addition, a total of nine peptide sequences were identified by LC-MS/MS.
The results of this study provide a theoretical reference for the development and utilization of bacterial and
enzymatic co-fermentation and the hydrolysis of yak casein to produce antihypertensive peptides.
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44— : : . 12 IKAR SN, S8 T ACE #0122 Bk 17 2. SR,
e /% B 5 B T 6] 1380 HE 4, 36 2 PR ) ACE 1011
R o iR NN N B & A WIE R A
| ] 1 Br, KPR 5 L 928 1 EL BRI T ACE $11fik
60 {28 4 R P BT ELL S5 ACE i 22 A /K g
= u o o A8 h MR ERGRE .
E st 5 FLR B & AR KR N 37 °C, B B AR
g ol 208 RERE N 55 C. il Ad TR BB BRI
48} TAEINE s T ACE il % 258 AR R RS, 37 C
o | | | e MG, M 56.10% ¢ 7 DH AW EFF, %
4 6 8 10 12 FE (P<0.05), X0fAE H T8 & ARk &R
BRI / S AT 2R R FLIR T 2R (S R
d 0r e acEmEI% 132 R E A B, L, 1EHE 37 CHA BRIy B
o M s |2 SRR EE
S 15 pH (RS IR P OSSR 3, e Y 45
:_;i S2r {24 & JE A 55 I 1) 5% R0 7 LA R B 4y 5 ) 256 A ) R g bR
T 128 AR AR YK R T 1 e B
<l Iis K1, B pH B, KAREER ACE 11
{16 YR eTEa BRI 75 pH E 7.0 B 1A 2 &
03 37 39 al FER KAE, 459K 27.52% K1 58.54%, K It 7.0 N &
REARIRL B / C £ pH 1H.
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23 EXRRBLEREE 9
23.1 E3GRIESH

x5 EXTWRITEER
Table 5 Orthogonal experiment design and results

T A B C D DH/% ACE #7%|%/%

1 1 1 1 1 881 51.83¢
2 1 2 2 2 9967 49.39°
3 1 3 3 3 2672 46.34"
4 2 1 2 3 2455 48.78°
5 2 2 3 1 1054 59.15°
6 2 3 1 2 1246° 56.71°
7 3 1 3 2 2535 65.24°
8 3 2 1 3 23.48° 37.80’
9 3 3 2 1 9.04 48.78°
K, 49.19 55.28 4878 53.25

K, 54.88 48.98 4898 57.11

K, 50.61 50.61 5691 4431
R 142 630 793 1281

M1 3% 5 ATk, G I AR ZE O B, RN R T R O
JEE PR RGN e - Y pH B (D) > il i 1
[ (O>AREZME B >EABS KDL
(A, HK\\ Ky KERNME, #HiRRILAE
& ABCiD,e SEFRIRAAL A AB,CD,, RN SR
Yt 920 U/lg, BEHERNE 5%, BEMRESE 10 h, &Y
pH 18 7.0, M4 ACE IR 55, N 65.24%,
FERRE (P<0.05).

* 6 EXIRIACEHGIRFTESTER
Table 6 Variance analysis results of ACE inhibition rate

in orthogonal test

A& FrAe HEF AWE F E2FHK(P)

Bh Ak 15808 79.038 2 177.37  0.00%*
HAE 20245 101.223 2 227.16  0.00%*
BafRETIa) 38691 193455 2 43415  0.00%*
A pHAA 77686 38843 2 871.7  0.00%*
#RE 8.02 0446 18

M AHMEF (P<0.01),

R 6 v, EARRIGEER 4 ANEHRE R+,
filg S5IRAEE . M, WA I 1R FD A pH B X g
T 25 B3
232 BEFBHLER

T 2.4.1 AR, SEPri A S5

A EA—E, Hik, FxERit (A,B,CD,)
BHATIRAEREG . SRR EISREM N REAR
ACE 1 2 N 66.46%, %45 B w1 1E28 S8 th A+
— K P A M) ACE %, Fik, &ETZEN:
My 5RYILE A 767 Ulg, M EN 5%, B fEEE
N 10 h, JEY pH {E N 7.0,

24 HUELHBEFIBE A ACEWH K4 F

xR 7 BIRZHSACEMHIERIC,,
Table 7 ACE inhibition rate and IC;, of ultrafiltration

components
45 ACE #7%4|% /%  ICsy/(mg/mL)
AR B R 66.46" 0.61°
M3 > 10 kDa 49.39¢ 1.o1*
3 kDa<M2<10 kDa 58.54° 0.66"
M1<3kDa 70.12° 0.55

B15 B R AR IR Z: 10 kDa 1 3 kDa (B E
EHATHIE DB, SLIs Rk 7 iR, ACE #i)
FRWEHEIE 7 B 5 0 AN AR FRIA Y, #A
5y ACE fiffi| R 5 1Cs, Z R BB E. WES TEMN
/N, ACE 4HINEPERSG K, ICs, J/Ne 4 Mg AV o
KN 1.0 mg/mL B, M1 ) ACE i 2 ¢ i ok
70.12%, 1Cs, [ H¢/N N 0.55 mg/mL, i BI4E 4 L
HH ACE #if Ik FZ 71 &/NT 3 kDa PIIKEH
B AR ANE, R M1 AT — 2
At AL

2.5 #HEMEIK (SephadexG-15) 4 BACE
I R

oV G2 G3

|
N3
(=]
T T T T T T T 17T

=60 bt 1 1 1 Lo ) r|1 ! 1 . 1
-15-10 -5 0 S 10 15 20 25 30 35 40 45 50

t/ min

B 5 BRIEER SephedaxG-15 &5 B E
Fig.5 Chromatographic separation of Dextran gel

SephedaxG-15

B 5 7] %1, M1 4145 4 5d Sephedax G-15 4
WA BT B ET B S, W T =N,
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48 Gl G2 fl G3. fERER EMT, 708 it 4k
THD D TRERNTH, 2 TEBNHHS S
R A B k. BRIk, 3 AN TR RANA
G1>G2>G3. RIS ERIVERL * 0T
JEHBCHK 1.0 mg/mL AN E 3 ACE #1i] 3 J 1Cs,
FIE, S5 RNk 8.
% 8 SephadexG-155EfE 4 B & 4H 45> ACEHI I ZEFAIC,,
HIMELER
Table 8 ACE inhibition rate and IC;, determination results
of each component separated by SephadexG-15
484>  ACE##|% /%  1Cs/(mg/mL)

Gl 51.83° 0.70°
G2 76.22° 0.28°
G3 47.56° 1.12°

xS, 2G5 BEMSHAr BAE
AN [A] #2 & ACE #1112, G2 4 43 ACE #ll il i% %
76.22% (IC5=0.28 mg/mL) >G1 214} ACE #1 #1 i%
P 51.83% (1C5=0.70 mg/mL) >G3 414> ACE #1I
BV PE 47.56% (1C5=1.12 mg/mL), H Z# 7 &%
(P<0.05).

2.6 HEEIEEEGACEWN B kG4 i #a =
it

2.6.1  REREX G 1A R R R

ACE # i Bk A e tE IR 2, | M7
BN T EE T 2 R, b2 55
AR, SaMmEE, mE e v, MEE
9 20~80 ‘CHf, G2 ZH%r 1) ACE il JJk % & v 14
AR, EAREFE 4% A£G, JREN
80~100 CIHf, JHP% & iE M W 3% AR, (HA5 IR
B IS .

80
76 a
= : 2 :
s 72t b
B
= 6
O
<
64 -
60 1 Il Il 1 Il
20 40 60 80 100
MR/ C

6 imEXT G2 H5HY ACE M ZE K0
Fig.6 Effect of temperature on the ACE inhibition rate

of G2 fractions

100

262 A pHAT G2 494 MR

72
a a a
68  #— * +
s b
-  64r
5 6
T
Z 60F
m
Q
< 56
C
52 F
2 4 6 8 10
pH{E

B 7 pH Xf G2 45789 ACE il Z= Ky 2200
Fig.7 Effect of pH on the ACE inhibition rate of G2 fractions

HE 7, HpHMEMN2 A E6R, G241
5319 ACE $IHIVE PR AR, FEORFR = BTE 1,
Ui WK e ACE 01 i) Bk i T 6 & BT 52 0F 5N A
B AEE: 43 pH ( ETHE pHAE 10, #li2% K
52.44%, FLAMEEE B K. X RE2 T e
BZEAE T, R AT 1 e A T A A 1 ) G Rk A
Ak, MNIMFBOEMHEEE . 25 b, A ARE
1R R IR FR PR 2 1F T A B AR ik
263 AR HAKFETG2AN AR Z R A

& 8 1] A1, NaCl ik £ 4 0.2~0.6 mol/L K},
G2 57 1) ACE i ki A — 3, fRFFTE 67%
KA, 24 NaCl ik % N 0.6~1.0 mol/L i, J 41 il
WEVEE L T, 7E 1.0 mol/L I, ACE #0154 Ny
35.98%. AUk, #ifiZ NaCl #FEA 0.6 mol/L.

70 - a a a
b
S 60 |-
# 50+
5
m
O
< a0}
C
30 L 1 1 L 1
0.2 0.4 0.6 0.8 1.0
VKR SZ / (mol/L)

8 EIREXT G2 H5rH ACE M RN
Fig.8 Effect of salt concentration on the rate of ACE

inhibition in G2 fractions
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N TREEZ B BRIEEERZKF A, K
G-15 o 3% 73 3 44k 15 3 1 G2 4H 7 48 LC-MS/MS
AT 2 PR — eSS R Il 52, 15 310 B FH O Skl




MR B R

Modern Food Science and Technology

2025, Vol.41, No.8

J¥i% (De novo) AT IR T EE, HERE
Uniprot-proteome-UP000011080-20220208.fasta %%
e EAT LEXS, JLEEH 4 154 5k B, B9 A
BT RO,
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B9 REFREIELE

Fig.9 Total ion flow chromatogram

10.45% 0-43%

42.20%
@ 0.6~1.0kDa @ 1.0~1.5kDa
%2.0~3.0kDa = >3.0kDa

1.5~2.0 kDa

B 10 KRS FES T
Fig.10 Molecular weight distribution of the peptide

Xt G2 45y % I 4 155 S K03 7 & 43 A itk
700, a5 R 10 fios. 2 FEA /N T 3 kDa
IR B & & 5 S KRB 99.57%. KL, 2G5 T &
G AT S A FLIS B BV 5 1 ACE # S 1,
HELF FLI B KR B A VR A I B IR K

R4 53 1K 5 1% £ 45 26 17 1 De novo A2 8 H T4
ST R B TR E AT OGO, @ik B
SR i N e i | B DO A T ES P S
(1) #E i V£ 12E 4T 4T 47 VP A . ALC 1E N De novo 45
MBS E, ALC>80% & /x4 RAlf5. @il De
novo M7, kA ALC>80% M4 E#EIK 25 4.

¥ ALC A 80% I /5 41l i M 3fi PeptideRanker
(http://distilldeep.ucd.ie/PeptideRanker/) X Ik Bt
AT oy, 3E9 K EH >08 MK, 47N
YLRFF (0.97). LLYRFF (0.95). YLKFF (0.91).
HLPLPLKF (0.89). SVLRFF (0.89). EDLLRFF

(0.84). LNEDLLRFF (0.83). NEDLLRFF (0.82),
LLFRQF (0.81).
¥ EVF 9 KRR 53R 9 % Bl B8 R L,
HARKIE LR RIIRBG BB R 8 A
AL B R K e A AL R, 135 1 9 SR 1Y
TELE I ACE #1# Bk, N YLRFF (Tyr-Leu-Arg-Phe-
Phe). LLYRFF (Leu-Leu-Tyr-Arg-Phe-Phe). YLKFF
(Tyr-Leu-Lys--Phe-Phe). HLPLPLKF (His-Leu-Pro-
Leu-Pro-Leu-Lys-Phe). SVLRFF (Ser-Val-Leu-Arg-
Phe-Phe).EDLLRFF(Glu-Asp-Leu-Leu-Arg-Phe-Phe).
LNEDLLRFF (Leu-Asn-Glu-Asp-Leu-Leu-Arg-Phe-
Phe). NEDLLRFF (Leu-Asn-Glu-Asp-Leu-Leu-Arg-
Phe-Phe). LLFRQF (Leu-Leu-Phe-Arg-Gln-Phe).
H v Z Bk YLRFF. LLYRFF. YLKFF [¥] — 2% 4 1)
7 1% B 4 B 17 23 5l 4 YLRFF(A). LLYRFF(B).
YLKFF(C).
® 9 BRIREKRRMIE

Table 9 Search url of each database

2 AR ) Jik
ACE 7 %\ Ik £ 4% http://crdd.osdd. net/raghava/ahtpdb/
% (AHTPDB) pepsearch.php
&R AR S http://erop.inbi.ras.ru/

EROP-Moscow

http://www.uwm.edu.pl/biochemia/index.

BIOPEP php/pl/biopep

PepBank http://pepbank.mgh.harvard.edu/

i & 11 7741, K YLREF SRR A A (Tyr-
Leu-Arg-Phe-Phe). LLYRFF (Leu-Leu-Tyr-Arg-Phe-
Phe). YLKFF (Tyr-Leu-Lys--Phe-Phe). 4 fff 7t %
B Y C Run R 2 7 F IR A AR (Trpy Tyr Ml
Phe) ¢ JIE W5 & LR (Ile. Ala. Leu £l Met) Al
R (Pro) I, ZBKIAMEIEMEE &, A5
JIK LLYRFF H C i th g 07 R S 5 iR R (Phe)
[ Wei 255 ML L1 I B 7 420 7L 37 /K A A0 v S B
¥ Ff ik Bt FDRPFL 1 KWEKPF (IC5=0.75 mg/mL.
1C5=0.67 mg/mL) 35 B A m bl g . N-Uihy
BiK PR HEERE (Val. Hles Lew) BRBRMEZREE (Lys.
Arg. His) Bf, ACE #ifil e 0w, Fal R A
1% B 5 1 B A P [ I 56 L4931 N-3i 35009 Val B
4 MKE (VFGK. VYPYYG), ASZEEH]—2% N-Ji
N Leu kB ((LLYRFF) & XM 45 1R
B A0 A BRI HNE V. B R P A EIHCE
AL NRWIE (Val. Tle. Ala), B (Arg) F15%
i (Tyrs Phe) ZSEMRGRIEMS, il iEkpem™,
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AWk YLREF. LLYRFF. YLKFF f31%055 {7
)28 Phe, 5 Zu S\ S Mg 5 LI PR ECHE Ok
[ Ik FPPDVA {85058 A7 A Val ¥ 5 A 558 1 0 i
WEVE, LAV PELE AR AN A 1C5=87.11 pmol/L. Ik
AhHAD 6 &R BL AR & Lid A

a F ”
L —R——+——F- F: ibMax
100 %-‘ F bz} R ' ‘ L » Y_g?'?Max
277.15 i
0.90%
X 11.45ppm
%’ 50 b
5
£
R i OO O PR
100 200 300 400 500 600 700
mlz
b ) o
100 FLL t F Y; R Y———LF—-L ?Mg;f
: : ly4 :
N
g sob il
5
£
1L yl W:Z “YE 1i |YS.-“IHJ”;3|| y4-‘;‘H3 | I
100 200 300 400 500 600 700 800
m/z
Y|L[K|E|
¢ MJ‘,J: Lkt P EobMax
100 T f K t L 1 Y yMax
=
2 sof
g i
= i
2 » |
yi “ "“
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ZRHRILE

Fig.11 Secondary mass spectra and structures of peptides

YLRFF (a), LLYRFF (b) and YLKFF (c)

3 g

i %t tH ACE $M1 Zh 43.29% 8 71 16tk Ak
FUAT B 187, BlME SR AR K R4 R AR R A A E
1 1) ACE ##1EYE N 59.76%. 8L # K KA ER
TG 58 B A KR S R S R E 767 Ulg, $2
Pl N 5%, FGEETE A 10 h, JEY) pHE AN 7.0,
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FE SR T B B R B R AR 187 KRV IT) ACE
2N 66.46%, I H A B B LR 7. R
7 R R 8] 5 Rk e SephadexG-15 43 25 15 21 11 G2
JRZH 7 B S i i b IR s8R, 3 ACE 1l % (%)
9 1C5=0.28 mg/mL. £ AH €43 — 5 16 3% (LC-
MS/MS) 75 & % € 31 9 25 IK 7 %1, H ' YLRFF,
LLYRFF. YLKFF ¥ B A 85 4f i 7K i 1 A ACE #)
filvEYE, ZIGAER ACE Mk, 1thoh G2 Bk 50 A
ARG E . BRI E MR B AR E . AR
FUEE L T B B R ) 45 = ACE H ) vE PR B 4R 4 A
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