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Abstract: The effects of pre-hydrolysis using different proteases on the degree of gastrointestinal digestion of maca proteins and the
immunomodulatory activity of their digestion products were explored. Dispase, alcalase, papain, bromelaine, and protamex were selected to
pre-hydrolyze maca proteins, and the final five digestion products after subsequent in vitro simulated gastrointestinal digestion were obtained.
The yield, degree of hydrolysis, soluble peptide content, and free amino acid content of the digested products were determined using the TNBS
method and Folin-Ciocalteu assay. Mouse macrophages RAW 264.7 were used as the model to explore the immunomodulatory activity of the
digestion products. Following pre-hydrolysis with the five proteases, the degree of hydrolysis, soluble peptide content, and free amino acids
content of the maca protein digestion products were augmented by respectively 35%, 5%~16% and 37%~92%, while no significant inhibitory
effect of their promotion on the secretion of TNF-a by macrophages was observed. The digestion products obtained via bromelain pre-hydrolysis
showed the highest immunomodulatory activity and comprised 15 154 peptides, with a molecular weight of <3 000 u. Among the top 10
peptides with the strongest interactions with TLR2 and TLR4 predicted based on activity scores and molecular docking, NPYPFFGFSI
exhibited the highest immunomodulatory activity. HOMO analysis revealed that the active site of this peptide is located at tyrosine. Therefore,
the digestibility of maca proteins can be improved via pre-hydrolysis without compromising their immunomodulatory activity.
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Fig.1 Flow chart of preparation of maca protein digestion products
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Table 1 Optimal hydrolysis conditions of the seven enzymes

F5 ERQiEttE

RERE/SC EMRESC R pH/ A EMMpH/ A BE/(Umg) BiimE/mg

1 THEaE 10~60 45
2 BHE4RE 40 40
3 ANERG#E 37~60 55
4  EIFEROH 50~60 55
5 A4EGH 40~50 45
6 A &xabh 37 37
7 kBl 37 37

7.5 7.5 114 438.60

10.5 10.5 258 193.80
5.5~7.5 7.0 423 118.20
5.0~8.0 7.0 369 135.50
5.0~8.0 7.0 62 806.50
1.5~2.0 3.0 250 143.90
7.0~7.2 7.0 8 625.00
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TR, E 110 'C R/Kf#R 24 h, EHEMEE
SEA KR -
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¥ 1.3.10.1 FHIEFSIEEBC S A Bioware i)
PeptideRanker £ ¥ 1 ( http:/distilldeep.ucd.ie/
PeptideRanker/) Tl KB EAT AEVIEERI T RENME, FF
R REEVE KT 0.5 HIREL .
1.3.11 HPEPDOCK 4T3 4% /i

¥ 1.3.10.2 i3 2B A HPEPDOCK
323, 51 5152 44 TLR2(PDB ID: 1IFYW) 2 TLR4

(PDB ID:5UD) #4750 T4z, Fiide X8k

B 10 MIKBCET B
1.3.12  FREA AR

KH Fmoc [EAHE SEEA R 1.3.10.2 Tk 201
10 AN P BREHT S RAE (D B IR AT 5.
1.3.13  AutoDock 5T 3t 307

Bl A % fF ChemBio3D Ultra 140 K
AutoDockTools-1.5.6 X} 1.3.11 §iide Fr Ak B A4 34T %
THR A EE . ARPEZARER (1 ID M PDB $diE/E R
F458), FF PyMOL 2.3.0 AutoDockTools-1.5.6 4bFH
ZREH. ®Jh, A PyMOL 2.3.0 1 LIGPLOT V
2.2.4 iR A EAE P AR
1.3.14 HOMO »#7

¥ GaussView 5.0 LA X Gaussian 09 3547 % 72
BB TR, (#F Gaussian 09 UL B3LYP/6-31 il /&
HAOMriE DL .
1.3.15 H3EA 32

i SPSS 26.0 HfFidiAT A2 T 08,

P<<0.05 M NZER 53 i Origin 2021 #4711
2 #R5R

2.1 TEsAEAT B B v A B R e

DA L~ SRR A it o R 7K e P i e fE 26
3=0.286 1x-0.000 3 (R>=0.999 6); 3441l & 1=l
SE AT PEIRAS bR th 22 9 =0.000 6x+0.000 9

(R*=0.999 7).
DAY 28 5k Ak S 5540, 18 T A4 Bl 15 (R0 V5 A6 7= )
MCPH JBAYEXTHR, JHALF=4) B1~BS5 BTS2, /KR
(DH) Mk 3 (YSP) 13k 2.
2 NAHEHLTYRNGER. KEERABMKSE
Table 2 Yields, DHs, Y SPsof the six digestion products

MCPH  28.00+2.83  2291+057  17.20£1.17
Bl 40.00+£5.66*  56.84+0.16%  23.23+3.47%
B2 47.00£4.24%  56.61£0.16*  28.39+1.23%*
B3 42.00+£2.83%  56.38+0.16*  27.19+£1.63%
B4 39.00£1.41%  56.50+0.00%  26.55+2.62%
B5 56.00+2.83*  57.06+0.16*  33.45+0.63™

E: *R TS RMR (MCPH) XA AESEHE
5+ (P<0.05), Bl—3|F REFE L4 (ave) ATEHALZ ]
BESEMEFE (P<0.05).

R 3 FNEHL YRS AR E (ng/100 ¢ BMEA)
Table 3 Free amino contents of the six digestion products (mg/100 g maca proteins)

R MCPH B1 B3 B4 B5
ESi 42.74£0.48°  62.11£239°  73.57+0.11°  6422+122°  59.12£1.79°  85.00+0.22°
AR 5246£1.24°  7376+2.62°  86.17+0.49°  77.01£0.52°  70.63+0.49"  99.09+1.42°
RABEE  33.0040419  45.04+1.81°  53.96+0.05°  47.01+0.88°  44.09+2.34°  63.94+0.15°
RAZF 232940809  34.13+1.52°  40.40+0.65°  35.11+0.85°  32.65+134°  47.91+1.51°
= 7.03£029°  10.70£031°  12.12+028"  10.04£0.50°  9.23+0.13%  13.49+0.19"
;EATER  29.04£067°  41.8120.61°  50.38+£1.72°  43.82+1.05°  41.11£2.23°  56.030.25"
BEFE 414440155 57794091 69.63+2.48°  59.95+0.48°  55.19+1.19  77.67+0.72°
R 52240.07°  722+0.06°  8.83+0.02°  741£022°  6.83+0.09  10.10+0.26"
H A 1532£0.39%  22.58+0.38°  26.8130.93"  2333+0.07°  22.19+0.74°  29.91+1.41°
Nl 11.54£0.28°  16.78£0.34°  19.69+030°  16.87+0.14°  15.52+£0.74°  21.64+0.32°
BEAF  17.67+040° 24.87+1.02  29.50+0.60°  25.49+091°  23.704025%  32.80+0.35°
TR 13.73£0.11°  19.37£0.44°  2245+0.64°  1938+0.89°  17.64£0.62%  24.59+0.34°
HAFR 737£0.14°  10.52+0.11  12.45£0.07°  11.10£049°  10.03+0.31¢  13.99+0.15"
B2 295£0.17°  4.00£0.13°  4.97+0.09°  445:0.09°  421x0.03 = 5.79+0.19"
EXCE A 7.00£0.11°  9.91£0.11° 146£038°  10.09£0.30°  8.94+0.49"  12.67+0.45"
ioE 37.1320.68°  54.31+048  65.17+127°  56.60+1.54°  52.57+2.66°  71.66+1.00"
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&R3
e MCPH BI B3 B4 BS
R 4.53£0.05°  634+025°  827+0.08"  6.88+0.36" 6.40+0.31° 8.76+0.04°
R 2B 7754039 10.92+0.14°  12.97+027°  11.60+0.55°  11.07+0.17°  14.97+0.34°
H R 14.64£0.50°  21.32+021°  25.65+0.97°  22.124031°  20.41+1.04°  27.83+0.98°
B4 2B 14.08£0.40°  19.75£0.16°  2333+131°  20.13:0.49°  18.63+0.67°  25.65+0.54"
R 777£022°  11.28£0.09"  13.16£0.09°  11.92+026°  10.75£0.37%  15.28+0.32°
LE R A 82.4444.59°  118.05£2.04°  139.32+0.10° 121.41+1.71°  111.20+3.84°  154.59+0.84°
Bfa 395.56+4.59"  564.51£3.25%  670.49+7.50° 584.53+5.93°  540.89+12.97° 758.76+3.38"

E: R—A7P AR FE AT (af) ZREHMAAZRAEDEMEF (P<0.05); WA E I OLIEERFA.

IR 2 FH T M 4 B i B /K AR ) A
Fro FHUINER (20 B B AL 5 TS MCPH (/KRR
N 22.91%, ART—L8% WA F TTH ALK AR
B, WVNERSFEARA 4025%%, BiEEEKN
53.62%), AEMEEBEER IR 73.47%0, HIR R RE
SEILNER FUNBIA R 1, KR, ERR 5y
HbERAR, ALV EARME A EIEA. 5 MCPH
FHEG, BI~BS FIHAF=YIFHE KoK R R T BEM
P (P<0.05), HAHAb =Y R IR IR 10%~
30%, KARFESEEL) 35%. RARARMWE 20T
EAFEMIKCL iR LR B FE s, 2R
AT IR AR B R IR ) B et s . Rk, mIvE
AN B R SRR 5 A0 ] T &R B R m] i 4k
. MCPH B IEMEISZN 17.20%, IKTH L&Y
RARBUE, W/NERRZER AR 40.25%Y, KiG &
F A 88% 1L K B 2R (1K 99%2, 1fii BI~BS (1
FIVAPEIRTS R B B 2 5 T MCPH, KB A 5%~16% .
FHETT I, TREGAR A B PR m I B2 B i S
FRAERTAMERR I S . IR 3 1T, IS TR
AEFEFTAS P S R R S W S T MCPH 119,
HEKAMEEA 37%~92%; it BS FIKIRRER K, Tif
BRI SR RLN 92%, Ui g RALEE AE
PEETIUNER [ B M = A B S IR S

g b, S TN S, e e B
VIRIKARIE . AT PERR A 28 Rl B R o = 19 2
TEENE (P<0.05), FWRE MR GIY
WA B s AT AL R A T R RO, B SN
MBI o
22 AP S AR

WA e R e I B B i 7, HORIE
PEDIRERDEAOFETERR A AR
NO) DA T (U1 TNF-a. IL-6 2) BU, /)
BRE VAR RAW 264.7 2PN RINF = e e 1t
B AR BRARRY, MOARHIF 7R FHZ AR 5T MCPH J
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FEIREINR BT RAW 264.7 HIAFE A TNF-a 43
WAL, P 2 AT, 500 pg/mL FI5AHIH
Wit/ N B SR RAW 264.7 TCHI SRRV E T » 710K
FETR, AN RESRE TNF-a 5. AT
MCPH, ZHHFEFEARER B1~BS HIB RAW 264.7
AR TNF-a FRIK7K-5E B AR B A BRI, {HE
T BI~B5 SAHFNHA Y53 L MCPH =1 10%~30%,
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PEEVERIE = 2 . R, FiEAsebs_bagne 7
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24 MCPH Bl B2 B3 B4 BS
AR AR
2 IBUNE R AYIXT RAW 264, 7 (ARRRNTEER K TNF- a
S ERIENT

Fig.2 Effects of maca digestion products on the viability and
secretion of TNF-aof cdl line RAW 264.7
E 2R TFHEAMNBAARERER (P<0.05), Fl—RE
8] 69 R B) FH_EAT a.b AT ESAAZ A A BEH £ F(P<0.05),
WA BT B EEE VYR N R
— ANy, EVIEYEIRZ N 2~10 AN EEERRIREER
JEk. FEN SRS AT Fe R, Ahn 2205 B
ik A8 G ) P ) S RS o TR AE 1 000~
2000 u, Ndiaye %>V B35 Gl G2 W A/
SFRE (1000w, T Wu PN NERR R B 1315
(RIS R ) 7 S 9 300~1 450 ue FHR 4 7]
A, gl E, N AESU B A
A EN 500~2 000 u /N FIE S B A HE
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Hrb B4t rFREAT 500~2 000 u i FE /N FK
Fbick, IXAREE B4 iG T A E A .
R4 BN FEST
Table 4 Molecular weight distributions of the six digestion

products
A4 RISE ML

>2000u  500~2000u <500u

MCPH 12.62¢ 33.11° 5427
Bl 14.92° 34.894 50.19¢
B2 11.68° 34.43° 53.89°
B3 .11t 36.27° 52.62°
B4 17.46° 37.15° 45.39°
B5 17.02° 35.54° 4744

E: Bl REFE AT (af) RFESMEZ N AAD S
ME£F (P<0.05).

2.3 TRERMEH 1G4 B4 IR T B R %%

T

T B4 I s iE i s, FikEst
PR~ B4 BHATRRBUT BN e K S A
FEEIRRTRIE . 2R, RN T
EBAE3 000 u BUREI/INS IR, A s gt B g
Ja /T 3000 u 53T IRBLI T, T iZ%E
TELH N ET YRR N 65.10%. L%5E, B4 HiHT
#=/NT 3000 u A HILEH 15 154 MK, AT
BB MR R S R — R (2~10 )P
A 2 546 MIKEL. HAFEFAHIKBC A Peptide
Ranker 27774, HP04>0.5 (A EYEERN]
RETE>50%, — MBI N EAEYIEND KB

TN 437, N 17.17%. 746, SR = AT MCPH
rh 28N T 3000 u iE TR A E S 3 345 40K,
R B4 10, BT, SIS B
SHARAIHLEIELRE T B AR T toll-like 5244

(TLRs) BY, it TLR2 F1 TLR4 & %5 iE Mk i A
WK 524k . HPEPDOCK HE TN & A 5 - Ik B AH
TER 71, Freh B A BRIIVE o, A B e,
FZAKBUS R A T2 AR R e R, Bk
Bt S\ HPEPDOCK 343 1) S 20 IR A1) 32 4
TLR2. TLR4 #AT/FXHE, MvFA{ERT 10 Ak
B 5 pos o e A AR A E & BRI S R IR
75 BRI KA BN k. B 5 R,
10 M AS 2 IR B /25 H7E 900~1 300 u,
B HAT, R E S K VR R R RO BRI,
b, BUKVER DT B RAER CRNER & AER)
AR BL R IR A 12.50%~33.33%, X AT fERE S
H 10 MKBL A BER S E .

i PIRIEIX 10 MK S 1, At 7 b

Ja X HAT T A FERIF RAW 264.7 IR TT T 3
G PEEYE. I 3 SRR, 7R 250 pg/mL [HK
FER, 10 6Bk BB X/ B BG4 RAW 264.7 L5314,
H SR E R HE i RAW 264.7 40053 TNF-a.
ot No.1 ik NPYPFFGFSI JEHILH 1) G2 i M fe
B, X5 IR 2, AR BOE
MRS 0 FRHEM S R A —E N ER: B2
A AT T OO T 5 B3 R 4 B I R SR
IS R —8. ek, e
ST I —FhERARLL SESG, ST PR SE PRI
BRI AR EE . R B R AN pH (ESE 2 Fh
BRI, Rtk 5Sehras A — e A

x5 TMHEKERIIEAER
Table 5 Basicinfor mations of theten sdected peptides

53 #5 BT TRAT prea wax VOERRS FEARLS
No.l  NPYPFEGFSI -200.17* 303.67°  1187.5727 2 6 4
No2  VSMWRYGIW  -194.49° 2290.72°  1212.5675 2 5 3
No.3 LENPIFSIF -190.72° 281.60° 1096592 1 3 7 3
No.4 SVPWVARF -183.34¢ 27228 960.5147 2 5 2
No.5 AIIFIFIRR -180.67° 263.89 11477439 2 7 2
No.6 LSVDEVFVMC*  -176.76" -30021° 12155522 2 7 2
No.7  IGFWNSNGSF  -174.75¢ 280.46°  1127.5157 2 4 3
No.8 KFGDLFHLRM*  -172.43" 226565  1278.6709 2 5 2
No.9  CGRTPFLVWG  -171.19' 272,677 1191.5706 2 5 2
No.10 SMHLPRPF -166.93 270.17"  999.509 3 2 5 1

E PRTIIREAH R AR, B3 F AR FH AR (o) AFESMEZ R AERZM LR (P<0.05).
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Fumjik
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Fig.3 Effects of maca peptides on the viability and secretion of
TNF-a of cell line RAW 264.7
E RS EaMBAARENZR (P<0.05).
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% 6 No. 1 Bk5 TLR2, TLR4 HOZE&EFS
Table 6 Binding affinities between peptide No.1 and TLR2, TLR4
TLR2 TLR4
4k 43 A 7 /(keal/mol)  FEAAZSE 4543 A A /(keal/mol)  FEAARSE
No.l NPYPFFGFSI -7.8 ++ -7.3 ++
E: %EFAHN<100 keal/mol ATHFAAZEZ (+++); LEFF74-10.0~-5.0 kealmol R FAAZE—f (++); &&FHA
>.5.0 keal/mol £ TtEaFA= (-).

F5 Vel

R 7 No. 1 RAFp &[5 FXf HOMO HITTHKEL f1
Table 7 Contribution rates of atoms of peptide No.1

B5 RT wb%| | A5 BT WE%| | FF RT wBI/%| | A5 BT E%| | BT RT O HREI%
1 H 0005 3 C 0018 67 O 0005 ||100 H 0000 | |133 H 0001
2 0 0.000 35 C 0032 68 C 0051 100 H 0000 | |134 H 0.001
3 C  0.003 36 O 0032 6 C  0.001 102 H 0000 | | 135 H  0.000
4 C 0007 37 C  0.008 70 C 0000 || 103 H 0165 | | 136 H  0.002
5 C 0001 38 C  0.004 71 N 0008 | [ 104 H 0059 | |137 H 0005
6 N 0063 39 N 0051 72 0 0000 | |105 H 0970 [ | 138 H 0.0l
7 0O 0000 40 O 0010 73 C 0000 | | 106 H 0344 | | 139 H  0.000
8 C 0001 41 C  0.000 74 C 0000 [ |107 H 0702 | | 140 H 0.184
9 N 0000 42 C 0001 75 C 0002 || 108 H 068 | |141 H 0023
10 O 0005 43 C 0001 76 C  0.001 109 H 0404 | | 142 H  0.001
11 C 0130 4  C 0002 77 H 0.0l 110 “H 0805 143 H 0012
12 N 0001 45 C  0.004 78 C  0.000 111 H 0302 | | 144 H 0004
13 C 0009 46 C  0.002 79 C 0001 112 H 0012 | |145 H 0001
14 C 0003 47 C 0003 80 C 0000 || 113 H 0001 146 H  0.000
15 C 0001 48 C  0.000 8 N 0004 || 114 H 0007 [|147 H 0001
16 C  0.000 49 C  0.002 8 O 0000 || 115 H 0002 ||148 H  0.000
17 O 0337 5 N 0.000 83 C 0000 || 116 H 0005 || 149 H  0.000
18 C 2245 51 0 0003 8 C 0000 || 117 H 0011 150 H  0.000
19 C 0543 52 C 0009 8 C 0000 || 118 H 0006 || 151 H 0003
200 N 0368 53 C 0070 8 C 0000 | | 119 H 0003 152 H  0.003
21 O 0854 54 N 0.006 8 C 0000 | | 120 H 0004 || 153 H  0.000
2 0 16719|| 5 O 0212 88 C 0000 [ |121 H 0000 || 154 H 0003
23 C 6302 56 C 0017 8 H 0000 [ |12 H 0000 || 155 H 0000
24 C 10233| |57 C 0019 9 H  0.001 123 H 0000 | | 156 H  0.000
25 C 16442 || 58 C  0.004 91 H 0004 | [ 124 H 0003 157 H  0.000
26 C 10009 || 59 C 0020 92 H 0004 || 125 H 0005 ||158 H  0.001
27 C 7129 60 C 0026 93 H 0004 | | 126 H  0.001 159 H  0.000
26 C 19314 || 61 C 0005 94 H 0000 | | 127 H 0001 160 H  0.000
29 C 269 62 C 0002 95 H 0000 | | 128 H 0000 | | 161 H  0.000
30 C 0040 63 C 0.133 9% H  0.003 1290 H 0000 | | 162 H  0.000
31 N 0400 64 C 0025 97 H 0000 | | 130 H 0000 | | 163 H  0.000
32 C 0084 65 N 0326 9% H 0013 131 H 0007

33 C 0019 66 O  0.080 99 H  0.001 132 H 0003
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242 I F R KA E AL B B
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(SIS 708D seERN T mmiE s, BRI+
HOMO [{JFE 18 A 1] e R 28 A% U, 6 o e
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& Cog (R 1), TTERLLHIA 19.314%, NI No.1 K]
AL B AT BERL T Cogy HOMO EE 3 AAE IR R
a

g b (K 5, MRS TLR2 X [AfFEs/KIEM,
5 TLR4 Z ek 7 &% (K 4); 74, BERE
PN S REAIPTAAR, BUEPNEIEG 5. No.l fik
(1) HOMO #f 3= ZEo3 /e 75 HIREER b, S50
Tk — & 75 B R AR AP 04T . A4,
No.1 JKIIATBETE AL RIS EHE On-Hios~ Cas~ Cag-Higr
AT Cy6-Hiogo

[E 5 No. 1 BKHY HOMO HBE R (a) RAFEH (b)
Fig.5 HOMO digtribution (a) and molecular formula (b) of peptide No.1
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