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Abstract

Abstract

Myofibrillar protein (MP) is the main component of muscle and has favorable nutritional
characteristics including a superb amino acid composition, high biological value, high
digestibility, and low allergenicity. Structurally, MP usually presents a natural flexible long
chain shape and is rich in side chain functional groups, which can be used as an excellent
biological component for the construction of functional food colloidal materials. Currently, the
design of MP structures and their functional expansion are at the forefront of science in meat
processing. MP has strong thermal aggregation ability and is easy to form thermally irreversible
gels. This characteristic is the basis for the formation of many gel-like meat products, and if the
expansion of MP to thermally reversible gels can be realized, it will help further promote the
development and utilization of MP and enrich its application scenarios. In this study, we
successfully achieved the thermoreversible gelation of MP by targeting deamidation of MP with
protein-glutaminase (PG), investigated the characteristics of thermoreversible gelation of MP,
and further analyzed the mechanism of thermoreversible gel formation.

The following are the study’s key contents and conclusions:

1. Protein concentration and PG treatment time are the determining factors for achieving
thermally reversible gelation of MP. MP (2.5%, W/W) exhibited thermally reversible gel
properties after 12 h of PG treatment, and its thermal reversibility could be maintained for 5
heating-cooling cycles. An increase in MP protein concentration leads to an increase in gel
strength; at too high a concentration (>3%), thermally irreversible aggregates or gels are formed
and thermally reversible phenomena cannot be produced, and low concentrations (1%) of
protein will not form gels after a long enzymatic reaction treatment (16 h). Deamidation
myofibrillar protein (DMP) thermally reversible gels with water holding capacity of more than
95% and lower whiteness values than conventional thermally induced gels. It was observed by
scanning electron microscopy that the microstructure of DMP thermally reversible gels was
significantly different compared to MP thermally induced gels, showing a uniform and
continuous three-dimensional network structure with smooth and compact gel chains.

2. Coiling and dissociation of the helical coiled-coil (CC) structure of the myosin-like tail
was found to be an important structural basis for the dynamic evolution of DMP during
thermally reversible gelation by atomic force microscopy (AFM) and transmission electron
microscopy (TEM). The 022/0208 ratio of circular dichroism assesses the supramolecular
assembly state of the a-helix. After deamidation, the 0222/0208 value of MP decreases from 1.35

to 1.05, indicating that the a-helix structure of DMP exists mainly in a double-helix coiled-coil
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state. The heating-cooling cycle induces a dynamic reversible transition of double-helix-single-
helix-irregular coils. Upon heating, the DMP double-helix convoluted structure dissociates,
while the protein structure unfolds and the a-helix content of DMP decreases from 50.7% to
14.1%. Subsequent cooling reboosts the a-helix content of DMP and, at the same time, induces
the reassembly of the DMP double-helix convoluted structure. Rheometry results reflect the
cross-linked structure of the myosin protein head that occurs during heating of DMP and
subsequently exhibits thermally reversible cold gelation behavior. The analysis of SDS-PAGE
electrophoretic profiles revealed that DMP underwent covalent aggregation to a lesser extent
than MP, and hydrophobic interactions played a dominant role in the formation and stabilization
of DMP gel networks.

3. The thermally reversible gelation properties of DMP are related to the reversible
assembly of CC structures. The correlation results show a good correspondence between the
gelation onset temperature and the CC transition temperature. CC assembly was specifically
inhibited by trifluoroethanol (TFE), and loss of DMP thermoreversible gel capacity occurred,
confirming that temperature-responsive dynamic assembly of CC plays a key role in the
formation of DMP thermoreversible gels. The results may expand the molecular basis of
reversible gelation of natural CC, and may provide a theoretical foundation for the creation of

novel muscle protein products.

Keywords: myofibrillar protein, thermo-reversible gels, coiled-coil, enzymatic deamidation,
protein glutaminase
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or connective tissue protein); (2) FJIE T/KEUREHIFR NI B H (Sarcooplasmic protein);

(3) AIVET =R E SIS (>0.3 mol/L) WINLRL 4S5 H (Myofibrillar proteins, MP), ¥
NagFRA R E A2, MP S EBVUILA S AR ER 50~60%5), RHA R FEEMEAM. K
1-1 87 7 MP ISR, Forp AR E 28 L2258 B~ PAT R . A2z e B AL 22 B
H 3L FEH BN LHENLT (Sarcomere), ML A2 LS5 K v i /NI W i B G o FHIDL2Z 32 22 UL
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JULJE 2T 4
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WLERE (22 i =Eanifd

2 LMM
/é JILER & 11 A

1-1 WU EF Y2
Fig. 1-1 Structure of myofibril
WUEREE AFE MP SV P I LU 45~55%, s MP W FER E A5, X MP £5# P&
TheReRrEe 2R EEZ A . WIBREEH 7> T84 480 kDa, ALERE B RARZH A 1-1 Frow,
B A SR X IR K — AN RS DAL R G, SR 2 BRI, A (K29 160 nm) 23]
BRI FEAE BTN, AR R R X I e W 25 ULk & 5% (Myosin heavy chain, MHC,
£) 200 kDa) L o-BRHEAH LRSS, AR Ja A U AR 2 1 5 PO LR
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4% (Myosin light chain, MLC, 15-27 kDa) 3435 5 —4 MHC L[5 F1 Sk 5 ERR [X 45
(S EHIFFEM, ST XIRATE A 225 38N U1, R sk X 3 8 A 2l T A 2 J5 Red K
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BR 58 IDX 382 5 53 A B HL A - A T
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Ve, MR RAREEARRRN . AR, RIEa . 2L LUK, SMBHRRA
i pHAE W E ToR . TRESE . MP DI REREIE 200N T A i i ) B 28 G5 ) e e 7 A 5
M 06),  [R] PR - 2% 77 A A 2 A0 RN AR e W 4F R A PE . it . BEIRME. Rk, A
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RBFF R TEIMERE FMTE A R E R ER. ERMESH IR E SR B EER X
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IR S L T R B N 2R 1 0V 9 R 1 40% 22 A4 IR B S it B 1 5, T E & 2050
RN G U b BRI DR A SO R SR P e TIOI,  PZRYHE 2 S B AE 2000
TR 2050 MK 102%. IXLEHAR IR T VI B SR 2 N T E AR 78 7 R 7
TR B OCEZ AR o SR 410 T T b5 Sz 0 e BLULA = 5 B I MBI SR sk . itk
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JUL PR 11 P A )t 2 R O PR 1)t RN o S B R IR R I 2, Tt 2 B R
IR . B B BN RO T B AR I IO B S A BB SR DA R A2 N I i A @ R s,
YHT T AR AT A AMTH E @ RIS, R RER e EFEN WA
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HE . A 0EE S O Al — e b B A R A, BRI AE R i BORE R (T R R
WK, FERAGE: — 51, MP EMPGETFET 2% 5 RE, SfifetsE, REXMMRE
SRR T — BB SRS S AR, (BN TF ST A iR B A B R ST S,
FU B A T SR A B B AT AN T G IR 4 5] RS e AR N T DA R A R R IR T
MGG EEE . USRS, RESEFEMEI ZSE MRS NRE. Wik, EARK
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TR TN, B AE IR B T = IR SRR 2 1. AW G, AT AR R
YUUEVE 7 B B S 8 A AE pH 2.4-4.2 FIER F BUIKIE 10%~15% 70 il A BE 8175 T A AT i
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=
wH
——y
A

B 1-2 BRI TIEE 70 125 (1 30 5 R DN AT A IR A A AT e (1 B 5 B

Fig. 1-2 Photographs of thermo-reversible gels of pea proteins separated by ammonium sulfate precipitation
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R 1-1 JEREATT BRI AR T

Tab. 1-1 Biomacromolecules that form thermo-reversible gels
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HABERY) =i BIE R Y @dERNEE- AR R e Ea h 8% & E A
[46.47] R FRAA T 385 8 - BRI W . s BEEREY
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PISRTE B Ak, KRG MR R IZHIA A 2F
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FTERHh,  FAAT KB AE FLBEIR E A B85, BEE#ATIZZU0AR, SRS AE R IR AL LT %
H, JTERH HARBIIEAR o AT B )3 ARR FE RN T B g AR T P AT 100 7K S s 8 o 1R 12 o
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131 RRERRATERESWER
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Fig. 1-3 Schematic diagram of the triple helical structure of collagen and the reversible sol-gel transition of gelatin
in water through a heat-cold process(¢e]
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Fig. 1-6 Schematic diagram of the simulated helical structure of the myosin rod region: (A) transversal section;

(B) vertical coil-coil
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% 90°C, 90°C{R¥F 10 min, 90°CP#IE % 4°C, A AR A 6 °C/min. 7 JEF2EE 4°C)5 ,
W E I E ARV 2 0.1-100 rad/s, NAE RN 2%

2.3.9 Bt 4 B ROIAT AR

JRF 712555 (Atomic force microscope, AFM). i#id AFM X} MPs L& DMP [¥]
WO Z AT WL 28S), w Skt il e 0%, SRS 7ERE R B3 10 uL 5 (0.01 g/L),
BT=ERTFAATE 12 he WHAR, 7£% % & T Ed Dimension FastScan AFM AT



AR MR

AFM 73 #r, R (Tapping mode), WELMEFMEZEN 1 Hz, BATRFE 512
AMFEAS LLIE B & 3 0

T2 8E (Transmission electron microscope, TEM). f# 4 JEM-2100F TEM
M5 MPs PA K DMP [ROITESURFE . 45 10 L BRE SR (0.5 g/L) T v& 7E A 4% |,
UUAR 30 min, FHUEARGEWL R 2 ARG AT HLBE T S, FE4 IR TN R 10 pL 1 1%
WREGIRIETR, S5FF2 30s 5, WMEZRIVEESIRIER, HBAKIGHRMEM 2> =k, H
A BT o AN TR T8 2 J5 , £ 80 kV I Hi K R, i@ i TEM BE4T W &2 43 (106,

2.3.10 BN 41465 5 — K459 e

FRYE Liu 25 ANBIF 773, MP Fl DMP 2 45 #4381k Chirascan V100 [53 — (3% %€
WH MP LK DMP (pH7.0) FIKREN 02¢g/L. fE=RT, &N 1 mm FA KL
L, 7E 190-260 nm Y[ A BEAT I3, FHFE R W E Y 20 nm/min. B {EH] CD Pro X
f (Narasimha Sreerama Research Group, Fort Collins, CO, USA) Zr#T, o dRE) & &
ZM Yang (7B, iR A (3D THECFIREMIE R (MRE, 0).

0

10X & HIRE XA x AR IR AL AL (3)

(MRE, 0) =
b 0 iR AAE .
2.3.11 MR AUIR 41 4 B % R 45 4 il 2

Y5 Choy 25 NI 7%, fR4EIR — % B, 8 oH &AW AE 222 nm A1 208 nm 4k
MRE HJHEAE, PEA MP A1 DMP A1) o Be M GRS (LR EL, CC), LA 0202/0208 38
eqiil oy a8

2.3.12 ZREITE _REHN 2

f#1FH Chirascan V100 [& — i e AR IR B2 (1) — R 4515 L. % MP LK DMP
(pH 7.0) HIKRIE N 0.2 g/L. 4RI | mm BB EL AL, INEES: G i e
N REE . FRMSEOL B FESERE, 0 2.3.10. #ANRRN, KA SRS
BT E, WE THEISARRBEE N 4°C, KIERE N 90°C; BRI FERIAIEE N
90°C, ZILIEEN 4°C; LR EN 5°C, RERENTRERN 30 s, FHEERKEEN
1 °C/min. B SRR CCHE W@ BIRIG IR, S5 R5 L 0 0L A R B T S5 123 P i
ZIRE G, R s AR RS . R R A K G EIF 2.3.10. ElE 547 H CD Pro #
i, THE o S B TER 2.3.10, HRIE AR (3D THETIREME 2 (MRE, 0).

2.3.13 ZRiR R4 H R e 25 F Wl e
A iR FE 2 il MR e 45 M5 vk ] 2.3.11
2.3.14 A2
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AT BRI IR AR M AR I IS DHR-3 SR SGNE, #R4E Zhu 5 NPUR T IR M iz
e 40 mm [FPPATARIEHE, BT BERIE, B A DURE S E TR S G, TERE AT
e B ()0 20 D078 S5 A IR 7 1R AR i TR K o 280K o A R FE AR AT I, TR PR
N1 mm; A 1 Hzs NAEA 2%. ZRFET & E AL 6 °C/min FIIEZE M 25°CHHR
£ 90°C, 90°C1HIE 10 min, LA 6 °C/min HJI#ZE M 90°CF#iR %2 4°C, fHIE 3 min, HE—
o FREE M A INE-72 AR PE A TP A A BB R (G 3Rk

2.3.15 BRI 2

M5 Renkema 55 AN IE, W] DU A0 7 2OR E SCER B ROBEIIR L . — 2k
RERL (G AR & (G") AR X L iR R, 2 G I AT 4R3I 0.5 Pa/°C
6 BRI B s o FEASHIEFE AR, SR ARSI B AR T, GEIG A =T GME, PR
KRR G RISG I A I 0.5 Pa/°CIIR L mUE SCONBEIR IR -

2.3.16 WERS AR EE 2

R Xu NP TR IER AR S 2, WDE R — A4, 8 M IIAE 222 nm ACAHIRI RS
8 UL 2 AR AR I R it I A A e M. o 0.2 /L BIREMVETRE TN 1 mm A%
Pefa i, B mIRE S A AN SRR T . RSk 3 K E [ Low A High %
RE—ANEAK 222 nm, B STAE N 10's; PR ISR R H 5 S AT e, W&
UG E N 90°C, ZIBIRFE N 4°C; WE DN 1°C, BERER A& E R 30 s, FHE
HEWE AN 1 °C/min. X FUREREE (T Pro-Data Chirascan 3 {47 77 215 AY
sigmoid curve 4G4, 15 H MR S

2.3.17 S FIAMEAEH

KRR MERAEE, B BNRIEIEELK GFEZED. 6 mol L' JREM 3 wt%
T TR EREN (SDS) IR AR 2 h, DABIR S BEFNE KA BAE R o 0 b3 S (R b
I R FH DHR-3 AR A i, M B s, e B4% 40 mm [°PATHR K
B, BT 2T, BANERE TG G0, WERN 1 mm; WEHREEREZ
0.1-100 rad/s; A 4°C; NAEN 2%.

2.3.18 SDS-PAGE E 1 Bt

HE 5 1S K H SDS-PAGE #EB LKA, A 10%77 B R 4% IR 4l G
Fa BTG ER R e 5 ) PTHOL g BE i (1 g/L) 5RES 2 (0.125 mol/L Tris, 4% SDS,
20%H M, pH 6.8) EARFILLIRA, 7 NMECAN 53 uL B-ME 4L, B )5 IN#4 3 min
GI7KI ) I B i G250 Gt ifiont I it AT Gy, SRJ5 ML (7.5%0KBSTR
5% BTl . /5 H ChemiDoc MP imaging system 1427 K G EE I MG 0¥ R 48
%%, Image Lab version 6.0 BT RIS ALEE, MENERE A EHE (MHC) B REE,



HE MBS INE

MHC (X5 258 FE P 250 kDa F 55— %7 J9t i . At 22 1 Marker 24 PageRuler Plus
Prestained Protein Ladder 10-250 kDa 73 F- &R HEFE T (No.26630) K H Promega 2 A

2.3.19 BRI & R =R LB

& MP R 0.6 mol/L NaCl ¥ 56 28 FIKRFE A 25 /L, 43 bV LS £F 4 28
HYEH (SMP), 7 90°C FIN# 10 min, SREAEIE 4°C, FHIE 4°CHAFE 2h UL E, 55
UG £ 4t 1 B

1] DMP £ 5 s IS RV BE (1 =3 O BF (14, 28, 42, 56 umol/g F5F), JEEI
5], BEJEAE 90°CF hi# 10 min, RS54 EIE 4°C, FFAE 4°CLR¥F 2 h DL F

2.3.20 FHEAEE 5

JIr A S2EG ST B =R L E . BT SRR A5 SRBUE S DT S b i = RO, 2R
B AE H Origin 2022 #4442 i giit 4 Hrid i IBM SPSS 20.0 #4447, KA A
2 ANOVA 447 (Duncan ), AR P<0.05 B3R 2 (A0 BB M 25, BAST%
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3 ER51Tie

3.1 FAATRER HI MR R AL

3.1.1 TRV B ] 25 R A B 2

WLER 2 A B8 e A L 4R 4 ) eI TR R At AP i gn, IR & B R Ik
7 HE ] A2 5 X 35 () P i F A EL I 1 (iR ALK 2 1 1 228, A LR B 1 B R 7 /K B
IR T 98 LA VR T DAARVE ML ZORTEAE DS, IR A g R AbF i, AL EIT. MR
RS, SEEAME, RN ZIERMNEERDaeR A 2R, &S FESM oA
HAEA ) Can—wisd. siKAEAER . 2. B EERS PERA T RERSE; 4
WP EARER—EIRE LG, MPVRHEE A5 T REA DTG TR R, 1
PRI BRI R OCEAE TR FNIRE A 0 T AR A T R i . BEFER I, PG i
Ml Ve FH T LR 214k 8 B e s B B a5 i e 0T, R ALk ER B R 370 1 ml e v 3G 00
BET 51 EC L5212t HRoRE UL 22 AV 22 0 AR A s, B sUVLER 28 LA LN 2 1 AT, Rt
WA IR LA PG B AL (6], HF TC B S L o

fil & ANF PG g BRI ()R 2 R FE A B oW s AT T 1. ] 3-1A JEMTHb R R
T 2.5%H) MP #£ PG M 12 h J5, TERC T FAPTREES, i i NE 2R 0 0 #7420 4 21
J&/R T DMP [FF#ATIPE . A=A HIPEA %S DMP 75 90°CHIN# IS 15 4L FITE 4°CYA E1I it
IERE ST R, HAMIEARLRFF—E, UEW] DMP SR el dii. ik 3-1B it
N, EERAKRERM (1.0%) MIER T, MP£id 4 h~12 h 1) PG AR5 TR 1 #40]
RN, BEE B SN [RGB o FE IR 5S s £E 16 h I, TNy HIk FE R g
TE RSB o 8 BT BE N 2% B0 2%, B BRSO SR (] (4 hD) b BRTCVE T R
AT ISR B, 1T AT AN AT R RS I . SR SRR BE KT 3%, BVl s v Ak
HIREKE] 16 h, HASREIE LA AT B -

0T A 2 T e T ) I P o 4 FH W A U B NG B S e A A 2R, X ATAS 471 F far 48 5
NEEFEE, H9R 7 EARIE RS TRAF . Bk, £ DMP LA 4Eg i 59 DU
R 22, TXFRANK R 22 R G50 A T BB, 5 T 05 01 1) 1) P 3 24 2 R L
HON, X — TR AL B E ., PG IR IX AR AT ) Ab R 3 AT B AE I
I 77 A i F HE R AR PR 2 ) R PR AR, (BRI R G T MR T A
W T2SE. 40k 16 h 9 PG ACEE, 1.0%IKERIE AR Z A REr=4 T s 2 HE+
71, ®ZPHIE T DMP F&ER AP Y IR A 2% B0 2%, S E A R
AT FERE R, B B S SR 1] (4 h) AEERASREF= A1 I T W0 H 43 1 0] 24 28 1 i e
RT3, DTGV T A mT 3 (R v B e, T A2 T AN RT3 () 35 S BRI o 3X — R AT DAFE
Ji LA [ FE 1) B 02 5 5 U 5 A5 B gk — AP IR UE, vy R BE VRS i LE K N TRV S B 2 5 K



B SRS

A AL, BEIREEIG N, BEARAE A S (B 3-3A). AT, B AR KT 3%,
RS S N AR ERZEK B 16 h, AN RETE RGN AT 0 i ] 62 R oM Wb B 4R (W B L R R
Dy KA IR, T LT v I SR T FL AR R AN R B T [ AN AT A BLAE BT 25 |
BAFIKRELE 1.0%M 2.5%2 (8, PG M 8h Ml 12 h 55T MP ] 81k .

(A)
MP DMP 1*H-DMP IS'HC-DMP 2MdH-DMP 2"HC-DMP
(B)
gl X X X X X
aad] X ° ° °
g2
%20- X X )
£
15] X ®
o] X X

...............

4 8
B 52 LI ] (h)
K 3-1 (A AR (HR IR 2.5%, BN 12 h) BLRIE; 19H-DMP: AL EE)
DMP; 18HC-DMP: fn#AFI¥4 4L EEf) DMP; 2" H-DMP:  fi# b2 15t HC-DMP; 2 HC-
DMP: PR INFAANA ZIAL LK) DMP;  (B) AN [ il 5 8 s T] AN 2R 1 Jo A B2 T #f1) 5 FA) g PR AH &«
(X)) JERATIYE, (@) TR B IR BRI B i FE 8 55
Fig. 3-1 (A) Photographs of thermo-reversible gels through heating and cooling cycles starting
with 2.5% MP solution with enzyme reaction time 12 h. 15t H-DMP: DMP with treatment of heating; 1%
HC-DMP: DMP with heating and cooling treatment; 2" H-DMP: HC-DMP with heating treatment; 2"
HC-DMP: DMP with 2 cycle heating and cooling treatment; (B) Phase diagram of gels prepared at
different enzyme reaction times and protein concentrations: (<) non-thermo-reversible, (@)
thermoreversible, and the dark to light color indicates that the gel strength is weakened

3.1.2 B FKME

FEAK AR RAE WL BE R R T RERF I B B R bR 2 —, FRKYE R/ANRIR T #Eie ik &
H R ZE o3 R IK 43 S e J R ES U3 T PRI T 5, SRR /K P o 2 S i ) 2%
BPUR LA R RS2 o AN [R)BESS B B TA) R B 1 S 9 P T il 46 IR IR PR R /K M T ] 3-2A
BT, SR PIBE S ] (4h) AbEERS, REKMEBES B AR R HHE N, SARBET
HAhd; Hoe, MEAFIKEN 2% 2.5%F0F, FT SR AN AT g, REK
3N 70.3%H 78.5%. Kl 3-2B EHLE R T PG M. 8 h F1 12 h irifs ‘3 1) MP FART 1
B R K, AFEE AR MP £33l S SI A 8 h AT 12 h BIFFE 4H3A R R 1+
IKPE (95%~99%), 1=y T SCHRHF 72 H BT IE 1) MP #4if5 S EEIL (30%~65%) 105141131,
AR R T DL 58 DMP SE ) WHC FIUK 45 6. BEE RSN EI A 8 h 390



PLEAB AR SRR TS, AW RSB —FEHNE.
B RREAERA, BiH: https://d. book118. com/09704103403
0006046
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