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Abstract: Proteins are the basic building blocks of life. Studying the protein expression mechanism
is essential for understanding the cellular organization principles and the development of
biotechnology. Protein expression, involving transcription, translation, folding, and
post-translational modification, is a complicatedly regulated process affected by various cellular
components and sequence features of the expressed protein. Establishing protein expression models
based on expression data is of great significance for probing into the regulatory factors and
mechanisms of protein expression. Here we review the recent research progress in the mechanism
models for quantitatively simulating the protein expression process and the prediction algorithms
based on artificial intelligence for analyzing the regulatory factors. Chemical reaction network
models have been developed to mathematically describe the elementary processes in protein
expression and simulate the influences of various cellular components such as RNA polymerase and
tRNA. However, the experimental determination of the huge number of model parameters is a big
challenge. The main objective of data-driven Al models is to study the effects of protein/DNA
sequences of the target protein on its expression, and subsequently optimize the sequences to
improve protein expression. Methods combining mechanism models and Al models have the
potential to deepen our understanding of protein expression processes, providing theoretical and
technical support for the efficient production of high-value proteins and coordinate the regulation of
different proteins.

Keywords: protein expression system; chemical reaction network; artificial intelligence; deep
learning; transcription; translation
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Table I Module division and related features of the translation part of the Murray model
Submodule Number of  Key species (metabolites)  Related biological processes Defects
reactions
Aminoacylation 42 M 21 aminoacyl-tRNA Aminoacyl-tRNA synthetase Not consider the effect of
synthetases, 21 tRNA, catalyzes the production of aminoacyl-tRNA synthetase
amino acids, ATP aminoacyl-tRNA type
Translation 195 Initiation factor (IF1, IF2,  Under the mediation of Not include many important
initiation IF3), ribosome 30S and initiation factors, mRNA, factors affecting translation
50S subunit, mRNA, fMet-tRNAfMet, 30S and 50S  initiation, such as RBS
fMet-tRNA, GTP subunits of ribosome consume  efficiency (sequence,
GTP to generate 70S initiation  secondary structure), 5'UTR,
complex start codon type
Translation 46+14 N Elongation factor (EF-Tu,  Under the mediation of Not consider the effect of
clongation EF-Ts, EF-G), ribosome, elongation factors, translation ~ codon-anticodon recognition
mRNA, aminoacyl-tRNA,  complex consumes GTP to efficiency, tRNA abundance,
GTP carry out multiple rounds of mRNA stability, coding
amino acid addition reactions  region length, GC content,
to generate polypeptide chain ~ secondary structure, etc
Translation 72 Release factor (RF1, RF2,  Under the mediation of release ~ Not consider the effect of
termination and RF3), ribosome recycling factors, the translation termination efficiency of stop
ribosome factor (RRF), ribosome complex consumes GTP, codons and secondary
recycling 30S and 50S subunit, recognizes the stop codon and  structure of mRNA 3'UTR
mRNA, GTP dissociates
Energy 61 Creatine kinase (CK), ATP and GTP regeneration None
regeneration nucleoside diphosphate catalyzed by CK, NDK, MK,

kinase (NDK), myokinase
(MK), pyrophosphatase
(PPiase), ATP, GTP,
creatine

and PPiase

M: Number of types of aminoacyl-tRNA synthetases; N: Number of amino acids in target protein.
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— aaRS aa AMP PPi — aaRS aa tRNA
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4.0
3.5
230
S
i 25
£ 20
B
= 1.5
3
V=k,C =
amp Y S 10
C,: Amino acid concentration 05
Cy,: Aminoacyl-tRNA synthetase concentration '
C,: ATP concentration
C,: tRNA concentration 0.0 0.1 0.2 0.3 0.4 0.5
C,: Aminoacyl-tRNA concentration Time (s)

2 £ CRN EEENEMH-tRNA ERARE A ZME-(RNA GHLH/REE . B: CRN LAY
HIEITEAL R o Vi-Vs: RN PR SI-S8: A% ZEE-(RNA & 8 Y ; Co—Cas: 175 & E-t(RNA
B LR R A R . C: CRN KRS, &8 205 . s S80I ih &1 (=% Murray
BRI KA R SES IR B A HIFIICE o D: S 712 AZE R . aaRS: ZBE-RNA 45 UG ;
aa: @HLMR

Figure 2 Simulation of the aminoacyl-tRNA synthesis process using the CRN model. A: Schematic diagram of
the aminoacyl-tRNA synthesis mechanism. B: Graphical representation of the CRN model. V,—Vg: Reaction rate;
SI-B: Intermediate metabolites including aminoacyl-tRNA synthetase; Cs—Css: Concentration of intermediate
metabolites of aminoacyl-tRNA synthetases. C: CRN model, including kinetic equations, kinetic parameters and

initial conditions (refer to Murray model*”)). Each variable and parameter corresponds to the same element in B.
D: Kinetic simulation results. aaRS: Aminoacyl-tRNA synthetase; aa: Amino acid.
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b I R ) R A RO FEE | A A L 8 PN B 1 A
SELIEH YIRE L XA AR S UE S R SR
Wl B A R AR R B . BHPRIS 1S 1 L
T2 A0 B R 45 iz i /N T A B R A RO,

FIHr, PURE REH41KI{L CRN # Al
(Shimizu FEAYFI Murray BN E H T
B Wam Dl LR R B AR G N fS 8, H
A DS S H AR AL (A Sy CRN A AL AR
IO AR . Li 21O RS Pk 35 DR A RS 35
W 28 LR BLAI oSN T AR B B R . TS Ay
Wt R, R T R R R 1 BT AR A
pcSecYeast, pcSecYeast iR RN & A1)
s E AR E A, By A TEARS
S ACE RS 200, IR G A OB AR R e
SR RE B AR 5 8 8 BTG BT R T R
PRSP S e s 40 B 7 AN TR 25 T
TIRAY L . Ak, peSecYeast 5| A T 41X
HE N H KRR WE AT H 7 W R AR,
REME AR F B Wi R A A i Rk T
BYM N . peSecYeast J&55 1 HEME 4 AR
TR R S bt R AR . B AL SR
i U AR B R A e B B, iR BE
% 00 A [+) T 2H 2 AR 7 R v ) O A A
SN FNER A R 43 I LR LA S A A 4 &R 1
AR TR IR TR
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2 EARZNBHERINTE
ATE N

EHFRIEZZMEENZmN, Wi TN
FE sk R BB B S B A A0 R
B FR 1 B AR A T B 5 ) e 24 1Y 2R
H B T RE . b — S T Al %
BHIEAY Ao A SR DG 25 R L 22 1 BRI L tRNA
AR S (RS20 o FETHLEERY CRN BEHY AT L 5K
PN A H Rk B R R AL, H
S R AR ME RS B 0 2 440 i P B A R Ak s ) (A
£, I HAT CRN BLAIA BN FE AR
IR B AT M AR R IO M R A R G R R R
ZH 531 E 1Y) PURE Rk RFEMLIL . ELPRI
EHRBAO R, BN R R AL
I 8l TSR R F 9 S A AL S T B aL B R
HFE WA . T EE 2 s DX AR a s X7 51
H IR & R IA s AR H 2 2%, HATM o
AT 5E B ML A B BB 4% M i FLI0 ) 51 A AR X 2R
R B RZ M o DR I R 0 6 91 5080 SC A
AEHR IR S BN TR e AR R T A AT IR AR
B 320 T 52 e 2R R 1Y = 2T RHIE (B HE
Y it X B AN R4 X 3 51 o T TR K SERRAE T
REXT 8 H R A B 7 A g ik AT by, I
A AH O N T REA R FUM AT 5T e, X BB A
RiERmEARBSEN FEERA &, XL
24 i 2 1 2% 38 1 M fR U0 Rn 4 o R E
2.1 PERXFIIXEBFRIEZIS AT
AL & getR BTN

F PR 2 A IX A8 3 RN 3 80 4 AT RE X AR
HZRA AR R, FEAERIT . %
ARG AL H(RBS) 75k F45 B 05 5 (E 3A).
oA F 3R PR L Ui Y A 3l 2 i B I PR R X
5, #HE RNA RE MRS % 5m a3,
RS Rt 0 R S L € (15 [ g = i
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A RNA polymerase
+1

Promoter

RBS P
— Ribosome
mRNA J'UTR
Growing -
polypeptide :~ et o Terminator
chain = Stop
- codon
L r "
S'UTR . R —~
e
—L :J
RBS
B C D
Tr T’_“nf\T TT JIACA ... = ._LnI WA ..
-36 -35 -—34 -33 -32 =31 -13 —I27—Il—l0 —_‘) 7—8 ~-14 -13 -12 -11 =10 -9 -8
-35 motif —10 motif RBS
Promoter efficiency 5'UTR Seconday strochirenf

mRNA near the RBS

) TEEO F ’ o

{GAU GAU GAU mRNA ; p———
+ ® S & oﬁ“"”foﬂé) ®

GAC
Codon usage bias mRNA length mRNA secondary structure
H I J % e ®
ot @ i &‘
= & ,,,,,,,?,
o § w0 FEreTs TTTTT A ®
o PQ‘:“Q UGA > UAA > UAG
mRNA stability GC content Termination efficiency of
stop codon

3 EMEARFTENEZFIEHE A BEAYEAFRS ORISR ER, HhZ4 RNA R5
B (RNAP) 7> 1~ [] I 5 s BN JE DY, 2 D ROBE R BRSBTS T mRNAL B-J: SN BRI 3
FFFIRFAE o LR (85 LT A5 S5 73 ) 7 o 8 1 3 1A A Y 4AIE

Figure 3 Main sequence factors affecting protein expression. A: Simplified schematic view of procaryotic
protein synthesis. Several RNA polymerase (RNAP) molecules simultaneously transcribe a single gene, and
several ribosomes translate a single monocistronic mRNA. B—-J: Main sequence factors affecting protein

expression. Green check marks and red crosses indicate features that are beneficial or detrimental to protein
expression respectively.

MIRBKF(E 3B). HETEABRZHRMAT 23, —KE AT DNA FHHRBCLY) 3L
BRSNS 3 o AT T AR, B2 ERRIESA, dEmiE e G s > A5k

http://journals.im.ac.cn/cjben
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XFF AL REALARAR . A o A B 4R A
(XGBoost) %5 Fil il j zhF 5 1007 sk 2Ty k7
BN T T AL 7 S B B P 9 R, 4
I B4 326 BSORTASE A0 F3000 235 SR AT e 7 A AR R

D R A5 A B BT A i R O R X 3R
IR R A E B Y RRE AT TS R A
A B 7 9 SE 2R TR 0 B B HERR PR . B N
THEBREARN AR, EFEETIRES M
DNA i 5 B A Jy i ok il sz 2 g, Hopksd
TEBME T LB AR RE R BOL IR, HiE
F 7 51 T e R i B o R A B 41 X R
W e S N T A B AL E S EUHE , MER
B2 W 1 3 30 1 i R R HOARAE T B R Y
A1) ] s DU AT LA G 4 AT b % R 8 A OC 1 45
PRI R S, SEEE B AERR O . AR 2017 4R
Umarov g2 1 —4~ CNNProm #8Y , 18 145
T 2 M 2% (convolutional neural network, CNN)
SE RS [A] AR Wy b B JE 3777 51 . Oubounyt
SELOVHE— L FF R T IR B 2 2] 57 DeePromoter,
4 CNN 50 ] 5 B iC A2 R R (BILSTM) 4
CNN 2551 19 Js SR AE , BILSTM Hifi R4k
PR R OC R o I HAN b s o X s 30+ 7
G ER I Al i R A RE A, RIFE (AR AS rh
B — & LIRS 3 74 1E (A TATA-box), il
T2 ) 3 T 5 2% 0 AR i T A SRS AR 2 6 s Y
Ja S F R FVE . ] DeePromoter 1R E 4%
A=Y DNA JP30 15 7 X, R e A ZE
/N TATA HIHE TATA JR38h+, RIBMLT
CNNProm i1, Ma Z5EUR FI25 (0] Y 45 FHL pf
25 W 4% R[] K I T A2 AR AR RN 3 4 1 T L
A SS A T EIF R TR FiHEEG TR
DeeProPre, XJ ELA% YA 8T %04 % (eukaryotic
promoter database, EPD) Y S F1/)N fUS 3%k
AT 0T, POAERR AR 23 Ik B 94.81% A1
98.62%. Wang !B T g A BUBE AU 55 il

&: 010-64807509

MBLRIAA S, &, 38 5 Az s BT X 45 (generative
adversarial network, GAN)ELAI )\ H SR 5 8+
PEWCRAIE, IR BORT & BUR )8 515
AR 14 098 41E E. coli K12 MG1655
SR R S A 31 GAN BRI RERS A
RCHBAR PR OCHE Y 5 3 P SN HRIE, 40 k-mer S
H 10 F1-35 Hefy S R A R, A R 3h
FAEF IR LR H AR A 35 SEEniniiE
T iE A AU B A L 3 3 1 70.8%
BB TGk

LA T B E T HLE AR i AR
(Transformer) & 4 (1) 78 3“7 2] A5 U Al K i 4 5
TANLEBIFR M AKRE, Pipoli %I F
Transformer 24 FF & 1 — Fjii ik 4b # L K S )
F 75 BN 2R 2R3k K F- B 77 Transformer
DeepLncLo, Transformer DeepLncLoc #8451
Transformer 2244 Al DeepLncLoc fx A 73",
FEAd H word2vec 5575 AR 5 K5 R [R) R, AT
{455 740 R T 7 b A 2 5 R U5 400 1 3 SARRAE
Hi Google JT % ) BERT BRIk 7K T 1% 5t A8 e i
12k E R IALH, AR AUELEE 4 % #% (encoder)
B I LR 2R, AEWIE AR T SR KT
{5 B A AL B DNABERT J&—Ffi ffi % BERT
X Ja) AR s Ak B AL 11402 DNA 314K
P B RN AR, 3 3 iy ] A0S [ 2 > il 42
PN R IR 5 H B R ORISR, DI 4
Hi PR DNA JF 5115 L4547, DNABERT 4
DNA JFoI IS B k MES T IR e B
(k-mer), B> k-mer 1f 2 —A><Bia] g AR,
IS F A T IS, K5 k-mer
BEALAE 25, BIAUAR 4 LT SR ax S 55 1Y
k-mer, MIM2%>] DNA 550 0 (1 v 70 AR 2RI
fiE. DNABERT H.A7 4% R LS IR )
T2 W TR P SRR DG 5, ania 3h
FRH . RNA S5 G E AT . DNA HEEANL
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SR, Le SVl FH 03I 25 19 BERT A7 Xt
DNA #8174t , JF& T BERT-Promoter %
A5 HAEXT Xiao 4277 M RegulonDB %54 [ 35 B
FrprfEfL L EER R 3 382 MK E A 3
THE, N BERT BEAY AR EZHUT 62 208 4>
YRR ; HEWIN A Shapley A il 1 f# B (Shapley
additive explanations, SHAP)/#T, 454 Spearman
AHOCZR B 8 55 ROIRG B2 ¢ R A sy 653 4>
HLRHE, LIS 4t B IFHBR TR F R
JEXTEE Y BERT FRAEAH H Z AL as2: 2 55k
PEATB I VERE o %07 Bl B 2R 20 T RRAE
PR, (HRIAR AL SHLEs 2 7k . i
Li ZE U8 19 96 T DNABERT A58 f 42 A3 F 0
#% “msBERT-Promoter” W 3 15 AR #5 A [R] 4% 55 1)
TR A o 8% 1 22 K T A D HL TR S 22 R R
fEHRHE, e T E AR BUD TR . AT
DNABERT #&#!, SR A RHCEE Y k-mer 3-6 M%
IR K5 751 43 %1 R 24 token 3RAT 2 R R
fE o I i A SR AR AN TR k-mer #5039 B T30
RV RIS ARG T R
A4 e AR S, TR A 3R g BE T
5 T HER RE A W E AL T A

B T)Esh T, mRNA LUA77EIE i i i
A, Ho i TR FUf SHERE
[X (5" untranslated region, S'UTR)#x Jy & %,
5'UTR X AL (4 RBS 1157 51 A S5 mRNA
EWRES G, TIORAZ PR RE 98 TR 2 107 3 S 4R %5
WFIFR s B, EEZAY T, RBS @H L
TR LY 3-10 M H RN S, 8
HON— 8 SRR TS, #R4 Shine-Dalgarno
FeB (& 3C) s %551 5 ORI /N LR 16S
rRNA - (¥ B o] AT BT, B - AZ B I i
SEA T 9 B DT TC R B AR T R IR ROR
[F] I RBS 557 1 2 5~ =2 (8] A% B 5 0 128 %8
WARKEW, PR imsid in fl e TP

http://journals.im.ac.cn/cjben

B IEfE AL, TR AR B Rk K
&k, RBS A mRNA 2458 (In & e 45 #))
A REBHAFAZ AR A 25 &, Q2R RBS #4045
P E T &, WAL S 285G, SRk
R T FE(E 3D), EAZAEY B B RE S pLI
HEZAEYARKESR, KRS mRNA 1945
HHCH T SR S5 H N Kozak 41, 1k RBS #L
Hilo AFXF A% A 5'UTR % A Rk KR
Wi, Gilliot 28O % T —Fh 4 & CNN FiHK 45 1Y)
112 (long short-term memory, LSTM)Fi £ W 2%
H TR A A B (CNN-LSTM) ;. #F55 A G F FH AT 7%
2 OREAR , FE/INEA B A ROM %
BEARY DI WA W] S g s iy B SCfE R, M
T e 80 T K AT B v S'UTR 3 47 X6 28 1 BT
FIERYFIE . Chu ZB7E CNN-LSTM # #1 L 7k
IR T 5'UTR i F A UTR-LM, UTR-LM
FEAN LT Transformer 2844, 1l B B 27 > ik
PN, JE85G —gsst . AmBES WERE
B U BIR B T e ) . FEL 2 T T
F ORGSR RAE 2~ 8 1 R AH Y ¢
SR bR TN 2 LR PR RE

AR, N TR e B AE = X 5 L4k
g 2 NERIR AR R 5 ] 52 B T AR el . 19l
i, Zhang %51 & ) DeepSEED HE#R i i+ 45
A GAN BRI 0, Ese it th e 1 Pk 1Y
BRI 4 DeepSEED Ak /G 15 3l
TAE RN AT T A 2L 300 0 A v %) 6 SR 5 2 4
BRI T 2.3 A5 1.8 4, WE M TGRS
TR . RCRAUT AR & X — Ak
REBERES T T B A4 25900
7, BInTE R B-N IR, ARSI R 2l
Tl e R B B AE R 3 5L . peAk, HIF
KW GPro T HA™ @t AT Az - 1A 25 &
G, SCELT BRGSO PeE . Y
T H bR 2850 FfE 322880, GPro B Al 4=
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BGE BT A, IFE S AR Rk b LR g il 25
R B A KR 42 15, NEREERS
B8 R IR SR T AR e T 58 . EE X
5'UTR JF5 1AL , Pan Z5B49F & B UTR-Insight
BERLIE 1 %5 Transformer 42445 5245 5 14X
P, BT X mRINA B8 U R0 A A o T
ERK M, BRI LE 1 1Y S'UTR JF51
iR e F I S A R R B = AR T 2.5 £, [
HFFAR T mRNA 9% 25 F X A% B R 45 & i B
T, o T FAZ R G0 B SOR AR DG
XL FIR, AL BB BENE 7 AT 7 91 FRAIE
HRRWOCHE, BWREEER LRI, 44
BT
2.2 RESIXFFHINT R BRIEF M 55 A
AL &gt 8 s

HIREXFFA L, A5G E F Y
XFFN AR R IR s o i, FEE
TER S w7 T A=) i [l — 2 B iR
GEEEZO NG R s T (NS NEE7/F e
tRNA 118 = BE A [6] 1717 it 4 AN [m] , B 26 5 60— A AR
SE PR BE B A RO . SRS IXOR B L
T = 1) {67 FH AT R 3% I 3 0% ol B L 22 S B 0
P50 AT 5% ) K 14 9 7= i e O AR A S
(Kl 3E). P AN A N 7 20 B i
AT iAe, R S5%E £ (RNA FEBEVCEL A%
W, URmERCE, i Ancafth 17
—ESE AR PR R R E 5 1 EE S VLR
TEBE, il %5 A% 38 [ 5 X (codon  adaptation
index, CAD™® tRNA iF ¥/ $5 #{ (tRNA adaptation
index, TAD®" | 40 %F %5 % 1 I 1 F 43 (relative
codon bias score, RCBS)®¥4%: | Hort CAIL I [ #x
Iz, HR A E R A AT,
JF Bz B R s, R RS
KPR o XA — R A 6 1 i 2 T
A [R) S 05 1 1) 78 AE DUk o IR I Zaytsev 2181
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P& T Rk 4R AR B Y - R 3k 48 B0 41 (codon
expression index score, CEIS) I % ity j= 3R F
41 (codon productivity score, CPS), H A &AL
A AR ME— T bR, T AT BT
M SEPRDTER, JETIAIE ARV A S, R ALk
R CRRIN: e O S Vi S P W T AN i A
M o 33X A e i AR R BB A% BT 52 0 b o ke [] S
T () Z R PR SE PR 52 ) i B gk — 20 4
T X R 1848 £ (codon pair expression
index, CPED)ZHUK 73 M Al < 25 15— X 1 52 1)
DA o T o R PR i S Ot i e IR 3 IR i
DR T4, AER T 2R 38 7K S 30 1% 56 PR i)
HERRVERS S, ] RE L R R AR R A BE KR AT RE 32
NN OISy Al

bR T B m iR Ah , HA AT B 52 e A
RAEMHREFEKE . mRNA ZH450H | 12
EVE . FEE R B RA S (B0 GC & ).
LR T B mRNA JFA 3 2 FEIG
M AR B B R S, &
HOE A B 5 0 (8] 3F). mRNA ) 2045
T 23 5E ALK () 45 & A HATHE R EE , AT
AR T A AR (B 3G). mRNA e M
E T HL% RNA A DARHPE L IREE )45 (8] 3H)
SRS B Bl R GC % 4 s A% A
BAT B . b E Y GC & & RE T 2 5
A IEIR , ALY GC F AT DU Bk
BR8] 310 ARIZ AL ES T (UAA. UAG.
UGA)TE R ZAER0R BAFTE2E 5 (S Ay
2k B AT DA AR BRI OE A S R, A
U8/ P8 A 3R 4 vy 2 1 o 3Rk i (813 I
A, JEAZ A W) i SRR R T, R
A YRR AT RE T BOE H A IR T R BUR R,
SR RN . O T R GRS Fy 9 AR Ak B 3R
R T IR ARG W8T, Bogl 2500
Mk B Z Rt 4332/ 171 B [R) A= P A b e
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6 348 DMERTER IR T RIL, Hrp
B3 2 ZREH BT A T 60%, LA
WD P INTCA, BT I e BFSE N BLiE
I T2 R AR G L A 5 T 2 R S T R
FHAR A A, DTS - b DA AN () 288 A 4 %
XF R IR 5 AR R KK AR 3
g3 5 2R, it 27 R i ] LR A3 4% b
PR X R IR i s 4 R RIS T 1
mRNA AR H R A EREN, H
it P A ET 18 MEH IR Rk A B
Wi 5 TR AT TR I T 2 RO R S AL
TG 6 FhaE Bk w S T IUe i 6AA FIEE
X EAALE) 31C-FO)IF MM T 19 N H
fyZR xR .

BT A AN [R) DX 3Sso0T B 1 2R3k 52 T 2 B
AN]SR 1 S R )
Xt 2R IR FIGE M . BN Verma 5505 i
1t eGFP Ji P if XA A BB HLAZ H R 17 51 ek 78
TS 3-5 MR EN T, WET -1
&I 250 000 R HE N B eGFP o Xt
A 5 BOH EAT 1Y 0 B R W X BN & T
SEMAR S, T H S S tRNA F 5 B
SRR mRNA B ARS8 45 H A A 2R JE K 51X
— XS B B R B PR AE K Dk B P (translational
elongation short ramp, TESR): i i i 4 P #H
PRI A ARk A0 148 42 BUN B B LR i
Kb, BT X —HE Kim SR T — R
SEOJRREAL, g A AR 28 R 25 TR AN ] TESR
e 5 AR TR s N HTZAE AL K A A
(4 4 305 AghSF S HEAT 0T, A IR PR AL A
BE4E (clusters of orthologous groups, COGs)H
TESR HIRE5FIE . Cambray %:°°5@ i #E GFP &
F 2w s 5L AT s . 96 B3 i T — /M
244 000 DA REEA E, £TxF 8 2
RV 5 i) R S80RR  H8 Aal  m] P BE LR Y 7
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P A P VR s T RS s ], i i e
G 41 943355 I 7 (fluorescence-activated cell
sorting sequencing, FACS-sequencing) /=5 i &
53 B J5 B4 5 AN [m] e 3 %k 1 ) 2 1 TR R W
w AR A g, ST A G MR E T R
HHRBWEEN R HEKRIEH BB &R
W 20 2 B 5 Ik A 1 R AE DL K A7 4 B 22 52
FEHFIXWFFIH KRB T 904 189 o
Liu %F"Y5EF UniRef50 £04 EA dE T — ML
59 142 917 NEHBUFIIEIRE, Tk T
—FETF Transformer 2244 ) MP-TRANS Tl 2k
BARY ; FECEER b, 18 IR T BRI AR Al
T 88 AHFEI(MP-EXP), FHF il 88 4~4
TR 2R R R K5 X SEREAY 1 F- X HERR 3258
# 078, WEM THEGEIIMERM; X —k
AR T 3 F R & BRI E S T T i 55 1
REDTTHI Y LRI ), o o AR R 2 11 o 3R 38 T 11
AL SR Bt 1B 0 R B R Tk

N T REBEAYTE S i X P 91 LAk v B9 A% L
B AE T HBES 2 G P42 8 Bl i 17 1) R AE
HI5 FHIMEBET . Ding % % ) MPEPE
RUE R #6348 MR IR IZEE g
WU OCBERA AR, TR 1 AR (13 B22) A1) 4
I3t U (FAD-AtGDH) Y 28 A8 # i 5 S 25 51
BIR, 2R H A M H R Rk T
T 3.49 1A 7.86 5, ELEGTEEORSZ WA,
IER T AL BROBITE PR ik i 5 D RE e BTy
T AP s 3 — T 1 A FH T Ml g o 390 14
FUBAL A 77 B AnTE £ 4k R gk ', MPEPE
THCIN Y 5 AL A IR G 1 21 12.8 U/mL, Ay
ARIEETE 4.1 £ EEE SR, Jain 5P
TPk ) ICOR T HAHIAL ) LSTM ) 25 4l 2 %%
i bR SO, R T RSt CATF8 85
JE BB TR R PR AERB NSRS R i
PRI RS H, &4t ICOR Fi iy



B8 F | EAREAGHNEEENMATERKIEARER

FEIR RIS A R T T 2.2 A, RIETE
BT LN 35%R% 2 12%, &5 15
RGEFRFEREANTrEXES, b, Nikolados
SEOTIE o X LU IR B 2R 2] 5 2R G bl AR 2k 2
P TI 25 JERA T CNN AE % 5EORS i 3t T 01
GC Fit 5 R Fm R fEMBE T GPCR
fyZ s, 25T CNN BB Y 51 3R 4
KEHA™EM 0.5 mg/L #£F7+ 2 3.2 mg/L, N
SE B AR 1A A R TR R

3 gHh5EYE

YL R RIS R A 2R R Y
M, ZZRE RN E A, IANSH
PR P SRR DGR P S A ¢, K5 RIXR
Gih R A . (RNA £ 2B (RNA J6HPESE
A K XU P PR3 A SR R R, A
ANFTE EHM AR R R ES, HAMEATR
ZHAARIE AR E R W= A, R
B BT A R 0 ORI B AL 34 5 A i 4
Jr AR R 2 D) OCHK . X SEER(H A AR Rk
T 11 A U 22 bL R 1 45 A Ty R T R O
He o Al N ) 2% ST BEASE T B SR T LA AR
SRR R E R, S EUE R
tRNA MRJE | SRG i 0)A AR MO T 17 Ak 1 Joe
AR E A B A R LA . AR E N
&, GC & . mRNA —HEH% 2 MZ%F
BVREAE X 8 1A 5 98 38 14 5% T X L AL A A o
ARG, b — BRI T LIRS

BRI N T B AR X — 2
FARL M G Jead BRI TR A LB, e B2
BE DB BURAS PRSI B8 R T 0 7 v
FEHRRITHEARMN KR, Hsh T RKEEH
R IBEARER . ARG T A T
B FRIB 4 BT 1 v 3 HOHE A R AR N N T
Al AL J 71 70-77,82.90-9395,971 e L gl IR ) SR A
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RURT SR v RO TR B S R T
S BICHE A T A A S B0 T Ak S B 5 2 [R] 1Y)
TC AR IR o T 5% 6 T 1 PR 28 A 52 1) 4 S 50
()75 23 [ R REAm L, 40 Verma 2518 i
MU GRS X5 3-5 DRI RS TRt T
— M5 250 000 A E A A, TR
2R A A AR, T ELBE T S
XAb, WX P E A BB, PR S
T ey SHe R Z2 1) PR 28 9 R e s/ $5 0 1 O
A BE LAkt G K P 91 28 [ O 2 A MR R R TN T
B RE 7 Ik B 9 B 11 35 0 A e 1 ] A
Nikolados ZEPT M FT 2 WA , 36T 455 ¥ 51 4517
YU [ A B0 I i A 30 AR, FE TR0 AS [R]
B 25 8] 9 A I e 2 B 4 1 B 3 T e
W PRI, SEER SRR ST (g E 2R B
I A L RTIN Ty %) T B 2 B A A T 7 0R
ik, BT A TR R BR T 16 £ -4
PRR R BRI, = W58

Al UL, HLERAR R 5N T B8 7 TR A A G
JE A M o LB TR0 B A R A
ARG T el e RBECINEE IR Sy . A A
Gy T2 B R B AE G BN 1 2F), (FURE SRR 18
TR 3 D)2 T AR 5 KO R SCTE S
B S8 N T AR R mAR R AR AR 1
Gty RN R 7 AR IE S5 R R BK PR R,
HIERRERE S THS NI, 17F
WA SR, ALBCR S MR R 145 4 n] LLTR A
% E BB B, 7ERENLRE ) f S
B e, WRE gl TR E A EE
T HOR R R P BT A6 Ak S5 07 3% ) a1
HEUER R % 250 ke Ka %, U0
BT ZEN TR . (AR ZIE O T X Fg
PRI, 0 R S R A A P AR o B
X ¥ A A S R AT 2 g 2l i oA, DR AR
BILHR AR Y rf R 5 TR 5 A X T M R (&
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HW)ZBOE M R A5 H P FIA IO . (A5
P L 7 B R AT 2 o Je S T PR 200 7 AR AR R B
Wi, S PSR N A BE 5 1 4 1 e 51 10 5 —
R LIRS 12 SRR A P Bl
AR 5L A (14 45 5 Sy 2R 11 R B 50
RO TR R B, [H H AT = RIS STk
— iR R R B R SR T S AL T il 24 SRS 1 v il
Al BRI TN G 3 112~ 2800 Uik, it AT
TR TN 2 S W AL B 70 B e B S K i 7
IS EL, AN PR T8 5E (E T 2 B P 57 1Y)
AT AR AL, AT AT PUR XA S A B S B fE |
APLIEAR s il DLAE AT BERY AOR iR 48
20 B SR TR T BT B AR i A R, AT
[7] Bk =% 58 JFE 2 P A9 DR 28 A P B R ot 2 1 3R 08
BRI, N, DI — A Z RS TR
BT, R H AR R0 2 0% B R 5 P 90 e Ak i
A Jil g [R] IR TR 25 2R 40 Hh A S B I 1 (U RNA
RAWG . MR . (RNA S5 IR B 80 25 b
AL IS VR N BUE A o PRI R A v 8] J2 2t
FTRlG , FRA I 2 1R WU 22 2RI F
BOTEBRALE TP AL, SO e T 40 i 3REE
AT S LB iy R DA AR (4 1T R
TER T, AL 5P 45 5 A BT
P A 2 R TN A B AR U A A
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