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Abstract: Spider silk is a natural fiber known as “biosteel” with the strongest composite
performance, such as high tensile strength and toughness. It is also equipped with excellent
biocompatibility and shape memory ability, thus shows great potential in many fields such as
biomedicine and tissue engineering. Spider silk is composed of macromolecular spidroin with
rich structural diversity. The characteristics of the primary structure of natural spidroin, such as
the high repeatability of amino acids in the core repetitive region, the high content of specific
amino acids, the large molecular weight, and the high GC content of the spidroin gene, have
brought great difficulties in heterologous expression. This review discusses focuses on the
relationship between the featured motifs of the microcrystalline region in the repetitive unit of
spidroin and its structure, as well as the spinning performance and the heterologous expression.
The optimization design for the sequence of spidroin combined with heterologous expression
strategy has greatly promoted the development of the biosynthesis of spider silk proteins. This
review may facilitate the rational design and efficient synthesis of recombinant spidroin.
Keywords: recombinant spider silk protein; sequence design; expression strategy; structural
characteristics; classification
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EPRIRLL | BRI 22 AR AR R 22 (K 1D,
Foft Ji £ 353 P i RS ) ok 22 3 L AL AR, AR SO X
7 Rk ZZE T T B EEMEREGR 1), Wk
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PEFRO, i AR A 0 X T B Wk 22 8 (A 0 2
22 R RE ARG, ANRIZERIA MR 22 Z [l i A
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Schematic diagrams of the seven types of spider silk and their roles in spider webs
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Table 1 Heterologous expression of different species of recombinant spider silk proteins

Protein Species Host Molecular Yield Expression strategy References

types weight (kDa) (mg/L)

MiSp  Araneus Pichia pastoris 26.6 25.3 Novel expression host [14]

ventricosus (GS115) (P. pastoris strain GS115)

MaSpl Nephilaclavipes  Saccharomyces 94 450 S cerevisiae (GM103), low [15]
cerevisiae temperature induced exprekossion
(GM103)

MaSpl Nephilaclavipes E. coli 100.7-284.9 500-2 700  Metabolic engineering modification [16]
BL21(DE3) (co-expression of key enzymes

encoding tRNAgly synthesis)

MaSpl Nephilaclavipes E. coli 282-556 1240-2 000 Gene optimization, [17]

((NEB10p)) transcriptional-translational

regulation optimization, fusion
expression (fusion tag+breakage of
intrinsic peptide)
MaSpl Euprosthenops E. coli 33 14 500 Chimeric arachnidins [18]
australis BL21(DE3) (NT-MaSp1-CT) (NT from MaSpl,
CT from MiSp), soluble expression,
high density fermentation
MaSp2 Trichonephila E. coli 201 3 600 Metabolic engineering modification [19]
clavipes BL21(DE3) (co-expression of key enzymes
encoding tRNAgly synthesis); high
density fermentation

MaSpl Euprosthenops E. coli 41.8 30 Chimeric arachnidins [20]
australis BL21(DE3) (NT-MaSp1-CT), fusion tag

MaSpls Cyrtophora E. coli 42.7 300—400 Chimeric arachnidins [21]
moluccensis/Latro BL21(DE3) NT-MaSp1s-CT (N/CT from
dectus hesperus MaSpl)

AcSpl  Araneus E. coli 84.7-103.1 35-60 Chimeric arachnidins [22]
ventricosus BL21(DE3) (NT-AcSp1-CT) (NT from MaSpl1,

CT from MiSp)

PySpl  Araneus E. coli 20.8-92.4 - Chimeric arachnidins [23]
ventricosus BL21(DE3) (NT-PySp-CT) (N/CT from MiSp)

TuSpl  Araneus E. coli 45 70 Optimization of [24]
ventricosus BL21(DE3) transcription-translation regulation

Flag/ Araneus E. coli 28.7 173 Chimeric arachnidins [25]

MaSpl ventricosus BL21(DE3) (NT(MaSpl)+Flag+CT(Maspl))

—: Yield is not mentioned in the references.

XNt XL FA Y, R TR EE Z580E  BERZDEEN MaSpl, HEEROXNWER
A, R MaSp 53 F-— kg ik 200-350 kDaPl,  BASCH LR A RN E IR (A)n (n=4—12)3E 7 DL K

AR R R R Y MaSp RELHARER)F R JL GGX (X=Y. L 3t Q7P 4Ia, GGX &7
ZFEME, BN, RIETF N. clavipes Bk Far  FERRZ2 BEELL 3, R IE AL, AR TR
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10%LL F), MRLHEAR ., FWMEAR . SR
MRS, MaSpls M E 4R/ TIER
(BT Ao B P RERT, MaSpls & BLK
KA T AR 32 90 18 IR 22 38 FVRRE R 51 Je
KT 45K -THREIN AL

R A8 B 22 (major ampullate spidroin, MaSp)
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BR)ERHIEELSY , Horbrs & i AT 2 e e Tl 22 24 iR 5k
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RAIRNE 2 (aggregate spider silk) i A1k
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ARMR 22K AR ) 1) ) Fe AR b 4R b i 7 4, T
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N. clavipes Wl % 58 G R BRORG T 32 2 Hh itk 22 2R
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(FibH B FIBL)AIN & -, X FhEREE IR 15
i 20% k2 E IR G R %, RIRA WAL
() £F Yl o B 42 3 T R SR Wk 22(1.2 GPa) i HiL 5k
SR E S a0l 25 ARINIESLIB B, AL AR,
ffR e T — EL LR AME I A R A 1 st e A
FE I SRR A 22 sk 2 3R 1 S5 78 2R
AR —IK, ik BAR B IR 32 L Wk 22 35
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22 BRAEQEEYAERPHIFRIE

FH T4 5 7R AE ) e (o A 1 ik 22 28 1 R
NG ER, PN G E AT T
Hauptmann /NP> R EAEY e Tk 22 85 1
IR, WFEDBER TS T Flag (0T
460 kDa)tk 22 fE 13RIk, 7720 190 mg/kg;
TEMHRE N 55 T Flag (4> T4 250 kDa)itk 22
EH, R4 HN 36 mgkg, BARMEYIE ENFE
KR APk ez 8 R T AR, (HIE™
HEMIFAEAEAMES S, T4 REN
Wk 22 2 1 i ESE B
2.3 BRZEZERAEMIANMME P RIRIE

W 7L 30 4 A L HL A 3R 8 R R B AR IR
71, - HRe HEWRIAEN, Bt LaE
Shy ok 22 7 I R AR IR T T o Xu PO [
AINRHRRET 6 5 ARk B N. clavipes Bk i)
MaSpl 5 MaSp2 £ X, 2 g/ BRI FLIR %
ikHY 40 kDa . 11.7 mg/L B AWk 22 51, SR,
M FAE G S R A e BN i sg g, B H
F14) 35 DR 4 AN B3R R 20 18 S [ o7 18 DT 7= A
IR, RAFMEARZE A FER
INRE— Lewis SFPEFRESLPILI AP TpE T
N. clavipes ¥k i) MaSpl 5 MaSp2 LA, H-7E
L =E s AR B 2> T80k 65 kDa I B4 Wk 22 R
M1, Zeid 95 22 Ja i Ab B A5 95 22 P RE RS T
—ER T, rhiinR Ak E] 200 MPa, {HAH
Y R E MR 2.5 GPaylli sk &k
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24 ReEREMEYHEBRPIIRIE
241 B8

MERE 2 —Fh AR IR 3, AT A
W, WRESTFRERMFEED, AGREM
Pt LR IEN . A PITE i  T e
FRiIAk GS115, SEBE 1 ZERERE X A, ventricosus
WY MiSp #rEE AR, G
ik F] 3.5-7.0 mg/L . Sidoruk 2513558 T F
ik ¥ 1% £ (Saccharomyces cerevisiag) #4517 41
Wk 22 8 11(94 kDa), 1t KBS, 77
iKE 450 mg/L. EARBLN Bl Bk1E R B 1™
SRR, H R TR R T A B A A SR
HARE, RAFBELEANS TEA—
B, MELUTE BB E Y — ik 22 2R Y
242 WITKE

Widmaier 252 BUGZENDT TG (Salmondla
Typhimurium) [ T EY 43 36 22 45 (T3SS) 2 4 1] H:
FIRorWEH, P T EH Aventricosus ik
1) 3 FICA RIS R S AR IE 22 81 ADF-1.,ADF-2
DL} ADF-3 f53ihgkik, @b T alifb b5, &
BRIy T 25-56 kDa k22 &1, 77
14 mg/L. - FUTTRE mab K, xR 2
Tk b= R, Bz &8 it — 51
K56
243 KBFHFE

K #F 14 (Escherichia coliyist {4 7 5 15 .
FRVEfR o, B B 0 A R A A A ) A
BAS, B2 Tk 22 8| Rk R G
5El, FLIE 1996 4, Lewis 55Ul i F KM T
FAE MK SN2k R Ak 2, b A]ik
FHS B R IR Wk 22 35 11 MaSp2 1 52 541 ) St
EOPA T IR RE, A T ARG T 5
(31-112 kDa)f EE FFHIEH, WLEARILR
FE 2—10 mg/L. 2010 4F, Xia ZEUON k92 T 7E
KW A1 58 H s o T i 4Lk 22 2B (1 MaSpl
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(284.9 kDa)JFik, Jfim ol % B A B
T} 2.7 g/L. 2018 4, Zhang U4 F
R AE R AR B R ARAS T 19 192 5 ki &
{& MaSp1 (550 kDa)lkZ2 & Gz 5 M ikn 5
RN T A N 4 W 22 85 1) . 2021 4, Rising
LU oL R B T R BETE R AT I h 3R AR T ik
14.5 g/L MEH A k2285 M, 2 H A fiE i) i
BRI, RIAF BRI B LA R
BN EARZE A RERSB TG, A%
PRIk 22 B (10 Tolkfb Az 7= DU R — R A1 E
LWk 22 B 7R R A A B P ) S R e R SR M R 1 7
TREGER .

3 RZLEEEABFAEFRX
35 SR -
30 REAKLERERFRBEEM
TR A BER GC 2k 22 28 1 SL R
FasE#% 5t i, Fahnestock 25T — %751
HEAMZER, BFEB T, BEHER
W r R, ATA RS E A k2 E A
WA mE, DR ekKER,; LB TEA
Wk 22 35 11 8 fi14(65 kDa)Fl 16 £ (163 kDa)1
DP-1B (MaSp1)#l DP-2A (MaSp2)7E KAt &
iRk, PS50 300 mg/L Fl 133 mg/L.
Chilkoti 28R 1E T —Fh i A AL x5
R AR ) 2 R R 3 A 1 I A P, S8 T 38
i PCR A& B T B A i R SO R 7
G, HUEBIZ s TR rE A
FIRFEELITY], EHAKLZEN ADF-1 7
¥, 2 BN R [AAAQAAQAQAAAEAAAQ
AAQAQIs JFHILA S HA 1R B-sheet JE B Y
[AGAGAGPEG],, J¥4 % i i 8 52 25 11 4 Bk
FERIGFE B TP AR B AF  2Rak o

M TRz E P SN e ER M, LBk
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DNA 95 i %% R0 B3R 45 40 M s e s AR,
Wy, WS ERRLS ER, XA R i
B A R A 5N . Bhattacharyya %57
RIAE BRI, MUAERWEEEE T
X 2 RR vk 22 8 1k AR e LA R,
SEEREY, WSS R AR IR E (AR
Fem R MHT A R, B 4 ik 22 85 1 SR 4E 5F
FERGR KO, SR 20 i 4 ok 22 B Y 7 i A
P8 ERE . Xia FA"RGE T —FKIRIA S
KGR RGER IR MR 22 B T, R R
AR i T e 41 4 e A R A I Y (= S =g '
SO R B Ti e S = 1 R ) s e s )
R ) R 4R R K Y o BeZadiad 16 CCIYAIRIR
PR AR T MaSp2 A PER IS, Eal e
WE R R SR ARAT T 0 3.6 g/LI K T
Y MaSp2 (201.6 kDa).
32 EAMLERARMN

KRR 2ZE T T B-Ir S & A, W
A DR IR DIIE R L, JR2LY
22 2] T T LN AL TR A T R M A AL a5 T Ak 2Ry
YL W . AR Ak 24 R ARSI R TSR
S, RNEE. HREAVER, (HRER
JEATS A ke 22 B 118 KSR 27 22 0 v 1 175 i
JE(30%-50%, FittiARFA%0), I HAHLE
A i HL A AR W IR 2 AT A O B — E G
Bk . Kaplan 251045 1o 78 52 2 TH =B85 41
A 25 A7 7 O o B A TR B 5 7 > AU AL i i Y
“fi KA, PR R 22 8 TS R . AR
AR BT, EETE B K H R 7K I ARE
K, B B-Hr & T8 BV A B BT i AE IR
JFURAST, H o mRmEE i 2w, B-9rd
SERIAF LUK . B ZRG T R EN S 1Y 8 i
A& MaSp1 (£ Tris-HCI & H AT AR 40%-50%,
B AR 40
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W I R E>50%, R IRFL D), REWS
TE KV W 447 R R BOT 1) AT AR A8 (7] vk 4
% 500 mg/mL). BLAbh, %8 i BEE 7E K W
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B2 192 f&KEE 1K MaSpl EAMHLEEAMETEE""  a: N clavipes #i 22 1 MaSpl KI5 E
O (AN BT I 7S S 18 Ak — S50 R 91 ) Bl Iy B 852 BT (1-meer). THTE R, AR /N B
ANEIERR , X R AGRS 2 1 F RO R A 1 A BTN 35 N EUER K. b #% 1-mer DNA P45 50
UTR. RBS. 7r R NEESHMAIEFITEITEN A G, REXH#E T E, T REYE™. o I
161 DNA J¥9U4ERRH SI-Bricks 451 Ak DNA #4412 RS MHELL 9412, LU= 2R AN Int© Y int"
Rl Y 96-mer S5H4. d: AEE ORI A RIGIT RHEAT A=A 7. e: KRR A MBS IR YIRS IR 2%, LR 3l si
30 96 RE VWK E AL, 774 192 BEY), 556 kDa W) £ RS B YR 46T 25
BLEFHEEAT S 2. IR IR 5 um

Figure 2 Schematic diagram showing the construction of the 192-fold chimeric MaSpl recombinant
arachnid proteinm]. a: The highly repetitive core of natural N. clavipes dragline silk protein MaSp1 (shown
as a simplified consensus peptide sequence) was reduced to a single repeat unit (1-mer). Note, while “-mer”
often refers to a small molecule or individual amino acid, the abbreviation here refers to the 35 amino acid
peptide that constitutes the repeating unit of the larger spidroin. b: The 1-mer DNA sequence was combined
in silico with 5’ UTR, RBS, split intein (SI), and terminator sequences, which were then computationally
optimized for microbial production. c: The optimized DNA sequences were assembled within the framework
of a standardized DNA part assembly system termed SI-Bricks to yield complementary Int®- or Int"-fused
96-mer constructs. d: Constructs were transformed to metabolically engineered E. coli for bioproduction. e:
Cell cultures were mixed and lysed to initiate SI-mediated covalent ligation of 96-mer spidroins to yield a
192-mer, 556 kDa product. f: The ligated product was purified and spun into fibers for mechanical testing.
Scale bar indicates 5 pm.
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Schematic representation of constructing the amyloid chimeric arachnid protein
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Figure 4 Principles for designing artificial miniature arachnid proteins®®’. A: Rosetta energy profiles of
A15-A14 and (A31)3-A14. Bars show Rosetta energies for moving hexapeptides (indicated at the first residue
of each hexapeptide), red bars indicate Rosetta energies equal or below —23 kcal/mol (dashed line). Green bar
indicate Rosetta energies above the threshold and are unlikely to form steric zippers. B: Bars indicate the
Rosetta energy of the hexapeptide with the lowest predicted energy from A15-A14 and the engineered

mini-spidroins. C: Hypothetical zipper structure of two pB-sheets composed of hexapeptides AAAAAA from
A15-A14 and ATAAI derived from (A31)3-A14, respectively.
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