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Primary structure characterization and biosynthesis of spider
silk proteins for multifunctional biomaterials
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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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FHF A2 Wk A 5 sk 1 R vbids 71, B
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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 Nephila clavipes  Saccharomyces 94 450 S. cerevisiae (GM103), low [15]
cerevisiae temperature induced exprekossion
(GM103)

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

encoding tRNAgly synthesis)

MaSpl Nephila clavipes  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.

XM XL FA Y, R TR EE Z580E  BERZPEENR MaSpl, HEEROXNWER
A, HIE MaSp f43Ft—Er ik 200-350 kDaPY,  BASC i SLRI () B R (A), (n=4—12)3E 7 LA K

ANFERR IR MaSp ILHAFEIEFR JLA GGX (X=Y . L 8 QE 741, GGX HJF
ZFE, BN, RIET N. clavipes WUk i) £ TERR 22 vp R B DL 3,0 W O TE A7 HE , A A F AR
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AR (6%) 1 25 SR 350, AR M e R
055 ) 0 B AH B AR P 5 R 22 18 v PR A
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A i 22 LA s I B (350 MI/m? ) Rz fib
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GGX KIS, (HRRE & i s R Mk L (L
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AcSp 5 H Ak 22 8 A RITE MR AUIR, Sh=E R
Rl X DL & S H AR 1) GGX/GPGXX/
GPGPX (X=Y. L 5 QT 4. ventricosus
) AcSp, HH .0 XA RHIE L7 M SR N &
M2 Ay, BERZETR Sys VS Bl H 2
(14.5%) Fl22 R (18.0%), 45K Fh JC R4 Bl 1Y &5
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i 22 8 ) 2 AR DT

IR IR 22 o FR A2 BN 22 (tubuliform  spider
silk), FEIREERAEINRE . fRIPIRIN, TERT
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fE 4y A L N AAA-SQAASS, MI# T £
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Ji 22 T} 52 A0 S0 FE AR A0 5 B EL A R s g ol
i JE R 22—

RAIRNE 2 (aggregate spider silk) i A1k
BR %5 (aggregate spider glue, ASG)ZH %, HiE
ARMR 22K AT W) 1) ) Fe AL b 4R il ) 7 4, i
ASG IZEVERE S FLAT S A ke e . S il T
N. clavipes Wik it 5 G 0R BoR T 32 28 th Wk 22 2R
[T ASG1 Fl ASG2 41/ . ASG1 I EE L IXHh
BOREAR . HEABRMMERR. M ASG2 B E
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NG ER, PN Y R0 T TR
Hauptmann /INH PR [EIREY) T ik 22 26 1
2RIk, WEDBER TS T Flag (0T i
460 kDa)tk 22 5 [ 3Rk, 7720 190 mg/kg;
TEMHRE N 55 T Flag (4T 250 kDa)itk 22
EH, R4 36 mg/kg, BARMEYIE ENFE
KRGk ez 8 R T AT, (HIE™
HEMIFHEAEAMES S, T4 KRR
Wk 22 26 1 i MESE B
2.3 BRZEZERAEMIANMME P RIRIE

W 7L 30 4 A L HL A 3R 8 R R B AR IR
71, - HRe HEWRIAEN, Hie LaE
hy ik 22 2 I R AR IR TE T o Xu PO
N TERE T 6 f5IRRIE B N. clavipes MWWk )
MaSpl 5 MaSp2 3L, it/ R 7L &
ikHY 40 kDa . 11.7 mg/L B k2285 1, SR 110,
T AE G S R A e B RN g, B H
P4 35 DR 4 A7) B3R R 20 R 1) S [ o7 58 DT = A
PIAFEMER, FRENEARZEAS TEKR
INARE— Lewis SFPEREELIL AP TpE T
N. clavipes W% ) MaSpl 5 MaSp2 3£[H, I7E
L =E s AR B 2 T 5k 65 kDa I B4k 22 R
M1, Zeid 95 22 5 P Ab B A5 95 22 P RE RS T
—EMIRET, PrHfPsR AR E] 200 MPa, {HAH
BT R 22(1.5 GPa)li R # .
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24 BREEEIERE M M i
241 BE

MER) o —Fh EAZ R IR 3, AT Az
W, WRBFRERNFEED, A5 kEH
PRl AR VA R R T R
ik PE GS115, P TEREREXT A. ventricosus
Bk MiSp W B PSR, k™
1153 3.5-7.0 mg/L. Sidoruk Z£°HRIE T FIH
RV ¥ (Saccharomyces cerevisiae)3k45 1 HZH
Wk 22 86 [1(94 kDa), i ARSI, 7 &
IBF] 450 mg/L. SARBLB BB e £ RIA R
SRR, H TR R T R AR I A A R
HHANG, HAFBOEZEANSFEA—
B, MELIE R E B — ik 22 B Y
242 PIKE

Widmaier 252 BUGZEVDT TG (Salmonella
Typhimurium) ) TR 73 3 2 58 (T3SS) K 48 il H:
RIRTMWEN, LT KB A.ventricosus Wk
1 3 RN RIS F AR iR 22 3 F ADF-1,ADF-2
VLK ADF-3 3 hkik, faifk 17 aifb b o%, I
LIRS T 25-56 kDa MWk &,
N 14 mg/Lo HH V0T ERER ™ i 1K, e LA A2
Tk feA =Gk, Iz 66 fridk—2JF
Rt
243 KPR

KIaFF# (Escherichia coli)ist 515 5 15 M
ERVETRT B, B B A 7 Tl A A AR 1 A 7
BAS, PR T ik 22 8 R GR R G BE
G BLAE 1996 45, Lewis Sl K i
RAE IR SRR B k2 1, T3k
Fok A KSRk 22 85 11 MaSp2 [ EE & 741 1Y 4
HE AT IR IK, R T AR ST i
(31-112 kDa)fW EE FFHIEH, WL EAERILR
1E 2-10 mg/L. 2010 4F, Xia ZEU I szl 178
KW #F T i 43 o B 4 Wk 22 25 11 MaSpl
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(284.9 kDa)JFik, Jfim ol % B A B
$EFF % 2.7 g/L. 2018 4, Zhang U] 4 F
B R AE R AR B R ARA5 T 1) 192 5 ki &
{& MaSp1 (550 kDa)lkZ2 & (25 M ikn &
RN T A N4 W 22 5 11).2021 4, Rising
SRV L R B T R BETE R AT I h 3R A8 T ik
14.5 g/L MEH A k2285 M, 72 H A8 i) i
EAKCE . B, KRIBFFRAE A I BE A B R
W EA%2ENFERBE TG, AAHEE
PR 22 86 10 Tl Ak 2B 7™ . DUFE X — RS E
Y Wk 22 B 11 2E R BT v 1 S5 DR 22 8 SR s 1E A T
TREEGER D,

3 RZLEEEABMFEFHX
35 SR -
30 REAKLERERFRBEEM
TR A BER GC fr ik 22 28 1 SL R
Fase %5t )71, Fahnestock 2T — %751
HAMR2ZEN, Wl m Ik, BERA S
R R, ATLIE RS AR k2 E A0
WA mE, DRAekER,; LB TEA
Wk 22 36 11 8 fi14(65 kDa) il 16 f5514(163 kDa)1
DP-1B (MaSpl)Fl DP-24 (MaSp2)7E K WHF i
R, PS5 300 mg/L Fl 133 mg/L.
Chilkoti 28R 1 T —Fp i A AL x5
R AR ) 5 R 3 A 1 I T A P, S8R T3
i PCR & AL+ 8 82 & A A UL 7
G, IR 208 T AE R G A i E A
KiAHEELTY], EAKZEN ADF-1 7
¥, 2 BN R[AAAQAAQAQAAAEAAAQ
AAQAQ]s P A N HA T B-sheet B B fifi 1] 1Y)
[AGAGAGPEG]y, J7 41 55 = B 8. &2 8 1 ¥ hg
FER AT TR AR I i 3k o

M TR 22 E E SN A e B E M, R
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DNA ()52 il . %% S5 FBHIE 25 4N B s AR o3 A AR
Wy, WS ETRLS ER, XA R i
B A R R A9 FE 25K . Bhattacharyya %57
RIAE BRI, MUAERWEEEE T
X 2 Rr vk 22 8 1 S AR e LA R
SEERR, W TR S R IR IRE (e
Fem WA R, O ik 22 85 1 Bk 4E +F
FERGR KOY, R 20 i 4 ok 22 B Y 7 i A
B ERE Xia FA"RE T —FKIRIAS
KGR RGER IR MR 22 B T, IR R
AR TE S T RE A R AR An At . BRAREE (1 &
SO R TR Ti e S = 1 R ) s e s e )
20 e ) R AR R KO- feZE Rt 16 *CRIMIGIR
PRI T MaSp2 A W PER IS, Eal e
W RS AR T i R 3.6 g/L R4y T
Y MaSp2 (201.6 kDa),
32 EAMLERARMN

KRR 2ZE Tl T BB & i Am, W
FERUE Y OR S P A MR IR TE 238, 549
22 330 T BN TR A PR R A AL 7 T A B
YL JEW . AR A R 22 R I RR SR R TSR
S, RERE. HREAER, (HRER
JEATS AR T ke 22 B 1 AE KSR 27 22 0 v 1 5 i
JE(30%-50%, FiatiAfa%0), I HAHLE
A A i HL A AR W IR 2 AT A O R BT — E G
Bk . Kaplan 281045 i 78 52 2 F = RR 5 4|
A 25 A7 7 O o B A TR B 5 7 > AU AR i Y
“fi KA, PR R 22 88 TS R . W AR
FEAACIRAS I, 4 T A 45 K LS5 K 18 SIEARUE
K, BN B-Hr & Y BV A B BT T AE IR
JFORAT, H o s R mEE i 2w, B-9rd
SERIAR LIS o e RAT T R 8 fi
A MaSp1 (7 Tris-HCI & H AP AR 40%-50%,
Fr AR 40
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BT 1) 4 R 5 A8 - 2 R i 2 il R O 66 B gk A 7
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F, ST B Wk 22 8 Ve KA R R
PRIk, Lh Araneus diadematus K5 ) ADF-3
Y5 ADF-4 J¥ 59 5a, M TG k22 8
(48—134 kDa), f335T ADF-3 ¥4/ & 35K
P, SRR G R 22 T 7EER A R (300 mmol/L
NaCl, 20 mmol/L Tris-HCI) i AT %P (15%—20%,
AR EO B E R TE . Andersson ZEL7h ik
ZEAMN 2 NEERITCRIR Euprosthenops
australis 1) MaSpl)ix A BAT pH W W4 F) NT
CRIE E. australis ) MaSp1)LL N BHAG & ] %
PR CT R IE A. ventricosus ) MiSp), %
H — A& 2> A A R 22 8 11(33 kDa) . 1%k
B Wik 22 B U7E R AT RS T RS i Rk
(100 mg/L), I H ELAT & B W A Pk (78 Tris-HCI
VW T I R E>50% , AR, RRES
TE KV W 4 471 B 8O 1) AT AR A8 (7T vk 4
% 500 mg/mL). HAh, ZE LB TE K
AR A ML R b T N T2z, R8T
SPERERY AL Mk 22, )5 S i R )
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L R R T AR AR T R Tk 2
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FVAHEBE-RNA A TR s C g
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(B) 96mer-IntN .
_ 1500 v
£ 1 000
S 192 -mer 96 mer 96-mer
>t D (556 kDa) <-- (290 kD) TP ZDA082 kDa)
g 500 IntN Int¢
7 0 ) 96mer-Int™ (A) Int*-96mer
10 20 30
Strain (%)

B2 192 f&KERE 1K MaSpl EAMHLEEMETEE""  a: N clavipes #i 225 11 MaSpl KI5 E
A0 (A BT 7 S 151 A — B IR 91 854 il B B 52 AT (1-meer). 35T, “~mer” il W 45/ T B
NEIERR, X BRSO U R TR 35 LMK, b: K 1-mer DNA F415 5/
UTR. RBS. 7R NEESHAZ ILFITETH RN FH G, REN H it amiite, MTPRCEYE™ . .
K15 DNA JF IR Jy SI-Bricks HHRIEIL DNA #5214 RS MAEZR N AL, U™ A TAMIY Int© B int™
Rl Y 96-mer £5H4. d: AEE ORI A RIGIT RHEAT A4 7. e: KA MRS IR YIRS IR 2%, LR 3l si
I3 96 RAWMIRE AL, 77 A 192 REY), 556 kDa WY f: RS B YR 41T 25
BLEFHEHEAT S 2. IR 7R 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.

RoypFREEKZEANSBRBEARRWER B TANES TR, i
P, XiE— S TR R ZE RS, A5k BT RERBIF LRI EAM BN IEE, B4
SY 2 PEREZ R SC R HIHRTE R PR FL AR A U R BT . 2R

EASTRAEZ REAPRNER A EITEEUY S k22 8 AR TR
/L P DB N 85 N B U = B By 1B~ S R 1T O W i s - S DA D2 S IR g R
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B4 AEBFRE2ZESMEITRE® A, A15-A14 FI(A3D)3-A14 [ Rosetta RER I EIAR K FR B
NI B ZERE RE B (TE B D N IR 58 — DR IE AL 2R ), L@ HDIRIF SRR 2 ZE I RE 55 T BT
-23 kcal/mol (HEZK). LR 5cFE /RS TBIERY Rosetta BEE, AN KATHEE I IKNIEE. B: KK ER
A15-A14 F1CFE 2R AR 8 35k v 100 B8 5 5 (IR A 7S K1Y Rosetta BE. C: R H A15-A14 RIS K AAAAAA
FI(A3D)3-A14 TP ATAAT AT AN B H BR4E 254

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 B-sheets composed of hexapeptides AAAAAA from
A15-A14 and ATAAI derived from (A31)3-A14, respectively.
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