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Figure S1. Optimization of spidroin expression with MaSp and FlgSp NTD, examined using SDS-PAGE. Here three different IPTG concentrations (1, 0.5 and 0.05 mM), three temperatures and expression time combinations (25° for 16h, 30° for 6h and 37° for 4h) were used.
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Figure S2. Size exclusion chromatogram (HiLoad Superdex 75 pg 16/600 column) of the F2M mini-spidroin in non-reducing conditions (20 mM Tris pH 8.0, 300 mM NaCl).
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Figure S3. Stress-strain curves of all mini-spidroin PEG bioconjugates that were spun into fibers. 
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Figure S4. 600 MHz 2D 15N–1H HSQC NMR spectrum of 13C, 15N-labeled F2F mini-spidroin at pH 5.5 (red contours) overlaid with the spectrum of isolated dimeric NTFlSp at pH 5.5 (cyan contours).
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Figure S5. Secondary structure analysis of the Spacer domain in F2F at pH 7.0 based on 13Ca and 13Cb chemical shift deviations from random coil values. Ddi values above 1 are indicative of helices, while values below -1 indicate b-strand or extended structure. The Ddi value for each residue i was determined as an average over three residues.
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Figure S6. (A) PCR reaction is used to replicate the Rep domain and the C-terminal cysteine in pet28a+ plasmid using Rs T7 primer and a Fw primer with that contains a complementary sequence to the start of the Rep domain and a Bsp120I restriction site in the 5’ overhang. Obtained PCR products are cleaved with Bsp12I and XhoI restrictases. (B) The C-terminal cysteine is cleaved out of the pet28a+ plasmid using NotI and XhoI restrictases. (C) The PCR end-product is ligated in the plasmid, where the NotI and Bsp120I cleavage site sticky ends are ligated and form a new sequence, which cannot be cleaved by either restrictase.
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Figure S7.  1H-NMR spectrum of 2-arm-PEG-C12.
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Figure S8.  1H-NMR spectrum of 2-arm-PEG-2C12.
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Figure S9.  1H-NMR spectrum of 4-arm-PEG-C12.
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Figure S10.  1H-NMR spectrum of 8-arm-PEG-C12.

Table S1. Amino acid sequences of the designed mini-spidroin constructs.

	Name
	Amino acid sequence

	F2M
	MGKHHHHHHPMSDYDIPTTENLYFQGIANSPFSNPNTAEAFARSFVSNIVSSGEFGAQGAEDFEDIIQSLIQAQSMGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNVISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAAGSGQGGYGGQGQGGYGQSGNSC

	F4M
	MGKHHHHHHPMSDYDIPTTENLYFQGIANSPFSNPNTAEAFARSFVSNIVSSGEFGAQGAEDFEDIIQSLIQAQSMGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNVISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAPGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAAGSGQGGYGGQGQGGYGQSGNSC

	F6M
	MGKHHHHHHPMSDYDIPTTENLYFQGIANSPFSNPNTAEAFARSFVSNIVSSGEFGAQGAEDFEDIIQSLIQAQSMGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNVISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAPGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAPGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAAGSGQGGYGGQGQGGYGQSGNSC

	F2F
	MGKHHHHHHPMSDYDIPTTENLYFQGIANSPFSNPNTAEAFARSFVSNIVSSGEFGAQGAEDFEDIIQSLIQAQSMGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNVISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVDTSGPGQYYRSSSSGGGGGGQGGPVVTEGPGGAGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGYGPGGSGPGGYGPGGTGPGGSGPGGYGPGGSGPGGSGPGGYGPGGSGPGGFGPGGSGPGGYGPGGSGPGGAGPGGVGPGGFGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGGAGGAGGAGGSGGAGGSGGTTIIEDLDITIDGADGPITISEELTISGAGGSGPGGAGPGGVGPGGSGPGGVGPGGSGPGGVGPGGSGPGGVGPGGAGGPYGPGGSGPGGAGGAGGPGGAYGPGGSYGPGGSGGPGGAGGPYGPGGEGPGGAGGPYGPGGAGGPYGPGGAGGPYGPGGEGGPYGPGGSYGPGGAGGPYGPGGPYGPGGEGPGGAGGPYGPGGVGPGGSGPGGAAAC

	F4F
	

	F1T
	MGKHHHHHHPMSDYDIPTTENLYFQGIANSPFSNPNTAEAFARSFVSNIVSSGEFGAQGAEDFEDIIQSLIQAQSMGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNVISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVSAARSGAQSSSTTTTSSTSGSQAASSSASQASASSFAQASSASLAASSSFSSAFSSANTLSALGNVAYQLGFNVANTLGLGNAAGLGAALSQAVSSVGVGASSGTYANAVSNAVGQFLAGQGILNGANAASLASSFASALSASAASVASSSAAQSASQSQAAASAFSRAASQSASQAAAC

	M2M
	MGKHHHHHHPMSDYDIPTTENLYFQGSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDDMSTIAQSMVQSIQSLAAQGRTSPNKLQALNMAFASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSASASGNSGRGQGGYGQGSGGNAAAAAAAAAAAAAAAGQGGQGGYGRQSQGAGSAAAAAAAAAAAAAAAAAGSGQGGYGGQGQGGYGQSGNSC

	M2F
	MGKHHHHHHPMSDYDIPTTENLYFQGSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDDMSTIAQSMVQSIQSLAAQGRTSPNKLQALNMAFASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSASASDTSGPGQYYRSSSSGGGGGGQGGPVVTEGPGGAGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGSGPGGYGPGGYGPGGSGPGGYGPGGTGPGGSGPGGYGPGGSGPGGSGPGGYGPGGSGPGGFGPGGSGPGGYGPGGSGPGGAGPGGVGPGGFGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGGAGGAGGAGGSGGAGGSGGTTIIEDLDITIDGADGPITISEELTISGAGGSGPGGAGPGGVGPGGSGPGGVGPGGSGPGGVGPGGSGPGGVGPGGAGGPYGPGGSGPGGAGGAGGPGGAYGPGGSYGPGGSGGPGGAGGPYGPGGEGPGGAGGPYGPGGAGGPYGPGGAGGPYGPGGEGGPYGPGGSYGPGGAGGPYGPGGPYGPGGEGPGGAGGPYGPGGVGPGGSGPGGAAAC

	M1T
	MGKHHHHHHPMSDYDIPTTENLYFQGSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDDMSTIAQSMVQSIQSLAAQGRTSPNKLQALNMAFASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSASASSAARSGAQSSSTTTTSSTSGSQAASSSASQASASSFAQASSASLAASSSFSSAFSSANTLSALGNVAYQLGFNVANTLGLGNAAGLGAALSQAVSSVGVGASSGTYANAVSNAVGQFLAGQGILNGANAASLASSFASALSASAASVASSSAAQSASQSQAAASAFSRAASQSASQAAAC
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Table S2. SDS-PAGE analysis of mini-spidroin-PEG bioconjugates.
	Mini-spidroin construct
	F2M
	F2M
	F2M

	Bioconjugated polymer
	2-arm-PEG
	2-arm-PEG-C12
	2-arm-PEG-2C12

	SDS-PAGE gel
	[image: ]2 arm conj.
1 arm conj.
Unreacted protein
53 kDa
29 kDa
24 kDa

	[image: A blue dot on a white surface

Description automatically generated]1 arm conj.
Unreacted protein
29 kDa
24 kDa

	[image: A white background with black border

Description automatically generated]1 arm conj.
Unreacted protein
29 kDa
24 kDa






	Mini-spidroin construct
	F2M
	F2M
	F2M
	F4M

	Biocon-jugated polymer
	4-arm-PEG
	4-arm-PEG-C12
	8-arm-PEG
	2-arm-PEG

	SDS-PAGE gel
	[image: A blue and white striped object

Description automatically generated]4 arm conj.
3 arm conj.
1 arm conj.
2 arm conj.
Unreacted protein
106 kDa
82 kDa conj.
34 kDa
58 kDa
24 kDa

	[image: ]3 arm conj.
2 arm conj.
Unreacted protein
24 kDa
58 kDa
82 kDa

	[image: ]Multi-arm conj.
1 arm conj.
Unreacted protein
24 kDa
34 kDa

	[image: A blue sky with white clouds

Description automatically generated]2 arm conj.
1 arm conj.
Unreacted protein
53 kDa
29 kDa
24 kDa







	Mini-spidroin construct
	F4M
	F6M
	F6M
	F2F

	Biocon-jugated polymer
	4-arm-PEG
	2-arm-PEG
	4-arm-PEG
	2-arm-PEG

	SDS-PAGE gel
	[image: ]24 kDa
34 kDa
58 kDa
82 kDa
106 kDa
4 arm conj.
3 arm conj.
2 arm conj.
1 arm conj.
Unreacted protein

	[image: ]2 arm conj.
1 arm conj.
Unreacted protein
58 kDa
34 kDa
24 kDa

	[image: ]24 kDa
34 kDa
58 kDa
82 kDa
106 kDa
4 arm conj.
3 arm conj.
2 arm conj.
1 arm conj.
Unreacted protein

	[image: A blue spot on a white surface

Description automatically generated]116 kDa
63 kDa
53 kDa
2 arm conj.
1 arm conj.
Unreacted protein







	Mini-spidroin construct
	F2F
	F2F
	F2F
	F2F

	Biocon-jugated polymer
	4-arm-PEG
	4-arm-PEG-C12
	8-arm-PEG
	8-arm-PEG-C12

	SDS-PAGE gel
	[image: ]222 kDa
169 kDa
116 kDa
53 kDa
Unreacted protein
2 arm conj.
3 arm conj.
4 arm conj.

	[image: A blue line on a white surface

Description automatically generated]169 kDa
116 kDa
63 kDa
53 kDa
Unreacted protein
2 arm conj.
1 arm conj.
3 arm conj.

	[image: ]53 kDa
63 kDa
116 kDa
Unreacted protein
2 arm conj.
1 arm conj.
Multi-arm conj

	[image: A white and blue dot pattern

Description automatically generated]53 kDa
63 kDa
116 kDa
169 kDa
222 kDa
275 kDa
Unreacted protein
1 arm conj.
2 arm conj.
3 arm conj.
4 arm conj.
5 arm conj.





Table S3. Comparison of the diameter and mechanical properties of different as-spun MaSp-based synthetic spider silk fibers. The fibers included were obtained by a wet spinning process and tested for tensile properties as spun. Mean value ± standard error. Mechanical properties of F2M-4-arm-PEG conjugate fibers were calculated from stress-strain curves of 10 individual fibers.
	
	F2M-4-arm-PEG
	eADF3 (AQ)12NR325 
	Synthetic MaSp1 and MaSp230 
	Flag/ MaSp2 A1S82045 
	MaSp2 1E47 
	NT2RepCT batch 150IL27

	Diameter (µm) 
	34 ± 12
	39 ± 6
	61 ± 2
	32 ±16
	106 ± 5
	7.0 ± 1.2

	Extensibility (%) 
	6.0 ± 1.7
	7 ± 2
	1.1 ± 0.3
	3.7 ± 1
	0.8 ± 0.3
	87 ± 17

	Strength (MPa)
	41 ± 17
	54 ± 16
	33 ± 7
	28 ± 17
	14 ± 4
	95 ± 20

	Toughness (MJ m-3)
	1.0 ± 0.5
	2 ± 0.8
	0.2 ± 0.1
	0.5 ± 0.3
	0.06 ± 0.03
	64 ± 16

	Young’s modulus (GPa)
	1.1 ± 0.7
	2 ± 0.9
	≈3
	0.8 ± 0.5
	1.7 ± 0.4
	2.2 ± 0.6



Table S4. Comparison of the diameter and mechanical properties of different as-spun FlSp-based synthetic spider silk fibers. The fibers included were obtained by a wet spinning process and tested for tensile properties as spun. Mean value ± standard error. Mechanical properties of F2F-2-arm-PEG, F2F-4-arm-PEG, F2F-4-arm-PEG-C12, F2F-4-arm-PEG-2C12 and F2F-8-arm-PEG conjugate fibers were calculated from stress-strain curves of 8-10 individual fibers.
	
	F2F-2-arm-PEG
	F2F-4-arm-PEG 
	F2F-4-arm-PEG (81% rH)
	F2F-4-arm-PEG-C12
	F2F-4-arm-PEG-2C12
	[bookmark: OLE_LINK1]F2F-8-arm-PEG
	F2F
	Flag/ MaSp2 A1S82045 
	Flag GF47 

	Diameter (µm) 
	24 ± 5

	22 ± 10
	14 ± 4
	34 ± 19
	18 ± 5
	6.6 ± 1.9
	18 ± 3
	32 ± 16
	37 ± 1

	Extensibility (%) 
	5.6 ± 2.2
	5.8 ± 3.4
	507 ± 347
	15.5 ± 10.3
	3.8 ± 1.1
	25 ± 21
	6.6 ± 1.1
	3.7 ± 1
	1.1 ± 0.9

	Strength (MPa)
	43 ± 22
	45 ± 18
	11 ± 6
	22 ± 7
	26 ± 4
	81 ± 14
	73 ± 22
	28 ± 17
	19 ± 5

	Toughness (MJ m-3)
	1.6 ± 0.7

	1.2 ± 0.8
	30 ± 27
	1.2 ± 0.5
	1.7 ± 0.1
	17 ± 16
	3.5 ± 1.2
	0.5 ± 0.3
	0.12 ± 0.11

	Young’s modulus (GPa)
	2.0 ± 0.9
	1.7 ± 0.9
	0.6 ± 0.5
	3.3 ± 2.9
	0.8 ± 0.3
	2.2 ± 0.6
	2.5 ± 0.7
	0.8 ± 0.5
	n/a



Table S5. 13C chemical shifts of most represented residue types in F2F Rep domain and comparison with the random-coil chemical shift values derived from statistical data.
	Residue
	Atom
	Chemical shift
	Random coil

	Gly
	Ca
	45.5
	45.34

	Pro
	Ca
	63.9
	63.53

	
	Cb
	32.2
	31.87

	Ala
	Ca
	52.7
	52.67

	
	Cb
	19.6
	19.03

	Ser
	Ca
	58.4
	58.35

	
	Cb
	64.3
	63.88



Table S6. Dihedral angles of the I, i+1, and i+2 residues of the XGPG motifs in the repetitive domain of F2F calculated from backbone NMR chemical shifts using TALOS-N and comparison with the typical dihedral angles of type II β-turn.

	Assigned motif
	i
	i
	i + 1
	i + 1
	i + 2
	i + 2

	YGPG
	-122.8
	155
	-63.1
	147.7
	80.5
	3.5

	VGPG
	-101.2
	128.9
	-63.1
	147.7
	80
	4.7

	SGPG
	-115.7
	150.3
	-64
	145.6
	80.5
	3.5

	Type II β-turn
	
	
	−61 ± 13
	136 ± 11
	80 ± 16
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