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A B S T R A C T   

Spider dragline silk is a remarkable fiber made of unique proteins—spidroins—secreted and stored as a 
concentrated aqueous dope in the major ampullate gland of spiders. This feat has inspired engineering of mi
crobes to secrete spidroins for spinning into tough synthetic fibers, which remains a challenge due to the 
aggregation-prone feature of the spidroins and low secretory capacity of the expression hosts. Here we report 
metabolic engineering of Corynebacterium glutamicum to efficiently secrete recombinant spidroins. Using a model 
spidroin MaSpI16 composed of 16 consensus repeats of the major ampullate spidroin 1 of spider Trichonephila 
clavipes, we first identified the general Sec protein export pathway for its secretion via N-terminal fusion of a 
translocation signal peptide. Next we improved the spidroin secretion levels by selection of more suitable signal 
peptides, multiplexed engineering of the bacterial host, and by high cell density cultivation of the resultant 
recombinant strains. The high abundance (>65.8%) and titer (554.7 mg L–1) of MaSpI16 in the culture medium 
facilitated facile, chromatography-free recovery of the spidroin with a purity of 93.0%. The high solubility of the 
purified spidroin enabled preparation of highly concentrated aqueous dope (up to 66%) amenable for spinning 
into synthetic fibers with an appreciable toughness of 70.0 MJ m− 3. The above metabolic and processing stra
tegies were also found applicable for secretory production of the higher molecular weight spidroin MaSpI64 (64 
consensus repeats) to yield similarly tough fibers. These results suggest the good potential of secretory pro
duction of protein polymers for sustainable supply of fibrous materials.   

1. Introduction 

Spider dragline silk exhibits extraordinary mechanical properties 
such as high tensile strength and extensibility that make it tougher than 
nearly all other natural and synthetic materials (Chung et al., 2012; 
Omenetto and Kaplan, 2010). The main components of dragline silk are 
major ampullate spidroins I (MaSpI) and II (MaSpII), proteins that are 
named after their secreting gland. Their molecular weights are high at 
250− 320 kDa (Ayoub et al., 2007; Kono et al., 2021; Sponner et al., 
2005). These silk proteins (spidroins) comprise a long repetitive core 
region flanked by nonrepetitive amino- and carboxy-termini of about 
100 amino acid residues (Ayoub et al., 2007). The repetitive region is 
rich in polyalanine and polyglycine motifs, and the polyalanine motifs 

enables the formation of crystalline β-sheet structures responsible for the 
high strength of dragline silk, whereas the glycine-rich motifs contribute 
to the extensibility and flexibility of the silk fibers (Gatesy et al., 2001; 
Heim et al., 2009; Oktaviani et al., 2018). 

The demand for spider dragline silk is increasing for diverse appli
cations due to its extraordinary mechanical and physiochemical prop
erties (Omenetto and Kaplan, 2010; Qin et al., 2021; Zhou et al., 2018). 
However, sustainable supply of natural dragline silk is not practical by 
farming spiders because they are territorial and produce small amounts 
of the silk fibers (Andersson et al., 2017; Xia et al., 2010). Therefore, it is 
highly desirable to produce recombinant spidroins for processing into 
synthetic dragline silk fibers and other forms of biomaterials (Bowen 
et al., 2018; Gonska et al., 2020; Jones et al., 2015; Saric et al., 2021). 
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Many attempts have been made to produce recombinant spidroins in 
a variety of heterologous hosts (Chung et al., 2012; Whittall et al., 2021). 
The traditional approach is to accumulate recombinant silk proteins in 
the cytosol of bacterial or insect cells (Foong et al., 2020; Huemmerich 
et al., 2004; Lewis et al., 1996; Schmuck et al., 2021) or in the endo
plasmic reticulum of plant leaves (Scheller et al., 2001). A major limi
tation of this approach is the confined cell volume leading to the 
difficulty in maintaining solubility of the overexpressed silk proteins, 
the restriction on protein yield, and extensive cell lysis and purification 
steps to harvest the target proteins (Huemmerich et al., 2004; Winkler 
et al., 2000; Wei et al., 2020; Zhang et al., 2008). Another strategy is to 
directly produce fibrous spider silk in the secreting-silk organs of 
transgenic silkworms (Kuwana et al., 2014; Teulé et al., 2012; Xu et al., 
2018). The ability to assemble recombinant spider silk proteins into fi
bers is intriguing in these studies, yet the intrinsical production of 
silkworm silks restricts the amount of spider silk proteins in the trans
genic silkworms and consequently the mechanical properties of the fi
bers. Alternatively, secretory expression systems have been developed 
for extracellular production of recombinant spidroins to simplify puri
fication and maintain soluble state of the silk proteins prior to being 
spun into water-insoluble fibers. For example, mammalian cells have 
been engineered to secrete spidroins having molecular weights of 60 to 
140 kDa. The fiber with the highest average toughness value of 0.895 g 
per denier (gpd) was derived from a 60 kDa ADF-3 silk protein (Lazaris 
et al., 2002). Also, two types of dragline silk proteins (ADF3 and ADF4) 
were secreted by the type III secretion system of Gram-negative bacte
rium Salmonella enterica (Azam et al., 2016; Metcalf et al., 2014; Wid
maier et al., 2009). However, the manufacture and mechanical test of 
synthetic fibers using the secreted silk proteins were not reported in 
these studies, probably due to the low secretion titers up to 30 mg L− 1. 

Corynebacterium glutamicum is a Gram-positive non-spore-forming 
facultative-anaerobic bacterium which has been widely used for indus
trial production of chemicals, fuels, and biopolymers (Becker et al., 
2018; Cheng et al., 2019; Xu et al., 2019). Recently, C. glutamicum has 
also been recognized as an attractive host for the secretory production of 
recombinant proteins due to its several significant advantages: 
C. glutamicum rarely secretes endogenous proteins to the extracellular 
medium which is beneficial for the simple purification process and high 
purity of the target proteins (Yim et al., 2016); extracellular proteolytic 
activity is not detected (Billman-Jacobe et al., 1995); C. glutamicum is 
endotoxin-free and generally recognized as safe (Liu et al., 2015); many 
tools and strategies are available for genetic and metabolic engineering 
of C. glutamicum (Cho et al., 2017); it can be grown in relatively cheap 
media and its industrial-scale fermentation has been well established 
(Park et al., 2014). There have been reports on the secretory production 
of a few fluorescent proteins and enzymes in the gram per liter range 
(Teramoto et al., 2011; Watanabe et al., 2013; Yim et al., 2016). Thus, 
we decided to explore the potential of this industrially robust workhorse 
for the secretory production of spider dragline silk proteins. 

In this study, we report the development of spidroin-secreting 
C. glutamicum strains by rational selection of protein export pathway 
and translocation signal peptides, and metabolic engineering of the 
bacterial host. By high cell density cultivation, the capacity of the 
expression system was further enhanced to secrete two model spidroins 
composed of 16 and 64 consensus repeats of spider Trichonephila clavipes 
(formerly Nephila clavipes) MaSpI. Furthermore, a facile 
chromatography-free process was developed to purify the secreted spi
droins, which could be highly concentrated in aqueous solutions (up to 
66%, w/v) for processing into synthetic fibers with appreciable me
chanical properties. 

2. Materials and methods 

2.1. Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are listed in 

Table 1 and Table 2. The primers used in cloning are listed in Table S1. 
Chemically competent cells of E. coli DH5α (TIANGEN Biotech, Beijing, 
China) were used for gene cloning. C. glutamicum RES167 (a restriction- 
deficient derivative of wild-type strain ATCC 13032) was used as the 
parent to make gene knockout variants for silk protein secretion. DNA 
manipulations were performed according to standard protocols. Pri
meSTAR® Max DNA polymerase was obtained from Takara Biotech
nology Co., Ltd. (Dalian, China). All the restriction enzymes and T4 DNA 
ligase were purchased from New England Biolabs (Ipswich, MA). 
Extraction of plasmid DNA from E. coli was performed using the Mini 
Plasmid purification Kit (TIANGEN Biotech, Beijing, China), and intro
duced into C. glutamicum by electroporation using a Gene Pulser (Bio- 
Rad, Hercules, CA). Plasmid isolation from C. glutamicum was carried out 
with the same kit except that the cells were pre-incubated in buffer P1 
supplemented with 20 mg mL− 1 lysozyme at 37 ◦C for 2 h before 
exposure to the lysis buffer P2. 

A DNA sequence encoding the MaSp1 consensus sequence of spider 
T. clavipes (GRGGLGGQGAGAAAAAGGAGQGGYGGLGSQG) was codon- 
optimized for favorable expression in C. glutamicum using Gene Designer 
2.0, which is freely available at http://www.DNA20.com. The optimized 
DNA was purchased from Genewiz (Suzhou, China) as a synthetic gene 
that was cloned into the NdeI and XhoI sites of vector pET-28a4 (Wei 
et al., 2020). The delivered plasmid named pET28a4-I1cg was used for 
construction of vectors encoding synthetic silk genes of varying length. 
To clone the silk gene with two tandem repeats of the MaSpI consensus 
sequence, plasmid pET28a4-I2cg was constructed by ligating the 4, 
166-bp, XmaI-SpeI fragment of pET28a4-I1cg to the 1,388-bp, NheI-X
maI fragment of pET28a4-I1cg. Likewise, plasmids pET28a4-I4cg, 
pET28a4-I8cg, pET28a4-I16cg, pET28a4-I32cg, and pET28a4-I64cg 
were created that encode 4-64 repeats of the consensus sequence, 
using the iterative polymerization strategy as described earlier (Qian 
et al., 2015). 

Plasmids for secretory production of silk proteins in C. glutamicum 
were constructed on the classic expression vector pXMJ19. Briefly, DNA 
sequences encoding signal peptides were first amplified from the 
genomic DNA of C. glutamicum RES167 except that the torA signal 
sequence was amplified from E. coli MG1655. The amplified DNA frag
ments were subsequently cloned into the HindIII-SalI site of pXMJ19, 
leading to the respective secretory vectors. The silk genes were then 
liberated by digesting the aforementioned pET-28a4 derivatives with 
restriction enzymes NdeI and BamHI-HF, and cloned into the same sites 
of the above secretory vectors. In the experimental setup for screening 
signal peptides, the fragments encoding signal peptides of interest were 
PCR-amplified from the genomic DNA of C. glutamicum RES167, cut with 
HindIII and NdeI, and then ligated with the 8.2 kb NdeI-HindIII fragment 
of plasmid pCG2-I16cg, a vector for secretory expression of the 16-mer 
silk protein under the guidance of the Cg1514 signal peptide. Alterna
tively, the DNA fragments encoding Cg2195 and Cg3393 signal peptides 
were obtained by annealing the respective primer pairs (Table S1), and 
directly ligated with the desirable restricted fragment of plasmid pCG2- 

Table 1 
Bacterial strains used in this study.  

Name Description Source or Refs. 

E. coli 
DH5α F- φ80 lacZΔM15 Δ(lacZYA-argF) U169 

endA1 recA1 hsdR17(rk
- mk

+) supE44 λ- thi-1 
gyrA96 relA1 phoA 

TIANGEN Biotech Co., 
Ltd., Beijing, China 

MG1655 K-12 F– λ– ilvG– rfb-50 rph-1 Lab stock 
C. glutamicum 
RES167 ATCC 13032 Δ(cglIM-cglIR-cglIIR); 

Restriction deficient 
Lab stock 

JQ01 RES167 ΔrecA This study 
JQ02 RES167 Δpbp1a This study 
JQ03 RES167 ΔsigD This study 
JQ04 RES167 Δpbp1a ΔsigD This study 
JQ05 RES167 Δpbp1a ΔrecA This study  

Q. Jin et al.                                                                                                                                                                                                                                      

http://www.DNA20.com


Metabolic Engineering 70 (2022) 102–114

104

I16cg. This resulted in a series of secretory expression plasmids, each 
encoding an intended signal peptide by replacement of the original 
Cg1514 signal peptide. 

The tandem tet-glyVXY cassettes were amplified from plasmid 
pTetgly2 (Yang et al., 2016) with PrimeSTAR® Max DNA polymerase 
and primers pTetgly2-F and pTetgly2-R. The resulting PCR product was 
cut with SalI, and inserted into the EcoRV-SalI site of shuttle vector 
pTRCmob (Liu et al., 2007), leading to plasmid pTRC-gly2. This plasmid 
allows expression of the glyVXY genes under the constitutive tet 
promoter. 

Deletion of the recA, pbp1a and sigD genes in C. glutamicum were 
performed as described previously (Schäfer et al., 1994). Briefly, 1-kb 
sequences upstream and downstream of each target gene were 
PCR-amplified from the genomic DNA of C. glutamicum RES167, fused, 
and cloned into the SalI-BamHI site of vector pK19mobsacB by using the 
In-Fusion HD Cloning Kit (Clontech Laboratories, Inc., Mountain View, 
CA). The resulting integration plasmids containing the kanamycin 
resistance and sacB genes were electro-transformed into C. glutamicum 
cells for chromosomal homologous recombination. Desirable gene 
deleted mutants were obtained by two-step selection based on kana
mycin resistance and the SacB system, and further confirmed by PCR 
with two primers flanking each target gene. 

2.2. Secretory production of silk proteins 

For protein production in flask cultivation, recombinant 
C. glutamicum strains were cultivated in 250 mL flasks containing 20 mL 
of 38.5 g L− 1 brain heart infusion (BHI; Qingdao Hope Bio-Technogy 
Co., Ltd, Qingdao, China) medium in a shaking incubator at 30 ◦C and 
220 rpm. When necessary, antibiotics were added into the culture me
dium at the following concentrations: 25 mg L− 1 of kanamycin, 10 mg 
L− 1 of chloramphenicol, and 50 mg L− 1 of nalidixic acid. When the cell 
optical density at 600 nm (OD600) reached ~4, the cells were treated 
with isopropyl-β-ᴅ-thiogalactoside (IPTG; Sigma, St. Louis, MO) at 1 
mM, and further cultivated for 6 h. Cell culture samples were taken and 
centrifuged at 13,523g and 4 ◦C for 10 min. The resulting supernatant 
was collected for the analysis of extracellular proteins, and the pellets 
were resuspended and lysed using the same buffers as described for 
plasmid isolation. 

For protein production by high cell density cultivation (HCDC), re
combinant C. glutamicum strains were cultivated at 30 ◦C in a 5 L jar 
bioreactor (Biotech-5JG-7000; BaoXing Bio-Engineering Equipment, 
Shanghai, China) containing 2 L of a semi-defined medium supple
mented with 20 g L− 1 of glucose. The semi-defined medium contains 
(per liter): 3 g K2HPO4, 1 g KH2PO4, 2 g urea, 10 g (NH4)2SO4, 2 g 
MgSO4, 0.2 mg biotin, 5 mg thiamine, 10 mg calcium pantothenate, 10 
mg FeSO4, 1 mg MnSO4, 1 mg ZnSO4, 10 mg CaCl2, 2 g yeast extract, and 
7 g casamino acid. As a seed culture, the cells were pre-grown with 200 
mL of the same medium in a 1 L baffled flask to an OD600 of ~28. The 
dissolved oxygen concentration of the fermentor was kept at 30% of air 
saturation by automatically increasing the agitation speed up to 800 rpm 
and then by changing the percentage of pure oxygen. A feeding solution 
(700 g L− 1 glucose) was added into the fermentor using the pH-stat 
strategy when the pH rose to a value of greater than its set point (pH 
7.0) by 0.05 due to the depletion of glucose. The culture pH was 
maintained at 7.0 by adding 1 M phosphoric acid or 28% (v/v) ammonia 
water. When the OD600 reached ~60, the cells were induced with 1 mM 
IPTG. Samples were periodically taken for the measurements of OD600 
and preparation of protein samples as described for the flask cultivation. 

2.3. Purification of secreted spidroins 

The fermentation broth was centrifuged at 7,024g and 4 ◦C for 20 
min, and the resulting supernatant was acidified with 1.32 M HCl to pH 
4.0, and mildly agitated at room temperature for 2 h. After centrifuga
tion at 15,422g for 10 min, the supernatant containing recombinant 

Table 2 
Bacterial plasmids used in this study.  

Name Descriptiona Source or 
Refs. 

pET-28a(+) KmR, T7 promoter, pBR322 ori, 5.4-kb Novagen 
pET-28a4 pET-28a(+) with an inserted BamHI site, 5.4-kb This study 
pET28a4-I1cg pET-28a4 harboring monomer silk gene, 5.4-kb This study 
pET28a4- 

I16cg 
pET-28a4 harboring 16-mer silk gene, 6.9-kb This study 

pET28a4- 
I64cg 

pET-28a4 harboring 64-mer silk gene, 11.6-kb This study 

pXMJ19 CmR, tac promoter, pBL1 ori, pUC ori, E. coli- 
C. glutamicum shuttle vector, 6.6-kb 

Lab stock 

pCG2 pXMJ19 harboring cg1514 SP sequence, 6.7-kb This study 
pCG2-I16cg pCG2 harboring 16-mer silk gene, 8.3-kb This study 
pCG3 pXMJ19 harboring E. coli torA SP sequence, 6.7- 

kb 
This study 

pCG3-gfp’ pCG3 harboring a synonymous gfpmut3 gene, 7.4- 
kb 

This study 

pCG3-I16cg pCG3 harboring 16-mer silk gene, 8.3-kb This study 
pCG4 pXMJ19 harboring cg0955 SP sequence, 6.7-kb This study 
pCG4-gfp’ pCG4 harboring a synonymous gfpmut3 gene, 7.4- 

kb 
This study 

pCG4-I16cg pCG4 harboring 16-mer silk gene, 8.3-kb This study 
pCG5-I16cg Derived from pCG2-I16cg with cg0413 SP 

sequence, 8.3-kb 
This study 

pCG6-I16cg Derived from pCG2-I16cg with cg1109 SP 
sequence, 8.3-kb 

This study 

pCG7-I16cg Derived from pCG2-I16cg with cg1243 SP 
sequence, 8.3-kb 

This study 

pCG8 pXMJ19 harboring cg2196 SP sequence, 6.7-kb This study 
pCG8-I16cg pCG8 harboring 16-mer silk gene, 8.3-kb This study 
pCG8-I64cg pCG8 harboring 64-mer silk gene, 13.1-kb This study 
pCG9-I16cg Derived from pCG2-I16cg with cg2394 SP 

sequence, 8.3-kb 
This study 

pCG11-I16cg Derived from pCG2-I16cg with cg2402 SP 
sequence, 8.3-kb 

This study 

pCG12-I16cg Derived from pCG2-I16cg with cg2585 SP 
sequence, 8.3-kb 

This study 

pCG13-I16cg Derived from pCG2-I16cg with cg3182 SP 
sequence, 8.3-kb 

This study 

pCG14-I16cg Derived from pCG2-I16cg with cg3186 SP 
sequence, 8.3-kb 

This study 

pCG15-I16cg Derived from pCG2-I16cg with cg0316 SP 
sequence, 8.3-kb 

This study 

pCG17-I16cg Derived from pCG2-I16cg with cg1087 SP 
sequence, 8.3-kb 

This study 

pCG18-I16cg Derived from pCG2-I16cg with cg2195 SP 
sequence, 8.3-kb 

This study 

pCG19-I16cg Derived from pCG2-I16cg with cg2518 SP 
sequence, 8.3-kb 

This study 

pCG20-I16cg Derived from pCG2-I16cg with cg2868 SP 
sequence, 8.3-kb 

This study 

pCG21-I16cg Derived from pCG2-I16cg with cg0470 SP 
sequence, 8.3-kb 

This study 

pCG22-I16cg Derived from pCG2-I16cg with cg3393 SP 
sequence, 8.3-kb 

This study 

pK19mobsacB KmR, integration vector, oriV, oriT, sacB, 5.7-kb Lab stock 
pK19-ΔrecA pK19mobsacB derivative containing 1-kb 

homology regions flanking the C. glutamicum recA 
gene, 7.7-kb 

This study 

pK19-Δpbp1a pK19mobsacB derivative containing 1-kb 
homology regions flanking the C. glutamicum 
pbp1a gene, 7.7-kb 

This study 

pK19-ΔsigD pK19mobsacB derivative containing 1-kb 
homology regions flanking the C. glutamicum sigD 
gene, 7.7-kb 

This study 

pTetgly2 CmR, dual Ptet-glyVXY cassettes, p15A ori, 5.1-kb Yang et al. 
(2016) 

pTRCmob KmR, E. coli-C. glutamicum shuttle vector, oriV, 
pGA1 ori, 6.4-kb 

Liu et al. 
(2007) 

pTRC-gly2 pTRCmob with Ptet-glyVXY cassettes, 7.3-kb This study 

aAbbreviations: Km, kanamycin; Cm, chloramphenicol; R, resistance; SP, signal 
peptide. 
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MaSpI16 was precipitated by adding ammonium sulfate to 25% satu
ration, and incubated with magnetic agitation at room temperature for 
additional 1 h. In another setup for precipitation of the supernatant 
containing the larger spidroin MaSpI64, ammonium sulfate was added 
to 10% saturation. The mixtures were then centrifuged, and the resulting 
spidroin precipitates resolubilized in deionized water for various char
acterizations (described below). Alternatively, these protein solutions 
were concentrated to prepare spinning dopes using Amicon Ultra-0.5 
Centrifugal Filter 10K devices (Millipore, Darmstadt, Germany) or 
lyophilized for storage. 

2.4. SDS-PAGE analysis, protein quantification and characterization 

For SDS-PAGE analyses, the protein samples were mixed with 5 ×
Laemmli sample buffer, boiled, centrifuged, and loaded onto 10% SDS- 
PAGE gels. Following electrophoresis, the gels were stained with Coo
massie brilliant blue R250 (Generay, Shanghai, China) and scanned by 
the Bio-5000 plus scanner (Microtek, Shanghai, China). The protein 
bands were normalized and quantified by ImageJ software to estimate 
spidroin purity or secretory production level (% total extracellular 
proteins). 

Protein concentration was routinely determined using the bicin
choninic acid (BCA) Protein Assay Kit from Pierce (Thermo Scientific, 
Rockford, IL). As the culture medium contained metal ions that inter
fered the BCA assay, the concentration of total proteins in the culture 
supernatant was estimated by using a Bradford Protein Quantification 
Kit (Yeasen, Shanghai, China). The extracellular spidroin titer was 
calculated by multiplying the concentration of total extracellular pro
teins and the spidroin secretory production level. 

Protein secondary structures was studied by far-UV circular dichro
ism (CD) spectroscopy on a JASCO J-1500 spectropolarimeter (Tokyo, 
Japan). The CD spectra were collected from 190 to 260 nm at a reso
lution of 0.5 nm and a scanning rate of 100 nm min− 1. Each protein 
solution (0.2 mg mL− 1) was loaded into a 1 mm path length quartz 
cuvette, and equilibrated at 25 ◦C for 5 min before measurements. For 
each sample, three measurements were performed, and the averaged CD 
data were presented as mean residue ellipticity ([θ], deg cm2 dmol− 1). 

The size distribution profile of purified silk protein in solution was 
studied by dynamic light scattering (DLS) on a Zetasizer Nano ZS in
strument (Malvern Instruments Ltd., Worcestershire, UK). The water 
solution of each purified spidroin (5 mg mL− 1) was introduced into the 
cuvettes and equilibrated at 25 ◦C for 1 min prior to measurements. For 
each sample, three measurements were performed and averaged. 

2.5. Protein immunoblotting 

Protein extracts from the C. glutamicum cells, culture supernatants, 
and purified silk proteins were analyzed by immunoblotting with anti- 
polyhistidine antibody to detect the recombinant spidroins expressed. 
Briefly, the protein samples were resolved on the SDS-PAGE gels 
described above, and transferred to PVDF membranes using Wet type 
blotting device (Bio-Rad). After blocking with 5% (w/v) nonfat milk in 
the TBST buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 
20), the membranes were incubated with 2,000-fold diluted monoclonal 
anti-polyhistidine-peroxidase conjugate (Sigma product no. A7058) at 
room temperature for 2 h. Immunoreactive bands were detected using 
an enhanced chemiluminescence reagent (BeyoECL Moon; Beyotime, 
Shanghai, China). 

2.6. Fiber spinning and characterization 

For fiber spinning, a tailor-made microfluidic spinning apparatus 
reported by Hu et al. (2021) was used, which possessed a progressively 
narrowing fluidic channel to mimic the shape of spider’s major ampul
late gland. More specifically, the width of the channel decreased from an 
initial 2590 μm to the terminal 100 μm. Dope solutions with a protein 

concentration of 40% (unless otherwise specified) were injected into the 
microfluidic channel using a pump at a speed of 5 μL min–1, and further 
extruded into a coagulation bath containing 90% ethanol at room 
temperature. The length of the as-spun fibers could reach ~20 m. The 
as-spun fibers were subsequently cut into 20 mm lengths and transferred 
into an 80% ethanol bath for 2 h. For fiber stretching, one end of each 
fiber was fixed and the other end was continuously stretched to 4 times 
its original length at a speed of 1 mm s–1. These fibers were kept in the 
80% ethanol bath for additional 1 h. The drawn fibers were then 
removed from the bath and dried at room temperature under tension to 
prevent fiber contraction. 

For characterization of the surface and cross-section of the post- 
drawn fibers, a Hitachi S–3400N scanning electron microscope 
(Tokyo, Japan) was used. Prior to the analyses, the fibers were frozen 
and fractured in liquid nitrogen to obtain fracture cross-sections. The 
fibers were then coated with gold using a Leica EM SCD050 sputtering 
device equipped with a water-cooled sputter head (Leica Microsystems 
GmbH, Vienna, Austria). The ImageJ software version 1.8.0_112 was 
used to determine the cross-sectional area (CSA) of the fiber specimens. 

For mechanical testing, the post-drawn fibers were loaded onto an 
Instron 5944 testing machine with a 10 N load cell (Instron Corporation, 
Norwood, MA), and tested at 20 ◦C and 60% relative humidity. The 
gauge length of each fiber tested was 1 cm, and the stretching rate was 
set at 4 mm min–1. The engineering strain was defined as the ratio of 
change in length and the original length, and the engineering stress was 
obtained as the ratio of force and the original CSA of the fiber. Me
chanical data derived from the engineering stress-strain curves are 
shown as means ± standard deviation (n = 10). 

To characterize molecular alignment in the synthetic fibers, polar
ized Raman spectromicroscopy was performed with an inVia Qontor 
confocal Raman spectrometer (Renishaw, Gloucestershire, UK) coupled 
to a Leica microscope (DM 2700M). A polarizer was placed before the 
entrance slit of the monochromator to allow the detection of the 
polarized scattered light along the X and Y directions. The fibers were 
gently mounted on glass microscope slides with double-sided tape, and 
initially aligned toward the X-axis. The fibers were first irradiated at a 
fixed point with a 785 nm edge laser with polarization fixed along the X- 
axis and focused through a 50 × objective (with a numerical aperture 
NA = 0.5). The polarized Raman spectra were subsequently acquired 
from 784 cm–1 to 1866 cm–1 with a 1200 lines/mm grating, and recor
ded as IX. For each acquisition, a total of 8 spectra were accumulated, 
each for 8 s. The fibers were then rotated along the Y-axis with the same 
laser polarization to obtain the Raman spectra as IY. All measured 
spectra were analyzed using the WiRE 5.1 software from Renishaw and 
normalized to the intensity of the 1450 cm–1 peak, which arises from 
CH2 bending and is insensitive to protein conformation. As a qualitative 
marker of the level of orientation, IY/IX was calculated using the 
normalized peak intensity at 1669 cm–1, and the calculated intensity 
ratio was averaged from three replicates for each type of the synthetic 
fibers. 

3. Results 

3.1. Sec-dependent secretion of recombinant spidroins and screening of 
signal peptides 

So far, there has been no report on the secretory production of re
combinant spidroins in Gram-positive bacteria. We thus aimed at 
establishing such secretory platform in the industrially robust Gram- 
positive bacterium C. glutamicum. It is known that C. glutamicum has 
two major secretory pathways, the general secretory (Sec) pathway and 
the twin-arginine translocator (Tat) pathway, both of which have spe
cific signal peptides that mediate the export of target proteins into the 
culture medium (Watanabe et al., 2009). For the secretory production of 
spider silk protein, we first assembled a codon-optimized synthetic gene 
encoding 16 repeats of the consensus sequence of spider T. clavipes 
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MaSpI. The encoded protein (hereafter referred to as MaSpI16) was 
fused N-terminally to a hexahistidine tag and C-terminally to a Sec- or 
Tat-dependent signal peptide. Recombinant plasmids for the expression 
of these fusion genes under the IPTG-inducible tac promoter (Fig. 1A) 
were constructed based on the E. coli-C. glutamicum shuttle vector 
pXMJ19. 

Expression and secretion studies were conducted using C. glutamicum 
RES167 as the host strain, which is a restriction-deficient derivative of 
the wild-type ATCC 13032 strain. After flask cultivation of the recom
binant strains in the rich BHI medium, the protein fractions of the cul
ture supernatants and cell lysates were analyzed by SDS-PAGE and 
Western blot as described in the Method section. As shown in Fig. 1B, the 
Cg1514 signal peptide, which was recently identified from C. glutamicum 
and proven to be Sec-dependent (Yim et al., 2016), was capable of 
mediating secretory production of the 16-mer silk protein MaSpI16. In 
addition, this model recombinant spidroin was produced as a major 
protein in the culture medium with a high purity (~78% of total proteins 
in the culture supernatant). Two previously known Tat-dependent signal 
peptides, Cg0955 signal peptide (Teramoto et al., 2011) and E. coli TorA 
signal peptide (Kikuchi et al., 2009), were also tested. Although they 
successfully mediated export of green fluorescent protein, a folded cargo 
known to specifically secrete through the Tat pathway (Teramoto et al., 
2011; Yim et al., 2016), neither of them enabled secretory production of 
MaSpI16 (Fig. S1). These results indicated that the repetitive recombi
nant spidroin can be secreted via the Sec-dependent pathway, but less 

likely via the Tat-dependent pathway in C. glutamicum. 
It was reasoned that the spidroin secretion level might be increased 

by recruiting more suitable Sec-dependent signal peptides (Freudl, 
2018). Thus, a library of Sec-dependent signal peptides that have pre
viously been shown to mediate efficient secretory production of en
zymes (Watanabe et al., 2009; An et al., 2013) was examined. Indeed, 5 
of the 16 signal peptides screened resulted in markedly increased 
amounts of secreted silk protein when compared to the Cg1514 signal 
peptide tested first (Fig. 1C). In particular, the signal peptide of Cg2196 
(a putative secreted or membrane protein) allowed approximately 
twofold higher secretion of the 16-mer silk protein. In contrast, the 
signal peptides of Cg0316 and Cg2402 were incapable for secretory 
production of the silk protein even though these two peptides were 
previously ranked medium to high in efficiency for the secretion of 
α-amylase (Watanabe et al., 2009). These results clearly suggested the 
importance of screening a library of signal peptides for the improved 
export of a specific protein of interest, and in particular the silk protein 
as this class of repetitive proteins has not previously been targeted for 
secretion in C. glutamicum. Furthermore, the identity of the secreted 
16-mer silk protein and correct cleavage of the Cg2196 signal peptide 
during Sec-dependent export were verified by MALDI-TOF mass spec
trometry and N-terminal amino acid sequencing (Fig. S2). Therefore, the 
Cg2196 signal peptide was used in subsequent studies. 

Fig. 1. Sec-dependent export of recombinant spi
droins. (A) Schematic diagram of genetic constructs 
for secretory production of recombinant spidroins. 
(B) Coomassie-stained SDS–PAGE gel (Left) and 
Western blot (Right) analysis of culture supernatants 
and lysates of C. glutamicum RES167 cells carrying 
empty vector (Ctrl) and plasmid for secretory pro
duction of the His6-tagged 16-mer spidroin by C-ter
minal fusion to the Sec-dependent cg1514 signal 
peptide. The arrow indicates the target protein in the 
medium, and the dotted arrow indicates the cyto
plasmic preprotein with intact signal peptide. (C) 
SDS–PAGE analysis of culture supernatants reveals 
signal peptides (indicated above each lane) suitable 
for high-level secretory production of the 16-mer 
spidroin.   
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3.2. Engineering of the host strain to improve secretory production 

Next, the C. glutamicum chassis strain was engineered for further 
increasing the secretory production level. To this end, we attempted to 
improve extracellular spidroin titers at the gene dosage/transcription, 
translation, and secretion levels (Fig. 2A). Accordingly, the preceding 
C. glutamicum strain RES167 was genetically engineered, and the de
rivative strains were then tested for secretion of the 16-mer MaSpI16 
and its higher molecular weight version MaSpI64 having 64 repetitive 
consensus sequence (theoretical molecular weight of 168.92 kDa). 

Due to the highly repetitive nature of the spidroin genes, improving 
the genetic stability of the recombinant plasmids via attenuation of host 
recombination activities was thought to be important; this would give 

the effect similar to increasing the gene dosage. Thus, the recA gene 
encoding the main recombinase was knocked out from the C. glutamicum 
chromosome. As expected, the recA mutant (C. glutamicum JQ01) 
improved secretion of both MaSpI16 (13% higher) and MaSpI64 (27% 
higher) compared to the control strain (Fig. 2B; Fig. S3). Surprisingly, 
analyses of the plasmid copy numbers revealed that the spidroin gene 
dosage was similar in the strains with and without recA disruption 
(Fig. S4A). On the other hand, the silk gene transcript level was drasti
cally elevated in the recA mutant (Fig. S4B), which is expected to result 
in improved spidroin biosynthesis for export into the culture medium. 
Although the underlying molecular events and mechanisms remain to be 
studied, these results suggest a previously unknown target (recA 
disruption) for improving secretory production of repetitive proteins at 

Fig. 2. Engineering of the C. glutamicum chassis 
strain for improving the secretory production level. 
(A) Schematic diagram of engineering at spidroin 
gene transcription, translation and secretion levels. 
The gene targets include recA, glyVXY, pbp1a, and 
sigD encoding recombinase A, tRNAs that recognize 
glycine codons GGU and GGC, membrane carboxy
peptidase, and RNA polymerase sigma factor SigD, 
respectively. (B) Relative secretion levels of MaSpI16 
and MaSpI64 in each engineered strain compared to 
the non-engineered RES167 strain. Data are presented 
as mean ± s.d. of n = 3 biologically independent 
samples. Statistical significance was determined using 
one-way ANOVA (*P < 0.05; **P < 0.01; ****P <
0.0001).   
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the transcription level. 
As spidroins are particularly rich in glycine and alanine, spiders 

produce unusually large tRNA pools for these amino acids to meet the 
increased demand during silk protein synthesis (Candelas et al., 1990). 
This has inspired our and other groups to improve recombinant spidroin 
production at the translational level in E. coli by engineering the relavant 
amino acid biosynthetic pathway and aminoacyl-tRNA synthetase (Xia 
et al., 2010; Cao et al., 2017). Thus, the glyVXY gene cassette encoding 
the tRNAs that recognize the dominant glycine codons was overex
pressed. It was found that the overexpression of tRNAGly increased the 
secretion level of MaSpI64 by 15%, but unexpectedly, slightly reduced 
the secretion level of MaSpI16 (Fig. 2B). It seems that elevating the 
tRNAGly pool was benificial for the increased production and secretion of 
the higher molecular weight MaSpI64 requiring more tRNAGly, whereas 
tRNAGly availability might not be limiting in translating the smaller 
spidroin MaSpI16. 

Then we attempted to increase spidroin export by improving the cell 
wall permeability. There are two permeability barriers for protein 
export in C. glutamicum, the inner peptidoglycan layer and the outer 
mycolic acid layer (Houssin et al., 2020). It has been reported that 
penicillin-binding-proteins such as PBP1a are crucial for peptidoglycan 
synthesis in C. glutamicum, and have function related to protein secretion 
(Matsuda et al., 2014). In addition, sigma factor SigD is involved in 
modifying peptidoglycan cross-linking and improving mycolate syn
thesis. In order to attenuate the two cell wall permeability barriers, the 
pbp1a and sigD genes were knocked out from the chromosome of 
C. glutamicum RES167, and the two single mutants (JQ02 and JQ03) 
were then tested for secretory spidroin production. As shown in Fig. 2B, 
both mutants showed improved secretory production, and the positive 
effect was more pronounced for the larger spidroin MaSpI64. Notably, 
MaSpI64 secretion level was ~70% higher in the Δpbp1a mutant than 
the control strain RES167. To see if the beneficial effects of disrupting 

pbp1a and sigD genes are synergistic, the Δpbp1a ΔsigD double mutant 
(JQ04) was constructed as well. However, this double mutant strain did 
not further increase spidroin secretion. In addition, when compared to 
the Δpbp1a mutant, the double mutant and the ΔsigD mutant released 
more endogenous proteins into the culture medium (data not shown), 
which is undesirable as this would complicate the downstream spidroin 
purification. Thus, pbp1a disruption was employed as the strategy for the 
increased spidroin secretion. 

With the identified gene targets at the transcription (ΔrecA), trans
lation (glyVXY overexpression) and secretion (Δpbp1a) levels, the effects 
of combining the individual engineering strategies were examined next. 
All these combinations resulted in higher spidroin secretion levels than 
the control RES167 strain. However, none of these combinations was 
superior to the pbp1a single knockout strain, which was demonstrated to 
be the best strain. It appeared that pbp1a knockout masked the beneficial 
effects of engineering at the transcription and translation levels, indi
cating that the silk protein export pathway was the major barrier in the 
secretory production. 

3.3. High cell density cultivation in bioreactors 

In order to further increase the secretory production levels, high cell 
density fed-batch culture of the above engineered strains were perfomed 
in a semi-defined medium using a 5 L jar fermentor (see Methods). Here 
the recombinant Δpbp1a cells harboring plasmids pCG8-I16cg and 
pCG8-I64cg were shown as typical examples for high-level extracellular 
production of MaSpI16 and MaSpI64, respectively. As shown in Fig. 3 
(upper panels), the two recombinant strains could be grown to a high 
OD600 of ~290, using a pH-stat strategy for glucose feeding. Under the 
same cultivation conditions, the recombinant RES167 strains having the 
intact pbp1a could be grown to comparable biomass concentrations 
(Fig. S5). These results verified that attenuation of the inner 

Fig. 3. Secretory production of recombinant spidroins by high cell density cultivation. The recombinant Δpbp1a strains harboring pCG8-I16cg (A) and pCG8-I64cg 
(B) were cultivated in a semi-defined medium using a 5 L fermentor. The time profiles of biomass (OD600), spidroin content (% of total extracellular proteins), and 
extracellular spidroin titer are shown (Upper panels). When the cell OD600 reached ~60, the cells were induced with 1 mM IPTG at the indicated time. Following 
induction, extracellular protein samples of the culture supernatants were analyzed on SDS-PAGE gels (Lower panels). Loaded on the gels were aliquots corresponding 
to 2 μL of culture medium for spidroin MaSpI16 and 4 μL of culture medium for MaSpI64, and the arrows indicate the respective target spidroins. Data in A and B are 
representative of n = 2 independent experiments. 
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peptidoglycan layer by pbp1a disruption did not adversely affect the 
capability of the C. glutamicum cells to grow to a high cell density, 
indicating its good application potentials in even larger scale 
fermentation. 

The titer of secreted MaSpI16 in the culture supernatant increased 
steadily to a high level of 554.7 ± 13.2 mg L–1 (Fig. 3A). In addition, the 
content of MaSpI16 (% of total extracellular proteins based on SDS- 
PAGE analysis) increased drastically within 2 h IPTG induction to a 
high level of 65.8%, and plateaued thereafter until the end of fed-batch 
cultivation (75.6%). This fascinating result suggested that the secreted 
spidroin was abundant and predominant in the cell-free culture medium, 
representing two features that are highly desirable for facile recovery of 
the spidroin. On the other hand, the content of MaSpI64 increased to the 
maximal value of ~11.3% at 6 h post-induction, and the extracellular 
titer of MaSpI64 reached its maximal level of 68.0 ± 3.7 mg L–1 at 12 h 
post-induction. It appeared that the recombinant cells did not secrete 
more MaSpI64 into the culture medium in the late stage of fed-batch 
fermentation, and instead released more endogenous proteins, as 
could be seen by the SDS-PAGE analysis (Fig. 3B). The titer of secreted 
MaSpI64 was thus decreased slightly at the end of fermentation as a 
result of dilution due to addition of the feeding solution into the 
fermentor. 

In side-by-side comparison (lower panels of Fig. 3), much more high 
molecular weight proteins (below silk protein) were observed in the 
secretory production of MaSpI64 than those in the production of 

MaSpI16. To explore whether these proteins are derivatives of MaSpI64, 
the protein bands at ~120 and 50 kDa were excised from the SDS-PAGE 
gel, digested with trypsin, and identified by LC-MS/MS (Fig. S6). The 
peptide sequencing revealed the existence of truncated versions of the 
silk protein MaSpI64 in the culture supernatant (Fig. S6A). We further 
examined whether this was due to degradation of the MaSpI64 protein 
by extracellular protease(s) by incubating the culture supernatant at 
30 ◦C with and without protease inhibitors. The results proved that the 
truncation was unlikely due to extracellular proteolysis (Fig. S6B). It was 
possible that the extracellular, lower molecular weight versions of 
MaSpI64 were due to secretion of the truncated silk protein species 
resulting from cytosolic synthesis truncation, which has been reported to 
occur in heterologous production hosts and even in spiders (Candelas 
et al., 1983; Bhattacharyya et al., 2021; Fahnestock and Bedzyk, 1997). 

3.4. Purification of secreted spidroins and preparation of concentrated 
aqueous dopes 

Next we developed an integrated process for spidroin purification 
and preparation of concentrated spidroin solutions that can be directly 
utilized as dopes for fiber spinning (Fig. 4A). Initially we focused on 
MaSpI16 purification because of its abundance and predominance in the 
culture medium. After clarification of the fermentation broth via 
centrifugation, the cell-free supernatant was acid precipitated to remove 
host cell proteins that were also secreted by the C. glutamicum chassis 

Fig. 4. Chromatography-free purification and char
acterization of the secreted spidroins. (A) Schematic 
diagram of collecting cell-free supernatant from the 
fed-batch broth, acid precipitation, ammonia sulfate 
precipitation, resolubilization, and concentration to 
prepare purified spidroin dopes. (B) SDS-PAGE anal
ysis of the protein samples in the purification pro
cedure shown in A. Lanes 1 and 4, cell-free 
supernatants; Lanes 2 and 5, pellets from superna
tants with acidification at pH 4.0; Lanes 3 and 6, 
precipitates after (NH4)2SO4 treatment. The arrows 
indicate the target spidroins on the gels. (C) Western 
blot analysis of the purified spidroins using mono
clonal anti-polyhistidine-peroxidase conjugate. (D) 
Far-UV CD spectra and (E) dynamic light scattering 
(DLS) size distribution profiles of the purified 
spidroins.   
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during the fed-batch fermentation (Fig. 4B, lanes 1 and 2); this operation 
is based on the observation that recombinant spider dragline proteins 
composed of repetitive consensus sequences are soluble under acidic 
condition because they are highly positively charged (Xia et al., 2010). 
The target silk protein was then enriched by ammonium sulfate pre
cipitation, and resolubilized with deionized water. The resulting 
aqueous solution of MaSpI16 had a protein concentration of ~100 mg 
mL–1, a purity of approximately 93.0%, and a recovery yield of 84.9%, as 
revealed by the SDS-PAGE analysis (Fig. 4B, lane 3). This facile 
chromatography-free purification approach was also used to purify 
MaSpI64 from the culture medium. A comparable protein recovery yield 
(89.1%) was obtained for the larger spidroin; however, the purity of 
MaSpI64 was inferior (47.1%), which might be due to less efficient 
staining of the large molecular weight spidroin compared to the 
contaminant host proteins (see discussion below). The N-terminal 
sequence of the purified MaSpI64 was determined by chymotrypsin 
digestion and tandem mass spectrometric analysis, which verified cor
rect cleavage of the signal peptide in secretion (Fig. S7). Furthermore, 
the two purified spidroins were confirmed by Western blot using a 
monoclonal anti-polyhistidine-peroxidase conjugate (Fig. 4C). 

Next, the secondary structure and aggregation state of the purified 
spidroins were analyzed. Far-UV CD spectroscopy revealed that the two 
spidroins showed a typical random coil structure (Fig. 4D), indicative of 
their disordered feature in aqueous solution. In addition, the mono
dispersity and aggregation state of the purified spidroins in solution 
were monitored by dynamic light scattering measurements of hydro
dynamic radius. The recombinant spidroins were homogenous in size in 
the aqueous solutions, and existed mainly as single protein chains 
without the presence of protein aggregates (Fig. 4E). 

It is well recognized that spider dragline silk dopes are highly 
concentrated, with a protein concentration estimated to be 25− 30% (w/ 
v) by dope drying (Chen et al., 2002; Holland et al., 2006) and ~50% by 
solution NMR of 13C labeled dope (Hijirida et al., 1996). To test solu
bility of the recombinant spidroins secreted by C. glutamicum, the 
aforementioned water solution of purified MaSpI16 were concentrated 
by centrifugal ultrafiltration. Surprisingly, the solubility of MaSpI16 
reached a remarkable protein concentration of 66% (w/v), which 
exceeded the aqueous solubility of native dragline silk dopes and their 
recombinant counterparts reported in previous studies (Andersson et al., 
2017; Hu et al., 2021). In addition, the water solution of purified 
MaSpI64 could be concentrated to a high protein concentration in the 
range of 40–47% (w/v). Taken together, these results demonstrated 
successful recapitulation of high aqueous solubility in the secreted spi
droins, and consolidated preparation of highly concentrated dopes 
without the commonly used organic solvents such as hexa
fluoroisopropanol and formic acid (Bowen et al., 2018; Copeland et al., 
2015; Foong et al., 2020; Jones et al., 2015; Xia et al., 2010). 

3.5. Synthetic fiber spinning and characterization 

With the above silk protein dopes in hand, spinning of these dopes 
into synthetic fibers was performed. As the conditions under which the 
synthetic fibers were spun and processed are critical in determining the 
fiber mechanical properties (Lazaris et al., 2002), wet spinning of the 
fibers was performed under essentially the same conditions (e.g., the 
spinning apparatus, spinning solution injection speed, coagulation bath, 
and post-spinning drawing process). To explore the relation between the 
size of the secreted spidroin, spinning dope concentration, and the me
chanical properties of spun fibers, three dopes (40% MaSpI16, 40% 
MaSpI64, and 60% MaSpI16, all in w/v) were tested for fiber spinning. 
Each dope was pumped into a coagulation bath (90% v/v ethanol) using 
a tailor-made microfluidic apparatus as reported in our recent study (Hu 
et al., 2021), which possessed a progressively narrowing fluidic channel 
that mimics the shape of spider’s major ampullate gland. The resulting 
continuous fibers were collected and processed by drawing to 4 times of 
their original length. These post-drawn fibers were extensively 

characterized in terms of mechanical, morphological and microstruc
tural properties (see results below). For clarity, the fibers derived from 
the 40% MaSpI16, 40% MaSpI64, and 60% MaSpI16 dopes were termed 
MaSpI16, MaSpI64, and MaSpI16 HD fibers, respectively. 

The mechanical properties of the above three types of synthetic fi
bers were examined by tensile tests under identical conditions. The 
representative engineering stress− strain curves of these fibers are 
shown in Fig. 5A. These curves reveal several important mechanical 
properties of the fiber such as the ultimate tensile strength, breaking 
strain (extensibility), Young’s modulus (the slope of a curve as a mea
sure of the fiber’s stiffness), and toughness (the area under the 
stress− strain curve as a measure of the fiber’s ability to absorb energy 
before rupture). The overall mechanical properties of the synthetic fi
bers markedly increased with an increase in the silk protein size or the 
protein concentration in spinning dope, except that the fiber’s stiffness 
was unaffected (Fig. 5B–E). For example, the MaSpI64 fibers exhibited a 
breaking strain of 59.3 ± 11.1%, which was ~3.7-fold higher than that 
of the MaSpI16 fiber (16.2 ± 6.7%). Of particular interest, the 60% 
dope-derived MaSpI16 HD fibers exhibited a breaking strain of 51.5 ±
19.5%, strength of 168.8 ± 32.5 MPa, and toughness of 70.0 ± 30.3 MJ 
m− 3. Such mechanical properties are essentially comparable to the 
values of the higher molecular weight MaSpI64 fibers. In view of the 
secretory production titer (Fig. 3), purity (Fig. 4B) and solubility, 
fabrication of the MaSpI16 HD fibers is more efficient than the MaSpI64 
fibers. Notably, the toughness of the MaSpI16 HD fibers reached 63% of 
the value for the native dragline silk (111.19 ± 30.54 MJ m− 3; Swanson 
et al., 2006), which is appreciable and may be further improved by 
optimizing the spinning and posttreatment conditions. 

Next, we examined the morphological features of the synthetic fibers 
by scanning electron microscopy (SEM). Analysis of fiber surface 
revealed that all the three types of synthetic fibers had fibrillar structure, 
among which the MaSpI16 HD fiber was smoothest and most compact 
(Fig. 6A). Cross section analysis revealed that the MaSpI16 and MaSpI64 
fibers had irregular or strongly elliptical cross sections (Fig. 6B), which 
are not uncommon in synthetic dragline silk fibers (Bowen et al., 2018; 
Weatherbee-Martin et al., 2016; Saric et al., 2021) and even natural 
dragline silks (Blackledge et al., 2005). In contrast, the MaSpI16 HD 
fiber had fairly circular cross section, with microfilaments densely 
compacted along the fiber axis. 

The structural features of the synthetic fibers were further examined 
at the molecular level by Fourier transform infrared spectroscopy (FTIR) 
and polarized Raman spectromicroscopy. According to a previously re
ported protocol (Hu et al., 2006), deconvolution of the amide I regions of 
the FTIR spectra was performed to estimate the contents of fiber sec
ondary structures such as crystalline β-sheet, random coil/α-helix, β-turn 
and weak β-sheet (Fig. S8). It was found that the contents of crystalline 
β-sheet were 28.36 ± 1.33% and 27.34 ± 1.99% for the MaSpI16 and 
MaSpI64 fibers, respectively, whereas the MaSpI16 HD fiber had a 
significantly higher level at 32.12 ± 1.46%. This number is comparable 
to that of spider T. clavipes dragline silk (34%) which is believed to be 
the key element in the natural silk responsible for the high tensile 
strength (Jenkins et al., 2010). Finally, we investigated the β-sheet 
alignment along the fiber axis as this is also an important structural 
feature of natural dragline silk that contributes to the exceptional me
chanical properties (Yarger et al., 2018). Therefore, the orientational 
parameter IY/X was estimated to obtain semiquantitative characteriza
tion of the level of molecular orientation (Rousseau et al., 2009). To this 
end, we compared the amide I β-sheet component (1669 cm− 1) peak 
intensities between Raman spectra acquired from the fibers oriented 
both parallel (X-axis) and perpendicular (Y-axis) to the direction of laser 
polarization (Fig. S9). The IY/X values of the MaSpI16, MaSpI64 and 
MaSpI16 HD fibers were 0.98 ± 0.06, 1.29 ± 0.14 and 1.14 ± 0.08, 
respectively (Fig. 6C). This was indicative of substantial β-sheet 
anisotropy in the MaSpI64 and MaSpI16 HD fibers, in contrast with the 
MaSpI16 fiber with poor axial β-sheet crystal alignment. Taken together, 
the above results suggested that both the crystalline β-sheet fraction and 
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Fig. 5. Tensile mechanical properties of the fibers. (A) Representative engineering stress− strain curves, (B) strength, (C) extensibility, (D) Young’s modulus, and (E) 
toughness from tensile testing of the fibers. Data in B− E are presented as mean ± s.d. of n = 10 independent fiber samples derived from 40% MaSpI16 (black bars), 
40% MaSpI64 (red bars) and 60% MaSpI16 (blue bars) protein solutions. Statistical significance was determined using one-way ANOVA (ns, not significant with P >
0.05; **P < 0.01; ****P < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Morphological and structural characterization of the synthetic fibers. Scanning electron microscopy analyses of (A) fiber surfaces and (B) cross-sections. (C) 
The orientational parameter IY/X of the fibers. Data are presented as mean ± s.d. of n = 3 independent fiber samples derived from 40% MaSpI16, 40% MaSpI64 and 
60% MaSpI16 solutions, respectively. Statistical significance was determined using one-way ANOVA (*P < 0.05). 
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alignment contribute to the superior strength and toughness values 
found for the MaSpI64 and MaSpI16 HD fibers. 

4. Discussion 

In this study, we reported the development of engineered 
C. glutamicum platform strains capable of high-level secretory produc
tion of recombinant spider dragline silk proteins. This goal was achieved 
by the following strategies: (1) assembly of synthetic spider dragline silk 
genes, (2) identification of the general Sec-dependent secretory pathway 
for the export of disordered silk proteins, (3) screening of robust trans
location signal peptides, (4) multiplexed engineering of the host strain 
for improving silk gene transcription, translation, and protein trans
location, and (5) intensification of the secretory production capacity by 
HCDC. 

As a Gram-positive bacterium, C. glutamicum has long been consid
ered to excrete only a limited number of endogenous proteins into the 
extracellular medium. According to Hermann et al. (2001), 
C. glutamicum wild-type ATCC 13032 secreted ~18.5 mg L–1 of endog
enous proteins when the strain was grown in a minimal medium in flask 
cultivation to an OD600 of ~17, and exhibited a secretion capacity of 
~1.1 mg L–1 OD600

–1 by normalizing the biomass. Those secreted pro
teins were further analyzed by two-dimensional gel electrophoresis 
leading to the observation of about 40 protein spots. Another study on 
extracellular proteome of the wild-type C. glutamicum ATCC 13032 
revealed a total of 99 spots corresponding to 54 different proteins 
(Hansmeier et al., 2006). In line with these previous results, we observed 
around 30 protein bands on the SDS-PAGE gel of the culture superna
tants from the HCDC of recombinant RES167 harboring empty vector 
pCG8 (Fig. S5C). This recombinant strain, which was a restriction 
deficient mutant of the wild-type ATCC 13032, showed a protein 
secretion capacity of 2.0-2.6 mg L–1 OD600

–1 during the fed-batch 
cultivation. It is striking to note that the amount of proteins secreted 
from the HCDC of C. glutamicum exceeded 0.6 g L–1 at the end of 
fermentation (Fig. S5C), which was much higher than that expected 
from previous flask culture studies. This observation once again indi
cated the good potential of C. glutamicum for protein secretion, and 
inspired us to engineer it into a secretory producer. 

The C. glutamicum secretory platform developed in this study enabled 
extracellular production of the recombinant spidroins at titers that are 
sufficiently high for downstream purification and synthetic fiber spin
ning. For example, the highest secretion titers for MaSpI16 (43.36 kDa) 
and MaSpI64 (168.92 kDa) were 554.7 ± 13.2 mg L–1 and 68.0 ± 3.7 mg 
L–1, respectively (Fig. 3). It should be noted that the secretion titer 
sharply decreased as the size of the target silk protein increased. This 
protein molecular weight-dependent secretion is not surprising, which 
might be due to the difficulties in de novo biosynthesis and export of the 
larger recombinant spidroin in the bacterial expression host. Indeed, 
previous studies have shown that the highly repetitive nature of the silk 
gene constructs, high GC content (~70%) of the genes, and the glycine- 
rich (>40%) feature of the silk proteins, make the spidroin extremely 
difficult to express even in the favorate model bacterium E. coli (Xia 
et al., 2010; Yang et al., 2016). Furthermore, as shown in Fig. 4E, the 
hydrodynamic diameter of MaSpI64 in solution (~10 nm) was larger 
than that of MaSpI16 (~6 nm), which likely makes the higher molecular 
weight spidroin more difficult to translocate through the Sec-dependent 
secretion channel of C. glutamicum. 

The above spidroin secretion titers were estimated by multiplying 
the concentrations of total proteins in the cell-free culture supernatants 
and the spidroin secretory production levels (% total extracellular pro
teins). More specifically, both the protein concentrations and secretory 
production levels were determined by the Bradford assay and SDS-PAGE 
gel colorimetric method, both of which rely on Coomassie blue staining 
(see methods for details). According to Fahnestock and Bedzyk (1997), 
Coomassie binding to recombinant spidroin is only 7.5% as efficient as 
its binding to the standard protein bovine serum albumin, and hence the 

amount of spidroin is underrepresented relative to the endogenous 
contaminant proteins of the production host. Consequently, the extra
cellular spidroin titers presented above can be considered as minimum 
values (i.e., they are underestimated). To evaluate the degree of un
derestimation, the water solution of the purified MaSpI16 was lyophi
lized to a constant mass, leading to the purification titer of 2165 ± 124 
mg L–1 culture supernatant. In view of the purity (93.0%) and recovery 
yield (84.9%) of the purification process (Fig. 4B), the actual secretion 
titer of MaSpI16 is estimated to be 2371 mg L–1 at the end of fermen
tation; the above Coomassie staining-based secretion titer was under
estimated by approximately 4.3-fold. Nonetheless, for the purpose of 
monitoring the time profiles of the fed-batch HCDC, it would be more 
practical to present the secretion titers based on Coomassie staining. 

So far, E. coli is one of the most widely studied host for intracellular 
production of recombinant spider dragline silk proteins in our and other 
groups (e.g., Bowen et al., 2018; Hu et al., 2021; Saric et al., 2021; 
Schmuck et al., 2021; Xia et al., 2010). For parallel comparison, we also 
expressed and purified a recombinant spidroin termed I16 in E. coli, 
which was composed of 16 consensus repeats of the major ampullate 
spidroin 1 of spider T. clavipes as described in our recent study (Hu et al., 
2021). The results in Fig. S10 revealed that this spidroin had similar 
secondary structures, monodispersity and aggregation states as its 
C. glutamicum counterpart (MaSpI16). However, the aqueous solubility 
of I16 (34%, w/v) was approximately twofold lower than the secreted 
spidroin MaSpI16 (66%). Furthermore, the I16 fibers derived from 30% 
dope (the maximal operational concentration for spinning) were similar 
in strength and stiffness yet inferior in extensibility and toughness as 
compared to the MaSpI16 HD fibers from C. glutamicum. Besides easy 
purification, the above observations highlight additional merits of 
secretory spidroin production. 

In conclusion, we have developed engineered C. glutamicum strains 
for the high-level secretory production of recombinant spider dragline 
silk proteins. Moreover, we provide a consolidated procedure for the 
chromatography-free purification of the secreted spidroins and prepa
ration of aqueous dopes that can be directly spun into synthetic water- 
insoluble fibers with appreciable mechanical properties. As many 
other proteinaceous materials such as elastin and resilin are also derived 
from repetitive proteins with disordered structures (Qian et al., 2020), 
the secretory C. glutamicum platform developed here will be useful for 
their secretory production. Thus, this work adds proteinaceous bio
polymers (other than traditional folded fluorescent proteins and en
zymes) into the range of recombinant proteins that can be secreted from 
the Gram-positive workhorse. 
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