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The mechanical properties of artificial spider silks are approaching a stage where commercial
applications become realistic. However, the yields of recombinant silk proteins that can be used to
produce fibers with good mechanical properties are typically very low and many purification and
spinning protocols still require the use of urea, hexafluoroisopropanol, and/or methanol. Thus,
improved production and spinning methods with a minimal environmental impact are needed. We
have previously developed a miniature spider silk protein that is characterized by high solubility in
aqueous buffers and spinnability in biomimetic set-ups. In this study, we developed a production
protocol that resulted in an expression level of >20 g target protein per liter in an Escherichia coli fed-
batch culture, and subsequent purification under native conditions yielded 14.5 g/1. This corresponds
to a nearly six-fold increase in expression levels, and a 10-fold increase in yield after purification
compared to reports for recombinant spider silk proteins. Biomimetic spinning using only aqueous
buffers resulted in fibers with a toughness modulus of 74 MJ/m?>, which is the highest reported for
biomimetically as-spun artificial silk fibers. Thus, the process described herein represents a milestone
for the economic production of biomimetic silk fibers for industrial applications.

Keywords: Artificial spider silk; Spidroins; Bioreactor cultivation; Recombinant protein expression

proteins (spidroins) using heterologous hosts [6]. Recently,
Edlund and co-workers have shown that an economically viable
production method using an Escherichia coli (E. coli) fermentation
process and immobilized metal affinity chromatography for pro-

Introduction

The favorable mechanical properties (high strength, yet extensi-
ble) and the biocompatible and biodegradable nature [1-4] of spi-
der silk have triggered a quest to harness this material for various

industrial applications. Unfortunately, the production of native
silk is not feasible on large scale due to the territorial and canni-
balistic behavior of spiders [5]. Hence, there is a need for eco-
nomically feasible large-scale production methods of spider silk
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tein purification would require an expression level of 10 g/l,
enabling a sale price of 23$/kg for artificial spider silk [7].
Spidroins are large proteins (250-350 kDa) and consist of
three distinct domains [8]. The poly-alanine/glycine-rich repeat
region is embedded between the N-terminal (NT) [9] and the
C-terminal (CT) domains [10], both of which respond with

1369-7021/© 2021 The Author(s). Published by Elsevier Ltd. https://doi.org/10.1016/j.mattod.2021.07.020This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conformational changes to a pH gradient along the spiders spin-
ning duct [10-13]. This pH dependency of NT and CT together
with shear forces trigger the assembly of the spidroins into
mature silk fibers.

The presence of the highly repetitive region between NT and
CT, containing up to a hundred tandem repeats, makes a high-
yield recombinant expression of native spidroins difficult to
achieve [14,15] due to limitations of the translation machinery
of bacterial hosts [16-18]. To attenuate these constraints codon
optimization and upregulating 8¥tRNA are suggested as effec-
tive countermeasures [14,18-21]. Applying this strategy for
expressing spidroins in E. coli resulted in the highest expression
level reported thus far using a bioreactor (3.6 g/l, Table 1),
though it should be noted that this is before protein purification
and does not reflect the final yield. In addition to the relatively
low yields, the recombinant spidroins are prone to aggregate,
which is why common techniques to prepare the spinning solu-
tions (dopes) include the use of denaturing agents like urea/
guanidium for the re-suspension of inclusion bodies, hexafluo-
roisopropanol (HFIP) for solubilizing lyophilized proteins, and
methanol/isopropanol as a coagulation agent for spinning
[14,19,22,23]. Fibers produced using these methods have reached
the toughness modulus of native spider silk, provided that addi-
tional manual post-spin stretching is applied [14,19,22]. Never-
theless, these harsh conditions are very different from the
conditions spiders use to make silk [13,24] and leave the process
expensive and harmful to the environment [7,25].

To push the yield to the economically viable level of 10 g/1, we
speculated that the designed mini-spidroin NT2RepCT (two nat-
ural tandem repeat units flanked by the terminal domains)
known for its high solubility of up to 500 mg/ml in aqueous buf-
fers and proper response to lowered pH in biomimetic spinning
set-ups [26-29] (Fig. 1a—c), is a suitable candidate for expression
in a high-cell density culture. In support of this, bacterial
shake-flask cultivations employing the standard E. coli BL21
(DE3) strain express NT2RepCT with a yield in a range above
100 mg/1 [26], which is a good starting point for further
optimizations.

Results and discussion

Our initial attempt to produce NT2RepCT in a high-cell density
culture (batch 150I) relied on our previous expression protocols
for shake-flasks [26] and a semi-defined cultivation medium with
glycerol as the main carbon source suggested by da Silva and co-

TABLE 1

workers [30]. Thus, compared to the shake-flask protocol we
implemented several adjustments for the expression of
NT2RepCT in the bioreactor. First, instead of LB-medium, we
used a complex growth medium combined with trace metals,
phosphate buffer, and an additional carbon source (glucose
and glycerol). Second, protein expression was first induced when
the optical density at 600 nm (ODsggp) was >50, instead of around
1. Third, to enable continued growth we implemented a fed-
batch setup, with glycerol as the main feed [31].

Briefly, the culture was grown at 25 °C, before the temperature
was decreased to 20 °C when ODggo reached 50, and protein
expression was induced with IPTG (150 uM). Feeding with 40%
glycerol started automatically once the initial carbon source (a
combination of glycerol and glucose) was depleted (see Fig. S1
for the cultivation plots). After ~30 h pO, suddenly spikes, indi-
cating that the depletion of the carbon source. When using this
protocol, 22 h after induction NT2RepCT reached an expression
level of 13.2 g/l in batch 1501.

Next, we wanted to investigate if moderately higher IPTG con-
centration for induction would increase the protein yield, and
likewise monitor how NT2RepCT accumulates after induction
(Fig. 2). To reduce the stress on the culture and enable continued
growth [32,33], we decided not to apply higher IPTG concentra-
tions than 250 uM. Independent of the IPTG concentration used
for inducing protein expression (150, 200, or 250 uM, named
batch 1501_2, 2001, and 2501, respectively), 20 h after induction
a plateau is reached with respect to the protein yield (Fig. 2b).
The highest NT2RepCT expression level was obtained with
250 uM IPTG, which gave 15.9 g/l (Fig. S2). However, a correla-
tion between the expression level and the IPTG concentration
in the tested range could not be observed (Fig. 2b), which means
that the differences are most likely attributed to experimental
batch-to-batch variations rather than differences in IPTG con-
centrations (compare also batch 1501 and 150I_2, Table S1).

Finally, the cultivation of E. coli expressing NT2RepCT was
repeated once more but using a larger reactor vessel (final cultiva-
tion volume 1.6 1, batch 150IL). Since IPTG can be toxic to the
cells [34] and since we did not observe an improved final protein
yield when using higher IPTG concentrations (Table S1), we
chose to continue to induce the cultures with 150 uM IPTG. Ini-
tially, the bacteria were allowed to grow at 29 °C to ODgq of 77,
before reducing the temperature to 20 °C for induction. 21 h
after induction, the culture accumulated an impressive 20.9 g/l
of NT2RepCT (estimated with SDS PAGE Table 1, Fig. 1d, and

Spidroin expression with E. coli using a bioreactor.

Culture size ()  Spidroin®  Expression level Yield after purification  Size (kDa)  Solubility after expression  Solvent® Reference
(g/M (g/l)

2-5 11R26 n.r. 1.5 18 6 M urea HFIP [20]

2 96-mer 1.8 n.r. 290 8 M urea HFIP [19]

2 32-mer 2.7 1.2 100 8 M urea and 2 M thiourea HFIP [14]

~2 MaSp2 3.6 n.r. 202 buffer® nad [21]

1.6 NT2RepCT 209 14.5 33 20 mM Tris, pH 8 na. this study

n.r. — not reported. n.a. — not applicable. a) The spidroin names reported in this table correspond to names reported in the listed references. For instance, “32-mer” means that the spidroin contains
32 tandem repeat units of poly-alanine/glycine-rich regions. MaSp 2 contains 64 iterated consensus repeats and the minispidroin NT2RepCT has 2 tandem repeat units and both terminal domains.
b) Solvent used to resolubilize lyophilized artificial spidroins after purification. c) The composition of the buffer is not reported. d) The MaSp2 expressed in this study was not purified, and not used

for spinning artificial silk.
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Biomimetic spinning setup used to spin the minispidroin NT2RepCT, and comparison of the expression level, yield after purification, as well as the toughness
modulus of produced artificial silk with reference proteins/materials. (a) Schematic image of biomimetic spinning: A concentrated solution of NT2RepCT
(dope; protein concentration 300 mg/ml in mild aqueous buffer, pH 8) is extruded through a glass capillary into a spinning bath containing an aqueous
buffer, pH 5. The pH change and shear forces mimic the conditions of native silk spinning and induce immediate fiber formation. (b, c) The fibers are collected
continuously on a collection wheel with a speed of 46 cm s™' (See also Supplementary Video 1). (d) Comparison of the expression level and yield after
purification of artificial spidroins (highlighted in green) that were previously expressed using E. coli in bioreactor cultivations (96-mer see Ref. [19], 32-mer see
Ref. [14], silk protein 11R26 see Ref. [20], and more details in Table 1). As a reference, the graph also includes the highest (to the best of our knowledge)
reported expression yields using E. coli for human insulin [47], human interleukin-6 [48], and surface protein A (SpaA) from Erysipelothrix rhusiopathiae [30]. (E)
The toughness modulus of NT2RepCT fibers (this study) compared to fibers from artificial spidroins 96-mer and 32-mer [14,19]; synthetic fibers Nylon 6 [49],
Kevlar (see method section in Supporting Information), and Carbon fibers (see method section in Supporting Information); silkworm silk[50], and native
dragline spider silk [4].

Fig. S3. The expression level was also estimated considering the prone proteins at large [35-39] and could contribute to high
dry cell weight to 20.8 g/l. See Fig. S4 and Table S1). A summary yield and solubility also for NT2RepCT. The resulting 20.9 g/l is

of the cultivation parameters and yields is found in Table S1. nearly a 6-fold increase compared to previous bioreactor cultiva-
The improved cultivation conditions in combination with the tions of spidroins [14,19,20,21], and twice the level that has been
relatively small size (33 kDa) and the high solubility of judged economical for commercialization of recombinant silk-

NT2RepCT are likely reasons for the high expression level after based products [7]. In fact, this is among the highest protein
culture harvest. Of note, the high solubility of NT has been expression levels reported to date for E. coli produced proteins
exploited to develop a tool for the production of aggregation- [30,40-42].
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Expression of NT2RepCT in E. coli in a high-cell density culture (0.35 I) using different IPTG concentrations. (a) ODgg Of the E. coli culture over time before and

after induction. The induction point is indicated by the dashed line. (b) The ¢
function of induction time.

The downstream processing required no denaturing agents or
organic solvents, which makes the entire procedure sustainable
and environmentally friendly. After cell lysis using a 20 mM
Tris-HCI buffer at pH 8, an insignificant amount of NT2RepCT

oncentration of NT2RepCT in the culture was estimated with SDS-PAGE as a

remained in the pellet after centrifugation (Fig. 3a), and ~95%
of NT2RepCT was present in the cell lysate. The target proteins
bound efficiently to the columns and the minimum concentra-
tion of imidazole required to elute NT2RepCT was investigated
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Purification of NT2RepCT expressed in the bioreactor using IMAC. (a) SDS-PAGE of lane 1: Total cell content (2-fold dilution); 2: pellet after centrifugation (2-
fold dilution); 3: lysate (2-fold dilution); 4: flow-through (2-fold dilution); 5: wash 5 mM imidazole; 6: 100 mM imidazole (10-fold dilution); 7: 200 mM imidazole
(10-fold dilution); 8: 300 mM imidazole; I: Ladder. S1-S4 reference samples of NT2RepCT. S1: 0.225 mg/ml; S2: 0.45 mg/ml; S3: 0.9 mg/ml; S4: 1.8 mg/ml. (b)
Step elution of protein (black line) from a 20 ml HisPrep FF 16/10 with 100-, 200-, and 300-mM imidazole (green line). (C) Purification of NT2RepCT (batch
2501) with 20 ml HisPrep FF 16/10 (blue line) or HiTrap Chelating HP four-time 5 ml sequentially coupled columns (black line). (D) Processing large quantities
of lysate, by using a fully automated protocol for repeated loading and elution (batch: 150IL).
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by using a step gradient, which included 100-, 200-, and 300-mM
imidazole (Fig. 3b). While most NT2RepCT eluted with 100 mM
imidazole, elution with 200 mM was essential to maximize the
yield. Next, we compared the purification of NT2RepCT with
either 4x5ml HiTrap Chelating HP sequentially coupled columns
or a 20 ml HisPrep FF 16/10 column to test if the choice of the
column influenced the yield (Fig. 3c). The yield using the HiTrap
column was estimated to 11.2 g/l, which is indistinguishable
from 11.4 g/, estimated with the HisPrep column.

Since the columns have a theoretical maximal binding capac-
ity of only 500-800 mg/20 ml medium, we had to establish an
automated protocol for repeated loading of lysate and elution
of protein to purify more than just a fraction of each batch
(Fig. 3d, see SDS-PAGE gel image of the purification in Fig. S5).
This made storage of the eluate for longer periods in the cold
(6 °C up to 24 h) indispensable. Unexpectantly, the eluate indeed
remained clear, and no protein aggregation was observed during
the storage of the centrifugated lysate. By using the automated
purification procedure, 14.5 g/l NT2RepCT was obtained from
batch 150IL, which is 10 times higher than previously reported
for recombinant spidroins (Table 1, Fig. 1d). Independent of
the batch, purification recovered approximately 70% of the total
expressed protein. Thus, the herein achieved production levels
and yields after purification, as well as the protein solubility
and stability during expression and purification, are unprece-
dented when comparing to previously published spidroin pro-
duction protocols (Table 1, Fig. 1d).

Biomimetic spinning was performed using a custom-made
device that extruded a concentrated NT2RepCT solution (dope)
with a pump-driven syringe through a pulled glass capillary into
an aqueous buffer (500 mM Na-acetate, 200 mM NaCl, pH 5)
(Fig. la—c) [26]. The silk formed immediately once the dope
entered the spinning buffer and was collected in air on a rotating
wheel placed at the end of the 80 cm long bath. This spinning
process is continuous (Supplementary Video 1) and was carried
out for several minutes but could in principle be extended to sev-
eral hours. From one bioreactor culture (1.6 1), 23 g of pure
NT2RepCT was obtained, which is enough to prepare 77 ml dope
(300 mg/ml). Considering the flow rate for spinning (17 pl/min)
and a reeling speed of 46 cm s~', this amount is enough to spin
continuously for 75 h, which corresponds to a 125 km long fiber.

A closer investigation revealed that fibers made from
NT2RepCT produced in the bioreactor (batch 1501, 2501, and
150IL) had diameters of <12 pm and the morphology was similar
to previously reported fibers made from NT2RepCT produced in
shake flasks [26,43,44]. SEM revealed that the fibers are smooth
from one side and possess a longitudinal groove along the other
side. Under a light microscope, they appeared as straight, twisted,
or exhibited a longitudinal groove (Fig. 4 and Fig. S6 for represen-
tative micrographs), which are common morphologies of syn-
thetic artificial silk fibers [19,45].

A potential problem for commercial applications of artificial
silk fibers is the inherent variability in mechanical properties,
which can be observed even for fibers that are spun from the

Representative SEM images show uniform fibers with a smooth surface on one side and a longitudinal groove on the other side. (a and b) Representative
images of fibers which were spun using NT2RepCT from batch 150l. (c and d) Representative images of fibers spun with NT2RepCT from batch 250I.
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TABLE 2

Mechanical properties of biomimetic silk fibers from NT2RepCT expressed in the bioreactor.

Batch Diameter (um) Strain at break (%) Toughness modulus (MJ m3) Strength (MPa) Young's modulus (GPa)
1501 115+ 2.1 94% + 36% 74 + 40 99 + 29 25+07
250l 8.1+26 86% + 29% 70 + 35 101 + 30 28+ 09
150IL 70+£1.2 87% £ 17% 64 + 16 95 + 20 22+ 06
20 fibers were tested for each set. Outliers were not removed.
200 200 200

- batch: 150l - batch: 2501 = batch: 150IL
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Engineering Strain (%)

Stress—strain curves of NT2RepCT fibers produced in this study. For each set of fibers, 20 randomly selected fibers were tested. Outliers were not removed.
The data shown were smoothed to reduce the noise with a moving average function in Microsoft Excel®.

same recombinant protein [26,27,43,44|. The most likely expla-
nation for these variations are subtle differences in the spinning
methods used in the respective studies, e.g., size and shape of the
capillary nozzle, speed of fiber collection, and time the fiber
spends in the bath before being collected in air. Thus, we spun
fibers from batch 1501, 2501, and 150IL paying meticulous atten-
tion to provide identical spinning conditions. NT2RepCT was
spun using a dope extrusion speed of 17 pl/min, a capillary open-
ing diameter of 35 + 5 pm, and 80 rpm collection wheel speed
(46 cm s~ ! silk fiber collection speed) with the wheel positioned
at the end of the 80 cm long bath. Our results show that
NT2RepCT produced from three different batches, purified with
different columns, and spun at different occasions exhibit
mechanical properties that are indistinguishable from each
other. The fibers are very extensible (strain at break ~90%), have
a significant strength of around 100 MPa, a Young’s modulus of
~2.7 GPa, and a toughness modulus of 70 M]J m~3 (Table 2 and
Fig. 5). The average toughness modulus value between the
batches varied by less than +8%. Also, the Fourier Transform
Infrared (FTIR) spectra (Fig. 6 and Fig. S7) of fibers from batch
150I and 2501 are very similar in the amide I region and showed
that the pB-sheet content in both samples is ~40%.

The fibers produced using the herein described method have
higher strength and toughness modulus compared to previously
described as-spun (without post-spin stretching) artificial silk
fibers [26,27,43]. Compared to native dragline silk, the toughness
modulus of NT2RepCT fibers is around 50%, and compared to
artificial silk fibers that have been produced from recombinant
spidroins with reported expression levels >1.5 g/l, the toughness
modulus is equal or significantly higher (Fig. 1e). The large pro-
tein yields and practically feasible spinning method are impor-

1 m
o 0.8 A
c
©
&=
2 0.6 -
Q
©
3
S 04
g B-sheet
§ content
02 1 s 1501 38.5% + 3.0%
mmm 2501 42.5% +2.0%
0 4 T T T T T T

1720 1700 1680 1660 1640 1620 1600 1580
wavenumber (cm1)

FTIR spectra of fibers from NT2RepCT (batch 150l and 250l), in the amide |
region (1700-1600 cm™"). The spectra were baseline subtracted and
normalized. A detailed description of the secondary structure analysis is
provided in the S| and illustrated in Fig. S7.

tant stepping-stones for further improving the fiber properties,
e.g. by protein engineering approaches [46].

Concluding remarks

This study describes a protocol for expressing NT2RepCT with an
E. coli fed-batch culture that yields more than 14 g/1 of pure pro-
tein. The protocol is surprisingly simple: a standard E. coli strain
and expression vector was used together with an optimized
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cultivation medium composition but without the need of upreg-
ulating 8Y<tRNA. In the race to make the production of artificial
spider silk economically feasible, this is an important step for-
ward. According to a previously published study the expression
levels of artificial spider silk proteins must reach 10 g/l to enable
a sale price of 23$/kg for artificial spider silk fibers [7]. The pro-
cess used for the cost estimation was similar to our method in
the expression and down-stream purification parts, but included
the use of organic solvents for fiber spinning. The high spidroin
expression level reported herein (~20 g/1) combined with the use
of solely aqueous buffers for fiber spinning vouch for economi-
cally feasible production costs.

Furthermore, the biomimetic spinning setup reported in this
study resulted in fibers with reproducible mechanical properties,
exhibiting a higher toughness modulus and strength than any
previously reported as-spun biomimetic spider silk fiber.

Materials and methods

A detailed description of the methodology used in this study
including all references are described in the Supplementary infor-
mation, available online. There, a description of how the bioreac-
tor cultivations were carried out, the exact purification protocol,
the biomimetic spinning procedure, and fiber characterization
techniques are found.
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Materials and Methods

Fed-batch cultivation of E. coli. A day culture of BL21 (DE3) transformed with pT7-
NT2RepCT (batch 1501, 1501 2, 2001, 2501, 150IL) was grown in LB-medium (50 pg/ml
Kanamycin) at 37°C and 160 rpm until the ODgoo was 5. Then the culture was diluted 100 times
into a sterilized Multifors 2 (0.5 1 single-walled glass vessel, Infors HT, Basel, Switzerland), or
a BioBench Modular (3 1 single-walled glass vessel, Solida Biotech, Munich, Germany), filled
with 250 ml or 1 1, respectively, of semi-complex medium according to da Silva and coworkers
[1]. Da Silva et al. describe the exact composition of the batch medium we have used in all our
cultivations in experiment #4. The cultivation medium was prepared by first autoclaving the
main components in the reaction vessel, followed by separate addition of sterile stock solutions
of filtered glucose (700 g/1) and kanamycin (50 mg/ml), as well as autoclaved antifoam 204
(10%, Sigma Aldrich), trace metal solution (25x), and MgSO4 (245 g/1). The kanamycin
concentration was 50 pg/ml in all cultivations, and the initial concentration of antifoam 204
was 0.005%, which was increased when needed. The pH was continuously adjusted to 7, by the
addition of either 3M H3PO4 or 25 % NH3. The oxygenation level pO2 was set to 30%, which
was controlled by increasing the stirrer speed (200-1200 rpm) and/or the airflow rate.

After inoculation, the bioreactor cultures were grown at 25°C before the temperature
was decreased to 20°C when ODgoo reached 50 (batch 1501, 1501 2, 2001, 2501). Then, protein
expression was induced with IPTG (batch 1501: 150 pM; batch 1501 2: 150 pM; batch 200I:
200 pM; batch 2501: 250 uM). The larger cultivation (batch 150IL) was grown at 29°C until
ODsoo approached 60, then slowly chilled to 20°C, before it was induced with 150 uM IPTG
when the ODgoo was 77.

Exponential feeding with a semi-complex medium (also defined by da Silva and co-
workers in experiment #4) containing 40% glycerol (batch 150I) or 70% glycerol (batch
1501 2, 2001, and 2501) was triggered automatically once the initial C-source was depleted,
indicated by a sudden increase of pO». The feeding rate was adjusted to an exponential feeding

profile according to equation (1):[2]

1
F=§*($/5+m)*X0*e“t (1)

Where F is the rate of feeding (1 h'"), S the concentration of the glycerol in the feed (g 1), p the
specific growth rate (h'), Yxss the biomass yield on the substrate (g g!), m the specific

maintenance coefficient (g g! h™), X the biomass concentration (g 1™!). The specific growth rate



p was set to 0.1, m to 0.025 g g! h'!, and Yxss was 0.622 g g''[1]. To minimize the risk for
excessive glycerol accumulation because of the longer cultivation time after induction for batch
1501 2, 2001, and 2501, the exponential feed was aborted after 6 h. Instead, the culture was fed
with a constant feeding profile. Maximal 125 ml feeding solution was added to cultivations
using the Multifors 2 bioreactor.

Batch 150IL, cultivated using the BioBench Modular system, was fed with the same
semi-complex medium as batch 1501, but using a linear increase feeding profile from 11 to 30
ml/h for 10h, and then continuing with a constant feed rate until 500 ml were consumed.
Feeding was also triggered once the initial C-source was depleted, indicated by a sudden
increase of pOo.

The cultures were harvested 22h (batch 1501 & 150 IL) or 36 h (batch 1501 2, 2001, and
250I) post-induction by centrifugation at 4,000 x g, the supernatant was discarded, and 20 ml
Buffer T (20 mM Tris-HCI, pH 8) per 10 g wet cell pellet was used for resuspension using
gentle agitation at 6°C and 100 rpm. The cell resuspension was stored at -20°C until further

processed.

Purification of NT2RepCT. The cell pellet was thawed and diluted with buffer T to
approximately 2.5 mg NT2RepCT/ml, before DNAse I (Roche, Basel, Switzerland) was added
to a concentration of 10 ug/ml. Then cell lysis was performed with a Cell disruptor (Constant
Systems, Daventry, United Kingdom) at 30 kPSi and 4°C. Next, the lysed cells were
centrifugated at 25,000 x g for 45 min at 4°C to remove insoluble debris. The cell lysate was
filtered through a 0.45 pm Filtropur S (Sarstedt, Niimbrecht, Germany) before loading the
sample with an Akta Explorer liquid chromatographic system (GE Healthcare, Uppsala,
Sweden) at 6°C onto Ni-NTA columns, either one Hisprep FF 16/10 20 ml column (5 ml/min)
or on four sequentially coupled 5 ml HiTrap Chelating HP columns (3.5 ml/min). After loading
~ 150 ml lysate (around 400 mg protein), the column was washed with 75 ml TB. Subsequently,
the column was washed with TB containing 2 mM imidazole (90 ml), and finally, NT2RepCT
was eluted with 200 mM imidazole (40 ml).

The automated purification procedure mentioned in the main text was programmed with
the Unicorn 5.1 (GE Healthcare) method editor. Up to 2.5 1 cell lysate was processed by
incrementally loading 250 ml (10 times) onto 2 sequentially coupled 20 ml IMAC (HisPrep FF
16/10) column at 5 ml/min, using the loop function. During each cycle, the column was first

washed with 140 ml TB, and subsequently with 160 ml TB containing 2 mM imidazole. Finally,



NT2RepCT was eluted with 80 ml of buffer TB containing 200 mM imidazole. After each
round, the column was re-equilibrated with 3 column volumes buffer TB. The entire process
was controlled with a script and did therefore not require any hands-on time. Protein eluate
from the same batch, but after several rounds of loading and eluting was collected at 4°C and
dialyzed overnight against buffer T using a Spectra Por membrane (Spectrum Labs, Rancho
Dominguez, USA) with a molecular weight cut-off between 6-8000 kDa. Purified NT2RepCT

was saved at -20°C.

SDS-PAGE and protein quantification. To estimate the concentration of the expressed
protein in the bioreactor culture (referred to as expression level in the main text), the culture
sample was first centrifuged to pellet the cells. The supernatant was removed, and the sample
was diluted 40-times in water, unless noted otherwise. The protein contents of the bioreactor
samples were analyzed together with already purified NT2RepCT serving as standards with
SDS-PAGE using a 4-20% Mini-protean TGX stain-free precast gel (Bio-Rad, Munich,
Germany). The standard consisted of a 2-fold dilution series of NT2RepCT from 1.8 mg/ml to
0.225 mg/ml (concentration determined measuring the absorbance at 280nm, see below). With
the software Image lab (Bio-Rad, Munich, Germany), the band intensities corresponding to
NT2RepCT were integrated, to create a standard curve correlating band intensity to
concentration.

The dry cell weight of culture 150IL was determined by adding 1 ml of cell
resuspension (in triplicates) to dried and weighed Eppendorf tubes. The cells were pelleted by
centrifugation, the supernatant was removed, and the pellet was dried at 65°C for at least 24h,
until the weight was stable. GelAnalyzer 19.1[3] was used to estimate the % of NT2RepCT
relative to the total protein amount, using the scanned SDS-PAGE gels. Finally, assuming a
protein fraction of 55% relative to the total dry cell mass [4] the expression level could be
calculated, to confirm the results from the quantification method using NT2RepCT standards.

The purity of the purified NT2RepCT was assessed with SDS-PAGE. The
concentration and the total yield (referred to as yield after purification in the main text) was
calculated after measuring absorbance at 280 nm in triplicates (using a 10- time dilution), using
the protein-specific extinction coefficient of 18,910 M cm™!, obtained with the ProParam tool

available via the Expasy server [5].

Biomimetic spinning of NT2RepCT. The protein preparation was concentrated to 300 mg/ml

with an Amicon Ultra-15 centrifugal filter unit (Merck-Millipore, Darmstadt, Germany)



equipped with an ultracel-10 membrane (10 kDa cutoff) at 4,000 x g and 4°C. Biomimetic
spinning of NT2RepCT was done as described earlier by Greco et. al [3], with the exception
that the fibers were collected in air on frames attached to a wheel (diameter 11 cm) placed at

the end of an 80 cm spinning bath and 80 rpm (46 cm s™).

Tensile Testing. The mechanical properties of the fibers from batch 1501 and 2501 were
determined with tensile tests exactly as described previously [6]. Values reported in this study
represent an average of tensile tests from 20 individual fibers for each sample. Since the
humidity affects the mechanical properties of the fibers [7], the fibers were tested at relative
humidity lower than 30% and a temperature of 19-21 °C. The average fiber diameter of each
fiber subjected to tensile tests was determined by taking three representative images in an
optical microscope at 10x magnification. The reported diameter is the average of three fiber
width measurements, which was done for each image taken. The fiber cross-sectional area for
the derivation of the mechanical properties was calculated assuming a circular cross-section.
This leads to an underestimation of the calculated stress of fibers that had non-circular, e.g., a
dumbbell-shaped cross-section (Figure S5).

We also performed tensile tests in the same way on the following reference fibers:
Kevlar Technora T240 440dtex fibers (Teijin) and Carbon C T24-5.0/270-E100 fibers (SGL).

Before tensile testing, the fibers were fixed in a 1x1 cm paper frame window with super glue.

Scanning Electron Microscopy (SEM). For the SEM characterization, we used a field
emission FE-SEM (Zeiss — 40 Supra). The metallization was made by using a sputtering

machine Quorum 150T and the sputtering mode was Pt/Pd 80:20 for 5 minutes.

Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectra were obtained on fiber
bundles with a Vertex 70 equipped with a Platinum-ATR and an MeCdTe-detector (Bruker,
Ettlingen, Germany) according to the method described by Greco et. al [6]. For each fiber type,
six spectra were recorded. To obtain information on the B-sheet content of the fibers, the spectra
were averaged, the baseline was subtracted, and the spectrum was fitted with the Kinetics
software by E. Goormaghtigh (Université Libre de Bruxelles, Belgium), as described earlier by
Gonska et. al [8]. The average absorbance spectrum and its second derivative of the amide I
region (1700—-1600 cm ') were co-fitted, meaning that they were fitted simultaneously in order

to get a better defined fit (see Figure S7D) [9]. In this fitting procedure, we used a



Savitzky—Golay window of 17, 19, and 21 points, and the weighting factor of the second
derivative was 300. The average secondary structure content the standard deviation are
reported. The secondary structure content was calculated from the relative band areas of the
component bands. At ~1598 cm™! the component band was assigned to amino acid side chain
absorbance. At ~1696, ~1637, ~1625, and at ~1614 cm ™! the component bands were assigned
to B- sheets. The component bands at ~1654 cm™!' was assigned to a-helix/random structures
and that at ~1672 cm ™! to turns. The component band fitted at ~1684 cm™! was assigned to -
sheet/turns, and therefore excluded from the calculation of the B-sheet content, due to the

ambiguity of the assignment.



Table S1. Summary of the bioreactor cultivation parameters.

Culture 1501 1501_2 2001 2501 150IL
Temperature (BI/Al)? 25/20 25/20 25/20 25/20 29/20
Feed 40% Glycerol  70% Glycerol 70% Glycerol 70% Glycerol 40% Glycerol
Feed volume (ml) 125 125 125 125 500
IPTG conc (M) 150 150 200 250 150
ODsoo induced 50 51 52 51 77
ODeoo harvest 156 108 90 142 204
Total induction time (h) 22 36 36 36 21
Culture size at harvest (ml) 352 350 339 343 1600
Wet cell weight (g/l) 214 142 138 201 301¢
Expression level (g/l)® 13.2 12.2 9.4 15.9 20.9¢
% culture used on IMAC 100% 9% 27% 47% 41%
Purified from IMAC (mg) 3915 248 653 1839 9642
1.1 7.6 71 113 14.5

Yield after purification (g/l)°
% of max exp. protein 84% 63% 76% 71% 70%

a) Before induction (BI), after induction (Al). b) The expression level of NT2RepCT was estimated with SDS-
PAGE using already purified NT2RepCT as the standard. c) Refers to the amount of purified NT2RepCT in gram
that was obtained from each liter of culture. The purity of the purified NT2RepCT was assessed with SDS-PAGE
(for instance Figure S5), and the concentration was determined by measuring the absorbance at 280 nm and
using the protein-specific extinction coefficient of 18,910 M-" cm-'. d) Dry cell weight was determined to 80 g/l. e)
Considering the dry cell weight, a protein content of 55% compared to the total dry weight, and determining the
% of NT2RepCT relative to the total protein content (Figure S4), an expression level of 20.8 g/l was calculated.
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Figure S1. Parameters during a bioreactor cultivation of batch 1501, 1501_2, 200I, 250I,
and 150IL. The stirring speed (black), pO2 (red), pH (grey), temperature (dark blue),
feeding rate (light blue), and the optical cell density (green) are shown. The induction

point is indicated by a black dashed line.
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Figure S2. SDS-PAGE of samples from a fed-batch cultivation of E. coli BL21
overexpressing NT2RepCT in a bioreactor. The samples (1-3) were obtained 36 h after
induction with 150 uM (1), 200 uM (2), or 250 uM (3) IPTG and diluted 20-fold. 225, 450,
900, and 1800 ug/ml of already purified NT2RepCT (S1-S4) was used to estimate the
NT2RepCT concentration in sample 1-3, by peak integration of the bands using the
software Image Lab (Bio-Rad). (L) Protein size ladder, the molecular masses (kDa) of
the bands are indicated to the right.
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Figure S3. SDS-PAGE of samples from a fed-batch cultivation of E. coli BL21
overexpressing NT2RepCT in a 3 | bioreactor (batch 150IL). The samples representing
the total cell content were obtained 16h or 20h after induction (Al) and diluted 40-fold.
The two-fold dilution series (S1-S4, 137 — 1100 pg/ml) of already purified NT2RepCT
was used to estimate the NT2RepCT concentration in the culture samples, by peak
integration of the bands using the software Image J. (L) Protein size ladder, the
molecular masses (kDa) of the bands are indicated to the right. The linear dependency
of band area as a function of the concentration using the standards is shown in the plot
on the right-hand side.
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Figure S4. The NT2repCT content in % relative to the total protein content was
determined with GelAnalyzer 19.1 [3]. Shown here is the lane profile of band 20h Al (40x
dilution) from Figure S3 (batch 150IL). NT2RepCT accounts for 52% of the total protein.
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Figure S5. SDS-PAGE of the purification of NT2RepCT (batch 150IL), using the Akta
Explorer liquid chromatographic system, and a Hisprep FF 16/10 (20 ml) column. Total
Cell: Cell suspension before cell lysis. Pellet cent.: Insoluble debris after cell lysis and
centrifugation. Lysate: Supernatant after centrifugation. FT: Flow through after loading
the lysate onto the column. Wash: The column was washed with 2 mM imidazole to
remove weakly bound proteins. Eluate: NT2RepCT released from the column after

elution with 200 mM imidazole.
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Figure S6. Representative micrographs of fibers spun from NT2RepCT expressed in batch 150l
using light microscopy at 10x-fold magnification. Representative images are shown to illustrate the
three different morphological types observed. Fibers appeared to be either straight, had a twisted
appearance, or exhibited a longitundinal groove. In a sample of 20 randomly selected fibers, about
65% appeared straight, 20% exhibited the longitudinal groove, and 15% had a twisted appearance.
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Figure S7. (A) A) Deconvolution of the amide | region of the FTIR spectra of biomimetic silk
fibers spun with NT2RepCT purified from batch 1501 (green), according to a method that
simultaneously fits the absorbance spectrum and its second derivative [9]. This is
advantageous because more spectral information is considered to generate the fit, which is
therefore better defined [9]. The fit model (black dashed line) consisted of the minimum number
of component bands (black lines) that were necessary to describe the second derivative
spectra. (B) Same as (A) but showing NT2RepCT fibers from batch 2501 (blue) and the
corresponding fit (black dashed line). (A & B) The deconvolution and fitting shown here were
obtained using a Savitzky—Golay window of 19 points, and the weighting factor of the second
derivative was 300. The assignments of the individual component bands are indicated. (C) The
second derivatives of the normalized absorbance spectra in the amide | region (green: batch
150I; blue: batch 2501) and the corresponding fits are indicated by black dashed lines. (D)
lllustrates the difference between the co-fitting procedure (green line: second derivative of the
absorbance spectrum; black dashed line: corresponding fit) and using only the absorbance
spectrum for fitting (red dashed line). The experimental second derivative spectrum is clearly
better reproduced by co-fitting than by fitting only the absorbance spectrum, which
demonstrates that co-fitting better takes into account the available spectral information. (E)
The relative secondary structure content of NT2RepCT fibers from batch 1501 and 250I.
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