Metabolic Engineering Communications 16 (2023) e00219

Contents lists available at ScienceDirect

Metabolic Engineering Communications

journal homepage: www.elsevier.com/locate/mec

ELSEVIER

Check for

Novel insights into construct toxicity, strain optimization, and primary e
sequence design for producing recombinant silk fibroin and elastin-like
peptide in E. coli

Alexander Connor *", Caleb Wigham *", Yang Bai ", Manish Rai *", Sebastian Nassif®,

Mattheos Koffas ™ ', R. Helen Zha "’

@ Department of Chemical and Biological Engineering, Rensselaer Polytechnic Institute, Troy, NY, 12180, USA
b Center for Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, NY, 12180, USA

ARTICLE INFO ABSTRACT

Keywords:
Recombinant silk
Strain engineering
Toxicity

E. coli

Spider dragline silk

Spider silk proteins (spidroins) are a remarkable class of biomaterials that exhibit a unique combination of high-
value attributes and can be processed into numerous morphologies for targeted applications in diverse fields.
Recombinant production of spidroins represents the most promising route towards establishing the industrial
production of the material, however, recombinant spider silk production suffers from fundamental difficulties
that includes low titers, plasmid instability, and translational inefficiencies. In this work, we sought to gain a
deeper understanding of upstream bottlenecks that exist in the field through the production of a panel of sys-
tematically varied spidroin sequences in multiple E. coli strains. A restriction on basal expression and specific
genetic mutations related to stress responses were identified as primary factors that facilitated higher titers of the
recombinant silk constructs. Using these findings, a novel strain of E. coli was created that produces recombinant
silk constructs at levels 4-33 times higher than standard BL21(DE3). However, these findings did not extend to a
similar recombinant protein, an elastin-like peptide. It was found that the recombinant silk proteins, but not the
elastin-like peptide, exert toxicity on the E. coli host system, possibly through their high degree of intrinsic
disorder. Along with strain engineering, a bioprocess design that utilizes longer culturing times and attenuated
induction was found to raise recombinant silk titers by seven-fold and mitigate toxicity. Targeted alteration to the
primary sequence of the recombinant silk constructs was also found to mitigate toxicity. These findings identify
multiple points of focus for future work seeking to further optimize the recombinant production of silk proteins
and is the first work to identify the intrinsic disorder and subsequent toxicity of certain spidroin constructs as a
primary factor related to the difficulties of production.

1. Introduction

Spider silk proteins (spidroins) are of intense interest to engineers
and researchers due to their high value material properties and utility in
diverse applications. Orb-weaving spiders produce up to seven different
types of silk, with dragline (major ampullate) silk serving as a safety line
and framework of the web. Dragline silk fibers are five times stronger by
weight than steel and three times tougher than the top-quality man-
made fiber Kevlar (Hardy et al., 2008; Fink and Zha, 2018). Addition-
ally, silk is biodegradable and biocompatible, and silk proteins can be
processed into numerous morphologies including coatings, hydrogels,

and tissue scaffolds (Hardy et al., 2008; Fink and Zha, 2018; Gosline
et al., 1999). As such, the applications of silk proteins range from
next-generation body armor to optofluidic devices and even coatings for
food preservation (Tsioris et al., 2010; Gould, 2002; Marelli et al., 2016).
While silk protein from the Bombyx mori silkworm is farmed at scale for
the textiles industry, dragline silk cannot be readily obtained through
farming, as spiders are territorial and cannibalistic (Tokareva et al.,
2013). Thus, researchers have used recombinant production to obtain
proteins that mimic or directly copy the sequences of natural dragline
spidroins. Recombinant production currently represents the most
promising method for producing dragline spidroins at scale while also
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presenting the ability to rationally design protein sequences with tar-
geted propertiess'lo'.

The unique properties of dragline spidroins arise from specific pep-
tide motifs, chemical interactions, and hierarchical organization that are
highly conserved among orb-weaving spiders. Natural dragline fibers
are composed of two proteins, Major Ampullate Spidroin 1 (MaSp1) and
Major Ampullate Spidroin 2 (MaSp2) in a ratio of approximately three
MaSp1 for every two MaSp2 (Heim et al., 2009; Sarkar et al., 2019).
Major ampullate spidroins are generally quite large at 250-350 kDa and
take the form of a segmented copolymer with small non-repetitive N and
C-terminal domains that flank a large repetitive core domain. The re-
petitive domain of dragline spidroins represents approximately 90% of
the total protein, with repeating units that are typically 33-45 amino
acids long (Heim et al., 2009; Sarkar et al., 2019; Gatesy et al., 2001).
The repeat unit of MaSp1 is characterized by a tandem alanine repeat
(Ap, where n ~6-9) adjacent to a glycine-rich region that contains GGX
motifs, where X often represents tyrosine (Y), glutamine (Q), or leucine
(L). The repeat unit of MaSp2 also contains tandem alanine repeats, but
its glycine-rich region is high in proline (P) and contains GPGXX and
GGX motifs, where X often represents Q, Y, L, G, or serine (S) (Teulé
etal., 2009; Guerette et al., 1996; Malay et al., 2017). In both MaSp1 and
MaSp2, the tandem alanine segments assemble into beta-sheet nano-
crystals, and the glycine-rich regions form an amorphous matrix during
fiber spinning. The interplay between these crystalline and amorphous
domains endows spider silk with many of its unique properties,
including a combination of high tensile strength and toughness (Sarkar
et al., 2019; Tokareva et al., 2014).

Recombinant silk has been produced in a diverse set of host organ-
isms, including bacteria, yeast, mammalian cells, insect cells, transgenic
plants, and transgenic animals (Wohlrab et al., 2014; Chung et al.,
2012). Common practice in the field is to create synthetic spider silk
genes that combine spidroin amino acid motifs (GGX (A),, etc.), in ways
that mimic the repetitive core of a natural dragline sequence. This is due
to the difficulty in obtaining exact copies of full-length dragline spidroin
genes by PCR, as they are long, repetitive, and have a high GC content
(Wohlrab et al., 2014; Chung et al., 2012). Recombinantly produced
dragline spidroins generally have anywhere from 2 to 196 repeats of a
relatively short “monomer” segment (typically around 35 amino acids)
and may or may not include non-repetitive terminal domains. Most ef-
forts to produce recombinant spidroins have suffered from low titers,
preventing the production and utilization of artificial spider silk at a
commercial scale (Whittall et al., 2021; Edlund et al., 2018). Addition-
ally, expressing recombinant spidroins in bacteria is often plagued by a
high degree of plasmid instability, inclusion body formation, low solu-
bility of the spidroin constructs, and transcriptional and translational
errors (Yang et al., 2016; Chung et al., 2012). These issues, particularly
the low titers, correlate with recombinant spidroin size, which further
limits the production of useful materials, as increasing spidroin size has
been shown to increase the mechanical properties of resultant fibers
(Whittall et al., 2021; Wohlrab et al., 2014; Chung et al., 2012; Edlund
et al., 2018; Bowen et al., 2018). However, two recent works have
shown that high titers of recombinant spidroins are possible. Using an
E. coli host system, Yang et al. achieved a titer of 3.6 g/L for 200 kDa
dragline spidroin in a bioreactor kept at 16 °C. The researchers also
employed a secondary plasmid to upregulate glycyl-tRNA supply (Yang
et al., 2016). Furthermore, Schmuck et al. documented a titer of 14.5 g/L
for a small recombinant spidroin using an E. coli host system in a
bioreactor. This 33 kDa recombinant spidroin only contained two
monomer repeats in its primary sequence, but it could be spun into fibers
that exhibited mechanical properties similar to much larger recombi-
nant spidroins (Schmuck et al., 2021).

Despite these promising efforts to increase titer, the relatively large
body of work surrounding recombinant silk production has not been
able to fully understand the challenges in expressing dragline spidroin.
Yang et al. demonstrated that glycyl-tRNA upregulation can facilitate
higher titers of large, glycine-rich dragline spidroins. However, their
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work also showed that decreasing the culture temperature from 30 °C to
16 °C, independent of glycyl-tRNA upregulation, was sufficient to in-
crease titers nearly an order of magnitude from 0.36 g/L to 2.9 g/L
through an unknown mechanism (Yang et al., 2016). Moreover, Bhat-
tacharyya et al. recently showed that while increasing tRNAGly and
tRNAPro was helpful for producing certain spidroin sequences, it could
be non-beneficial or even toxic to the cells when other spidroin se-
quences were expressed (Bhattacharyya et al., 2021). These findings
indicate that mechanisms aside from translational difficulties need to be
addressed. Work related to strain optimization of viable industrial hosts
and hypotheses related to upstream production bottlenecks are sparse
within the recombinant silk field. Likewise, little work outside of
increasing spidroin length has been done to understand how alterations
to the primary sequence affects upstream expression outcomes such as
cell growth, plasmid maintenance, and titer. A thorough analysis of the
E. coli platform using multiple strains and spidroin primary sequences
can move the field forward, since many studies in this space have only
used a “default” E. coli BL21 strain (Whittall et al., 2021; Schmuck et al.,
2021; Yang et al., 2016; Teulé et al., 2009; Bowen et al., 2018; Bhatta-
charyya et al., 2021; Cai et al., 2020; Wei et al., 2020; Andersson et al.,
2017; Xia et al., 2010; Fredriksson et al., 2009; Humenik et al., 2014). As
a long-standing host choice for synthetic biology, the E. coli platform has
become highly diversified with numerous distinct strains. Several E. coli
strains present characteristics that can elucidate additional cellular
mechanisms to target for increasing recombinant spidroin titers.

In this study, we sought to uncover a deeper understanding of how to
construct microbial strains for optimal spidroin production. We also
aimed to understand how the design of a recombinant spidroin construct
affects production efficiency. To that end, we studied the expression of a
panel of dragline spidroins that varied systematically in size and primary
sequence in ten E. coli strains to characterize the relationships between
upstream outcomes, host characteristics, and primary spidroin
sequence. Our results suggest that the expression of MaSp2-mimetic
recombinant spidroins exerts toxicity on E. coli, as shown through a
negative effect on cell growth and plasmid maintenance, but that these
effects could be attenuated with targeted primary sequence alteration.
For further mechanistic insight, we extended our work towards
expressing elastin-like peptide (ELP), a repetitive protein of interest for
tissue engineering and drug delivery applications. Recombinant ELPs
share several similarities with dragline spidroins, including a polymeric
structure, a high glycine and proline content, and an ability to self-
assemble when triggered by external stimuli (Schmuck et al., 2021;
Sarkar et al., 2019; Varanko et al., 2020). The ELP, however, exerted no
observable toxicity on host cells during expression. We hypothesized
that this is due to a higher intrinsic disorder for our spidroin constructs
compared to the ELP. Eliminating basal expression, or refraining from
gene induction, was found to play a key role in obtaining high titers of
toxic recombinant spidroin constructs but had no beneficial effect for
ELP production. Additionally, we identified multiple genes related to
stress response as new targets for future strain optimization that aims to
increase titers of toxic recombinant proteins. Using these findings, we
developed a novel strain of E. coli that combines both a restriction on
basal expression and unique genetic mutations to facilitate high spidroin
titer and plasmid maintenance without sacrificing the ability to use a
strong promoter or exert control over gene induction. This novel strain
offered no benefit for ELP production, indicating that future work should
address production bottlenecks that may be unique to recombinant
spidroin constructs.

2. Materials and methods
2.1. Bacterial strains and plasmids
The E. coli strains used for protein expressions are listed in Supple-

mentary Table 1. Chemically competent cells of NEB Stable Competent
E. coli (New England Biolabs, Ipswich, MA) were used for gene cloning.
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Restriction enzymes and T4 DNA ligase were purchased from Thermo
Fisher Scientific (Waltham, MA) and DNA manipulations were carried
out using the manufacturer’s protocols. Extraction of plasmid DNA from
E. coli and from agarose gel was performed using the E.Z.N.A. Plasmid
DNA Mini Kit I and the E.Z.N.A. Gel Extraction kit, respectively (Omega
Bio-tek, Norcross, GA). Plasmids were introduced into the expression
strains via electroporation using the Gene Pulser Xcell Electroporation
System at (Bio-Rad, Hercules, CA). Transformants were isolated on LB
agar plates supplemented with either 100 pg/ml ampicillin or 100 pg/ml
ampicillin and 25 pg/ml chloramphenicol for strains that carry an
additional chloramphenicol selectable vector, namely pLysS, pGro7,
RosettaGami, and SoluBL21-pLysS.

Genes for the monomer units of the A5
(GPGQQAAAAAGPGQQGPGQQGPGQQGPGEQGPGSG) and  Al0
(GPGQQAAAAAAAAAAGPGQQGPGQQGPGEQGPGSG) silk constructs
were codon optimized for E. coli and purchased as synthetic genes
inserted into the Xhol and BamHI sites of pBluescript II SK(+) (Gen-
script, Piscataway, NJ). The compatible, but non regenerable, restriction
sites Xmal and Kpn2I were included at the beginning and end of the
genes, respectively. This allowed for the iterative duplication of the A5
or A10 genes using a previously described restriction cloning procedure
(Teulé et al., 2009). The resultant genes were polymerized forms of their
original monomer sequence (ex. A5 16mer) and coded for proteins that
had tandem repeats of either the A5 or A10 sequence. For protein ex-
pressions, genes were cloned into the pET-19b expression vector
(Addgene, Watertown, MA) using the XhoI and BamHI restriction sites.
The A4Y1 ELP was codon optimized and purchased as a synthetic gene
inserted into the Ndel and BamHI sites of pET-19b (Genscript, Piscat-
away, NJ). For synthesis of the A10 4mer BWT construct, cDNA of the N
and C terminal regions of L. hesperus MaSp1 (major ampullate silk pro-
tein 1) were purchased as synthetic genes codon optimized for E. coli and
inserted into the Xhol and BamHI restriction sites of pBluescript II SK(+)
(Genscript, Piscataway, NJ). The L. hesperus N-terminus was cloned into
the beginning of the A10 4mer gene using the Ndel (on the pET-19b
backbone) and Xmal restrictions sites, followed by subsequent cloning
of the L. hesperus C-terminus to the end of the A10 4mer gene using the
Kpn2l and BamHI restriction sites. All expression plasmids were
sequenced through Genewiz (South Plainfield, NJ).

2.2. Protein expressions

All protein expressions took place at 37 °C in LB media (Lennox
broth, Sigma Aldrich, St. Louis, MO) supplemented with either 100 pg/
ml ampicillin or 100 pg/ml ampicillin and 25 pg/ml chloramphenicol
for strains that carry an additional chloramphenicol selectable vector,
namely pLysS, pGro7, RosettaGami, and SoluBL21-pLysS. Strains were
cultivated overnight at 37 °C in 5 ml of LB media placed in 15 ml conical
tubes at an angle of ~55° with 225 rpm shaking. One milliliter of
overnight cultures was used to inoculate 50 ml expression cultures
placed in 250 ml Erlenmeyer flasks with 225 rpm shaking. Recombinant
protein production was induced with 1 mM isopropyl-f-p-thiogalacto-
side (IPTG; Sigma Aldrich, St. Louis, MO) when the cultures reached an
0OD600 of 0.6-0.8, typically 2-3 h after inoculation. For experiments
where titer and plasmid maintenance were quantified, expression cul-
tures were harvested 4 h after induction. For experiments that generated
10.25-h growth curves, cells were put through the same procedure as
above, but cultures were not harvested until 10.25 h after inoculation.

2.3. Lysis, purification, and titer quantification

After protein expressions, cell cultures were transferred to 50 ml
conical tubes and centrifuged at 7000 rcf for 15 min at 4 °C. The su-
pernatant was decanted, and cells were resuspended in 5 ml of lysis
buffer (50 mM Tris-HCl (pH 8), 10 mM MgCly, 10 mM NaCl, 1 mM
PMSF) and frozen at —20 °C overnight. The frozen cell pellets were
thawed at 37 °C and mixed with 2.5 mg of lysozyme (Sigma Aldrich, St.
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Louis, MO). The cells were then placed on ice and sonicated a with the
Fisherbrand Model 120 Sonic Dismembrator (Fischer Scientific, Pitts-
burgh, Pennsylvania) using a 1/8-inch probe at 70% amplitude with a 1
son and 1 s off cycle for 5 min.

For purification of the A5 and A10 constructs, the lysates were
heated to 80 °C for 10 min in a water bath and then centrifuged for 10
min at 20,000 rcf. This procedure removed a majority of the native
E. coli proteins from the lysate, resulting in a sample that was primarily
comprised of the heat resistant A5 and A10 constructs. For purification
of the ELP, the lysates were heated to 60 °C for 15 min in a water bath to
remove native E. coli proteins. From here, the lysates were placed on ice
for 30 min to take advantage of the temperature sensitive solubility of
the A4Y1, which aggregates above temperatures of 37 °C but solubilizes
at colder temperatures. After cooling on ice, the ELP lysates were
centrifuged for 10 min at 20,000 rcf to remove denatured E. coli pro-
teins. The heat treatment purification for the silk and ELP proteins was
sufficient for isolating discrete bands of the recombinant proteins that
were free of nearby contaminating bands on SDS-PAGE for subsequent
titer analysis (Fig. S1). Purification of the A10 4mer BWT required the
use of its histidine tag. Lysates of the A10 4mer BWT cultures were
mixed with one part binding buffer (5 mM imidazole, 0.5 M NacCl, 20
mM Tris-HCl, pH 8) and passed through 2 ml of HisPur Ni-NTA Resin
(Thermo Fisher Scientific, Waltham, MA) that was placed in a 10 ml
gravity-flow polypropylene chromatography column. The column was
washed first with 6 ml of wash buffer 1 (20 mM imidazole, 0.5 M NaCl,
20 mM Tris-HCl, pH 8) and then 6 ml of wash buffer 2 (40 mM imid-
azole, 0.5 M NaCl, 20 mM Tris-HCI, pH 8). The A10 4mer BWT was then
collected by passing 4 ml of elution buffer (300 mM imidazole, 20 mM
Tris-HCl, pH 8) through the column.

All purified protein samples were detected via SDS PAGE using
NuPAGE 10% Bis-Tris Midi Gels (Thermo Fisher Scientific, Waltham,
MA) run in 1x NuPAGE MES SDS Running Buffer (Thermo Fisher Sci-
entific, Waltham, MA) for 60 min at 120 V. Ten microliters of a sample
was mixed with 10 ul NuPAGE LDS Sample Buffer (Thermo Fisher Sci-
entific, Waltham, MA) prior to running the SDS PAGE. Gels were stained
with SimplyBlue SafeStain (Thermo Fisher Scientific, Waltham, MA),
and then destained in distilled water. To quantify the titer of silk and ELP
protein, the relative intensity of the SDS PAGE bands was correlated to
known protein concentrations. Standards of bovine serum albumin
(BSA) ranging in concentration from 50 pg/ml to 2000 pg/ml were
included in the SDS PAGE protocol, to serve as known standards for
quantification of SDS PAGE band intensity with the ChemiDoc XRS +
Image Lab software (Bio-Rad, Hercules, California). The imaging soft-
ware and BSA standards run with each SDS PAGE allowed for the cre-
ation of a standards curve, which was used to quantify the concentration
of silk or ELP protein in the samples based on the intensity of their SDS
PAGE bands.

2.4. Plasmid maintenance assay

To assess the level of plasmid maintenance that strains had during
recombinant silk or ELP expression, 100 pl of an expression culture was
taken at the time of induction and then again at 2 and 4 h after induc-
tion. The 100 pl culture sample was serially diluted in fresh LB media,
and 100 pl of this serial dilution was plated onto non-selective LB plates
which were incubated overnight at 37 °C to obtain several hundred
isolated colonies. For strains BL21, pLysS, pGro7, Origami, SoluBL21,
and SoluBL21-pLysS a 10*-fold serial dilution was necessary to obtain
the proper number of isolated colonies. For strains RosettaGami, BLR,
HMS174, and MG1655 a 10 dilution was necessary to obtain enough
colonies for the plasmid maintenances assay. After colonies from each
strain had grown overnight on the non-selective LB plates, 50 colonies
were patch plated onto LB plates with 100 pg/ml ampicillin using sterile
pipette tips. The plates were incubated overnight at 37 °C and the
percent plasmid maintenance was calculated by counting the number of
colonies that had grown on the selective plate and dividing by 50.
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2.5. FTIR analysis

Protein secondary structure confirmations were analyzed using a
Bruker Vertex 70 FT-IR with the attenuated total reflectance accessory
Bruker BioATR II (Bruker, Billerica, MA). The FT-IR spectra was
collected with OPUS 8.1 software; sample absorbance was collected
between 800 cm ™! and 4000 cm ™, with 128 scans, and a resolution of 4
cm L. Background subtractions were taken prior to each sample mea-
surement and at least four trials were performed for each protein (n = 4).
Deconvolution of the amide I region (1600-1700 em™ 1) was performed
using the second derivative analysis and peak fitting in Igor Pro 8.04.
Peaks were assigned to protein secondary structure as follows: beta-
sheet (1610-1635, 1695-1700 cm™), alpha-helix (1647-1664 cm™),
random coil (1635-1645 cm_l), and beta-turn (1666-1695 cm™ 1) (Yang
et al., 2015; Lammel et al., 2010).

2.6. Genomic sequencing of SoluBL21

Genomic DNA of E. coli SoluBL21 (Genlantis, San Diego, CA) was
extracted from a culture grown in LB media using the PureLink Genomic
DNA Mini Kit (Thermo Fisher Scientific, Waltham, MA). Uniquely
indexed Illumina sequencing libraries with 200-300 bp insert length
were prepared from 2 pg gDNA using NEBNext Ultra II DNA Library Prep
Kit for Illumina (New England Biolabs, Ipswich, MA) following the
manufacturer’s instructions. The libraries were quantified on a Qubit 4.0
fluorometer using Qubit 1x ds DNA HS Assay kit (Thermo Fisher Sci-
entific, Waltham, MA). Library size was analyzed by an Agilent 2100
Bioanalyzer with DNA 1000 Kit (Agilent, Santa Clara, CA). Pooled li-
braries were sequenced on an Illumina iSeq platform with iSeq 100 il
Reagent v2 (Illumina, San Diego, CA) generating 2x150 bp paired-end
reads at Genomics Research Core of Center for Biotechnology and
Interdisciplinary Studies at Rensselaer Polytechnic Institute (Troy, NY).
[llumina sequence data were quality assessed using FastQC v0.11.9 and
filtered by removing low quality and adapter read regions using Trim-
momatic v0.38 (Bolger et al., 2014). The de novo genome assembly was
carried out using SPAdes v3.14.1 (Bankevich et al., 2012). Assembled
contig sequences were aligned against the reference genome
(GCF_013166975.1_ASM1316697v1_genomic.fna) using BWA-MEM to
verify genetic differences between strains SoluBL21 and BL21 (Li, 2013).

3. Results and discussion

3.1. Design of recombinant spidroin constructs and screening of ten E. coli
strains

To screen recombinant spidroin expression in different E. coli strains,
nine commercially available strains were used in this work (Supple-
mentary Table 1). Some strains were chosen based on factors previously
shown or hypothesized to affect recombinant silk production, such as
codon usage and inclusion body formation. These strains include
RosettaGami B, which has upregulation of seven tRNAs for rare codons
including those for glycine and proline, as well as BLR, which has a
recA” mutation that may facilitate increased stability of plasmids con-
taining repetitive sequences (Yedahalli et al., 2016; Huemmerich et al.,
2004; Karla et al., 2005). The strain SoluBL21 has been developed
through directed evolution to produce soluble protein when its ancestral
strain, BL21(DE3), does not yield detectable soluble product. Likewise,
strain pGro7 expresses a chaperone protein that prevents inclusion body
formation and promotes soluble production (SoluBL21 Competent E.
coli, 2022; Nishihara et al., 1998). The remaining strains were chosen to
potentially identify unknown targets for the optimization of recombi-
nant spidroin expression. This includes strains HMS174 and MG1655,
which unlike other strains tested, are from the K-12 E. coli lineage
instead of the B lineage (Hausjell et al., 2018; Leal-Egana et al., 2012;
Bachmann, 1972). Strain pLysS restricts basal expression, while strain
Origami B contains mutations that change the cytoplasmic environment
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and cellular stress responses through alterations to the thiol-redox
equilibrium, glutathione metabolism, and oxidative stress response
(Studier and Moffatt, 1986; Kong and Guo, 2014; Lobstein et al., 2016;
Kunert et al., 1990). All strains used in this study were DE3 lysogens and
proteins were expressed from the pET19b vector under control of the T7
promoter. We additionally studied a tenth hybrid strain,
SoluBL21-pLysS, which we developed by combining features from pLysS
and SoluBL21.

Four different de novo designed spidroin constructs were expressed in
these E. coli stains, with titer, plasmid maintenance, and OD600
measured as expression outcomes. The primary sequences and poly-
meric structure of the spidroin constructs are depicted in Table 1. To
assess the effect of protein size, recombinant spidroins were designed to
have either four or sixteen identical monomer units in tandem (referred
to as 4mers and 16mers, respectively). To assess the effect of modulating
primary sequence, two different monomer units of 35 amino acids were
designed, with one containing a segment of five tandem alanine residues
(A5) and the other a segment of ten tandem alanine residues (A10). The
remaining amino acids in the monomer sequences consists of multiple
GPGQQ motifs (four for the A5 monomer and three for the A10 mono-
mer) and single GPGEQ and GPGSG motifs. Both monomer units were
designed based on naturally occurring primary sequences found in the
MaSp2 dragline spidroin of orb-weaving spiders (Teulé et al., 2009;
Guerette et al., 1996; Malay et al., 2017). Modulating the tandem
alanine length and total construct length were chosen as focal points to
study the effect of construct design on expression outcomes, as these are
primary factors implicated in determining the material properties of
recombinant silks (Bowen et al., 2018; Zhao et al., 2021; Bratzel and
Buehler, 2012; Heidebrecht et al., 2015). All constructs expressed have
an identical starting sequence that is present on the pET-19b expression
vector, which contains a 10x histidine tag for purification followed by an
enterokinase cleavage sequence (cleavage of the 10x histidine tag using
the enterokinase site was not employed in this work).

3.2. Recombinant silk titers in ten E. coli strains

Expression of the A5 and A10 constructs took place in LB media at
37 °C for 4 h. Initial findings showed that pLysS and SoluBL21 had
higher production levels for the smaller recombinant spidroins (A5 4mer
and A10 4mer). These strains yielded approximately 80-100 mg/L of A5
and A10 4mer protein, producing at levels several times above the other
strains (Fig. 1a). Considering these results, the pLysS plasmid from the
pLysS strain was extracted and transformed into SoluBL21 to form a
novel hybrid strain, SoluBL21-pLysS, to investigate whether the ad-
vantages of the parent strains could be synergistic. The hybrid strain was
able to produce the small spidroins at 201 (+6) and 189 (£+10) mg/L for
the A5 4mer and A10 4mer, respectively. These titers are approximately
70 mg/L higher than the reported shake flask titer for a recombinant
spidroin that was recently produced at the highest titer ever reported for
arecombinant spidroin in a bioreactor (Schmuck et al., 2021; Andersson
et al., 2017). Interestingly, these titers are approximately twice that of
either parent strain. Moreover, when compared to BL21, which is a
typical strain used for spidroin expression, these titers represent a 13X
increase for the A5 4mer and a 33X increase for the A10 4mer (Fig. 1a).

The titers for both the A5 and A10 16mers were lower than that of
the 4mers for nearly all strains, which is consistent with previous find-
ings showing an inverse relationship between yield and spidroin length
(Xia et al., 2010). Despite displaying some of the highest titers for the
16mers, at 11-15 mg/L, strains pLysS and SoluBL21 showed no appre-
ciable advantage over BL21, pGro7, or BLR, which all yielded similar
titers (Fig. 1b). Interestingly, the SoluBL21-pLysS hybrid strain out-
performed both of its parent strains for producing the 16mers, with titers
of 53 (+4) and 49 (£+3) mg/L for the A5 16mer and A10 16mer,
respectively. This is approximately a four-fold increase in 16mer titer
versus the parent strains. Several strains, including RosettaGami,
HMS174, MG1655, and Origami B were barely capable of producing
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Table 1
Primary sequence of recombinant spidroins.
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Spidroin Primary Sequence # of Repeats Molecular Weight (kDa)
A5 4mer MGHHHHHHHHHHSSGHIDDDDKHMLEHMPG n=4 16.1
(GPGQQAAAAAGPGQQGPGQQGPGQQGPGEQGPGSG)n
TSGS
A5 16mer MGHHHHHHHHHHSSGHIDDDDKHMLEHMPG n=16 52.7
(GPGQQAAAAAGPGQQGPGQQGPGQQGPGEQGPGSG)n
TSGS
A10 4mer MGHHHHHHHHHHSSGHIDDDDKHMLEHMPG n=4 15.6
(GPGQQAAAAAAAAAAGPGQQGPGQQGPGEQGPGSG)n
TSGS
A10 16mer MGHHHHHHHHHHSSGHIDDDDKHMLEHMPG n=16 50.9
(GPGQQAAAAAAAAAAGPGQQGPGQQGPGEQGPGSG)n
TSGS
HAS54mer O A10 4mer
a 250
2 200
S~
on
é 150
S
2
= 100
=
-g 50
)
g , sa. B |0 e -j 38 &l - B
N > A\ < > © > > S
W) S & Q A kS W) & S
¥ N F ¢ ¥ & & & & B
< & < $ N R o A
egz * =) Q&’\o
A Strain
b o B AS5 16mer EA10 16mer
60
é,) 50
- 40
= 30
<=
= 20
=
g 10
0
& &>
Y $,x
Q,
Strain

Fig. 1. () Soluble titer for the small recombinant spidroins, A5 4mer (black) and A10 4mer (gray), for ten strains of E. coli in LB media. Error bars represent standard
deviations from the mean values of three replicates. (b) Soluble titer for the large recombinant spidroins, A5 16mer (black with white dots) and A10 16mer (white
with black dots), in ten strains of E. coli in LB media. Error bars represent standard deviations from the mean values of three replicates.

detectable levels of the 16mers, as shown by titers of 5 mg/L or less. The
poor performance of RosettaGami B for both the 4mers and 16mers is of
particular interest, as a leading hypothesis in the field relates the low
titers of silk proteins to translational difficulties caused by the over-
abundance of a select few amino acids in spidroins, mainly glycine (Yang
etal., 2016; Bowen et al., 2018; Xia et al., 2010). Recent work has shown
that upregulating glycyl-tRNA has favorable effects on the production of
spidroins, however, the upregulation of glycine and proline tRNAs
inherent in RosettaGami appeared to have no positive effect on titer
(Yang et al., 2016; Bowen et al., 2018; Xia et al., 2010). Moreover, we
observed no translation truncation of the A5 and A10 spidroins in SDS
PAGE analysis (Fig. S1). Translational truncation, or early termination
of the nascent recombinant spidroin from the ribosomal complex, has

been observed by multiple researchers and is indicative of translational
bottlenecks in silk production (Bhattacharyya et al., 2021; Xia et al.,
2010; Fahnestock and Irwin, 1997). These findings support the hy-
pothesis that translational difficulties alone cannot fully explain the
difficulties in obtaining high titers of recombinant silk.

3.3. Recombinant ELP production in BL21, pLysS, SoluBL21, and
SoluBL21-pLysS

To investigate if the increased spidroin titers achieved with the
hybrid SoluBL21-pLysS strain could be extended to other repetitive,
structural proteins, an elastin-like peptide (ELP) was produced in strains
BL21, pLysS, SoluBL21, and SoluBL21-pLysS. The recombinant ELP,
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A4Y1, was chosen for production in these four strains based on a balance
between similarity and difference when compared to the A5 4mer pri-
mary sequence (Table S2). The A5 4mer and the A4Y1 ELP both have a
4mer polymeric structure, along with a near identical molecular weight
and glycine, proline, and alanine contents. Furthermore, both recom-
binant spidroins and ELPs are known to self-assemble into supramo-
lecular materials when triggered by external stimuli (Schmuck et al.,
2021; Sarkar et al., 2019; Varanko et al., 2020). However, key differ-
ences are that the A5 4mer has tandem alanines (A,) while the ELP has
alanine residues distributed throughout the construct. Additionally, the
A5 4mer has a high amount of glutamine (21%), which the ELP lacks
entirely, and the ELP has a high percentage of valine (16%) and some
tyrosine (3%), both of which are missing from the A5 4mer.

Fig. 2a shows that strains pLysS, SoluBL21, and SoluBL21-pLysS
offered no advantage over BL21 for the titer of the ELP construct. The
soluble titers for these three strains were similar, at ~240 mg/L. Sol-
uBL21 performed the worst out of the four strains with a titer of 196
(+8) mg/L. In all cases, the A5, A10, and ELP constructs were expressed
primarily in the soluble fraction of the lysate, with only negligible
amounts found in the pellet (<2 mg/L for all strains). Notably, the titer
for the ELP in BL21 is over 15 times higher than for the A5 4mer under
identical expression conditions. This finding, as well as the observation
that the hybrid strain offered no advantage, were both unexpected when
considering the high degree of similarity between the A5 4mer and the
A4Y1 ELP. As peptides of identical molecular weight and similar poly-
meric structure, a possible explanation for these outcomes may lie in
structural differences that result from primary sequence variation, the
mainly the disparity between valine and glutamine content.

3.4. Plasmid maintenance during expression of silk and ELP constructs

During a recombinant protein expression, cells can potentially lose
the plasmid vector that was transformed into them. Plasmid loss is
indicative of excessive metabolic burden, which may stem from repeti-
tive recombinant DNA sequences or toxic recombinant protein products
and is exacerbated by depletion of antibiotic selection factors (Yang
et al., 2016; Dumon-Seignovert et al., 2004; Corchero and Villaverde,
1998). Plasmid-free cells can continue to divide, leading to a substantial
decrease in the overall number of cells in a culture that are producing
recombinant protein. A high level of plasmid maintenance is a critical
factor for achieving high titers, particularly for high-density cell culti-
vation in bioreactors (Yang et al., 2016). Fig. 3 shows the plasmid
maintenance of the A5 and A10 constructs in the ten E. coli strains, and
Fig. 2b shows the plasmid maintenance of the ELP construct in BL21,
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pLysS, SoluBL21, and SoluBL21-pLysS. Both figures represent the
plasmid maintenance at the end of a 4-h expression in LB media. Fig. 4
shows that plasmid maintenance decreased in 75% of cases when a
strain transitioned from a 4mer to a 16mer expression (ex. pLysS A5
4mer compared to pLysS A5 16mer), while increasing in only 10% of
cases. Instability of recombinant silk plasmids has been previously re-
ported, but to our knowledge this is the first work to observe a corre-
lation between plasmid instability and number of genetic repeats across
multiple spidroin designs and E. coli strains (Yang et al., 2016; Chung
et al., 2012; Edlund et al., 2018). Although plasmid maintenance of the
16mers decreased substantially for pLysS compared to the 4mers, the
hybrid strain maintained the ability of SoluBL21 to maintain these
16mer vectors at 85% or above.

This data suggests that a high titer of recombinant spidroin required
high plasmid maintenance, though high plasmid maintenance does not
necessarily lead to high titer in every case. The strains that yielded the
highest titers of the 4mer proteins, pLysS, SoluBL21, and SoluBL21-
pLysS, all exhibit a plasmid maintenance of 90% or higher. Likewise,
the strain that yielded the highest titers for the 16mers, SoluBL21-pLysS,
exhibited one of the highest overall plasmid maintenance levels for the
16mers. However, several strains, namely MG1655, BLR, and HMS174,
exhibited a high level of plasmid maintenance in some cases (upwards of
90%) but relatively low titers for all constructs. This indicates that
factors outside of the maintenance of spidroin vectors are at least
partially responsible for low titers. For the BL21, RosettaGami, pGro7,
and Origami strains, there was nearly a complete loss of the plasmid
during spidroin expression. In contrast, Fig. 2b shows that strain BL21
exhibited a plasmid maintenance of 43% during the ELP expression,
which is over 14 times higher than maintenance during the expression of
the A5 4mer or any other spidroin. This is in accordance with the 15
times higher level of production that BL21 was able to achieve for the
ELP versus the A5 4mer. The strains pLysS, SoluBL21, and SoluBL21-
pLysS exhibited levels of plasmid maintenance for the ELP at or near
100%, similar to their behavior during spidroin expressions.

3.5. Cell growth during expression of spidroin and ELP constructs

We investigated cell growth over a 4-h expression of the four
different spidroin constructs (Fig. 4). While all cultures were induced for
protein expression at an OD600 of 0.6-0.8, the final OD600 at the end of
the 4-h expression was highly variable among the strains, ranging from
1.58 to 3.86. The high-producing strains, pLysS, SoluBL21, and
SoluBL21-pLysS, showed final OD600s that were at or near the median
of the dataset obtained for the ten strains (median of 2.07). The OD600
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Fig. 2. (a) Titer of the A4Y1 ELP in BL21, pLysS, SoluBL21, and SoluBL21-pLysS (SB21-pLysS) strains. Error bars represent standard deviations from the mean values
of three replicates. (b) Plasmid maintenance of the ELP construct in the strains BL21, pLysS, SoluBL21, and SoluBL21-pLysS (SB21-pLysS) at the end of a 4-h
expression in LB media. Error bars represent standard deviations from the mean values of three replicates.
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Fig. 3. Plasmid maintenance of the A5 4mer (blue), A5 16mer (gray), A10 4mer (orange), and A10 16mer (yellow) in the ten E. coli strains at the end of a 4-h
expression in LB media. Error bars represent standard deviations from the mean values of three replicates.
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Fig. 4. OD600 of cultures directly before and after a 4-h expression of the four
different silk constructs. All cultures were induced for protein expression at an
0OD600 of 0.6-0.8, the final OD600 at the end of the 4-h expression ranged from
1.58 to 3.86. Error bars represent standard deviations from the mean values of
three replicates.

at the end of a 4-h expression did not show an obvious relationship to
spidroin titer, as strains with poor titers showed both higher and lower
final OD600s than pLysS, SoluBL21, and SoluBL21-pLysS. Notably,
strains BL21, pGro7, and Origami B, which grew the most during spi-
droin expression by routinely reaching final OD600s of above 3, were
also the strains that showed the lowest levels of plasmid maintenance in
addition to low titers. This is likely due to the degradation of ampicillin
in the media, which allows non-plasmid bearing cells that are potentially
fitter to proliferate. This phenomenon is particularly applicable in cases
where the recombinant construct is harmful or toxic to the cells

(Dumon-Seignovert et al., 2004; Corchero and Villaverde, 1998). This
problem is further exacerbated by using ampicillin over other antibiotics
as the selection pressure, since the product of the beta-lactamase gene
conferring resistance to ampicillin is secreted, with studies showing that
rapid plasmid loss and growth of non-plasmid bearing cells can be
difficult to prevent, even in cases where additional ampicillin is added to
the culture (Dumon-Seignovert et al., 2004; Corchero and Villaverde,
1998; Sieben et al., 2016; Rosano and Ceccarelli, 2014). Thus, the
increased growth rates of strains that have lost the vector and produce
little silk protein may suggest that expression of the A5 and A10 spi-
droins exerts toxicity on the cells.

The possibility that expressing A5 and A10 spidroins causes host cell
toxicity was further supported by observations made during the plasmid
maintenance assay, in which 0.1 ml of a 10,000x culture dilution
(generated through serial dilutions) was plated for colony counting. For
most strains observed, this procedure resulted in several hundred single
colonies on LB agar plates. However, the strains that showed moderate
to high levels of plasmid maintenance but low titers and inhibited
growth after induction (RosettaGami, BLR, HMS174, and MG1655)
displayed a lack of colony forming units on LB plates using this protocol.
Compared to other strains at the same OD600, cultures of RosettaGami,
BLR, HMS174, and MG1655 required a 100x (instead of a 10,000x)
dilution of a culture sample to obtain enough isolated colonies for the
plasmid maintenance assay (minimum of 50 colonies required). This
lack of colony-forming-units after recombinant protein induction is a
documented effect of toxic protein expression in cases where the vector
is still maintained (Dumon-Seignovert et al., 2004; Rosano and Cec-
carelli, 2014; Onodera et al., 1996; Saida et al., 2006; Kwon et al., 2015).
Support for a toxicity effect from the spidroins, but not necessarily the
ELP, can be seen when the final OD600 for cells expressing ELP vs A5
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4mer. (Fig. S2). The final OD600 at the end of a 4-h expression for the
ELP was higher for pLysS, SoluBL21, and SoluBL21-pLysS (+0.22, 0.72,
0.575, respectively), even with a higher titer of ELP than A5 4mer. There
was a decrease in the final OD600 of —0.64 for BL21 during ELP
expression when compared to A5 4mer. However, this can likely be
attributed to the large difference in titers between the two proteins, with
15 times more ELP than A5 4mer made by BL21. Protein overexpression
at a high level, independent of the toxicity of the construct, is associated
with decreases in cell growth (James et al., 2021a).

3.6. Toxicity of recombinant spidroin constructs

To further study the potential toxicity of the A5 and A10 spidroins
when compared to the ELP, growth under a variety of conditions was
measured for strain SoluBL21-pLysS. If a recombinant product is toxic to
the host, then growth during production will be decreased or completely
inhibited, leading to an earlier stationary phase at a lower OD600 when
compared to uninduced or empty vector controls (Dumon-Seignovert
et al., 2004; Rosano and Ceccarelli, 2014; Onodera et al., 1996; Saida
et al.,, 2006; Kwon et al., 2015). Fig. 5 shows the OD600 of
SoluBL21-pLysS in LB media for 10.25 h under a variety of conditions
and starting from the point of inoculation (2% v/v inoculum from an
overnight culture). The uninduced cultures and empty vector controls
reach a late exponential or early stationary phase after 10.25 h and at an
0OD600 of approximately 3.72-4.18. The cultures induced for ELP pro-
duction follow these curves closely in both rate of growth and overall
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growth, as there is no significant decrease in the slope of the curve after
induction, and the final OD600 of 3.42 is only an 8% decrease from that
of the induced empty vector control (3.72). These findings support the
conclusion that ELP expression does not significantly affect cell health
and fitness, even at titers above 200 mg/L. However, when expressing an
A5 or A10 spidroin, there is a significant decrease in the slope of the
growth curve directly after induction at 1.75 h. Then, a stationary phase
is reached up to 5 h sooner and the final OD600 decreases on average by
—61% and —57% when compared to the uninduced or induced empty
vector controls, respectively. When expressing the A10 4mer, there is
potentially a death phase (consistent decrease in OD600) that begins
approximately 4 h after induction.

3.7. Disorder of recombinant spidroins as a primary factor for toxicity
and low titers

Our data on growth kinetics, plasmid maintenance, and expression
levels among the strains, suggests a toxicity of the A5 and A10 spidroin
constructs that can be addressed with proper strain engineering to
obtain higher titers. As this is in sharp contrast to the ELP, we performed
additional work to understand why the expression outcomes between A5
4mer and ELP, which have similar polymeric structure and amino acid
composition, were profoundly different. An important observation
throughout this work was the aberrant mobility of purified spidroins
through an SDS-PAGE gel (Fig. S1). The A5 4mer and ELP both have
molecular weights of 16 kDa, but the A5 4mer shows an apparent weight
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Fig. 5. OD600 of SoluBL21-pLysS in LB media for 10.25 h under a variety of conditions. T = 0 indicates time of inoculation (2% v/v inoculum from an overnight
culture). For induced cultures, induction occurred with 1 mM IPTG at 1.75 h post inoculation. Growth curves for all silk constructs and the ELP under induced
(triangles, I) and uninduced (circles, U) conditions were generated. Growth curves for the strain harboring the empty expression vector (Empty) that lacks a re-
combinant gene were also generated with and without induction. Data points on the curve represent the mean OD600 for that time point from three replicates.
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of 38 kDa on an SDS PAGE, whereas the ELP appears at 14 kDa, which is
close to its true molecular weight. A high degree of aberrant mobility has
been shown to be a unique characteristic of disordered proteins and is
observed for the three other spidroins as well (Fig. S1) (Pedersen et al.,
2020; Tan et al., 2021). Analysis of amino acid content indeed suggests
that the spidroins may be more disordered than the ELP. Amino acids
can be ranked in terms of their propensity to promote structural order or
disorder (from most order-promoting to least order-promoting): W, F, Y,
LML V,N,CT,AG,R,D,HQ,K,S,E,P(Campen et al., 2008). While
both the spidroin and ELP constructs have similar glycine and proline
content (~33% and ~15%, respectively), the spidroins also contain
serine, glutamate, and a high proportion of glutamine (more than 20%
for the A5 constructs), all of which are lacking in the ELP sequence
(Table S2). Furthermore, the ELP sequence contains a higher proportion
of amino acids that promote structural order, including valine and
tyrosine (both are absent from the A5 4mer).

Computational tools predict a much greater likelihood of disorder in
our spidroins versus the ELP (Figs. S3 and S4). The IUPRED2A disorder
predictor shows near 100% probability that all residues within the A5
4mer sequence are in regions of structural disorder. In contrast, the ELP
sequence fluctuates around approximately 50% disorder probability
throughout, with the probability of disorder never rising above 75%
(Fig. S3) (Mészaros et al., 2018). The DisMeta computational disorder
calculator suggests the entire length of the A5 and A10 spidroin con-
structs as having a 90-100% chance of being disordered (Huang et al.,
2014). In contrast, the ELP contains large regions that have much lower
probability of disorder, including sections with disorder probability of
10% or less (Fig. S4). Additionally, FTIR and secondary structure anal-
ysis show that the A5 4mer contains a 37% (+11) random coil content,
compared to 0% (+0) for the ELP (Fig. 6. Raw, reproduced, and
deconvoluted spectra can be seen in Fig. S5), where random coils can be
associated with structural disorder and conformational flexibility in
proteins (James et al., 2021b; Choi et al., 2011; Marsh and Forman-Kay,
2010).

We hypothesize that the disordered nature of the spidroin constructs
is a main factor underlying their toxicity, low titers, and low plasmid
maintenance when compared to the ELP. Overexpression of disordered
proteins has been shown to exert toxicity in both D. melanogaster and
C. elegans in a dose-dependent manner (Pedersen et al., 2020; Vavouri

HAS 4mer B ELP

¢ Structure (%)

Secondary

D o _
Beta Sheets Alpha Helix Random Beta-Tum

1610-1635, 1647-1664 Coli l666-169=
1695-1700 cm-1 1635-1645 cm-1
em-1 em-1

Fig. 6. Secondary structure analysis derived from FTIR spectra for the A5 4mer
and ELP proteins. Error bars represent standard deviations from the mean
values of three replicates.
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et al., 2009). Production of disordered recombinant proteins has also
been shown to yield negligible titers and cause toxicity in E. coli and
yeast species such as S. cerevisiae (Treusch and Lindquist, 2012; Liang
etal., 2010; Hwang et al., 2012; Guo et al., 2021). It is hypothesized that
this toxicity may result from promiscuous and harmful binding in-
teractions by disordered proteins within the intracellular milieu (Ped-
ersen et al., 2020; Vavouri et al., 2009; Treusch and Lindquist, 2012;
Liang et al., 2010; Hwang et al., 2012; Guo et al., 2021). To our
knowledge, this is the first work to show toxicity resulting from protein
disorder as a primary factor causing unfavorable outcomes during re-
combinant spidroin expression. This is of particular interest to the field,
as many recombinant MaSp2-mimetic spidroins produced by other
groups are similar to our A5 and A10 constructs in that they are high in
disorder-promoting amino acids (proline, glutamine, glycine, serine)
and low in order-promoting amino acids with low titers consistently
reported (Table S3) .

3.8. Addressing spidroin toxicity with strain engineering and experimental
design

Our hybrid SoluBL21-pLysS strain showed substantially improved
recombinant spidroin expression compared to other E. coli strains
(Fig. 1). To understand the underlying cellular mechanisms, a series of
experiments examining basal expression were performed. Basal
expression refers to the expression of a recombinant gene without in-
duction, which can cause plasmid loss and subsequent low titers if the
gene product is toxic. Strain pLysS (and SoluBL21-pLysS by default) is
designed to exert tight control over basal expression through the action
of the pLysS vector. The product of the pLysS vector is T7 lysozyme,
which inhibits action of T7 polymerase and prevents basal expression of
recombinant genes placed on pET vectors. Upon addition of IPTG T7
polymerase concentration increases and overcomes the inhibition of
pLysS (Rosano and Ceccarelli, 2014). Fig. 7a presents experimental
verification that basal expression was strongly restricted in strains pLysS
and SoluBL21-pLysS, showing either an absence or low levels (<7 mg/L)
of A5 4mer protein expression from an overnight culture grown without
IPTG. Basal expression was also attenuated in strain SoluBL21, although
slightly less so than for the aforementioned strains (11 (+3) mg/L from
an overnight culture without IPTG). Strain BL21 exhibited copious basal
expression, with overnight cultures (18 h) lacking any IPTG induction
yielding an average A5 4mer titer of 102 (+11) mg/L. Cultures of BL21
inoculated from an overnight culture and grown to OD600 of 0.6-0.8
also showed basal expression at 8 (+1) mg/L. Moreover, when the strain
was put through the same 4-h expression protocol as previously used,
save for the addition of IPTG, the titer was 83 (+9) mg/L. These basal
expression titers for the A5 4mer in BL21 are significant in that they are
approximately equal to that of the pLysS and SoluBL21 strains, however,
they are only half of what the high-performance SoluBL21-pLysS strain
yielded.

Growth curves for strain BL21 give further insight into the effect of
basal spidroin expression. Fig. 7b shows OD600 over 10.25 h for the
strain under a variety of conditions, including growth with and without
inducer and empty vector controls. This data shows that basal expres-
sion of the A5 4mer construct had almost no negative effect on the
growth of the BL21 strain when compared to controls, even though 83
(£9) mg/L of A5 4mer protein had accumulated intracellularly by 6.75 h
into the experiment. Interestingly, the induced strain showed no sig-
nificant deviation in growth from the uninduced curves, however the
titer at 6.75 h total culture time (4 h post induction with 1 mM IPTG)
was only 15 (+8) mg/L. Thus, counterintuitively, the BL21 strain pro-
duces approximately 5.5 times more silk protein when it is not induced
with IPTG. Fig. S6 shows that this outcome is likely a result of changes in
plasmid maintenance in response to induction. The plasmid mainte-
nance at 2.75 h (directly before induction) for both uninduced and
induced are roughly the same (50%), albeit low due to the basal
expression of a toxic gene (Dumon-Seignovert et al., 2004; Sieben et al.,
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2016; Kwon et al., 2015). However, after induction with 1 mM IPTG, the
plasmid maintenance of the induced culture decreases to just 3% after 4
h while the uninduced maintains the vector at 26%. This finding sug-
gests that the leakiness, and likely strength, of a promoter plays an in-
tegral role in the successful production of toxic recombinant spidroins.
In uninduced conditions, the BL21 strain is already expressing the re-
combinant silk gene, meaning that subsequent additions of IPTG may
overwhelm cellular machinery beyond its ability to handle toxic protein
expression, causing severe plasmid loss and low titers. Likewise, since
the pLysS, SoluBL21, and SoluBL21-pLysS strains do not exhibit much
basal expression they exhibit high plasmid maintenance and are likely
more tolerant of the increase in promoter activity caused by IPTG (Yang
et al., 2016; Dumon-Seignovert et al., 2004; Corchero and Villaverde,
1998; Kwon et al., 2015).

In this context, weaker promoters, or a strong promoter in combi-
nation with a restriction on basal expression, may be easily implemented
tools for optimizing spidroin expression. The BL21 strain and strong
promoters, mainly the bacteriophage T7 promoter, are commonplace in
the recombinant silk field (Table S3), yet they may be a reason for the
fundamental problems related to low titers, biomass accumulation, and
plasmid stability (Huemmerich et al., 2004; Scheibel, 2004; Lewis et al.,
1996; Prince et al., 1995; Mulinti et al., 2022; Malay et al., 2020; Teulé
et al., 2007). Much in the same way that temperature downregulation
mitigates toxicity of a recombinant construct and increases spidroin titer
in E. coli (Schmuck et al., 2021; Yang et al., 2016), tightly regulating
basal expression through strain or plasmid engineering can further
enhance bacterial production of recombinant spidroins (Schmuck et al.,
2021; Yang et al., 2016; Sgrensen and Mortensen, 2005; Kawai et al.,
2019; Mujacic et al., 1999). In cases where this is not feasible, forgoing
an inducer and using longer culturing times may yield more favorable
outcomes for strains or vector systems exhibiting basal expression of a
recombinant spidroin or toxic protein. Furthermore, these methods may
yield beneficial economic outcomes in scenarios where the relatively
high cost of IPTG outweighs the cost of longer culturing times (Edlund
et al., 2018).
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Fig. 7. (a) Basal Expression of A5 4mer in strains
BlI21, pLysS, SoluBl21, and SoluBL21. Basal expres-
sion from a culture grown overnight (18 h) after
inoculation from a single colony (blue bar). Basal
expression from a culture inoculated from an over-
night liquid culture (2% v/v inoculum), grown to
0OD600 of 0.6-0.8 and harvested (orange bar). The
orange bar thus represents basal expression directly
before what would have been the induction point for a
typical expression culture. Basal expression during a
4-h expression without addition of IPTG (gray bar).
The gray bar shows basal expression from a culture
inoculated from an overnight liquid culture (2% v/v
inoculum), grown to OD600 of 0.6-0.8, and allowed
to grow for four more hours without addition of IPTG.
Error bars represent standard deviations from the
mean values of three replicates. (b) A5 4mer Basal
Expression Growth Curve for strain BL21. OD600 over
10.25 h for strain BL21 with the A5 4mer or empty
vector under induced (I) or uninduced (U) conditions.
Cultures were inoculated with 2% v/v inoculum from
an overnight culture. Induction (if applicable)
occurred with 1 mM IPTG at 2.75 h total culture time
when the OD600 was 0.6-0.8. Empty vector corre-
sponds to strain BL21 transformed with the pET19b
vector that has had the silk gene excised. Data points
on the curve represent the mean OD600 for that time
point from three replicates.

mim _ —

Notwithstanding, restricting basal expression alone does not fully
explain why the hybrid strain SoluBL21-pLysS performed better than
either of its parent strains. The SoluBL21 strain was developed partly for
toxic protein expression. Along with having a restriction of basal
expression, sequencing of the strain reveals key mutations that differ-
entiate it from BL21. We identified mutations on 47 genes in SoluBL21.
Many of these mutations occur on uncharacterized proteins or on genes
related to mannitol or glycerol metabolism, which are unlikely to affect
silk production in LB media to our knowledge. However, there are 14
genes with mutations that are directly involved in stress responses in
E. coli. These genes include yggW, yedY, yedW, yedY, speC, speB, uspC,
hchA, loiP, mitC, envZ, ompR, yhgF, hupB. These genes play roles in stress
responses pertaining to heat, reactive oxygen species, cell surface
damage, salt changes, acid exposure, carbonyls, osmotic changes, pu-
trescine production, nutrient starvation, ethanol exposure, radiation,
and the SOS response (Table S4) (Nonaka et al., 2006; Urano et al., 2015,
2017; Gennaris et al., 2015; Tabor and Tabor, 1985; Kurihara et al.,
2005; Schneider et al., 2013; Hafner et al., 1979; Gustavsson et al., 2002;
Mujacic et al., 2004; Subedi et al., 2011; Mujacic and Baneyx, 2006,
2007; Weber et al., 2006; Huang et al., 2008; Hagiwara et al., 2003;
Pomposiello et al., 2003; Tokishita et al., 1992; Chakraborty et al., 2017;
Barbieri et al., 2013; Byrne et al., 2014; Goshima et al., 1990; Stojkova
et al., 2019; Maslowska et al., 2019).

Several of the mutations in SoluBL21 occur on genes responsible for
extensive and broad stress pathway signaling within E. coli. This in-
cludes the envZ/ompR two-component system, in which a mutation on
the envZ gene causes constant phosphorylation of the ompR transcrip-
tional regulator. This results in a decreased repression of several stress
response pathways, including those related to osmotic and acid stress
(Tokishita et al., 1992; Chakraborty et al., 2017; Barbieri et al., 2013).
Furthermore, mutations in the speC and speB genes may alter putrescine
production pathways, with putrescine production representing a
fundamental way that several organisms, including E. coli, respond to a
myriad of harmful conditions (Tabor and Tabor, 1985; Kurihara et al.,
2005; Schneider et al., 2013; Hafner et al., 1979). Likewise, the uspC
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(Universal stress protein C) gene is mutated, potentially promoting a
more favorable cell phenotype in response to silk protein production, as
uspC is induced by a diversity of stress factors that includes nutrient
starvation (of multiple types), oxidative stress, DNA damage, radiation,
heat shock, and ethanol exposure (Gustavsson et al., 2002). There are
also mutations in the DNA-binding region of hupB, a transcriptional
factor that controls expression of 8% of the entire genome in regions
where the genes are associated with adaptations to harsh environments,
including the SOS response system, and oxidative and radiative stress
systems (Goshima et al., 1990; Stojkova et al., 2019). It stands to reason
that these mutations promote a cell phenotype that is more tolerant to
the expression of toxic and disordered proteins, and results in the
favorable characteristics observed for strains SoluBL21 and
SoluBL21-pLysS. Additionally, identification of these mutations pro-
vides previously unknown targets for continued strain optimization and
supports the conclusion that strains which harbor targeted adjustments
to their stress response genotype are necessary for improving recombi-
nant spidroin production.

3.9. Addressing spidroin toxicity with targeted protein design

Recent work in the recombinant silk field has initiated a deeper
exploration into the non-repetitive terminal domains that are present in
natural spidroins. These terminal domains, typically 100-200 amino
acids in length, can promote solubility and controlled self-assembly of
recombinant spidroins (Andersson et al., 2017). Moreover, the highest
reported titer for a recombinant silk protein in a bacterial system used a
construct that included terminal domains flanking a repetitive core
domain (Schmuck et al., 2021). Previous work supports the idea that the
terminal domains can dimerize and promote micelle formation among
silk proteins, with the repetitive and potentially disordered core domain
enveloped by more ordered terminal domains (Romer and Scheibel,
2008; Schwarze et al., 2013). We hypothesized that this phenomenon
may shield a recombinant host strain from the toxic effects of a disor-
dered protein sequence by sequestering it into a compact micelle.

Thus, we explored the use of terminal domains on increasing titers
and decreasing toxicity in our system. We inserted cDNA copies of the
terminal regions of L. hesperus (western black widow) MaSp1 dragline
silk at either end of the A10 4mer gene to form the A10 4mer BWT
construct (Fig. S7). The 43 kDa A10 4mer BWT protein was readily
produced and purified from the SoluBL21-pLysS strain at 96 (+12) mg/
L, a titer that is approximately twice that of the similarly sized (50 kDa)
A10 l6mer which also contains an identical repeat sequence. Fig. 8
shows the growth of strain SoluBL21-pLysS over 10.25 h during induced
expression of the A10 4mer and A10 4mer BWT constructs, with unin-
duced cultures serving as controls. Including the black widow termini

-4x-A104m BWTI -0 -A10 4m BWT U ——A104m I —e—A10 4m U
5

OD600

a-k -k A-A-k-A

T x-k A AT

Hours Post Inoculation

Fig. 8. Cell growth during expression of the A10 4mer (solid line — with in-
duction (I), triangles — without induction (U), circles) and A10 4mer BWT
(dashed line — with induction (I), triangles — without induction (U), circles)
constructs with and without induction. For the induced curves, induction
occurred with the addition of 1 mM IPTG at 1.75 h at an OD600 of 0.6-0.8.
Data points on the curve represent the mean OD600 for that time point from
three replicates.
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increases the final OD600 versus the original A10 4mer by 110%. Unlike
the original A10 4mer expressions, during expression of A10 4mer BWT,
the strain exhibits a later stationary, and no death phase is observed over
the 10.25 h. FTIR data on the constructs shows that there is a substantial
shift in protein structure when the terminal domains are included, with
A10 4mer BWT demonstrating an increase in alpha helices and a
decrease in beta turns (Fig. S8). Decreased disorder of A10 4mer BWT
versus A10 4mer is supported by observation of more normal mobility in
SDS PAGE, where the 43 kDA A10 4mer BWT shows an apparent mo-
lecular weight of 48 kDa while the 15 kDa A10 4mer shows an apparent
weight of 27 kDa (Figs. S1 and S9). Furthermore, computational disor-
der predictions for the A10 4mer BWT show large regions where indi-
vidual residues have less than 10% probability of disorder, while the
original A10 4mer construct is shown to have 90-100% probability of
disorder at all residues (Fig. S4). These findings support the hypothesis
that including the terminal regions either decreases structural disorder
and/or shields the disordered core domain from the host organism,
facilitating increased biomass accumulation while maintaining a high
titer. Thus, modulating primary sequence with spidroin terminal do-
mains is another strategy that can be used to decrease toxicity and
potentially increase titers of recombinant spidroins, while likely main-
taining the construct’s ability to exhibit silk-mimetic material properties
(Schmuck et al., 2021; Andersson et al., 2017). More broadly, these
findings may provide valuable insight for producing toxic or disordered
proteins in general. Particularly in situations where a toxic recombinant
protein sequence cannot be altered due to requirements of a specific
application, the fusion of flanking spidroin terminal domain sequences
(which could be subsequently removed through the inclusion of cleav-
age sequences) provides a tool to mitigate toxicity.

4. Conclusion

We have produced a panel of recombinant spidroin constructs in ten
strains of E. coli, and results show that both a restriction on basal
expression and genetic mutations on multiple genes related to stress
responses facilitated increased titers and plasmid maintenance. These
attributes were combined to create a novel strain of E. coli that produces
recombinant spidroins at levels 4-33 times higher levels than standard
BL21. Interestingly, this novel strain offered no benefit for the produc-
tion of an ELP with structural and compositional similarities to the re-
combinant spidroins. It was found that expression of the spidroins, but
not the ELP, exerted toxicity on the E. coli host system. To our knowl-
edge, our results are the first to suggest that this toxicity, which may
result from the intrinsic disorder of the spidroin product, is a primary
factor causing low titers of recombinant spidroins. Counterintuitively, a
bioprocess design that excludes the addition of inducer and uses longer
culturing times was found to mitigate toxicity and increase spidroin ti-
ters in strain BL21 by 5-7 times. Targeted alteration of the spidroin
primary sequence using cDNA of natural spidroin terminal domains was
also found to mitigate toxicity and increase final OD600 by 110%.
Mutations on multiple genes related to stress response systems in E. coli
such as yggW, yedY, yedW, yedY, speC, speB, uspC, hchA, loiP, mitC, envZ,
ompR, yhgF, hupB were identified as unique attributes in the strain that
produced the highest levels of spidroins and represent genes previously
unknown to affect spidroin production. In conclusion, we have put forth
a new hypothesis related to the persistent difficulty in producing high
titers of certain recombinant spidroins, and we have outlined multiple
points of focus for the future optimization of spidroin production that
includes basal expression, promoter strength, induction strength,
construct design, and specific genomic alterations.
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