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Overcoming expression bottlenecks in recombinant
silk–elastin-like polypeptides via plasmid backbone
and protein engineering approaches

Andrea Andersson Rodriguez,†ab Ruiyan Gao,†ab

Ebony Shireab and Diego López Barreiro *ab

Silk–elastin-like polypeptides (SELPs) are sustainable recombinant biopolymers with applications in tissue

engineering, drug delivery, or biosensing, to name a few. In contrast to the synthesis of traditional

fossil-based polymers, SELPs are encoded by DNA, which leads to reproducible sequences and

molecular weights. However, large-scale production of SELPs is hindered by the typical low yields attained

in microbial expression systems. This is often attributed to (i) expression challenges caused by the repetitive

nature of silk- and elastin-like tandem repeats in the SELP sequence, which can reduce ribosome

processivity or cause mRNA instability through secondary structure formation; and (ii) cellular toxicity

caused by SELP aggregation or inclusion body formation, particularly through irreversible aggregation of

silk-like blocks. Here, we investigate strategies to prevent those limitations and enhance the heterologous

expression of a positively charged SELP in Escherichia coli by systematically evaluating modifications at

both the plasmid backbone and protein engineering levels. Plasmid backbone modifications encompass

different antibiotic resistance markers (ampicillin vs. kanamycin), promoter switching (T7 vs. pBAD) and

upregulation of glycine tRNA production. Protein engineering modifications included reducing molecular

weight (from 57.5 to 38.5 kDa), varying the number of consecutive silk-like blocks (2, 4 or 8), and

incorporating an N-terminal AKTK expression tag. Plasmid backbone modifications alone did not improve

expression beyond its baseline yield (7.3 ± 3.1 mg L−1). In contrast, adding an N-terminal AKTK tag alleviated

translation bottlenecks and increased expression by 8.5-fold, independent of the number of consecutive

silk-like blocks or the SELP molecular weight. Notably, alleviating this translation bottleneck enabled

additional plasmid backbone optimisation strategies to further improve expression. As an example, the

combined effect of adding an N-terminal AKTK tag plus upregulating glycine tRNA production resulted in a

cumulative 17.0-fold improvement. Collectively, these findings highlight the critical role of N-terminal

sequence engineering in unlocking efficient SELP translation and expression.

Introduction

As the environmental and economic costs of fossil fuel-derived
plastics continue to rise, there is an urgent demand for
sustainable alternatives. Conventional polymers persist in
ecosystems for centuries, damaging wildlife and contributing
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Design, System, Application

Natural structural proteins – such as elastin, silk and collagen – inspire the design of protein-based materials for applications in healthcare, textiles and
adhesives. These proteins often contain repetitive amino acid building blocks, also known as tandem repeats, that govern their self-assembly and their
mechanical, structural and dynamic properties. Recombinant DNA technology enables design of new nature-inspired polypeptides that combine building blocks
from different structural proteins to create sequences beyond those selected by evolution. This modular strategy provides a platform for creating multifunctional
protein-based materials that blend properties from various natural proteins, such as in silk–elastin-like polypeptides (SELPs). SELPs fuse the strength of silk,
contributed by GAGAGS blocks, with the elasticity and stimuli-responsiveness of elastin, conferred by VPGXG blocks. As DNA synthesis becomes increasingly
cheap, achieving efficient protein expression and optimising yields become the main bottleneck for scaling production, reducing costs and accelerating the
adoption of protein-based materials. Here, we explore how to achieve high-yield microbial production of SELPs by systematically evaluating the effect of
modifications at the plasmid level (promoters, antibiotic markers, glycine tRNA supply) and the protein level (molecular weight, silk block arrangement,
N-terminal tags). Overall, our results provide molecular engineering insights for optimising the expression of recombinant structural proteins.
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significantly to environmental degradation.1 Meanwhile, the
global demand for synthetic polymers continues to grow
rapidly, with an estimated compound annual growth rate of
7.0% and a market volume that is set to expand to $46.08
billion by 2029.2 These growing figures underscore the urgent
need for eco-friendly solutions that meet the demand for
polymers in an environmentally conscious way. This has
catalysed interest in biodegradable, bio-derived polymers that
can support a circular economy. Among emerging materials,
protein-based biopolymers offer a particularly attractive
alternative due to their biodegradability, tuneable properties,
and compatibility with biological systems.3 Additionally, these
materials are lightweight, easily processed, and responsive to
environmental stimuli.4

Natural structural proteins such as silk, elastin, squid ring
teeth and resilin serve as excellent templates for the design
of advanced materials, with promising applications across
fields such as biomedicine, food packaging, and soft
robotics.5–9 However, most structural proteins are difficult
and uneconomical to harvest from nature. In turn,
bioprocesses allow for high-fidelity bioproduction of
recombinant proteins – including proteins beyond those
selected for by evolution – using microbial fermentations.
One example of the latter are silk–elastin-like polypeptides
(SELPs). These hybrid polypeptides contain both elastin- and
silk-like tandem repeats inspired by the sequences of human
tropoelastin and silkworm silk, respectively.10 Elastin-like
blocks (VPGXG, with X being any amino acid besides
proline11) promote the thermoresponsive self-assembly of
SELPs above a transition temperature (Tt), whereas silk-like
blocks form β-sheets that provide mechanical strength to
SELP-based materials. These materials have been used for
applications such as tissue engineering, drug delivery,
injectable therapies, biosensing, or smart materials.7,12–20

On the one hand, the thermoresponsiveness of SELPs is
promising for their scalable production because it enables
non-chromatographic purification via reversible phase
transitions, simplifying downstream processing and
potentially improving economic feasibility.21 On the other
hand, producing SELPs recombinantly is non-trivial22,23 due
to the genetic instability associated with their repetitive
sequences, which can lead to transcriptional errors, low
expression yields, premature translation termination,24 strain
to the host cell's translation machinery, and even toxicity to
cells in some instances.25 Additional bottlenecks involve
tRNA pool depletion, plasmid instability, high molecular
weight (MW) or hydrophobicity.26,27

The bioproduction of SELPs has been demonstrated in
several E. coli strains, such as BL21 (DE3),18,28–30 BLR31–33 or
K12,34,35 typically using T7-based expression systems with
ampicillin or kanamycin selection and IPTG induction. In
those studies, the reported yields varied widely, from typically
<100 mg L−1 in shake flasks to 1–10 g L−1 in bioreactors (see
Table S1). Several studies have analysed the influence of
bioprocessing parameters (e.g., expression temperature,
media, pre- and postinduction growth rates, cell density at

induction, antibiotic stability, dissolved oxygen, inducer
concentrations and agitation) on the expression of SELPs
using E. coli BL21 (DE3).28,30,36 Beyond bioprocess
optimisation approaches, plasmid backbone and protein
engineering strategies provide another avenue to increase the
yields of recombinant structural proteins by alleviating host
burden and reducing protein aggregation. Typical
modifications include codon optimisation, adjustment of
silk-to-elastin ratios, changes in promoter system, or the
incorporation of solubility tags.26,37–42

In this manuscript, we systematically explored how
plasmid backbone and protein engineering modifications
influence the bioproduction of highly repetitive SELPs in E.
coli. The aim was to overcome low-yield bottlenecks and
reduce overall production costs – aspects that are critical for
SELPs to reach competitiveness with conventional fossil-
derived polymers. Modifications involving the antibiotic
resistance marker (ampicillin vs. kanamycin), promoter (T7
vs. pBAD) or glycine tRNA upregulation, did not led to
measurable improvements in protein yields (∼7.3 mg L−1). In
turn, incorporating an N-terminal AKTK tag while
supplementing glycine tRNA resulted in a cumulative 17.0-fold
improvement. Other protein engineering modifications,
including the reduction in molecular weight (MW) from 57.5 to
38.5 kDa, or a rearrangement of silk-like blocks (2, 4 or 8) did
not lead to further improvements beyond that provided by the
addition of the N-terminal AKTK tag. Overall, the results
highlight the benefits of N-terminal tags and glycine tRNA
supplementation for enhancing the yields of microbially
produced SELPs.

Materials and methods
Plasmid and protein design

Synthetic biology and protein engineering modifications were
investigated to enhance the yields of three positively charged
SELPs (Fig. 1). Their MW, isoelectric point (pI) and
Kyte–Doolittle hydrophobicity43 were obtained as
theoretical estimates based on the primary amino acid
sequences using the Expasy server.44 The codon adaptation index
(CAI) was computed for the nucleotide sequences of the three
SELPs using the CAI tool from the European Molecular Biology
Open Software Suite (EMBOSS). This tool quantifies how closely
the codon usage of a gene (in this case, encoding for a SELP)
matches that of highly expressed genes in E. coli. CAI values were
calculated using the Eecoli_high.cut codon-usage table, which is
recommended for analyses focused on translational efficiency.
The full amino acid sequences and plasmid maps are included
in Table S2 and Fig. S1. The plasmid encoding for S8E58-K with
a T7 promoter and ampicillin resistance was used as baseline
system. This system was subjected to various modifications,
whose rationale is detailed in Table 1.

Plasmid backbone modifications

All plasmid backbone modifications (Table S3) were
performed using standard molecular biology techniques.
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Restriction enzyme digestions and ligation reactions were
conducted according to the manufacturers' recommended
protocols. Plasmid and genomic DNA from E. coli were

purified using Qiagen kits (Qiagen, Germany). Amplified
fragments and ligation products were verified by agarose gel
electrophoresis on 0.8% agarose (Bio-Rad, Spain) in 1× TAE

Fig. 1 (a) Plasmid backbone (promoter, selection system, GlytRNA upregulation) and protein engineering modifications (distribution of silk-like
blocks and MW reduction) investigated in this study. (b) Schematic representation of the distribution of building blocks along the sequences of the
SELP library discussed in this study; (c) hydropathy plots as calculated using the Kyte–Doolittle scale, colour-coded as in (b).

Table 1 Summary of plasmid backbone and protein engineering modification strategies to enhance silk–elastin-like polypeptide yields

Strategy Modification type Rationale

Plasmid backbone modifications Antibiotic selection marker Improve plasmid stability
Promoter Weaker promoter reduces metabolic burden

Improve protein folding and accumulation
Co-expression of GlytRNA upregulating plasmid Reduce codon bias effects

Enhance translation
N-terminal tag Improve translation initiation

Protein engineering modifications Shorter MW Reduce translation time
Reduce metabolic burden

Silk-like block redistribution Reduce β-sheet formation
Reduce aggregation
Reduce metabolic burden on host cell
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buffer, with GelRed® staining (Sigma-Aldrich, UK). PCR
samples and agarose gel extractions were cleaned up using
Wizard® SV Gel and PCR Clean-Up System kit (Promega, UK).
Primers for PCR and sequencing were synthesised by Thermo
Fisher Scientific (UK) (Table S4). All constructed plasmids
were verified by Sanger sequencing performed by Azenta Life
Sciences (UK).

- Baseline expression plasmid: the SELP termed S8E58-K
(57.5 kDa) was designed as the baseline construct. This
polypeptide contained elastin-like blocks (IPAVG, VPGVG,
VPGKG) and silk-like blocks (GAGAGS) and possessed a net
positive charge due to the incorporation of lysine (K) residues
as the X residue in some of the elastin-like blocks. Synthetic
DNA encoding for the full length of S8E58-K was synthesised
by GeneArt (Regensburg, Germany) and cloned into the
Champion™ pET303/CT-His vector (ThermoFisher, UK)
between the XbaI and XhoI restriction sites. Each sequence
terminated with two stop codons (TAATAA) to ensure proper
translational termination45 and avoid the translation of the
HisTag encoded after the XhoI restriction site. Controlled by
the T7 promoter system and carrying an ampicillin selection
marker (Amp), this construct served as the baseline for
assessing the impact of alternative engineering strategies on
protein expression.

- Kanamycin-selectable expression plasmid: to assess the
influence of selection marker on expression efficiency,
S8E58-K was cloned into a kanamycin-resistant backbone.
This plasmid, synthesised by GenScript Biotech (UK),
retained the same promoter and regulatory elements as the
baseline construct, except that a kanamycin resistance gene
replaced the original ampicillin resistance gene.

- Arabinose-inducible expression plasmid: to investigate the
effect of promoter type, a new plasmid was synthesised by
GenScript Biotech (UK), placing S8E58-K expression under
the control of the arabinose-inducible pBAD promoter within
a kanamycin-selectable backbone.

- Glycyl tRNA overexpression plasmid: to assess the effect of
glycyl tRNA (GlytRNA) availability on translational efficiency,
a secondary plasmid pACYC184_glyVXY, was constructed as
reported elsewhere.46 This construct increased intracellular
GlytRNA levels through expression of the glyVXY operon
under its native promoter. Genomic DNA from E. coli
BW25113 was used as template for PCR amplification of the
glyVXY operon using Q5® High-Fidelity DNA Polymerase
(New England Biolabs, UK), following the manufacturer's
protocol, and primers FglyEco and RglyBam (Table S4). The
PCR product and pACYC184 vector (Cambridge Bioscience,
UK) were digested with EcoRV (Promega, UK) and BamHI
(Thermo Fisher, UK), and ligated using T4 DNA Ligase (New
England Biolabs, UK).

- N-terminal AKTK tag: to determine whether a short
N-terminal peptide could alleviate translation stalling at the
start of the S8E58-K sequence, a plasmid encoding the AKTK
peptide (5′-GCCAAAACCAAA-3′) immediately downstream of
the start codon was generated.26,41 The S8E58-K plasmid with
kanamycin resistance was PCR-amplified with primers

Fwd_AKTK and Rev_AKTK (Table S4) to insert the AKTK tag.
The resulting PCR product insert was then re-circularised
using the In-Fusion® Snap Assembly kit (Takara Bio, USA)
according to the manufacturer's protocol.

Protein engineering modifications

Two variants of the S8E58-K construct with N-terminal AKTK
tag were tested:

- Variant with redesigned silk block distribution: to
evaluate the effect of consecutive silk-like blocks, a
modified SELP construct S4E58-K was synthesised by
GeneArt (Germany) and supplied already cloned into the
Champion™ pET303/CT-His vector (T7 promoter, Amp
resistance) between the XbaI and XhoI restriction sites.
Compared to S8E58-K, the number of consecutive GAGAGS
silk-like blocks in S4E58-K was reduced from 8 to 4, while
maintaining the overall number of silk-like blocks and
MW (Fig. 1b).

- Variant with reduced molecular weight: to examine the
effect of MW on SELP expression, the S2E39-K gene was
synthesised by GeneArt (Germany) and supplied already
cloned into the Champion™ pET303/CT-His vector (T7
promoter, Amp resistance) between the XbaI and XhoI
restriction sites. This sequence had a lower MW (38.5 kDa)
and a reduced number of consecutive silk-like blocks (2) than
S8E58-K and S4E58-K.

Cell transformation

Plasmid DNA was transformed into the E. coli strains BL21
(DE3) (New England Biolabs, UK), E. coli BL21 Star™ (DE3)
(ThermoFisher, UK) or BLR (DE3) (Novagen, UK) competent
cells via heat shock transformation. Briefly, 2 μL of plasmid
DNA were combined with 25 μL of competent cells and
incubated on ice for 30 min. The mixture was then heat
shocked at 42 °C for 30 s and immediately returned to ice for
5 min. Subsequently, 250 μL of pre-warmed S.O.C. medium
(Invitrogen™, USA) was added, and the cells were incubated
at 37 °C with shaking at 250 rpm for 1 h. Following recovery,
50 μL of the transformation mixture was spread onto LB agar
plates containing the appropriate antibiotics – 100 μg mL−1

ampicillin (Sigma-Aldrich, USA), 50 μg mL−1 kanamycin
sulphate (Fluorochem Ltd., UK) or 25 μg mL−1

chloramphenicol (Sigma-Aldrich, USA) – and incubated
overnight at 37 °C to allow colony growth.

Culturing conditions

Luria Broth (LB) (Invitrogen™, UK) and Terrific Broth (TB)
media (Fisher Scientific, UK) were prepared following
manufacturer's guidelines and sterilised by autoclaving at
121 °C for 15 minutes. Antibiotics were added based on the
plasmids present (ampicillin 100 μg mL−1, kanamycin 50 μg
mL−1, chloramphenicol 25 μg mL−1). Overnight pre-cultures
in 5 mL of LB medium were prepared from a glycerol stock
formed from a single transformed colony, followed by
incubation with shaking at 250 rpm overnight. Overnight pre-
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cultures were diluted 1 : 100 into 500 mL of TB medium with
appropriate antibiotics in 2 L shake flasks and grown at 37
°C and 200 rpm. SELP expression was induced at an OD of
0.6 via the addition of 1.0 mM IPTG (Sigma-Aldrich, USA) or
0.2% (w/v) L-arabinose (Apollo Scientific LTD, UK), depending
on the promoter. Besides these standard conditions, a small
set of additional experiments were carried out at lower
induction temperatures (16 °C) or lower IPTG concentration
(0.5 mM) to investigate if milder conditions could lead to
reduced cellular stress and improved SELP expression. All
cultures were performed at least in triplicate.

Cell harvesting

After induction, SELPs were expressed overnight for ca. 16 h
and harvested by centrifugation at 5000 × g at 4 °C for 15
min using an Avanti™ JXN-26 centrifuge (Beckman Coulter,
UK). Cell pellets were washed with 20 mL of 1× phosphate
buffered saline (PBS) solution (Gibco™, UK) and further
centrifuged at 5000 × g at 4 °C for 15 min. The supernatant
was discarded, and cell pellets were stored at −20 °C until
further use.

Protein purification

Inverse temperature cycling (ITC) was employed to purify
SELPs (Fig. 2). This purification method consists of
alternating hot and cold cycles that exploit the inherent LCST
phase behaviour of SELPs.21,47,48 Firstly, cell pellets were
ruptured to enhance the release of SELPs by resuspending
thawed cells in Milli-Q and subjecting the solution to
ultrasonication with a Sonic Dismembrator Model 120 (Fisher

Scientific™, UK) for 3 min (10 s on/off, 65% amplitude). The
resulting lysate underwent acid treatment, adjusted to pH 4
with 1 M HCl (Merck, UK) and incubated at 4 °C for 30 min
to denature and precipitate the majority of cell debris.49 The
lysate was then subjected to a cold cycle to remove cell debris
by centrifugation at 5000 × g at 4 °C for 10 min.
Subsequently, SELP aggregation was induced. To do so, the
pH was first adjusted to 10.5 using 1 M NaOH (Honeywell,
Sweden) to deprotonate the lysine. Following this, 2 M NaCl
(Fisher Scientific™, UK) was added to the solution. Adjusting
the pH to the pI of SELPs and adding NaCl lowered the Tt
and enhanced aggregation, facilitating a more efficient phase
separation and purification of SELPs.50 Once SELPs phase
separated, they were subjected to a hot cycle centrifugation at
5000 × g for 10 min at either 24 °C (S8E58-K and S5E57-K) or
42 °C (S2E39-K). The resulting pellet was resuspended with
Milli-Q for the subsequent cold cycle. Overall, 4–6 cycles were
performed to ensure complete removal of non-SELP material.
The final pellet from the last hot cycle was resuspended in 10
mL of Milli-Q water. 10 μL of the solution was reserved for
standardised SDS-PAGE analysis, and the rest was desalted
using 3000 MWCO Amicon Ultra-15 centrifugal filter units
(MilliporeSigma, UK), followed by resuspension in Milli-Q
water, flash freezing, lyophilisation, and storage at −20 °C
until further use.

Protein expression analysis

To assess the yield and consistency of SELP production
across different constructs and conditions, quantitative and
qualitative methods were employed.

Fig. 2 Protocol for SELP purification, based on the inverse temperature cycling method. SELPs are purified by exploiting the reversible inverse
thermoresponsiveness provided by elastin-like blocks. Heating above the transition temperature Tt induces SELP aggregation and phase separation
(hot cycle), whereas cooling below Tt resolubilises the SELPs (cold cycle). Repeated heating–cooling cycles with centrifugation steps in between
remove impurities without the need for chromatographic methods.
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- Dry weight: protein yield (in mg L−1) was quantified by
weighing lyophilised protein obtained from 500 mL culture
samples following purification. These yields provided a direct
measure of the recovered protein mass yield for each
construct under the specified expression conditions and were
not corrected for purification losses.

- Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE): NuPAGE 4–12% Bis-Tris gels (Invitrogen, UK)
with 1× MOPS running buffer (Invitrogen, UK) were used,
using Mark12™ Unstained Standard (Thermo Fisher, UK) as
protein MW ladder. Due to the hydrophobic nature of most
amino acids in the proteins expressed in this study, SYPRO
Red (Invitrogen, UK) was used according to the
manufacturer's instructions to stain SDS-PAGE gels. In this
study, SDS-PAGE was primarily used to evaluate protein MW
and purity. Relative expression levels were quantified via
densitometric analyses using the software Fiji.51 Importantly,
densitometric comparisons were only performed between
samples corresponding to the same SELP. This was a
consequence of the staining mechanism of SYPRO Red,
which preferentially binds exposed hydrophobic surfaces,
making its staining efficiency depend strongly on protein
disorder and conformationally flexibility. For SELPs, these
properties vary substantially with sequence and block
distribution, potentially leading to nonlinear staining
responses across different constructs. It should also be noted
that alanine-rich proteins like the SELPs in this study can
show deviations of up to 20% between the theoretical MW of
SELPs and their band position in SDS-PAGE gels.49

- Presence of inclusion bodies: to determine whether the
expressed SELPs were aggregating into insoluble inclusion
bodies,52,53 cell pellets after denaturation at pH 4 and after
the first cold cycle were solubilised in 8 M urea. This aimed
at solubilising potential inclusion bodies following an
adapted protocol.54 Briefly, cold cycle pellets were
resuspended in 20 mL of cold Milli-Q water and lysed by
ultrasonication (3 min, 10 s on/off, 65% amplitude). Potential
inclusion bodies were pelleted via centrifugation at 5000 × g
for 10 min at 4 °C. 1 g wet weight of the pellet was washed
with 9 mL of 8 M urea (Scientific Laboratory Supplies, UK)
and incubated at room temperature with gentle rotation (80
rpm) for 1 h. Following centrifugation at 5000 × g for 20
minutes at 4 °C, 10 μL of supernatant containing fully
denatured proteins was collected for SDS-PAGE analysis.

-Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS): MALDI-TOF MS spectra were
acquired at the UCL Chemistry Mass Spectrometry Facility using
a Shimadzu MALDI-8030 MS (Shimadzu, UK). The matrix
consisted of sinapic acid (10 mg mL−1) dissolved in water/
acetonitrile (3 : 7, v/v). SELP samples were also dissolved in
water/acetonitrile (3 : 7, v/v) at a concentration of 0.8 mg mL−1

and mixed with the matrix in a 2 : 5 (v/v) sample-to-matrix ratio
containing 2% formic acid. Aliquots (2 μL) were spotted onto the
MALDI target plate and air-dried. Data was acquired in linear
positive mode over an m/z range of 10000 to 100000 with 120
laser shots per spectrum, pulsed extract at 57000, and blanking

mass 10000, on 1 spot (rastered) for 10 shots accumulate at 200
Hz laser replicate rate.

- Quantitative Reverse Transcription Polymerase Chain Reaction
(RT-qPCR): total bacterial RNA was extracted from cultures
harvested 21 h post-induction, using a cell input equivalent to 1
mL of culture at OD600 = 2. Total RNA was isolated using the
Aurum Total RNA Mini kit (Bio-Rad) according to the
manufacturer's instructions. Following extraction, residual DNA
was removed using the TURBO DNA-free kit (Thermo Fisher
Scientific), and RNA concentration was assessed using a
NanoDrop Eight spectrophotometer (Thermo Scientific). cDNA
was synthesised using the iScript cDNA Synthesis kit (Bio-Rad)
in 20 μL reactions containing 500 ng of total RNA. Reverse
transcription was performed according to the manufacturer's
protocol: priming at 25 °C for 5 min, reverse transcription at
46 °C for 20 min, followed by reverse transcriptase inactivation
at 95 °C for 1 min. Relative mRNA levels were quantified using
a QuantStudio 1 Real-Time PCR System. The BL21 16S rRNA
gene was used as the housekeeping reference gene, and its
genomic DNA sequence was obtained from the NCBI Nucleotide
database.55 qPCR reactions were performed using iTaq Universal
SYBR Green Supermix (Bio-Rad). The amplification programme
consisted of polymerase activation and initial denaturation at
95 °C for 30 s, followed by 40 cycles of amplification (95 °C
for 15 s and 62 °C for 60 s). Melt-curve analysis was
performed from 65 °C to 95 °C after amplification to confirm
the presence of a single amplified product. Ct values were
determined from the exponential phase of amplification.
Relative expression levels were calculated by normalising the
Ct value of the target SELP gene to that of the 16S reference
gene to obtain ΔCt values. Fold changes were then calculated
using the 2−ΔΔCt method.56 RT-qPCR analysis was performed
using three biological replicates, each analysed with three
technical replicates.

Statistical analysis

All statistical analyses were performed in Python using SciPy and
Statsmodels. Group means were compared using a 2-sided
Welch's t-test, which does not assume equal variances between
groups.57 For each group, results are reported as the mean ±
standard deviation (SD) from n = 3 biological replicates, as well
as 95% confidence interval (CI) calculated using the
t-distribution. The significance level is depicted in the figures as
* (p < 0.05), ** (p < 0.01) and ns (not significant). In addition to
p-values, effect sizes were reported as Hedges' g, using a small-
sample correction. Groups with zero variance (no detectable
expression) were not subjected to statistical testing. Given the
small sample size (n = 3 biological replicates per group), we
assessed statistical sensitivity by estimating the minimum
detectable effect size (MDE) at 80% power and α = 0.05.

Results and discussion
E. coli strain selection

A survey of the literature regarding bioproduction of ELPs
and SELPs (which are most commonly purified via ITC)
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showed no consistent trends regarding the optimal host
strain for SELP expression40,42 (Table S1). Thus, we first
evaluated three E. coli DE3 strains – BL21, BL21 Star™ and
BLR – commonly used for SELP production. BL21 is a
commonly used host for recombinant protein expression,
whereas BL21 Star™ and BLR have features that might be
useful for the expression of highly repetitive proteins: BL21
Star™ is engineered to enhance mRNA stability and BLR is
reported to exhibit enhanced plasmid stability and reduced
recombination. Here, these strains were tested for the
expression of S8E58-K using the baseline vector, which
consisted of a pET303-CT/His plasmid with a T7 promoter
and ampicillin resistance. During ITC purification, lysates
from all three strains showed minimal turbidity, suggesting
low SELP expression in those systems. Indeed, SDS PAGE
analysis revealed only minor differences in the intensity of
the S8E58-K bands across strains (Fig. 3a). Additionally, a
densitometry analysis of the gel confirmed the absence of
statistically significant differences in expression levels
(Fig. 3b). Based on these results and the reported enhanced
mRNA stability for BL21 Star™, we selected this strain for
subsequent experiments.

Previous studies on silk-like polypeptides and SELPs
reported up to a 5-fold increase in expression when shifting
induction temperatures from 37 °C to 16 °C in T7-based
pET28a systems, attributed to increased solubility and a
reduced amount of truncated transcripts.27,58 However,
although low-temperature induction is frequently promoted as
a strategy for enhancing recombinant protein production, its
effectiveness is highly protein-dependent. In our case,

induction at 16 °C did not increase S8E58-K yields, agreeing
with previous reports that showed enhanced expression of
SELPs at temperatures between 37–42 °C.30,36 We also searched
for the presence of S8E58-K inclusion bodies by resolubilising
the pellets obtained after acidification at pH 4 and after the
first hot cycle using urea 8 M. If S8E58-K was being lost via
inclusion bodies, we should observe an overexpressed band in
SDS PAGE gels when resolubilising those pellets. However, the
lack of any overexpressed bands indicated that inclusion
bodies were not a major source of losses during S8E58-K
production or purification. Overall, the marginal variations in
S8E58-K expression caused by changes in the induction
temperature or the absence of S8E58-K inclusion bodies
underscored the need for plasmid backbone or protein
engineering modifications to enhance protein yields.

Plasmid backbone and protein engineering modifications for
high-yield SELP expression

In an attempt to increase the yields of S8E58-K, we explored
modifications at the plasmid backbone level (promoter and
selection system or upregulation of GlytRNA), as well as
protein engineering modifications (sequence architecture
and molecular weight). The following sections discuss the
effect of these modifications on the S8E58-K yields (Fig. 4).
Full details of individual replicas and a detailed statistical
analysis are provided in the SI (Tables S5 and S6).
Additionally, the MW of proteins containing an N-terminal
AKTK tag was characterised via MALDI-TOF MS to confirm
intact protein expression (Fig. S2–S4). The experimental

Fig. 3 S8E58-K yields with different E. coli DE3 strains. (a) SDS-PAGE analysis of S8E58-K expressed in E. coli using the S8E58-K_T7_Amp vector.
Each lane contained 10 μL of the final purified SELPs dissolved in 10 mL Milli-Q water; lanes 1–3: biological replicates in BL21; lanes 4–6: biological
replicates in BL21 Star™; lanes 7–9: biological replicates in BL21 BLR. (b) Densitometric analysis of the SDS-PAGE results for the various E. coli
strains tested.
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values were in good agreement with the theoretical MWs
for the three SELPs tested in this study (Table 2), with
low deviations ranging from 0.4 to 1.2%. To benchmark
our results to the available literature (Table S1), yields
reported in this study were measured in mg of SELP per
L of culture. OD600 was not monitored after induction and
therefore biomass-normalised productivities are not
reported. Nonetheless, all constructs reported in this study
showed similar growth prior to induction, and no
noticeable differences in pellet size were detected after
harvesting. This indicates that variations in expression
yield discussed in the following sections are expected to
reflect differences in expression efficiency rather than in
biomass accumulation.

a) Plasmid backbone modifications.
- Ampicillin vs. kanamycin: the antibiotic resistance

marker in the S8E58-K_T7_Amp plasmid was switched
from ampicillin to kanamycin to make the plasmid S8E58-
K_T7_Kan. This was based on the tendency of ampicillin to
degrade over time and reduce selective pressure, and
kanamycin's greater stability, which we hypothesised could
enhance plasmid retention and improve S8E58-K yields.59

Unfortunately, final dry weight measurements (Fig. 4) showed
no statistically significant increase in S8E58-K yields when
comparing ampicillin- and kanamycin-based constructs (7.3 ±
3.1 and 8.1 ± 2.9 mg L−1, respectively), with SDS PAGE
showing comparable purities (Fig. S5). However, although no
immediate yield improvement was observed, kanamycin was

Fig. 4 Overview of plasmid backbone and protein engineering approaches to increase SELP yields. (a) Dry protein yields (mean ± SD, n = 3
biological replicates) for E. coli cultures transformed with the various plasmids encoding for S8E58-K, S4E58-K and S2E39-K. Statistical
comparisons were made against the baseline construct S8E58-K_T7_Amp (see Tables S5 and S6) using two-sided Welch's t-tests. (b) SDS-PAGE
results of the different plasmid modifications investigated in this work.
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used as preferred selection marker for the subsequent
plasmid backbone modifications discussed in this
manuscript. This was based on the established superior
stability of kanamycin, which helps maintain selective
pressure better than ampicillin, supporting plasmid stability
and sustained protein expression over time.36,60

- T7 vs. pBAD: previous studies have shown that the T7
promoter system often exhibits leaky expression, a
phenomenon we also observed in our experiments with
varying IPTG concentrations (Fig. S6). This basal expression
can impose metabolic stress on the host cells, potentially
reducing protein yields due to toxicity.42 In an attempt to
mitigate this, we replaced the T7 promoter with the weaker,
more tightly regulated pBAD promoter. The pBAD system has
been reported to reduce the metabolic burden on host cells,
allowing them to modulate protein synthesis in a more
controllable fashion, which could potentially improve S8E58-K
yields.61 However, SDS-PAGE (Fig. S7) and final dry weight
measurements (Fig. 4) showed no detectable expression of
S8E58-K with the pBAD promoter, even after an increased
number of replicas was performed. These results suggested
that the pBAD promoter was too weak under the tested
conditions, underscoring that the choice of promoter needs to
balance tight regulation with sufficient transcriptional activity.
Additionally, the rapid metabolism of the L-arabinose in E. coli
BL21 Star™ could have also reduced induction efficiency.62

Given these results, this pBAD promoter was not investigated
further in this study, and subsequent tests were done with
plasmid constructs containing the stronger T7 promoter.

- Glycyl-tRNA overexpression: the CAI value for S8E58-K was
0.453, indicating moderate adaptation to E. coli codon usage.
When examining the codon usage specifically for glycine,
S8E58-K contained predominantly GGC or GGT codons
(∼85%) (Fig. S8), which match the main GlytRNA
isoacceptors in E. coli. Therefore, a priori, glycine
incorporation should not be a limiting factor for S8E58-K
expression. However, S8E58-K is a glycine-rich protein –

glycine makes up 38.6% of its amino acids due to its silk-like
(GAGAGS) and elastin-like (VPGXG/IPAVG) blocks. Because E.
coli does not naturally overproduce glycine tRNAs,63,64 we
hypothesised that the high flux of glycine incorporation
needed during S8E58-K translation could lead to a GlytRNA
demand that exceeds the endogenous supply of E. coli, even
with optimised glycine codon usage. This could impair
translation efficiency, causing ribosomal stalling or
premature termination. We therefore tested if
supplementation with cognate tRNAs via overexpression of
GlytRNA could improve S8E58-K yields, a strategy that was

previously applied to other glycine-rich proteins, such as silk-
like polypeptides.26,27,46,58,64 Unfortunately, SDS-PAGE
analysis (Fig. S9a) and final dry weight measurements (Fig. 4
and S10) revealed that runs with and without GlytRNA
upregulation yielded comparable final protein yields (7.7 ±
0.3 mg L−1). Furthermore, SDS-PAGE analysis confirmed that
the protein migrated exclusively at its expected full length,
with no detectable truncated forms. This indicated that
S8E58-K was expressed in its intact form, suggesting that lack
of translational completion was unlikely to be the primary
barrier to higher yields.42

b) Protein engineering modifications.
- Incorporation of N-terminal tag: several literature reports

suggest that the introduction of short N-terminal tags
immediately after the start codon can enhance translation
initiation rates for recombinant proteins, leading in some
cases to 10-fold increases in protein yields. Moreover,
enhanced translation initiation has been linked to stabilised
protein synthesis, reduced mRNA degradation and decreased
ribosome stalling.65–67 For these reasons, we tested if
incorporating an N-terminal tag could enhance SELP
expression and thus alleviate expression bottlenecks. Several
N-terminal tags – such as AMGGGA,68 ESLLP32,33 or
AKTK26,69,70 – can be found in the literature related to
recombinant expression of structural proteins. Here, we chose
the AKTK tag, because earlier reports suggested that small, less
bulky residues near the start codon, such as alanine (A) in the
second amino acid position, as well as threonine (T) and lysine
(K), provide favourable codons for E. coli ribosomes.41,71

The addition of the N-terminal AKTK tag resulted in a
marked improvement in S8E58-K expression. Quantitative
analysis of dry weight confirmed an 8.5-fold increase in yield
(62.3 ± 9.9 mg L−1) compared to the baseline construct
(Fig. 4), supported by a visibly more intense band on SDS-
PAGE (Fig. S9b). Furthermore, combining the AKTK tag with
co-expression of a GlytRNA-upregulating plasmid produced
an additional ∼2-fold increase relative to the AKTK construct
alone, yielding a cumulative 17.0-fold improvement (124.9 ±
20.2 mg L−1) compared to the baseline plasmid (Fig. S9b and
S11). Additionally, RT-qPCR results provided strong evidence
that translation was the primary bottleneck in S8E58-K
expression. In fact, the fold of induction of the S8E58-K
transcript was higher for the baseline construct, indicating
that transcription was not the limiting step (Fig. S12). Thus,
our results suggest that the N-terminal tag alone alleviated a
translation barrier, creating conditions for additional
strategies (e.g., GlytRNA upregulation) to become effective
too. This showed how optimising S8E58-K production
required targeting the most limiting step first (i.e.,
translation) before other modifications could provide
additional benefits. Collectively, these findings identify
N-terminal engineering as a powerful entry point for
improving SELP yields. Consequently, subsequent protein
variants in this study incorporated the AKTK N-terminal tag.

- Silk-like block redistribution: previous studies showed that
variations in the number of silk-like blocks in fusion proteins

Table 2 MALDI TOF MS results of purified SELPs containing an
N-terminal AKTK tag

SELP Theoretical MW (Da) Experimental MW (Da)

S8E58-K 57 933.4 57 221.5
S4E58-K 57 933.4 57 625.4
S2E39-K 38 919.7 38 772.6
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containing also thermoresponsive blocks (elastin-like or
resilin-like) influenced their productivity, albeit with
contradictory results. While Machado et al. reported
increased yields (from 151 to 198 mg L−1) by reducing the
silk-to-elastin ratio,30 Huang et al. reported a reduction in
yields for resilin–silk-like polypeptides (from 85 to 63 mg L−1)
by increasing the number of consecutive silk-like blocks from
2 to 8.72 We hypothesised that silk-like blocks could promote
premature intracellular SELP aggregation via the formation
of interprotein β-sheets, and that reducing the number of
consecutive silk-like blocks could limit this effect, thereby
alleviating the metabolic burden on the host cell, reducing
stress and irreversible aggregation, and overall enhancing
soluble SELP expression.13,73,74 To test this, we designed a
S8E58-K variant, termed S4E58-K (also incorporating an
N-terminal AKTK tag). Unlike previous studies that changed
the overall silk-to-elastin ratio by varying the total number of
silk-like blocks, our strategy focused on varying block
positioning – we kept the same total number of silk-like
blocks in S4E58-K and S8E58-K but varied their distribution
along the sequence (4 consecutive silk-like blocks in S4E58-K
vs. 8 in S8E58-K).

Contrary to our hypothesis, expression levels of S4E58-K
and S8E58-K produced comparable yields (Fig. S9c and S13),
with no statistically significant difference between the two
constructs (62.3 ± 9.9 and 62.06 ± 10.5, respectively). These
results indicated that, under the tested conditions, premature
β-sheet aggregation due to silk-like block clustering was not a
major cause of reduced yield. In fact, the lack of a
measurable yield benefit suggests that, under the tested
conditions, both S8E58-K and S4E58-K remained below the
aggregation threshold during protein expression. It is
therefore possible that the hypothesised benefits of reduced
consecutive silk-like blocks may only become apparent under
conditions that impose greater host stress, such as higher
consecutive blocks, higher expression levels, extended
induction times or altered temperature regimes.75

Overall, these findings point out that the combination of
T7-driven expression, AKTK tagging, and GlytRNA
supplementation likely established a ceiling for translation
initiation and elongation, limiting the effect of subsequent
sequence-level changes. The 17.0-fold increase achieved in
this study from the baseline construct represents a
substantial improvement within these constraints.

- Reduced molecular weight plus silk-like block redistribution:
a lower MW SELP variant with a maximum of two consecutive
silk-like blocks (S2E39-K) was engineered. This was motivated
by the known negative correlation between protein MW and
soluble expression in E. coli.60,76–78 Additionally, the number
of clustered silk-like blocks was reduced, as it has been
reported that increasing genetic repeat number in silk-like
proteins can compromise plasmid stability, reducing
maintenance by up to 75% in high-density cultures and
thereby lowering protein yields.58 However, no positive effects
were observed from the reduction in MW or the reduced
number of consecutive silk-like blocks. Compared to the

baseline construct, the yields for S2E39-K increased by
9.2-fold (67.9 ± 8.9 mg L−1), attaining similar levels than
S8E58-K or S4E58-K after inserting the AKTK (Fig. 4 and S14).
Therefore, these results reinforced the positive impact of the
N-terminal AKTK tag. Importantly, the reduced MW might
negatively impact the material properties of S2E39-K-derived
materials, as shorter protein chains lead to reduced
intermolecular entanglements and weaker mechanical
properties.14,79 Therefore, while MW reduction might be a
valid yield optimisation strategy, it must be balanced against
potential losses in material performance, particularly when
downstream applications require high mechanical strength
and durability.

Discussion

This study systematically analysed the effect of various
bioprocessing parameters, plasmid backbone modifications
and protein engineering strategies on the recombinant yields
of three SELPs. Initial tests focused on optimisation of
bioprocessing conditions (temperature, E. coli strain and
IPTG concentration) for S8E58-K did not result in statistically
significant differences in protein yield. Therefore, subsequent
experiments focused on plasmid backbone modifications and
protein engineering strategies.

Statistical comparison across the different constructs
tested, including means, 95% confidence intervals, Welch's
t-tests and effect sizes can be found in Table S6. Plasmid
backbone modifications alone (constructs S8E58-K_T7_Amp,
S8E58-K_T7_Kan, S8E58-K_pBAD_Kan and
pACYC184_glyVXY) led to consistently low yields,
accompanied by wide 95% confidence intervals and no
statistically significant differences with respect to the
baseline construct. This reflected substantial uncertainty due
to the limited sample size (n = 3) and suggested that plasmid
backbone changes were insufficient to overcome the
expression bottlenecks for S8E58-K. In contrast,
incorporating a N-terminal AKTK tag (construct AKTK_S8E58-
K_ T7_Kan) led to a marked and statistically significant
increase in SELP yields (p < 0.01) relative to the baseline
construct. Incorporating an N-terminal AKTK tag increased
S8E58-K expression roughly 8.5-fold, while RT-qPCR data
suggested that this tag was alleviating a translational rather
than transcriptional limitation. Importantly, this effect was
largely independent of protein MW and silk-like block
architecture (constructs AKTK_S4E58-K_T7_Amp and
AKTK_S2E39-K_ T7_Amp), underscoring the dominant role of
N-terminal sequence features in controlling translational
throughput for repetitive, aggregation-prone polypeptides.

The higher ribosome throughput caused by the AKTK tag
exposed a second bottleneck: the unusually high demand for
glycine incorporation required for a protein composed of ca.
40% glycine. Under the higher translational efficiency
provided by the AKTK tag, GlytRNA upregulation led to an
additional ∼2-fold yield increase. These results highlighted
the convoluted nature of translational limitations in SELP
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expression, underscoring how protein-level engineering can
simultaneously enable more effective plasmid backbone
interventions.

Our optimal conditions (combining N-terminal AKTK tag
with GlytRNA upregulation) achieved a yield of 124.9 ± 20.2
mg L−1, which is among the highest reported so far for SELPs
produced in shake flasks (Table S1). Our yields, however, are
lower than those reported in bioreactors, which are not
directly comparable to shake-flask experiments due to the
enhanced control over oxygen transfer, pH, and feeding
strategies in bioreactors. Bioreactors generally lead to higher
cell densities and productivities, and hence we would
anticipate that further optimisation in bioreactors could lead
to even higher yields for the SELPs reported in this study.

Incorporating an N-terminal AKTK tag has since improved
the yields of several other SELPs in our lab by up to 2 orders
of magnitude, demonstrating the generalisability of the
approach reported in this work. Thus, we expect that
N-terminal sequence design could alleviate expression
bottlenecks in SELPs and other protein-based biomaterials, a
key step towards developing commercially viable protein-
based materials. Furthermore, higher SELP yields may also
facilitate the development of new downstream chemical or
enzymatic modification strategies that expand the
functionality and design space of SELP-based materials, such
as lipidated or other post-translationally modified derivatives.

Conclusion

SELPs are recombinant structural protein biopolymers that
have attracted significant interest due to their inherently
sustainable nature, tuneable properties, and ability to self-
assemble into robust materials in response to stimuli such as
temperature or pH, making them promising substitutes for
fossil-based polymers across diverse fields.19,20,80

Unfortunately, yields for recombinant structural proteins
remain relatively low, representing a major hurdle for the
commercial viability of these biopolymers. To that end, this
study systematically evaluated bioprocess engineering,
plasmid backbone and protein engineering strategies to
enhance SELP expression in E. coli, identifying both
opportunities and constraints for optimising their yields.
Across successive rounds of engineering, the yields of SELPs
were pushed toward higher values. Among the different
modifications tested, the incorporation of a translation-
enhancing AKTK tag after the start codon at the N-terminus
proved the most successful: the yield of S8E58-K was
enhanced by 8.5-fold with respect to the baseline construct
(from 7.3 ± 3.1 to 62.3 ± 9.9 mg L−1). This and RT qPCR
results indicated that the bottleneck for SELP expression was
protein translation in this case. Subsequently, other
approaches (i.e., upregulation of GlytRNA) increased the
yields further, leading to a cumulative 17.0-fold increase in
S8E58-K productivity relative to the baseline construct, up to
124.9 ± 20.2 mg L−1. Other protein engineering modifications
that also incorporated the AKTK tag, namely a reduction in

MW and a redistribution of silk-like blocks, did not lead to
further increases, underscoring the critical role of
translation initiation in the production of recombinant
SELPs.
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