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Summary

Secreted proteins and peptides hold large potential
both as therapeutics and as enzyme catalysts in
biotechnology. The high stability of many secreted
proteins helps maintain functional integrity in chang-
ing chemical environments and is a contributing fac-
tor to their commercial potential. Disulphide bonds
constitute an important post-translational modifica-
tion that stabilizes many of these proteins and thus
preserves the active state under chemically stressful
conditions. Despite their importance, the discovery
and applications within this group of proteins and
peptides are limited by the availability of synthetic
biology tools and heterologous production systems
that allow for efficient formation of disulphide bonds.
Here, we refine the design of two DisCoTune (Disul-
phide bond formation in E. coli with tunable

expression) plasmids that enable the formation of
disulphides in the highly popular Escherichia coli T7
protein production system. We show that this new
system promotes significantly higher yield and activ-
ity of an industrial protease and a conotoxin, which
belongs to a group of disulphide-rich venom pep-
tides from cone snails with strong potential as
research tools and pharmacological agents.

Introduction

The most widely used microbial chassis for protein pro-
duction is the Escherichia coli T7/pET vector system
(Rosenberg et al., 1987; Studier et al., 1990; Shilling
et al., 2020). The first pET expression vector was intro-
duced by Studier and co-workers more than 30 years
ago, and the vector collection now has more than
220 000 entries in publication records (Shilling et al.,
2020). The more than 100 available pET vectors are
equipped with strong T7 promoters driving transcription
when introduced into E. coli strains modified to express
T7 RNA polymerase (T7 RNApol). This setup has been
employed in thousands of laboratories worldwide and
has been a foundation for many of our scientific
advancements in understanding proteins, molecular sys-
tems, and biophysics. Thus, any improvements of the T7
expression systems will likely have broad implications for
the advancement of the biological sciences in general.
Production of disulphide-containing proteins requires

oxidative folding. Using this process, proteins fold into
their native structure while forming disulphide bonds
between pairs of cysteine residues (Rabenstein, 2009).
The efficiency of oxidative folding is dependent on the
protein itself and the cellular redox environment including
assistance by enzyme catalysts. Due to the reducing
environment of the E. coli cytoplasm, structural protein
disulphides very rarely form in this compartment (Øster-
gaard et al., 2001; Østergaard et al., 2004). Oxidative
folding of disulphide-containing proteins produced in
E. coli has therefore usually been accomplished by
secretion into the periplasm (Yoon et al., 2009). Disul-
phide bond formation in the periplasm of E. coli is driven
by the membrane protein DsbB that oxidizes catalytic
cysteine residues of the soluble thiol-disulphide oxidore-
ductase DsbA, which in turn transfers disulphides to
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substrate proteins (Landeta et al., 2018). In parallel with
this oxidative pathway, a pathway for reduction and iso-
merization exists – here the membrane protein DsbD
functions to reduce periplasmic DsbC that then reduces
or isomerizes non-native substrate disulphides (Landeta
et al., 2018).
Early this century, Beckwith and co-workers did

pioneering work on modifying the cytoplasm of E. coli to
allow oxidative folding. To push the balance towards
more oxidizing conditions in the cytoplasm, the genes
trxB and gor, encoding thioredoxin reductase and
glutaredoxin reductase, were disrupted (Prinz et al.,
1997). These mutant strains were supplemented with
reducing agents in the media to support growth. A sup-
pressor mutation in the gene encoding the cytosolic per-
oxidase AhpC, which ablates the peroxidase activity and
instead allows the enzyme to transfer electrons into the
glutathione/glutaredoxin pathway, restored viability of
the trxB and gor-deficient strains (Ritz et al., 2001;
Yamamoto et al., 2008) in the absence of an exogenous
reducing agent. Based on this work, Novagen introduced
the OrigamiTM B(DE3) strain for T7-based expression and
New England Biolabs introduced the SHuffle� strains,
which also feature constitutive cytoplasmic expression of
DsbC to further improve native disulphide bond formation
(Lobstein et al., 2012).
More recently, Ruddock and co-workers created an

alternative approach for modifying the reducing environ-
ment in the cytoplasm of E. coli to allow oxidative folding
of disulphide-containing proteins (Hatahet et al., 2010;
Nguyen et al., 2011). Their system, referred to as
CyDisCo (Cytoplasmic Disulphide bond formation in
E. coli) (Alanen et al., 2015), is based on co- or pre-
expression of the yeast mitochondrial thiol oxidase Erv1p
and a human protein disulphide isomerase (hPDI) in the
cytoplasm of E. coli. In this system, Erv1p uses molecu-
lar oxygen to provide oxidizing equivalents for generating
disulphide bonds de novo, while hPDI catalyses protein
folding and reconfigures incorrectly formed disulphide
bonds in substrate proteins. To further extend this
system, we previously created a variant of the CyDisCo
system by supplementing a conotoxin-specific PDI
(Safavi-Hemami et al., 2016) (csPDI) in addition to Erv1p
and hPDI (Nielsen et al., 2019). This variant is designed
to specifically assist folding of conotoxins, a group of
disulphide-rich venom peptides from cone snails with
strong potential as research tools and therapeutics
(Terlau and Olivera, 2004).
In the original CyDisCo vectors, the polycistronic frag-

ment carrying the genes of the folding factors was either
cloned into a pET vector together with the target gene or
provided on a separate plasmid based on the pLysS
backbone (Nguyen et al., 2011; Gaciarz et al., 2016).
The auxiliary nature of the pLysS-based CyDisCo

vectors makes them easy to implement in a variety of
standard production scenarios and strains and thereby
enables comparison of production efficiency in different
chassis such as BL21(DE3), K12 strains, Shuffle T7 or
Origami(DE3) (Nativel et al., 2016). The pLysS plasmid
was originally designed to facilitate expression of T7
lysozyme (T7lys) that inhibits the T7 RNApol to lower
transcription and thereby relieve potential stress from the
T7 production system (Studier, 1991). The T7lys control
of T7 RNApol was refined by putting expression of T7lys
under the control of the titratable, rhamnose-inducible
rhaBAD promotor (Schlegel et al., 2012). This tool,
referred to as pLemo (LEss is MOre), was used to
titrate, or ‘tune’, expression and aided in increasing frac-
tions of properly folded membrane proteins.
Here, we combine the features of the tunable expres-

sion from pLemo with two variants of the CyDisCo sys-
tem for disulphide bond formation in the E. coli
cytoplasm. By doing this, we achieve a more stable
CyDisCo system for tunable expression (DisCoTune),
while eliminating features in the pLysS backbone that
potentially impact expression of T7lys and the CyDisCo
folding factors. In one scenario, we show that the DisCo-
Tune system enables titration of T7 RNApol repression
to find the optimal level for producing active protein, pos-
sibly due to better resource allocation in the complex
synthetic biology system. In a different scenario, the Dis-
CoTune system produces more correctly folded protein
than the CyDisCo system in the absence of T7 RNApol
repression.

Results

Design and construction of the pDisCoTune and
pcsDisCoTune plasmids

Two pLysS-derived CyDisCo vectors for T7-based pro-
duction of disulphide-containing proteins in E. coli were
previously constructed: pMJS205 (Gaciarz et al., 2016)
and pLE577, where pLE577 hosts an additional
conotoxin-specific PDI (csPDI) to assist the production of
conotoxins (Nielsen et al., 2019). We will from here on
refer to these plasmids as pCyDisCo and pcsCyDisCo
respectively. Both versions are based on the same
pLysS backbone (Fig. S1), typically recommended for
expression of toxic proteins within a T7-based system.
However, some modifications should offer advantages:
Firstly, we previously showed that adding additional fea-
tures (such as more genes) onto the original pLysS plas-
mid may have unintentional negative effects on bacterial
growth and on the performance of plasmid features
(Søgaard and Nørholm, 2016). For example, presence
and/or expression of the folding factors in the CyDisCo
plasmids could affect the expression of T7lys and vice
versa. This could lead to unbalanced transcription,
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protein misfolding and toxicity (Fig. 1A). Secondly, hav-
ing expression of T7lys controlled by the highly titratable
rhaBAD promoter would allow more control of T7 RNA-
pol activity for optimal system performance (Fig. 1B). To
this end, inspired by the pLemo system for tunable
expression of toxic proteins, we assembled the folding
factor genes from pCyDisCo and pcsCyDisCo onto a
new vector backbone that utilizes a rhamnose PrhaBAD-
controlled T7lys resulting in two new constructs pDisCo-
Tune and pcsDisCoTune (Fig. S1).

Testing the effect of pDisCoTune on the production of
proteinase K

In a first protein production test scenario, aimed at
exploring the properties of pDisCoTune, we expressed a
temperature-sensitive variant of the enzyme proteinase
K (Liao et al., 2007). Proteinase K is a broad-spectrum
proteinase that is used for many different applications in
molecular biology as well as in industry (P€ahler et al.,
1984). The protein contains five cysteine residues of
which four form the two Cys34—Cys123 and Cys178—
Cys249 disulphide bonds (Betzel et al., 1988). The gene
encoding the proteinase K variant without a signal pep-
tide was cloned into the expression vector pET28 in

frame with sequences for the natural N-terminal propep-
tide, since this can function as an intramolecular
chaperone in proteases (Gunkel and Gassen, 1989;
Winther and Sorensen, 1991; Kojima et al., 1997), and a
C-terminal His6-tag. Next, we co-transformed E. coli
BL21(DE3) with pET28-protK and either pLemo, pCy-
DisCo or pDisCoTune. pLemo served as a control,
allowing for T7 RNApol inhibition similar to the one
enabled by pDisCoTune, but without co-expression of
the CyDisCo folding factors.
We initially screened protease activity from the different

E. coli strains directly on skim milk agar plates,
supplemented with different concentrations of rhamnose
(Fig. 2A and B). Loss of opacity surrounding the bacterial
growth, indicative of active protease released from lysed
cells, was only observed in the presence of pDisCoTune.
The clearance zone was present already in the absence
of rhamnose and increased with the rhamnose concen-
tration, but peaked and declined again at concentrations
above 100 lM (Fig. 2B). Rhamnose-based titration of
T7lys levels was confirmed by western blotting (Fig. 2C).
We next measured proteinase activity with a more

quantitative assay based on proteolytic release of the
fluorophore FITC from Casein, a substrate of proteinase
K (Fig. 2A and D). Overnight cultures were back diluted

Fig. 1. Schematic illustration of the central elements in the CyDisCo and DisCoTune expression systems for heterologous expression of
disulphide-containing proteins.
A. In the pLysS-based CyDisCo plasmid, T7 lysozyme is controlled by the downstream T7 P/3.8 promoter. The unknown effect this design has
on the efficiency of the production system is illustrated by dashed arrows.
B. On pDisCoTune, the CyDisCo system is introduced on a new backbone that allows for accurate titration of T7 lysozyme expression from
PrhaB with activators RhaS and RhaR to control transcription of the target gene by T7RNApol. The chloramphenicol resistance gene (CmR) is
indicated and genetic features like promoters, terminators and origins of replication are illustrated according to the SBOL standard (Madsen
et al., 2019).
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1:100 into LB media with different rhamnose concentra-
tions and grown to mid-exponential phase, when protein
production was induced with IPTG followed by overnight
incubation with shaking. Expression cultures were har-
vested by centrifugation and activity monitored directly
from the soluble fraction of crude lysates. As expected,
no active proteinase K was detected in the strains con-
taining the pLemo control. In contrast, active proteinase
K was produced in the presence of the CyDisCo folding
factors either supplied on pCyDisCo or pDisCoTune.
However, the data from the pCyDisCo variant varied
greatly between replicates. With pDisCoTune, the same
was true at some of the rhamnose concentrations
(Fig. 2D). In strains containing pDisCoTune, we
observed a dose dependency between rhamnose con-
centration and active proteinase K produced, with maxi-
mal activity between 50 to 100 µM rhamnose. This
observation is in agreement with the initial screening on
skim milk. Activity increased by three-fold going from 0

to 100 µM rhamnose. When T7lys was induced with
more than 500 µM rhamnose, the T7 RNApol inhibition
appeared to limit the production of active proteinase K.
The pDisCoTune background at 100 µM rhamnose pro-
duced proteins with two-fold higher activity compared to
the pCyDisCo background. These observations show
that T7-based expression can be fine-tuned with rham-
nose from the pDisCoTune plasmid and that this can be
favourable for optimizing the active fraction of a
disulphide-containing enzyme.
To investigate the underlying mechanism of the result

shown in Fig. 2D, we repeated the proteinase K produc-
tion in quadruplicate (Fig 3) with pCyDisCo and pDisCo-
Tune in the presence and absence of 100 µM rhamnose
(Fig. 3A). We again observed a large spread in activity
between replicates harbouring the pCyDisCo plasmid
[Fig. 3B, labelled CyDisCo (C) 1-4]. Fractions of the
expression cultures were pelleted, and the peptide con-
tent assessed by LC-MS/MS-based targeted proteomics

Fig. 2. Screening of proteinase K activity produced in E. coli facilitated by pDisCoTune.
A. Proteinase K activity was screened based on casein cleavage either directly on skim milk agar plates by loss of opacity or based on activity
in lysates measured by release of the fluorophore FITC.
B. Colonies of BL21(DE3) harbouring either pLemo, pCyDisCo or pDisCoTune were stabbed on to skim milk agar plates with different concen-
trations of rhamnose (rha).
C. Western blot against lysozyme showing expressing levels from pDisCoTune at the relevant rhamnose concentrations. An antibody (anti-
LepB) against E. coli leader peptidase was used as a loading control.
D. Graph showing the protease activity in mU ml-1 of culture based on release of FITC. The activity was measured from lysates of E. coli carry-
ing either pLemo (yellow), pCyDisCo (grey) or pDisCoTune (green). Proteinase K was expressed from pET28-protK, and cultures were supple-
mented with relevant concentrations of rhamnose. Circles denote results obtained from three independent experiments.
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Fig. 3. Functional assaying and quantitative proteomics analysis of proteinase K expressions.
A. Schematic diagram of experimental procedure in the quantitative proteomics analysis. Expression of proteinase K was compared between
pCyDisCo and pDisCoTune with or without 100 µM rhamnose (rha). Details on the experimental procedure of the quantitative proteomics are
described in the experimental procedures.
B. Graph showing the protease activity in mU ml�1 of culture based on release of FITC.
C–G. Quantification of peptide abundance for relevant proteins: Erv1p, hPDI, proteinase K(ProtK), T7 lysozyme and T7RNApol respectively.
Individual samples from the combination of pCyDisCo and proteinase K are marked with C1-4.
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(Fig. 3A). From the proteomics analysis, we were able to
quantify the most relevant proteins in the production sys-
tem. These include Erv1p, hPDI, proteinase K, T7lys
and T7 RNApol (Fig. 3C–G respectively). Proteinase K
peptides were identified in greater abundance without
rhamnose in the DisCoTune background (Fig. 3E). This
observation is in agreement with the T7lys-dependent
inhibition of the T7 RNApol activity. In turn, this indicated
accumulation of inactive proteinase K and an unsuccess-
ful folding machinery without T7 RNApol repression. The
DisCoTune samples with optimized rhamnose induction
and proteinase K activity were recognized by increased
accumulation of lysozyme (Fig. 3F), confirming that T7
RNApol activity can be tuned with the pDisCoTune plas-
mid and that this can facilitate the optimization of the
activity levels of a disulphide-containing enzyme.
The proteomics analysis of the individual CyDisCo

samples showed highly different accumulation of pro-
teinase K, T7lys, and T7 RNApol with no obvious corre-
lation between the different factors. For example,
CyDisCo sample C4 shows low activity together with

high proteinase K and low lysozyme peptide abundance.
In contrast, C1 shows high activity, but both low pro-
teinase K and lysozyme abundance. We interpret this as
evidence of an unstable production system possibly due
to resource competition and, as a result of this, muta-
tions may accumulate. Resource competition could also
explain the much higher abundance of the Erv1p and
hPDI folding factors expressed from pCyDisCo in the
absence rather than in the presence of proteinase K.
The low levels of T7lys expressed from pCyDisCo is
also in agreement with the western blot (Fig. 4B) and
could be a consequence of adding additional DNA
between T7lys and its downstream promoter /3.8 as
previously shown for the similar pRARE plasmid
(Søgaard and Nørholm, 2016).

Correctly folded Conk-S3 is efficiently produced from
pcsDisCoTune

As a second test production scenario, we chose the
conotoxin peptide Conk-S3 from Conus striatus. Conk-

Fig. 4. Conk-S3 constitutes a correctly folded and oxidized protein.
A. Comparison of Ub–His10–Conk-S3 expression without or with the csCyDisCo or csDisCoTune system. 15% SDS-PAGE gel stained with
Coomassie Brilliant Blue showing the total cell extract (T), resuspended pellet after lysis and centrifugation (P), and the soluble fraction (S) from
cells expressing Ub–His10–Conk-S3. The arrowhead denotes a semi-oxidized form of Ub–His10-Conk-S3 (see illustration above gel and
Fig. S2B). Expression was performed as described under Experimental procedures. Protein levels are comparable between lanes, and the gel
represents three independent experiments.
B. Western blot against lysozyme in samples from Ub–His10–Conk-S3 expressions compared to expression level of lysozyme from pLysS with
varying IPTG induction and in the absence and presence of rhamnose. The anti-LepB signal was used as a loading control.
C. 15% Tris-Tricine SDS-PAGE gel of Conk-S3 in the oxidized (ox) and reduced (red; treated with 0.5 mM TECP and 5 mM DTT) state.
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S3 belongs to a family of conotoxins called conkunitzins
(Conks), comprising a Kunitz domain similar to the fold
observed in Kunitz-type protease inhibitors such as BPTI
(Ranasinghe and McManus, 2013). The sequence of
Conk-S3 was identified from the venom gland transcrip-
tome of C. striatus (Li et al., 2018). The predicted mature
Conk-S3 peptide comprises 62 residues including four
cysteines that form two disulphide bonds. The connectiv-
ity of these bonds is predicted to be Cys8—Cys58 and
Cys33—Cys54 as previously shown for the related pep-
tides, conkunitzin-S1 (Bayrhuber et al., 2005) and
conkunitzin-S2. Conk-S3 was produced from a pET vec-
tor as a His10-tagged fusion protein with the solubility-
enhancing ubiquitin (Ub), Ub–His10-Conk-S3, in E. coli
BL21(DE3). In this set of experiments, we performed a
direct gel-based comparison between the level and dis-
tribution of reduced and oxidized protein in the soluble
and insoluble fractions when the peptide was produced
in the absence or presence of either the original
conotoxin-specific pcsCyDisCo plasmid or the new
pcsDisCoTune variant.
Protein expression was assessed by SDS-PAGE anal-

ysis of total protein, as well as the pellet and soluble
fractions (Fig. 4A). We observed that the total amount of
Ub–His10-Conk-S3 was higher when expressed in the
absence of either of pcsCyDisCo or pcsDisCoTune, but
the large majority was observed in the pellet fraction. In
contrast, the protein was expressed mainly in the soluble
fraction when produced in the presence of pcsCyDisCo
or pcsDisCoTune. These observations closely matched
our results obtained for another conotoxin, H-Vc7.2,
when expressed in the absence and presence of the
pcsCyDisCo plasmid (Nielsen et al., 2019). When includ-
ing the thiol-alkylating agent N-ethylmaleimide (NEM) in
the lysis buffer, we moreover observed that in the
pcsCyDisCo system, Ub–His10-Conk-S3 predominantly
folded post-translationally, while this was not the case
with pcsDisCoTune (Fig. S2A). Importantly, the level of
Ub–His10-Conk-S3 was clearly higher in the pcsDisCo-
Tune system, both in terms of total and soluble protein,
as compared with the pcsCyDisCo system. Specifically,
based on densitometric analysis of SDS-PAGE gels from
five independent experiments, we observed 2.4–4.1
times higher levels of Ub–His10-Conk-S3 in the soluble
fraction when expressed in the pcsDisCoTune system
compared with the pcsCyDisCo system. Concomitantly,
we consistently observed a lower expression level of
Erv1p in the pcsDisCoTune system (Fig. 4A). We also
confirmed by Western blotting low to no expression of
T7lys not only in case of pcsDisCoTune, but also in the
pcsCyDisCo system (Fig. 4B). The expression of Ub–
His10-Conk-S3 supported by pcsDisCoTune was investi-
gated with titration of rhamnose (Fig. S3). No beneficial
effect was observed on abundance of Ub–His10-Conk-

S3. On the contrary, and in agreement with our pro-
teinase K expression experiments, at concentrations at
and above 500 µM rhamnose, the level of Conk-S3 in
the soluble fraction decreased. Additionally, we observed
expression of T7lys from pcsDisCoTune when induced
with 500 µM rhamnose, but not in the absence of rham-
nose (Fig. 4B).
We next purified and characterized structural features

of Conk-S3 to verify that the protein produced in the sol-
uble fraction constitutes a correctly folded and oxidized
protein, and to investigate whether producing the protein
in the presence of either pcsDisCoTune or pcsCysDisCo
resulted in conformational differences. Ub–His10-Conk-
S3 was purified on Ni-NTA material before TEV protease
cleavage to release Conk-S3 from its fusion partner. An
additional reverse Ni-NTA agarose purification step fol-
lowed by reversed-phase high-performance liquid chro-
matography (RP-HPLC) on a C18 column completed the
purification. The folding status of purified Conk-S3 was
first assessed by looking at disulphide bond formation
using SDS-PAGE analysis on a Tris-Tricine gel
(Fig. 4C). Here, a clear mobility shift was observed upon
treating the sample with a strong reducing agent, indicat-
ing disulphide bond formation (Fig. 4C). Moreover, under
non-reducing conditions, we observed only the oxidized
form of the protein, indicating complete (or near-
complete) oxidation. The formation of the two expected
disulphide bonds in Conk-S3 was verified by matrix-
assisted laser desorption ionization-mass spectrometry
(MALDI-MS) after tryptic digestion, which showed pep-
tide masses representing tryptic peptides with disul-
phides between Cys8 and Cys58, and between Cys33
and Cys54 respectively. These masses were not
observed after reduction and alkylation (Table S4).
We next used far-UV circular dichroism (CD) spec-

troscopy to assess the overall folding status of Conk-S3.
CD spectra of Conk-S3 produced either in the pcsCy-
DisCo or pcsDisCoTune background, purified from the
soluble fraction and showed near-identical spectra
(Fig. 5A). The overall features of the spectra with a glo-
bal minimum at ~ 201 nm and a local minimum at
~ 220 nm clearly indicated a properly folded polypeptide.
This conclusion was supported by deconvolution of the
spectrum obtained for Conk-S3 produced in the pres-
ence of pcsDisCoTune (Fig. 5B), which showed a high
degree of coincidence between the predicted secondary
structure element content (helix: 9.2%, sheet: 23.2%,
other: 67.7%) and the known secondary structure
content based on the crystal structure of Conk-S2
(Korukottu et al., 2006) (PDB: 2J6D)(helix: 11.9%, sheet:
23.3%, other: 64.8%). Overall, Conk-S3 produced in the
soluble fraction from cells transformed with either plas-
mid showed features typical of a correctly folded and
oxidized protein. The quality of Conk-S3 produced from
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pcsDisCoTune thus remained the same while being pro-
duced at higher levels.

Discussion

According to the statistics available in the PDB protein
structure database, E. coli BL21(DE3) is by far the most
frequently used host for recombinant protein production
and more than 1000 structures have been solved using
proteins produced with the pLysS plasmid present. In
principle, pLysS can work as an RNApol autoregulation
system as a result of T7lys being under the control of
the T7 promotor /3.8. Hence, increased T7 RNApol
activity will lead to an increased T7lys expression that in
turn will decrease the T7 RNApol activity. pLysS has
previously been used as a backbone for adding more
features to the T7 toolbox, such as co-expression of
tRNA genes to facilitate expression of rare codon con-
taining genes. However, we previously reported an
apparent design flaw caused by using pLysS as a back-
bone for such systems (Søgaard and Nørholm, 2016): In
the original pLysS design, the T7 promotor /3.8 is
placed downstream from the gene of T7lys (Fig. 1A). As
a consequence, the transcript from /3.8 includes the
entire backbone of pLysS before reaching the gene of
T7lys. Consequently, when pLysS is modified with addi-
tional features downstream from the /3.8 promotor, such
as in the pRARE, pCyDisCo and pcsCyDisCo plasmids,
it is likely that there is a significant impact on the expres-
sion of T7lys and T7 RNApol activity. We previously

demonstrated this was the case for the pRARE plasmids
that showed reduced expression of T7lys, likely due to
the added genetic features in between the /3.8 pro-
moter and the T7lys gene (Søgaard and Nørholm,
2016). Similarly, we here see that T7lys expression is
not detected in western blots from the pCyDisCo plas-
mids, but from the pDisCoTune variant in the presence
of rhamnose. Thus, a clear and simple benefit of the
new plasmids designed is the ability to control T7 RNA-
pol activity. We further demonstrate that this control can
be key to optimizing production titres for a disulphide-
containing enzyme-like proteinase K. It would be inter-
esting to test the effect of pDisCoTune in another
bacterial chassis, such as Bacillus subtilis.
Synthetic biology increasingly deals with complex

designs such as multigene biosynthetic pathways or
advanced genetic information circuits. For living systems
to cope with such complex recombinant genetics,
resource balancing is key for optimal performance.
Although we were not able to pinpoint the exact underly-
ing mechanism, the apparent instability of the pCyDisCo
system detected by our proteomics analysis, leading to
uncontrolled expression levels of the different factors
involved in producing correctly folded proteinase K, pro-
vides a good example of this. In this case, putting just
one of the genes under control of a titratable promoter
provided sufficient stabilization of the entire system for
multiple factors to express stable levels. We did not
directly compare the performance of pDisCoTune and
pcsDisCoTune, as the latter is designed for production

Fig. 5. Conk-S3 constitutes a correctly folded peptide.
A. CD spectra of Conk-S3 produced in the presence of either pcsCyDisCo (grey) or pcsDisCoTune (green).
B. Overlay of the experimental CD spectrum obtained for Conk-S3 produced in the presence of pcsDisCoTune (green) with the deconvoluted
spectrum (black). The secondary structure element contributions obtained from the deconvolution are listed along with those calculated from the
crystal structure using the Define Secondary Structure of Proteins (DSSP) program (Kabsch and Sander, 1983; Touw et al., 2015). Deconvolu-
tion was performed using the BestSel web server (Micsonai et al., 2015).
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of conotoxins. Potentially, the pcsDisCoTune system
may also be favourable for the production of other small
animal venom toxins. For larger disulphide-containing
peptides, it is likely beneficial to use the simpler pDisCo-
Tune based on our findings on resource competition.
A consequence of the DNA assembly strategy we

used in this study was that the ribosome binding site of
Erv1p was modified. It is thereby likely that pDisCoTune
displays a different expression level of Erv1p in compar-
ison with the original pCyDisCo. Indeed, both our pro-
teomics and SDS-PAGE analyses could indicate lower
expression of Erv1p from the two DisCoTune variants. It
is possible that different expression levels of the folding
factors affect the cellular fitness. To our knowledge, the
effect of different expression levels of the folding factors
on efficiency of disulphide bond formation has not previ-
ously been explored. Thus, further optimization efforts
could target the expression of these factors.
Proteinase K is mostly produced in eukaryotic chassis

due to its fungal origin. Finding simpler and cheaper pro-
duction platforms like E. coli would therefore make the
enzyme more accessible, for example for protein engi-
neering. This is demonstrated here, by showing success-
ful production of a heat-sensitive proteinase K variant in
the cytoplasm of E. coli with the aid of the DisCoTune
system. A heat-sensitive proteinase K could find use as
a ‘molecular eraser’ in multi-step enzymatic high-
throughput molecular biology applications such a DNA
sequencing.
Conotoxins are venom peptides produced by preda-

tory marine cone snails. Peptides from venomous ani-
mals often bind their targets with high specificity and
potency, making them excellent research tools and
promising candidates for the development of selective
biopharmaceuticals. In fact, several animal venom pep-
tides, such as the conotoxin x-MVIIA from Conus magus
(Miljanich, 2004), have already been developed as
approved drugs (Pennington et al., 2018). A large pro-
portion of animal venom peptides contain disulphide
bonds for stabilization, and while new sequencing tech-
nologies have made available a very large number of
venom-peptide sequences, the production of these often
complex molecules remains a substantial challenge of
decisive importance for our ability to fully explore their
potential. Here, we investigated the production of Conk-
S3, a conotoxin that belongs to a class of peptides that
bind to certain voltage-gated potassium channels of the
Kv1 type (Finol-Urdaneta et al., 2020). The facile produc-
tion of toxins, which can be used as research tools in
the investigation of ion channels, will help further the
development of therapeutics for the treatment of dis-
eases related to ion-channel dysfunction.
We showed that the introduction of pcsDisCoTune

resulted in the production of correctly folded Conk-S3

with the large majority of protein present in the soluble
fraction. In contrast, when expressing the highly similar
(72% sequence identity) Conk-S1 in BL21(DE3) or
Origami(DE3) cells, the majority of the protein was found
in the insoluble fraction (Bayrhuber et al., 2006). Expres-
sion in the periplasm or together with the molecular
chaperones trigger factor and GroEL/GroES did not
improve solubility (Bayrhuber et al., 2006). Thus, for
NMR or X-ray structure determination, Conk-S1 was
either refolded from inclusion bodies (Bayrhuber et al.,
2005) or chemically synthesized (Dy et al., 2006). Like-
wise, when following the protocol for Conk-S1 produc-
tion, Conk-S2, which shares 92% sequence identity with
Conk-S3, as well as Conk-C3 (Saikia et al., 2021), were
expressed in the insoluble fraction and had to be
refolded to obtain a protein sample for structure determi-
nation (Korukottu et al., 2007).1 While sometimes appli-
cable, these methods are often inefficient and/or costly.
The introduction of the DisCoTune system holds the
potential to bypass the need for refolding from a dena-
tured and reduced state, and instead allow the efficient
production of correctly folded, disulphide-bonded pro-
teins and peptides in the cytoplasm of E. coli.

Experimental procedures

DisCoTune plasmid generation

The cloning of the polycistronic fragment into the new
backbone was performed with uracil excision cloning as
described previously (Cavaleiro et al., 2015). Poly-
merase chain reactions (PCR) were carried out using
Phusion U Hot Start polymerase (Thermo Fisher Scien-
tific, Waltham, MA, USA), according to manufacturer’s
instructions. We experienced problems cloning the entire
CyDisCo operon when controlled by the Ptac promotor.
Initially, the Ptac promoter in CyDisCo and csCyDisCo
was therefore exchanged for the medium and low
strength promoters J23105 and J23112, respectively,
from the Anderson collection. This was achieved using
oligonucleotides J23105_CyDisCo_rev and J231xx_Cy-
DisCo_fwd for CyDisCo and J231xx_CyDisCo_fwd and
J23112_pCyDisCo_rev for csDysCisCo(oligonucleotide
sequences are listed in Table S3). The polycistronic
fragments from CyDisCo versions were PCR amplified
with oligonucleotides CyDisCo_fragment_J231xx_fwd
and CyDisCo_fragment_rrnC_rev, and from csCyDisCo
with CyDisCo_fragment_J231xx_fwd and csCyDisCo_
fragment_rrnC_rev. This PCR exchanged the previous
T7 terminator for the BBa_B0062-R. The new backbone
was ordered from Invitrogen (Thermo Fisher Scientific)

1

Personal communication: Dr. Stefan Becker, Max Planck Institute
for Biophysical Chemistry, Dept. for NMR based Structural Biology,

G€ottingen, Germany.
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and PCR amplified using oligonucleotides CyDisCo-in-
pLemo_rev and CyDisCo-in-pLemo_fwd. A successful
clone was isolated and sequence verified. The Ptac pro-
motor was now reintroduced by PCR amplification using
oligonucleotides pTac_pDisCoTune _fwd and pTac_p-
DisCoTune _rev. Following this PCR, the region
upstream of the start codon of Erv1p was modified from
TTGTTTAACTTTAAGAAGGAGATACATATG to CAG-
GACGCACTGACCAGGAGGTACATATG. The resulting
two plasmids are referred to as pDisCoTune and pcsDis-
CoTune. They carry the genes for Erv1p, hPDI and
csPDI in the case of csDisCoTune controlled by the Ptac
promotor and terminated by the rrnC terminator
(Fig. S1). The pLemo control plasmid was purchased
from Xbrane Bioscience (Stockholm, Sweden).

Proteinase K expression plasmid generation

The sequence of proteinase K with propeptide was
codon-optimized for E. coli and ordered from Invitrogen
(Thermo Fisher Scientific). The fragment of proteinase
K with propeptide was amplified with oligonucleotides
ProtK_fwd and ProtK_rev and cloned by uracil excision
into the pET28 vector amplified with oligonucleotides
ProtK-in-pET28_BB _fwd and ProtK-in-pET28_BB
_rev (Table S3). The resulting plasmid was sequence
verified.

Conk-S3 expression plasmid generation

The full-length sequence of Conk-S3 was retrieved from
the venom gland transcriptome of Conus striatus (Li
et al., 2018) (NCBI Sequence Read Archive ID
SRX5015022). The predicted sequence of the mature
toxin (KDRPSYCNLPADSGSGTKPEQRIYYNSAKKQCV
TFTYNGKGGNGNNFSRTNDCRQTCQYPA) shares
72% and 92% sequence identity with the two other
conkunitzins previously identified from C. striatus, Conk-
S1 (Bayrhuber et al., 2005) and Conk-S2 (Korukottu
et al., 2006) respectively. The sequence of Conk-S3 was
codon-optimized for bacterial expression using the Codo-
nOpt tool (http://eu.idtdna.com/CodonOpt). The codon-
optimized sequence was used as a template for primer
design of Conk-S3_fwd and Conk-S3_rev (Table S3) for
subsequent USER cloning into the pET39_Ub19 expres-
sion construct (Rogov et al., 2012). The resulting
plasmid pET39-Conk-S3 was sequence verified. The
fusion protein produced from pET39-Conk-S3 was
named Ub–His10–Conk-S3 and contains a TEV protease
recognition site following the Ub–His10-tag. Upon TEV
protease-mediated release, the Conk-S3 protein contains
an additional N-terminal glycine residue, inserted to
ensure efficient TEV protease cleavage, as compared
with the predicted native protein.

Protein expression of proteinase K

The pET28-protK plasmid was transformed into chemi-
cally competent E. coli BL21(DE3) cells carrying pLemo,
pCyDisCo or pDisCoTune, and plated on LB agar con-
taining kanamycin and chloramphenicol (50 and
30 µg ml-1 respectively). A single colony was transferred
into 2 ml LB medium containing appropriate antibiotics
and grown overnight in an orbital shaker at 37°C at
200 rpm. The following day, expression cultures of 2 ml
LB were set up in a 24-deepwell plate with appropriate
antibiotics and a dilution series of rhamnose. For the
rhamnose titration, following concentrations were used:
5, 10, 25, 50, 100, 500, 1000 and 2000 µM. The expres-
sion cultures were inoculated with 20 µl of the overnight
culture and incubated at 37°C, 250 rpm until the optical
density at 600 nm (OD600) reached 0.5–0.8. Protein
expression was induced with 1 mM IPTG, and cultures
were grown overnight at 30°C before harvesting.

Protease activity measurements

For screening proteinase K activity on skim milk agar
plates, a colony for each of the expression systems
pLemo, pCyDisCo and pDisCoTune with and without
pET28-ProtK was picked and stabbed with a sterile
toothpick onto LB agar supplemented with appropriate
antibiotics, 1 mM IPTG, 1.5% skim milk and rhamnose
in varying concentrations. For the rhamnose titration, fol-
lowing concentrations were used: 5, 10, 25, 50, 100,
500, 1000 and 2000 µM. The plates were incubated at
37°C for 5 days. For measuring proteinase K activity
using FITC labelled Casein, for each culture condition,
1 ml of expression culture was harvested by centrifuga-
tion at 5,000 g, 4°C for 10 min. The remaining pellet
was resuspended in 100 µl lysis buffer [CelLyticTM B
(Sigma-Aldrich, Saint Louis, MO, USA)] in 50 mM Tris-
HCl pH 8, 10 mM Imidazole, 150 mM NaCl) and incu-
bated on ice for 30 min before the soluble fraction was
isolated by centrifugation at 15 000 g for 10 min.
Enzyme activity was quantified directly from the soluble
lysates using the protease activity assay kit ab111750
(Abcam, Cambridge, UK) according to manufacturer’s
protocol. Lysates were diluted 1:10 in the protease
assay buffer for analysis.

Protein expression of Conk-S3

The pET39-Conk-S3 plasmid was transformed into
chemically competent E. coli BL21(DE3) cells either
alone, or together with pcsCyDisCo or pcsDisCoTune,
and plated on an LB agar plate containing solely kana-
mycin (50 µg ml�1; when transforming only with pET39-
Conk-S3), or kanamycin and chloramphenicol
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(30 µg ml�1) when performing co-transformations. A sin-
gle colony was transferred into 10 ml LB medium con-
taining appropriate antibiotics and grown overnight in an
orbital shaker at 37°C at 200 rpm. 0.5 ml of the over-
night culture was inoculated into 50 ml of LB medium
containing appropriate antibiotics and incubated at 37°C
until the optical density at 600 nm (OD600) reached 0.8-
1. Protein expression was induced by 1 mM IPTG, and
cultures were grown overnight at 25°C before cells were
harvested by centrifugation for 20 min at 5000 g.

SDS-PAGE sample preparation of cell extracts

Harvested cells were resuspended in 1 ml 50 mM Tris,
300 mM NaCl, 20 mM imidazole, pH 8 (resuspension
buffer). The cell suspensions were sonicated using 5 9

30-sec pulses, with 30-sec resting periods on ice. To
generate a total protein sample, a fraction of the lysate
was mixed with 4x SDS-PAGE loading buffer to an
OD600 equivalent of 20 (based on the final OD600 of the
cell cultures). The lysate was then centrifuged for 45 min
at 20 000 g at 4°C. A fraction of the supernatant was
mixed with 49 SDS-PAGE loading buffer to an
OD600 = 20 to generate a sample representing the sol-
uble fraction. Finally, the pellet was resuspended in 1 ml
resuspension buffer containing 8 M Urea before mixing
a fraction of the suspension with 49 SDS-PAGE loading
buffer to an OD600 = 20 in order to generate a sample
representing the insoluble fraction.
To trap free thiols and thus capture the thiol/disulphide

status of Ub–His10–Conk-S3, harvested cells were
treated as above with the addition of 100 mM N-
ethylmaleimide (NEM). Likewise, the pellet was resus-
pended in 1 ml resuspension buffer supplemented with
8 M urea and containing 100 mM NEM before mixing
with 4x SDS-PAGE loading buffer to an OD600 = 20.

Western blot analysis

Samples were mixed 1:1 with sample buffer (8 M urea,
0.0105% (w/v) bromophenol blue, 5 mM EDTA, 100mM
Tris-HCl pH 6.8, 4% (w/v) SDS and 25% (v/v) glycerol)
and heated to 98°C for 10 min. Samples were normal-
ized to OD 0.1 when loaded on a 4�20% Mini-
PROTEAN-TGX gel (Bio-Rad, Hercules, CA, USA) and
run at 180 V for 45 min. Proteins were transferred to a
nitrocellulose membrane using an iBlot Dry Blotting Sys-
tem (Invitrogen, Thermo Fisher Scientific) at 20V for
7 min. The membrane was blocked with 5% skim milk in
TBS-T(20 mM Tris–HCl pH 7.6, 150 mM NaCl, 0.1% (v/
v) Tween-20) for at least 30 min, followed by incubation
overnight at 4°C with primary antibody (anti-T7 lysozyme
from rabbit, 1:5000 dilution as previously described
(Søgaard and Nørholm, 2016) or (anti-Lep from rabbit,

1:1000, a generous gift from IngMarie Nilsson and
Gunnar von Heijne, Stockholm University) diluted in 5%
skim milk TBS-T. The membrane was washed three
times for 5 min in TBS-T and incubated with the sec-
ondary antibody (anti-Rabbit-HRP IgG, 1:10 000; Sigma-
Aldrich) diluted in TBS-T for 1 h. The washing steps
were repeated again, and the protein:antibody com-
plexes were visualized using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare,
Chicago, IL, USA).

Protein purification of Conk-S3

For purification of Ub–His10–Conk-S3, the protein was
expressed as described above in 1 l of LB medium. Pro-
tein purification was performed as previously described
(Nielsen et al., 2019) with a few modifications. Briefly,
harvested cells were resuspended in resuspension buffer
and lysed by sonication performed for 5 min at half duty
and full amplitude on ice, followed by centrifugation at
30 000 g for 30 min at 4°C. Ub–His10–Conk-S3 was
purified from the cleared lysate using gravity flow on a
column packed with 5 ml Qiagen Superflow Ni-NTA
resin pre-equilibrated with resuspension buffer. Upon
sample application, the column was washed with resus-
pension buffer containing 20 mM imidazole before
elution in resuspension buffer containing 400 mM imida-
zole.
SDS-PAGE was used to analyse eluted fractions. The

fractions containing Ub–His10–Conk-S3 were diluted 49
in 50 mM Tris, 300 mM NaCl, pH 8, before adding
recombinant TEV protease containing an N-terminal His-
tag (His6–TEV), which was expressed and purified as
previously described (Nielsen et al., 2019). TEV cleavage
was carried out overnight at room temperature using a
1:20 molar ratio of His6–TEV to Ub–His10–Conk-S3.
Next, uncleaved protein, free Ub–His10-tag and His6–
TEV were removed by applying the cleavage mixture to a
5 ml Qiagen Superflow Ni-NTA resin pre-equilibrated with
50 mM Tris, 300 mM NaCl, pH 8. The flow-through and
first 10 ml of column wash with resuspension buffer
contained cleaved Conk-S3, as determined by SDS-
polyacrylamide gel analysis. Final purity was reached by
reversed-phase high-performance liquid chromatography
using a Kromasil C18 300 4.6 9 250 mm column and a
linear gradient from 0.1% TFA to 75% of 0.1% TFA:70%
acetonitrile over 7.5 column volumes at 1 ml min�1. Frac-
tions containing Conk-S3 were pooled and lyophilized.

Concentration determination

The concentration of Conk-S3 was determined by mea-
suring the absorbance at 280 nm using a theoretical
extension coefficient, e = 7700 M-1 cm-1, calculated
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using the ProtParam tool (Walker, 2005) at the Expasy
bioinformatics resource portal.

Circular dichroism (CD) spectroscopy

For CD spectroscopy, lyophilized Conk-S3 was dis-
solved in water and diluted to a final concentration of
20 lM in a volume of 200 ll. CD spectra were recorded
on a Jasco J-810 CD spectropolarimeter in a 0.1 cm
cuvette at 25°C in the wavelength range of 190–260 nm,
using a data interval of 0.2 nm and a bandwidth of
1 nm. The final spectra were obtained after averaging
over 5 spectra recorded at a scan rate of 100 nm min�1,
and baseline (water only, same conditions) was sub-
tracted. Finally, the measured ellipticity was converted to
residual molar ellipticity and the data were visualized
using Matlab. The deconvolution of the CD spectrum
was calculated using BestSel (Micsonai et al., 2015).

MALDI mass spectrometry

Conk-S3 was digested with sequencing-grade modified
trypsin (Merck, NJ, USA) using an enzyme-to-substrate
ratio of 1:50 (w/w), in 50 mM ammonium bicarbonate, at
37°C overnight. For reduction of disulphides, peptides
were incubated in 50 mM ammonium bicarbonate con-
taining 15 mM DTE (1,4-dithioerythritol) at 56°C for
45 min, and subsequently, free cysteines were alkylated
by addition of iodoacetamide (to 50 mM) and incubated
for 30 min in the dark at room temperature. Prior to
MALDI-MS analyses, peptides were desalted and con-
centrated on a Zip-tip column containing C18 reversed-
phase material (Merck). MALDI-MS was performed using
a Bruker Autoflex III instrument (Bruker Daltonics, Bre-
men, Germany). The analysis was performed using a
saturated solution of a-cyano-4-hydroxycinnamic acid.
The instrument was operated in linear and reflected pos-
itive ionization mode and calibrated in the mass range
1000 to 3200 Da using a peptide calibration standard
(Bruker Daltonics). The theoretical peptide masses were
calculated using the General Protein/Mass Analysis for
Windows software (Lighthouse Data, Odense, Denmark).

Sample preparation for proteomic analysis

Cells from 500 µl expression culture were pelleted and
frozen on dry ice. Pellets were kept at �80°C, before
they were thawed on ice and 100 ll 95°C Guanidinium
HCl (6 M Guanidinium hydrochloride (GuHCl), 5 mM tris
(2-carboxyethyl)phosphine (TCEP), 10 mM chloroac-
etamide (CAA), 100 mM Tris–HCl pH 8.5) were added to
the samples together with two 3 mm zirconium oxide
beads (Glen Mills, Clifton, NJ, USA). Cells were dis-
rupted using a Mixer Mill (MM 400 Retsch, Haan,

Germany) for 5 min at 25 Hz. The samples were placed
in a thermo mixer at 95°C for 10 min at 2000 rpm. After
this, the samples were centrifuged at 15 000 g for
10 min, and 50 ll of supernatant was collected and
diluted with 50 ll of 50 mM ammonium bicarbonate. Pro-
tein concentrations were measured using BSA as a stan-
dard, and 100 lg were used for tryptic digestion. Tryptic
digestion was carried out for 12 h, after which 10 ll of
10% TFA was added and samples were StageTipped
using C18 (Empore, 3M, Saint Paul, MN, USA).
After stagetipping, the samples were analysed using a

CapLC system (Thermo Fisher Scientific) coupled to a
15 cm C18 easy spray column (PepMap RSLC C18
2 lm, 100 �A, 150 lm 9 15 cm). Initially, the samples
were trapped on a precolumn (l-precolumn C18 Pep-
Map 100, 5 lm, 100 �A) after which the peptides were
separated using a gradient from 4% acetonitrile in water
to 76% over 60 min at a constant flow rate of
1.2 ll min�1. The samples were sprayed into an Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher Scien-
tific). MS-level scans were performed from 375 to
1500 m/z with Orbitrap resolution set to 120 000; AGC
Target 300%; maximum injection time set to auto; inten-
sity threshold 5.0 9 103; dynamic exclusion 20 s. Data-
dependent MS2 selection was performed in Top 20
Speed mode with HCD collision energy set to 40%
(AGC target 70%, maximum injection time 30 ms, Isola-
tion window 1.3 m/z).

Proteomics data analysis

The raw files were analysed using Proteome Discoverer
(version 2.4; Thermo Fisher Scientific) in order to obtain
protein identifications and quantification. While analysing
the data the following settings were used: fixed modifica-
tions, carbamidomethyl (C); and variable modifications,
oxidation of methionine residues. First search mass tol-
erance 20 ppm and a MS/MS tolerance of 0.5 Da. Tryp-
sin as enzyme and allowing two missed cleavages.
Target false discovery rate (FDR) was set at 0.01. The
retention time alignment was set to ΔRT 0.2. For quan-
tification, top N 3 was used only allowing quantification
based on unique peptides. Intensities were normalized
to total peptide level. For the searches, a protein data-
base consisting of the reference E. coli proteome
UP000002032 combined with the sequences of pro-
teinase K, Enlys, ERV1 and PDIA1 was used.
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Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the arti-
cle.
Fig. S1. Schematic overview of plasmid relations. The dia-
gram shows the relations between the pLysS backbone and
pMJS205 and pLE577(top)(Here referred to as pCyDisCo
and pcsCyDisCo, respectively), and the pLemo backbone
and pDisCoTune and pcsDisCoTune (bottom). In the origi-
nal pLysS plasmid, the transcript that is initiated from the T7
PΦ3.8 has to cover the entire plasmid before reaching the
open reading frame for T7 lysozyme. The PrhaB promoter
allows for titratable control the transcription of T7 lysozyme
with the activators rhaS and rhaR.
Fig. S2. A. Comparison of Ub–His10–Conk-S3 expression
without or with the csCyDisCo or pDisCoTune system. 15%
SDS-PAGE gel stained with Coomassie Brilliant Blue show-
ing the total cell extract (T), resuspended pellet after lysis

and centrifugation (P), and the soluble fraction (S) from cells
expressing Ub–His10–Conk-S3. Cells were lysed in the
absence (-NEM) or presence (+NEM) of the thiol-alkylating
agent N-ethylmaleimide (NEM). The arrowhead denotes a
semi-oxidized form of Ub–His10-Conk-S3. Expression was
performed as described under Materials and Methods. Pro-
tein levels are comparable between lanes and the gel repre-
sents three independent experiments. Note that in the
presence of NEM very little Ub–His10–Conk-S3 is observed
in the soluble fraction, indicating that in the absence of
NEM, protein folding primarily takes place post-translation-
ally (i.e. upon cell lysis). B. Analysis of the solubilized pellet
from cells expressing Ub–His10–Conk-S3 in the absence of
helper plasmid under non-reducing (ox) and reducing (red)
conditions. The result shows that Ub–His10–Conk-S3 in the
pellet comprises a mixture of oxidized and semi-oxidized
forms (as illustrated in Fig. 4).
Fig. S3. Screen of Conk-S3 production supported by
pcsDisCoTune at different rhamnose concentrations. 15%
SDS-PAGE gel stained with Coomassie Brilliant Blue show-
ing the total cell extract (T), resuspended pellet after lysis
and centrifugation (P), and the soluble fraction (S) from cells
expressing Ub–His10–Conk-S3 at the indicated concentra-
tions of rhamnose. Expression was performed as described
under Materials and Methods.
Table S1. Strains used in this study.
Table S2. Plasmids used in this study.
Table S3. Oligonucleotides used in this study.
Table S4. Mapping of disulfide bonds in Conk-S3 by
MALDI-MS.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 14, 2566–2580

2580 A. B. Bertelsen et al.

https://doi.org/10.1016/j.molcel.2007.11.029
https://doi.org/10.1016/j.molcel.2007.11.029
https://doi.org/10.2174/187220810790069550
https://doi.org/10.2174/187220810790069550

