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Highlights.
e The PAR promoter system can express recombinant proteins to many different
levels.
e The system is versatile, functioning in many E. coli strains and growth regimes.
e Promoters are tightly regulated, allowing low-level expression of toxic

proteins.

ABSTRACT

Many commonly used bacterial promoters employed for recombinant protein production (RPP)
in Escherichia coli are capable of high-level protein expression. However, such promoter
systems are often too strong, being ill suited for expressing proteins that are difficult to fold or
proteins that are targeted to the membrane or secreted out of the cytoplasm. To circumvent
this we have constructed a suite of bacterial promoters with a range of different promoter
strengths, assigning them specific promoter activity ratings (PARS). Selecting three of these
PAR promoters, with low, intermediate and high strengths, we demonstrate that the
expression of target proteins, such as green fluorescent protein (GFP), human growth
hormone (hGH) and single chain variable region antibody fragments (scFvs) can be set to
three levels when expressed in E. coli. We show the PAR promoter system is extremely
flexible, operating in a variety of E. coli strains and under various different culture regimes.
Furthermore, due to its tight regulation, we show that this system can also express a toxic
outer membrane protein, at levels, which do not affect bacterial growth. Thus, the PAR
promoter system can be used to tailor the expression levels of target proteins in E. coli and

maximize RPP.

Abbreviations: GFP, green fluorescent protein; hGH, human growth hormone; HRP,
horseradish peroxidase; IPTG, isopropyl B-D-1-thiogalactopyranoside; Lacl, lac operon
repressor; MCS, multiple cloning site; PAR, promoter activity rating; RPP, recombinant protein

production; scFv, single chain variable region antibody fragment.

Keywords: Recombinant protein production, Escherichia coli, transcription regulation, lac

promoter, membrane proteins
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Introduction

The bacterium Escherichia coli has been the cornerstone of recombinant protein
production (RPP) for many years. E. coli is particularly well suited to its role as a protein
production factory as it grows quickly to high density in cheap medium and can be manipulated
easily [1]. As a consequence, many recombinant protein expression systems have been
constructed, such as those based on the E. coli lactose operon promoter (e.g. the lac and tac
promoters) and the T7 RNA polymerase expression system [2, 3, 4]. In such systems, the
gene of interest is usually cloned into a plasmid vector downstream of a strong regulated
promoter and RPP is initiated by the addition of an inducer molecule, e.g. the lactose
analogue, IPTG (isopropyl B-D-1-thiogalactopyranoside) [5]. In many instances, these
systems allow the production of large amounts of high quality protein. However, as RPP
expression systems typically have strong inducible promoters, problems can arise when
expressing difficult-to-fold targets, membrane proteins and proteins secreted out of the cell or
into periplasm. Thus, high-level expression of such proteins often leads to product misfolding,
resulting in target degradation or its aggregation into inclusion bodies [6, 7, 8, 9]. In an attempt
to increase the amount of soluble target, RPP is often carried out at lower temperatures, or
expression levels are decreased by using a weaker promoter or lower inducer concentrations
[6, 10, 11]. This often involves trial and error, and may even require switching the expression
system, since low-level RPP with some systems, e.g. the T7 RNA polymerase expression

system, can be hard to control.

Ideally, RPP expression systems should be as versatile as possible, being tightly
regulated, allowing high- and low-level target expression, and be compatible with many
different E. coli strains and “helper” plasmids, which can carry various tRNAs or chaperones
[1, 10]. Above all, expression systems should be easy to use, with vectors carrying multiple
cloning sites (MCS), purification and secretion tags, and, potentially, different antibiotic
resistance cassettes. Previously we generated a suite of promoters, which were based on the
lac and tac promoters, and assigned them promoter activity ratings (PAR values) based on
their strengths [3, 4, 5, 12]. These PAR promoters (PAR1 to PAR8) show a wide range of
promoter activities, stretching from low-level (i.e. PAR1) to high-level (i.e. PAR8) expression
capabilities [5]. Each PAR promoter also carried two lac operator sequences and were,
therefore, repressed by the lac operon repressor (Lacl) and IPTG-inducible (Fig. 1a). As some
of these promoters appeared to be promising for RPP, we have transferred them to easy-to-
use vector backbones to generate the PAR promoter expression system. By picking three
promoters, which have low, intermediate and high expression capabilities, when fully induced
by IPTG, this system is able to express recombinant proteins at three different levels in E. coli,

allowing the expression level of a target protein to be easily tailored to maximize the production
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of soluble recombinant protein. In addition, we demonstrate that the PAR promoter system
can be tuned by different IPTG concentrations, can be used to express toxic proteins, and is

flexible, functioning in different E. coli strains, media and at different growth temperatures.

Materials and methods
Bacterial strains, plasmids, and materials

E. coli strains, XL1 Blue and JCB387, were used for plasmid construction and DNA
manipulation, whilst E. coli BL21, BL21(DE3), W3110 and SHuffle Express and were used for
recombinant protein over-expression (Supplementary Table S1). Strains were grown in LB
broth (Sigma), Lennox broth (2% (w/v) peptone (Oxoid), 1% (w/v) yeast extract (Oxoid) and
170 mM NacCl) [13] and auto-induction medium [14], with appropriate antibiotic selection
(ampicillin 200 pg/ml, kanamycin 50 pug/ml). For RPP, E. coli BL21, BL21(DE3) and W3110
were routinely grown at 37°C, whilst SHuffle Express was grown at 30°C.

Expression vector construction

The PAR promoters, PAR1 to PARS (including PARAL, formerly lacO301) have been
described previously (Browning et al., 2019). Each PAR promoter was amplified from plasmids
pRW50/ PAR1 to PARS8 (Supplementary Table S1), using PCR with primers detailed in
Supplementary Table S2. Purified PCR products were restricted with Bglll and Xbal and
cloned into the pET22b and pET26b expression vectors (Novagen), replacing the canonical
T7 RNA polymerase promoter (Supplementary Fig. S1). The DNA encoding 6His-GFP, from
pET15b/ 6his-gfp, was cloned into each pET22b and pET26b PAR construct using Xbal and
BamHlI restriction sites (Supplementary Table S1; Supplementary Figs. S2 and S3). The DNA
encoding hGH-6His and anti-IL-1B-6His scFv, from pHAK1 and pYU49, respectively, was
cloned into each pET22b PAR construct using Ndel and Sacl (Supplementary Figs. S2 and
S3) [15, 16]. The DNA encoding the BamAenm chimeric outer membrane protein was cloned
into pET22b PAR1, using Ndel and Xhol (Supplementary Figs. S2 and S3) [17]. The lacl
mutation, which changes a single base in the lacl promoter to increase its strength [18, 19],
was introduced into pET22b PAR7 and pET26b PAR7 derivatives using the Agilent
QuikChange site-directed mutagenesis kit and primers laclgF/R (Supplementary Table 2). All

constructs were verified by Sanger DNA sequencing.

Recombinant protein over-expression and detection
Bacterial cultures of E. coli, carrying pET expression plasmids containing the PAR
promoters and various target genes, were grown with shaking in 10 mL of LB medium, until

an optical density (ODsoo) of 0.3 to 0.5. Protein over-expression was induced by the addition
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of IPTG and samples were taken after three or four hours induction. For the expression of the
BamAenm chimera, BL21 cells were grown in 50 ml Lennox broth, supplemented with glucose,
where indicated. Total protein samples were routinely prepared by resuspending normalized
amounts of cells in 2X Laemmli loading buffer (Sigma), heating at 95°C for three minutes, and
centrifuging prior to loading. Normalized protein samples were resolved by reducing SDS-
PAGE and analyzed using Coomassie blue staining and Western blotting, as in our previous
work [20]. For Western blotting, 6His-GFP was detected using anti-GFP antiserum raised in
mouse (Sigma) and an anti-mouse-HRP secondary antibody (Sigma), hGH-6His was detected
using anti-hGH antiserum raised in rabbit [5] and an anti-rabbit-HRP (horseradish peroxidase)
secondary antibody (Amersham), and anti-IL-13-6His scFv was detected using anti-6His (C-
terminal)-HRP (Invitrogen). BamAenm Was detected using anti-BamA antiserum [17] and an
anti-rabbit-HRP secondary antibody (Amersham). Blots were developed using Pierce ECL
Western blotting substrate and all gels and blots shown are representative. To access the
aggregation of product in inclusion bodies, total, soluble and insoluble protein samples were

also prepared using Agilent BugBuster, according to the manufacturer’s instructions.

Cellular fractionation and membrane isolation

50 ml cultures of BL21 cells, carrying pET22b PAR1/ BamAgenm, were grown in Lennox
broth, supplemented with 0.2% glucose, in the presence or absence of 1 mM IPTG for three
hours. Cells were isolated by centrifugation and pellets were washed with 10 mM Tris-HCI (pH
7.4) and resuspended in 20ml of 10 mM Tris-HCI (pH 7.4) containing 2 mM
phenylmethylsulfonyl fluoride (PMSF, protease inhibitor). Cell envelopes were disrupted by
continuous passage through an Emulsiflex C3 for 5 minutes, and unbroken cells and
particulate material was removed by centrifugation for 15 min at 6,000 x g and 4°C. The total
membrane fraction (inner and outer membranes) was then isolated by centrifuging the
supernatant for 1 hour at 48,000 x g at 4 °C and the soluble fraction, which contains
cytoplasmic and periplasmic proteins was retained [17, 20]. Membranes were washed once
and resuspended in 0.4 ml of 10 mM Tris-HCI (pH 7.4).

Rescue of BamA depletion in E. coli

To determine the ability of the BamAenm chimera to rescue BamA depletion on solid
media, the E. coli BamA depletion strain JWD3 (Supplementary Table S1) [21] was grown on
LB agar plates, supplemented by 0.2% (w/v) arabinose or 1 mM IPTG, where indicated. For
experiments in liquid media, JWD3 cells were grown in 50 ml of Lennox broth with 0.2%
glucose, with shaking at 37°C, in the presence or absence of 0.05% (w/v) arabinose. Optical
density was monitored and after 2 hours of growth (ODggo = 0.3 - 0.4) BamAenm production was

induced by the addition of IPTG. The preparation of normalised total cellular protein samples,
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after 6 hours of growth, was as in Browning et al. (2013). Note that in JWD3 cells
chromosomally encoded E. coli BamA is only produced in the presence of arabinose, whilst
in its absence, BamA expression is prevented, resulting in the cessation of growth and cell
death [21]. Depletion can be rescued by providing a functional copy of bamA, such as that
carried by pET22b PAR1/ BamAenm [17, 20].

Flow cytometry.

For flow cytometry analysis, 50 mL cultures of LB medium were incubated with shaking
at 37°C until the culture reached ODeoo ~0.6, and then RPP was induced by addition of IPTG
for three to four hours, as stated. Cultures were analysed using a BD Accuri C6 flow cytometer
(Becton Dickinson, UK). Samples were mixed with 0.2 pm-filtered PBS and data was collected
at a rate of 1000 - 4000 events per second using slow flow and a forward scatter height (FSC-
H) threshold of 10000 to eliminate non-cellular material until 20000 events had been recorded
per sample. Data were analysed using CFlow software (BD).

Results and Discussion
Construction and RPP with the PAR promoters

Previously we generated a suite of PAR promoters, which covered a broad range of
promoter activities from low to high expression levels (i.e. PAR1 to PARS8) (Fig. 1a) [5]. For
ease of use, each PAR promoter was sub-cloned into the medium copy number expression
vector pET22b, which carries an extensive MCS to facilitate gene cloning and a functional lacl
gene to ensure regulation in any E. coli host strain (Supplementary Fig. S1 and Table S1). To
investigate expression from these new vectors, DNA encoding N-terminally 6His-tagged GFP
(6his-gfp) (Supplementary Figs. S2 and S3) was cloned downstream of each PAR promoter
and recombinant plasmids were transferred into E. coli BL21 cells. Cells were grown in LB
medium until mid-logarithmic growth (ODsgo between 0.3 and 0.5) and recombinant PAR
promoter expression was induced with 1 mM IPTG for three hours. Levels of total GFP
production were then analysed by SDS-PAGE and Western blotting. Results in Fig. 1b show
that IPTG-induced GFP production increased with the strength of the PAR promoter (i.e. from
PAR1 to PARS8). Most PAR promoters were tightly regulated, with little or no expression in the
absence of IPTG, but some, e.g. PAR6 and PARS8, were found to be leaky (Fig. 1).

As we wished to develop vectors with a weak, intermediate and strong promoter, we
chose the PAR1, PAR4L and PAR7 constructs, respectively. As expression from the PAR7
construct was slightly leaky in the absence of inducer (Figs. 1b and 1c), the lacl* mutation,
which increases the expression of Lacl, was introduced [18, 19]. This new construct, referred

to as pET22b PAR7Q, showed minimal 6His-GFP expression in the absence of IPTG, as
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judged by Western blotting (results not shown). Expression of 6His-GFP in BL21, driven by
the PARL, PAR4L and PAR7Q promoters, was produced at low, intermediate and high levels
respectively, after induction with 1 mM IPTG (Fig. 2a). This was confirmed by flow cytometry

(Fig. 2b), which revealed differences in expression after 1 hour of induction.

Since RPP expression systems should be as flexible as possible, the PAR1, PAR4L and
PAR7Q promoters were also introduced into the pET26b expression vector, which carries an
alternative plasmid backbone and a kanamycin resistant cassette (Supplementary Table S1).
Expression studies, again using 6his-gfp, demonstrated that graded levels of 6His-GFP
expression, as expected, were achieved (Supplementary Fig. S4). Furthermore, our three
plasmid PAR promoter system functioned well in the E. coli K-12 strain W3110
(Supplementary Fig. S5), and with auto-induction medium when cells were grown at different
temperatures (i.e. 30 and 37°C) for longer periods of time (i.e. 23 hrs) (Supplementary Fig.
S6) [14]. Thus, we conclude that the PAR promoter system is versatile and can be used to
express recombinant proteins to set levels, in different strains and under different growth

conditions.

Maximizing the solubility of recombinant 6His-GFP using the PAR promoters

In many instances, high level RPP can result in misfolded proteins and aggregation of
product into inclusion bodies [6]. We, therefore, hypothesised that expressing target proteins,
using the weaker PAR1 and PARA4L promoters, may reduce product aggregation and improve
overall protein solubility. To examine this, we analysed soluble and insoluble fractions from
BL21 cells expressing 6His-GFP from the pET22b PAR1, PAR4L and PAR7Q constructs.
Results illustrated in Fig. 2c, show that, for the strong PAR7Q construct, a large proportion of
6His-GFP is found in the insoluble fraction. For the intermediate strength PAR4L promoter,
less insoluble 6His-GFP is observed, whilst for the weak PAR1 promoter, all the 6His-GFP
was found in the soluble fraction. This shows that the different expression levels achieved with
the PAR promoter system can be used to tailor expression levels and minimize insoluble
product formation. Note, analysis of the quantity of 6His-GFP in the soluble and insoluble
fractions correlates with flow cytometry data (Fig. 2b), whereby the fluorescence of the PAR7Q
cultures is only slightly higher than the PAR4L cultures despite containing more total GFP.
Flow cytometry has been shown to measure both quantity and folding quality of GFP, with

insoluble GFP having low fluorescence [11].

Fine-tuning of the PAR promoter response by altering the inducer concentration
In our previous experiments, we used a saturating concentration of IPTG (i.e. 1 mM)

to ensure that all promoters were fully derepressed. However, for many induction regimes, low
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inducer concentrations are used to try to decrease RPP and fine-tune expression levels [6].
Whilst this works for some expression systems, in other systems this leads to only a proportion
of the cells in a culture expressing recombinant protein, which has been termed as an all-or-
none phenomenon [22, 23, 24]. Therefore, we examined whether 6His-GFP expression from
our pET22b PAR1, PAR4L and PAR7Q constructs was tuneable. Once more, BL21 cells,
carrying each plasmid, were grown in LB and induced with different IPTG concentrations (i.e.
2, 10, 50 and 1000 pM). The expression of 6His-GFP was then monitored using flow
cytometry. Results in Fig. 3 show that for all three promoters different levels of expression
could be set in a culture by using different IPTG concentrations. Furthermore, the analysis of
individual cells indicated that for each promoter and IPTG concentration tested, GFP induction
was homogenous within the bacterial cell population (Supplementary Fig. S7). This is
particularly evident for the PAR7Q construct, which produces discrete GFP-expressing
populations at many different IPTG concentrations, indicating that expression from this highly
active promoter can be effectively tuned by different IPTG concentrations.

Expression of different protein targets using the PAR promoter system

To test the versatility of the PAR promoter expression system, we examined the
expression of two additional targets, human growth hormone (hGH) and a single chain variable
region antibody fragment against interleukin 1B (anti-IL-18 scFv). Thus, the DNA encoding
each protein, carrying a C-terminal 6His tag, was cloned into pET22b, carrying either the
PAR1, PAR4L or PAR7Q constructs (Supplementary Figs. S2 and S3) [15, 16]. The resulting
plasmids were then transferred to BL21 cells and RPP was induced by the addition of 1 mM
IPTG to mid-logarithmic growing cells. Results in Fig. 4 show that, as anticipated, graded
levels of expression were achieved for both hGH-6His and anti-1L-13-6His scFv, with the most
product produced by cells carrying the PAR7Q construct and the least for PARL.

As correct folding of hGH requires the formation of a disulphide bond, we examined
whether expressing hGH-6His with the PAR promoters aided its solubility. However, as the E.
coli cytoplasm is a reducing environment that does not favour disulphide bond formation, it
was unsurprising to find that the majority of hGH-6His was insoluble (Fig. 5a). To circumvent
this problem, hGH-6His expression was carried out in E. coli SHuffle Express, a genetically
modified E. coli strain, which enables cytoplasmic disulphide bond formation. Cells were grown
in LB medium at 30°C and RPP induced with 1 mM IPTG for three hours. Results illustrated
in Fig. 5b, demonstrate that hGH-6His was successfully induced under this altered induction
regime and that for all PAR promoter constructs the majority of recombinant hGH-6His was

now found in the soluble fraction. Note that the PAR7Q construct produced the most insoluble
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product and that the intermediate strength promoter PAR4L gave the best yield of soluble

protein with minimal insoluble protein, as detected by Western blotting (Fig. 5b).

The PAR1 promoter can be used to express toxic proteins

For some target proteins, very low levels of expression are required, especially when
the recombinant product is toxic. As our PAR1 promoter is based on the lac promoter, it is
subject to catabolite repression and can be inhibited by the inclusion of glucose in the growth
medium (Supplementary Fig. S8) [25]. Therefore, to test if the PAR1 promoter could be used
to express a toxic protein, we cloned the DNA encoding BamAenm, a large chimeric outer
membrane protein (OMP) from Neissieria meningitidis, into our pET22b PAR1 vector
(Supplementary Figs. S2 and S3) [17]. This 88 kDa membrane protein has potential as a
vaccine candidate against N. meningitidis [17, 26]. Results in Fig. 6a, show that
overexpression of this construct at 37°C, using the PAR1 promoter with 1 mM IPTG is toxic
and leads to the cessation of cell growth. When a lower IPTG concentration was used (i.e. 20
UM) cells reached a higher optical density but, growth was arrested before the end of the
experiment (Fig. 6a). In contrast, induction of BamAenm expression with 1 mM IPTG in the
presence of glucose did not influence bacterial growth (Fig. 6a) and resulted in lower
expression levels of BamAgenm without toxicity (Fig. 6b; lane 6). Fractionation of cells into their
soluble (cytoplasmic and periplasmic proteins) and membrane components (inner and outer
membranes) confirmed that that BamAenm Was located in the membrane fraction (Fig. 6¢), as

expected for an integral outer membrane protein.

In E. coli, BamA is an essential protein that is responsible for inserting bacterial 3-
barrel containing OMPs into the bacterial outer membrane [27]. Previously, we demonstrated
that very low-level expression of the N. meningitidis BamAenm chimera could function in E.
coli, rescuing the depletion of BamA in the E. coli K-12 strain JWD3, where BamA production
is absolutely dependent upon arabinose [17]. Results in Supplementary Fig. S9 demonstrate
that IPTG induced BamAenm expression from pET22b PARL, in the presence of glucose, could
also rescue depletion of BamA in JWD3, indicating that under these expression conditions,
BamAenm was folded and functional. It is also of note that, in the absence of IPTG, BamA
depletion in JWD3 was not rescued and BamAenm expression was not detected
(Supplementary Fig. S9), indicating that the PAR1 promoter is tightly regulated and suitable

for the expression of toxic proteins.
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Conclusions

Many expression plasmids carry strong promoters. In most instances, this is beneficial,
but, in some cases, high-level RPP can result in the accumulation of insoluble protein into
inclusion bodies, or cell death if the expressed product is toxic. As obtaining the correct
expression levels for problematic proteins can be difficult to achieve, we have developed the
PAR promoter system, which consists of three plasmids with low, intermediate and high
expression capabilities (PAR1, PAR4L and PAR7Q). Thus, by cloning target DNA into each
vector, the most suitable level of expression required for optimal RPP and solubility can be
determined quickly. The pET22b and pET26b vectors that we used carry extensive MCS, tags
for purification and secretion, and different antibiotic resistance cassettes (Supplementary Fig.
S1 and Table S1). Each plasmid also carries the gene encoding the Lac repressor (i.e. lacl)
and, thus, coordinated regulation can achieved in any E. coli strain regardless of its genotype.
Consistent with this, we show that the PAR system functions with different E. coli strains
commonly used in industry and academia (e.g. BL21, W3110 and SHuffle Express).

Using the PAR system we have expressed different proteins (GFP, hGH, an scFv and
BamAenm) ranging in size from 23 to 88 kDa (Supplementary Fig. S3). Interestingly, even with
GFP, which is often used as a model protein for expression analysis, high-level expression
with the PAR7Q construct resulted in substantial product insolubility, with the weaker PAR
promoters producing less insoluble product (Fig. 2c¢). Note that expression levels from our
PAR7Q promoter construct rivals that of the highly active T7 expression system and so this
effect is to be expected (Supplementary Fig. S10). Cytoplasmic expression of more complex
proteins, such as hGH, can be more problematic as it requires disulphide bond formation for
correct folding. In this instance, product solubility was greatly improved by employing E. coli
SHuffle Express as an expression host (Fig. 5), as it allows cytoplasmic disulphide bond
formation to occur. Once more, the largest amount of insoluble product was found when using
our strongest promoter construct, PAR7Q, with little or no product insolubility observed for the
PARAL and PAR1 constructs. Thus, we show, as others before us, that reducing RPP

expression, by using weaker promoters can improve target solubility [6, 10].

For many experiments, we used high concentrations of IPTG (i.e. 1 mM) to ensure that
our expression systems are fully switched on. However, our results show that the level of RPP
driven by the PAR promoters can be modulated. Our systems are tuneable, with specific IPTG
concentrations producing different expression levels homogenously within a culture, rather
than an all-or-none phenotype that has been observed before (Fig. 3 and Supplementary Fig.
S7) [22, 23, 24]. Also, the use of glucose-mediated repression with the PAR1 promoter

enabled the expression of the toxic BamAenm chimera from N. meningitidis (Fig. 6). It is of note
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that BamAenm is a large outer membrane protein that must traverse the E. coli inner membrane
and periplasmic space to be inserted into the outer membrane [27]. Overloading of the cellular
machinery responsible for these events (i.e. the Sec translocase, the periplasmic chaperones,
and the nascent Bam complex) will likely result in toxicity and cell death [17, 27]. Thus, due to
the tight repression of PAR1 in the absence of inducer and the ability to modulate expression
by glucose (Fig. 6; Supplementary Figs. S8 and S9), the PAR1 promoter is ideal for low-level
expression of toxic proteins. Finally, all three promoters worked well with auto-induction
medium (Supplementary Fig. S6), indicating that inducer exclusion (i.e. the ability to prevent
lactose uptake when glucose is present in the growth medium) is a feasible way to control and
delay RPP induction with the PAR system [14].

Since its discovery, the lac operon promoter and its derivatives have been extensively
used in biotechnology [3, 4, 8, 28]. In this work, we have further adapted the lac promoter to
generate an easy-to-use RPP expression system that allows the expression of target proteins
to be quickly set to obtain optimal expression and/ or solubility. Furthermore, we show that the
PAR system functions well with many of the common induction regimes used to control both
the level and timing of target protein expression. Thus, fine-tuning expression levels from the
PAR promoters gives added flexibility. Future research will focus on optimizing the PAR

promoter system for use in larger-scale expression and fermenter applications.
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Figure Legends

Fig. 1. Expression of recombinant 6His-GFP protein can be set to different levels using the
PAR promoters. (a) The panel shows a schematic representation of the PAR promoters used
in this study. Each PAR construct (i.e. PAR1 to PARS8) carries -10 and -35 promoter elements,
based on either the lac or tac promoters, and two flanking lac operator DNA sequences [5].
The Lacl repressor protein, binding to each operator target, represses promoter activity (-ve),
until the addition of IPTG causes it to release the promoter DNA [29]. Panels (b) and (c) show
Coomassie blue stained SDS-PAGE gels and Western blots, respectively, examining 6His-
GFP expression in E. coli BL21 cells, carrying various pET22b PAR constructs (PAR1 to
PARS). Cells were grown in LB medium and sampled after three hours induction with (or
without) 1 mM IPTG. An empty pET22b vector control (EV) was included. In the Western blot
in panel (c), recombinant 6His-GFP was detected using anti-GFP antiserum and anti-mouse
HRP secondary antibody.

Fig. 2. Analysis of 6His-GFP expression using the three promoter PAR system. (a) The panel
shows a Coomassie blue stained SDS-PAGE gel of E. coli BL21 cells expressing 6His-GFP,
using the pET22b three promoter PAR system (PAR1, PAR4L and PAR7Q). Cells were grown
in LB medium and RPP was initiated for three hours by the addition of 1 mM IPTG, where
indicated. (b) The panel shows the mean cellular fluorescence of E. coli BL21 cells as
measured by flow cytometry, expressing 6His-GFP from the pET22b three promoter PAR
system. Cells were grown in LB medium and RPP was induced for three hours using 1 mM
IPTG. Data are shown as mean green fluorescence values from replica flasks and error bars
are * the standard deviation. (c) The panel shows a Coomassie blue stained SDS-PAGE gel
investigating the solubility of 6His-GFP expressed in E. coli BL21 cells using the pET22b three
promoter PAR system. Cultures were grown in LB medium and protein production was
induced by 1 mM IPTG for three hours. Harvested cells were lysed to prepare total (T), soluble
(S) and insoluble (I) protein samples. In panels (a) and (b) empty vector controls (EV) were

included.

Fig. 3. Expression from the PAR promoters can be fine-tuned using different IPTG
concentrations. The figure shows flow cytometry analysis of mean green fluorescence from
BL21 cells carrying pET22b PAR/ 6His-GFP constructs (a) PAR1, (b) PARA4L and (c) PAR7Q.
Cells were grown in LB medium and 6His-GFP expression was induced by the inclusion of
IPTG at 2, 10, 50 and 1000 pM. Data are shown as mean green fluorescence values from

replica flasks, error bars are + the standard deviation.
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Fig. 4. Expression of hGH and an anti-IL-1 scFv using the PAR promoter system. The figure
shows Coomassie blue stained SDS-PAGE gels of E. coli BL21 cells expressing (a) hGH-6His
and (b) anti-IL-1B-6His scFv, using the pET22b three promoter PAR system (PAR1, PAR4L
and PAR7Q). Cells were grown in LB medium and RPP was initiated for three hours by the
addition of 1 mM IPTG, where indicated. In each case, an empty vector control (EV) was

included.

Fig. 5. Solubility of recombinant hGH-6His expressed in E. coli BL21 and E. coli SHuffle
Express cells. The figure shows Coomassie blue stained SDS-PAGE gels investigating the
solubility of hGH-6His expressed in (a) E. coli BL21 and (b) E. coli SHuffle Express cells using
the pET22b three promoter PAR system (PAR1, PAR4L and PAR7Q). Cultures were grown
in LB medium and protein production was induced by 1 mM IPTG for three hours. Harvested
cells were lysed to prepare total (T), soluble (S) and insoluble (I) protein samples. Empty
vector controls (EV) were included. In panel (b) a Western blot is included detailing the
detection of hGH-6His in samples, using anti-hGH antiserum and anti-rabbit HRP secondary

antibody.

Fig. 6. Expression of the N. meningitidis BamAenm chimera protein in E. coli BL21 cells. (a)
The panel shows growth of the E. coli BL21 cells carrying either pET22b PAR1 empty vector
or pET22b PAR1/ BamAenm in Lennox broth, supplemented with 0.2% glucose (G 0.2%),
where indicated. Expression of BamAenm was induced after three hours growth by the addition
of IPTG at either 20 uM or 1 mM, where indicated. (b) Detection of BamAgnm chimera
expression. The panel shows a Coomassie blue stained gel of normalised total cell protein
from the BL21 cells in panel (a), carrying either pET22b PAR1 empty vector or pET22b PAR1/
BamAenm after three hours induction. Culture numbering in panel (a) is the same for the
loading of samples in panel (b) (denoted as *). The gel was loaded as follows: lane 1, BL21
pPET22b PAR1 empty vector (EV) grown in Lennox broth; lane 2, BL21 pET22b PAR1/
BamAenm grown in Lennox broth (uninduced); lane 3, pET22b PAR1/ BamAgenm grown in
Lennox broth with 0.2% glucose (uninduced); lane 4, BL21 pET22b PAR1/ BamAgnm grown in
Lennox broth and induced with 1 mM IPTG; lane 5, BL21 pET22b PAR1/ BamAgnm grown in
Lennox broth and induced with 20 uM IPTG,; lane 6, BL21 pET22b PAR1/ BamAgnm grown in
Lennox broth with 0.2% glucose and induced with 1 mM IPTG. (c) Detection of BamAgnm in
membrane fractions from BL21 pET22b PAR1/ BamAenm cells. The panel shows a Coomassie
blue stained gel and Western blot of soluble (Sol) and membrane (Mem) fractions from the
BL21 cells in panel (a), carrying pET22b PAR1/ BamAenm grown in Lennox broth with 0.2%
glucose in the presence or absence of 1 mM IPTG after 3 hours. For the Coomassie blue

stained gel, 5 pg of soluble and 3 pg of membrane protein was loaded, and for the Western
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545  blot 0.5 pg and 0.3 ug of protein were loaded, respectively. BamAenm was detected by probing
546  with anti-E. coli BamA POTRA antiserum and anti-rabbit HRP secondary antibody.
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Fig. 1. Hothersall et al. (2021)
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Fig. 2. Hothersall et al. (2021)
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Fig. 3. Hothersall et al. (2021)
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Fig. 4. Hothersall et al. (2021)
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Fig. 5. Hothersall et al. (2021)
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Fig. 6. Hothersall et al. (2021)

a)

b)

—
1

EV

1 *—— pET22b PARL

2 —— pET22b PAR1 BamA

3 -~ pET22b PARL BamA G 0.2%

4 pET22b PAR1 BamA IPTG 1 mM

5 —— pET22b PAR1 BamA IPTG 20 uM

6 —— pET22b PAR1 BamA G 0.2% IPTG 1 mM

o

2 4
Time (hours)

pET22b PAR1 o)

BamAgy,

[ ]
2 34 5 6

kDa
95 —

553

e e ===
T e o T===-

€= BamAg,,

22

1 mM IPTG
0.2% Glucose
<20 pM
IPTG
<%= 1mM
IPTG
6
Sol Mem Sol Mem
1 T 1
R T
- =| 4« BamA,,,
=
—— <« OmpF/C
—— <€ OmpA




554

555

556

557
558
559

560
561

562

563
564
565
566

567
568

569

570

571

572
573

574
575

576
577

578
579
580
581
582
583
584

The PAR promoter expression system: modified lac
promoters for controlled recombinant protein production
in Escherichia coli

Supplementary Material.

Joanne Hothersall *, Rita E. Godfrey !, Christos Fanitsios 22, Tim W. Overton 2,

Stephen J. W. Busby *, and Douglas F. Browning *

L Institute of Microbiology and Infection and School of Biosciences, University of Birmingham,
Edgbaston, Birmingham, B15 2TT, UK.

2 School of Chemical Engineering and Institute of Microbiology and Infection, University of
Birmingham, Birmingham, B15 2TT, UK.

% Present address: Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK.

*To whom correspondence should be addressed:

Email; [.hothersall@bham.ac.uk Tel: +44 (0)121 414 5434
Email: s.j.w.busby@bham.ac.uk Tel: +44 (0)121 414 5439
Email: d.f.browning@bham.ac.uk Tel: +44 (0)121 414 5434

23


https://mail.bham.ac.uk/owa/redir.aspx?C=dsd1607Quxrg_AK3ZAJ66xIvqq8Y6ZyrGrpEC8hhlLjvTHNfPQXXCA..&URL=mailto%3am.g.tomlinson%40bham.ac.uk
mailto:s.j.w.busby@bham.ac.uk
mailto:d.f.browning@bham.ac.uk

585

586

587
588

Supplementary Table S1. Bacterial strains and plasmid used in this study.

Name Details Source
Strains
BL21 fhuA2 [lon] ompT gal [decm] AhsdS Novagen
BL21(DE3) fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS Novagen
A DE3 = A sBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 gene1) i21 Aninb
JCB387 Anir, Alac (1]
JWD3 E. coli K-12 BamA depletion strain (2]
SHuffle Express F’ lac, pro, lacl® / A(ara-leu)7697 araD139 fhuA2 | NEB
lacZ::T7 gene1 A(phoA)Pvull phoR ahpC* galE
(or U) galK Aatt::;pNEB3-r1-cDsbC (SpecR, lacl9)
AtrxB rpsL150(StrR) Agor A(malF)
A, IN(rrnD-rrE)1, rph-1
W3110 recAl, endAl, gyrA96, thi-1, hsdR17, supE44, (3]
XL1 Blue relAl, lac, [F proAB lacliZAM15 Tn10 (Tet?)] Agilent
Plasmids
pPET15b T7 RNA polymerase expression vector (AmpR, Novagen
N-terminal His tag). Carries the lacl gene.
PET22b T7 RNA polymerase expression vector (AmpR, Novagen
pelB signal sequence, C-terminal His tag).
Carries the lacl gene.
PET26b T7 RNA polymerase expression vector (KanR, Novagen
pelB signal sequence, C-terminal His tag).
Carries the lacl gene.
PET15b/ 6his-gfp pET15b expressing 6His N-terminal GFP fusion | Dr David Lee.

pYU49
pHAK1

pRW50
pRW50/ PAR1
pRW50/ PAR2
pRW50/ PAR3
pRW50/ PAR4
pRW50/ PARAL
pRW50/ PAR5
pRW50/ PAR6
pPRW50/ PAR7
pRW50/ PARS

pPET23 based vector with ptac promoter
expressing TorAsp anti-1L-13-6His scFv.
pPET23 based vector with ptac promoter
expressing TorAsp hGH-6His

lacZ transcription fusion plasmid (TetR)
pRW50 carrying the PAR1 promoter
pRW50 carrying the PAR2 promoter
pRW50 carrying the PAR3 promoter
pRW50 carrying the PAR4 promoter
pRW50 carrying the PAR4L promoter
pRW50 carrying the PARS promoter
pRW50 carrying the PAR6 promoter
pRW50 carrying the PAR7 promoter
pRW50 carrying the PAR8 promoter

[4]
5]

(6]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
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589  Supplementary Table S2. Primers used in this study

Primer Sequence (5" to 3")

ptac(Bglll) GGGGGAGATCTGATAATGTTTTTTGCGCCGACATCATAACGG

ptacO3(Bglll) | GGGGGAGATCTGGCAGTGAGCGCAACGCAATTATCATAACGGTTCTGGC
placO1(Bglll) | GGGGGAGATCTAATTGTGAGCGGATAACAATTAATGTGAGTTAGCTICACTC
placO3(Bglll) | GGGGGAGATCTGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTC
placRV(Xbal) | GGGGGICTAGACTGTTTCCTGTGTGAAATTGTTATCCG

laclqF GACACCATCGAATGGTIGCAAAACCTTTCGCG

laclgR CGCGAAAGGTTTTGCACCATTCGATGGTGTC

590
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Supplementary Figure Legends.

Supplementary Fig. S1. The pET22b and pET26b multiple cloning site (MCS). The figure
shows the DNA sequence of the T7 promoter region and MCS of pET22b and pET26b
(Novagen). Note that the same region in each plasmid is identical. The location of the 6His
purification tag and the pelB leader sequence, which allows secretion of protein into the E. coli
periplasm, is highlighted. Restriction enzyme recognition sites are bold. The location of the T7
promoter, the lac operator, the ribosome binding site (RBS) and the T7 terminator primer
(Novagen) are also indicated. Amino acid sequence is also shown below the relevant DNA

sequence.

Supplementary Fig. S2. The DNA sequences of target proteins expressed in this study. The
figure shows the DNA sequences of (a) 6his-gfp (b) hgh-6his (c) IL-73-6his scFv and (d)
bamAenm used in this study. Restriction enzyme recognition sites (Xbal, Ndel, BamHI, Sacl
and Xhol) used to clone each fragment into vectors are shown bold and underlined. For each
construct the translation initiation codon (AUG) is green, the DNA encoding the 6His tag is
purple and the translation stop codon (TAA) is red. Note the bamAenm construct used in this
work encodes the BamAenm chimera protein, which is a fusion of the E. coli BamA N-terminal

domain and BamA C-terminal B-barrel domain from N. meningitidis [8].

Supplementary Fig. S3. The amino acid sequences of target proteins expressed in this study.
The figure shows the amino acid sequences of the (a) 6His-GFP (b) hGH-6His (c) anti-IL-1[-
6His scFv and (d) BamAenm proteins used in this study. For each protein the 6His tag is purple
and predicted molecular weight (Mw) of each protein is given. Note the BamAenm protein
chimera is a fusion of the E. coli BamA N-terminal domain and BamA C-terminal B-barrel

domain from N. meningitidis [8].

Supplementary Fig. S4. Expression of 6His-GFP using the PAR promoter system in the
pPET26b vector backbone. The figure shows a Coomassie blue stained SDS-PAGE gel
analysing the expression of 6His-GFP from the three promoter PAR system (PAR1, PAR4L
and PAR7Q) cloned into the pET26b vector system in E. coli BL21 cells. Cells were grown in
LB medium at 37°C and RPP was induced for three hours by the addition of 1 mM IPTG,

where appropriate. An empty vector control (EV) was included.

Supplementary Fig. S5. Expression of 6His-GFP using the PAR promoter system in E. coli
K-12 strain W3110. The figure shows a Coomassie blue stained SDS-PAGE gel analysing the
expression of 6His-GFP from the three promoter PAR system (PAR1, PAR4AL and PAR7Q)

cloned into the pET22b vector in E. coli K-12 strain W3110. Cells were grown in LB medium
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at 37°C and RPP was induced for 3 hours by the addition of 1 mM IPTG, where appropriate.

An empty vector control (EV) was included.

Supplementary Fig. S6. Expression of 6His-GFP using the PAR promoter system in auto-
induction medium at different growth temperatures. The figure shows Coomassie blue stained
SDS-PAGE gels analysing the expression of 6His-GFP in E. coli BL21 cells, using the three
promoter PAR system (PAR1, PAR4L and PAR7Q) when cloned into pET22b. Cells were
grown in auto-induction medium [9] at either (a) 37°C or (b) 30°C and samples were taken 3,

6 and 23 hours after sub-culturing (O/N overnight).

Supplementary Fig. S7. Homogeneous green fluorescence intensity of cells expressing
6His-GFP from the PAR promoters. Flow cytometry analysis of green fluorescence from BL21
pET22b PAR/ 6His-GFP constructs (a) PAR1, (b) PAR4L and (¢) PAR7Q grown in LB medium
with 2 yM to 1000 pM IPTG induction for four hours. Data are plotted as histograms showing

number of cells with different green fluorescence (FL1-A) values.

Supplementary Fig. S8. Glucose represses expression from the PAR1 promoter. The figure
shows the mean green fluorescence intensities of E. coli BL21 cells, carrying pET22b
PAR1/ 6his-gfp, for the first three hours after IPTG induction, in the presence and absence of
0.5% glucose. Dotted lines correspond to expression levels in cells grown in the absence of
glucose, whilst the solid ones represent cells grown in its presence. 6His-GFP expression was
induced by the inclusion of IPTG at 2, 10, 50, 100 and 1000 pM. Data are shown as

mean green fluorescence values from replica flasks, error bars are + the standard deviation.

Supplementary Fig. S9. Rescue of BamA depletion by the expression of the N. meningitidis
BamAenm chimera protein. (a) The panel shows growth of the E. coli BamA depletion strain,
JWD3, on LB agar pates in the presence of arabinose (+Ara), the absence of arabinose (-Ara)
or the presence of only 1 mM IPTG (+IPTG). Cells carried either pET22b PAR1 empty vector
or pET22b PAR1/ BamAenm. Note that in JWD3 cells the chromosomally-encoded E. coli
BamA is only produced in the presence of arabinose, whilst in its absence, BamA expression
is prevented, resulting in cell death [2]. Depletion can be rescued by providing a functional
copy of bamA [8, 10], such as that carried by pET22b PAR1/ BamAenm. (b) The panel shows
the growth of JWD3 cells, carrying either pET22b PAR1 empty vector or pET22b PAR1/
BamAenm, in Lennox broth medium, supplemented with 0.2% glucose, in the absence of
arabinose, the presence of arabinose (Ara) or the presence of 1 mM IPTG (IPTG). (c)

Detection of BamAenm chimera expression. The panel shows a Coomassie blue stained gel

27



665
666
667
668
669
670
671
672
673
674
675
676

and Western blot of normalised total cell protein from the JWD3 cells carrying either pET22b
PAR1 empty vector or pET22b PAR1 BamAenm, after 480 minutes of growth in Lennox broth
with 0.2% glucose supplemented with 0.05% arabinose or 1 mM IPTG, where indicated. Blots
were probed with anti-E. coli BamA POTRA antiserum and anti-rabbit HRP secondary

antibody to detect BamAgnm.

Supplementary Fig. S10. Comparison of 6His-GFP production using standard T7 RNA
polymerase-driven expression and the PAR7Q promoter construct. The figure shows a
Coomassie blue stained SDS-PAGE gel analysing the expression of 6His-GFP in E. coli
BL21(DE3) cells, using pET15b/ 6his-gfp, and in E. coli BL21, using pET22b PAR7Q/ 6his-
gfp. Cells were grown in LB medium at 37°C with shaking and recombinant protein production

was induced for three hours by the addition of 1 mM IPTG, where appropriate.
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Supplementary Fig. S1.

BglII T7 promoter lac operator
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAA

Xbal RBS NdeI
TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAATACCTG
M K Y L
pelB leader NcoI

CTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGGAT
L p T A A A G L L L. LA A Q P A M A M D

BamHI EcoRI SacI Sall HindIII NotI Xhol
ATCGGAATTAATTCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAG
I G I N S D P N S S s v D K L A A A L E

6His tag
CACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTG
H H H H H H End

GCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTG
< T7 Terminator Primer
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Supplementary Fig. S2.
(a) 6his-gfp

TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCA
GCGGCCTGGTGCCGCGCGGCAGCCATATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGG
TCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCA
AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCT
ACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG
GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGC
TGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCA
AGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACLG
GCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCG
ATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGGAT
CC

(b) hgh-6his

CATATGTTCCCAACCATTCCCTTATCCAGGCTTTTTGACAACGCTATGCTCCGCGCCCATCGTCTGCACCAGCTG
GCCTTTGACACCTACCAGGAGTTTGAAGAAGCCTATATCCCAAAGGAACAGAAGTATTCATTCCTGCAGAACCCC
CAGACCTCCCTCTGTTTCTCAGAGTCTATTCCGACACCCTCCAACAGGGAGGAAACACAACAGAAATCCAACCTA
GAGCTGCTCCGCATCTCCCTGCTGCTCATCCAGTCGTGGCTGGAGCCCGTGCAGTTCCTCAGGAGTGTCTTCGCC
AACAGCCTGGTGTACGGCGCCTCTGACAGCAACGTCTATGACCTCCTAAAGGACCTAGAGGAAGGCATCCAAACG
CTGATGGGGAGGCTGGAAGATGGCAGCCCCCGGACTGGGCAGATCTTCAAGCAGACCTACAGCAAGTTCGACACA
AACTCACACAACGATGACGCACTACTCAAGAACTACGGGCTGCTCTACTGCTTCAGGAAGGACATGGACAAGGTC
GAGACATTCCTGCGCATCGTGCAGTGCCGCTCTGTGGAGGGCAGCTGTGGCTTCCATCATCATCATCATCACTAA
TAAGGATCCGAATTCGAGCTC

(c) IL-1B-6his scFv

CATATGGATATCCAGATGACGCAGAGCCCGAGCAGCCTGAGCGCCAGCGTGGGTGACCGTGTGACCATTACCTGT
CGTACCAGCGGCAACATTCATAACTATCTGACCTGGTACCAGCAGAAACCGGGCAAAGCGCCGCAGCTGCTGATT
TATAATGCAAAAACCCTGGCAGATGGTGTGCCGAGCCGCTTTAGCGGCAGCGGTAGCGGTACCCAGTTCACCCTG
ACGATCAGCAGCCTGCAGCCGGAAGACTTTGCCAACTATTACTGCCAGCACTTCTGGAGCCTGCCGTTTACCTTC
GGTCAGGGCACGAAAGTGGAAATTAAACGTACCGGCGGTGGCGGTAGCGGCGGTGGCGGTAGCGGCGGTGGCGGT
AGCGGCGGTGGCGGTAGCGAGGTGCAGCTGGTTGAAAGCGGCGGTGGCCTGGTTCAGCCGGGTGGCAGCCTGCGT
CTGAGCTGTGCGGCCAGCGGCTTTGATTTCAGCCGTTATGACATGAGCTGGGTGCGTCAGGCACCGGGTAAACGT
CTGGAATGGGTTGCCTATATTAGCAGCGGTGGCGGTAGCACCTACTTTCCGGATACGGTGAAAGGCCGCTTCACC
ATCAGCCGTGACAACGCAAAAAATACGCTGTACCTGCAGATGAACAGCCTGCGCGCCGAAGATACCGCAGTTTAT
TACTGCGCCCGTCAGAATAAAAAACTGACGTGGTTCGACTACTGGGGTCAGGGCACGCTGGTTACGGTTAGCAGC
CATCATCATCATCATCACTAATAAGGATCCGAATTCGAGCTC

(d) bamAENm

CATATGGCGATGAAAAAACTGCTGATCGCGTCTCTGCTGTTCTCTTCTGCGACCGTTTACGGTGCTAGCGAAGGT
TTCGTTGTTAAAGACATCCACTTTGAAGGTCTGCAACGTGTTGCGGTTGGTGCGGCGCTGCTGTCTATGCCGGTT
CGTACCGGCGACACCGTGAACGACGAAGACATCTCTAACACCATCCGTGCGCTGTTCGCGACCGGCAACTTTGAA
GACGTTCGTGTTCTGCGTGACGGTGACACCCTGCTGGTTCAGGTTAAAGAACGTCCGACCATCGCGTCTATCACC
TTCTCTGGTAACAAATCTGTTAAAGACGACATGCTGAAACAGAACCTGGAAGCGTCTGGTGTTCGTGTTGGTGAA
TCTCTGGACCGTACCACCATCGCGGACATCGAAAAAGGTCTGGAAGACTTCTACTACTCTGTTGGTAAATACTCT
GCGTCTGTTAAAGCGGTTGTTACCCCGCTGCCGCGTAACCGTGTTGACCTGAAACTGGTTTTCCAGGAAGGTGTT
TCTGCGGAAATCCAGCAGATCAACATCGTTGGTAACCACGCTTTCACCACCGACGAACTGATCTCTCACTTCCAA
CTGCGTGACGAAGTTCCGTGGTGGAACGTGGTTGGTGACCGTAAATACCAGAAACAGAAACTGGCGGGTGACCTG
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GAAACCCTGCGTTCTTACTACCTGGACCGTGGTTACGCGCGTTTCAACATCGACTCTACCCAGGTTTCTCTGACC
CCGGACAAAAAAGGTATCTACGTTACCGTGAACATCACCGAAGGTGACCAGTACAAACTGTCTGGTGTTGAAGTT
TCTGGTAACCTGGCGGGTCACTCTGCGGAAATCGAACAACTGACCAAAATCGAACCGGGTGAACTGTATAACGGC
ACCAAAGTTACCAAAATGGAAGACGACATCAAAAAACTGCTGGGTCGTTACGGTTACGCTTACCCGCGTGTTCAG
TCTATGCCGGAAATCAACGACGCGGACAAAACCGTTAAACTGCGTGTGAACGTGGACGCGGGTAACCGTTTCTAC
GTTCGTAAAATCCGTTTTGAAGGTAACGACACCTCTAAAGACGCGGTTCTGCGTCGTGAAATGCGTCAGATGGAA
GGTGCGTGGCTGGGTTCTGACCTGGTTGACCAGGGTAAAGAACGTCTGAACCGTCTGGGTTTCTTTGAAACCGTT
GACACCGACACCCAGCGTGTTCCGGGTTCCCCGGACCAGGTTGACGTTGTTTACAAAGTTAAAGAACGTAACACC
GGATCCCTGGACCTGTCTGCGGGTTGGGTTCAGGACACCGGCCTGGTTATGTCTGCGGGTGTTTCTCAGGACAAC
CTGTTCGGCACCGGCAAATCTGCGGCGCTGCGTGCGTCTCGTTCTAAAACCACCCTGAACGGTTCTCTGTCTTTC
ACCGACCCGTACTTCACCGCTGACGGTGTTTCTCTGGGTTACGACGTTTACGGTAAAGCGTTCGACCCGCGTAAA
GCGTCTACCTCTATCAAACAGTACAAAACCACCACCGCTGGTGCGGGTATCCGTATGTCTGTTCCGGTTACCGAA
TACGACCGTGTGAACTTCGGTCTGGTTGCGGAACACCTGACCGTGAACACCTACAACAAAGCGCCGAAACACTAC
GCGGACTTCATCAAAAAATACGGTAAAACCGACGGCACCGACGGTTCTTTCAAAGGTTGGCTGTATAAAGGCACC
GTTGGTTGGGGTCGTAACAAAACCGACTCTGCGCTGTGGCCGACCCGTGGTTACCTGACCGGCGTGAACGCGGAA
ATCGCGCTGCCGGGTTCTAAACTGCAATACTACTCTGCGACCCACAACCAGACCTGGTTCTTCCCGCTGTCTAAA
ACCTTCACCCTGATGCTGGGTGGTGAAGTTGGTATCGCGGGTGGTTACGGTCGTACCAAAGAAATCCCGTTCTTT
GAAAACTTCTACGGTGGTGGTCTGGGTTCTGTTCGTGGTTACGAATCTGGCACCCTGGGTCCGAAAGTTTACGAC
GAATACGGTGAAAAAATCTCTTACGGTGGTAACAAAAAAGCGAACGTGTCTGCGGAACTGCTGTTCCCGATGCCG
GGTGCGAAAGACGCGCGTACCGTTCGTCTGTCTCTGTTCGCGGACGCGGGTTCTGTTTGGGACGGTAAAACCTAC
GACGACAACTCTTCTTCTGCGACCGGCGGTCGTGTTCAGAACATCTACGGTGCGGGTAACACCCACAAATCTACC
TTCACCAACGAACTGCGTTACTCTGCGGGTGGTGCGGTTACCTGGCTGTCTCCGCTGGGGCCCATGAAATTCTCT
TACGCTTACCCGCTGAAAAAAAAACCGGAAGACGAAATCCAGCGTTTCCAGTTCCAACTGGGCACCACCTTCTAA
TGAGGGCCCATGAAGTTTAGCTATGCCTATCCATTAAAGAAGAAGCCAGAGGATGAGATTCAAAGATTTCAATTT
CAATTAGGTACTACTTTTGGCGGCAGATCTCTCGAG
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Supplementary Fig. S3.
(a) 6His-GFP Mw 29105 Da

MGSSHEHHHHSSGLVPRGSHMVSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKET
CTTGKLPVPWPTLVTTLTYGVQCEFSRYPDHMKQHDEFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEE
GDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNEKIRHNIEDGSVQLADHYQ
ONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

(b) hGH-6His Mw 23083 Da

MEFPTIPLSRLEDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLONPQTSLCFSESIPTPSNREET
QOKSNLELLRISLLLIQSWLEPVQFLRSVEFANSLVYGASDSNVYDLLKDLEEGIQTLMGRLEDGSPRT
GOIFKQTYSKEFDTNSHNDDALLKNYGLLYCFRKDMDKVETFLRIVQCRSVEGSCGFHHHHHH

(c) Ant-IL-1B-6His scFv Mw 27495 Da

MDIOMTQSPSSLSASVGDRVTITCRTSGNIHNYLTWYQQOKPGKAPQLLIYNAKTLADGVPSRESGSGS
GTQFTLTISSLOPEDFANYYCQHFWSLPFTFGOQGTKVEIKRTGGGGSGGGGSGGGGSGGGGSEVQLVE
SGGGLVQPGGSLRLSCAASGFDFSRYDMSWVRQAPGKRLEWVAYISSGGGSTYFPDTVKGRETISRDN
AKNTLYLOMNSLRAEDTAVYYCARQONKKLTWEDYWGQGTLVTVSSHHEHHH

(d) BamAenm Mw 87992 Da

MAMKKLLIASLLEFSSATVYGASEGEFVVKDIHFEGLORVAVGAALLSMPVRTGDTVNDEDISNTIRALFE
ATGNFEDVRVLRDGDTLLVQVKERPTIASITESGNKSVKDDMLKONLEASGVRVGESLDRTTIADIEK
GLEDFYYSVGKYSASVKAVVTPLPRNRVDLKLVEFQEGVSAEIQQINIVGNHAFTTDELISHFQLRDEV
PWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYAREFNIDSTQVSLTPDKKGIYVTVNITEGDQYKLSGV
EVSGNLAGHSAEIEQLTKIEPGELYNGTKVTKMEDDIKKLLGRYGYAYPRVQSMPEINDADKTVKLRV
NVDAGNREYVRKIRFEGNDTSKDAVLRREMROMEGAWLGSDLVDQGKERLNRLGFFETVDTDTQRVPG
SPDOVDVVYKVKERNTGSLDLSAGWVQDTGLVMSAGVSQDNLEGTGKSAALRASRSKTTLNGSLSETD
PYFTADGVSLGYDVYGKAFDPRKASTSIKQYKTTTAGAGIRMSVPVTEYDRVNEFGLVAEHLTVNTYNK
APKHYADFIKKYGKTDGTDGSFKGWLYKGTVGWGRNKTDSALWPTRGYLTGVNAETIALPGSKLQOYYSA
THNOQTWEFFPLSKTFTLMLGGEVGIAGGYGRTKEIPFFENFYGGGLGSVRGYESGTLGPKVYDEYGEKI
SYGGNKKANVSAELLEPMPGAKDARTVRLSLEFADAGSVWDGKTYDDNSSSATGGRVONIYGAGNTHKS
TETNELRYSAGGAVTWLSPLGPMKESYAYPLKKKPEDEIQRFQFQLGTTE
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Supplementary Fig. S6.

866

867

868

37°C

869

O/N

6 hrs

3 hrs

870

30°C

0LYvd
Tr4vd

O/N

6 hrs

3 hrs

qzezl13d A3

kDa

b)

36



871  Supplementary Fig. S7.
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Supplementary Fig. S8.
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879  Supplementary Fig. S9.
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Supplementary Fig. S10.
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