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Abstract

Recombinant proteins are generally fused with solubility enhancer tags to improve target
protein folding and solubility. However, the fusion protein strategy usually requires the use of
expensive proteases to perform in vitro proteolysis and additional chromatography steps to
obtain tag-free recombinant proteins. Expression systems based on intracellular processing of
solubility tags in Escherichia coli, through co-expression of a site-specific protease, are useful
for simplifying the recombinant protein purification process, for screening molecules that fail
to remain soluble after tag removal, and to promote higher yields of soluble target protein.
Herein, we review controlled intracellular processing (CIP) systems, tailored to produce
soluble untagged proteins in E. coli. We discuss the different genetic systems available for
intracellular protein processing regarding system design features, significant advantages and

limitations of the various strategies.

Keywords: Recombinant proteins; controlled intracellular processing; Escherichia coli; protein

solubility; site-specific protease.
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Introduction

Escherichia coli is the microorganism of choice for the production of recombinant
proteins (Feng et al. 2014). It is estimated that ca. 88% of protein structures deposited in
Protein Data Bank derived from proteins produced in this host organism (Nettleship et al.
2010). Besides, this bacterial chassis produces more than 30% of FDA-approved
biopharmaceuticals. The advantages of the E. coli expression systems include minimal
requirements of laboratory structure and sterile procedures, short doubling time, high dry-
weight yields in recombinant proteins, and straightforward process scale-up (Sezonov et al.
2007). However, a major bottleneck of this bacterial system involves the poor recovery of
recombinant proteins in their soluble forms, particularly when working with proteins of
eukaryotic origin (Costa et al. 2014).

To overcome solubility problems, a widely used approach is the fusion-tag
technology, in which the gene encoding the target protein is fused with the coding sequence
of a highly soluble protein. This technology often leads to improvements in solubility and
stability of a given recombinant protein of interest, then contributing to a streamlined
purification process (Kosobokova et al. 2016). The most commonly used solubility enhancers
include Maltose-Binding Protein (MBP), Glutathione-S-Transferase (GST), Thioredoxin A
(TrxA), and N Utilization Substance Protein A (NusA). The reasons why these proteins
improve the solubilities of their partners are not completely understood to date; however, it is
already known that polypeptide chains rich in positively charged amino acids can increase
electrostatic repulsion among residues during translation, then avoiding aggregation (Kang et
al. 2015). Additionally, the tag-fusion technology can prevent defective mRNA structures
when fused to the N-terminal portion of the target sequence, and the solubility enhancer

proteins are more likely to be highly soluble than shorter peptides (Waugh 2005).
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Nevertheless, removing fusion protein tags requires expensive site-specific proteases,
such as Tobacco Etch Virus Protease (TEVp), Human Rhinovirus Protease 3C (HRV 3C),
Enterokinase, and Factor Xa. Besides, additional chromatography steps are entailed to remove
both fusion tags and protease from target protein eluate (Li 2011). Likewise, some proteins
may aggregate after the solubility tag is removed. Therefore, in vivo intracellular processing
can be useful as a tool to verify molecules that will fail to remain soluble after cleavage is

performed (Cesaratto et al. 2016; Kapust and Waugh 2000; Lu and Aon 2014).

In vivo solubility tag cleavage systems

Even though in vivo experiments involving TEV protease had been reported back in
the 90s (Parks et al. 1995), it was only in the 2000s that co-expression of proteases in E. coli
was described as a system for controlled intracellular processing (CIP) (Kapust and Waugh
2000) (Fig. 1; Table 1). This system resulted from the co-expression of green-fluorescent
protein (GFP) fused to MBP (MBP -TEV cleavage site- GFP) with a modified version of
TEVp. The fusion protein-encoding cassette was physically segregated from the TEVp-
encoding cassette by cloning in different plasmid vectors (Fig. la-b). The fusion protein
substrate was inserted into an IPTG inducible vector, while TEVp was cloned in a
tetracycline-inducible vector. It was proposed to be more suitable to use two different
chemically induced promoters for each gene because they are more versatile since it is
possible to control each gene expression by changing inducer concentration. Besides, it is also
possible to control the timing that each gene will be expressed (Fig. 1b). The study
established 2 hours of delayed expression of TEVp after fusion protein substrate induction by
IPTG, leading to significant improvement of passenger protein solubility. It can be crucial to
reduce host metabolism burden, which is a concern for protein yield and solubility. Another

strategy is the use of a low copy plasmid to drive protease expression, avoiding deleterious
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early metabolism burden (Fig. 1b-c). In other cases, insoluble passenger proteins produced in
an unfused form in E. coli, became soluble when fused with MBP and processed in vivo by
TEVp. An additional finding revealed CIP systems could be used as a diagnostic tool to
determine if the passenger protein will remain soluble when separated from the solubility tag
(Kapust and Waugh 2000).

Although double induction may be the key to avoid the metabolic burden, it may
complicate large scale processes and make it more expensive and time-consuming. The
opposite approach was used in order to build another expression system capable of cleaving
solubility tags in vivo and produce Diaminopropionate Ammonia-Lyase (DAL) in its soluble
form, by co-expressing mutant variants of TEVp (Wei et al. 2012). Instead of using double
induction, the same promoter sequence was used for both expression cassettes to be induced
at the same time with IPTG (Fig. 1a). This procedure can balance the side effects of using
multiple inductions at different times, leading to a more straightforward process. In fact,
bacteria co-expressing the TEVpM2 variant showed the highest DAL activity, with TEVpM2
splitting GST-DAL more effectively, and a higher DAL amount was obtained in E. coli. On
the other hand, a significant decrease in cell growth was reported after only 5-6 hours post-
induction, due to metabolic burden arising from overexpression of the two recombinant
proteins (TEVp and DAL). Additionally, it is also possible that using multiple lac operator
sites will require more Lacl repressor protein, which may lead to leakiness and anticipate
metabolic stress.

Systems induced by physical rather than chemical stimuli may be another way to
tackle the metabolic burden and keep the recombinant process simple. Temperature-sensitive
pHsh promoter was used together with a pT7-/acO promoter in order to produce a controlled
intracellular processing system (Feng et al. 2014) (Fig. le). This physically inducing system

displayed successful results during the co-expression of human rhinovirus protease 3C
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(HRV3C) by removing solubility tags from target proteins in E. coli. The reporter gene
Enhanced GFP (EGFP) was fused with Trx, DsbA, GST, Nus, TF, and MBP. IPTG was used
to activate fusion substrate expression. pHsh promoter, which is activated by alternative
sigma factor 32 (¢°?) when the temperature is changed to 42°C, was used to control the
expression of HRV3C protease. HRV3C was also fused to the GST tag in order to guarantee
protease solubility in vivo. GST-HRV3C expression was induced by increasing temperature to
42° C for 1h, and then the target protein substrate was induced for 5 hours. The target protein
was obtained without solubility tag and was purified by a single step of nickel-NTA affinity
chromatography. Results showed high levels of purified native EGFP when fused with the
Trx tag. They repeated their protocol using Bluetongue virus (BTV) protein, which is known
as difficult to express, accumulated in inclusion bodies when directly expressed without
fusion tag. However, a soluble pattern was noticed when BTV protein was produced fused to
a solubility tag. Although 42 °C is not the ideal temperature for E. coli growth, this
temperature activating-promoter can make double induction cheaper than dual chemical
induction. Therefore, these physically induced systems allow for easy identification of a more
suitable solubility enhancer partner and can be a cheaper option to remove tags in vivo prior
purification.

Despite CIP systems displayed effectiveness by enhancing native protein solubility, it
generally requires two plasmids to both fusion protein substrate and protease. Consequently,
steps of cloning, plasmid transformation, and antibiotic selection generally have to be
performed at least twice, increasing method complexity. As an attempt to simplify cloning
steps, a TEVp expression cassette was inserted into the E. coli chromosome by A-Red
recombineering (Luo et al. 2015) (Fig. 1d). To accomplish that, overlap extension PCR was
used to insert downstream and upstream homology arms (HA) of the chromosomal malE gene

from E. coli to the cassette T7-TEV-aacCl. Then, red-competent BL21 cells were
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electroporated with HA flanked T7-TEV-aacCl. The knock-in strain was termed E. coli
LS2416 and the expression of two target proteins in LS2416 cells, GFP and N-TIMP (N-
terminal inhibitory domain of human tissue inhibitor of metalloproteases-2), confirmed the
functionality of this chromosome-based system. Without solubility tag, GFP was expressed
slightly soluble, while N-TIMP was produced almost entirely insoluble. When MBP was
fused upstream of each gene with the TEVp recognition site (ENLYFQ|G) between the MBP
and target protein, GFP was totally soluble, whereas N-TIMP exhibited high soluble
percentage. The main advantage of this chromosome-based system is the requirement of only
one vector to be cloned. Besides, a lower metabolic load is also expected due to the use of

resistance genes for plasmid maintenance.

Optimizing proteases for in vivo proteolysis

Highly specific proteases are essential for building CIP systems. The purpose of using
these enzymes is the reduction of nonspecific cleavage occurrence. Despite low stability and
solubility of wild type TEV protease, this is the most co-expressed protease, due to the high
specificity of its target cleavage site ENLYFQG/S (Kapust et al. 2001; Parks et al. 1995).
However, wild type TEVp may be problematic for in vivo processing giving rise to low yield
and solubility because of autoproteolysis that generates a truncated enzyme form with reduced
activity (Kapust et al. 2001; Wei et al. 2012). Kapust et al. (2001) (Kapust et al. 2001) solved
the autoproteolysis problem by mutating internal cleavage site amino acids and obtained
TEVp S219V not only as a more stable protease but also a more efficient catalyst. Alternative
TEVp variant (TEVy,) containing mutations T17S/N68D/ 177V was described as more soluble
in vitro (van den Berg et al. 2006). Another modified TEVp with mutations L56V/S135G
remained soluble at higher concentrations and displayed improved catalytic activity compared

with TEVp S219V (Cabrita et al. 2007). In order to obtain optimized in vivo proteolysis, Wei
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et al. (2012) (Wei et al. 2012) combined all these mutations in a new TEVp variant, the
TEVpM2. In their study, the coding gene for Emerald GFP (EmGFP) was fused downstream
to TEVp variants. Fluorescence analysis revealed that E. coli expressing variant TEVpM?2
(T17S/L56V/N68D/177V/S135G) had higher fluorescence than other variants, suggesting that
mutations in TEVp sequence resulted in higher in vivo solubility.

In contrast, instead of using TEVp, Nallamsetty et al. (2004) (Nallamsetty et al. 2004)
performed cleavage of fusion proteins with the Tobacco Vein Mottling Virus protease
(TVMVp), both in vivo and in vitro. Similar to TEVp, TVMVp is active in a wide range of
ionic strength, highly active at low temperatures, and even has comparable catalytic efficiency
to TEVp. Moreover, both enzymes have high proteolytic stringency, so they do not cleave in
nonspecific sites. On the other hand, TEV and TVMYV proteases display different sequence
specificities, not cleaving each other’s recognition site. While TEVp favorite cleaving site is
ENLYFQS, the canonical target site for TVMV is ETVRFQS. Therefore, TVMVp can be
useful to replace TEVp when fusion substrate has a peptide sequence that resembles the
TEVp recognition site. Likewise, both proteases can be used together, allowing for the
removal of two distinct tags. Additionally, TVMVp has the advantage of not cleaving itself

into inactive fragments, as wild type TEVp does.

CIP systems can make protein purification easier

There are several well-established, straightforward semi-automated protocols for high
throughput protein purification. However, most of them are adapted for unfused proteins. In
order to purify fused proteins, two consecutive immobilized metal affinity chromatographic
(IMAC) steps are often necessary. The first IMAC purifies the fusion protein, and following
site-specific proteolysis, a second subtractive IMAC is generally implemented to remove the

cleaved tag and the site-specific protease (Wang et al. 2015). Donnelly et al. (2006) (Donnelly
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et al. 2006) used the CIP approach to obtain untagged proteins faster. They took advantage of
TEVp and TVMVp distinct specificities and modified target fusion substrate to contain two
distinct protease recognition sites (MBP-TVM Vsite—his6-tag—TEVsite-target protein). That
strategy is slightly different from those used by most CIP systems, where his-tag is not
separated from the target protein at the end of the purification process. They co-expressed
TVMVp with 16 protein substrates enhanced by fusion with MBP, in which the yield of pure
protein failed after the second IMAC when they tried to apply traditional protocols. TVMVp
was produced constitutively in BL21, and the released MBP was observed in all SDS-PAGE
lanes, showing that all fusion protein substrates were cleaved by TVMVp in vivo. Based on
the abundance of proteins on soluble fraction, 10 out of 16 proteins were sufficiently soluble,
and two of them were found in both soluble and insoluble fractions. This finding corroborates
that CIP systems can be used to eliminate false positives without using in vitro cleavage step
for screening for molecules that become insoluble when separated from MBP. The remaining
proteins were purified by standard protocols, highly efficient for his-tagged proteins. This
dual tag approach demonstrated that using in vivo proteolysis can highly improve purity and

yield in semi-automated protocols.

Improving the solubility of target proteins using synthetic genetic circuits

In a recent study, our group demonstrated that a genetic regulatory cascade could be
used to control the in vivo removal of a solubility tag from a fusion recombinant protein using
a single plasmid (Silva et al. 2019) (Fig. 1f). To assemble this expression vector, termed
pSOLC, the genetic modules were built as follow: (i) first module contained the sequence
coding for a fusion target protein consisting of the solubility tag KDPG aldolase (EDA) as
well as a Gly-Ser-Gly-Ser flexible linker, and a canonical TEVp cleavage recognition site; (ii)

the second module encoded the target protein EGFP and was placed under the control of
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module #1; (iii) the third module was designed to express the TetR repressor and TEVp,
permitting not only the release of the target protein but also preventing the collapse of the
genetic circuit due to the accumulation of regulators. When all synthetic biological
components were cloned into a single plasmid, our genetic system's functionality was superior
to the use of two different plasmids, highlighting a total soluble recombinant protein yield of
272.0 £ 60.1 pg/mL of culture. In addition, free EGFP composed 46.5% of the total purified
protein fraction, separating easily from remaining fusion EDA-EGFP. The advantage of this
regulatory cascade is the intrinsic interaction of the genetic elements following a single
chemical input, leading to the simultaneous production of a fusion recombinant protein and a
site-specific protease, which then cleaves the solubility tag from the target protein. However,
a significant part of the recombinant protein remained in its fusion form after intracellular
processing, showing a limitation of the approach. The strategy merits additional developments
due to the requirement of a single induction with only one inducer as well as the possibility of

use in different cell lineages (Silva et al. 2019).

Conclusion

It is unlikely that CIP systems will replace standard expression systems for the
production of fused recombinant proteins, but it is worth considering them as an alternative to
solve problems related to protein solubility and purification methodology. Three main
obstacles may limit the application of CIP systems in recombinant protein production: (i) co-
expression of proteases may lead to metabolic burden and, consequently, poor soluble protein
yield; (ii) the use of multiple inductions could make target protein production more expensive
and complicated; and (iii) cloning steps can be time and resource-consuming when various
genes have to be inserted in an E. coli strain. As discussed herein, the enhanced metabolic

load is boosted when cells are forced to overexpress at the same level, two heterologous genes

10
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using the same promoter and similar plasmid copy numbers. However, stress-responsive
promoters might be an alternative to avoid the metabolic burden and make the process

cheaper and less complicated.
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Figure legend

Fig.1 Schematic of controlled intracellular processing (CIP) systems in E. coli. A)
Simultaneous double induction of fusion protein and site-specific protease using the same
inducer molecule (e.g., IPTG). B) Expression of the fusion protein of interest (Pol) is
regulated by a chemically inducible promoter, whereas the site-specific protease is
constitutively expressed from a low copy number plasmid. C) Double induction at different
times using an inducer molecule (such as IPTG) for activating fusion protein production and a
second inducer (e.g., Anhydrotetracycline or Arabinose) for stimulating protease expression.
D) The bacterial strain contains a protease expression unit in its chromosome to produce the
protease, and the fusion protein is expressed from a plasmid. E) Target protein fusion is
chemically induced (e.g., IPTG), and protease expression is activated under stress condition
by sigma (o) transcription factor (e.g., turning the temperature to 42°C). F) The production of
both Pol and protease are activated by the induction of a single promoter by IPTG. IPTG
addition to the media generates the translation of the fusion protein and the first repressor
protein. The first repressor inhibits production of the second repressor protein through binding
to the promoter’s operator site. This releases expression of the site-specific protease to

perform cleavage of the fusion protein.

16
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Table 1. Overview of studies that have used controlled intracellular processing for recombinant protein production

Protease

Protease/ Tags Target protein . . Refs.
g getp induction
TEYV protease
Green Fluorescent Protein (GFP), TIMP N-terminal inhibitory domain of
human tissue inhibitor of metalloproteinases-2 (TIMP), Human . Kapust and Waugh. 2000
cyclindependent kinase 4 inhibitor (p16), and oncoprotein encoded by Anhydrotetracycline (Kapust and Waugh, )
human papillomavirus (E6).
human IL-13 (hIL-13) Constitutive (Eisenmesser et al., 2000)
S-adenosylho- mocysteine hydrolase Constitutive (Bujnicki et al., 2003)
Enoyl reductase enzyme (ENR) Constitutive (Muench et al., 2006)
Type 111 secretion system effector (YopR) Anhydrotetracycline  (Schubot et al., 2005)
MBP Enoyl reductase (ENR) Constitutive (Lu et al., 2007)
Yersinia modulating protein (YmoA) Constitutive (McFeeters et al., 2007)
B-Ketoacyl-acyl carrier protein (ACP) Constitutive (Du et al., 2010)
E. .coli lipoate ligase (EcLplA); lipoate ligase 1 (LipL1); - lipoate ligase 2 Constitutive (Afanador et al., 2014)
(LipL2).
Isopropyl B-D-1- Di Ketal. 201
dCAS9 thiogalactopyranoside (Didovyk et al., 6)
Green Fluorescent Protein (GFP), N-terminal inhibitory domain of human  Isopropyl f-D-1- (Luo et al., 2015)
tissue inhibitor of metalloproteases-2 (TIMP). thiogalactopyranoside ?
Green Fluorescent Protein (GFP), glyceraldehyde 3-phosphate (Nall d Waush
; allamsetty an augh,
MBP and NusA dehydrogenase (G3PDH), dihydrofolate reductase (DHFR), rhodanese, Constitutive Yy g

acyl carrier protein
(ACP)

GST

luciferase, tissue inhibitor of metalloproteinases-1 (TIMP), YopN, YopJ,
YopT, YscK, YscL, and YscO.

Glucokinase (GlcK), a-Amylase (Amy) and GFP

Diaminopropionate ammonia-lyase (DAL), maize 2-Cys peroxiredoxin A
(Prx).
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Arabinose (0.2%) or
IPTG (0.4 mM)
Isopropyl B-D-1-
thiogalactopyranoside

2006)

(Wang et al., 2015)

(Wei et al., 2012)



35
36

KDPG Aldolase
(EDA)

TVMY protease
MBP, GST, and
TRX.

Enhanced Green Fluorescent Protein (EGFP)

Hypothetical (B. cereus), Cytoplasmic protein, Regulatory protein, RNA
ligase, Cytoplasmic protein Hypothetical, Inner membrane proteinC, Inner

MBP membrane protein, Cytoplasmic protein C, Hydrophilic protein,
Regulatory proteinC, SAM methyltransferaseC, Galactitol enzyme IIA,
Transport protein, Hypothetical, Urease accessory protein

Human rhinovirus 3C (HRV3C) protease

MBP Super folder Green fluorescent protein sf-GFP

Trx, DsbA, GST,

Nus, TF, and MBP EGFP, Bluetongue virus (BTV) protein

Transcription termination/antitermination protein NusG

Isopropyl B-D-1-
thiogalactopyranoside

Anhydrotetracycline

Constitutive

L-arabinose (0.2%)

Temperature (42 °C)

(Silva et al., 2019)

(Nallamsetty et al., 2004)

(Donnelly et al., 2006)

(Raran-Kurussi and
Waugh, 2016)

(Feng et al., 2014)
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