
Engineering the substrate specificity of TEV protease towards an Aβ-cleaving enzyme 

Sebastian W. Meister, Luke Parks, Leonie Kolmar, Stefan Ståhl and John Löfblom* 

Department of Protein Science, School of Engineering Sciences in Chemistry, Biotechnology and 
Health,  
KTH - Royal Institute of Technology, SE-106 91 Stockholm, Sweden. 

*Corresponding author: John Löfblom; lofblom@kth.se; +46 8 7909659. 

Abstract 

Due to their ability to catalytically cleave proteins and peptides, proteases present unique 
opportunities for the use in industrial, biotechnological, and therapeutic applications. The possibility 
to engineer proteases with redesigned substrate specificities has the potential to expand the scope of 
practical applications of this enzyme class. We here apply a combinatorial protease engineering 
screening method that links proteolytic activity to the solubility and correct folding of a fluorescent 
reporter protein to redesign the substrate specificity of Tobacco Etch Virus (TEV) protease. The target 
substrate EKLVFQA differs at three of seven positions from the TEV consensus substrate sequence and 
exhibits high sequence similarity to the aggregation-inducing hydrophobic core region of the amyloid 
beta (Aβ) peptide. Flow cytometric sorting of a semi-rational TEV protease library led to the 
enrichment of a set of protease variants that recognize and cleave the novel target substrate.       
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Introduction 

The ability to catalyze the hydrolysis of peptide bonds and thereby activate or inactivate proteins 
makes proteases ubiquitous regulators of physiological processes in all domains of life (Rawlings et al., 
2016). Due to this feature, proteases have the potential to be used in a plethora of applications in 
industry, research and therapy. Highly substrate-specific viral proteases like tobacco etch virus (TEV) 
protease and human rhinovirus (HRV) 3C protease are used in a variety of research applications e.g. 
in the processing of recombinant fusion proteins or manipulation of native protein function in living 
cells (Engelke et al., 2014; Fan et al., 2020). The bacterial endoprotease botulinum neurotoxin A 
inhibits neurotransmission by cleaving and inactivating components of the SNAP-SNARE complex and 
is approved for therapeutic applications in diseases related to muscle physiology as well as cosmetic 
applications (Pirazzini et al., 2017). Supplementation of natural proteases is a treatment option for a 
number of human diseases caused by deficiencies or abnormalities in protease activity. For example, 
the proteases urokinase (uPA), tissue plasminogen activator (tPA), Factor IX, and Factor VIIa are 
approved drugs for the therapeutic modulation of blood clotting in stroke, heart attack, or hemophilia 
(Craik et al., 2011).    

While the abovementioned examples all rely on the native function of proteases to cleave their 
physiological substrates, it has been recognized that the scope of practical applications of proteases 
could be greatly expanded by generating enzymes with novel protein cleavage specificities. Early 
efforts to redesign protease specificity have focused on structure-guided rational design of the active 
site and surface loops of proteases (Hedstrom et al., 1992, 1994; Lim et al., 2007). This approach was 
applied to engineer the substrate specificity of proteases of interest to install specificities of closely 
related proteases. However, it did not provide proteases with truly novel specificities that are not 



known among natural occurring proteases (Lin et al., 2000; Ridky et al., 1996). Rational design is 
furthermore limited by the inefficiency to address and mutate specificity-determining residues far 
from the active site, and a generally observed low turnover rate of the new substrate (Hedstrom et 
al., 1992; Tracewell & Arnold, 2009). As an alternative, directed evolution through screening of large 
protease variant libraries has emerged to create highly active proteases that recognize and cleave 
truly novel substrates. In many cases, combinatorial protease engineering led to the generation of 
protease variants that cleave target substrates differing at only one or two position from the native 
substrate motif (Carrico et al., 2016; Renicke et al., 2013; Varadarajan et al., 2005; Yi et al., 2013). 
However, proteolytic degradation of a target protein of interest often requires more substantial 
changes of the specificity. Packer et al. recently described the evolution of a protease that cleaves a 
novel substrate differing at six of seven positions from its consensus wild-type substrate (Packer et al., 
2017). However, the evolved protease variant exhibited an overall broadened substrate specificity, 
which might complicate its use due to off-target cleavage.  

We have developed a high-throughput cell-based assay for combinatorial protease engineering that 
links protease activity to the solubility of a fluorescent reporter protein in the cytoplasm of E. coli 
(Meister et al., 2019). To evaluate the efficiency of our method, we here applied it to identify variants 
of TEV protease that recognize and cleave the novel substrate EKLVFQA, which differs at three of seven 
positions from the TEV consensus substrate sequence and exhibits high sequence similarity (5 out of 
7 aa) to the aggregation-inducing hydrophobic core region of the human amyloid beta (Aβ) peptide 
(Serpell, 2000). The pathologic aggregation and deposition of Aβ within the central nervous system is 
associated with the neurodegenerative disorder Alzheimer’s disease (Selkoe & Hardy, 2016). Flow 
cytometric screening and sorting of a semi-rational TEV protease library yielded a set of protease 
variants with proteolytic activity on the target substrate EKLVFQA. The results thus indicate that our 
method can be applied to generate proteases with novel specificities that have been altered at several 
substrate positions in order to cleave a target protein of interest.        

 

Results 

Choice of target substrate and protease 

We have previously reported on a screening method that links protease activity to the solubility and 
correct folding of a fluorescent reporter protein. The reporter protein consists of an N-terminal 
aggregation-prone mutant of the Aβ42 peptide, followed by a protease substrate sequence, and 
enhanced green fluorescent protein (EGFP) at the C-terminal. Upon expression in Escherichia coli, 
misfolding of the reporter protein will yield a low whole-cell GFP fluorescence signal detected in flow 
cytometry. Co-expression of a protease with activity on the substrate sequence leads to proteolytic 
separation of the Aβ42 peptide from EGFP, proper folding of EGFP, and restored whole-cell 
fluorescence (Figure 1A). This method has been used to enrich protease variants with improved 
proteolytic activity on a native substrate sequence from a combinatorial protein library (Meister et al., 
2019).   

Here, we apply the method to engineer the specificity of a protease to cleave a novel substrate 
sequence. We decided to use TEV protease as a target protease as its biochemistry and structure is 
extensively studied. Due to its physiologically stringent substrate specificity, TEV protease is a viable 
candidate to engineer novel substrate cleavage and evaluate the efficiency of our method (Dougherty 
et al., 1989; Phan et al., 2002). Previous directed evolution campaigns demonstrated that the 



substrate specificity of TEV protease can be altered (Carrico et al., 2016; Packer et al., 2017; Yi et al., 
2013).  

We chose to engineer TEV protease towards proteolytic activity on a target peptide within the 
aggregation-inducing hydrophobic core region of the Aβ peptide (Serpell, 2000) (Figure 1B). The target 
peptide QKLVFFA differs in five out of seven positions from the TEV consensus substrate sequence 
ENLYFQG (Kostallas et al., 2011). The two substitutions at positions P5 and P1’ are predicted to not 
substantially disrupt the TEV protease activity, due to its low specificity at these positions (Phan et al., 
2002). The other three substitutions occur at positions in which wild-type TEV protease exhibits 
stringent substrate specificities (P6, P3, and P1).  

We anticipated that it would be difficult to directly enrich TEV protease variants with activity on the 
final QKLVFFA substrate from a combinatorial library. Instead, a stepwise combinatorial protease 
engineering approach was used, in which we first screened for protease variants with activity on an 
intermediate “stepping stone” substrate. Potential enriched protease variants could then assist in the 
design of a second-generation library, which would be screened for activity on the final substrate. 
Hence, we generated five different reporter proteins, harboring the consensus TEV site (ENLYFQG), 
intermediate stepping stone substrates EKLYFQA, EKLVFQA, QKLVFQA, and the final Aβ substrate 
QKLVFFA, respectively (Figure 1B). Plasmids encoding the five different reporter proteins were co-
transformed into E. coli with a plasmid encoding wild-type TEV protease (wt TEVp), respectively. 
Proteolytic activity was determined through co-expression of the reporter proteins and wt TEVp in the 
cytoplasm of E. coli, followed by flow cytometric analysis of the whole-cell EGFP signals. Figure 1C 
depicts the proteolytic activity of wt TEVp on the different substrates, normalized to the activity on its 
consensus substrate. We observe a relative wt TEVp activity of approximately 29% on the EKLYFQA 
substrate, which is in line with the observed promiscuity of the protease at positions P5 and P1’. The 
relative activities for the EKLVFQA, QKLVFQA, and QKLVFFA substrates were determined to be around 
5%, 2%, and 1%, respectively.  



 

Figure 1: Schematic overview of the protease activity assay, choice of target substrate, and activity profiling of wild-type 
TEV protease. (A) Genetic fusion of Aβ42 to the N-terminus of GFP prevents the GFP portion of the fusion protein from forming 
its native fluorescent structure, resulting in a low fluorescence signal. Protease substrate sequences are introduced into the 
linker between Aβ42 and GFP. Co-expression of a corresponding protease results in proteolysis of the substrate and separation 
of Aβ42 from GFP and the fluorescence signal is restored. (B) Amino acid sequence comparison between Aβ42 and the 
consensus wt TEVp site. The stepping stone substrates are represented progressing towards the final substrate. Residues 
depicted in red contain the wild-type amino acids, while residues depicted in green contain the amino acid of the final 
substrate. (C) Substrate specific activity of wt TEVp was measured by the aforementioned method, wherein the five different 
substrates were expressed in the reporter construct. For each substrate, 200.000 cells were analyzed and the increase in EGFP 
shift was normalized to the consensus TEV site ENLYFQG. 
   

TEV protease library design 

We designed a library of the substrate binding pocket of TEV protease. From the crystal structure of 
TEV protease in complex with a peptide substrate (PDB entry 1LVM) we identified TEVp residues T146, 
D148, N171, N174, and N176 forming interactions with the specificity-determining substrate residues 
P6, P3, and P1. Moreover, TEVp residue N177 emerged as a mutational hotspot in previous TEVp 
substrate specificity engineering campaigns (Packer et al., 2017; Yi et al., 2013). These six residues 
were subjected to full amino acid randomization, excluding cysteine, via trinucleotide gene synthesis. 
Based on results from a previously published study, we also included a S170A substitution in the TEVp 
sequence (Packer et al., 2017) (Figure 2A). We subcloned the substrate binding pocket library into a 
wild-type TEV gene and performed error-prone PCR to generate a semi-rational TEVp library denoted 
Supersteve (Substrate specificity by rational study of the TEV enzyme). 

The Supersteve library was subcloned into an intracellular expression plasmid as N-terminal fusion to 
the fluorescent protein mCherry. Fusion of the library to mCherry enables cell-to-cell normalization of 
the protease activity, i.e. GFP signal, to the protease variants expression level, i.e. mCherry signal, in 
two color flow cytometry (Figure 2B).  



 

Figure 2: TEV protease library design and schematic overview of library cell sorting. (A) TEV protease residues depicted in 
purple form interactions with the residues on the substrate peptide. Residues depicted as X were subjected to full amino acid 
randomization, excluding cysteine and Ser at position 170 was substituted for Ala. The library was moreover randomly 
mutated via error-prone PCR. (B) In combinatorial applications, different expression levels of protease candidates can lead to 
biases in the selection procedure. Fusion of the protease/library to fluorescent mCherry allows normalization of proteolysis 
data against differences in expression levels on single cell basis.  

Selection of TEVp variants with proteolytic activity on the substrate EKLVFQA   

The stepping stone substrate EKLVFQA emerged as a viable target for a TEVp substrate specificity 
engineering campaign from the previous wt TEVp activity screen. EKLVFQA differs at three of seven 
positions from the TEV consensus substrate sequence ENLYFQG, and only differs at two of seven 
positions from the final Aβ target substrate. EKLVFQA is the first of the stepping stone substrates on 
which wt TEVp is reduced to almost no proteolytic activity (Figure 1C).  

E. coli cells containing the EKLVFQA reporter plasmid were transformed with the Supersteve library, 
resulting in approximately 1.0 x 109 colony forming units, surpassing the theoretical library size. 
Sequencing of 96 clones showed amino acid distribution in the Supersteve library according to the 
library design (data not shown). Three consecutive rounds of flow cytometric sorting were carried out 
to collect cells exhibiting high whole-cell EGFP signal, normalized to mCherry signals (Figure 3A). In the 
first round, 5 x 108 cells were analyzed, of which 0.5% were gated for collection. In the second and 
third round, the top 0.15% and 0.3% of the population were collected, respectively. A 10-fold coverage 
of the previously collected cells was analyzed in these rounds. Of the cells collected in the final sort, 
46 clones were analyzed by DNA sequencing. No mutations were observed in the reporter protein 
sequence in the 46 clones. It was found that 42 of 46 TEVp sequences in the sort output were unique. 
Among the isolated clones, one protease variant was identified three times, and two variants were 
identified twice. We observed an enrichment of distinct amino acids at residues 146, 171, 176, and 
177 of the active side sequences in the sort output (Figure 3B). Residues 146 and 171 were enriched 
for the wild-type amino acids Thr and Asn, respectively. Thr is overrepresented in residue 176, while 
residue 177 is enriched for aromatic amino acids and Met. Residues 148 and 174 do not show a 
distinctive enrichment of amino acids. We also observed enrichment of mutations at residues 135, 
192, and 193 outside the active site, which all originated from the random mutagenesis by error-prone 
PCR.   

Based on their amino acid distribution and prevalence in the sort output, we chose three TEVp variants 
for further characterization (Table 1). 



 

Figure 3: Flow-cytometric sorting of Supersteve library towards activity on EKLVFQA and sequence analysis of the sort 
output (A) Representative dot plots of the three rounds of flow-cytometric sorting are shown. The leftmost plot shows cells 
before sorting. The middle and rightmost plots show cells after one and two rounds of sorting, respectively. The sorting gates 
applied in the three sorting rounds are indicated in the plots. (B) Sequence analysis of the amino acid distribution in enriched 
TEV protease variants after three rounds of sorting. A subset of key residues of the TEV protease sequence are shown.  

 

Table 1: Overview of the characterized TEV protease variants. The prevalence in the sequences of the sort output and amino 
acid substitutions compared to wt TEV protease are shown.     

Variant Prevalence  Mutations 
A01 1/46 D148F, S170A, N174G, N176T, N177Y 
C03 2/46 D148P, S170A, N174S, N176T, N177M, N192D 
E05 3/46 T146V, D148Q, S170A, N174G, N176R, N177W, Q193L 

 

We evaluated the proteolytic activity of the three evolved TEVp variants A01, C03, and E05, as well as 
wt TEVp on the EKLVFQA reporter protein using the intracellular assay described above. To this end, 
we compared the whole-cell GFP fluorescent signals of cells co-expressing the protease variants and 
the reporter protein to cells expressing only the reporter protein (Figure 4). We observed a 3.8-, 4.5-, 
and 3.3-fold increase in GFP fluorescence signal upon expression of A01, C03, and E05, respectively. 
We did not observe a significant increase in GFP-fluorescence signal upon expression of wt TEVp.  



 

Figure 4: Intracellular analysis of the proteolytic activity of evolved TEV protease variants. (A) Representative histograms 
of cells co-expressing Aβ42(Q15L/E22G)-EKLVFQA-EGFP and the respective protease variant are depicted in green. The red 
histograms represent a negative control of cells over-expressing Aβ42(Q15L/E22G)-EKLVFQA-EGFP only. 

In vitro characterization of evolved TEV protease variants 

We generated a soluble reporter fusion protein to assess the proteolytic activities of the evolved 
protease variants and wt TEVp on the novel substrate in vitro. This fusion protein consists of N-
terminal maltose binding protein (MBP) and the Z domain of staphylococcal protein A and an albumin 
binding domain (ABD) at the C-terminal. The substrate sequence EKLVFQA was inserted between the 
MBP and ZABD domains (MBP-EKLVFQA-ZABD) (Figure 5A). The three selected protease variants as 
well as wt TEVp and MBP-EKLVFQA-ZABD were expressed as soluble proteins. All proteins were 
recovered to high purity by immobilized metal ion affinity chromatography (IMAC). The soluble 
protease variants and MBP-EKLVFQA-ZABD were mixed in a 1:50 molar ratio, incubated at 37°C, and 
the cleavage reaction was analyzed over a five hour time period through sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 5B-E). We observe only minimal cleavage of 
the EKLVFQA substrate by wt TEVp after 5 h (Figure 5B). All three evolved TEV variants exhibit 
significant EKLVFQA cleavage already after 30 minutes, with almost complete substrate protein 
turnover for variants A01 and C03 after 5 h (Figure 5C-E).  



 

Figure 5: In vitro soluble protein cleavage assay evaluating TEVp variant activity.  
(A) Schematic representation of the MBP-EKLVFQA-ZABD reporter protein and its cleavage products (B-E) MBP-EKLVFQA-
ZABD and the respective protease were mixed in a 1:50 molar ratio and incubated for 5 hours at 37°C. Samples were taken 
at the indicated time points and the proteolytic digest was analyzed through SDS-PAGE.   

  



Discussion 

Our group has previously described a method for combinatorial engineering of protease activity and 
showed that it is efficient for improving the catalytic activity of a protease. Here, we have evaluated 
the method for engineering the substrate specificity of the TEV protease to recognize and cleave a 
novel substrate that substantially differs from the TEV consensus cleavage site. The possibility to 
generate proteases with tailor-made specificities for disease-relevant substrates could greatly expand 
their potential in therapy. Due to their ability to catalytically cleave proteins and peptides, therapeutic 
proteases provide a potential advantage over for example antibodies, as their therapeutic application 
does not depend on stoichiometric addition to a targeted antigen, which could reduce dosage and 
cost of treatment.  

The inhibition of Aβ aggregation and enhancement of Aβ clearance are widely explored therapeutic 
strategies for the development of Alzheimer’s disease (AD) drugs. A variety of monoclonal antibodies 
specifically targeting different subsets or conformations of Aβ have been developed and investigated 
for their potential to slow down cognitive decline in AD patients (Elmaleh et al., 2019). While some 
antibodies exhibited therapeutic efficacy in mild AD, adverse side effects like brain inflammation and 
amyloid-related imaging abnormalities (ARIA) are commonly observed (Carlson et al., 2011; Sperling 
et al., 2012). These side effects resulted in decreasing the antibody dosage during clinical trials, which 
could be below the therapeutic window (Salloway et al., 2014). Therapeutic proteases present an 
alternative approach providing Aβ clearance and aggregation-inhibition at low doses. To this end, 
researchers have engineered catalytic antibodies and the human kallikrein 7 protease, which naturally 
cleaves Aβ, for selectivity towards Aβ. In both cases, the engineered proteases suffered from low 
specificity and activity on the Aβ substrate (Guerrero et al., 2016; Rangan et al., 2003). 

The aim of this present study is to engineer the highly active and substrate-specific TEV protease 
towards activity on the hydrophobic core region of the Aβ peptide. A stepwise combinatorial protease 
engineering approach was used, in which we first screened for protease variants with activity on the 
intermediate substrate EKLVFQA (Figure 1). EKLVFQA differs at three positions from the consensus 
TEV substrate, and only differs at two positions from the final Aβ substrate. A semi-rational TEV 
protease library was screened and sorted for activity on the target substrate EKLVFQA (Figure 2).  After 
two rounds of flow cytometric cell sorting, we observed an overall increase in whole-cell EGFP 
fluorescence signals for the cell population, which indicated enrichment of protease variants cleaving 
the target substrate sequence (Figure 3A). We identified a broad panel of new mutants with relatively 
high sequence diversity in the sort output of the third round, which can assist the design of a 
maturation library for future screening of protease activity on the final Aβ substrate QKLVFFA (Figure 
3B). 

A subset of enriched protease variants from the sort output was investigated for proteolytic activity 
on the EKLVFQA using the intracellular method. All investigated variants exhibited proteolytic cleavage 
of the reporter protein and restored EGFP signals, whereas expression of wild-type TEV protease only 
modestly increased the EGFP signal (Figure 4). Strikingly, the observed intracellular proteolytic activity 
of the C03 variant on the EKLVFQA substrate was about 80% of the proteolytic activity we observe for 
wt TEVp on its consensus sequence. Proteolytic activity of the enriched TEV variants on the EKLVFQA 
substrate was confirmed in an in vitro assay (Figure 5).   

At this point, it cannot be ruled out that the engineered TEV variants exhibit an overall broadened 
substrate specificity. However, we have reason to believe that the variants indeed selectively cleave 
the new substrate as we did not observe host toxicity during the selection process due to off-target 
cleavage of E. coli proteins, and  the variants specifically cleave the substrate in the large MBP-



EKLVFQA-ZABD reporter protein (Figure 5). We intend to profile the substrate specificity of the 
evolved TEV protease variants in future experiments.   

Investigation of the enriched TEV variants after three rounds of sorting showed enrichment for the 
wild-type amino acids in positions 146 and 171. A possible explanation for this observation is that TEV 
residues 146 and 171 form interactions with substrate residues P1 and P6, respectively, which have 
not been substituted in the target substrate EKLVFQA (Phan et al., 2002). The substrate residue P3, 
which is mutated to Val in the target substrate, is known to interact with TEVp residues 148 and 174 
(Phan et al., 2002). At these two protease residues, we did not observe a distinctive enrichment of 
amino acids in the sequences of the sort output. It should be noted however, that the most prevalent 
amino acid at position 148 is Pro. A previous study reported that the TEVp variant T146S, D148P, 
S153N, S170A, N177M exhibits increased affinity for aliphatic side chains in the P3 residue of the 
substrate sequence. All sequences in the output from our sortings harbor the S170A substitution and 
Met is enriched in position 177. Moreover, it is interesting that in the same study a combination of 
N176T+N177M substitutions was enriched in a directed evolution effort to engineer the substrate 
specificity of TEV protease (Packer et al., 2017). In general, the sequencing data indicates that there 
are different evolutionary solutions to accommodate the novel, substantially mutated substrate in the 
TEV active site. This observed plasticity encourages us to further evolve the specificity of the enriched 
TEV variants to cleave the final Aβ substrate. In follow-up studies, we aim to design a second-
generation library based on the reported sequences and screen for activity on Aβ.  

 

Materials and Methods 

Bacterial strains 

The E. coli strain TOP10 [F-mcrA Δ (mrr-hsdRMS-mcrBC) Φ80lacZΔM15 Δ lacX74 recA1 araD139 Δ 
(araleu)7697 galU galK rpsL (StrR) endA1 nupG] (Thermo Fisher Scientific, Waltham, MA, USA) was 
used for subcloning work and intracellular protein expression. Escherichia coli strain BL21 Star (DE3) 
[F−ompT hsdSB (rB

−, mB
−) galdcmrne131 (DE3)] was used for soluble expression of protease proteins. 

Construction of reporter plasmids 

The genes encoding the substrate sequences were purchased from IDT (Integrated DNA Technologies 
Inc., Coralville, USA). The genes were subcloned into a previously constructed reporter plasmid 
derived from the pRha67K vector (Xbrane Bioscience, Stockholm, Sweden) using standard molecular 
cloning techniques (Meister et al., 2019). The resulting plasmids express a reporter protein consisting 
of N-terminal Aβ42(Q15L/E22G), followed by a peptide linker containing the respective substrate 
sequence, and EGFP at the C-terminus. Sequence verification was carried out by Sanger DNA 
sequencing (Microsynth AG, Balgach Switzerland).  

Supersteve library construction 

A saturation mutagenesis library of the TEVp active site, as described in the results sections, was 
purchased from TWIST (TWIST Biosciences, South San Francisco, USA). We included regions upstream- 
and downstream of the active site that anneal on the gene encoding TEVp.  

We first amplified the C-terminal region of the gene encoding TEVp by PCR using Q5 high-fidelity DNA 
polymerase (New England BioLabs) according to the manufactuer’s protocol. To this end, an internal 
forward primer (5’CGAGTGTCCCGAAGAACTTCATGG3’) and a reverse primer (5’CACCGCGGCCGCTGA3’), 
annealing downstream of the TEVp gene, have been used together with the previously generated 



pBAD TEVp-mCherry plasmid as template DNA (Meister 2019). The resulting PCR product was purified 
and “sewed” to the active site library by overlap extension PCR. Briefly, the active site library and the 
PCR product were annealed and extended in 10 cycles using Q5 high-fidelity DNA polymerase (NEB). 
The DNA product of the correct size was purified by gel extraction using the QIAquick Gel Extraction 
kit (Qiagen GmbH, Hilden, Germany). This DNA product was used as a reverse primer in a Q5 PCR. The 
pBAD TEVp-mCherry plasmid was used as template DNA, as well as a forward primer annealing 
upstream of the TEVp gene (5’GCTTGAATTCTCTAGATTAAAGAGGAGAAAGGTACCATGG3’). The 
resulting PCR product constituting the active site library cloned into a wild-type TEV backbone was 
purified by gel extraction using the QIAquick Gel Extraction kit (Qiagen GmbH). Finally, one round of 
error-prone PCR was carried out on the purified DNA using the GeneMorphII Random mutagenesis Kit 
(Agilent Technologies, Santa Clara, USA) according to the manufacturer’s protocol. The final PCR 
product was purified and subcloned as N-terminal fusion to the mCherry sequence into the pBAD 
plasmid. The resulting Supersteve library plasmid was used to electroporate electrocompetent E. coli 
One ShotTM TOP10 cells (Thermo Fisher Scientific). 20 electroporation reactions were carried out in 
total and the cells were transferred to S.O.C. medium (Thermo Fisher Scientific) and incubated for 1 h 
at 37°C and 150 rpm. A sample of the cell culture was used to determine the number of transformants 
via dilution spreading on agar plates containing chloramphenicol. The number of transformants was 
calculated to be 9 x 108. The remaining cells were inoculated into 500 ml LB medium (Becton, Dickinson 
and Company (BD), Franklin Lakes, USA) containing chloramphenicol and grown at 37°C and 150 rpm 
overnight. The Supersteve library plasmid DNA was isolated from the culture using a QIAprep Spin 
Miniprep Kit (Qiagen GmbH). Sequence verification was carried out by Sanger DNA sequencing 
(Microsynth). 

Chemically competent One ShotTM TOP10 (Thermo Fisher Scientific) cells were transformed by heat 
shock with the reporter plasmid harboring the EKLVFQA substrate sequence and spread on agar plates 
containing kanamycin. A sequence-verified colony was used to inoculate LB medium (BD Difco) 
supplemented with kanamycin and grown overnight at 37°C and 150 rpm. Electrocompetent cells 
were prepared as described elsewhere (Molecular Cloning: A Laboratory Manual, Third Edition).  

The recovered Supersteve library was used to electroporate the prepared electrocompetent E. coli 
cells containing the EKLVFQA reporter plasmid. 21 electroporation reactions were carried out in total 
and the cells were transferred to S.O.C. medium (Thermo Fisher Scientific) and incubated for 90 min 
at 37°C and 150 rpm. A sample of the cell culture was used to determine the number of transformants 
via dilution spreading on agar plates containing kanamycin and chloramphenicol. The number of 
transformants was calculated to be 1 x 109, which surpasses the diversity of the recovered Supersteve 
library. The remaining cells were inoculated into 500 ml LB medium (BD Difco) supplemented with 
chloramphenicol and kanamycin, and grown at 37°C and 150 rpm overnight. Aliquots from the culture 
were split and stored with 25% glycerol at -80°C until use.  

Cell sorting of Supersteve library  

Aliquots from the transformation were cultured overnight in LB medium supplemented with 
kanamycin and chloramphenicol at 37°C with shaking at 150 rpm. An aliquot of the culture was diluted 
1:200 in LB medium containing appropriate antibiotics. Cells were grown at 37°C and 220 rpm, until 
cells reached OD600=0.5 at which point protease expression was induced with 0.2% L-arabinose 
(Merck KGaA, Darmstadt, Germany). Cultures were continued in the previous conditions for 8 hrs 
followed by induction of the reporter protein expression with 12 mM L-rhamnose (Merck KGaA), after 
which cells were grown overnight. Cells were collected from the overnight cultures, and kept on ice in 
low light. The aliquots were centrifuged at 1000 x g for 5 min at 4°C. Liquid was removed, and the cell 



pellet was re-suspended in ice-cold 1xPBS, centrifuged and washed again. Samples were run on MoFlo 
Astrio EQ cell sorter (Beckman Coulter Inc., Indianapolis, USA), and sorted at the peak of the 
EGFP/mCherry signal. Sorted cells were grown in LB medium at 37°C with shaking at 150 rpm for 1 h, 
then inoculated into LB medium with kanamycin/chloramphenicol and grown overnight at 37°C 
shaking at 250 rpm. From these cultures, glycerol stocks were made and stored at -80°C. A total of 
three rounds of sorting was performed with progressively tighter stringency. The final sort yielded 
2000 cells, which were grown at 37°C for one hour with shaking at 150 rpm. A sample of the cells was 
spread on kanamycin/chloramphenicol agar plates with the rest inoculated into LB medium containing 
kanamycin/chloramphenicol. Forty-eight single colonies were picked from the agar plates and the 
sequences of the reporter plasmids and protease plasmids were analyzed by Sanger DNA sequencing 
(Microsynth). Individual colonies of the final sort were reanalyzed and confirmed by flow cytometry. 
To this end, colonies were picked and cultured according to the protocol described above. For each 
clone, a control culture was prepared in which only the reporter plasmid was induced (i.e. no induction 
with L-arabinose). The whole-cell EGFP signal was analyzed using a GalliosTM flow cytometer (Beckman 
Coulter).  

In vitro protease characterization 

Selected Supersteve variants and wt TEVp were amplified from the pBAD plasmid via PCR using Q5 
high-fidelity DNA polymerase (NEB). The genes were subcloned as N-terminal fusion to a hexahistidine 
tag into a pET-26b(+) vector (Merck KGaA), in which the pelB signal sequence was removed. The 
proteins were expressed as previously described and purified using HisPurTM Cobalt Resin (Thermo 
Fisher Scientific) according to the manufacturer’s protocol (van den Berg et al., 2006).  

An expression vector containing a reporter fusion protein consisting of N-terminal maltose binding 
protein (MBP), fused with a peptide linker containing EKLVFQA to the Z domain of staphylococcal 
protein A and an albumin binding domain (ABD) at the C-terminus (MBP-EKLVFQA-ZABD) was 
purchased from GenScript (GenScript, Piscataway, USA). The reporter protein was expressed and 
purified as previously described (Altai et al., 2018).  

All purified proteins were >95% pure as determined by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) with Coomassie staining. In vitro activity assays were carried out in a 
buffer containing 25 mM NaPi, 125 mM NaCl, and 7.5 mM DTT pH 7.4. A total of 5 µM MBP-EKLVFQA-
ZABD was incubated with 0.1 µM of the respective purified protease at 37°C for 300 min. Samples of 
the reaction were taken after 0, 30, 60, 90, 120, and 300 min. The samples were immediately 
quenched with Laemmli buffer containing β-mercaptoethanol, incubated at 95°C for 5 min, and stored 
at -20°C until analysis. Cleavage of the reporter protein was monitored by SDS-PAGE analysis.  
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