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Abstract 
Proteases are important enzymes in the biotechnology due to their specific cleavage of substrates. 

HRV 3C, sortase A and TEV are some examples of cysteine proteases which become more of use 

lately in applications as removal of affinity tags (3C/TEV) and labelling of proteins (sortase). Here an 

investigation was made on the proteases by displaying them on two different prokaryotic hosts; E. 

coli and S. carnosus and to use these to cleave away affinity proteins (Affibody molecule) from other 

cells with an incorporated cleavage site. Constructs were cloned and incorporated into expressing 

strains which were then cultivated and induced. Analysis of surface expression was done by flow 

cytometer. Cleavage was made by cultivating combinations with cleavable bacteria and bacteria 

displaying proteases. A functional protease would lead to the presence of Affibody molecules in the 

supernatant. Flow cytomtery analysis was first made to investigate signal difference in Affibody 

binding by the addition of flurophores.  Secondly SDS-PAGE was made on the centrifuged 

supernatant to investigate the presence of a product. Finally analysis of the bacteria was made by 

examining the reaction with soluble substrate and comparing activity with soluble enzyme. All of the 

enzymes were able to be displayed on the surface of bacteria with a clear separation from control. 

The cleavage analysis showed however varying results yet no clear evidence of product. Best flow 

cytometer results were seen for 3C but SDS-PAGE/MS did not show any cleaved product.  For Sortase 

SDS-PAGE showed positive result but analysis with MS showed no product. TEV was concluded not to 

be functional at all hence the failing to cleave soluble substrate when condition seemed near optimal 

and faulty flow cytometer data. Even though the lack of success there is still many further studies 

that can be done on the proteases in order to prove its absence/presence of activity. 
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Introduction 
The utilization of bacteria for different scientific purposes has been a common use for a long time.  

Today bacteria can be found in everything from food industry to drug development processes. In the 

biotech area it is used as a workhorse because of the simplicity to grow and modify them. The cell 

surface of the bacteria offers an anchor for various kinds of naturally expressed proteins with 

different function that are able to react with the surroundings.  It has been found that it is very 

beneficial to utilize this system for the cell surface anchoring of foreign proteins with other kinds of 

functions and in this way specify the bacteria for a certain purpose. [1] 

The display system 
The display technology is a well known and established technique which is used for many different 

applications today. The technology is frequently used in industry in both combinatorial (directed 

evolution) and enzymatic engineering processes where the system is used to sort for special 

characteristics, improve properties or function as whole-cell biocatalysis if an enzyme is displayed on 

the surface. The display system utilizes a so called genotype-phenotype linkage with both the protein 

of interest and its corresponding DNA accessible at the same host. This makes it possible utilize the 

function of the protein (phenotype) but also to easily be able to investigate the DNA (genotype). The 

phenotype is also what is selected for while the genotype provides replication possibilities. There 

exist several different hosts which can be used for displaying, all with its separate advantages and 

disadvantages. Examples of these includes: phage display, cell display and ribosomal display. As for 

today phage display is the most commonly used one [2][1]. 

Phage display 

Phage or bacteriophage is virus that infects bacteria and inserts it genome into the hosts genome.  

Phages have been proven to be very robust and flexible which are important properties for displaying 

since its first use 30 years ago[3]. It is also its efficiency when displaying protein libraries which is one 

of the most common uses for display, which have made the phages one of the most used hosts. The 

genotype-phenotype linkage is established by the fusion of the protein of interest to a surface 

protein often PIII on phage M3. The phage display utilizes a capture elution procedure in order to 

select out phage variants with a desired property. These are then reinfected into E. coli for 

amplification[4][5]. 

Cell display 

In the recent years several new technologies have arisen as a complement to phage display.  The 

bacteria display is one of them and have the favourable feature of real time monitoring and selection 

with a flow cytometer. This is enabled by the large particle size and viability of the cells. Selection can 

be done with a fluorescent activated cell sorter (FACS) were a target conjugated with a flurophore is 

added to the solution. Cells displaying protein with affinity against this target can then be selected 

for using FACS. Cell display have also the favourable property of being able to self generate and this 

will eliminate time consuming steps as reinfection into the host bacteria which is necessary in phage 

display. Bacterial display has high surface expression which makes screening/selection more 

sensitive. To display a protein on the surface of bacteria the corresponding gene is fused to a surface 

protein which can facilitate the transport over the membrane. There are many different kinds of cell 

types that have been investigated with the cell display technology; gram negative and gram positive 

bacteria, yeast, insect cells and mammalian cells. Most studies have been on yeast libraries but gram 

negative and gram positive bacteria have also proven to be efficient[2][1][6]. 



Gram negative bacteria 

The gram negative bacteria Escherichia Coli (E. coli) is one of the most well studied organisms. Its fast 

generation time and high transformation frequency is what makes this bacteria is a top candidate for 

display [7]. Several studies have been made with these bacteria with outer membrane proteins as 

the most used  surface proteins for displaying[1].  However, there are difficulties to display proteins 

on gram negative bacteria because of its two membranes; the inner membrane (IM) and the outer 

membrane (OM). There is a possibility that proteins get trapped in the periplasm between the 

membranes. This is especially for proteins with many cysteines since these are likely to form disulfide 

bridges in the oxidative environment of the periplasm[8]. 

To display a protein on the surface of a gram negative bacteria the protein of interest must be fused 

to a surface protein on the bacteria which in some way can facilitate the transport over the two 

membranes. The first study on E. coli was made with the outer membrane protein OmpA and it has 

showed several promising results in displaying scFv-antibodies and cellulases, esterases and b-

lactamase enzymes. Other studies have involved the autotransporter pathway, ice nucleation protein 

(INP), flagella and fimbriae[1] [9].  The autotransporter system has become a favourable option since 

it is based on a natural secretion system in gram negative bacteria that facilitates the crossing of both 

membranes and displaying of the protein (figure 1).  The protein of interest is fused between the N-

terminal signal peptide and the C-terminal domain folding into a Β-barrel structure which acts as an  

amphipatic porin the outer membrane during the transportation[10]. The signal peptide mediates 

transportation through the first membrane through the sec transport system and is cleaved off after 

reaching the periplasm. The β barrel is formed in the outer membrane and the protein of interest can 

then be displayed on the surface. AIDA-1 (adhesin involved in diffuse adherence) and Esp are 

examples of autotransporters [11],. The success of autotransporters has shown varying results. 

Difficulties have been proven for the expression of functional scFV antibodies and proteins 

containing polypeptides requiring several different translocations. It has also been concluded that 

the strain K12 of E. coli is not compatible with the autotransporter pathway and this might also be a 

problem for other strains[8]. The autotransporter pathway have however been successfully used in 

displaying the hydrolase enzyme esterase which were displayed on the surface of E. coli with help of 

the autotransporter AIDA-1 [12]. 

 

Figure 1: The autotransporter pathway. Transportation through the first membrane via the SEC pathway. Signal peptide is 
then cleaved away and the formation of the β-barrel takes place in the other membrane were the protein of interest can 
pass through and be displayed on the surface. 



Because of the high transformation frequency of E. coli it is possible to display as large libraries as for 

phage display. However, with increasing library size the time to analyze and select the cells by FACS 

becomes exponentially higher and this will be a limiting factor. Therefore really large libraries might 

need enrichment with magnetic beads or phage display to decrease the library size before being able 

to run in FACS [13][14]. 

Gram positive bacteria 

As mentioned, gram positive bacteria are also used for display. The favourable feature of these 

bacteria is the one only cell membrane which helps immensely for the transport to surface. Also the 

thick peptidoglycan wall makes cells viable to flow cytometer analysis with harsh conditions[2]. 

The sec apparatus is also utilized in the displaying of proteins on the surface of gram positive 

bacteria. The protein of interest is inserted between an N-terminal signal peptide and a C-terminal 

LPXTG motif which is recognized by naturally occurring sortase enzyme on the surface of the 

bacteria. The enzymes cleave the LPXTG motif and reattach the protein covalently to polyglycine tails 

situated in the peptidoglycan wall (figure 2) [1][15]. 

The property of having only one membrane is what makes these bacteria very useful since it might 

facilitate the transportation of more complex proteins. The fact that it also grows separately helps 

when running the cells through FACS. However, the bacteria lacks good transformation frequency 

and has lower surface expression compared to gram negative bacteria[15][7]. 

There are various kinds of protein that have been displayed on the surface on the gram positive 

bacteria and among these are the Staphylococcal carnosus (S. carnosus) which have been proven 

efficient for library applications displaying variants of the Affibody molecule [2] 

 

Figure 2: The display on gram positive bacteria. LPXTG site is recognized by sortase present on the surface of the bacteria 
which cleaves the site and reattaches it to a polyglycine tail. 

Applications 

Library construction 

The construction of libraries is a very importance feature in the drug development processes. A 

protein which has been found interesting for a therapeutic purpose is changed with e.g. site directed 

or randomly mutagenesis to generate a large library with protein variants[16]. These variants are 

then displayed by a suitable host and are in this way available to bind to the target of interest. It is 

the variants with the highest affinity against a target that will be screened against in order prevent as 

much unspecific binding as possible.  If cell display is used labelling the target with a flurophore can 



enable the selection of the variant with FACS.  For phage display biopanning procedure will select for 

the targets with best affinity[2]. 

Displaying enzymes 

Another interesting field utilizing the display system is the expression of different enzymes. To 

transport and display a functional enzyme of the surface of bacteria without being sterically hindered 

is complicated. However, if an enzyme is displayed on the surface with sufficiently enough activity 

this would be a renewable way to use enzymes since its soluble form is often very expensive to 

produce and purify. The cell also offers stability to the enzyme which might make it easier to work 

under more harsh conditions.  What might be most advantageous is the elimination of purification 

steps necessary when making soluble enzyme but also the straightforward separation of the enzyme 

from the product. Centrifugation of a membrane coupled enzyme will gather the cells with the 

displayed enzyme in a pellet with the protein left in the supernatant  to be collected[11]. This will 

hopefully eliminate the use of affinity columns. Columns like protein A are known to make the 

protein aggregating when eluting in low pH and this along with the high cost makes this unfavourable 

in many applications. Most of the studies so far on whole cell biocatalysis is with yeast display but 

some enzymes have been displayed on the surface of different bacteria including B-lactamase, 

Sorbitol dehydrogenase and lipase on E. coli and α-Amylase on gram positive bacteria 

Corynebacterium glutamicum [17][18]. However, most of them have showed reduced activity 

compared to their soluble form indicating the difficultness of this task[1]. 

Proteases 

Proteases (enzyme class – hydrolases) are an interesting group of enzymes to display on the surface 

since they have a large range of applications in industry, therapeutics and other biotechnological 

tools. They are often used to cleave away fusion and affinity tags used for different purification 

methods which are not desirable in final products since they might change the characteristics of the 

product. For therapeutic purposes tags might induce an immune response and must therefore be 

removed [19]. This makes cleavage very important and especially the stringency which many 

enzymes have problems with and therefore there are only a couple of enzymes that can be used. 

Studies have shown that previous used enzymes e.g. serine protease factor Xa lacks the necessary 

specificity leading to problems with unspecific cleavage. This has driven the research to more 

investigations on viral proteases which have shown a much higher cleavage specificity[20]. 

Tobacco Etch Virus  

One of the most used proteases is Tobacco Etch Virus (TEV). This enzyme is a cysteine protease 

known for its high activity and very specific cleaving. TEV cleaves between Gln and Gln/Ser residues 

in the recognition sequence Glu-Asn-Leu-Tyr-Phe-Gln ↓(Gly/Ser)[21].  The optimal activity is in 30-

34°C in a pH between 6 and 9. TEV contains four cysteines and might therefore be difficult to express 

on gram negative bacteria. The wild type (wt) TEV suffers from various problems as reduced activity 

and auto inactivation etc. Therefore several mutagenesis studies have been made in order to 

improve the activity. A study have shown that substitutions at residue S219V lower auto inactivation 

which is a great problem for wild type TEV [20].  Different kinds of truncations at residue 238 have 

been confirmed to improve the activity. Some of these truncations involve the removal of arginine 

and this type of enzyme variant was also used in this report [22]. 

 

 

http://en.wikipedia.org/wiki/Tobacco_etch_virus
http://en.wikipedia.org/wiki/Tobacco_etch_virus


Human rhinovirus 3C 

Another used protease is human rhinovirus 3C (HRV 3C) protease and similar to TEV it is also a 

cysteine protease. 3C protease cleaves between Gln and Gly at the recognition site Leu-Glu-Val-Phe-

Gln ↓ Gly-Pro [23]. 3C is not as frequently used as TEV but it is also known to have very sequence 

specific cleaving. Even if 3C protease have not been as extensive studies as TEV there are some 

studies on performance and optimal cleavage site. What has been concluded by is that the Gly-Pro 

peptide is very important for substrate recognition of the enzyme. This also contributes to the main 

disadvantage with 3C and the reason for its less usage; that the final product will have proline in the 

end which is in many cases not favourable[24][20]. 3C have shown highest activity in 4°C which is 

often used in many different column cleavage experiments [23] 

Even if TEV and 3C protease have shown success with its specific cleavage both of these enzymes 

have problems with very low turnover rates. Comparing with serine proteases the catalytic constants 

is 100 fold lower. Therefore much larger amount of the viral proteases is needed in order to 

compensate for the slow rate. [20] 

Sortase 

Sortase is a cysteine transpeptidase protease. This enzyme both cleaves of a product and attaches it 

to other substances with a polyglycine tail. As mentioned sortase exist naturally in most gram 

positive cells were it cleaves of proteins carrying LPXTG sites between Thr and Gly in Leu-Pro-any-Thr 

↓Gly and covalently attaches it in the peptidoglycan wall carrying polyglycine tails[15]. Sortase is 

active between 20-50°C and requires the addition of calcium chloride to be active(CaCl2)[25][26]. 

Because of its conjugating properties sortase is very interesting for the biotechnology and life science 

area since the ability to decide exactly which proteins or substances that shall be fused is of great 

value. Today, sortase is mostly used in protein ligations for labelling of proteins or immobilizing onto 

solid support[25]. A large problem is however that wild type sortase is very ineffective and reactions 

must proceed for a very long time or use a very high amount of enzyme. There exists mutated 

variants with much greater activity, up to 140 fold greater compared to wild type with a 

Kcat/Km=200M-1s-1 (Km = 7,6mM) for LPETG and Km=140µM for GGG [27].  The most used sortase 

originates from  Staphylococcus aureus mentioned as sortase A [26]. The enzyme has been displayed 

successfully on yeast by directed evolution to search for variants with higher activity than wild type 

enzyme. In this system the polyglycine tail was expressed on the same cell as the enzyme thus 

enabling close interacting[27]. 

Even though that the proteases shows promising results it is not feasible to use them for large 

industries since of the high price for soluble enzymes. Therefore to be able to express it on the 

surface of a cell would reduce the cost tremendously. 

Aim 
The aim of this project is to display the proteases HRV 3C, TEV and sortase A on the surface of 

Escherichia coli and Staphylococcus carnosus and use these bacteria to cleave off affinity proteins 

from other cells by introducing the corresponding cleavage site before the protein of interest. By 

adding the protease expressing cells named helper bacteria the sample only need to be centrifuged 

in order to receive the protein of interest from the supernatant. This will reduce the experiment time 

since no purification or separation is needed. The use of sortase also opens up conjugation chemistry 

and could lead to several interesting applications.  The reason why both a gram negative and gram 

positive bacteria are used is because of their different properties and it is of interest to see how two 



different cell types might affect the enzyme.  For sortase A and TEV mutated variants were used; 

esrtA  for sortase and a heavy truncated variant for TEV: To be able to express the proteases on the 

surface and have it functional will be of great value and it would be possible to commercialize hence 

of the much higher expense of soluble enzymes. 



Materials and methods 

Cloning 
For this project six constructs were cloned. HRV 3C, sortase A and TEV were cloned into vector for E. 

coli and 3C was also cloned into vector for S. carnosus (supplementary material 1: figure 1).  

Cleavable cells were made for E. coli with constructs containing 3C and sortase site (supplementary 

material 1: figure 2C). For E. coli the pARAbad-EC vector was used and for S. carnosus the PSCZ1-new 

dummy vector was used. Both vectors have a protein A scaffold (Affibody) inserted (figure 3).  The 

constructs inserted into the pARAbad-EC vector utilizes the AIDA-1 auto transporter for display on 

surface. Vectors for inserts used were; 3C = pT7-Zb-3C, sortase= esrtA and TEV = pMal-TEV2. 

S. carnosus cells containing 3C and TEV site were kindly distributed (supplementary material 1: figure 

2A-B). The cells either contained plasmid SC: PSCX – Z2891 containing 3C site or SC: PSZ1 – Ze01 

(G45) TEV G45 – Z342 containing TEV site. 

 

 

Figure 3: Expressions cassettes for pARAbad-EC (above) and PSCZ1 (down). 

Helper bacteria: 

The constructs was made with two different cloning strategies; conventional cloning using restriction 

enzymes and restriction free cloning. 

S. carnosus 

Construct pSCZ1 with 3C protease insert was made with conventional cloning using restriction 

enzymes. Removal of the Affibody scaffold was made by digestion with Xho1 and Sal1 (New England 

Biolabs, Beverly, MA, USA) utilizing the already inserted restriction sites on each side of the scaffold 

(see picture) creating sticky ends. 20 µl of template was mixed with 10 µl NEB 3.1 buffer (New 

England Biolabs) and 67 µl MilliQ water (MQ) which were placed in 70°C heat block and left in RT for 

15 min. To the reaction mix 2 µl of Sal1 and 1 µl of Xho1 was supplemented and incubation was 

made at 37°C overnight. The vector was separated from the cleaved off scaffold using 1% GTG-

Agarose with gel electrophoresis and extraction using QIAquick gel extraction kit (Qiagen, GmbH, 

Hilden, Germany) was made. Dephorphorylation of vector to prevent self ligation was accomplished 

by adding 3,3 µl Antarctic phosphatase buffer (10x) and 1 µl Antarctic phosphatase (New England 



Biolabs) and then incubating the sample for 1h at 37°C. Heat inactivation was made at 70°C for 5 min. 

The 3C insert was PCR amplified from pT7-Zb-3C vector with primers ANKE 42/43 designed to contain 

Xho1 and Sal1 restriction sites. Purification was prepared with QIAquick PCR Purification Kit (Qiagen). 

The insert was digested with Xho1 and Sal1 enzymes as previously described and purification of out 

cleaved fragments was made with using QIAquick PCR Purification Kit (Qiagen). Ligation with the 

fragments was made with T4 ligase with a 1:3 vector-insert ratio. 1 µl of template PSCZ1 (24,8ng) was 

mixed with 0,13 µl of 3C insert (5,58ng) and 6,87 µl MQ and sample were incubated at 50°C for 10 

min. 1 µl 10x ligase buffer and 1 µl T4 DNA ligase (New England Biolabs) was then added to the 

sample mixture and reaction was made for two hours in RT. Two negative controls were used; one 

without insert to test for self ligation (efficiency of dephosphorylation) and one without insert and 

ligase to see how well digested the vector was. 

 

E. coli 

Construct pARAbad-EC with 3C/TEV inserts was made using restriction free cloning[28]. Primers 

designed (ANKE 62/63 + ANKE 66/67) were made of two parts; one binding to target insert and one 

binding to the vector. A BgIII site was also incorporated to use instead of the Sal1 site for future 

cloning. Initially megaprimers were made by PCR amplification of the target with the primers. 5 µl 

Chase (dNTPs), 10 µl Phusion Buffer HF (New England Biolabs), 1,25 µl forward/reverse primer, 26,5 

µl template and 29,5 µl MQ was mixed and PCR amplification was made with 30 cycles: 98°C – 10 s, 

64°C – 15 s and 72°C – 1 min. A second PCR was then made with vector and megaprimer utilizing 1:20 

ratio for 3C and 1:50 ratio for TEV. 3C reaction: 0,39 µl template pARAbad-EC (100 ng) was mixed 

with 1,68 µl megaprimer (150 ng), 28,93 µl MQ, 10 µl buffer HF, 3 µl DMSO (6%) (Merck, Darmstadt, 

Germany), 5 µl Chase (dNTPs) and 1 µl Phusion polymerase. TEV reaction: 0,39 µl template pARAbad-

EC (100 ng) was mixed with 2,82 µl megaprimer (400 ng), 27,79 µl MQ, 10 µl buffer HF, 3 µl DMSO 

(6%), 5 µl Chase (dNTPs) and 1 µl Phusion polymerase. Amplification was made with cycles 40x: 95°C 

– 30s, 45°C – 45s and 72°C – 8 min.  To the reaction mix 1 µl DPN1 was added for removal of 

methylated bacterial DNA. Sample was incubated at 37°C for 1 hour and then heat inactivated at 

65°C for 20 min. 

Construct pARAbad-EC with sortase was made using the restriction free made pARAbad-EC-3C 

construct and conventional cloning. The conventional cloning was made as for PSCZ1-3C but instead 

of using SalI as enzyme for digestion, BgIII was used (New England Biolabs). 

Bacteria with cleavage site: 

The constructs with sortase cleavage site was made with the pARAbad-EC vector and restriction free 

cloning. The primers were designed to have cleavage site already incorporated because of the short 

size. The PCR reaction was divided into two with one primer in each. Sample mixture was made with 

5 µl of Chase (dNTPs), 10 µl Buffer HF (Finnzymes), 1,25 µl forward/reverse primer(100pM), 3 µl 

DMSO (6%), 1 µl template (pARABad-EC), 26,5 µl MQ and 1 µl of Phusion polymerase (added last).  

Amplification was made with 40x cycles with 95°C – 10s, 45°C – 15s and 72°C – 8 min.  After the first 

amplification the reactions were pooled and PCR was run again. After this 1 µl DPN1 was added to 

the sample mix. 

The construct with 3C cleavage site was made through conventional cloning by digesting with 

enzymes Spei1 and SalI enzymes (New England Biolabs). The cloning was made as described earlier. 

 



Transformation 

DNA amplification 

The helper constructs was transformed with heat shock into Top10 E. coli strain. Cells were taken 

from freezer and thawed on ice for 5 min. 2 µl of 5xKCM was mixed together with 8 µl of DNA. The 

reactions were set on ice for 20 min before heat shocked in 42°C for 1  min. 350 µl TSB (Merck) was 

added and samples were incubated in 37°C for 2h in a rotamixer. The sample was then transferred to 

agar plates with CML (E. coli) or AMP (S. carnosus) antibiotic and placed in 37°C overnight. 

The constructs with cleavage site was not possible to analyze with PCR screening due to small size 

differences in insert vs wild type. Therefore colonies were cultivated and miniprepped and sent away 

for sequencing directly. 

Into expressing strain: 

 

E. coli 

Transformation was made with the chemically competent BL21 stain.  The procedure is the same as 

for top10 strain but because of higher transformation frequency 1 µl DNA + 7 µl MQ was used 

instead and a higher amount of TSB+Y was used to dilute sample more. 

 

S. carnosus 

For the staphylococcal helper bacteria electrocompetent S. carnosus cells were used. Plasmid and 

cells were thawed on ice and incubated in RT for 25 min before heated at 56°C for 2,5 min. 500 µl 0,5 

M Sucrose + 10% Glycerol were added and sample was centrifuged at 4500xg for 15 min at RT. 

Removal of supernatant was made and an additional 40 µl 0,5 M Sucrose + 10% Glycerol were added.  

I µl plasmid was added and incubation was made at RT for 10 min. Electrophoration was made with 

MicroPulser™  Electroporation Apparatus (BioRad, Berkley, CA, USA) with  settings 2,3kV and 1,1 ms 

and immediately after 940 µl B2 medium was added. Cells were then incubated at 37°C in rotamixer 

for 2 hours before plated onto CML treated agar plate. 

PCR screening 

8-10 colonies were picked and transferred to new agar plate and then to 20-50 µl water. 1 µl bacteria 

solution was then transferred to a PCR plate together with PCR solution. 

Two different kinds of solutions were used; 

- 1 µl dNTPs, 2 µl Dynazyme reaction buffer (New England Biolabs), 1 µl forward primer, 1 µl 

reverse primer, 0,2 µl Dynazyme polymerase buffer (New England Biolabs), 13,8 µl MQ 

- 5 µl dNTPs, 5 µl Dynazyme reaction buffer, 1 µl forward primer, 1 µl reverse primer, 0,5 µl 

Dynazyme polymerase, 38 µl MQ 

Primers used for pARAbad was ANKE 33 + 75 and for PSCZ1 – SAPA 23 + 24. 

PCR protocol was altered between touchdown PCR (gradient PCR) and isolation PCR. The result was 

investigated with gel electrophoresis. 



Cultivations for investigation of expression and cleavage 
Colonies from BL21 strain (pARAbad-EC) and S. carnosus (pSCZ1) was inoculated with 5 ml lysogeny 

broth (LB) media respectively tryptic soy broth + yeast (TSB+Y) overnight in 37°C on a 150rpm shaking 

table. The day after dilution was made with new fresh media (table 1). To the media reducing agents 

were added; 4mM of β-mercaptoethanol (Merck) for 3C/TEV and 4mM β-mercaptoethanol + 1-5mM 

of CaCl2 (Sigma-Aldrich, Saint Louis, MO, USA) for sortase. Because of the fact that there are no 

standard on which reducing agent to use a growth curve measurement study was made to see if 

there was a difference to the cell using different reducing agents (supplementary material 2: figure 1) 

To estimate the function of the helper bacteria combinations with helper bacteria plus bacteria with 

cleavage site were added. A list of the samples that were analyzed can be seen in table 1 and their 

corresponding dilutions that generally were used. 

Table 1: All the different sample combinations and dilutions that were made on the overnight cultures. 

 Helper bacteria Bacteria with cleavage site Dilution 

1 pARAbad-EC - 3C protease - 1:100 

2 pARAbad-EC – TEV protease - 1:100 

3 pARAbad-EC – Sortase protease - 1:100 

4 pSCZ1– 3C protease - 1:20 

5 - pARAbad-EC - 3C site 1:100 

6 - pARAbad-EC - Sortase site 1:100 

7 - pARAbad-EC - TEV site 1:100 

8 - PSCX – Z2891 1:20 

9 - PSCZ1 – Ze01 (G45) TEV 
G45 – Z342 

1:20 

10 pARAbad-EC - 3C protease PSCX – Z2891 1:100+1:20 

11 pARAbad-EC - TEV protease PSCZ1 – Ze01 (G45) TEV 
G45 – Z342 

1:100+1:20 

12 pARAbad-EC - Sortase protease pARAbad-EC - Sortase site 1:200+1:200 

13 pSCZ1– 3C protease pARAbad-EC - 3C site 1:20+1:100 

14 pSCZ1– 3C protease PSCX – Z2891 1:20+1:20 

15 pARAbad-EC - 3C protease PSCZ1 – Ze01 (G45) TEV 
G45 – Z342 

1:100+1:20 
(Control) 

16 pARAbad-EC – Sortase protease pARAbad-EC - Zwt 1:200+1:200 
(Control) 

 

After approximately two hours when OD had reached ~0,5 inducing was made with 0,6% L-arabinose 

(Sigma-Aldrich).  For samples containing sortase construct 10µg/µl GGG-Zwt was also added. 1mg 

was used for 100 ml cultivation. Constructs were placed in 3C - 25°C, TEV - 30°C and sortase - 37°C on 

150rpm shaking table overnight. 

The day after a specimen was taken from each sample for analysis of expression and cleavage with 

flow cytometer. 

Soluble sortase was also used in cultivation experiments together with pARAbad-EC - sortase site. 

The cultivation and inducing was made as described earlier, but to one sample with sortase site both 

GGG-Zwt and sortase enzyme was added simultaneously. 



Flow cytometer analysis 
20 µl of overnight culture was mixed with 800 µl 1xPBSP and centrifuged at 6000rpm for 6 min at 

4°C. Supernatant was removed and pellet was resuspended in 100 µl Biotin labelled IgG (1:2000 

dilutions) or 20-70nM HER2 (samples containing S carnosus cells). Incubation was made at RT for 30-

45 min in a rotamixer before additional washing with 500 µl 1xPBSP and centrifugation. Pellet was 

now respuspened in 100 µl of HSA-Alexa-647 (1:400 dilution) and Streptavidin-Alexa-488 (1:800 

dilution) and incubated on ice with foil for 20-30 min. Washing was made again with 500 µl 1xPBSP. 

Centrifugation was made and pellet was resuspended in 200 µl 1xPBSP and sample was transferred 

to flow cytometer tubes.  Flow cytometer analysis was made with Gallios™ (Beckman Coulter, 

Indianapolis, IN, USA) flow cytometer with premade E. coli display protocol displaying plots in canals 

FL6 and FL2 with 30000 events counted for. 

Purification with IMAC and analysis with SDS-gel 
Samples from the cultivations were spun down and the supernatant was collected and filtered 

through a 0,45µm filter. A cobalt column was used to bind possible cleaved products containing His 

tag. The column was packed with 2-3 ml cobalt matrix and left to sediment. Equilibration was made 

with 40 ml washing buffer (supplementary material 3) before the filtered supernatant was added. 

Low binding proteins was washed away with additional 50 ml buffer. 5-10 ml elution buffer 

(supplementary material 3) was added for elution and 1 ml fractions were collected in eppendorf 

tubes. Eluted fractions were measured with A280 (elution buffer as blank) and the fractions with 

highest absorbance were pooled together. The samples were concentrated with Viva 3000MVS PES 

columns before being analyzed with SDS gel (BioRad) and safe staining. When no cleaved product 

was visible but flow cytometer showed promising results silver staining was made using SilverQuest™ 

Silver Staining Kit (Invitrogen, Carlsbad, CA) according to manufactures guidelines. Cleaved product 

was analyzed using ESI-MS 6520 Accurate Mass Q-TOP LC/MS (Agilent technologies) 

Analysis of helper bacteria function with soluble substrate/enzymes for E. 

coli helper bacteria 
In order to determine the efficiency of the helper bacteria it was decided to combine the helper 

bacteria with known cleavable soluble substrate and compare it with soluble enzymes. Cultures with 

helper bacteria was prepared and induced as described earlier. Optical density 600 (OD600) was 

measured and equal cell amount of from each construct was taken and spun down. Supernatant was 

removed and cells were washed x2 with 800 µl 1xPBSP. Cells were spun down and supernatant were 

removed after each wash. 

Three different tests were made for each construct; negative control, positive control and helper 

bacteria test. Sample was made from master mix with buffer and substrate. For positive control 

soluble enzyme was added and for the helper bacteria test pellet was resuspended in sample taken 

from the master mix.  TEV sample mixture of 4x was made of 30 µl 20x TEV buffer, 6 µl DTT, 36 µl TEV 

substrate and 564 µl MQ. 0,6 µl TEV protease was added last to positive control. For sortase a 5x 

mixture was made: 75 µl 10x sortase buffer (see supplementary material 3), 454 µl GGG (30µg per 

reaction), 215 µl LPXTG (10µg per reaction) and 10 µl MQ. 0,75 µl soluble esrtA was added to the 

positive control. The reactions were made in 150 µl reactions for 20-30 min at shaking 

table/rotamixer, 30°C - TEV and RT- sortase.  From each sample 20 µl was taken for analysis with SDS. 

Reactions containing helper bacteria were spun down and sample was taken from the supernatant. 



Soluble enzyme and buffer was bought for TEV – Novex: AcTEV™ Protease (Invitrogen). Sortase 

enzyme was provided. Cells containing sortase substrate GGG-Zwt were also provided and this was 

cultivated, lysed and purified using french press (lysed three times) and IgG sepharose column. 

Sortase 10x buffer was made (supplementary material 3). 



Results 

Expression of protease display 
Flow cytometer analysis was made on L-arabinose induced overnight cultures. In the flow cytometer 

30000 events were measured with the FL6 channel detecting ABP-HSA binding (648nm) and FL2 

detecting Zwt-IgG/Z-HER2 interactions (Affibody binding) (488 nm). The measurements were plotted 

in a logarithmic scale.  Analysis was then made with Kaluza® Flow Analysis Software. 

All the constructs that were cloned were analyzed with flow cytometer.  It was found out that all 

constructs were able to be displayed on the surface of either E. coli or S. carnosus (figure 4). The 

different proteases were grown with reducing media: 3C and TEV with 4mM β-mercaptoethanol and 

Sortase with 4mM β-mercaptoethanol + 1mM CaCl2. All overnight cultures were prepared in a 1:100 

dilution for E. coli and 1:20 for S. carnosus. 

 

Figure 4: Expression of HRV 3C, sortase A and TEV on E. coli (pARAbad-EC) and HRV 3C on S. carnosus (PSCZ1). Count (Y-
axis) is plotted against the FL6 signal (HSA binding) (X-axis) in a logarithmic scale. 

Comparison of the  expressed constructs and a control only expressing AIDA (no passenger) on the 

surface showed that there was a clear separation between non-expressing and enzymatic expressing 

cells (figure 4) indicating that all the proteases have successfully been displayed. 

Cleavage analysis with flow cytometer 
For the cleavage analysis with flow cytometer same settings were used as for the analysis of the 

expression.  The plots displayed in Kaluza® Flow Analysis Software were gated to only count for the 

signal of the cleavable bacteria in order to be able to compare the difference in signal for the 

cleavable bacteria by itself and together with helper bacteria. Using statistics function median value 

for the FL2 channel (Affibody binding) was calculated and the difference between the helper bacteria 

and cleavable bacteria was then investigated by inserting the values into a diagram. For samples with 

replicates a mean value of the different Y median values was calculated along with standard error of 

the mean (SEM). Comparisons were also made by making overlays of the samples to be compared 

and plotting count against the FL2 signal. 

 

 



Cleavage with 3C protease displayed on E. coli 

 

Cleavable bacteria: S. carnosus bacteria with 3C cleavage site (z2891)  

A total of 5 replicates were made with a HER2 concentration of 20/70nM and 4mM of β-

mercaptoethanol. For two of the replicates with a 70nM HER2 concentration a large increase in 

signal was seen contributing to the large the standard error. A cleavage of the Affibody molecule and 

propeptide (Z-PP) will lower the Z-HER2 (Affibody binding) signal since HER2 binding to the soluble Z-

PP cannot be detected by the flow cytometer (supplementary material 1: figure 2A). 

 

 

Figure 5: A: Analysis of cleavage with 3C protease displayed on E: coli using flow cytomtery. Red bar represent the S. 
carnosus with 3C cleavage site (z2891). Green bar represents the combination of the S. carnosus with 3C cleavage site and 
the E. coli helper bacteria with displayed 3C protease. Y axis is the mean value of the median HER2-Z interaction (FL2). B: 
Red curve is the cleavable bacteria (Z2891) alone and green curve is with the addition of helper bacteria (z2891 + 3C 
protease displayed on E. coli). The Y-axis represents count of cells and is plotted against the FL2 signal – Z-HER2 interaction. 

The result was investigated in two ways; first by calculating the mean Z-HER2 binding (FL2 channel) 

for the replicates and see if there was any difference. The second way was investigation with overlay 

histogram with count plotted against the Z-HER2 binding. 

The result from the 3C cleavage showed that there is a lowered Z-HER2 signal for the cleavable 

bacteria together with the helper bacteria compared to without the added helper bacteria (figure 5). 

This indicates a functional enzyme. Unfortunately a high standard error was calculated and there is 

therefore a possibility that the result is not correct (figure 5A). 

In the overlay histogram (figure 5B), a clear separation can be seen between the two samples were 

the sample with the helper bacteria have a significant lowered signal. Similar results could be seen 

for the other replicates (data not shown). 

Cleavage with 3C protease displayed on S. carnosus 

 

Cleavable bacteria: S. carnosus bacteria with 3C cleavage site (z2891) 

Two replicates were made in 4mM of β-mercaptoethanol and also here there was a difference in 

HER2 concentration with 20nM respectively 70nM concentration. Variation in data was too great for 

proper analysis and separately investigation of samples was therefore made. A cleavage of Z-PP will 

lower the FL2 signal since HER2 binding to the soluble Z-PP cannot be detected by the flow 

cytometer (supplementary material 1: figure 2A). 
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Figure 6: Analysis cleavage with 3C protease displayed on S. carnosus using flow cytometry. Y axis is the mean value of the 
median HER2-Z interaction (FL2). Red bar represent the S. carnosus with 3C cleavage site. Green bar represents the 
combination of the S. carnosus with 3C cleavage site and the S. carnosus helper bacteria with 3C protease. Y axis is the 
median HER2-Z interaction (FL2). 

For both of the populations there is a clear lowering in FL2 signal for both of the samples (figure 6). 

This indicates that the protease is functional. The sample with high concentration of HER2 has a 

significant higher signal in the FL2 channel. 

Cleavable bacteria: E. coli bacteria with 3C cleavage site 

A cleavage of Zwt will lower the FL2 signal since IgG binding to the soluble Zwt cannot be detected by 

the flow cytometer (supplementary material 1: figure 2C). This experiment was only made once in 

4mM β-mercaptoethanol and therefore lacks statistical power. 

 

Figure 7: Analysis cleavage with 3C protease displayed on S. carnosus using flow cytometry. Red bar represent the E. coli 
with 3C cleavage site. Green bar represents the combination of the E. coli with 3C cleavage site and the S. carnosus helper 
bacteria with 3C protease. Y axis is the median HER2-Z interaction (FL2). 

In this case an increase in FL2 signal can be seen for the sample with the addition of helper bacteria 

(figure 7). However, since only one sample has been analyzed no conclusions can be drawn. 
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Cleavage with TEV protease displayed on E, coli 

 

Cleavable bacteria: S. carnosus bacteria with TEV cleavage site (ze01)  

This investigation was made in triplicates in 4mM of β-mercaptoethanol. A functional protease will 

lead to a higher signal in FL2 since the Affibody that is cleaved off will no longer block the binding 

signal from the other HER2 binding Affibody (supplementary material 1: figure 2B).  There were a 

change in HER2 concentration between the samples but the impact was much less than for the 

cleavable bacteria S. carnosus with 3C site which is shown on the standard deviation values. 

 

 

Figure 8:  A: Analysis of cleavage with TEV protease displayed on E, coli using flow cytometry. Y axis is the mean value of the 
median HER2-Zwt interaction (FL2). Red bar is S. carnosus with TEV cleavage site (ze01). Green bar is the combination of the 
E. coli with 3C cleavage site and the E. coli helper bacteria with TEV protease. B: Red curve is the cleavable bacteria (Ze01) 
alone and green curve is with the addition of helper bacteria (ze01 + TEV protease displayed on E. coli). The Y-axis 
represents count of cells and is plotted against the FL2 signal – Z-HER2 interaction. 

Similar to 3C protease cleavage on S. carnosus the results here was also investigated in two ways; 

calculation the mean of the median Z-HER2 binding (FL2 channel) and overlay histogram. 

A small increase in FL2 signal can be seen for the samples with the added helper bacteria when 

investigating the change in median Z-HER2 binding (figure 8A).  In the overlay histogram no clear 

separation is showed for the samples and addition of helper bacteria seems not to make any 

difference (figure 8B). This result contributes the previous made one with the increase in signal. 

Noteworthy is the count was very low for most of samples showing signal in FL2. 

The result given for the TEV protease was also shown for the control with 3C protease and the 

cleavable bacteria (supplementary material 4: figure 1). 

Cleavage with sortase displayed on E. coli 

 

Cleavable bacteria: E. coli bacteria with 3C cleavage site 

A cleavage of Zwt will lower the FL2 signal since IgG binding to the soluble Zwt cannot be detected by 

the flow cytometer (supplementary material 1: figure 2C). Sample was made in duplicates with 

10µg/ml GG-Zwt. Differences between samples are higher CaCl2 concentration: 1mM/4mM. If 

sortase is functional a lowering in FL2 signal should be seen. 
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Figure 9: A: Analysis of cleavage with sortase displayed on E, coli using flow cytometry. Y axis is the mean value of the 
median IgG-Zwt interaction (FL2). Red bars represents sortase cleavage site. Green bars represent the combination of the E. 
coli with sortase cleavage site and the E. coli helper bacteria with sortase enzyme. Replicate 1 has higher GGG-Zwt and 
CaCl2 concentration. B: Red curve is the cleavable bacteria alone and green curve is with the addition of helper bacteria (+ 
sortase displayed on E. coli). The Y-axis represents count of cells and is plotted against the FL2 signal – Zwt-IgG interaction. 

The result for sortase was investigated in two ways: median Zwt-IgG signal difference and overlay 

histogram. 

There is a higher signal for the sortase sample with higher concentration (replicate 1) of CaCl2 and a 

lowered signal in FL2 channel for the sample with the lower concentrations (figure 9A). However this 

difference was barely visible when making an overlay histogram were no clear separation can be 

seen even if the signal is a little bit lower (figure 9B). Noteworthy is the small population to the left in 

the diagram with significant lower count-Zwt-IgG ratio. 

SDS-PAGE analysis 

SDS-PAGE analysis of supernatant from 3C cleavage 

Staining was made on 20/100 ml cultivations which had shown interesting results on flow cytometer. 

3C protease expressed on both E. coli and S. carnosus were analyzed. Samples were cultivated with 

4mM β-mercaptoethanol. IMAC was made with 2 ml cobalt matrix and 5ml elution for the 20 ml 

cultivation. For the 100 ml cultivation 3ml matrix and 10ml elution was used. Absorbance was 

measured at A280 and the highest showing absorbance’s was chosen to be concentrated with VIVA-

spin columns. Silver staining was made in order to find low abundant proteins. The 100 ml samples 

were also analyzed with mass spectrometry. 

B A 



 

Figure 10: Cleavage analysis of 3C protease by analysis with SDS-PAGE on supernatant. 20 ml and 100 ml cultures were 
analyzed with 3C displayed on E. coli and S. carnosus. The 20 ml involved only cleavable S. carnosus cells. 100ml cultures 
were combinations with 3C cleavage site expressed on both E. coli and S. carnosus. Red stars represents the predicted size 
of the cleavable products, Z2891 is 3C cleavage site expressed on S. carnosus cells. 3C site is 3C cleavage site expressed on 
E. coli cells. 

No cleaved product could be seen for 3C protease with S. carnosus as the cleavable bacteria (figure 

10). For the combination of helper bacteria and 3C cleavage site on E. coli correct bands size are 

shown. However these are the same size as found for S. carnosus cleavable bacteria. MS results on 

the 100 ml samples showed no cleaved products and an unclean sample indicating insufficient 

washing. 

SDS-PAGE analysis of supernatant from sortase cleavage 

Staining was made on 20/100 ml cultivations which had shown interesting results on flow cytometer. 

Sortase was expressed on E. coli. The 20 ml cultivations were prepared with 4 mM β-

mercaptoethanol, 1 mM CaCl2 and 10µg/ml GGG-Zwt. To one solution 30µl soluble enzyme was 

added.  IMAC was made with 2 ml cobalt matrix and 5 ml elution and absorbance was measured at 

A280. Silver staining was made on the samples since no visible product could be seen with safe 

staining. 

For the 100 ml cultivations two samples were prepared to investigate the cleavage of the E. coli 

bacteria with the sortase cleavage site. To one of the cultivations helper bacteria was added with a 

1:1 ratio with 1:200 dilutions of both bacteria. To the other sample 50 µl of soluble enzyme was 

added and a 1:100 dilution was made with the cleavable bacteria. 4mM β mercaptoethanol, 5mM 

CaCl2 and 10µg/ml –Zwt-GGG were also added to the solutions. Overnight induced cultures were 

centrifuged and supernatant were purified by heating. An approximately 40x concentration was 

made with VIVA spin columns and this along with non concentrated sample was analyzed with SDS-

PAGE. 

 



 

Figure 11:  SDS-PAGE analysis of sortase helper bacteria and soluble sortase with E. coli displaying Zwt with cleavage site. A: 
Cleavage analysis on supernatant from 20 ml. B: Cleavage analysis on supernatant from 100 ml. First bands are samples 
containing sortase helper bacteria and the three last are samples with soluble enzyme. 10 µl u.c. represents 10 µl of the 
non concentrated sample. The rest is sample from the approximately 40x concentrated sample. Red stars represents the 
predicted size of the ligated product. 

Unfortunately no bands were visible at the correct size with silver staining on the supernatant from 

the 20ml culture (figure 11A). Bands that became visible were represented soluble sortase around 

30kDa. 

For the 100ml culture clear bands can be seen in near the 14kDa marker which is near the predicted 

size of the ligated product (figure 11B). The bands are on the other hand rather smeary with no clear 

cut-out and could therefore be a result of packed proteins with low MW. Validation with MS was 

made but the product of interest could not be found. Result showed that there too small amount of 

protein loaded but a decrease in substrate for the sample containing the helper bacteria was 

however seen indicating that there might have been some product formed. 

Test of helper bacteria function with soluble substrate 
The function of the proteases were tested by the comparing the displayed variants with soluble 

enzyme. By using a soluble substrate problems like sterically hindrance would be avoided which 

might be a problem for cells displaying substrate. For TEV and sortase master stocks were used with 

buffer and substrate. The negative control only contained master mix but underwent the same 

treatment as the other two samples. The positive control included soluble enzyme which were 

bought for TEV and provided for sortase. For the bacteria test cells were taken from induced 

cultivations, centrifuged and pellet was then resuspended in master mix. Reactions were set out for 

20 min. 



 

Figure 12: SDS-gel showing marker, negative control, positive control and substrate with TEV/sortase helper bacteria. The 
cleaved products are marked with a star. 

Similar results can be seen for both proteases with cleavage seen only for the soluble enzyme (figure 

12).  A clear cleavage can be seen for the positive control of the soluble TEV protease indicating the 

conditions were near optimal. No trace of cleavage was however seen for the TEV displaying 

bacteria. It can also be seen that the helper bacteria release other proteins in the solution indicating 

a potentially non thriving bacteria.  For sortase the positive control worked, though barley, and the 

helper bacteria failed to cleave. Overnight cleavage was also tested but there were too many 

impurities to see any cleavage (data not shown). 

 

  



Discussion 
To be able to express enzymes on the surface of bacteria and to use them as helper organism to 

cleave away fusion tags or affinity proteins on cells without lysis is of high interest. In this report 

studies were made on the three different proteases HRV 3C, TEV and sortase A to investigate the 

possibilities of expressing these enzymes on the surface of E. coli and S. carnosus and to use them as 

helper bacteria to cleave away affinity proteins (Affibody molecule) on the surface of other cells. 

Overnight cultures of the cells were combined, induced and analyzed with flow cytometry. Detection 

of cleaved products was made with SDS-PAGE/Silver-staining after IMAC purification. Analysis of the 

bacteria was also made by investigating the reaction with soluble substrates. 

All of the proteases were able to be expressed on the surface of bacteria, a result that is the first 

known of this kind for 3C and TEV. It is especially interesting that TEV despite its four cysteines were 

able to be transferred to the surface of E. coli with AIDA-1 and this proves the efficiency of this 

autotransporter. 

Flow cytometer results showed varying results for all proteases. However, the best results were 

evidently seen for 3C protease with a lowered Affibody signal indicating a positive result. This was 

seen both when investigating the median signal of the Affibody binding and with overlay histogram 

including the count.  Problematic is the high standard error value but this is most likely a reason for 

the change in HER2 concentration.  Analysis of the median value of Affibody binding for TEV protease 

gave a positive result and a good standard error. However, the overlay histogram contradicted this 

result. The low count along with the results for the control with 3C (supplementary material 4: figure 

1) indicates that there are artefacts in the results and that outcome probably is negative. The 

experiments using sortase was made in too few replicates to be able to draw any real conclusions. 

The same regards the samples made with 3C displayed on S. carnosus even though success was 

indicated in both samples. More experiments supplementing extra statistical power is necessary for 

assumption about the real result. For samples containing S. carnosus with cleavage site a higher 

concentration of HER2 is definitely favourable. The fact that several samples with helper bacteria got 

an increase in signal when the result should have been otherwise is questionable. A higher signal 

should be impossible given the same treatment of the samples.  A reason for this could be that the 

surfaces of cells are too heterogeneous or that there is a continuous expression and renewal of new 

constructs on the surface. This points towards the conclusion that analysis with flow cytometer might 

not have been the best choice for analyzing the cleavage. 

SDS-PAGE should have been the more optimal choice for detecting cleavage but mostly negative 

results were given. For the 20 ml cultivations no band at correct size were found at all. The 100 ml 

cultivations showed bands for 3C with silver staining but cleaved product could not be found when 

analyzing with MS. For the sample containing sortase with an increased concentration of CaCl2 bands 

with predicted size of ligated product were shown. Validation by MS however showed no product but 

it a decrease in substrate (data not shown) was seen with the helper bacteria indicating that there 

could have been some kind of ligation. It is however questionable that the soluble enzyme did not 

produce any product which could indicate that there is some sterically issues reaching the site. By 

analyzing with SDS-PAGE it was also shown that it might not be possible to exclude a purification step 

as IMAC since the cells secrete out other proteins in the supernatant (data not shown). This is a 

rather undesirable result since a large advantage of this system will be lost. 



The test using soluble substrate was made only for sortase and TEV because no soluble substrate was 

found for 3C. Analysis however showed negative results for both of the proteases. Since the 

incubation time only was only 20min it is difficult rule out that the proteases are not working at all 

and the fact that the soluble sortase barley worked indicates that optimization of the assay need to 

be done. The problem is nevertheless that the health of the bacteria becomes rather bad and starts 

releasing a lot of endogenous proteins which can be seen somewhat for TEV already at 20 min. This 

also indicates that sortase expressing bacteria seems to be of better condition than the TEV 

displaying bacteria. These are probable strained because of the many cysteines which may lead to 

formation of proteins in the periplasm. The fact that there is not an equimolar enzyme concentration 

between the soluble enzyme and the membrane coupled enzyme makes it impossible to conclude 

which one that is superior. The most likely result should however be the soluble enzymes because of 

the fact that they are less sterically hindered. 

The reason for the poor success of the activity of the proteases could be of several reasons. For 3C 

which cleavage with soluble substrate was not investigated there is a possibility that the enzyme 

works but only if substrate is soluble. This could be due to sterically issues for enzyme and substrate 

when interacting on two bacteria with crowded structure. Another possibility of the lacking activity is 

that the enzyme is falsely folded on the surface which can be a reason from steric hindrance, 

problems with the autotransporter pathway or mutations that have arisen. Studies on the 

autotransporter pathway have showed that the system give rise to dimerization of the passenger 

protein displayed on the surface [11]. The closeness of the two displayed enzymes is very likely to 

have a sterically negative impact on the activity. A further study could therefore be to investigate 

more closely the structure of the enzyme by using antibodies which only bind to the folded form of 

the protease. These mentioned reasons for the poor activity could also be applied to both sortase 

and TEV. 

In the substrate test of TEV it was obvious that the conditions were near optimal since clear cleavage 

was shown for the soluble enzyme. However no cleavage was seen at all for the helper bacteria and 

this along with the questioning flow cytometer results points towards the result that the TEV 

protease expressed on the surface is not functional at all. This could be a reason of too much 

truncation that was made on the gene. 

The fact that sortase have been proven functional on the surface of yeast points toward that it 

should be able to get it functional in E. coli. Sortase only contain one cysteine and has a relatively 

small size so the transport to the surface should not be of any problem.  

There are many more studies that can be made on these proteases in addition to those already 

mentioned; time, temperature, different media, different strains, an increased reduced environment 

and at last to investigate the most optimal ratio between helper bacteria and the cleavable bacteria. 

There is also a possibility that engineering of the proteases might increase the activity especially in 3C 

were mutagenesis studies have not been extensively done. 

There is a problem that has arisen with the cell display technology that makes the construction of 

libraries rather difficult. It has been concluded that some proteins or parts of a displayed protein 

construct (sequence) are prone to aggregate and can therefore attach to other cells with similar 

parts. This makes separation with FACS almost impossible since the signal will change and there is a 

possibility that this could lead to cause false positive signals and enrichment of wrong constructs. 



However, this problem could instead be of use when displaying enzymes and substrates on bacteria. 

If the cells are prone to attach to each other there is an increased chance of the enzyme and 

substrate of meeting and producing a product. It was discovered during the experiments that cells 

with constructs containing OmpT-site were more prone attach to each other than cells without 

these. This was especially seen for sortase site and Zwt, (supplementary material 4: figure 2), which 

was used as a control for the sortase experiments.  If further experiments would be done it might be 

favourable to try to have the OmpT-site left. 

Conclusion 
The use of HRV 3C, sortase A and TEV protease as helper bacteria could really be interesting for 

various biotechnological applications today. Here all the proteases were successfully displayed on the 

surface of the E. coli bacteria and S. carnosus (3C). The function of the bacteria was analyzed 

together with cleavable bacteria by: flow cytometer, SDS-PAGE of centrifuged supernatant and 

reactions with soluble substrate. The success was however limited for all proteases with no obvious 

result. However, the fact that all of these enzymes were able to be displayed on the surface of E. coli 

shows promising results for the future and that there might be a possibility to get them functional 

with further study. The highest possibility of the proteases is evidently HRV 3C protease with the 

most promising flow cytometer data. However, more studies need to be done hence failing SDS 

PAGE. This is also true for sortase A which need more replicates to be able to draw any conclusions.  

For TEV however, it is most likely that this variant is not working and should therefore be switched 

for another mutated variant. The fact that it was displayed despite the four cysteines indicates that 

other variants should be able to be displayed.  There are endless of investigations that can be done 

on and therefore the future still looks promising for all of the proteases. 
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Supplementary material 

1: Constructs 

Helper bacteria: 

 
Figure 1: The different protease displaying cells. 3C, sortase A and TEV are expressed on E .coli through the AIDA-1 
autotransporter pathway. Display of 3C was also made on S. carnosus. The ABP normalization tag has the property of being 
detected with flow cytometry by the binding of HSA. 

 

Cleavable bacteria 

 
Figure 2:  The different cleavable bacteria. A: 3C cleavage site on S. carnosus (Z2891). Cleaved off product will include both 
the propeptide (PP) and the Affibody (Z) leading to decrease in signal for Z-HER2. B: TEV cleavage site on S. carnosus (ze01). 
Cleaved off Affibody will enable binding of HER2 to the Affibody molecule (Z) still attached to the bacteria and therefore 
leading to an increased signal  for Z-HER2.  C:  3C/sortase cleavage site on E. coli. Cleaved off Affibody (Zwt) will lead to a 
decrease in signal for Zwt-IgG. The ABP normalization tag has the property of being detected with flow cytometry by the 
binding of HSA. The HER2/IgG binding can be detected by flow cytometry by the binding of SAPE. 
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2: Growth curve measurement with different reducing agents 
50 ml E-flaks were prepared with 5 ml LB media. Reducing agents:  EDTA+DTT, CaCl2, DTT, CaCl2, 

CaCl2+Β-mercaptoethanol, Β-mercaptoethanol, Β-mercaptoethanol+EDTA were added to the 

solutions with a final concentration of 1mM each. One sample was left untreated (negative control). 

Cells containing pARAbad-no passenger construct were added to each sample from a glycerol stock. 

The flasks were placed on 150rpm shaking table in 37°C overnight. From the overnight cultures 

OD600 was measured. From each sample cells were transferred to a deep well plate to give a start 

OD600 of 0,05 (final volume 3 ml). Reducing agents were added to a final concentration of 1mM each 

and LB media was added  up to 3 ml. Plate was sealed with a semi permeable membrane and placed 

in 37°C for 1 min. OD600 was measured with CLARIOstar® (B MG LABTECH) plate reader and counted 

as the time 0. Measurement was made every 30 min until a plateau was reached after approximately 

6 hours (figure 1) 
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Figure 1: Growth curve of cells with different reducing agents. OD600 was measured in a 6 hours interval each 30 min. The 
data points are made in triplicates. 

From the growth curves it can be estimated that most of the reducing agents have little impact on 

the fitness of the cells. The only sample that had significant lower OD600 measurement was the 

combination of EDTA and DTT. This might be explained that both of these substances are known to 

be very strong reducing agents. From the graph it can also be concluded that CaCl2 makes the cells 

grow somewhat slower. Because of these result it was decided to not make any experiment with the 

DTT+EDTA combination. 

 

 

  



3: Buffer solutions: 

IMAC 

Wash buffer – 2L 

- 50mM NaP 

o 5,75g Na2HPO4 

o 1,33g NaH2PO4 (1xH2O) 

- 300mM NaCl 

o 35,064g 

- 15mM Imidazole 

o 2,04g 

pH was adjusted to 7,5 with HCl. 

Elution buffer – 500 ml 

- 50mM NaP 

o 1,4375g Na2HPO4 

o 0,3325g NaH2PO4 (1xH2O) 

- 300mM NaCl 

o 8,766g 

- 150mM Imidazole 

o 5,61g 

Sortase 10x buffer 

- 300mM Tris 

o 3,63g 

- 150mM NaCl 

o 0,87g 

- 5mM CaCl2 

o 0,055g 

- 5% DMSO 

o 5 ml 

MQ was filled up to 10 ml 

pH was adjusted to 7,2 with HCl [27] 

  



4: Controls 

3C protease displayed on E. coli with cleavable bacteria S. carnosus with TEV cleavage site 

The control was made as previously described for analysing the cleavage for 3C protease. Replicates 

of three were made for the control. No signal difference should be seen since samples have been 

treated the same way. 

 

Figure 1: Analysis of negative control with 3C protease displayed on E, coli using flow cytometry. Y axis is the mean value of 
the median HER2-Z interaction (FL2). Red bar is S. carnosus with TEV cleavage site (ze01). Green bar is the combination of 
the S. carnosus with TEV site and the E. coli helper bacteria with 3C protease. 

The negative control showed same results as for TEV with an increased FL2 signal (figure 1), but a 

very low count value. This indicates that there are artefacts in the results. 

Sortase A helper bacteria with E. coli expressing Zwt without cleavage site 

Sample was cultivated and prepared as previously described. The sample contained 10 µg/ml of GGG 

 

Figure 2: FL2 (Zwt-IgG) plotted against FL6 (HSA-ABP) intensity. 

There is a clear tethering between the two sample populations (figure 2). The sortase A displaying 

cells should only give signals in the FL6 channel due to the absence of the Affibody molecule. This is 

not shown but instead the population gathers near the cells expressing sortase cleavage site 

indicating its tethering. Differences in this sample compared to other investigated sample are the 

presence of two OMP-T sites, one in each construct. 
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