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ABSTRACT 20 

Proteases attract a lot of interest, not only because of their involvement in 21 

many biological processes, but also as essential tools in biomedical research and 22 

industry. Here, we present a novel genetic method for identification of site-specific 23 

proteolysis. The assay utilizes plasmid-encoded reporters that upon processing by a 24 

coexpressed protease confer antibiotic resistance to cells in proportion to the cleavage 25 

efficiency.  26 

We demonstrate that cells expressing cleavable or non-cleavable reporters 27 

together with tobacco etch virus protease (TEVp), could be distinguished from each 28 

other by growth in selective media. Moreover, the growth rate proved to correlate 29 

with the substrate processing efficiency. Thus by applying competitive growth in 30 

antibiotic-containing medium, we could also show that the substrate preferred by 31 

TEVp was enriched at the expense of other less-efficient substrates. We believe that 32 

this simple methodology will facilitate protease substrate identification, and hold 33 

great promise for directed evolution of proteases towards improved and/or new 34 

functionality.  35 

36 



 

INTRODUCTION 36 

Proteases control important biological processes, such as DNA replication, 37 

cell-cycle progression, cell proliferation, differentiation and migration, and apoptosis 38 

through their ability to initiate, modulate, and terminate a variety of essential cellular 39 

functions by the processing of bioactive molecules [1]. Besides their role in cells, 40 

proteases also serve as essential tools for industrial applications as well as biomedical 41 

research, particularly in proteomics [2]. 42 

There are a number of methods available for characterization and engineering 43 

of proteases, but many do have their limitations. Rational mutagenesis followed by 44 

low-throughput assays preserving the genotype and phenotype link has frequently 45 

been applied for protease engineering [3,4]. However, in order to isolate rare enzyme 46 

variants with desired new traits (e.g., improved catalytic efficiency, increased 47 

solubility, tailored specificity and refined selectivity), large libraries must be sampled, 48 

typically through screening but preferably by selection, and is therefore highly 49 

dependent on high-throughput methods. This is especially true in projects aiming at 50 

altering the substrate specificity; usually several amino acid substitutions are needed 51 

to change substrate specificity and preserve high levels of catalytic efficiency, which 52 

demands the examination of the substrate preferences and activities of numerous 53 

enzyme variants.  54 

Characterization of the functions of all proteases as well as their functional 55 

connections with other proteases and inhibitors in humans and other organisms is 56 

necessary to understand biology and medicine better. Of particular importance is to 57 

reveal the substrate specificity as the ability to discriminate among potential 58 

substrates is central to protease function. This can be done through several different 59 

methods, many of which have been described in recent reviews [5-7]. Nevertheless, 60 



 

convenient high-throughput systems providing a simple clonal link between a 61 

protease and its corresponding substrate expressed in a single cell have been, if not 62 

completely absent, at least scarce. Thus, in order to expediate the identification of the 63 

expressed and active protease repertoire in a cell and to identify natural substrates of 64 

each protease new techniques are required [1].  65 

Recently, we developed a novel and very efficient fluorescence-assisted 66 

whole-cell assay for engineering and characterization of proteases and their substrate 67 

peptides [8]. This system actually does provide a simple and strong clonal genotype-68 

phenotype link and is, compared to many other present methods, fast, convenient, and 69 

sensitive, but has its limitations when the libraries being screened reach a certain size, 70 

since it is dependent on the throughput rate of a flow cytometer [8]. Although modern 71 

high-speed flow cytometry cell sorters may be capable of analyzing up to 100 000 72 

events/s, the practical sort rate is closer to 40 000 particles/s due to abort rates based 73 

on coincident drop occupancy [9]. Thus, the time needed to screen and sort a library 74 

the size of 1x109 members would translate to 25 000 seconds, which is equivalent to 75 

almost 7h, and this does not take into account time losses due to technical issues. 76 

However, to get reasonable coverage of the library at least 3x the library size must be 77 

screened and since not all cell types are amendable to such high sorting speeds (40 78 

000 cells/s) due to viability issues, the actual time needed could easily extend to 79 

several days or even weeks. In addition, as flow cytometry cell sorters are quite 80 

expensive and the performance is highly dependent on trained personnel, this 81 

technique may not be within reach to all laboratories. Therefore, another concept 82 

based on a true selection principle, facilitating the interrogation of large libraries, was 83 

explored.  84 



 

The method presented here is a variant of the original fluorescence-assisted 85 

whole-cell assay [8] but based on cell survival or competitive growth in selective 86 

media, rather than the appearance of fluorescence. Chloramphenicol acetyltransferase 87 

(CAT), an enzyme conferring chloramphenicol (Cml) resistance, is used as reporter 88 

for proteolysis. The enzyme is fused to a protease substrate peptide and an ssrA 89 

degradation tag at the very C-terminal end that makes the whole fusion protein subject 90 

to intracellular proteolysis. Normally, the ssrA system marks certain proteins for 91 

proteolytic destruction and is used in bacteria as an intracellular protein quality 92 

control where it takes care of incomplete and possibly harmful protein fragments. It 93 

also rescues ribosomes that have stalled on damaged mRNAs, allowing further rounds 94 

of protein synthesis. All this is accomplished by adding an 11-residue degradation tag 95 

(AANDENYALAA, the ssrA tag) to the C-terminus of the growing polypeptide 96 

chains, thereby making them substrates for intracellular proteases, such as ClpXP, 97 

ClpAP and FtsH in E. coli [10]. The ssrA peptide tag has no effect on the structure or 98 

thermodynamic stability of attached proteins, indicating that it mediates degradation 99 

solely by creating a recognition site for ClpXP binding, for instance [10]. Here, we 100 

took advantage of this feature merely to reduce the intracellular CAT-concentration to 101 

a level incapable of supporting fast cell growth in media containing Cml.  102 

The protease and the reporter molecules are produced simultaneously in vivo, 103 

and if site-specific proteolysis occurs, CAT is released from the ssrA tag and escapes 104 

degradation by ClpXP. The cell will then gain Cml resistance and exhibit growth 105 

advantage in media supplemented with Cml as opposed to those cells where the 106 

substrate processing is too inefficient (see Figure 1A for a schematic overview).  107 

As a model, we chose the tobacco etch virus protease (TEVp), which exhibits 108 

very high sequence specificity and activity under a wide range of conditions; it 109 



 

recognizes a seven amino acid sequence (ENLYFQ↓G/S) that usually is not present in 110 

non-viral sequences, and cleaves even at low temperature and in the presence of 111 

various detergents [11]. In contrast to some other popular site-specific proteases 112 

(thrombin, enterokinase, human rhinovirus 3C) TEVp processing is either more 113 

specific or results in that the new N-terminus of the leaving protein fragment is 114 

extended with only one extra amino acid from the protease recognition sequence, 115 

namely the P1’ residue (according to Schechter & Berger nomenclature) [12]. Earlier, 116 

TEVp was believed to obligate glycine (G) or a serine (S) in P1’ for efficient substrate 117 

processing, but it is now known that also several other amino acids occupying that 118 

position can lead to fairly high level of processing as well [13]. Potentially, this could 119 

open up for the possibility to achieve native N-terminal ends upon TEVp cleavage; 120 

especially if novel protease variants, capable of processing non-canonical substrate 121 

peptides with excellent catalytic efficiencies, can be engineered. Collectively, all 122 

these features have made TEVp one of the most popular present reagents for cleaving 123 

off fusion tags from recombinant proteins [14]. Its use, however, has to some degree 124 

been hampered due to relatively poor solubility and inefficient expression of the 125 

protease in E. coli [15]. Thus, a method as the one proposed and described here could 126 

be of great value as it may provide a convenient and simple means for substrate 127 

identification as well as straightforward engineering of proteases in general, and 128 

TEVp in particular, towards e.g., tailored substrate specificity, improved activity, 129 

increased solubility. 130 

Using the above-mentioned methodology, we were able to show that cells 131 

containing different substrates could be distinguished from each other. Additionally, 132 

by applying competitive growth in selective medium, we could also demonstrate that 133 

the preferred TEVp substrate was enriched at the expense of other substrates. 134 



 

 135 

MATERIALS AND METHODS 136 

Bacterial strain and reagents 137 

Escherichia coli strain RR1ΔM15 [supE44 lacY1 lacZ ara-14 galK2 xyl-5 138 

mtl-1 leuB6 proA2 Δ(mrcC-mrr) recA+rpsL20 thi-1 λ- F´ (lacIq lacZΔM15)] [16] was 139 

used as the host for construction of reporter vectors as well as coexpression of TEV 140 

protease and reporter peptides during the growth rate and selection studies. Culture 141 

media and chemicals were from Merck and Sigma-Aldrich, respectively. DNA 142 

modifying enzymes were from New England Biolabs or Fermentas, and used 143 

according to the manufacturers’ recommendations. Primers were purchased from 144 

Eurofins MWG Operon  (for a list of all oligonucleotides used in this study, see Table 145 

1). 146 

 147 

Construction of reporter vectors 148 

The chloramphenicol acetyltransferase (CAT) gene, conferring resistance to 149 

chloramphenicol (Cml) was amplified from pGFP-subG-ssrANY [8] by PCR using 150 

oligonucleotides LISA23 and LISA24 that contain SalI and KpnI sites, respectively. 151 

The amplified fragment was digested with SalI-HF and KpnI and ligated into pGFP-152 

subG-ssrANY and pGFP-ssrANY [8], digested with the same enzymes, thereby creating 153 

pCAT-subG-ssrANY* and pCAT-ssrANY*, respectively. Since these plasmids now 154 

contain the gene for Cml resistance in two positions, the Cml selection marker in the 155 

backbone was exchanged for another gene, instead conferring resistance to kanamycin 156 

(Km). The backbones of the plasmids, except the unwanted Cml marker, were PCR-157 

amplified using oligonucleotides LISA19 and LISA20, which contain AscI and NotI 158 

restriction sites, respectively. The amplicons were then digested with Fast Digest 159 



 

AscI and NotI. A gene fragment encoding Km resistance was first amplified from 160 

pZS24-MCS-1 [17] by PCR using oligonucleotides LISA21 and LISA22 with internal 161 

NotI and AscI sites, respectively, then digested with Fast Digest NotI and AscI, and 162 

finally ligated into the previously amplified and digested backbones of pCAT-subG-163 

ssrANY* and pCAT-ssrANY*, thus yielding pCAT-subG-ssrANY and the negative 164 

control pCAT-ssrANY, respectively. To construct a positive control, pGFP-subG [8] 165 

was digested with SalI and HindIII and the fragment was then ligated into the 166 

backbone of SalI/HindIII-digested pCAT-ssrANY, thereby resulting in pCAT-subG. 167 

pGFP-subP-ssrANY [8] and pGFP-subV-ssrANY [18] both contain SalI sites flanking 168 

the substrate peptide encoding sequence (subP and subV). Thus, to allow for correct 169 

insertion of the CAT gene into these vectors, the SalI site on the C-terminal side of 170 

the TEV substrate region was first removed from the plasmids. This was done through 171 

splicing by overlap extension, SOEing [19]. Two gene fragments from each of pGFP-172 

subP-ssrANY and pGFP-subV-ssrANY, one corresponding to the GFP gene and the 173 

other to a region behind the GFP gene, were amplified separately by PCR. The GFP 174 

region was amplified using oligonucleotides LISA06 and LISA11 on pGFP-subP-175 

ssrANY, while LISA08 and LISA11 were used on pGFP-subV-ssrANY. The gene 176 

fragments 3’ to the GFP region were instead amplified with the primer pairs 177 

LISA05/LISA12 and LISA07/LISA12 using pGFP-subP-ssrANY and pGFP-subV-178 

ssrANY as templates, respectively. LISA05 and LISA07 both contain one mismatched 179 

base that destroys the SalI site downstream of the TEVp substrate region. The two 180 

overlapping fragments from each vector were spliced together and amplified by PCR 181 

using oligonucleotides LISA11 and LISA12. The amplified full-length products were 182 

digested with KpnI and HindIII and ligated into pGFP-subG-ssrANY, digested with the 183 

same enzymes, thereby creating pGFP-subP-SalI and pGFP-subV-SalI. These vectors 184 



 

were then used as templates in separate PCR reactions with oligonucleotides LISA11 185 

and LISA12. The amplicons were digested with Fast Digest SalI and HindIII and 186 

ligated into SalI/HindIII-digested pCAT-ssrANY, yielding pCAT-subP-ssrANY and 187 

pCAT-subV-ssrANY. All constructed plasmids were verified by DNA sequencing. 188 

 189 

Cell growth on semi-solid medium or in liquid medium supplemented with the 190 

antibiotic agent, chloramphenicol  191 

E. coli strain RR1ΔM15 harboring the TEVp expression vector pMal-TEV2 192 

[8] and a reporter vector of choice (pCAT-subG-ssrANY, pCAT-subV-ssrANY, pCAT-193 

subP-ssrANY, pCAT-ssrANY or pCAT-subG) were inoculated in 10 ml LB broth 194 

supplemented with 100 µg/ml ampicillin and 50 µg/ml kanamycin and grown at 37°C 195 

and 150 rpm over night. The saturated culture was diluted 1:150 in identical but fresh 196 

medium and grown to OD600~0.5, at which point isopropyl-β-D-thiogalactopyranoside 197 

(IPTG) was added to a final concentration of 0.1 mM to initiate the TEVp expression. 198 

The temperature was shifted to 30°C, which is the optimal temperature for TEVp 199 

processing, and then the cultures were grown for 0.5 hour after which L(+)-arabinose 200 

was added to a final concentration of either 0.2% or 0.8% to initiate expression of the 201 

reporter constructs. The cultures were grown for another 2 hours at 30°C before 100 202 

µl of each culture (diluted 1:100) was transferred to LB agar plates (∅15 cm) 203 

supplemented with 0.1 mM IPTG, 0.2% L(+)-arabinose and 20 µg/ml Cml, after 204 

which the plates were incubated at 37°C over night. In parallel to the plating, a small 205 

aliquot of each culture was also inoculated (1:100) into fresh LB broth supplemented 206 

with 0.1 mM IPTG, 0.8% L(+)-arabinose, and either 20 µg/ml or 50 µg/ml Cml. The 207 

cell growth progression at 37°C was then followed over time by measuring OD600. 208 

During the “selection phase”, ampicillin and kanamycin, normally used to ensure 209 



 

retention of the TEVp expression plasmid and CAT-reporter plasmids, were omitted 210 

as we reasoned that the cells in any case must keep both plasmids for survival in an 211 

environment containing Cml.  212 

 213 

Enrichment experiment performed in liquid media 214 

To perform a test selection, a small mock library was created by mixing cells 215 

harboring the TEV protease vector (pMal-TEV2) as well as either of the vectors 216 

pCAT-subG-ssrANY or pCAT-ssrANY or pCAT-subP-ssrANY in an approximate 1:2:2-217 

ratio (based on OD600 units). Before mixing, the different clone types had first been 218 

grown as separate (induced) cultures, in principle according to the protocol described 219 

previously. The mixture was then inoculated (1:100) in two separate flasks containing 220 

25 ml LB medium supplemented with either 20 µg/ml Cml, 0.1 mM IPTG and 0.2% 221 

L(+)-arabinose (for the selection), or 100 µg/ml ampicillin, 50 µg/ml kanamycin, 0.1 222 

mM IPTG and 0.2% L(+)-arabinose (as a control). The control was used to rule out 223 

the possibility that the enrichment was not linked to differential substrate processing 224 

efficiency, but instead due to some other unknown non-specific mechanism 225 

conferring increased growth rate to the enriched clone type/s. The cells were grown at 226 

30°C and at various time points (0, 3, 5 and 8 h), small aliquots of each culture were 227 

transferred to LB agar plates supplemented with 100 µg/ml ampicillin and 50 µg/ml 228 

kanamycin. After an over night incubation at 37°C, 96 colonies from each plate were 229 

sequenced by standard methods to determine the ratios of the different clones (i.e., 230 

reporters) present in the cultures at the various time-points. 231 

232 



 

RESULTS 232 

 233 

Using a novel antibiotic resistance-based assay for detecting site-specific 234 

proteolytic activity: initial trials 235 

We have explored a novel concept based on competitive growth in selection 236 

medium for the monitoring and identification of site-specific proteolysis in bacterial 237 

cells. More specifically, E. coli cells were equipped with a plasmid-encoded 238 

cytoplasmic protease-sensitive reporter, namely chloramphenicol acetyltransferase 239 

(CAT) fused to different tobacco etch virus protease (TEVp) specific substrate 240 

peptides and a C-terminal ssrA-tag. Expression of CAT normally confers resistance to 241 

chloramphenicol (Cml), but here the ssrA-tag renders the whole fusion protein 242 

susceptible to degradation by the cytoplasmic protease, ClpXP [10], thus making the 243 

cells sensitive to Cml. In fact, we actually used an engineered ssrA-variant (here 244 

denoted ssrANY) that improves the degradation efficiency [8,20]. However, 245 

coexpression of TEVp should enable the removal of the degradation tag, through 246 

cleavage within the substrate peptide, thereby rescuing CAT and, consequently, 247 

restoring the antibiotic resistance (see Figure 1 for an overview of the concept and 248 

plasmids used in this study). 249 

To test this concept, we first analyzed the ability of cells, coexpressing TEVp 250 

and different reporter constructs, to form colonies on LB agar plates supplemented 251 

with Cml. In brief, the various cell types were grown to early log phase before being 252 

induced sequentially with IPTG and L(+)-arabinose driving the expression of TEVp 253 

and reporters, respectively, and 2h later the samples were diluted and finally plated on 254 

LB agar plates supplemented with 20 µg/ml Cml as well as 0.1 mM IPTG and 0.2% 255 

L(+)-arabinose. As can be seen in Figure 2A, a lot of colonies (>> 1000) appeared on 256 



 

the plate with cells expressing the positive control CAT-subG, which lacked the 257 

degradation tag (where subG is ENLYFQG, which is the natural substrate peptide for 258 

TEVp), while no colonies could be observed if the cells instead expressed the 259 

negative control, CAT-ssrANY that lacked subG. Interestingly, expression of CAT-260 

subG-ssrANY, which TEVp should be able to process, seemed to restore the Cml-261 

resistance as approximately 40-50 colonies were formed (Figure 2A). In control 262 

experiments, using cells that instead expressed the same reporter constructs alone 263 

(i.e., no TEVp was expressed, either due to lack of TEVp expression vector or that 264 

IPTG was omitted), no colonies were formed, except for the positive control (CAT-265 

subG) that still generated very many colonies (data not shown).  266 

To investigate whether the method also could be applicable in solution the 267 

cultivations were, at the same time as being plated, inoculated into fresh LB broth 268 

supplemented with 20 or 50 µg/ml Cml, 0.1 mM IPTG and 0.8% L(+)-arabinose after 269 

which growth was followed by measuring OD600. As can be seen in Figure 2B and 270 

2C, cells expressing the positive control (CAT-subG) or the reporter containing a 271 

TEVp-specific substrate peptide (CAT-subG-ssrANY) continue to grow, whereas the 272 

negative control (CAT-ssrANY) does not support cell growth in liquid culture. This is 273 

an additional indication that the system is able to distinguish between cells containing 274 

active CAT due to specific TEVp proteolysis and the cells that do not contain active 275 

CAT.  276 

Collectively, these initial experiments indicated that the method in principle 277 

works, as, for example, the gain of Cml-resistance clearly was dependent on TEVp 278 

expression. At this point we have no reason to believe that the rescue of CAT was due 279 

to some mechanism other than active removal of the degradation tag by TEVp, since 280 



 

we in a previous study showed that catalytic activity was essential  to save, in that 281 

particular case, GFP-subG-ssrANY from destruction [8]. 282 

As expected, the positive control, which represents the greatest level of Cml-283 

resistance possible with the present system, obviously resulted in the highest capacity 284 

for survival (in an environment containing Cml). Interestingly, the performance of the 285 

reporter CAT-subG-ssrANY was to some degree context specific; on plates, it 286 

performed significantly worse than CAT-subG, while both constructs showed similar 287 

growth rates in liquid medium (Figure 2). This may not be that surprising since it is a 288 

quite complex chain of events eventually leading to gain of Cml-resistance, all of 289 

which are dependent on the actual culture conditions that affect: (i) the expression 290 

level of both the reporter molecules and TEVp, (ii) the apparent TEVp substrate 291 

cleavage efficiency, (iii) the efficiency with which the ATP-driven ClpXP-machinery 292 

degrades the reporters.  293 

As the rescue of CAT apparently is more efficient in solution, we believe that 294 

this assay format probably is the most appropriate, especially when the clones express 295 

protease and substrate combinations that either exhibit poor processing efficiency or 296 

result in only subtle differences in cleavage efficiency. 297 

 298 

The growth rate is dependent on the efficiency with which TEVp process 299 

different substrate peptides 300 

To further test the method, cells coexpressing TEVp and a panel of highly 301 

similar but different reporter constructs were analyzed for their ability to confer 302 

differential growth rates in liquid cultures containing Cml. More specifically, the 303 

reporters used were either CAT-subG-ssrANY or CAT-subV-ssrANY (where subV is 304 



 

ENLYFQV) or CAT-subP-ssrANY (where subP is ENLYFQP), which contain glycine 305 

(G), valine (V), and proline (P), respectively, in the P1’ position of the substrate 306 

peptides. In addition, cells that instead expressed either CAT-ssrANY or CAT-subG 307 

together with the protease, served as a negative and positive control, respectively. 308 

As before, CAT-ssrANY (the negative control) was unable to support cell 309 

growth while cells harboring the different substrate peptides, subG, subV or subP, in 310 

the reporter constructs clearly showed differential growth rates, indicating different 311 

efficiencies of processing by TEVp (Figure 3). SubG apparently conferred the highest 312 

growth rate, while subV and subP exhibited intermediate and very low growth rates, 313 

respectively (Figure 3). This was comforting, since these peptides in previous in vivo 314 

and in vitro studies have been shown to exhibit high, low and very low efficiency of 315 

processing, respectively [13,18]. The fact that different substrate peptide sequences 316 

actually do result in differential growth rates was indeed very encouraging. In 317 

principle, this should then allow for selection of the best protease-substrate 318 

combination/s from complex mixtures of different substrate/protease variants, based 319 

on competitive growth in liquid culture.  320 

 321 

Selection of a clone expressing an efficiently processed substrate from a 322 

background of cells expressing sub-optimal substrates 323 

To perform a test selection, a model library was first prepared by mixing 324 

induced cells coexpressing TEVp and different reporter constructs, either CAT-subG-325 

ssrANY or CAT-ssrANY or CAT-subP-ssrANY, at an approximate initial ratio of 1:2:2, 326 

respectively (based on OD600 measurements). The “library” was then subjected to 327 

competitive growth in LB broth supplemented with 20 µg/ml Cml, 0.1 mM IPTG and 328 



 

0.2% L(+)-arabinose, and the enrichment progress was followed over time by 329 

analyzing the relative proportions between the three cell types (this was done through 330 

DNA sequencing).  331 

In medium containing Cml, there was a clear expansion of cells expressing 332 

CAT-subG-ssrANY (harboring the preferred TEVp substrate, subG) at the expense of 333 

the other two constructs, CAT-ssrANY and CAT-subP-ssrANY (Figure 4A). After 3h, 334 

approximately 73.5% of the cells expressed CAT-subG-ssrANY whereas those that 335 

instead expressed CAT-subP-ssrANY and CAT-ssrANY had dropped to approximately 336 

19% and 7.5 %, respectively. At 5h, no cells expressing CAT-ssrANY could be 337 

detected, while 86% expressed CAT-subG-ssrANY. After 8h 100% of the sequenced 338 

clones expressed CAT-subG-ssrANY (Figure 4A). On the contrary, a control 339 

experiment, using the same clonal mixture that instead was grown in medium without 340 

Cml, revealed that the relative proportions between the three clone types essentially 341 

remained constant over time (Figure 4B). This showed that growth of the clonal 342 

mixture in selective medium had resulted in an efficient enrichment of the best 343 

performing protease-substrate combination, and that it indeed was function-based and 344 

not due to some mechanism other than protease-mediated substrate cleavage. 345 

 346 

DISCUSSION 347 

In this work, we have described a novel concept for determining proteolysis 348 

based on competitive growth in selective media. To achieve this, a short-lived reporter 349 

that contains a protease-sensitive peptide is coexpressed with a protease of interest in 350 

E. coli. Clones, in which the protease cleaves the substrate peptide, acquire resistance 351 

to the antibiotic agent Cml in proportion the catalytic turnover rate, thus enabling the 352 

analysis and identification of proteolytic events in vivo.  353 



 

More specifically, when we applied this methodology to the highly sequence-specific 354 

protease TEVp, it was demonstrated that cells with and without a cleavage site in the 355 

reporters readily could be distinguished from each other in growth media 356 

supplemented with Cml (Figure 2). The efficiency of the cleavage was in fact 357 

reflected in different growth rates; the optimal substrate peptide ENLYFQ↓G 358 

conferred high growth rate to the cells, while the relatively poor and very poor 359 

substrates, ENLYFQ↓V and ENLYFQ↓P, respectively, resulted in slow and almost no 360 

growth at all, respectively (Figure 3). In a model experiment, we also showed that the 361 

system enabled the enrichment of the best substrate-protease combination from a 362 

background of less-efficient combinations, through selection based on competitive 363 

growth in liquid culture (Figure 4A). 364 

The system worked both on plates and in liquid culture, although more 365 

sensitive in solution. Nevertheless, we believe that this format-dependent (plates vs 366 

solution) difference in performance can be exploited for different purposes. For 367 

example, as we showed here, the liquid assay worked well for fine discrimination of 368 

closely related substrate peptides, but if the aim instead had been to improve the 369 

catalytic activity of an already highly efficient protease, such as TEVp towards the 370 

optimal substrate subG, this would probably have been difficult; simply because there 371 

is not much room for improvements since that particular protease-substrate 372 

combination (TEVp-subG) already conferred almost maximal growth rate to the cells 373 

(when using the current system configuration). In such an instance, it would probably 374 

be more productive to subject a TEVp mutant library to selection on Cml-containing 375 

plates, since the window for improvements seems significantly larger in this format 376 

(Figure 2).  377 

 378 



 

In liquid medium, the growth rate of cells expressing CAT-subG-ssrA was 379 

comparable to those that expressed the positive control, CAT-subG (Figure 2B). In 380 

contrast, in our previous study where GFP was used as a reporter, GFP-subG yielded 381 

significantly higher fluorescence intensity than GFP-subG-ssrA [8]. This indicates 382 

that in the liquid format, there may exist a certain critical intracellular CAT 383 

concentration, above which it will be difficult to detect differences in growth rate.  384 

Although our method allows for discrimination of different proteolytic 385 

efficiencies (based on differential growth rates or colony forming units), and thereby 386 

also ranking of clones, the use of individual growth rates as a means for quantification 387 

of cleavage efficiency may be a somewhat blunt instrument. However, should this be 388 

insufficient, there exist several sensitive CAT substrates that are used for measuring 389 

the activity in cell extracts; either through liquid scintillation counting (LSC), or thin-390 

layer chromatography (TLC) assays. This would then be a complementary way to 391 

indirectly determine the protease cleavage efficiency. 392 

At present, there is a large interest in the engineering of proteases as this is a 393 

means to adapt them for various industrial and biomedical applications. In particular, 394 

the prospect of creating proteases with tailored specificity holds great promise as 395 

novel therapeutics, but is also a very challenging task. One of the problems is related 396 

to the relative lack of simple and powerful selection systems linking catalytic turnover 397 

(phenotype) to a particular protease variant (genotype). To this end, libraries of 398 

phage-enzyme mutants in combination with different selection approaches has been 399 

popular; either (i) indirect selection by binding to inhibitors or transition state 400 

analogues, or (ii) direct selection through product binding [21]. However, the number 401 

of protease variants with truly novel specificities generated with these techniques has 402 

been limited. In recent times, several whole-cell assay formats for protease 403 



 

engineering have been established, and in some cases also successfully used for the 404 

reprogramming of substrate specificity, but with limited throughput capacity [8,22-405 

25]. In comparison to these systems, our assay offers the advantage of being a 406 

selection method rather than a screening system, and hence, perhaps in a better 407 

position to handle large libraries, which usually is critical to the success in such 408 

engineering efforts. In addition, it is also more flexible than the most successful 409 

current system for alteration of the substrate specificity by Olsen and coworkers, as 410 

their method is restricted to surface-displayed proteases [25]. Indeed, some proteases 411 

might be difficult to analyze also in our system, for example those that are (i) toxic to 412 

E. coli or (ii) inactive because of misfolding. Should the lack of activity be due to 413 

missing disulfide bonds, either in the protease or substrate, we believe that this issue 414 

can be solved by using mutant bacterial strains, which allow disulfide formation in the 415 

cytoplasm [26].  416 

Nevertheless, it should be relatively straightforward to identify the substrate 417 

peptides preferred by different proteases with our assay. In principle, large substrate 418 

libraries are first constructed by combinatorial randomization of the substrate 419 

encoding plasmid sequence, and then coexpressed with the protease of interest in cells 420 

grown in Cml-containing medium to enrich the best performing substrate-protease 421 

combinations. This approach would improve the throughput considerably compared to 422 

traditional methods based on comparison and alignment of substrates occurring in 423 

nature or analysis of the processing efficiency on synthetic peptides [27]. It would 424 

also constitute an alternative to the popular “substrate-phage” platform [28,29] and 425 

more recent cell-based systems [7,8,18,30], especially as it offers the advantage of 426 

being a selection method as opposed to the screening systems provided by the cell-427 

based assays. However, it will be important that the substrate libraries are constructed 428 



 

by using a method that minimizes the occurrence of stop codons (due to amber stop 429 

codons) and frame shift mutations (e.g., use of trinucleotide phosphoramidites-430 

synthons would ensure this [31], as the frequency of false-positive clones otherwise 431 

will be too high. 432 

To further enhance the utility of the CAT-assay, it was designed to be 433 

compatible with our original GFP-based reporter system [8]. More specifically, the 434 

reporter plasmids in both systems contain universal restriction sites flanking the 435 

region encoding the substrate peptide and ssrA-tag, which thus makes it possible to 436 

swap this region between the two systems, through relatively simple “cut and paste” 437 

reactions. Thus, in principle, the CAT-based system could be used as a first step to 438 

identify a panel of substrate candidates from a large library, and then transfer them to 439 

the GFP-based reporter for subsequent characterization of the processing efficiency in 440 

a fast and thorough manner. 441 

We have now in two independent studies, this included, demonstrated that it is 442 

possible to generate efficient protease-sensitive reporter systems by appending a short 443 

degradation tag to the C-terminal end of either CAT or GFP [8]. In principle, this 444 

strategy should be extendable to other suitable proteins as well, given that they 445 

tolerate C-terminal extensions without loosing their activity. Along these lines, we 446 

tried to establish two alternative reporters at an early stage of this project, which were 447 

based on antibiotic resistance systems other than CAT, but did not succeed. Both 448 

neomycin phosphotransferase II (NPT II) and the tetracyclin efflux protein (TetA) 449 

failed to confer resistance to kanamycin and tetracyclin, respectively, when fused to 450 

the TEVp substrate peptide subG (ENLYFQG) at their C-terminus. For at least NPT 451 

II this is not that surprising since there is a study describing that the enzyme becomes 452 

inactivated by some C-terminal fusions. The loss of activity seems to be dependent on 453 



 

the exact nature of the appendage (i.e., the length and amino acid composition) [32]. 454 

Thus, by incorporating the correct type of spacer sequence it might be possible to use 455 

this enzyme as a reporter for proteolysis, but we did not investigate this further. 456 

In the light of what has been presented here, we believe that this novel 457 

intracellular antibiotic resistance-based assay for site-specific proteolysis may become 458 

a valuable addition to the toolbox for identification of (i) efficient protease substrates, 459 

(ii) proteases that can cleave a predefined peptide sequence, and (iii) novel protease 460 

variants with improved functionality, from large libraries. Hopefully, this will not 461 

only enhance our understanding of protease biology but also be of immediate use in 462 

various biotechnical and medical applications.  463 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TABLE 580 

Table 1: Sequences of oligonucleotides used this study 581 
Name Sequence [5’ to 3’] 
LISA05 GCCGGTCGATGCAGCAAAC 
LISA06 TCGACCGGCTGGAAGTACAGG 
LISA07 AGGTGGTCGATGCAGCAAACG 
LISA08 TCGACCACCTGGAAGTACAGGTTTT 
LISA11 ACGGCGTCACACTTTGCTATG 
LISA12 TCACTTCTGAGTTCGGCATGG 
LISA19 GATTTATTGGCGCGCCGAAGTGATCTTCCGTCACAGG 
LISA20 AAGAGTTGGCGGCCGCTGATCCGGCAAACAAACCAC 
LISA21 CTGGATCTGCGGCCGCGAGTCCAAGCGAGCTCTCGA 
LISA22 GAAATTGTGGCGCGCCCACAATTCCACACAGACGTC 
LISA23 TTAAAAGTCGACCGCCCCGCCCTGCCACTCATCGCA 
LISA24 AAGGAAGGTACCATGGAGAAAAAAATCACTGGATAT 
 582 

583 



 

 583 
FIGURES AND LEGENDS 584 
 585 

 586 
 587 
 588 
 589 
 590 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 591 
 592 
Figure 1. Schematic overview of the antibiotic resistance-based proteolysis assay 593 

and plasmids used in this study. (A) Tobacco etch virus protease (TEVp) and a 594 

proteolysis-reporter containing a substrate peptide are coexpressed in E. coli cells. 595 

Upper part: If site-specific proteolysis occurs within the reporter, the enzyme 596 

chloramphenicol acetyltransferase (CAT) that confers resistance to chloramphenicol 597 

(Cml) will be released from the ssrA degradation tag and escape degradation by 598 

intracellular proteases such as ClpXP. The cell will therefore be able to grow in media 599 

supplemented with Cml. Lower part: If no site-specific proteolysis takes place, the 600 

entire reporter complex is degraded and thereby lose the ability to support cell growth 601 

in Cml-supplemented media. (B) The names and relevant features of the different 602 

plasmids used are as indicated (in the figure). PBAD and Ptac, represent the arabinose 603 

and the tac promoters, respectively. CAT corresponds to chloramphenicol 604 

acetyltransferase that confers resistance to Cml. subX is ENLYFQX, where X 605 

corresponds to G, V or P (denoted as subG, subV and subP, respectively). KmR and 606 

AmpR represent genes that confer resistance to kanamycin and ampicillin, 607 

respectively. MBP is maltose binding protein, which is fused to TEVp to enhance the 608 

solubility, but is cleaved off by autocatalysis upon proper folding of the protease. The 609 

different elements of the plasmids are not drawn to scale. 610 

 611 



 

Figure 2. Substrate peptide cleavage support cell growth in selective media. Cells 612 

coexpressing TEVp and either of CAT-subG-ssrANY, the negative control CAT-613 

ssrANY or the positive control CAT-subG that lacks the degradation tag, were plated 614 

on LB agar plates supplemented with 20 µg/ml Cml, 0.1 mM IPTG and 0.8% L(+)-615 

arabinose (A) or inoculated into LB broth supplemented with 0.1 mM  IPTG, 0.8% 616 

L(+)-arabinose and either 20 µg/ml Cml (B) or 50 µg/ml Cml (C). (A) 617 

RR1∆M15/pMal-TEV2/pCAT-ssrANY (left), RR1∆M15/pMal-TEV2/pCAT-subG-618 

ssrANY (middle), RR1∆M15/pMal-TEV2/pCAT-subG (right). (B) and (C) 619 

RR1∆M15/pMal-TEV2/pCAT-ssrANY (red) RR1∆M15/pMal-TEV2/pCAT-subG-620 

ssrANY (blue), RR1∆M15/pMal-TEV2/pCAT-subG (green). 621 

 622 



 

Figure 3. Substrate peptide-dependent differences in growth rate. Cells harboring 623 

the TEVp expression vector as well as one of the reporter vectors pCAT-subG-624 

ssrANY, pCAT-subV-ssrANY or pCAT-subP-ssrANY (containing the substrate peptides 625 

ENLYFQG, ENLYFQV and ENLYFQP, respectively), or the negative control pCAT-626 

ssrANY were grown to early log phase before TEVp and the reporters were induced 627 

sequentially. After 2 hours of phenotyping, the cells were inoculated into fresh LB 628 

broth supplemented with the inducers (0.1 mM IPTG and 0.2 % L(+)-arabinose) and 629 

the selective agent Cml (20 µg/ml). Growth was followed over time by measuring 630 

OD600.  631 

632 



 

Figure 4. Enrichment of cells expressing an efficiently processed substrate from a 632 

mixture of cells expressing less-efficient substrates. Cells coexpressing TEVp and 633 

either CAT-subG-ssrANY (green) or CAT-subP-ssrANY (blue) or CAT-ssrANY (red) 634 

were mixed at an approximate ratio of 1:2:2 before being inoculated into selective 635 

media supplemented with 20 µg/ml Cml, 0.1 mM IPTG and 0.2% L(+)-arabinose (A) 636 

or into media supplemented with 50 µg/ml Km, 100 µg/ml Amp, 0.1 mM IPTG and 637 

0.2% L(+)-arabinose, serving as a control (B). Shown are the clonal distributions 638 

between the cells expressing the different substrate peptides during the selection (as 639 

determined by DNA sequencing). 640 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