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Please find enclosed a manuscript entitled “A fluorogenic peptide cleavage assay to screen for 

proteolytic activity on cleavage site motifs: Applications for coronavirus spike protein 

activation” by Javier A. Jaimes, Jean K. Millet, Monty E. Goldstein, Gary R. Whittaker and 

Marco R. Straus for submission of an original research article in the Journal of Visualized 

Experiments.  
 

In our manuscript we present a novel and unique technique to test the proteolytic cleavage of 

peptide substrates by various proteases utilizing a rapid fluorogenic peptide cleavage assay. We 

demonstrate the benefits of this method by investigating the cleavage of peptides mimicking the 

cleavage site motif of viral fusion proteins and provide examples how the described fluorogenic 

peptide cleavage assay can assist the evaluation of potential public health risks posed by newly 

emerging viruses such as Middle East Respiratory Syndrome coronaviruses or influenza. 

However, the method is also of interest to other research investigating interactions between 

proteases and their proteolytic substrates.   

 

 

We think our manuscript is of considerable interest, and would be a suitable and timely 

publication in the Journal of Visualized Experiments.  
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SUMMARY: 32 
We present a fluorogenic peptide cleavage assay that allows a rapid screening of the proteolytic 33 
activity of proteases on peptides representing the cleavage site of viral fusion peptides. This 34 
method can also be used on any other amino acid motif within a protein sequence to test for the 35 
protease activity. 36 
 37 
ABSTRACT: 38 
Enveloped viruses such as coronaviruses or influenza virus require proteolytic cleavage of their 39 
fusion protein to be able to infect the host cell. Often viruses exhibit cell and tissue tropism and 40 
are adapted to specific cell or tissue proteases. Moreover, these viruses can introduce mutations 41 
or insertions into their genome during replication that may affect the cleavage, and thus can 42 
contribute to adaptations to a new host. Here, we present a fluorogenic peptide cleavage assay 43 
that allows a rapid screening of peptides mimicking the cleavage site of viral fusion proteins. The 44 
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technique is very flexible and can be used to investigate the proteolytic activity of a single 45 
protease on many different substrates, and in addition, it also allows exploration of the activity 46 
of multiple proteases on one or more peptide substrates. In this study, we used peptides 47 
mimicking the cleavage site motifs of the coronavirus spike protein. We tested human and camel 48 
derived Middle East Respiratory Syndrome coronaviruses (MERS-CoV) to demonstrate that single 49 
and double substitutions in the cleavage site can alter the activity of furin and dramatically 50 
change cleavage efficiency. We also used this method in combination with bioinformatics to test 51 
furin cleavage activity of feline coronavirus spike proteins from different serotypes and strains. 52 
This peptide-based method is less labor- and time intensive than conventional methods used for 53 
the analysis of proteolytic activity for viruses, and results can be obtained within a single day.  54 
 55 
INTRODUCTION:  56 
Viral fusion with the host cell membrane is a crucial step in the life cycle of enveloped viruses and 57 
facilitates entry into the cell and replication of the virus. Typically, viruses possess a specialized 58 
protein (or proteins) that binds to receptors on the host cell membrane and triggers the virus-59 
cell membrane fusion1. Viral fusion proteins have been grouped into three main classes (I-III)1. A 60 
number of viruses that are currently a major concern for public health, such as influenza virus 61 
(representing a long-standing zoonotic emergence from birds) and Middle East Respiratory 62 
Syndrome-coronavirus (MERS-CoV) (representing a recent zoonotic emergence from camels), 63 
utilize the so-called class I fusion proteins, which require proteolytic processing by host 64 
proteases, to exert their fusogenic activity2. Similarly, feline coronavirus (FCoV), which represents 65 
a major disease threat for wild and domestic cats, also possess a class I fusion protein. Class I viral 66 
fusion proteins are typically synthesized as an uncleaved precursor, and generally consist of two 67 
domains that are responsible for receptor binding and triggering the fusion event respectively. 68 
To date, the influenza hemagglutinin (HA) is the best understood fusion protein and numerous 69 
studies have described its mechanistic role in host cell entry and fusion3. In this case cleavage of 70 
the fusion protein occurs at a specific sequence or cleavage site within HA, and in combination 71 
with pH-dependent conformational changes, results in the exposure of the viral fusion peptide1,2. 72 
 73 
The fusion peptide and its preceding protease recognition sequence are critical for the 74 
pathogenicity and the host adaptation of the virus. Changes in the protease recognition sequence 75 
can alter cleavage significantly with potentially dramatic consequences for the virus and the 76 
host4. On one hand, it can abrogate cleavage and thus eliminate the life cycle of the virus. But on 77 
the other hand, a mutation can increase the substrate specificity for a given protease and/or 78 
allow a “new” protease to cleave the fusion protein. Subsequently, this can also expand the cell 79 
and tissue tropism as observed, e.g., with influenza virus subtypes5,6. Usually low pathogenicity 80 
avian influenza (LPAI) viruses and most human influenza viruses are confined to the 81 
gastrointestinal or respiratory tract because of the limited localization of the proteases that 82 
activate them. Typically, the fusion peptide of such HA proteins is preceded by a four-amino acid 83 
sequence that consists of 1-2 non-consecutive basic amino acids, which is recognized by trypsin-84 
like serine proteases like trypsin, matriptase or TMPRSS27,8. When the virus acquires insertions 85 
or mutations that change the cleavage site to a polybasic site, it allows furin to activate the HA 86 
and to potentially cause a much more severe systemic infection6,9. These viruses are referred to 87 
as high pathogenicity avian influenza virus (HPAI), typified by H5N1 strains. 88 
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 89 
In contrast to influenza HA, many coronaviruses, such as MERS-CoV, have two distinct cleavage 90 
sites within their spike protein. The S1/S2 site separates the N-terminal receptor binding domain 91 
(S1) from the C-terminal fusion domain (S2), with a second cleavage site, called S2’, downstream 92 
of the S1/S2 site, in proximity to the fusion peptide10. It was suggested that the sites are cleaved 93 
sequentially, at S1/S2 followed by S2’. In contrast to the HA of most influenza virus strains, the 94 
MERS-CoV S protein S1/S2 and S2’ sites can be recognized by proteases of the proprotein 95 
convertase (PC) family, such as furin. Members of this family cleave at paired basic residues with 96 
the motif R/K-(X)0,2,4,6-R/K(X, any amino acid)2. Generally, the amino acids upstream of the 97 
cleavage site are referred to as P1, P2, P3, etc. counting from the cleavage site and the amino 98 
acids downstream are designated as P1’, P2’, P3’, etc.11. FCoV strains can either have a single or 99 
a dual cleavage site. Like MERS-CoV, some FCoV strains also possess two cleavage sites (S1/S2 100 
and S2’) in their S protein. However, this characteristic is exclusive of serotype I FCoVs (clade A). 101 
In contrast, members of the serotype II (clade B) grouping only have a single cleavage site (S2’)2,12. 102 
Several proteases have been suggested to cleave the FCoV cleavage sites, including furin, trypsin-103 
like proteases and cathepsin. It has been proposed that the S protein of enteric FCoV (also known 104 
as feline enteric coronavirus or FECV) is likely to be cleaved by furin in the S1/S2 site, and 105 
mutations in this site (as well as at S2’) leads to changes in protease requirements. These 106 
mutations have been associated with changes in the tropism and pathogenicity of these viruses, 107 
allowing the virus to become systemic and macrophage-tropic (also known as feline infectious 108 
peritonitis virus or FIPV)13. 109 
 110 
Viruses naturally introduce mutations into their genomes during each replication cycle and 111 
frequently new subtypes and strains of influenza, MERS-CoV and FCoV are described14–16. As a 112 
part of a rapid evaluation to assess the public health threat of emerging viruses, it is critical to 113 
investigate changes in the cleavage site and how it affects the range of proteases activating these 114 
viruses. Here, we describe a peptide-based assay that allows a very quick assessment of how the 115 
cleavage site changes in MERS-CoV S protein affect the substrate specificity of a given protease 116 
and to rapidly screen various proteases for their ability to cleave a given or multiple sequences4. 117 
In a second set of experiments, we used the technique to determine the furin cleavage activity 118 
over different FCoV serotypes and strains. 119 
 120 
The peptides used in this assay are modified with the fluorescence resonance energy transfer 121 
(FRET) pair, 7-methoxycoumarin-4-yl acetyl (MCA) at the N-terminus and N-2,4-dinitrophenyl 122 
(DNP) at the C-terminus. During the assay, MCA is excited and emits light energy that is quenched 123 
by DNP as long as the pair is in close vicinity to each other. If cleavage occurs, however, DNP is 124 
not able to quench the emission anymore and it can be read by the fluorescence plate reader. 125 
The changes in the fluorescence is measured during the experiment to determine the peptide 126 
cleavage rate, and to calculate the velocity at which the protease cleaves the specific peptide 127 
(also known as Vmax)17. 128 
 129 
In order to design the peptides, the gene of the respective fusion protein must have been 130 
sequenced and/or made available in a database. However, the method is less labor-intense and 131 
costly than conventional methods that usually require the cloning of the fusion protein gene into 132 
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expression vectors to express it in mammalian cells to analyze the cleavage. From start to end, 133 
this may take several days up to a few weeks while the peptide assays presented here can be 134 
done within one day as soon as peptides and proteases are available. The setup of the assay takes 135 
between 5 and 30 min depending on the number of samples and the runtime in the fluorescence 136 
plate reader is 1 h. Analysis of the data may take up to 2 h again depending on the sample size. 137 
 138 
Here, we chose two different examples to present the assay. In the first example, we present 139 
data that compares the furin-mediated cleavage of human and camel-derived MERS-CoV, to 140 
assess the potential of the camel-derived strains of being activated in humans if they cross the 141 
species barrier. In the second example, we used a fluorogenic peptide assay to determine the 142 
furin-mediated cleavage of the S1/S2 and S2’ sites or S2’ site of two serotype I and two serotype 143 
II FCoV strains, respectively. For these experiments, we used trypsin cleavage as a positive 144 
control. 145 
 146 
PROTOCOL: 147 
 148 
1. Designing and Preparing the Peptides 149 
 150 
1.1. Acquire the sequence of the fusion protein of interest from a public database such as NCBI 151 
(https://www.ncbi.nlm.nih.gov/) or the virus pathogen database (https://www.viprbrc.org). 152 
Choose the protease recognition site preceding the fusion peptide and include 2-3 amino acids 153 
upstream and downstream of this sequence. 154 
 155 
1.2. When ordering the peptides, modify them with the FRET pair 7-methoxycoumarin-4-yl acetyl 156 
(MCA) at the N-terminus and N-2,4-dinitrophenyl (DNP) at the C-terminus.  157 
 158 
Note: Several suppliers provide these modifications. Price and delivery time depend on the 159 
supplier of choice. However, alternative modifications exist which vary in sensitivity and require 160 
adjustments of the plate reader in terms of wavelengths. 161 
 162 
1.3. Resuspend the peptide according to the manufacturers recommendations by gently 163 
pipetting up and down. For example, resuspend peptides in 70% ethanol to the final 164 
concentration of 1 mM.  165 
 166 
1.4. Optionally, add the tube containing the peptide and the solvent into a sonication bath until 167 
it is fully resuspended if the peptide does not resuspend very well by pipetting. 168 
 169 
1.5. Aliquot the peptide into light dampening or resistant tubes to protect the peptide from 170 
bleaching. Keep aliquot sizes small to avoid multiple freeze/thaw cycles (e.g., 100 µL). Store 171 
aliquots at -20° C. 172 
 173 
2. Preparing the Fluorescence Plate Reader 174 
 175 
2.1. Turn on the plate reader and wait until the self-test is finished. 176 

https://www.ncbi.nlm.nih.gov/
https://www.viprbrc.org/
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 177 
2.2. Open the operating software on the attached computer and make sure it is connected with 178 
the plate reader. 179 
 180 
2.3. Open the temperature setting and set to 30 °C (or the required temperature for optimal 181 
performance for the protease). 182 
 183 
2.4. Click on Control | Instrument Setup to set up the experiment. 184 
 185 
2.5. Choose Kinetic. 186 
 187 
2.6. Select Fluorescence. 188 
 189 
2.7. Enter Excitation and Emission wavelengths: 330 nm and 390 nm respectively. 190 
 191 
2.8. Unselect Auto Cut-off. 192 
 193 
2.9. Select Medium, normal sensitivity. 194 
 195 
2.10. Choose a runtime of 1 h for the assay and select one measurement every 60 s. 196 
 197 
2.11. Set 5 s mixing before first measurement and 3 s before each measurement 198 
 199 
2.12. Select wells to read and start the assay. 200 
 201 
3. Preparing the Assay 202 
 203 
3.1. Prepare the assay buffer by calculating the appropriate quantities for each ingredient and 204 
adding it. For furin, make buffer consisting of 100 mM HEPES, 1 mM CaCl2, 1 mM 2-205 
mercaptoethanol, 5% Triton X-100. For trypsin, use standard phosphate buffered saline (PBS) 206 
solution. 207 
 208 
Note: Volumes of 10 mL or less are sufficient. Depending on the protease(s) used in the assay the 209 
buffer varies.  210 
 211 
3.2. Chill the buffer on ice. 212 
 213 
3.3. Place the assay plate on ice with a thin metal plate underneath to support cooling and 214 
stability. Use a solid black polystyrene 96-well plate with a flat bottom and non-treated.  215 
 216 
Note: It is essential to use black plates to prevent fluorescent “leakage” from adjacent wells. 217 
 218 
3.4. Calculate the appropriate amount of protease to add for each reaction based on previous 219 
publications or experimental data. For furin, use 1 unit per reaction which corresponds to 0.5 µL. 220 
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For trypsin, use 0.5 µL of 160 nM TPCK trypsin. 221 
 222 
3.5. Per sample prepare 3 technical replicates per assay in a total volume of 100 µL per sample.  223 
 224 
Note: It was experimentally evaluated that it does not make a difference whether the pipetting 225 
is carried out under normal light conditions or dimmed light. However, the peptides should not 226 
be exposed to light for an extended period of time. 227 
 228 
3.6. Pipette the appropriate amount of assay buffer (94.5 µL as described under Step 3.1) into 229 
each well. 230 
 231 
3.7. Add the protease to each well. For both, furin and TPCK trypsin, use 0.5 µL per sample. To 6 232 
wells (3 wells for a blank control and 3 wells for a peptide control), add 0.5 µL buffer instead of 233 
the respective protease. 234 
 235 
3.8. Add the peptide to a final concentration of 50 µM to each well except the blank control. In 236 
this case, pipette 5 µL peptide prepared as described under Step 1.3. Add 5 µL of buffer to the 237 
blank control instead of peptide.  238 
 239 
Note: Several concentrations of the peptide were initially tested with the described enzyme 240 
concentrations to ensure that the enzymes were saturated. 241 
 242 
3.9. Insert the plate into the fluorescence plate reader and click start. 243 
 244 
4. Data Analysis 245 
 246 
4.1. Save the experiment file. 247 
 248 
4.2. Click on Export and export the file as a .txt. 249 
 250 
4.3. Import the .txt file into a spreadsheet. 251 
 252 
4.4. For each technical replicate per sample, create a graph plotting the relative fluorescent units 253 
(RFU) on the y-axis against the time on the x-axis (Supplemental Figure 1). 254 
 255 
4.5. Select the data range where the graph is in a linear range and the closest to the start of the 256 
fluorescence increase. 257 
 258 
4.6. Plot the selected data on a second graph and add a linear trendline. 259 
 260 
4.7. Select in the trendline options Display equation on chart. The equation will show the Vmax. 261 
 262 
4.8. Calculate the average Vmax for each sample from the 3 technical replicates. 263 
 264 
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4.9. Repeat the experiment twice more to obtain 3 biological replicates. 265 
 266 
4.10. Calculate the standard deviation based on the data from 3 independent biological 267 
replicates. 268 
 269 
REPRESENTATIVE RESULTS:  270 
In the first part of this study, we used peptides that represent the S2’ cleavage site of three 271 
distinct MERS-CoV S proteins: from the prototypical EMC/2012 human strain (Genbank 272 
AFS88936.1) and from two selected camel-derived MERS-CoVs, NRCE-HKU205 (Genbank 273 
AHL18090.1) and Mor215 (Genbank AVN89324.1) strains, isolated in Egypt and Morocco, 274 
respectively (Table 1)16,18.  275 
 276 
Compared to the EMC/2012 strain, the HKU205 S2’ cleavage site has two mutations in the P2 and 277 
P1’ positions that could potentially impact its recognition by furin and alter the cleavage 278 
efficiency (Table 1). In addition, we were interested to investigate if and how each individual 279 
mutation found in the HKU205 strain affects furin cleavage. We, therefore, included two peptides 280 
where the individual substitutions were introduced into the EMC/2012 peptide sequence 281 
(EMC/2012 mutA-S S2’ and EMC/2012 mutS-I S2’) (Table 1). Furin was able to cleave the 282 
EMC/2012 peptide efficiently with a Vmax of 6.3 ± 1.2 RFU/min, while we detected almost no 283 
cleavage when using the S2’ peptide of the HKU205 strain (Vmax 0.5 ± 0.1 RFU/min) (Figure 1a). 284 
When investigating the EMC/2012 mutA-S S2’ peptide, we found that the cleavage was strongly 285 
reduced compared to the wild type sequence (Vmax 3.6 ± 1 RFU/min). There was almost no 286 
cleavage when testing the EMC/2012 mutS-I S2’ peptide (Vmax 1.1 ± 0.9 RFU/min) (Figure 1a). 287 
 288 
Recently, MERS-CoV isolates from Western Africa were reported that are phylogenetically 289 
distinct from MERS-CoV found in the Arabian Peninsula16. One of the recently described isolates 290 
is the Mor213 strain, which carries a leucine instead of an arginine in the P4 position of the S2’ 291 
site (Table 1), and which could potentially impact its recognition by furin and alter the cleavage 292 
efficiency. Our peptide assay showed that there is only minimal cleavage of the Mor213 S2’ site 293 
as compared to the EMC/2012 site (Figure 1b). The Vmax for the Mor213 peptide is 1.0 ± 0.1. 294 
 295 
For the second part of this study, we used the same peptide assay to evaluate furin-mediated 296 
cleavage of FCoV S protein cleavage sites. We used peptides mimicking the S1/S2 cleavage site 297 
of two FCoV serotype I viruses: FECV I And-4 (from Whittaker lab) and FIPV I Black (Genbank 298 
AB088223.1). We also used peptides mimicking the S2’ site of these viruses, as well as two FCoV 299 
serotype II: FECV II 1683 (Genbank AFH58021.1) and FIPV II 1146 (Genbank AAY32596.1) strains 300 
(Table 1). Typically, furin cleavage occurs when basic residues (arginine and lysine) are present 301 
in the P1 and P4 positions of the cleavage site. Mutations in the P1, P4 and P1’ positions are 302 
suggested to interfere with furin cleavability, therefore altering the protease requirements of the 303 
protein. (Table 1). Furin cleavage was observed for the prototypical S1/S2 peptide FECV I And-4 304 
S1/S2 (Vmax 100.36 ± 7.61 RFU/min) but not in the mutated S1/S2 peptide FIPV I Black S1/S2 305 
(Vmax -1.37 ± 1.29 RFU/min) (Figure 2A). Similarly, furin was able to cleave the prototypical S2’ 306 
peptide FECV II 1683 S2’ (Vmax 5.46 ± 0.97 RFU/min), but not the mutated S2’ peptides FECV I 307 
And-4 S2’ (Vmax 0.26 ± 0.11 RFU/min), FIPV I Black S2’ (Vmax 0.30 ± 0.14 RFU/min) and FIPV II 308 
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1146 S2’ (Vmax -0.36 ± 0.11 RFU/min) (Figure 2B). We used trypsin as a positive control for 309 
peptide cleavage and we observed trypsin cleavage in all the peptides used (Supplemental Figure 310 
2). 311 
 312 
FIGURE AND TABLE LEGENDS: 313 
 314 
Table 1. Peptides used and corresponding amino acid sequences. The peptides used in the 315 
assays contain the (7-methoxycoumarin-4-yl) acetyl/2,4-dinitrophenyl (MCA/DNP) FRET pair. The 316 
P4 and P1 cleavage site positioned arginine (R) residues, which are recognized by furin, are in 317 
bold. Residues in red correspond to mutations compared to reference sequences. 318 
 319 
Figure 1. Furin-mediated proteolytic cleavage of human and camel-derived MERS-CoV S2’ sites 320 
fluorogenic peptides. A. Furin cleavage assay of human MERS-CoV EMC/2012 S2’ site and camel-321 
derived strain HKU205 (double mutant), along with single mutant variants of EMC/2012 (mutA-S 322 
and mutS-I). B. Furin cleavage assay of human MERS-CoV EMC/2012 S2’ site and camel-derived 323 
strain Mor213. For panels A and B, peptides were incubated with recombinant furin and the 324 
increase in fluorescence due to proteolytic processing was measured using a fluorometer. The 325 
assays were performed in triplicates with results representing averages of Vmax from three 326 
independent experiments (n=3). Error bars indicate SD. 327 
 328 
Figure 2. Furin-mediated proteolytic cleavage of FCoV S1/S2 and S2’ sites fluorogenic peptides. 329 
A. Furin cleavage assay of FECV I And-4 and FIPV I Black S1/S2 sites. Peptides were incubated with 330 
recombinant furin. B. Furin cleavage assay of FECV I And-4, FIPV I Black, FECV II 1683 and FIPV II 331 
1146 S2’ sites. The increase in fluorescence due to proteolytic processing was measured using a 332 
fluorometer. The assays were performed in triplicates with results representing averages of Vmax 333 
from three independent experiments (n=3). Error bars indicate SD. 334 
 335 
Supplemental Table 1: Vmax values used for Figures 1 and 2. The Vmax values were calculated 336 
from graphs as illustrated in Supplemental Figure 1 and as described in Protocol section 4. 337 
 338 
Supplemental Figure 1: Illustration of raw data derived from the plate reader software. 339 
Increase of fluorescence over time graphs that were used for determination of the Vmax. 340 
 341 
Supplemental Figure 2: Trypsin-mediated proteolytic cleavage of FCoV S1/S2 and S2’ sites 342 
fluorogenic peptides. Trypsin cleavage assay of FECV I And-4 and FIPV I Black S1/S2 sites and of 343 
FECV I And-4, FIPV I Black, FECV II 1683 and FIPV II 1146 S2’ sites. 344 
 345 
DISCUSSION: 346 
We present here a fluorogenic peptide assay that allows for a fast screening of protein sequences 347 
for their proteolytic cleavage by proteases. In our first example we chose different cleavage site 348 
motifs of the MERS-CoV spike (S) protein to illustrate one application for this assay. Several 349 
enveloped viruses that possess class I fusion proteins such as MERS-CoV, SARS-CoV (Severe Acute 350 
Respiratory Syndrome) and influenza are major concerns for public health and new subtypes are 351 
constantly evolving that have a potential to cross species barriers from their natural hosts to 352 
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humans1,15,16. Isolating the viruses and cultivating them in the lab may not always be feasible or 353 
requires special laboratories that are not available in every research facility.  354 
Hence, there is a need for methods to assess the potential public health threat of emerging 355 
viruses that can be conducted under regular laboratory conditions. In addition to viruses 356 
targeting humans, some animal viruses like FCoV also possess the same class I fusion proteins, 357 
therefore, sharing the similar characteristics than their human counterparts. Isolating these 358 
viruses can also be a challenge, making the use of innovative tools to study them necessary. 359 
 360 
A crucial step in the life cycle of the above-mentioned viruses is host cell entry and fusion 361 
mediated by proteolytic processing of the respective fusion protein by host proteases1,2. A 362 
standard way to investigate this part of the viral life cycle is to clone the fusion protein gene into 363 
a mammalian expression vector, transfect mammalian cells that allow for protein expression, 364 
incubate or co-transfect with the protease of interest, isolate the protein and perform a western 365 
blot analysis. This method comes with several limitations: availability of viral DNA/RNA for the 366 
cloning, costs for synthesizing the gene if no DNA or RNA is available, availability of an antibody 367 
to detect the fusion protein and its cleavage product(s), and it can take up to several weeks until 368 
the entire study is performed. It even becomes more time-consuming, money and labor intensive 369 
if the interest of the study is to investigate several mutations in the cleavage site because it 370 
requires site-directed mutagenesis. The fluorogenic peptide assay we describe here does not 371 
have these limitations. The peptides of interest can be designed based on publicly available 372 
sequences, there are several suppliers that provide a wide range of recombinant proteases that 373 
are relevant for these kinds of studies and the assay including the analysis can be performed 374 
within a single day. 375 
 376 
In our example, we examined furin-mediated cleavage of the S2’ protease recognition site of the 377 
MERS-CoV S protein derived from humans and camels from Egypt and Morocco. Both the human 378 
EMC/2012 and the camel HKU205 S2’ sites contain a typical RXXR furin cleavage motif. However, 379 
according to the PiTou 2.0 cleavage scoring algorithm the HKU205 S2’ site is not predicted to be 380 
cleaved by furin, which we experimentally confirmed19. The reason why HKU5 S2’ is not 381 
processed by furin might be due to the isoleucine in the P1’ position. When we tested two 382 
peptides that carried the individual mutations in the EMC/2012 S2’ sequence, we were able to 383 
confirm that the isoleucine in the P1’ largely abrogates cleavage whereas the alanine to serine 384 
substitution resulted in reduced cleavage. The Mor213 S2’ site does not contain a furin cleavage 385 
motif and it was not surprising to detect almost no cleavage. We also examined how furin cleaves 386 
the S1/S2 and the S2’ protease recognition sites of the FCoV S protein. We were able to observe 387 
furin cleavage of both FECV peptides (FECV I And-4 S1/S2 and FECV II 1683 S2’), while mutated 388 
sequences from FIPV viruses were not cleaved by furin.  389 
 390 
When comparing furin-mediated cleavage of the EMC/2012 S2’ peptide (Figure 1A) with the FECV 391 
I And-4 S1/2 peptides (Figure 2A), we found that there was an approximate 26-fold difference in 392 
the Vmax. This can be explained by the furin cleavage motif in both sequences (Table 1). While 393 
the minimum requirement for furin cleavage is a RXXR motif, a RXRR sequence is much more 394 
favorable2. Therefore, the EMC/2012 S2’ peptide, which has a RSAR motif, is cleaved with less 395 
specificity compared to the FECV I And-4 S1/2 peptide that contains a RSRR furin cleavage site 396 
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(Table 1).  397 
 398 
However, one major limitation of the assay is that the peptides do not reflect the tertiary 399 
structure of the protein they are usually embedded in. Cleavage of the full length fusion protein 400 
exposes the fusion peptide and triggers host cell entry1. The interaction between protease and 401 
fusion protein might also be impacted by the tertiary structure of the fusion protein while we 402 
assume that the peptides are more or less linear. Hence, cleavage detected in the peptide assay 403 
may be artificial and may not reflect the in vivo situation. This was reported for cleavage of the 404 
influenza H3N2 HA subtype by matriptase. While several groups described cleavage of the H3N2 405 
HA by matriptase in peptide assays, it was also shown that incubation of full length H3N2 HA 406 
protein and matriptase in cell culture did not result in a fusogenic HA protein4,20,21. There are 407 
other examples that show that the biologically important regulation of the proteolytic cleavage 408 
is on the level of protein conformation. It has been described that fusion proteins sometimes 409 
need a series of pre-fusion events to be able to expose the cleavage sites upon fusion. The Semliki 410 
Forest virus fusion protein, for example, requires structural rearrangements during a number of 411 
prefusion events in order to expose its fusion protein and make it available for proteolytic 412 
activation22. Therefore, the results obtained in a fluorogenic peptide assay need to be validated 413 
by cell fusion assays or similar experiments. However, the peptide assay still allows a fast 414 
screening of several protease/peptide combinations and to reduce the labor and time of follow 415 
up experiments since combinations that do not show cleavage are very likely to exhibit the same 416 
result in vivo. 417 
 418 
The second major limitation of the assay concerns the proteases. So far it is only possible to test 419 
soluble proteases but not transmembrane proteases. Depending on the intent of the experiment, 420 
this can be a problem. For example, influenza HAs are activated by a number of transmembrane 421 
proteases located at cell membranes8. To a certain extent, this problem can be circumvented by 422 
using the soluble proteolytic active domains, but the results have to be interpreted with caution 423 
and should be validated with conventional methods. We want to refer to the beforementioned 424 
example with matriptase and its activity towards H3N2 HA. In vivo matriptase is located in the 425 
cell membrane but the commercially available enzyme is the soluble catalytic domain. As 426 
discussed with respect to the fusion proteins, it may be possible that it also requires the full-427 
length protease to interact with the full-length protein substrate to obtain cleavage and that 428 
testing only single domains may result in false positives.  429 
 430 
This methodology has shown to be efficient to study the cleavage of specific amino acid 431 
sequences by furin. However, the applications of the technique extents to any available protease 432 
(e.g., cathepsins, proprotein convertase), making it a useful method to screen peptide candidates 433 
for protease cleavage. Moreover, it has been shown that this assay can also be used to test the 434 
efficacy of protease inhibitors and hence provides a fast and easy to tool to screen protein 435 
inhibitors23.  436 
 437 
The fluorogenic peptide cleavage assay described here represents an addition to bioinformatic 438 
cleavage scoring algorithms, which predicts the peptide cleavage by a determined protease, 439 
based on the amino acid properties and sequence. These two techniques, in combination with 440 



   

10 
 

tradition western blotting techniques can be used as an efficient method to study protease 441 
cleavage in vitro. 442 
 443 
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N-terminus P4 P3 P2 P1 P1' C-terminus

MERS-CoV EMC/2012 S2' (MCA)-GS R S A R S AIE-(DNP)

MERS-CoV EMC/2012 mutA-S S2' (MCA)-GS R S S R S AIE-(DNP)

MERS-CoV EMC/2012 mutS-1 S2' (MCA)-GS R S A R I AIE-(DNP)

MERS-CoV HKU205 S2' (MCA)-GS R S S R I AIE-(DNP)

MERS-CoV Mor213 S2' (MCA)-GS L S A R S AIE-(DNP)

FECV I And-4 S1/S2 (MCA)-TSSR R S R R S TT-(DNP)

FIPV I Black S1/2 (MCA)-TQAK R S R R P TS-(DNP)

FECV I And-4 S2' (MCA)-PT I G K R S AVE-(DNP)

FIPV I Black S2' (MCA)-PT I G V R S AVE-(DNP)

FECV II 1683 S2' (MCA)-SK R K Y R S AIE-(DNP)

FIPV II 1146 S2' (MCA)-SK R K Y G S AIE-(DNP)

Name 
Sequence 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Peptides Biomatik N/A

Furin NEB P8077S

Trypsin, TPCK-treated Sigma-Aldrich 4352157-1KT

HEPES Sigma-Aldrich H3375

CaCl2 Sigma-Aldrich C1016

2-Mercaptoethanol Sigma-Aldrich M6250

Triton-X100 Sigma-Aldrich X100

PBS Corning 21-040-CV

SpectraMax Gemini XPS Molecular Devices XPS

SoftMax Pro 6.5.1 Molecular Devices N/A

96-well plate (solid black polystyrene with a flat bottom and non-treated)Costar 3915

Light damping tubes Watson Lab 131-915BL or 131-915BR

Microsoft Excel Microsoft N/A

Prism 7 GraphPad N/A
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Please find our responses to the editorial and peer-review comments below. 
 
Editorial comments: 
Changes to be made by the Author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 
The revised version of the manuscript has been proofread. 
2. Please revise the title to be more concise if possible. 
We shortened the title. 
3. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial products 
should be sufficiently referenced in the Table of Materials and Reagents. You may use the generic term 
followed by “(see table of materials)” to draw the readers’ attention to specific commercial names. 
Examples of commercial sounding language in your manuscript are: SpectraMax Gemini, Molecular 
Devices, SoftMax, Costar, Microsoft Excel, etc. 
We removed all commercial language. 
4. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example, 
1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets, 
dashes, or indentations. 
The numbering of the protocol has been adjusted. 
5. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 
etc.). 
We removed all personal pronouns. 
6. Please revise the protocol to contain only action items that direct the reader to do something (e.g., 
“Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete 
sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” 
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a 
“Note.” Please include all safety procedures and use of hoods, etc. However, notes should be used 
sparingly and actions should be described in the imperative tense wherever possible. 
The protocol has been revised for the addressed issues. 
7. Line 179: Please write the text in the imperative tense in complete sentences. 
Edited. 
8. Please add more details to your protocol steps. There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure 
you answer the “how” question, i.e., how is the step performed? Alternatively, add references to 
published material specifying how to perform the protocol action. 
We revised the protocol and tried to be more clear and detailed. If there are steps that still seem to 
require to be more detailed, we are happy to provide the descriptions. However, we would appreciate if 
it was specifically pointed out which steps need revisions in such a case. 
9. Please include single-line spaces between all paragraphs, headings, steps, etc. 
Changed in manuscript. 
10. References: Please do not abbreviate journal titles. 
Respective journal titles in the references were changed. 
11. Please revise the table of the essential supplies, reagents, and equipment to include the name, 
company, and catalog number of all relevant materials. 
Table has been revised. 
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Reviewers' comments: 

 

Reviewer #1: 

Manuscript Summary: 

In this manuscript entitled "A fluorogenic peptide cleavage assay to screen for proteolytic activity on 
cleavage site motifs: Applications for coronavirus spike protein activation", authors describe using a 
fluorogenic peptide cleavage assay with different amino acid substitutions from different viral strains on 
the peptide substrate containing FRET pair. Assay revealed different Vmax of these peptide substrates. 
This reviewer has the following concerns or questions to be answered. 

 
Major Concerns: 

1. They have measured Vmax values of different fluorogenic peptides cleaved by Furin. However, by 
definition, Vmax is the maximal activity with a saturated amount of substrate (at least 5-fold of Km). From 
the description, they did not use different substrate concentrations (0.5-5-fold Km) to determine the 
Vmax. They only used peptide substrates to a final concentration of 50 μM. Is that concentration sufficient 
to saturate the enzyme? They probably should measure the initial rates under different substrate 
concentrations to obtain Km and Vmax, so they can also discuss about the Km (substrate affinity). If they 
are sure 50 μM is high enough (please explain), they can claim what they measured are the Vmax. 

We thank the reviewer for the important points raised. As suggested by the reviewer, we previously 
performed experiments in which we measured the initial rates under different peptide substrate 
concentrations and found that 50 µM of peptide was indeed sufficient to saturate the enzyme. These 
preliminary experiments showed that at concentrations of peptide substrate higher than 50 µM, there 
were negligible effects on initial rates or proteolytic processing. We have included a note in the 
manuscript to highlight the importance of performing preliminary tests to determine an adequate 
concentration of substrate for determining Vmax values.  

 
2. They showed the substrates with different amino acid substitutions gave different Vmax. However, how 
does that correlate with the infection? Does the virus with unfavorable protease cleavage sequence infect 
the cells ineffectively? Could they provide the cell-based or animal studied information published in the 
literature to rationalize their substrate specificity data? 

It has been shown that MERS-CoV S protein can be activated by a wide variety of proteases. It was 
previously demonstrated that MERS-CoV S could be proteolytically processed by cathepsins and TMPRSS 
proteases. We have shown that in addition to being cleave by these proteases, MERS-CoV could be 
cleaved by furin at the S2’ site 1. This adds an extra “layer” of activation that allows the virus to gain a 
wider tropism, in particular unlocking access to cells expressing high levels of furin. Mutating the cleavage 
site to remove furin cleavability at S2’ does not arrogate entry into host cells, however, it does decrease 
efficiency of entry 1,2.  

 
3. In Supplemental Figure 1A, I cannot tell which of the EMC/2012 mutS-I S2' and HKU205 S2' has higher 
activity. 



The differences in furin proteolytic processing between MERS-CoV EMC/2012 mutS-I S2' and HKU205 S2' 
are very minor, especially considering the error bars associated with the measurements and that the Vmax 
values for both peptides were close to 0. We refer the reviewer to the supplemental table 2 showing the 
Vmax values for both peptides. 

 
4. Why did they choose these particular cleavage sites if there are other furin protease cutting sites? 

In a previous study, both the MERS-CoV S S1/S2 and S2’ sites have been analyzed by fluorogenic peptide 
assays for furin cleavage 1. In the example shown in the protocol, we want to present how mutations at 
cleavage sites impact proteolytic processing. S2’ was chosen here because the cleavage site mutations 
found in camel-derived MERS-CoV S (HKU205 and mor213 strains) contain mutations at S2’ 2. 

 
Reviewer #2: 

Manuscript Summary: 

The manuscript does a good job of briefly summarizing the roles for proteases in enveloped virus - cell 
entry. Accurate statements are provided. The methodologies to measure in vitro protease activities are 
clearly described and are useful. 
 
Major Concerns: 

1. All of the experiments use furin protease, however, the manuscript emphasizes that the methodologies 
are suitable for other proteases as well. Furin has a fairly well-documented cleavage substrate structure, 
while other virus-activating proteases (ie., cathepsins) have less defined or perhaps promiscuous cleavage 
sites. Therefore, the findings obtained from assays with cathepsins (or proteases other than furin) might 
be more informative. For these reasons, it might be useful to include cathepsins or other proteases in the 
visualized experiments. 

Thank you for your suggestion of including other virus-activating proteases as examples in our manuscript. 
While we agree that it would be interesting to include proteases which have less-defined cleavage sites, 
such as cathepsins, we think for the purpose of clarity of the protocol to keep the focus on furin, which 
has a clearly defined cleavage site. This is especially important because we want to show examples of the 
sensitivity of the assay by including peptides that have single mutations that have a big impact on furin 
cleavability. 

 
2. The in vitro cleavage assay may be amenable to the evaluation of specific protease inhibitors (ie., crude 
protease mixtures may cleave FRET substrates and the relevant cleaving proteases identified by 
introducing specific protease inhibitors. Does this work and if yes, the approach might be added into the 
manuscript. 
We have previously performed experiments using this assay to test the effect of protease inhibitors. This 
has been performed by our lab with fluorogenic peptides derived from influenza HA 3. We have added this 
point in the discussion section to highlight this important point for our manuscript. 

 
3. The results from the in vitro experiments can potentially be used to refine bioinformatic cleavage 
scoring algorithms. This might be mentioned, perhaps along with more information on whether the 
existing scoring algorithms have ever been invalidated by ongoing in vitro peptide cleavage assays of the 



sort used here. 
We agree with the reviewer and have added this remark to the manuscript. 

 
4. The key limitation of the assay (peptides do not reflect native protein structures) is important and 
thoroughly described. This is good. What might be added are published observations that proteolytic 
cleavage sites are sometimes exposed on viral fusion proteins only after the fusion proteins have bound 
to cells or cell receptors. So the biologically important regulation of proteolytic cleavage is at the level of 
protein conformation. This might be emphasized a bit more. Also, it might be more explicitly stated that 
the in vitro peptide cleavage assays can generate false positive data (positive in vitro cleavage but no 
cleavage of native fusion protein) but are unlikely to generate false negative data. This is stated, but not 
as explicitly as some readers may desire (this latter issue is a minor point). 

We agree with the reviewer and have added these remarks to the manuscript. 
 
Minor Concerns: 

None. The manuscript is well written. 

 
Reviewer #3: 

Manuscript Summary: 

The manuscript by Jaimes et al. describes studies on a fluorogenic peptide cleavage assay to define 
proteolytic cleavage activity of viral protein cleavage site motifs. Viral protein cleavage is a critical aspect 
of initiation of infectivity for a number of important pathogens such as influenza and coronaviruses, and 
cleavage phenotype can be critical for host range and pathogenicity. The assays reported in this 
manuscript allow for rapid screening of proteases and the analysis of cleavage motifs that mimic the sites 
within viral glycoproteins. Although there are a few limitations, as addressed by the authors in the 
discussion section, this rapid screening serves as a foundation for more detailed studies that can be 
performed on expressed proteins or mutant viruses to gain a further understanding of this important 
topic. The experimental details are well described and the data presented are solid. The paper is concise 
and well written, and appears to be a good fit for JoVE. 

 

Major Concerns: 

None 
 
Minor Concerns: 

None 
 

Reviewer #4: 

Manuscript Summary: 

In this manuscript, the authors describe a very interesting methodology to investigate the putative 
cleavage sites of peptides. The method is well described with sufficient details of the protocol to 
reproduce and adapt the experiments to various peptides and proteases. moreove, the authors de scribe 



the applications of their methodology to putative cleavage peptide sites of sipke proteins form 
coronaviruses. 

 
Major Concerns: 

The description of blank, positive and negative controls is missing in the protocol. 

We added a description to the protocol section of the manuscript. 
 
Minor Concerns: 

The authors should insist on the different applications of their methodology in the discussion section and 
should give more examples of applications beside the cleavage site of viral fusion peptides. 

We included the suggestion when addressing reviewer 2’s major concern 3 and 4. 
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Peptide Furin V max (RFU/min)

MERS-CoV EMC/2012 S2' 6.3 ± 1.2

MERS-CoV EMC/2012 mutA-S S2' 3.6 ± 1

MERS-CoV EMC/2012 mutS-1 S2' 1.1 ± 0.9

MERS-CoV HKU205 S2' 0.5 ± 0.1

MERS-CoV Mor213 S2' 1.0 ± 0.1

Peptide Furin V max (RFU/min)

FECV I And-4 S1/S2 100.4 ± 7.6

FIPV I Black S1/S2 -1.4 ± 1.3

Peptide Furin V max (RFU/min)

FECV I And-4 S2' 0.3 ± 0.1

FIPV I Black S2' 0.3 ± 0.1 

FECV II 1683 S2' 5.5 ± 1.0

FIPV II 1146 S2' -0.4 ± 0.1

Peptide Trypsin V max (RFU/min)

FECV I And-4 S1/S2 413.3 ± 39.6

FECV I And-4 S2' 359.7 ± 22.1

FIPV I Black S1/S2 317.7 ± 25.3

FIPV I Black S2' 85.2 ± 5.9

FECV II 1683 S2' 342.3 ± 27.3

FIPV II 1146 S2' 152.2 ± 22.5

Supplemental File Table 1 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental Table 1.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=897308&guid=fe00a2b5-4b09-4afa-87a5-772923617f72&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=897308&guid=fe00a2b5-4b09-4afa-87a5-772923617f72&scheme=1


0 10 20 30 40 50 60
0

100

200

300

400

Time (min)

Re
la

tiv
e 

flu
or

es
ce

nc
e 

un
its

(R
FU

)
EMC/2012 S2’

HKU205 S2’

Furin

EMC/2012 mutA-S S2’
EMC/2012 mutS-I S2’

0 10 20 30 40 50 60
0

100

200

300

400

Time (min)

Re
la

tiv
e 

flu
or

es
ce

nc
e 

un
its

(R
FU

)

EMC/2012 S2’
Mor213 S2’

Furin

A

B

Supplemental Figure 1 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Fig S1.ai

http://www.editorialmanager.com/jove/download.aspx?id=897311&guid=99ce30cd-c3ce-48e9-8eb7-209e8c3a5b30&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=897311&guid=99ce30cd-c3ce-48e9-8eb7-209e8c3a5b30&scheme=1


Supplemental Figure 2

Supplemental Figure 2 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental Figure 2.eps

http://www.editorialmanager.com/jove/download.aspx?id=897316&guid=feaaf853-ac40-4ddb-9814-ef5e45938152&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=897316&guid=feaaf853-ac40-4ddb-9814-ef5e45938152&scheme=1

