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Abstract 

 
Background and purpose: Tobacco etch virus (TEV) protease, a 27 KDa protein, consists of the catalytic 
domain of nuclear inclusion a (NIa) protein produced by Tobacco etch virus. Because of its unique sequence, 
TEV protease is used for purging fusion tags from proteins. It also has many advantages such as stability and 
activity in a board range of temperature and pH and overproduction in Escherichia coli and these benefits 
make this protease valuable. Despite all these benefits, TEV protease has problems like low solubility (less 
than 1 mg/mL). There are methods for enhancing protein solubility and in this study, the effect of additives 
during cell lysis was studied.  
Experimental approach: Eleven different additives that made twelve different lysis buffers were used and 
their effect on TEV protease solubility analyzed by Plackett-Burman and response surface methodology 
methods.  
Findings / Results: Three best effective additives on TEV solubility (L-proline, sodium selenite, and CuCl2) 
were selected according to software analysis and the best concentration of them was applied to optimize TEV 
protease solubility.  
Conclusion and implications: The obtained results provided the composition of an optimum solvent for 
obtaining soluble TEV protease.  
 
Keywords: Lysis buffer; Plackett-Burman method; Response surface method; Solubility; Solubilizing 
additives; TEV protease. 

 
INTRODUCTION 

 
Recombinant soluble protein production is a 

challenge in biotechnology and one method 
which can help for increasing protein solubility 
is using tag fusions in N/C-terminal (1). Tag 
fusions are protein segments that are produced 
along with the target protein and its expression 
would enhance protein solubility, expression, 
and efficacy (2,3). To obtain a fully functional 
protein, it is always advantageous to separate 
tags or fusion proteins which could be separated 
by physical or enzymatic methods (4). Tobacco 
etch virus (TEV) protease is an enzyme that can 
be used for cleavage of tag fusions recognizing 
sites on proteins (5,6).  

TEV protease, a 27 kDa protein, consists of 
the catalytic part of a nuclear inclusion (NIa) 
protein. TEV is an unconventional serine 
protease (serine/histidine /aspartic acid) in 
which serine is replaced with cysteine. This fact 
explains TEV protease resistance to commonly 
used serine protease inhibitors (7). Its specific 
cleavage sequence consists of seven amino 
acids ENLYFQ/S and separation occurs 
between Q and S. This cleavage site leaves 
behind only one amino acid in the chain of the 
main protein with minimal effects on protein 
properties (8).  
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TEV protease has many advantages like 
stability, activity in a broad range of pH (4-9) 
and temperatures (4-20 °C), and high levels of 
production in Escherichia coli (E. coli) (8-10). 
Despite these benefits, TEV protease solubility 
is low (less than 1 mg/mL) (5,6). Methods are 
available for enhancing TEV solubility like 
controlling expression factors, co-expression 
with chaperones, using solubility enhancing 
fusion tags, and target mutation methods                   
(2,11-14). 

A traditional method in optimizing 
conditions for protein production such as 
culture media, expression, and solubility is 
changing one variable at a time (15,16). This 
method is suitable to examine the effect of one 
variable on the obtained results but it consumes 
a lot of time and materials and also it does not 
consider the interaction between variables (17). 
Fortunately for analyzing multiple variables, 
there are alternative methods such as full 
factorial and fractional factorial (e.g., Plackett-
Burman) designs, response surface 
methodology (RSM), and Taguchi method 
(12,18-20). We used the Plackett-Burman 
method for the identification of parameters with 
the greatest impact on TEV protease solubility. 
RSM can be applied to determine the optimum 
conditions of lysis buffer additives for TEV 
solubility by simultaneously changing several 
variables based on a minimum number of 
experiments and can identify possible interactions 
among experimental additives (21,22). 

In the present study, we decided to change 
lysis buffer additives and find the best condition 
for protein solubility with the help of Plackett-
Burman and RSM methods (23,24). 

 
MATERIALS AND METHODS 

 
Preparation of expressed protein 

One hundred mL of lysogeny broth (LB) 
culture media containing 100 mL ampicillin 
(100 µL/mL), 10 mL E. Coli BL21 (DE3) 
(pRK93 plasmid and MBP-TEV genome) were 
mixed entirely and were fixed in shaking 
incubator at 180 rpm for 3 h at 37 °C until they 
reached the exponential phase (OD600 nm of 
0.6). Subsequently, isopropyl β-d-1-
thiogalactopyranoside (IPTG, 100 mL into 100 
mL culture media, 1µL/mL) was added to 

induce protein production and was incubated 
for another 3 h. Subsequently, the culture media 
was divided into different tubes (1 mL in each 
tube), then centrifuged at 10000 rpm for 1 min 
and the pellet was stored at -70 °C. 
 
Preparation of lysis buffers using Plackett-
Burman designed table  

The combination of various lysis buffers 
designed according to the Plackett-Burman are 
represented by Table 1. Buffer was composed 
of tris 2 mM (pH 8), NaCl 500 mM, glycerol 
10%, natrium azide 0.025%, MgCl2 10 mM 
based on SSGCID's (Seattle structural 
genomics center for infectious disease)                   
general lysis buffer plus additives. Trehalose 
(0.75 M-5.0%), glycine betaine (10 mM-1 M), 
mannitol (0.5 M-1.0%), sodium citrate (0.1 M), 
proline (100 mM-0.5 M), L-arginine (75 mM-
375 mM), xylitol (5.0% or 1 M), sodium 
selenite (10 mM), dipotassium phosphate (100 
mM), CuCl2 (10 mM), cetrimonium bromide 
(0.01-0.5%) were chosen as additives to 
enhance TEV protease solubility among 14 
additives with best effect on protein solubility 
(23). Underlined amounts are concentrations 
that have the most effect on protein solubility 
and were used as our high level amount and the 
low level amount was set at zero. Lysis buffers 
were prepared in 10 mL volumes and pH was 
set at 8 (stored at 4-8 °C). 
 
Extraction of TEV protease from E. coli in 
designed lysis buffers 

Five hundred µL of lysis buffer was added to 
the pellet that was stored at -70 °C (12 lysis 
buffers, each plate one buffer). After dispersing 
plate in buffer completely, the solution was 
transferred to micro smash tubes containing 
glassy pearls and all tubes were centrifuged in 
micro smash centrifuge (TOMY, Japan) at 4500 
rpm for 1 min, then these tubes were put on ice 
for 2 min. This procedure was repeated 5 times. 
Subsequently, 150 mL of each solution was set 
aside as total samples and the residual solutions 
were centrifuged for achieving soluble samples. 
The centrifuge was completed in two phases at 
4 °C, first at 5000 rpm for 15 min, and second 
at 12000 rpm for 5 min. The obtained                
solutions were labelled as soluble samples 
(about 250 µL).  
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Table 1. Plackett-Burman designed lysis buffers. This table shows eleven additives with zero and one code in each 
twelve recommended lysis buffers. 1 represents the existence of additive and 0 represents that the additive does not 
exist in lysis buffer. The amount of each variable shows in the text. 

R
un

 

T
re

ha
lo

se
 

G
ly

ci
ne

 
be

ta
in

e 

M
an

ni
to

l 

So
di

um
 

ci
tr

at
e 

Pr
ol

in
e 

L
-A

rg
in

in
e 

X
yl

ito
l 

So
di

um
 

se
le

ni
te

 

D
ip

ot
as

si
um

 
ph

os
ph

at
e 

C
uC

l2
 

C
et

ri
m

on
iu

m
 

br
om

id
e 

1 1 1 0 1 1 1 0 0 0 1 0 
2 1 1 1 0 0 0 1 0 1 1 0 
3 1 1 0 0 0 1 0 1 1 0 1 
4 0 1 0 1 1 0 1 1 1 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 
6 1 0 1 1 0 1 1 1 0 0 0 
7 0 0 0 1 0 1 1 0 1 1 1 
8 1 0 1 1 1 0 0 0 1 0 1 
9 0 1 1 1 0 0 0 1 0 1 1 
10 1 0 0 0 1 0 1 1 0 1 1 
11 0 1 1 0 1 1 1 0 0 0 1 
12 0 0 1 0 1 1 0 1 1 1 0 

 
Quantification of extracted protein in total 
and soluble samples using gel electrophoresis 

The samples were prepared for loading into 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Loading buffer 
(×5) was added to each tube and incubated in a 
water bath for 5 min at 100 °C. Then a 15% 
SDS-gel was prepared and samples (total and 
soluble) were loaded (20 mL) to the gel and 
electrophoresed at 70 mA, for 4 h. Afterwards, 
the gel was stained with Coomassie blue 
followed by destaining. TEV protease protein 
band was identified using the pre-stained 
protein ladder (Thermo Fisher Scientific, MA, 
USA). Band intensity measured by ImageJ 
1.50e software (National Institutes of Health, 
USA). This software is capable of analyzing 
and assigning a number to protein band 
intensity. These numbers were imported to 
Plackett-Burman software to determine the 
most effective additives on TEV protease 
solubility. In the next step, we used the RSM 
(Box-Behnken) method (18,19) to design lysis 
buffers based on the most effective additives. In 
this method, software studied additive 
concentrations on 3 levels: high level, low 
level, and middle level. Eventually, the most 
effective concentration of additives was 
selected for preparing the lysis buffer to 
optimize TEV solubility. Validation of this 
method was tested in the laboratory. 

Identification of protein band locale in 
electrophoresis gel using western blot method 

Western blot is an analytical technique used 
in molecular biology for the detection of a 
specific protein in a complex mixture of protein 
(25). In this study, we used colourimetric (3,3’-
diaminobenzidine, DAB method) and enhanced 
chemiluminescent (ECL method) detection for 
visualization of TEV protease. 

DAB method: briefly, after electrophoresis 
of our samples on an SDS-gel, they were 
transferred (25 w, 0.4 A, 1 h) to a nitrocellulose 
paper by Bio-Rad system (Trans-Blot, USA). 
Subsequently, the nitrocellulose paper was 
incubated in 3% skim milk (3 g skim milk in 
100 mL tris-buffered saline (TBS) (NaCl 125 
mM, tris 25 mM pH 8.0) overnight followed by 
washing with enough TBST (TBS + Tween® 80 
0.1%  ) 3 times for 10 min and then adding 5 mL 
of conjugated antibody to 10 mL TBST and 
shacking for 2 h. When this procedure was 
completed, the nitrocellulose paper was washed 
3 times for 10 min with TBST. Finally, 9 mg 
DAB was added to 15 mL TBST and shook to 
dissolve DAB, then nitrocellulose paper was 
incubated in this solution and shook in the 
presence of 50 mL of H2O2 until the appearance 
of protein bands. 

For further investigation, we used 
nitrocellulose paper that was washed 3 times 
with TBST after shaking with a conjugated 
antibody. All the steps were performed in a dark 
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room. First, detection reagent (125 mL per                        
1 cm2 of paper) was added and the paper was 
put into a cassette. A sheet of film was placed 
on to the paper and the cassette was closed for 
10 sec and then the film was immersed into the 
stabilizing solution, deionized water, and 
appearance solution, respectively. Protein bands 
were detected and were sharper and more 
intense than the DAB method, so small 
quantities of proteins could be detected.  
 

RESULTS 
 
Confirmation of TEV protease protein by 
western blot 

Western blot analysis of the obtained gels 
demonstrated the existence of TEV protein                  
(27 KDa, Fig. 1).  

 
Analysis of TEV protease solubility in the 
designed lysis buffers 
Analysis of TEV protease protein band intensity 
with Plackett-Burman method  

The extraction of TEV protease in the 
presence of different lysis buffers (Table 1) was 

presence of different lysis buffers (Table 1) was 
performed and total/soluble samples were 
loaded on SDS-gel (Fig. 2). Protein bands were 
analyzed by Image J software. The results of 
protein band intensity are shown in Table 2. 

 
Table 2. Results of Tobacco etch virus (TEV)     
protease protein band intensity performed by Image J 
software. 

Samples Total Soluble 

1 30281.3 2917.6 
2 32827.6 2788.4 
3 33474.4 1255.3 
4 23614.2 2655.1 
5 26864.2 5763.4 
6 22984.4 2473.7 
7 20310.3 1569.4 
8 22988.3 1417.9 
9 165687.5 7048.4 
10 46516.8 14745.8 
11 44846.2 7968.6 
12 41760.6 8483.5 

 

 
 
Fig. 1. Results of TEV protease western blot of (A) DAB and (B) ECL methods. The same sample was loaded in different 
lanes and the obtained size matched the size of TEV protease protein. TEV, Tobacco etch virus; DAB, 3,3’-
diaminobenzidine; ECL, enhanced chemiluminescence. 
 
 
 

 
 
Fig. 2. SDS-PAGE of TEV protease extraction in the designed lysing buffer in Table 1. T shows the total sample and S 
shows the soluble sample. Numbers correspond to the number of lysis buffers in Table 1. TEV protease protein band is 
marked by an arrow. SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TEV, Tobacco etch virus. 
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Fig. 3. SDS-PAGE of the extracted proteins (Tobacco etch virus protease) in lysis buffers designed by RSM method to 
determine the best concentration of three additives chosen by Plackett-Burman method. T' and S' show total samples and 
soluble samples, respectively. Numbers correspond to runs in Table 5. BL21 cells that were not transformed with any 
plasmids were used as the negative control. SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
RSM, response surface methodology. 
 

Table 4. Most effective additives on Tobacco etch 
virus (TEV) protease solubility based on Plackett-
Burman analysis with three levels of concentrations, 
low, high and middle ones.  

Additives  Concentrations (mM) 
Low Middle High 

Proline 
 

100 300 500 
Sodium selenite 
 

5 10 15 
CuCl2 
 

5 10 15 
 
Protein band intensity of soluble samples 

obtained from Image J software was entered to 
Design Expert software and results were analyzed 
and reported in Table 3. Three best additives with 
a positive effect on TEV protease solubility 
(according to software analysis) were selected 
and used for subsequent experiments i.e. 
optimization of TEV protease solubility using 
best additive concentration. 
 
Analysis of TEV protease protein band intensity 
with RSM method  

In this step, the three most effective additives 
on TEV protease solubility were used to design 
new lysis buffers.  

Table 5. Lysis buffers that designed by response 
surface methodology (Box-Benhken) method. 

Run Proline 
(mg/mL) 

Sodium selenite 
(mg/mL) 

CuCl2 
(mg/mL) 

1 100 15 10 
2 500 5 10 
3 100 10 5 
4 500 10 15 
5 300 5 15 
6 300 15 15 
7 300 10 10 
8 500 15 10 
9 100 10 15 
10 300 10 15 
11 500 10 5 
12 300 15 5 
13 300 5 5 
14 100 5 10 
15 300 10 10 

 
In the RSM method (Box-Benkhen), each 
additive studied in three levels; high level, low 
level, and middle level. Additives 
concentrations are shown in Table 4 and 
designed lysis buffers with these three additives 
are shown in Table 5. 

Table 3. Effect of additives on Tobacco etch virus (TEV) protease solubility. The second column shows the percentage 
of impact on solubility, and this percentage could be positive or negative. The third column shows the amount of 
positive or negative impact on solubility. Three additives with the best effect on protein solubility (according to 
software analysis) are proline, CuCl2, and sodium selenite. 

Additives Percent Quantity 
Trehalose 2.88 -1314.93 
Glycine betaine 4.46 -1636.73 
Mannitol 0.08 +212.33 
Sodium citrate 24.28 -3820.51 
Proline 13.81 +2881.69 
L-Arginine 4.39 -1625.17 
Xylitol 1.31 +885.81 
Sodium selenite 9.36 +2372.74 
Dipotassium phosphate 23.91 -3791.31 
CuCl2 11.86 +2669.86 
Cetrimonium bromide 3.68 +1487.28 
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Table 6. Analysis of protein band intensity by ImageJ 
software in step 2. 

Samples Total Soluble 
1 22541.46 3868.79 
2 41455.61 4140.34 
3 13198.02 2123.62 
4 35939.79 1255.51 
5 11095.12 1385.41 
6 38933.47 1945.31 
7 34758.18 2062.48 
8 19611.17 2245.13 
9 41792.61 2820.79 
10 37770.77 3554.21 
11 9979.81 1287.06 
12 20675.43 550.85 
13 20420.87 697.58 
14 20420.14 1447.99 
15 31363.20 1353.16 

 
Protein was extracted in lysis buffers based on 
concentrations shown in Table 5 and the 
obtained solutions (total and soluble) were 
loaded on SDS-PAGE (Fig. 3) to analyze 
protein band intensity by Image J software.                           
The results of protein band analysis are                            
shown in Table 6. 

shown in Table 6. 
 

Optimization of additives concentration in lysis 
buffer to obtain TEV soluble 

Finally, in the last step, the most effective 
additives on TEV protease solubility were used 
to optimize protein solubility. The optimized 
lysis buffer was prepared with proline, sodium 
selenite, and CuCl2 (the concentrations were 
100, 5, and 5 mM, respectively). It is shown in 
Table 7. Also, an optimized lysis buffer 
designed by Plackett-Burman is shown in            
Table 8.  

Proteins extracted in lysis buffers designed 
by RSM and Plackett-Burman (data is shown in 
Tables 7and 8) and obtained solutions (total and 
soluble) loaded on SDS-PAGE. The results of 
this procedure and the results of protein band 
intensity analysis are shown in Fig. 4 and                 
Table 9, respectively. The reason why we used 
Plackett-Burman again, is explained in the 
discussion section. 

Table 7. Optimized lysis buffer suggested by Box-Benhken method.  
Proline (mM) Sodium selenite (mM) CuCl2 (mM) Intensity Desirability 
100  5  5  4195.020 1.000 

 

 
 

 
Fig. 4. SDS-PAGE image of step 3, optimization of additives concentrations to make TEV-protease more soluble after 
extraction. T" and S" show total and soluble samples, respectively. T"4 and S"4 are protein band extracts that their lysis 
buffer was designed by RSM method (Table 8), T"5 and S"5 are protein bands extracts that its lysis buffer was designed 
by Plackett-Burman method. Numbers 6, 7 and 8 show protein extraction in the presence of lysis buffer without additives, 
BL21 bacteria without TEV-protease genome, and extraction of protein in the presence of PBS as lysis buffer, 
respectively. SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; RSM, response surface 
methodology; TEV, Tobacco etch virus protease. 

Table 8. Optimized lysis buffer designed by Plackett-Burman method. The concentration of variables is molar. 

T
re

ha
lo

se
 

G
ly

ci
ne

 
be

ta
in

e 

M
an

ni
to

l 

So
di

um
 

ci
tr

at
e 

Pr
ol

in
e 

L
-A

rg
in

in
e 

X
yl

ito
l 

So
di

um
 

se
le

ni
te

 

D
ip

ot
as

si
um

 
ph

os
ph

at
e 

C
uC

l 2 

C
T

A
B

 

B
an

d 
in

te
ns

ity
 

D
es

ir
ab

ili
ty

 

0.256 0 0 0 0.5 0 1 0.005 0 0.005 0.01 12692 0.848 



Recombinant TEV protease recombination 

337 

 
Fig. 5. 3D charts of protein band intensity (soluble part) in the Box-Benhken method showing the interaction between 
two factors by keeping other factors constant. (A) Sodium selenite and CuCl2, (B) proline and CuCl2, (C) proline and 
sodium selenite, (D) cube chart of intensity in the presence of all three variables 
 

DISCUSSION 
 

Tag fusions are peptide segments that are 
added to proteins for various reasons such as 
enhancing protein expression, solubility and 
efficacy, facilitation of refolding, and 
prevention of proteolysis (1,26). Also after 
protein production and extraction, it is 
important to detach the protein tag to obtain a 
functional native protein. One of the enzymes 
used for this purpose is TEV protease that has 
great benefits which make it worthy to study 
more and more (27,28). Despite its benefits, 
TEV protease has some deficiencies such as 
low solubility. Controlled expression, co-
expression with chaperones, and changes in 
lysis buffer additives are suggested methods for 
enhancing its solubility. Most studies on 
enhancing TEV protease solubility were 
conducted by adding fusion tags to the protein 

and mutations on TEV protease DNA sequence 
(6,29), while few studies examined the effect of 
host expression and conditions of culture media 
like temperature and IPTG concentration 
(24,30). On the other hand, some studies have 
used additives and small molecules for 
enhancing protein solubility. It has been 
recently reported that when trehalose or sorbitol 
or L-arginine added to a growth culture, two 
insoluble proteins appear soluble (31). One 
proposed theory is that protein is produced in a 
form that host could use it to survive, and the 
functional form of most proteins is their soluble 
form. Because of the difference in the 
extraction environment as compared to the 
cytosol, proteins may turn to functionally 
inactive inclusion bodies (23). Therefore, the 
selection of suitable lysis buffers can help to 
avoid inclusion body production or aggregation 
after extraction. 
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In the present study, eleven additives with 
the best effect on recombinant protein solubility 
were selected to study their effects on TEV 
protease solubility (23). First, all eleven 
additives were tested. Then three more effective 
additives on TEV solubility were studied to 
obtain the best concentration of them 
(according to TEV solubility enhancement) in 
lysis buffer. Our results demonstrated that proline 
had the most positive effect, about 13.81%, on 
TEV solubility and its higher concentrations 
were even more effective on protein solubility. 

Results in step 2 showed a significant 
decrease in protein band intensity, and it does 
not mean that L-proline, sodium selenite, and 
CuCl2 have not any effect on protein solubility, 
it means that additives interaction and 
effectiveness on each other and extracted 
protein may not correlate with analyzing by 
statistical software equations (Fig. 5). So, we 
returned to step 1 (Plackett-Burman method) 
and optimized conditions according to this 
method (all eleven additives were involved in 
this method). The outcome of Plackett-Burman 
design was obtaining some soluble protein. 

In this study, we tried to introduce a suitable 
lysis buffer for the extraction of TEV protease and 
reduce inclusion body production and 
aggregation after extraction. However, software 
forecast (Plackett-Burman and RSM) did not 
prove validity but it seems that about 1.18% 
(ratio of protein band intensity in the soluble 
sample to total sample in the original buffer 
without any additives) of the protein was found 
as soluble and this ratio in the optimized lysis 
buffer designed by Plackett-Burman method 
and not RSM was about 27.68%, a 2345.76% 
improvement of solubility. 

 
CONCLUSION 

 
In conclusion, the designed experiments in 

the present study were successful in providing 
a lysis buffer composition that could enhance 
the solubility of the obtained TEV protease. 
Further studies on the production of this 
recombinant protease to obtain a reasonable 
amount of the soluble protein are ongoing. 
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