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Abstract 24 

The SUMO fusion system is widely used to facilitate recombinant expression and production of 25 

difficult-to-express proteins. After purification of the recombinant fusion protein, removal of the 26 

SUMO-tag is accomplished by the yeast cysteine protease, SUMO protease 1 (Ulp1), which 27 

specifically recognizes the tertiary fold of the SUMO domain. At present, the expression of the 28 

catalytic domain, residues 403-621, is used for obtaining soluble and biologically active Ulp1. 29 

However, we have observed that the soluble and catalytically active Ulp1403-621 inhibits the growth of 30 

E. coli host cells. In the current study, we demonstrate an alternative route for producing active Ulp1 31 

catalytic domain from a His-tagged N-terminally truncated variant, residues 416-621, which is 32 

expressed in E. coli inclusion bodies and subsequently refolded. Expressing the insoluble Ulp1416-621 33 

variant is advantageous for achieving higher production yields. Approximately 285 mg of 34 

recombinant Ulp1416-621 was recovered from inclusion bodies isolated from one liter of high cell-35 

density E. coli batch fermentation culture. After Ni2+-affinity purification of inactive and denatured 36 

Ulp1416-621 in 7.5 M urea, different refolding conditions with varying L-arginine concentration, pH, 37 

and temperature were tested. We have successfully refolded the enzyme in 0.25 M L-arginine and 0.5 38 

M Tris-HCl (pH 7) at room temperature. Approximately 80 mg of active Ulp1416-621 catalytic domain 39 

can be produced from one liter of high cell-density E. coli culture. We discuss the applicability of 40 

inclusion body-directed expression and considerations for obtaining high expression yields and 41 

efficient refolding conditions to reconstitute the active protein fold.  42 

Keywords: ubiquitin-like protease (Ulp); small ubiquitin-like modifier (SUMO); SUMO-specific 43 

protease; inclusion bodies; refolding; L-arginine 44 

 45 

1. Introduction 46 

Recombinant protein production in bacteria presents several challenges, such as low expression 47 

levels, protein misfolding, and partial degradation [1-3]. Among other advancements, fusion protein 48 

systems have shown to be efficient in solving these issues [4, 5]. Several fusion systems have been 49 

developed, of which small ubiquitin-like modifier (SUMO) fusion system has proven to be highly 50 

effective [1]. SUMO-like proteins are present in all eukaryotic cells and are highly conserved in the 51 

evolution from yeast to humans. It is the second best characterized ubiquitin-like (UBL) family after 52 

ubiquitin. Saccharomyces cerevisiae comprises a single SUMO homologue gene SMT3, whereas 53 

there are three homologous members in the mammalian SUMO family (SUMO-1, SUMO-2, SUMO-54 
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In protein research such as drug discovery, protein crystallization, and NMR structure determination 86 

requiring significant amounts of pure and native protein, larger quantities of SUMO protease 1 may 87 

be needed. 88 

Due to the commonly employed use of SUMO protease 1 together with the yeast SUMO (Smt3), 89 

ways of expression and purification of the soluble protease, as well as strategies for improving its 90 

stability and solubility have been investigated [2, 9, 12]. Here, an alternative approach towards the 91 

production of active Ulp1 have been applied. We have identified an N-terminally truncated version 92 

of the catalytic domain of S. cerevisiae Ulp1 (Ulp1416-621) which expresses in an insoluble state in E. 93 

coli. In the present study, we show that the expression of the truncated SUMO protease 1 domain, 94 

lacking residues 403-415 (LVPELNEKDDDQV), is considerably higher than that of the intact and 95 

soluble catalytic Ulp1 domain (Ulp1403-621). We have observed that the expression of the soluble 96 

Ulp1403-621 variant inhibits the growth of E. coli after induction, which limits the recombinant protein 97 

yield. In contrast, expression of the insoluble Ulp1416-621 does not affect the growth of E. Coli and 98 

offers a high yield alternative strategy to Ulp1 expression. We present a simple refolding procedure, 99 

which eliminates the bottleneck for the production of biologically active Ulp1416-621 from E. coli 100 

inclusion bodies. Based on the performed optimization, we conclude that L-arginine mediated 101 

refolding of Ulp1416-621 provides a novel and efficient route for producing soluble and proteolytically 102 

active Ulp1 catalytic domain. 103 

 104 

2. Materials and methods  105 

2.1 Materials 106 

HisTrap HP columns were purchased from GE Life Science. Protein marker (14-116) was from 107 

AppliChem (A5238). The plasmid pFGET19_Ulp1 was a gift from Hideo Iwai (Addgene plasmid # 108 

64697) [9]. All other chemicals were purchased from Sigma Aldrich. 109 

 110 

2.2 Cloning of Ulp1416-621 and transformation of expression strains  111 

Codon-optimized cDNA of Ulp1416-621 was synthesized at Genscript® and sub-cloned into the 112 

pET28a(+) vector using Nde1 and Xho1 restriction sites, providing an in-frame fusion to the N-113 

terminal and C-terminal His-tags of the pET28a(+) vector. The construct included an 11-residue N-114 

terminal linker (SSGLVPRGSHM) and a Glu residue linker in its C-terminus. The resulting plasmid 115 

pET28a_Ulp1(416-621) was transformed into E. coli BL21(DE3) for expression of H6-Ulp1416-621-116 
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Table 1. Refolding conditions tested to form active Ulp1416-621 catalytic domain. Condition sets 213 

A (0 M L-arginine), B (0.25 M L-arginine) and C (0.5 M L-arginine) show the different 214 

combinations of pH and temperature used in the experiment. 215 

A 216 

pH 6 pH 7 pH 8 

0 M L-arginine 0 M L-arginine 0 M L-arginine 

RT 4°C RT 4°C RT 4°C 

B 217 

pH 6 pH 7 pH 8 

0.25 M L-arginine 0.25 M L-arginine 0.25 M L-arginine 

RT 4°C RT 4°C RT 4°C 

C 218 

pH 6 pH 7 pH 8 

0.5 M L-arginine 0.5 M L-arginine 0.5 M L-arginine 

RT 4°C RT 4°C RT 4°C 

 219 

Refolding buffers with no L-arginine (Table 1, set A) were prepared using 50 mM 220 

Na2HPO4/NaH2PO4 while refolding buffers with 0.25 M and 0.5 M L-arginine (Table 1, sets B and 221 

C) contained 0.5 M Tris-HCl. All combinations of L-arginine concentration, pH, and temperature 222 

were tested in triplicates. The refolding experiments were performed by ten-fold rapid dilutions of 223 

purified Ulp1416-621. For this purpose, 10 µl of purified Ulp1416-621 was mixed with 90 µl of refolding 224 

buffer and immediately vortexed for 2-3 seconds. For refolding performed at 4 °C, the buffers were 225 

cooled to this temperature prior to the fast dilutions. As purified Ulp1416-621 was kept in a buffer 226 

having a concentration of 7.5 M urea and 500 mM NaCl, the final concentration of these components 227 

in the 100 µl refolding mixture was 0.75 M and 50 mM, respectively. The refolding mixtures were 228 

incubated for 24 hours before they were centrifuged for 15 min at 16,162 x g and samples for SDS-229 

PAGE were taken from the supernatant. The amount of refolded (soluble) Ulp1416-621 obtained for 230 

each condition was quantified by SDS-PAGE densitometry and compared to that of a control sample 231 

containing affinity-purified Ulp1416-621 diluted ten-fold in denaturing buffer (7.5 M urea, 50 mM 232 

NaH2PO4/Na2HPO4, pH 7.4) (Equation 1). 233 

 234 

 235 

   Refolded Ulp1416-621 =  
Int(refolded Ulp1416-621)

Int(denatured Ulp1416-621)
 * 100, % (1) 



9 
  

The proteolytic activity of the refolded Ulp1416-621 was evaluated by testing its ability to cleave off 236 

the SUMO-tag from the purified SUMO-FAS1-4 (WT) fusion protein. Unless otherwise specified, 237 

digestions were performed in molar ratio 1:110 (Ulp1416-621:SUMO-FAS1-4) by adding a small 238 

fraction of the refolded Ulp1 into the SUMO-FAS1-4 preparation before it was incubated for 24 hours 239 

at room temperature. Samples for SDS-PAGE were taken at the end of the digestion and the intensity 240 

of the protein bands was quantified by densitometry. For each activity assay, a sample containing 241 

intact SUMO-FAS1-4 fusion protein was used as a control. The activity of refolded Ulp1416-621 for 242 

each condition was determined by calculating the amount of “Cleaved substrate” using Equation 2.  243 

 244 

 245 

In order to better estimate the ability of the different conditions to refold active Ulp1416-621, the 246 

obtained values for “Cleaved substrate” were normalized with the corresponding relative amounts of 247 

refolded (soluble) Ulp1416-621, as noted in Equation 3.  248 

 249 

  Ulp1 activity = 
Cleaved substrate, %

Refolded Ulp1416-621, %
 (3) 

 250 

Comparison of the activity of Ulp1416-621 refolded under the two most promising conditions was 251 

carried out by estimating the percentage of cleaved SUMO-fused protein after 30 minutes of 252 

incubation. The proteolytic activity of Ulp1416-621, refolded under the best performing condition, was 253 

also analyzed at 1h, 8h and 24h. The activity of Ulp1416-621 was also examined at 2mM DTT and 254 

enzyme:substrate ratios ranging from 1:110 to 1:2000. The protease activity was also tested in an 255 

upscaled 5 ml cleavage reaction, using 2 mM DTT and 1:2000 enzyme:substrate ratio.  256 

 257 

2.11 SDS-PAGE analyses 258 

Protein samples were added SDS-PAGE sample buffer containing a final concentration of 5 mM DTT 259 

and SDS-PAGE was performed using hand-cast 8-20% gradient gels and the SDS-PAGE Buffer 260 

System [16]. The separated proteins were visualized by Coomassie Brilliant Blue staining using a 261 

Blue Silver staining protocol [17]. Stained gels were documented using a ChemiDoc XRS+ system 262 

(Bio-Rad) and quantification of protein bands were achieved by densitometry using the Image Lab™ 263 

software from Bio-Rad. As an alternative Adobe Photoshop CS5.1 software (version 12.1x 32) was 264 

  Cleaved substrate = 
Int(FAS1-4) + Int(SUMO-tag)

Int(Uncleaved substrate) + Int(FAS1-4) + Int(SUMO-tag)
 * 100, % (2) 
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 290 
Figure 1. Expression of the soluble Ulp1403-621 variant inhibits E. coli growth. A) Growth curves of E. 291 

coli BL21(DE3) transformed with pFGET19_Ulp1 (encoding His-tagged Ulp1403-621) and E. coli 292 

BL21(DE3) transformed with pET28a_Ulp1(416-621) (encoding His-tagged Ulp1416-621). Columns show 293 

the level of Ulp1 catalytic domain per total protein. The obtained results for OD600 and Ulp1 catalytic 294 

domain expression levels are mean values from triplicate measurements. Error bars represent standard 295 

deviations. B) SDS-PAGE analysis of proteins from E. coli BL21(DE3) cells expressing the Ulp1403-621 (left 296 

gel) and Ulp1416-621 (right gel). The expected molecular weight of the two variants is 27.4 kDa and 27.2 297 

kDa, respectively. Samples for total protein (TP) quantification were withdrawn at 1, 2, and 3 hours after 298 

induction, whereas those for soluble (SP) and insoluble protein (IP) analyses were collected at 3 hours after 299 

induction. Bands of the Ulp1 catalytic domain variants are indicated with arrows. Ulp1403-621 is found both 300 

in the soluble and insoluble fractions, while Ulp1416-621 is only found in the insoluble fraction. 301 

 302 
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best conditions to refold active Ulp1416-621, based on the calculated mean values, are 0.25 M L-arginine, 351 

pH 7, RT (1.24 ± 0.07) and 0.25 M L-arginine, pH 8, 4 °C (1.21 ± 0.13). As those two conditions have 352 

very similar activities when the SUMO-cleaved substrate was measured after 24 hours of digestion, 353 

the proteolysis was also measured only 30 minutes after the beginning of the reaction to indicate the 354 

initial rates of the cleavage (Figure 3F). 355 

 356 

Figure 3. L-arginine mediated refolding and activity of Ulp1416-621. The indicated pH values, L-arginine 357 

concentrations, and temperatures correspond to the different refolding conditions of Ulp1416-621. Standard 358 
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 389 

Figure 4. Digestion of SUMO-FAS1-4 fusion protein with Ulp1416-621 refolded at optimal conditions 390 

(0.25 M L-arginine, pH 7, RT). A) Levels of cleaved SUMO-fused substrate at different time points. The 391 

digestions with refolded Ulp1416-621 in molar ratio 1:110 (Ulp1416-621:SUMO-FAS1-4) were performed at 392 

room temperature in triplicates and analyzed at 1, 8, and 24 hours by SDS-PAGE densitometry. The data 393 

points represent mean values while error bars indicate the corresponding standard deviations. B) SDS-394 

PAGE gel showing the effect of DTT on the activity of refolded Ulp1416-621. From left to right: undigested 395 

SUMO-FAS1-4 fusion protein substrate (lane 1), digests of SUMO-FAS1-4 fusion protein without added 396 

DTT (lanes 2, 3 and 4) and at 2 mM DTT (lanes 5, 6 and 7). C) Upscaled (5 ml) proteolysis of SUMO-397 

FAS1-4 fusion protein substrate. From left to right: undigested SUMO-FAS1-4 fusion protein substrate 398 

(lane 1), cleavage of SUMO-FAS1-4 fusion protein at 1:2000 enzyme-to-substrate molar ratio incubated 399 

for 24 hours and RT (lane 2, 3 and 4). In panels B) and C) the bands of the SUMO-tag and the FAS1-4 400 

domain appear as one merged band due to their close migration on the SDS-PAGE gels. 401 

 402 

4. Discussion 403 

The catalytic domain of SUMO protease is essential in SUMO fusion systems for cleaving off the 404 

SUMO-tag from the target protein. S. cerevisiae SUMO protease 1 (Ulp1) and SUMO (Smt3) are 405 

widely used for recombinant protein production. We have developed a novel and alternative method 406 

to produce active Ulp1 catalytic domain, avoiding the observed growth inhibition when expressing 407 

soluble Ulp1 catalytic domain in E. coli.  408 

4.1 Expressing soluble Ulp1403-621 is growth inhibitory to E. coli 409 

In this study, we observed that the expression of the soluble Ulp1403-621 catalytic domain in E. coli 410 

inhibits growth, while production of the insoluble and N-terminally truncated Ulp1416-621 variant does 411 
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