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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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3). Proteins from the SUMO family attach covalently to other proteins via an isopeptide bond formed 55 

between the C-terminal carboxyl group in SUMO and the ε-amino group of an lysine side chain in 56 

the conjugated proteins [3]. The de-conjugation (desumoylation) of the SUMO moiety from the 57 

modified protein is catalyzed by cysteine proteases, which recognize the SUMO-fold and cleave the 58 

isopeptide bond. These enzymes, known as SUMO-specific proteases, have been identified in 59 

different eukaryotic species including human and yeast [6]. In S. cerevisiae, two SUMO-specific 60 

proteases have been characterized and referred to as ubiquitin-like specific proteases (Ulp1 and Ulp2) 61 

[7, 8]. 62 

In several studies, the yeast SUMO (Smt3) and SUMO-specific protease 1 (also called SUMO 63 

protease 1 and Ulp1) have successfully been used in a SUMO fusion system for difficult-to-express 64 

proteins [2, 3, 9]. When fused to the SUMO solubility tag otherwise insoluble proteins are expressed 65 

as soluble and properly folded proteins. Ulp1 overcomes a major disadvantage of protein fusion 66 

technologies, by cleaving the SUMO-tag with high specificity and over a wide range of conditions 67 

[3]. In comparison to site-specific proteases such as thrombin and TEV protease [1] which are used 68 

in other protein fusion systems to remove affinity and solubility tags, Ulp1 recognizes the unique 69 

tertiary structure of the SUMO-tag. It cleaves specifically at the C-terminus of the glycine-glycine 70 

motif in the C-terminal end of the SUMO tag, allowing for any desired N-terminus on the C-terminal 71 

target protein [3, 10]. This property of the SUMO-tag/Ulp1 system is advantageous because the 72 

cleavage leaves no additional residues on the target protein's N-terminus. 73 

Full-length Ulp1 is composed of a weakly conserved N-terminal domain (residues 1-432), and a 74 

conserved C-terminal protease fold (residues 432-621; numbering S. cerevisiae Ulp1) [7]. The active 75 

site of Ulp1 is similar to other cysteine proteases, comprising the catalytic triad (Cys-580, His-514, 76 

Asp-531). However, unlike other cysteine proteases, Ulp1 catalytic domain has a narrow hydrophobic 77 

tunnel, recognizing the di-glycine C-terminal motif, thus responsible for the high selectivity of the 78 

enzyme [10]. 79 

Li and Hochstrasser discovered through limited proteolysis of yeast Ulp1, that the fragment 80 

comprised of residues 403-621 is as active as the full-length protease [3, 7, 10]. Thus, recombinant 81 

Ulp1403-621 has already been used for digesting SUMO-tagged proteins [2, 3, 9, 11]. It is known that 82 

the enzyme kinetics and the optimal enzyme to substrate ratio vary and are very dependent on the 83 

SUMO-fused protein [3]. These findings suggest that in some cases, in order to achieve good 84 

digestion within a reasonable period of time, higher amount of the Ulp1 catalytic domain is needed. 85 
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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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H6. The plasmid pFGET19_Ulp1 (pET28b(+) encoding for N-terminal His-tagged Ulp1403-621 with an 117 

N-terminal GLVPRGS linker), was also transformed into E. coli BL21(DE3). Both plasmids code for 118 

kanamycin resistance and expression of genes inserted in the multiple cloning site is under the control 119 

of a T7 promotor.  120 

2.3 Comparison of expression levels of H6-Ulp1416-621-H6 and H6-Ulp1403-416 in E. coli BL21(DE3) 121 

Vectors pET28a_Ulp1(416-621) and pFGET19_Ulp1, encoding H6-Ulp1416-621-H6 and H6-Ulp1403-621 122 

respectively, were transformed into E. coli strain BL21(DE3). Protein expression of the Ulp1 catalytic 123 

domain from the two constructs was carried out in triplicate at 37 ˚C and 200 rpm shaking. Each flask 124 

containing 200 ml Lysogeny Broth (LB) medium [11], supplemented with 34 µg/ml kanamycin, was 125 

inoculated with 10 ml of fresh overnight culture. Protein expression was induced at OD600 ̴ 0.6 by 126 

adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Expression 127 

was carried out for 3 hours during which the OD600 was monitored every 30 minutes. Samples for 128 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis were withdrawn 129 

from the expression culture before induction and every 60 minutes during the expression. 130 

 131 

2.4 Optimisation of H6-Ulp1416-621-H6 expression 132 

Expression of H6-Ulp1416-621-H6 in E. coli strain BL21(DE3) was tested in Terrific Broth (TB) 133 

medium [13] and M9 minimal medium [14] supplemented with 34 µg/ml kanamycin, and at three 134 

different temperatures (23 ˚C, 30 ˚C and 37 ˚C). In both media, 0.4% (V/V) glycerol was used as a 135 

carbon source. Each expression culture was initiated by addition of 0.5 ml of fresh pre-culture to 50 136 

mL of the corresponding medium and growth conditions. Due to a very low cell-density, cultures 137 

incubated at 23 ˚C were inoculated with a 37 ˚C grown pre-culture. Expression was induced at OD600 138 

~ 0.5-0.6 and carried out as described in the previous section. 139 

 140 

2.5 Determination of total protein expression and solubility levels  141 

To determine the total amount of expressed Ulp1403-621 and Ulp1416-621, and the fraction of soluble and 142 

insoluble proteins, samples were withdrawn from the expression cultures and centrifuged at 16,126 x 143 

g for 2 minutes at room temperature before the medium was carefully discarded. The resulting cell 144 

pellet was prepared for analyses of total protein (TP), soluble protein (SP), or insoluble protein (IP). 145 

For TP analyses the cell pellets were stored at -20 ˚C for later use, while for SP and IP analyses they 146 

were suspended in a lysis buffer (50 mM Tris-HCl, pH 8, 50 mM NaCl, 5 mM EDTA, 1 mg/ml 147 

lysozyme, 4 µg/ml DNase I) and sonicated five times for 10 seconds with 5 minutes intervals using 148 
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a Branson Digital Sonifier. Samples were kept on ice between the sonications. Subsequently, the 149 

lysed cells were centrifuged at 16,126 x g for 10 minutes at RT (23 ºC). For SP analyses some of the 150 

soluble lysate was transferred to another tube and stored at -20 ˚C. For IP analyses the cell debris 151 

after centrifugation was washed again with lysis buffer and centrifuged for 10 minutes. After the 152 

second centrifugation, the supernatant was removed and the resulting pellet constituted the IP sample. 153 

All resulting samples (TP, SP, IP) were analyzed by SDS-PAGE. 154 

 155 

2.6 High-level expression of H6-Ulp1416-621-H6 in E. coli BL21(DE3) by high cell-density batch 156 

fermentation 157 

E. coli BL21(DE3) transformed with pET28a_Ulp1(416-621) was grown overnight in TB medium 158 

with kanamycin (34 µg/ml) at 37 oC in a shaking incubator at 150 rpm. Subsequently, 100 ml of 159 

overnight culture was added to a 5 L bioreactor (Applikon Biotechnology) containing 1.9 L aerated 160 

TB medium with kanamycin (34 µg/ml), supplemented with 300 µl antifoam. The airflow was set to 161 

4 L/min and the level of dissolved oxygen was kept above 10% by regulation of agitation (500-1500 162 

rpm). The temperature was kept at 37 oC and the pH was maintained at 7 by addition of 1 M NaOH 163 

or 1 M HCl. Protein expression was induced by the addition of 1 mM IPTG, when OD600 reached 164 

approximately 1. OD600 was measured every 30 minutes and samples for SDS-PAGE analysis were 165 

taken immediately before induction and every hour after induction. Approximately 4.5 hours after 166 

induction the cells were harvested by centrifugation at 7,000 x g for 15 minutes at 4 ˚C. Finally, the 167 

cells were washed in 20 mM Tris-HCl, pH 7.5 before centrifugation at 7,000 x g for 15 minutes at 4 168 

˚C, and stored at -20 oC for later use. 169 

 170 

2.7 Cell lysis and isolation of inclusion bodies 171 

The harvested cells were suspended in lysis buffer (50 mM Tris-HCl, pH 8, 50 mM NaCl, 5 mM 172 

EDTA, 1 mg/ml lysozyme, 4 μg/ml DNase I) and sonicated twice (Branson Digital Sonifier) for 20 173 

seconds at 15 % amplitude with 15 minutes in between while being kept on ice. After centrifugation, 174 

the cell debris was washed twice with a washing buffer (50 mM Tris-HCl, 5 mM EDTA, 5% Triton 175 

X-100, pH 8). At each washing step the inclusion bodies were kept for 10 minutes at room 176 

temperature, followed by 15 minutes of centrifugation at 16,162 x g. Finally, the supernatant was 177 

discarded and the pellets were stored at -20 oC for later use. 178 

 179 

2.8 Purification of His-tagged Ulp1416-621 from inclusion bodies 180 
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His-tagged Ulp1416-621 from inclusion bodies, isolated from 50 ml of cell culture, was purified under 181 

denaturing conditions using an ÄKTA start purification system. Buffers were composed of 7.5 M 182 

urea, 50 mM NaH2PO4/Na2HPO4, 500 mM NaCl and 5 mM 2-mercaptoethanol and varying in pH 183 

(buffer A, pH 7.4; buffer B, pH 6.3; buffer C, pH 3.5). The inclusion bodies were solubilized in buffer 184 

A, centrifuged for 15 minutes at 20,000 rpm, and filtered through a 0.2 µm filter. The resulting 4.5 185 

ml filtrate was loaded on a 5 ml HisTrap HP column equilibrated with buffer A. The column was 186 

washed with 50 ml buffer B and the bound protein was eluted using a 100 ml pH gradient from pH 187 

6.3 (buffer B) to pH 3.5 (buffer C). Selected 1 ml fractions were analyzed by SDS-PAGE. Fractions 188 

containing the recombinant Ulp1 catalytic domain were pooled. Protein concentrations of the pooled 189 

fractions was determined by Bradford protein assay and the purity was assessed by SDS-PAGE. 190 

 191 

2.9 Expression and purification of SUMO(Smt3)-FAS1-4 fusion protein 192 

N-terminally His-tagged SUMO-FAS1-4 (WT) fusion protein was expressed in E. coli BL21(DE3) 193 

using the ChampionTM pET SUMO Expression System (Invitrogen). Cells were grown at 37 ˚C in 194 

LB medium containing 34 µg/ml kanamycin while shaking at 160 rpm. When OD600 reached 195 

approximately 0.7, the expression of the fusion protein was induced by the addition of IPTG to a final 196 

1 mM concentration. After 2 hours of induction the cells were harvested by centrifugation at 6,000 x 197 

g for 15 minutes and stored at -20 °C prior to cell lysis. The harvested cells were lysed and the SUMO-198 

FAS1-4 (WT) fusion protein was purified as previously described [15] and dialyzed against a buffer 199 

comprising 50 mM Tris-HCl, pH 7.6 and 95 mM NaCl. When stored for extended periods, the 200 

SUMO-FAS1-4 protein was flash-frozen with the addition of 10 % glycerol and stored at -80 ºC. 201 

 202 

2.10 Refolding of purified Ulp1416-621 203 

Refolding of purified Ulp1416-621 into its active form was tested at 18 selected refolding conditions all 204 

containing 0.1 mM EDTA and 0.5 mM dithiothreitol (DTT) but differing in pH (6, 7, or 8), 205 

temperature (RT or 4 oC), and concentration of L-arginine (0 M, 0.25 M, or 0.50 M). 206 

 207 

 208 

 209 

 210 

 211 

 212 
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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) 
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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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used for quantification of protein bands for the experimental work described in section 2.4 and 2.6 265 

[18]. 266 

 267 

3. Results 268 

 269 

3.1 Comparison of expression levels of H6-Ulp1416-621-H6 and H6-Ulp1403-621 in E. coli BL21(DE3) 270 

To evaluate the production of N-terminally truncated SUMO protease 1 catalytic domain in E. coli, 271 

the expression level of His-tagged Ulp1416-621 from plasmid pET28a_Ulp1(416-621) was compared 272 

with that of His-tagged Ulp1403-621 from pFGET19_Ulp1 (Figure 1A). The growth of the two different 273 

transformed E. coli BL21(DE3) cultures were very similar before the recombinant protein expression 274 

was induced by addition of IPTG at approximately 1.5 hours after inoculation. E. coli harboring 275 

pFGET19_Ulp1 reached a stationary phase of OD600 ̴ 1 after 1 hour of induction while the growth of 276 

E. coli transformed with pET28a_Ulp1(416-621) continued the next 3.5 hours reaching an OD600 ̴ 2.5 277 

(Figure 1A). Analyses of the expression levels of total protein (TP) reveals the induction of an 278 

approximately 27 kDa protein in both cultures. The theoretical molecular weights of H6-Ulp1416-621-279 

H6 and H6-Ulp1403-621 are 27.2 kDa and 27.4 kDa, respectively (Figure 1B and C). The target protein 280 

yield per total protein was higher for the Ulp1416-621 variant than for the intact SUMO protease 281 

catalytic domain Ulp1403-621 (Figure 1A). Thus, the yield per total protein reached 31.9 ± 1.39 % and 282 

10.8 ± 2.44 % at 3 hours post-induction for Ulp1416-621 and Ulp1403-621, respectively (Figure 1A). SDS-283 

PAGE analyses of the soluble protein (SP) and insoluble protein (IP) at 3 hours after induction 284 

confirmed that Ulp1403-621 is in the soluble fraction with only a small fraction observed in the insoluble 285 

fraction. In contrast, the truncated SUMO protease domain Ulp1416-621 is only expressed as insoluble 286 

protein (Figure 1B and C). The superior yield observed from the truncated SUMO protease domain 287 

(Ulp1416-621) expression along with the observed growth inhibition for Ulp1403-621 prompted us to 288 

further optimize the conditions for producing Ulp1416-621.  289 
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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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3.2 High-level heterologous expression and purification of H6-Ulp1416-621-H6 from inclusion bodies 303 

in E. coli. 304 

We determined the optimal expression conditions of Ulp1416-621 to be in TB medium at 37 ˚C after 305 

small-scale scouting experiments in both TB and M9 medium at 23, 30, and 37 ˚C (data not shown). 306 

The process was transferred to high cell-density batch fermentation to produce considerable amounts 307 

of His-tagged Ulp1416-621 and to determine process yield and purity. The induction of Ulp1416-621 308 

expression was successful and the cell culture reached an OD600 of 12.2 at 3.5 hours post IPTG 309 

induction (Figure 2). The weight of the harvested wet cell pellet at the end of the fermentation was 310 

44.83 g from a 2 L batch fermentation and total protein and Ulp1416-621 amounts were tracked through 311 

inclusion body preparation, Ni2+-affinity purification, and refolding (Table 2). Each step improved 312 

the purity of Ulp1416-621 from an initial 21.3% to a final 73.3%, thereby obtaining 6.9 mg Ulp1416-621 313 

from the total 14.3 mg Ulp1416-621 present in the denatured inclusion bodies isolated from 50 mL 314 

culture. Based on this, the yield from 1 L of high cell-density E. coli culture was estimated (Table 2). 315 

The purity of Ulp1416-621 after each step in the recovery procedure was calculated based on SDS-316 

PAGE densitometry. Despite the relative low purity estimate (Table 2) the SDS-PAGE showed no 317 

major contaminants in the preparation of refolded Ulp1416-621 (Figure 3A). Ulp1416-621 can be stored 318 

in refolding buffer at -20 ºC for several months or as inclusion bodies pellet for extended periods. 319 

 320 

Figure 2. High-level expression of recombinant Ulp1416-621 in E. coli. Growth conditions and cell density 321 

were monitored during the 2 L batch fermentation. The cells were grown in TB media at 37 oC and pH 7. 322 

The level of dissolved oxygen (DO, %) was kept above 10% during most of the growth. OD600 was 323 

measured every 30 minutes. The addition of IPTG and the time of cell harvest are marked with vertical 324 

lines and arrows.  325 

 326 
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 327 

Table 2. Recovery of Ulp1416-621 from 1 L of high cell-density E. coli batch fermentation at the 328 

different steps of the developed procedure. 329 

Step Total 
protein 
(mg) a 

Purity  
(%) b 

Step yield 
(mg Ulp1416-621) 

Overall 
yield 
(%) 

Relative 
purification 

Bacterial lysate 3300 21.3 702.9 100 1 

Inclusion bodies 577 49.7 286.8 40.8 2.3 

Ni2+-affinity 
chromatography 188 73.3 137.8 19.6 3.4 

Refolding c 114 72 82.1 11.7 3.4 
aProtein concentration is determined by Bradford assay and BSA as a standard protein 330 
bProtein purity is determined by SDS-PAGE densitometry 331 
cRefolding at optimized conditions (room temperature, 0.25 M L-arginine, 0.5 M Tris-HCl, pH 7). 332 

 333 

3.3 Identifying the best conditions to refold active Ulp1416-621 334 

The denatured and affinity purified Ulp1416-621 was diluted rapidly into nine different buffers at 4 ˚C 335 

and RT to identify the optimal refolding conditions (Table 1). The degree of refolding at the 18 336 

different conditions was determined by the amount of solubilized Ulp1416-621 (Equation 1) and its 337 

ability to digest the SUMO-FAS1-4 (WT) fusion protein substrate (Equation 2). Furthermore, Ulp1 338 

activity was evaluated based on the amount of cleaved substrate, normalized by the available refolded 339 

(soluble) Ulp1416-621 (Equation 3). When refolded without L-arginine Ulp1416-621 exhibited very low 340 

values of solubility, ranging from 0% to 26.2 ± 9.66% (data not shown). In contrast, the solubility 341 

results from refolding Ulp1416-621 in buffers containing 0.25 M and 0.5 M L-arginine showed levels of 342 

solubilized Ulp1416-621 in the range of 60–80 % (Figure 3A and C). The activity of the refolded Ulp1416-343 

621 was assessed by its ability to cleave the SUMO-tag off the SUMO-FAS1-4 fusion protein. The close 344 

molecular weight values of the SUMO-tag (13.4 kDa) and the FAS1-4 domain (16.9 kDa) caused the 345 

two proteins to migrate similarly when analyzed by SDS-PAGE (Figure 3B). Noteworthy, the two 346 

bands show a bit slower migration than those expected considering their actual molecular masses. 347 

When Ulp1416-621 is refolded at pH 6 less cleavage is observed in the performed digestions compared 348 

to the rest of the refolding conditions, where the recovered Ulp1416-621 cleaved between 50 and 75 % 349 

of the available substrate (Figure 3D). The estimated Ulp1 activities (Figure 3E) indicate that the two 350 
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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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deviations are shown with error bars. A) SDS-PAGE analyses of Ulp1416-621 refolded at 0.25 M L-arginine, 359 

pH 7 and RT. From left to right: denatured Ulp1416-621 (lane 1) and refolded Ulp1416-621 performed in 360 

triplicates (lanes 2, 3 and 4). B) SDS-PAGE analyses of representative activity assays of Ulp1416-621 refolded 361 

at 0.25 M L-arginine and pH 7. The digestion reactions were incubated for 24 hours at RT. From left to 362 

right: undigested SUMO-FAS1-4 fusion protein substrate (lane 1), digest of SUMO-FAS1-4 fusion protein 363 

with Ulp1416-621 refolded at 4 ˚C (lanes 2, 3, and 4), and at RT (lanes 5, 6, and 7). C) Soluble Ulp1416-621 364 

after refolding under the tested conditions. D) Levels of SUMO-fused substrate cleaved with Ulp1416-621 365 

refolded under the tested conditions. E) Ulp1 activity presented by the ratio between the amount of cleaved 366 

SUMO-fused substrate (shown in panel D) and the solubility of refolded Ulp1416-621 (shown in panel C). 367 

Columns represent the ratio of the mean values (from panels C and D) and error bars indicate the propagated 368 

standard deviations. F) Levels of SUMO-fused substrate cleaved after 30 minutes of reaction with Ulp1416-369 

621 refolded at 0.25 M L-arginine, pH 7, RT and 0.25 M L-arginine, pH 8, 4 ˚C. Columns in panels C), D) 370 

and E) represent the mean values of measurements performed in triplicates and analyzed by SDS-PAGE 371 

densitometry. 372 

The digestion with Ulp1416-621 refolded at 4 °C in 0.25 M L-arginine buffer (pH 8) shows no 373 

proteolytic activity after 30 minutes, while the reaction using Ulp1416-621 refolded at pH 7 and RT has 374 

cleaved a significant fraction of the substrate fusion protein after 30 minutes (Figure 3F). Therefore, 375 

refolding Ulp1416-621 at pH 7 and RT in the presence of 0.25 M L-arginine is optimal from the tested 376 

refolding conditions. The catalytic activity of the refolded enzyme is comparable to the one of 377 

commercially available Ulp1, when the level of SUMO-cleaved substrate is measured (Figure S1). 378 

We were also able to refold 1 ml volumes of the His-tagged Ulp1416-621 using ten-fold rapid dilution 379 

and the identified optimal conditions (data not shown). 380 

The digestion of SUMO-FAS1-4 fusion protein with Ulp1416-621, refolded using the optimal 381 

conditions, was measured at three more time points (1, 8 and 24 h) over the course of 24 hours. The 382 

reaction reached a plateau of approximately 90% cleaved substrate before 8 h, indicating that the 383 

proteolysis has reached completion (Figure 4A). The level of cleaved substrate was moderately 384 

enhanced when the clevage reactions were performed at 2 mM DTT (Figure 4B). Furthermore, using 385 

these conditions the activity of Ulp1416-621 in the presence of relatively more SUMO-fused substrate 386 

and in larger volumes was tested. In an upscaled 5 ml cleavage reaction, and a molar enzyme:substrate 387 

ratio of 1:2000, 95 ± 0.6 % of SUMO-FAS 1-4 was proteolyzed (Figure 4C).  388 
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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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not inhibit growth. Thus, these results indicate that residues L403-V415 in Ulp1, which comprises 412 

approximately half of helix A and partly the preceding sequence [10], are important for the folding 413 

of a soluble and active SUMO protease 1 catalytic domain. When a full-length or catalytically active 414 

deletion-mutants of Ulp1 have been overexpressed in yeast, cell growth is impaired and the levels of 415 

bulk-sumoylated proteins are decreased [19]. This suggests catalytically active Ulp1 at elevated 416 

concentrations causes a shift in the equilibrium towards desumoylation thereby imparing the 417 

biological role of the sumoylation processes in the cell. Even though SUMO proteins are found only 418 

in eukaryotic cells, the presence of other ubiquitin-like proteins has been reported in prokaryotic cells 419 

[20, 21]. Thus, the reduction in E. coli growth, after inducing expression of soluble Ulp1403-621 420 

catalytic domain, suggests that the active Ulp1 proteolytic domain is somehow toxic to the cell, which 421 

could be due to interaction with and possible cleavage of an endogenous E. coli protein. To our 422 

knowledge an E. coli endogenous Ulp1 substrate has never been reported. The lower cell-density 423 

obtained when expressing the soluble Ulp1403-621 catalytic domain presents a bottleneck for obtaining 424 

a high Ulp1 catalytic domain yield (Figure 1).  425 

 426 

4.2 An alternative route for the production of active recombinant Ulp1 catalytic domain (residues 427 

416-621) 428 

Formation of inclusion bodies is often the result of an imbalance between in vivo protein aggregation 429 

and solubilization. Inclusion bodies formed during heterologous expression primarily contain the 430 

target protein in an inactive form [22, 23], which sometimes can be an advantage if the heterologous 431 

protein is toxic to the host cell or susceptible to processing by endogenous proteases [22, 23]. Thus, 432 

targetting protein expression in inclusion bodies can result in high levels of enriched heterologous 433 

protein which is protected from proteolytic degradation in the host cell. In addition, inclusion bodies 434 

can be easily separated from the endogenous cellular proteins through centrifugation, facilitating 435 

subsequent protein purification [24]. However, the main challenge when using this protein production 436 

strategy is often the recovery of a correctly folded, soluble and active target protein from the inclusion 437 

bodies. 438 

The high-yield expression of Ulp1416-621 and the developed simple-to-use refolding procedure offer 439 

an alternative route for producing a considerable amount of active Ulp1 catalytic domain, which can 440 

be used for cleaving off the SUMO-tag from recombinant SUMO-fusion proteins (Figure 5). We 441 

anticipate that optimization of the intermediate steps in the procedure including isolation of inclusion 442 
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bodies and Ni2+-affinity purification will increase the final yield of active Ulp1416-621 per liter of cell 443 

culture beyond what we have reported in the present study. 444 

 445 
Figure 5. Procedure for production of active recombinant Ulp1416-621 catalytic domain from inclusion 446 

bodies in E. coli. The flowchart gives an overview of the different steps in producing active recombinant 447 

His-tagged Ulp1416-621 catalytic domain from E. coli. 448 

 449 

The effects of L-arginine concentration, pH, and temperature on the refolding were tested in small-450 

scale fast dilution experiments. The experiments show that L-arginine greatly increased the solubility 451 

and activity of Ulp1416-621 catalytic domain while pH had different effects on the solubility and 452 

activity. Coutard et al. have reported an inverse correlation between the pI of a protein and the optimal 453 
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refolding pH [25]. According to that observation, the Ulp1416-621 variant (theoretical pI is 454 

approximately 8.7) should refold best under acidic conditions. However, we found that Ulp1416-621 455 

actually refolded better at pH 7 and 8, than at pH 6. The temperature is also known to affect refolding 456 

[26] but in our experiments, the temperature effect was secondary to both L-arginine concentration 457 

and pH effects. 458 

 459 

4.3 L-arginine plays a key role in the refolding of Ulp1416-621 460 

Our results show that the refolding of Ulp1416-621 is a relatively robust process. Successful refolding 461 

was achieved at 73.3% protein purity, and although there were notable differences between the 462 

various refolding conditions, active SUMO protease 1 catalytic domain was obtained from all 463 

refolding experiments. In addition, the results show that the addition of L-arginine to the refolding 464 

buffer improves the yield dramatically. Ulp1416-621 recovered from all 0.25 M L-arginine-containing 465 

buffers had almost equal yields in terms of soluble protease. However, when the ability of refolded 466 

Ulp1 catalytic domain to cleave SUMO-fused protein was compared, Ulp1416-621 refolded at pH 6 had 467 

insufficient activity compared to the domain refolded at pH 7 and pH 8. Previous reports imply that 468 

L-arginine influences the refolding process by suppressing protein aggregation. A proposed 469 

mechanism involves the formation of L-arginine clusters with a hydrophobic methylene layer that 470 

interacts with the hydrophobic surface of the unfolded inactive protein [27]. This shields the protein's 471 

aggregation-prone zones from making intermolecular hydrophobic interactions. However, the 472 

solubility-enhancing effect of L-arginine can also lead to aberrantly folded and inactive soluble 473 

protein [28]. This ability of L-arginine to trap a protein in soluble intermediate states which are not 474 

able to form proper interactions could be a factor in our observed activity reduction for the soluble 475 

Ulp1 refolded at pH 6 [29]. We also note that the 0.75 M urea present in all refolding experiments 476 

might have contributed to suppress unwanted protein aggregation during refolding. In fact, L-arginine 477 

and urea can have complementary effects on protein refolding by suppressing different types of 478 

hydrophobic interactions [28].  479 

 480 

5. Conclusion 481 

We report an inclusion body-directed method for expressing truncated SUMO protease catalytic 482 

domain. Our Ulp1416-621 variant demonstrates superior production yields in E. coli flask and 483 

circumvents the growth inhibition observed with expression of the canonical and soluble Ulp1 484 

catalytic domain, Ulp1403-621. Active Ulp1416-621 protease can be recovered through efficient L-485 
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arginine-mediated refolding. Based on solubility and activity measurements we conclude that the best 486 

parameters for refolding recombinant Ulp1416-621 are 0.25 M L-arginine, pH 7 and room temperature. 487 

After optimizing the conditions for the cleavage reactions, we show that the reaction can be upscaled 488 

and the ratio between the SUMO-fused substrate and Ulp1416-621 can be modulated in order to e.g. 489 

alter the cleavage time. Using the procedure outlined in the present work (Figure 5), approximately 490 

80 mg of active recombinant Ulp1416-621 catalytic domain can be produced from one liter of high cell-491 

density E. coli culture. Our study demonstrates the feasibility of an inclusion body-directed 492 

expression strategy for a well-known research-relevant protease. The final yield of active protease 493 

can likely be increased by further optimization of the inclusion body recovery and protein purification 494 

steps. 495 
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Comparative proteolytic analysis 590 

1. Materials and methods 591 

SUMO-FAS1-4 proteolysis with Ulp1416-621 refolded at optimal conditions (0.25 M L-arginine, pH 7, 592 

RT) and commercial Ulp1 (Invitrogen - Cat. No. 12588-018) was followed at 0.5, 1, and 8 hours. As 593 

previously, the cleavage reactions were performed in molar ratio 1:110 (enzyme:substrate) and at 594 

room temperature. 595 

2. Results 596 

The difference between the observed level of cleaved SUMO-fused substrate after 8 hours of 597 

digestion with Ulp1416-621 (88.97 ± 7.63 %) and commercial Ulp1 (92.8 ± 0.54 %) was close to 598 

negligible. The results obtained at 0.5 and 1 hour for the two enzymes showed different degree of 599 

substrate proteolysis. However, the standard deviations for measurements at those time points, and in 600 

particular for the refolded Ulp1416-621, exhibited high standard deviations. 601 

 602 

 
Figure S1. Digestion of SUMO-FAS1-4 with refolded Ulp1416-621 (□) and commercial Ulp1 (○). The 

levels of cleaved SUMO-fused substrate after digestion with the two proteases were analyzed. The 

digestions were performed in triplicates and analyzed at 0.5, 1, and 8 hours by SDS-PAGE densitometry. 

The data points represent mean values while error bars indicate the corresponding standard deviations. 
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