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Abstract 
There is a continuous search for novel enzymes to complement the abilities of today’s commercially 

available enzyme and find tailor-fit alternatives to suit the diverse array of bio-based industries. One 

application could be to increase biogas yield by finding substrate degrading proteases that can be 

added to the anaerobic digestion process and survive degradation themselves. A novel enzyme 

identified as a hypothetical dipeptidyl peptidase III, a zinc dependent metallo-protease, was found by 

a metaproteogenomics approach to be produced by the microorganisms of a thermophilic biogas 

process. The aim of this study was to express and refold a recombinant variant of the novel DPP III to 

its active form after production in inclusion bodies in Escherichia Coli. Assaying of refolding 

conditions was performed by stepwise dialysis and drip dilution. Nine attempts were performed based 

on findings in literature, although no other variant of DPP III has earlier been successfully refolded 

from inclusion bodies. The study resulted in a limited set of conditions of temperature, volumes, metal 

ions, salts and other additives being tested in the refolding buffers. Enzyme refolding and activation 

was monitored by the hydrolysis of the DPP III fluorescent substrate Arg-Arg β-naphthylamide 

trihydrochloride, alongside with measurements of protein concentration and SDS-PAGE. The novel 

DPP III was successfully purified but no definite strategy of producing correctly folded protein was 

found.  

 

Abbrevations 
 

Arg-Arg-2NA  Arg-Arg β-naphthylamide trihydrochloride 

BLASTp  Protein-protein Basic Local Alignment Search Tool 

DPP III  Dipeptidyl peptidase III 

DTT  Dithiothreitol 

EDTA  Ethylenediaminetetraacetic acid 

Gu-HCl  Guanidine hydrochloride 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

LB  Lysogeny broth  

MOPS  3-Morpholinopropane-1-sulfonic acid 

NTA  Nitrilotriacetic acid 

PES  Polyethersulfone 

SDS-PAGE  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

Tris-HCl  2-Amino-2-(hydroxymethyl)propane-1,3-diol hydrochloride buffer 
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1. Introduction 
1.1    Proteases in biotechnology 

Enzymes are catalysts of chemical reactions in 

biological processes. They are proteins with a 

huge variation of functions and structures 

created by the primary amino acid sequence, 

secondary structure and unique three-

dimensional structure, forming at least one 

active site with a micro environment tailored 

for inducing a chemical reaction of specific 

substrates. Enzymes have been used for 

centuries, one of the earliest recognised 

utilities being the fermentation of sugars to 

alcohol by yeast. Today, research in molecular 

biology and protein chemistry have spurted 

our knowledge of enzymes and its uses, from 

household detergents to industrial enzymes in 

food, material, medical and waste treatment 

applications [1].  

There is a huge potential in the wide range of 

new utilities and replacement of pre-existing 

chemical catalysts, which could improve 

processes along with a lower environmental 

burden from industrial processes. A wide array 

of bio-based industries would benefit from 

optimized industrial enzymes. Since the ability 

of commercially available enzymes are 

restricted by their marginal stability and 

efficiency to face more extreme elements of 

some bioprocesses, there is a demand to 

discover novel enzymes suited for larger 

variety of conditions.  

Industrial processes are the optimal site to use 

enzyme additions, in particular when it comes 

to their application in waste treatment, since 

the materials have a reliable and stable input. 

One example is the anaerobic digestion of 

biological materials to produce energy in the 

form of methane, called the biogas process. A 

large variety of substrate in the form of food 

waste, manure, waste water or crops can be 

digested by a complex weave of 

microorganisms in the biogas sludge by the 

initial hydrolysis by extracellular digestive 

enzymes. Many studies suggest that the 

limiting factor for the methane production rate 

of many types of carbohydrates, fats and 

proteins are the hydrolysis step of these macro 

nutrients into smaller fragments. For example, 

additions of hydrolytic enzymes has been 

shown to increase the digestion of 

polysaccharides with an increase in biogas 

yield of up to 20% [2]. However, the 

externally added enzymes can be degraded fast 

by the proteases naturally produced by the 

microorganisms active in the biogas process. 

Therefore, it would be very beneficial to find 

hydrolytic enzymes stable enough to endure 

these conditions. 

Enzymes that catalyse the hydrolysis of 

peptide bonds in proteins are classified as 

proteases. Their function is to digest proteins 

into smaller fragments of peptides or amino 

acids which can then be used by organisms for 

energy generation or to build new proteins. 

Protease performance varies, and the stability 

of a protease is influenced by many factors 

such as pH, temperature, salts and cofactors.  

 

1.2    Choosing a promising protease 
In the work of Johansson et al., 2018 [3] a 

method for enzyme discovery by combining 

metagenomics and metaproteomics was 

developed. The method was applied to find 

novel proteases from within the microbial 

communities of biogas reactors maintained at 

mesophilic (37 C) and thermophilic (55 C) 

conditions, resulting in several mesophilic and 

thermophilic hypothetical protease candidates. 

The identified sequences were then analysed 

by the bioinformatic tool BLASTp against a 

non-redundant database in NCBI to narrow 

down the selection to those that could be 

potentially useful to enhance the biogas yield. 

The aim of this study was to select one of 

these candidates, purify a His-tagged construct 

of it, expressed as insoluble inclusion bodies, 

and refold it into its active form. 

Out of the hypothetical extracellular 

thermophilic proteases derived from 

Johansson et al [3] was a BLASTp match to 

protease superfamily 49, also called dipeptidyl 

peptidase III, chosen for being the most 

plausible candidate of producing active 

enzymes. The structure of a related DPP III 

from Caldithrix abyssi is illustrated in Figure 

1. The novel DPP III is a medium sized 
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protein of 59 kDa and the smallest in the 

selected group of potential candidates, 

reasonably making the expression and 

refolding faster and less complex. The 

sequence includes only a single cysteine 

(C279), thus eliminating the risk of incorrect 

intracellular disulphide bonding. However, 

intermolecular bonds could still be formed 

between proteins and cause aggregation.  

 

Found in a recent study, the DPP III (UniProt: 

H1XW48) from the thermophilic and 

anaerobic bacteria Caldithrix abyssi had a 

sequence alignment similarity with a 91% 

query coverage and 43 % identity to the novel 

DPP III as analysed using BLASTp, with an 

E-value of 4e-131 [4]. This information of the 

first isolated thermophilic DPP III, together 

with many other studies of DPP III, aided the 

process of constructing protocols and finding 

optimal refolding conditions, making the novel 

DPP III more likely to be successfully 

produced than the alternative identified 

proteases. 

 

1.3    Metalloprotease Dipeptidyl 

Peptidase III 
DPP III is a metallo exo-protease cutting two 

amino acids at a time from the N-terminus of 

peptides. They are defined by their HEXXXH 

or HEXXH motif in the sequence, were the 

histidines bind to the cofactor zinc and the 

glutamine in the motif interact with the 

substrate. The novel DPP III is comparable to 

the C. abyssi DPP III in their HEXXH 

pentapeptide and their overall compact 

primary structure to both C. abyssi and 

Bacteroides thetaiotaomicron DPP III when 

analysed using Clustal Omega multiple 

sequence alignment tool, with a PyMOL 

illustration shown in Figure 1 and sequence 

alignment in the additional information on 

page 22.[5,6] 

 

1.4    Production of DPP III 
DPP III was produced by E. coli through 

induction of the expression of the protein 

sequence inside an expression vector, which 

had been used to transform the host cell. 

The novel DPP III sequence, found in the 

additional information on page 22, was 

supplied as cloned in an expression vector 

(pD861-CH) with a tunable rhamnose-

inducible rhaBAD promoter coding for the 

constructed and His-tagged DPP III, see 

Figure 2. The original signal peptide of the 

protease was excluded from the recombinant 

protein to induce the formation of inclusion 

bodies inside the host cell. 

Figure 1. DPP III from Caldithrix abyssi (PDB-ID: 6EOM) with the active site highlighted in red, the pentapeptide zinc 

binding motif HEXXH. The novel DPP III had a complete HEXXH motif  and a 91% query cover to DPP III from Caldithrix 

abyssi, indicating a very similar structure and behaviour. 
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Figure 2. E. coli expression vector pD861-CH with the 

rhamnose-inducible rhaBAD promoter. The expressed 

DPP III has an His-tag included at the N-terminal. 

1.5    Expression system 
Inclusion bodies consists of misfolded protein 

condensed into a dense aggregate inside cells. 

These aggregates induce the formation of 

more misfolded aggregated proteins as 

illustrated in Figure 3. Aggregates in solution 

sometimes gets large enough to be visible as 

white sediments of flakes. Inclusion bodies are 

often formed when over expressing 

recombinant proteins in bacteria such as 

Escherichia Coli. Isolation of the protein in 

inclusion bodies is relatively straight forward 

and product can be produced at high yield 

since they are protected from protease 

degradation. Another advantage is that even 

toxic proteins or proteins that are not able to 

refold in the host cell can be produced.  

The most challenging part in producing novel 

proteins from inclusion bodies is the refolding 

of individual proteins from the resolubilized 

and denatured protein aggregates. 

Denaturation of inclusion bodies in for 

example urea is necessary to dissolve the 

misfolded and aggregated proteins, and the 

conditions of successful refolding is different 

for each kind of protein [7][8]. 

 

 

1.6    Refolding parameters and 

methods 
The ability for a denatured protein to regain its 

function depends on the formation of the 

bonds creating the correct structure. In the 

right conditions a suitable buffer can promote 

the formation of these bonds. However, no 

universal buffer has been found to work on all 

proteins, as the particular bonds each protein 

consist of are varied in their properties. The 

refolding process must be carefully designed 

to avoid the reformation of misfolded 

intermediates that cause aggregates as shown 

in Figure 3. 

The method of refolding by diluting a protein 

solubilized in a denaturing agent into a 

refolding buffer is widely used for its 

simplicity [9][8][10]. In this study, the dilution 

of the denaturant was carried out by two 

techniques: dialysis refolding and drip 

dilution. Dialysis refolding uses a 

semipermeable dialysis tube to slowly 

exchange a denaturing agent, such as urea or 

guanidine hydrochloride (Gu-HCl), in the 

sample to that of the surrounding refolding 

buffer. Stepwise dialysis refolding switches to 

gradually lower concentrations of denaturant 

in the refolding buffers, making the shift even 

more careful so to avoid misfolding and 

protein aggregation [11]. Drip dilution adds 

the denatured protein to the refolding buffer by 

slowly dripping the protein with denaturant 

solution into a buffer without denaturant, 

while the buffer is stirred. This creates a 

minimal concentration of surrounding 

misfolded proteins, so the refolding process is 

not interfered. Peristaltic pumps can be used to 

aid the slow dripping, making attempts more 

easily reproduced and less tedious. The diluted 

protein then needs to be concentrated, which 

can be performed by an ultrafiltration with a 

membrane of a suitable pore size for the 

molecular weight of the protein. 
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Figure 3. A schematic overview of the refolding process 

of denatured proteins following a hydrophobic part in 

red. The transition to a correctly folded protein (1) 

successfully hides the hydrophobic core. A misfolded 

intermediate (2) interact and attaches to other 

hydrophobic parts of proteins (3), causing an 

aggregation of inactive misfolded proteins. Aggregations 

can be denatured (4) to try refolding the protein in a 

suitable refolding buffer. Illustration by Vallejo and 

Rinas, 2004 [10] with some modifications. 

 

Thus, the biggest challenge was to find an 

appropriate refolding buffer for the novel DPP 

III, since there is no universal refolding buffer 

for the vast diversity of proteins. Therefore, it 

was necessary to screen for the right 

conditions and parameters [7]. Only one article 

mentioned attempting to produce DPP III by 

expressing it in inclusion bodies. However, 

this attempt was not successful in purifying it 

[12]. Properties of activity buffers used with 

DPP III were used as guidelines to what could 

work as refolding buffers in this study, since 

the function of a protein is tied with its 

structure being correctly folded. 

Some elements described in literature such as 

pH and Tris-HCl were likely to suit the 

attempts and were kept constant. The novel 

DPP III had an acidic pI of 5.16 estimated by 

ExPASy ProtParam tool [13], and acidic 

proteins have been found to favour alkaline 

refolding buffers [14]. It is also common for 

refolding of proteins to work best within pH 

8.0-8.5.[15] Therefore, the buffers were set to 

pH 8.5 in all attempts. Since the protein had 

been found in thermophilic conditions and C. 

abyssi DPP III had a maximum activity at 50 

°C, temperature was one of the refolding 

conditions tested. It was hypothesised to 

favour higher temperatures in trials of 50 °C 

and 37 °C. A cold temperature of 4 °C was 

tested to see if it aided the refolding process by 

slowing the rate at which aggregation is 

formed, however most DPP III is known to be 

highly cold sensitive but the structure could be 

protected by additions of ammonium sulphate 

salt and glycerol [15]. Attempts performed in 

room temperature was also tested. 

Another tested salt commonly used in activity 

buffers of DPP III was sodium chloride at 

different concentrations, which was described 

to increase solubility at a proper amount 

[4,15]. For the same reason, a low 

concentration of the denaturant Gu-HCl was 

used in one attempt.  

As the novel DPP III contained a cysteine 

residue, there was a possibility of 

intermolecular disulphide bonds causing 

aggregation during the refolding process. 

Reducing agents are commonly used to 

counter this effect [16], so in two attempts 2-

mercaptoethanol and glutathione was used. 

Studies have shown positive effects of the 

purification and storage with reducing agents 

such as 2-mercaptoethanol on mammalian 

DPP III, although high concentrations of thiol 

compounds are inhibitory to its activity [15]. It 

was later found that 2-mercaptoethanol was an 

inhibitor that bound to the essential metal ion 

in the active site [17]. 

The two histidines in the active site of DPP III 

bind to a divalent metal cation, which 

commonly is a zinc ion. Nevertheless, 

cobalt(II)chloride is a main component in the 

standard activity assay which is widely used 

on DPP III [18]. This might seem 

contradictory since DPP III is naturally found 

with zinc but cobalt(II) has been showed to be 

the most effective reactivator compared to 

other metal ions [15]. Therefore, 

cobalt(II)chloride was added in most attempt, 

with an exception of an attempt without metal 

to include glutathione instead and an attempt 

with zinc chloride, as this would be the 

intuitive metal ion of choice. 
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1.7    Protein activity assays 
To evaluate the success of the refolding 

attempts, refolding and reactivation was tested 

by enzyme activity assays.  

The standard enzyme activity assay for DPP 

III was performed as described in the literature 

[18,19]. This assay was used to study the 

similar C. abyssi DPP III, making it plausible 

to work with an active form of the novel DPP 

III. The substrate used in the assay is Arg-Arg 

β-naphthylamide trihydrochloride, with the 

fluorescent β-naphthylamide trihydrochloride 

cleaved with high specificity to DPP III 

according to the protease database MEROPS 

and the Sigma-Aldrich product page.  

A universal protease substrate consisting of 

resorufin-labelled casein was also tested on a 

few samples as a broader evaluation since the 

specific protease in this study had not been 

characterised before. It was deemed a good 

starting point until studies of DPP III had been 

examined. 

 

2. Material and methods 

2.1    Protein expression  
The production process of the novel DPP III is 

shown in Figure 4. The protein was produced 

using expression vector pD861-CH with 

rhamnose-inducible rhaBAD promoter coding 

for a construct of His-tagged DPP III, see 

Figure 2. The vector was used to transform 

chemically competent Escherichia Coli BL21 

(DE3) and grown on agar plates with 

kanamycin at 37 °C overnight to select 

colonies of successful transformation. A single 

colony was inoculated into 50 mL LB broth 

supplemented with 25 µg/ml kanamycin and 

incubated overnight. The following day 15 mL 

of the culture was added to 1.5 L LB medium 

with 25 µg/ml kanamycin. The large-scale 

culture was grown until an optical density at 

600 nm of 0.8 was registered. DPP III was 

over expressed by induction by adding 2 mM 

L-rhamnose and incubated at 37 °C for 4 

hours. The promotor can be regulated by 

altering the concentration of rhamnose, and 2 

mM rhamnose had been found to cause 

maximum expression in earlier usage of the 

rhaBAD promotor. Cells were pelleted by 

centrifugation at 3428 g in 30 min at 4 °C and 

then stored at -20 °C until lysis and protein 

purification. The following steps with the 

novel DPP III is summarised in Figure 5. 

 

2.2    Purification and solubilization of 

inclusion bodies 
The following procedures were performed in 

temperatures of 4 °C and in an ice water bath 

to protect the protein during extraction.  The 

cells were resuspended in 40 mL lysis buffer 

consisting of 100 mM Tris-HCl (pH 7.0), 5 

mM EDTA, 5 mM DTT, 200 µg/mL lysozyme 

(L6875, Sigma) and protease inhibitors 

(cOmplete™ Protease Inhibitor Cocktail, 

Roche) to keep the protein intact during cell 

Figure 4. Laboratory workflow during 

expression of the novel DPP III. 
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lysis. The cell suspension was ultra-sonicated, 

washed and centrifuged in several steps with 

washing buffers containing 100 mM Tris-HCl 

(pH 7.0), 5 mM EDTA, 5 mM DTT, 2 M urea 

and 2% Triton X-100 to dissolve the cell 

membranes. The last washing step of the 

sonication had the same content but without 

urea and Triton X-100. The lysate was 

centrifuged in 30 min at 20000 g and the pellet 

was stored at -80 °C. The pellet was 

resuspended and incubated in room 

temperature for 30 min in 7 mL extraction 

buffer of 50 mM HEPES (pH 7.5) and 8 M 

Gu-HCl to chemically dissolve the inclusion 

bodies into separate denatured protein. The 

solution was filtered through a syringe filter 

with 0.22 µm pore size (Millex-GP PES 

membrane, Merck) to remove larger remains. 

It was then diluted to 6 M Gu-HCl with 

distilled water to prepare for affinity 

chromatography. 

 

2.3    Affinity chromatography 
A common method for purifying proteins is 

chromatography techniques. Affinity 

chromatography often require only one step of 

purification and is very efficient with 

recombinant proteins. The protein is poured 

through a stationary phase of matrix particles 

with a specific affinity to the target which can 

then be released if the content of the solution 

change through competing ligands or changing 

the binding properties [20]. 

The novel DPP III was constructed with a 

6xHis-tag, a short repetitive sequence of 6 

histidines at the C-terminal. Since the pka of 

histidine is approximately 6, the charge of the 

histidines can be altered by shifting pH below 

or above pH 6. Deprotonated histidines at 

above pH 6 binds to divalent metal ions such 

as Ni(II), which is used in the immobilised 

matrix to bind the His-tagged recombinant 

protein. It is especially suited for expression 

systems with inclusion bodies, since the His-

tag is still effective in denaturing agents such 

as urea and Gu-HCl [21]. 

The denatured protein solution was mixed in a 

column with an excess of 10 mL Ni-NTA 

agarose gel (Qiagen) previously equilibrated 

with 37.5 mM HEPES (pH 7.5) and 6 M Gu-

HCl. The least amount of Ni-NTA agarose gel 

needed to catch all DPP III was estimated 

through the wet weight of the cells and the 

theoretical expression of another recombinant 

Figure 5. Overview of the preparation, refolding and analysis of the expressed DPP III. 
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protein previously produced in the lab. The 

affinity column was washed with equilibration 

buffer adjusted to pH 6.3 until the protein 

absorbance of the run through was 0.0 at 280 

nm. The protein was then eluted in the same 

buffer adjusted to pH 5.2 in two fractions in a 

total of 90 mL. The protein concentration was 

evaluated by measuring absorbance at 280 nm 

using the theoretical molar extinction 

coefficient 73230 M-1cm-1 calculated through 

ExPASy ProtParam tool [13].  

 

2.4    Refolding 
Nine different attempts (1-9) at refolding the 

denatured eluate of DPP II were performed. 

Information on the different parameters such 

as temperature, concentration, reducing agents, 

metal ions, salts and other additives were 

studied in various articles using search terms 

such as “DPP III”, “M49”, “refolding”, 

“inclusion bodies”, “buffer”, “denatured”, 

“metal ions”, “metallogens” and “activity”. 

Two different refolding techniques were tested 

in these experiments; dialysis and drip 

dilution. The successful refolding conditions 

for another protease, subtilisin, were used as a 

starting point. The buffers used in attempt 1-9 

to refold DPP III to its active form are 

summarized in Table 1. 

The dialysis methods used dialysis tubes of a 

volume 3.3 mL/cm and membranes with a 

molecular weight cut off at 6-8 kDa 

(Spectra/Por® 1 Standard RC Dry Dialysis 

Tubing, Spectrum Laboratories, Inc.). Dialysis 

buffer was stirred continuously in a glass 

beaker together with a sealed dialysis tube 

filled with 5 mL denatured protein and kept at 

4 °C, room temperature, 37 °C or 50 °C. 

Stepwise dialysis used one to three middle 

steps of decreasing concentration of Gu-HCl 

before the final refolding buffer. After the 

final dialysis step the remaining buffer was 

collected and used as blank in analyses. 

Drip dilution gradually added small amounts 

of purified and denatured protein to a refolding 

buffer. Denatured protein at a total of 3 mL 

was dripped at a flow of 53 µL/min to a glass 

beaker with 300 mL buffer and stirred 

overnight. The entire solution was then 

concentrated using a stirred ultrafiltration cell 

(Amicon Model 8400, W. R. Grace & Co.-

Conn.) with a PES membrane filter with a cut 

off at 10 kDa (Sartorius Stedim Biotech 

GmbH). Attempt 9 used two-step dilution of 

Gu-HCl, were the concentrated solution went 

through a second drip dilution and was then 

concentrated again using ultrafiltration to 

approximately 10 mL. 

The protein concentrations were measured 

through absorbance at 280 nm after each 

refolding attempt, both directly and after 

protein solutions were filtered by 0.22 µm 

pore sized membranes (Millex-GP PES 

membrane, Merck). The supernatant was used 

in the measurements if the protein had 

precipitated. Purity and possible cleaved forms 

of DPP III were analysed by SDS-PAGE. The 

samples were reduced with Bolt™ Reducing 

agent (10X) in Bolt™ LDS Sample Buffer 

(4X) and heated at 70 °C for 10 minutes. 

Samples were mixed with MOPS SDS 

Running Buffer (1X) in the wells of the gel 

(Bolt™ 10% Bis-Tris Plus, Thermo Fisher 

Scientific). Electrophoresis was performed at 

200 V in 32 min. The gels were stained with 

Colloidal Coomassie G-250 overnight. 

 

2.5    Enzyme activity assay 
DPP III enzymatic activity of the refolding 

attempts were determined by a fluorescent 

assay using substrate Arg-Arg-2NA [4,18,19]. 

Unfiltered samples from refolding attempt 1-9 

and their blanks, containing only the buffer, 

were incubated 15 minutes at 37 °C with 0.04 

mM Arg-Arg-2NA in a reaction mixture of 1 

mL. The fluorescence of the free 2-

naphthylamine was measured at excitation 

wavelength 332 nm and with an emission 

spectrum between 300-600 nm, to study the 

emission at 420 nm, using FluoroMax-4 

Spectrofluorometer (HORIBA). 

Enzyme activity assay using universal protease 

substrate (Roche Diagnostics GmbH) was 

performed on sample 1-6. The analysis was 

carried out as described by Speda et al [22]. 
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Table 1.  Summary of refolding attempts of DPP III and the content of refolding buffers. The table shows the refolding technique, time of dialysis steps between change of refolding 

buffers, pH, temperature, protein sample volume, the volume of the refolding buffers, concentration of denaturant after refolding steps and the content of the refolding buffers. 

 Nr Method Time pH Temperature °C  Protein volume Dialysis volume Gu-HCl in steps 

1 Direct dialysis 14 h 8.5 25 °C 5 mL 1.9 L → 0 

2 Stepwise dialysis 3.5 + 13 h 8.5 37 °C 5 mL 1 L + 1 L → 3 M → 0 

3 Stepwise dialysis 4 + 4 + 10 h 8.5 4 °C 5 mL 250 + 500 mL + 1 L → 3 M → 1.5 M → 0 

4 Stepwise dialysis 3.5 + 4.5 + 10 h 8.5 50 °C 5 mL 250 + 500 mL + 1 L → 3 M → 1.5 M → 0 

5 Stepwise dialysis 2.3 + 4 + 5 + 8 h 8.5 4 °C < 5 mL1 250 + 250 + 500 mL + 1 L → 3 M → 1 M → 0.5 M → 0 

6 Stepwise dialysis 2.3 + 4 + 5 + 8 h 8.5 25 °C < 5 mL1 250 + 250 + 500 mL + 1 L → 3 M → 1 M → 0.5 M → 0 

7 Drip dilution 1 + 27 h 8.5 4 °C 3 mL 300 mL 53 µL/min drip rate to 0 M Gu-HCl 

8 Drip dilution 1 + 18 h 8.5 4 °C 3 mL 300 mL 53 µL/min drip rate to 100 mM Gu-HCl 

9 Drip dilution  1 +18 + 4 + 1 + 6h 8.5 4 °C 3 mL 300 mL 6 M →2 3M, drip to 0.75 M, ultrafiltration, drip 
to 100 mM Gu-HCl at 53 µL/min drip rate 

 Nr Tris-HCl Salt Metal ions Additions Comment 

1 20 mM 0.5 M (NH4)2SO4 50 µM CoCl2 & 10 µM CaCl2     

2 20 mM 0.5 M (NH4)2SO4 50 µM CoCl2 & 10 µM CaCl2 10 mM 2-mercaptoethanol   

3 20 mM 0.5 M (NH4)2SO4 50 µM CoCl2     

4 20 mM 100 mM NaCl 50 µM CoCl2     

5 50 mM  - 50 µM CoCl2 Last two steps, 1.7 % glycerol → 20 % glycerol   

6 50 mM 100 mM (NH4)2SO4 10 µM ZnCl2     

7 50 mM 100 mM (NH4)2SO4  - 3 mM (0.3 mM) reduced glutathione (oxidized) 
and 20% glycerol. 

50 µM CoCl2 added after dialysis. 

8 50 mM  - 50 µM CoCl2 20% glycerol 100 mM Gu-HCl remain after last step. 

9 50 mM 100 mM NaCl 50 µM CoCl2 20% glycerol   

1 The protein volume of attempt 5 & 6 are lower than 5 mL due to spillage. 
2 Attempt 9 was diluted to 3M Guanidium HCl directly in the first step. 
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3. Results 

3.1    Protein expression and 

purification 
The wet weight E. Coli of collected pellet after 

induction was 6.778 g. This amount was used 

to estimate the amount of gel needed for 

purifying the protein. After purification the 

protein solution was collected in two fractions 

with the highest concentration of 362 µg/mL 

which was used in the refolding attempts. 

Concentrations after each refolding attempt is 

shown in Table 2. 

 

3.2    Refolding attempts 
Nine different attempts of refolding DPP III 

were made to evaluate temperatures, volumes 

and concentrations, reducing agents, metal 

ions, salts, other additions and refolding 

techniques. Drip dilution was utilized in three 

of these experiments. 

Table 2. Summary of precipitation and protein 

concentrations of all refolding attempts except filtered 

samples of attempt 2 and 9. The calculations used 

Lambert -Beer’s law with extinction coefficient and 

molecular weight produced by ExPASy ProtParam tool 

[13]. 

Nr Method Precipitate 
Protein 
(µg/mL) 

Filtered 
protein 
(µg/mL) 

1 Direct dialysis Yes 49 39 

2 Stepwise dialysis Yes 332 N/A 

3 Stepwise dialysis Yes 60 48 

4 Stepwise dialysis Yes 42 17 

5 Stepwise dialysis Yes 176 30 

6 Stepwise dialysis Yes 23 14 

7 Drip dilution No 642 615 

8 Drip dilution No 202 197 

9 Drip dilution No 135 N/A 

 

DPP III precipitated in all attempts using 

dialysis refolding while drip dilution produced 

clear to almost clear protein solutions. Protein 

concentrations of the supernatants were 

measured before and after they were filtered 

through a 0.22 µm pore size. The clear 

solutions of attempts 7-9 were stirred before 

measurements. Precipitation and protein 

concentrations of all attempts are summarized 

in Table 2. 

 

Figure 6. Refolding attempts monitored by SDS-PAGE 

and analysis stained with Colloidal Coomassie G-250. 

The novel DPP III is 59 kDa by calculations using 

ExPASy ProtParam tool [13]. The second to the left of 

the multiple runs of attempt 7 had a 1:2 dilution. 

SDS-PAGE analysis stained with Colloidal 

Coomassie G-250, with a detection limit of 

approximately 10 ng protein, is shown in 

Figure 6. None of the attempts show a single 

clear fraction. The novel DPP III is 59 kDa by 

calculations using ExPASy ProtParam tool 

[13]. A weak band of this theoretical DPP III 

molecular weight could be found in attempt 1, 

3, 6, 7, 8 but most notable in attempt 5. 

Attempt 1, 3, 5, 6, 7 & 8 had also distinct 

protein bands at 70 kDa and 50 kDa that could 

be impurities of other proteins but also 

possibly cleaved forms of DPP III created by 

autoprocessing itself to an active form. 

Attempt 2, 4 & 9 did not show clear fractions 

at 50 or 70 kDa. Several other fragments were 

present in attempt 1, 2, 3, 4, 5 and 6 also 

indicating impurities or inactive forms of DPP 

III.  The material used for the SDS-PAGE 
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showed no impurities in the blank sample to 

the far right in Figure 6B. 

 

 

Figure 7. Enzyme activity with substrate Arg-Arg-2NA of 

refolding attempts 1-9. A) The measured intensity of 

fluorescence at 420 nm, showing both samples with and 

without DPP III. B) The percentage increase in 

fluorescence emitted by the sample compared to its blank 

alone. C) The normalized fraction of change to the 

fluorescence in the blank, divided by the amount of 

protein in the solution. 

3.3    Enzyme activity assay 
The activity of the proteins in attempts 1-9 and 

their blanks were evaluated by measuring the 

emission of fluorescent light at 420 nm caused 

by the cleavage of substrate Arg-Arg-2NA. 

The raw data is shown in Figure 7A for both 

blanks and protein samples. Notably, for 

sample 2 it is obvious that the result is an 

artefact as also the blank is an outlier. 

The activity is more clearly illustrated in 

Figure 7B and C. In Figure 7B the difference 

in intensity measured in the protein sample 

and blank is shown as percentage of increase 

in activity in relation to that of the blank for 

each measurement. The protein supernatant of 

attempt 5 shows the largest activity. However, 

when taking the concentration of protein in 

each measurement into account (Table 2), the 

zinc refolded attempt 6 is displayed as having 

the highest activity per µg due to its low 

protein concentration (14 µg/mL, Table 2). 

That is, although the concentration of protein 

in sample 6 is low, it contains the highest 

concentration of active enzyme. 

None of the samples 1-6 showed any activity 

on universal protease substrate. 
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4. Discussion 

4.1    Protein expression and refolding 

of the novel DPP III 
The first aim of the study i.e. to isolate the 

novel DPP III from inclusion bodies was fairly 

successful and produced a high yield of 

protein without any significant alterations of 

the purification protocol described in the 

method. 

Due to the short period of time in which 

refolding conditions could be tested each 

attempt was constructed with several varied 

parameters and additives which was altered 

according to previous attempts and findings in 

the literature. The different attempts were 

mostly based on buffers used in DPP III 

activity assays, as the only mention found of 

producing DPP III from inclusion bodies had 

failed and did not describe the attempted 

method.  

The refolding success was evaluated in several 

ways. First, the correctly folded protein was 

expected to dissolve and not precipitate. 

Whether or not the protein precipitated, the 

protein concentration of the clear upper part of 

the solution was measured to see if some 

proteins could still be active. The protein 

concentrations are shown in Table 2. The 

dialysis attempts 2 and 5 had high 

concentrations. As the supernatant could still 

contain smaller clusters of misfolded proteins 

and stirred fragments from the precipitation 

layer, solutions were also filtered and 

measured. These filtered solutions generally 

produced a protein solution of lower protein 

concentration, especially for attempt 5. Thus, 

suggesting that the protein to some extent had 

in fact aggregated in the solution during 

refolding. Attempts 7-9 using drip dilution did 

not have these issues, they were both without 

precipitation and maintained a high 

concentration after filtration. 

Secondly, the SDS-PAGE shown in Figure 6 

could show purity and fragments in the 

solution after the refolding step at a detection 

of approximately 10 ng protein [23]. None of 

the samples gave a clear single fragment at the 

expected size 59 kDa, which further suggest 

that impurities or cleaved forms of DPP III 

were present in the solution. Some of the 

attempts show a slight fraction at the 

theoretical size 59 kDa for the novel DPP III, 

especially attempt 5 in gel A. Most of the 

samples showed fractions at 70 kDa and 50 

kDa (1, 3, 5, 6, 7 & 8) while some had no 

clearly visible fractions (2, 4 & 9). This was 

surprising for sample 2 since it had a high 

measured protein concentration. The 

ultrafiltered remaining buffer from the drip 

dilution 7-9 showed no protein content on the 

gel, making them useful as a reference blank 

for these attempts.  

 

4.2    Evaluation of refolding success 
Lastly, the most direct way of evaluating 

success of refolding was measuring the 

enzymatic activity of the novel DPP III. 

Enzyme assay with universal protease 

substrate gave no indication of activity. 

However, conclusions of the refolding success 

should not be based on this assay. Collected 

studies in MEROPS peptidase substrate 

database shows that it has not been found to 

cleave this substrate. The active site of DPP III 

seems very specific, since it only have been 

found to be active with 24 different substrates 

according to the database [17]. 

Summarized data and analysis of the 

enzymatic activity assay with the DPP III 

substrate Arg-Arg-2NA is shown in Figure 

7A, B and C. Graph A indicate some 

hydrolysis of the substrate Arg-Arg-2NA in all 

samples. The increase compared to the blank 

in graph B shows 5 as having the most 

activity, however the zinc containing attempt 6 

has higher activity when considering the 

amount of protein in the sample as seen in 

graph C. Notably, both had a lower protein 

volume added to the dialysis tube in the 

refolding attempt due to spillage and both 

show fragments at 70 kDa and 50 kDa. Since 

the expected size of the theoretical DPP III (59 

kDa) is in the proximity, the positions of the 

fragments could have been measured 

incorrectly. However, the active enzyme might 

undergo autoprocessing by cleaving a fraction 

of itself and reduce the proteins size to a 
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potentially active form at 50 kDa. Although 

other attempts with the same fraction has 

relatively low to moderate activity, 

autoprocessing could partly explain why there 

is higher enzyme activity in attempt 5 and 6. 

To critically examine this possibility should an 

SDS-PAGE be performed on the purified 

denatured DPP III before refolding steps to 

determine if the fragment is created during the 

refolding step. 

There are aspects of these measurements that 

are critical to consider. Since these 

experiments did not include a positive control 

of a working DPP III it is only possible to 

compare the measurements to each other. It is 

therefore difficult to evaluate the significance 

of the value in sample 6. Another value to 

discuss is the distorted measurement of 2, 

which has other causes than the activity of the 

enzyme since it shows less than its blank. The 

cause is a large spike at 395 nm with an 

overshadowing slope across 420 nm shown in 

the emission spectrum of sample 2. The main 

difference in sample 2 are an addition of 10 

mM 2-mercaptoethanol, which made the 

buffer in both the blank and sample turn 

orange. It is likely that a coloured complex 

that have fluorescent properties was formed 

with cobalt. Considering the ammonium 

sulphate content it should have formed 

hexaamine cobalt (II), a complex that is very 

easily oxidized to the orange 

hexaamminecobalt(III) complex [24]. The 

activity measurement is probably not correct 

since it was later found descriptions of 2-

mercaptoethanol being inhibitory to DPP III 

[17].  

The reason to test reducing agents in 2 and 7 

was to prevent intermolecular disulphide 

bonds. But there could be problems with 

reducing agents as they commonly form 

complexes with metal ions, such as DTT used 

in attempt 7 [25]. They might also reduce the 

cobalt (II) ion to cobalt (I), making it detach 

from the zinc binding site of DPP III. 

Although it is difficult to assess whether the 

refolding condition without cobalt ions or the 

DTT is the cause of the inactivity, the use of 

reducing agents seemed difficult in refolding 

DPP III. 

The most promising result from the activity 

assay when compared to the amount of protein 

in the sample, as shown in Figure 7C, is 

attempt 6 with stepwise dialysis at 25 °C in 10 

µM ZnCl2 and 100 mM (NH4)2SO4, see Table 

1 for description of its conditions. It was 

unexpected that it seemed to work better that 

refolding buffers using cobalt, since none of 

the literature used zinc in their activity assays, 

although several studies have confirmed its 

role to the catalytic activity [15]. An excess of 

zinc has been described to inhibit the DPP III, 

so it was added in a lower concentration than 

the cobalt ions in the other attempts. More 

studies on refolding with zinc ions is 

recommended. 

Metal ions overall seem to improve the 

activation since attempt 7 without metal ions 

in the refolding buffer had the lowest activity. 

Comparing to refolding buffers with cobalt the 

zinc containing attempt 6 had lower protein 

concentration, although this might be effects 

of refolding temperatures above 4 °C which 

generally had lower concentrations and 

precipitated faster. 

Because of the big difference in filtered (30 

µg/mL) and unfiltered (176 µg/mL) protein 

concentrations in attempt 5, it is important to 

critically re-examine the results shown in 

graph C in Figure 7. If only the amount of 

protein that was able to pass through the filter 

is considered for the activity assay, attempt 5 

have the highest fraction of change and 6 have 

0.86 to that of 5. The main changes between 

attempt 5 and the other attempts are; dialysis 

in 4 °C, a lack of salt, cobalt ions and an 

additional dialysis step with glycerol to protect 

from loss of activity in low temperatures [15]. 

It is difficult to conclude which aspects 

contributed to refolding since not enough 

attempts with this variation were made. 

Interestingly, both had a slightly lower protein 

volume in their sample due to spillage, which 

could have contributed to more successful 

refolding as the protein would have been more 

diluted by the refolding buffer. 

Drip dilution in attempt 7-9 did not generate 

any precipitate, even though a higher protein 

concentration was found after the 
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ultrafiltration according to the results in Table 

1. They did not show significant activity 

compared to dialysis attempts, but this could 

depend on buffer contents rather than 

refolding technique. The biggest drawbacks of 

dialysis refolding were that it consumed a lot 

of material and generated a lot of inconvenient 

waste since cobalt (II) is hazardous for health 

and environment. Smaller sample solutions 

would have required less buffer, which would 

have been beneficial in the many screening of 

successful refolding conditions. 

 

4.3    Conclusion and suggestions 
The described protocol for purifying the 

recombinant construct DPP III from inclusion 

bodies in E. coli was successful in retrieving a 

high yield of protein. However, no definite 

strategy of producing high yields of correctly 

folded protein of this novel DPP III was found 

in this study. Further studies are required to 

conclude suitable refolding condition for the 

novel DPP III.  

The main suggestion could, however, be to try 

combine methods that was shown to provide 

both high activity and high yield. That is, in 

this case, drip dilution (high yield) in zinc-

containing buffer (high activity). Alternatively 

to test dialysis in presence of zink with lower 

concentrations of protein, down to even 1 

µg/mL to reduce protein aggregation [26]. 

Analysis of protein fragments before and after 

the refolding step could examine if 

autoprocessing occur and what effect it might 

have on the activity. 

In addition, attempts in cold temperatures with 

glycerol and low to no salts as in attempt 5 

could be tested in different variations. A 

different approach of optimizing for buffer 

content in a 96-well plate format in small 

volumes could be preferable before trying 

larger samples [26]. Removal of the His-tag 

could also be tested since histidines are 

involved in the binding to the cofactor in DPP 

III. Other refolding techniques might be 

utilized in future studies since precipitation 

was is a big issue in the dialysis refolding. 

Altogether, it was shown that E. Coli could 

express the novel DPP III. However, it would 

be interesting to see if the protein could be 

expressed in E.coli in soluble form to avoid a 

refolding step. 
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7. Additional information 
Amino acid sequence of novel and cloned DPP III without signal peptide

 

MKTETVEAILPIDSLAIYATYELKTDLSHLTDAEKQAIKLLIKAADIMDELFWHQAFGDKNLMDTISN

DTLRQYSYINYGPWDRLNNNKPFISGYGPKPDGANFYPADLTKEEFENWQNTDKTSLYTMIRRDAN

GNLLAIYYHEYFKEQLSKAADLIEQAAKLINDKNFANYLSLRSEALKTSNYYASDMAWLDSKTSKIE

YIVGPIENYEDRLFGYKAAFESFVLIKDIEWSKKLEKYGKLLPQLQKSLPVNDEYKKEIPGSMGDINV

YDAIYYAGDCNAGSKTIAINLPNDEEVQLKKGTRKLQLKNVMQAKFDKIVVPIAELILDENIAGNVVF

NAFFQNVMFHEVAHGLGIKNTINNKGTVREALKEAYSPIEEAKADIMGLYLIEKLREMGEITEGLLEQ

NYASFVASIFRSVRFGAASAHGIANMLEFNFLVDAAAISKNSQGKYNIDFEKMKNAISDMVQKIITIQA

NGDYESAIQWINEKGKINTDLQKDLNKINDAKIPVDIVFKQGIDVLGL 

Clustal Omega (1.2.4) multiple sequence alignment 
Red = active site, Yellow = cysteines, Grey = signal peptide 

 

Mesophilic_BtDPP_III_5NA7                ---------MAVTATILASCGGAKTTTAEADKFDYTVEQFADLQILRYKVPEFETLTLKQ 51 

Hypothetical_novel_DPP_III               MKTKIFPIFMIVIFFINSGCKKKTETVEAILPID-SLAIYATYELK-TDL---SHLTDAE 55 

Thermophilic_CaDPP_III_6EOM              -MKRILLVLLTLVFLGAIACQRKEENKTEMVKLKRMIAQFAPTEIK-YDH---SLLDERK 55 

                                                  : :      .*     .      :.  :  :*  ::   .    . *   : 

 

Mesophilic_BtDPP_III_5NA7                KELVYYLTQAALEGRDILFDQNGKYNLRIRRMLEAVYTNYKGDKSAPDFKNMEVYLKRVW 111 

Hypothetical_novel_DPP_III               KQAIKLLIKAADIMDELFWHQA-------------------------------------- 77 

Thermophilic_CaDPP_III_6EOM              QKVVENLYRAAKIMDEIFLDQV-------------------------------------- 77 

                                         :: :  * :**    ::: .*                                        

 

Mesophilic_BtDPP_III_5NA7                FSNGIHHHYGMEKFVPGFSQDFLKQAVLGTDAQLLPLSEGQTAEQLCDELFPVMFDPAIL 171 

Hypothetical_novel_DPP_III               -----------------FGDKNLMDTI-----------S----NDTLRQYSYINYGPWDR 105 

Thermophilic_CaDPP_III_6EOM              -----------------YSKNFEIREQLRA--------SSDPLDQLRLEYFTIMFGPFDR 112 

                                                          :...                 .    ::   :   : :.*    

 

Mesophilic_BtDPP_III_5NA7                AKRVNQ-ADGEDLVLTSACNYY-DGVTQQEAESFYGAMKDPKDETPVSYGLNSRLVKEDG 229 

Hypothetical_novel_DPP_III               LNNNKPFISGYGPK-PDGANFYPADLTKEEFENWQNTDK--T------SLYTMIRRDANG 156 

Thermophilic_CaDPP_III_6EOM              LNHDKPFI-GNTPK-PKGANFYPPDMTREEFENWLKAHP--EDEAAFTSEFTVI-RRQDG 167 

                                          :. :    *      ...*:*  .:*::* *.:  :              .      :* 

 

Mesophilic_BtDPP_III_5NA7                KIQEKVWKVGGLYTQAIEKIVYWLKKAETVAENDAQKAVISKLIQFYETGSLKDFDEYAI 289 

Hypothetical_novel_DPP_III               NLLAIY--YHEYFKEQLSKAADLIEQAAKLINDKNFANYLSLR---SEALKTSNYYASDM 211 

Thermophilic_CaDPP_III_6EOM              KLVAIP--YSEYYKEYLTRAADYLKKAAEFADNPSLKKYLQLR---AEAFLNNDYYESDL 222 

                                         ::          :.: : : .  :::*  . ::      :.      *:   .::    : 

 

Mesophilic_BtDPP_III_5NA7                LWVKDLDSRIDFVNGFTESYGDP-LGVKASWESLVNFKDLDATHRTEIISSNAQWFEDHS 348 

Hypothetical_novel_DPP_III               AWLDSKTSKIEYIVGPIENYEDRLFGYKAAFESFVLIKDIEWSKKLEKYGKLLPQLQKSL 271 

Thermophilic_CaDPP_III_6EOM              AWMDLNDHTIEVVIGPYEVYEDKLFNYKAAFEAFITLRDPVESAKLKKFVGYLDEMEKNL 282 

                                          *:.     *: : *  * * *  :. **::*::: ::*   : : :        ::.   

 

Mesophilic_BtDPP_III_5NA7                PVDKSFKKEKVKGVSAKVITAA-ILAGDLY-PATAIGINLPNANWIRAHHGSKSVTIGNI 406 

Hypothetical_novel_DPP_III               PVNDEYKKEIPGSMGDINVYDAIYYAGDCNAGSKTIAINLPNDEEVQLKKGTRKLQLKNV 331 

Thermophilic_CaDPP_III_6EOM              PIPDAYKNFNRGSESPMVVVQEVFSAGDTKAGVQTLAFNLPNDERVREAKGSKKVMLKNI 342 

                                         *: . :*:    . .   :      ***      ::.:**** : ::  :*::.: : *: 

 

Mesophilic_BtDPP_III_5NA7                TDAYNKAAHGNGFNEEFVCNDEERQRIDQYGD--LTGELHTDLHECLGHG--SGKLL--- 459 

Hypothetical_novel_DPP_III               MQAKFDKI--------VVPIAELILDENIAGNVVFNAFFQNVMFHEVAHGLGIKNTINN- 382 

Thermophilic_CaDPP_III_6EOM              HEAKFDKL--------LKPIAEKVLFAEQLPLVTFEGFFNHTLMHEISHGLGPGKIVLNG 394 

                                          :*  .          .    *     :      : . ::  : . :.**    : :    
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