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Abstract 

Dipeptidyl peptidase 3 (DPP3) is a metallopeptidase containing a catalytic center with 

bivalent metal, such as Zn
2+

 or Co
2+

 as cofactor. It belongs to the M49 family, which is 

characterized by the presence of two signature motifs: HEXXGH and EEXRAE/D, involved 

in the coordination of the metal ion. DPP3 preferentially hydrolyzes peptides from 4 to 12 

amino acids in length. Several bioactive peptides have been identified as DPP3 substrates. 

These include endogenous opioid peptides and peptides from the renin-angiotensin system. 

DPP3 has been implicated in an array of pathophysiological processes. It is upregulated in 

cancer cells and involved in apoptosis modulation and blood pressure regulation. There are 

strong evidences suggesting its role in endogenous pain regulation and defense against 

oxidative damage. However, the precise molecular mechanisms underlying the mediation of 

these effects by DPP3 are still unknown. 

This thesis embarks on the metabolic and behavioral characterization of DPP3 knockout mice. 

Using an amalgamation of biochemical, biophysical and physiological studies, the knockout 

mice were compared to control wildtype mice. It was found that DPP3 deletion results in 

altered levels of several angiotensin peptides, thereby consolidating its involvement in the 

renin-angiotensin pathway, which affects the reno-cardiovascular circuit in mammals. There 

is also an indication of oxidative stress in the DPP3 knockout mice due to angiotensin II-

mediated reactive oxygen species (ROS) production. 

The second focus of this thesis revolved around the design and characterization of specific 

inhibitors against DPP3. These inhibitors can be exploited to gain structural and mechanistic 

insights into ligand binding to DPP3, which can ultimately reveal its substrate specificity and 

selectivity. Kinetic screening yielded two compounds – (R)-hydroxyethelene (HER) and (S)-

hydroxyethyelene (SHE), which effectively inhibit DPP3 in vitro. Additionally, a comparison 

of HER with tynorphin, the strongest inhibitor reported against DPP3, showed that HER is 

more effective in stably inhibiting DPP3 over a period of time. 

Towards the end, the thesis presents an outlook into utilizing peptidomic approaches to 

identify natural substrates of DPP3. Since a peptidase may cleave many substrates in vitro, 

traditional biochemical approaches for determining endogenous substrates are time 

consuming and may be unreliable. Therefore, assessing the global changes in the peptidome 

following the knockout of DPP3 may facilitate identification of peptides likely to be 

substrates or products of DPP3.  
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Kurzfassung 

Dipeptidyl peptidase 3 (DPP3) ist eine Metallopeptidase mit einem katalytisch aktiven 

bivalenten Metallion, wie Zn
2+

 oder Co
2+

. Das Enzym zählt zur M49 Proteinfamilie, welche 

durch zwei Sequenzmotive gekennzeichnet ist: HEXXGH und EEXRAE/D, welche beide für 

die Koordinierung des Metallions wichtig sind. DPP3 hydrolysiert bevorzugt Peptide mit 

einer Länge von 4 bis 12 Aminosäuren, wobei verschiedene bioaktive Peptide als Substrate 

für DPP3 identifiziert wurden. Dazu zählen z.B. endogene opioide Peptide und Peptide des 

Renin-Angiotensin Systems. DPP3 wird mit einer Vielzahl pathophysiologischer Prozesse in 

Verbindung gebracht. Es wurde gezeigt, dass DPP3 in Krebszellen hochreguliert ist und eine 

wichtige Rolle in Apoptose und Bluthochdruck-Regulierung spielt. Außerdem gibt es starke 

Hinweise auf einen Einfluss von DPP3 in Prozesse wie die endogene Schmerzregulierung und 

oxidativen Stress. Der genaue Mechanismus für diese breite Wirkung von DPP3 ist jedoch 

noch nicht bekannt.  

In dieser Arbeit wird eine Charakterisierung von DPP3 Knockout Mäusen präsentiert. In einer 

Kombination biochemischer, biophysikalischer und physiologischer Studien wurden 

metabolische Parameter und das Verhalten von Knockout Mäusen mit Kontroll-Wildtyp 

Mäusen verglichen. Es konnte gezeigt werden, dass die Deletion von DPP3 die Levels von 

Angiotensin Peptiden verändert, was auf eine Beteiligung des Enzyms am Renin-Angiotensin 

Weg schließen lässt. Es gibt außerdem Hinweise auf oxidativen Stress in DPP3 Knockout 

Mäusen aufgrund der durch Angiotensin-II mediierten Produktion von Reaktiven 

Sauerstoffspezies (ROS).  

Der zweite Focus dieser Arbeit lag im Design und der Charakterisierung spezifischer 

Inhibitoren von DPP3. Diese Inhibitoren können verwendet werden um strukturelle und 

mechanistische Erkenntnisse zur Substratspezifität und Selektivität des Enzyms zu erhalten. 

Ein in vitro durchgeführtes kinetisches Screening ergab zwei potentielle Inhibitoren: (R)-

Hydroxyethelen (HER) und (S)-Hydroxyethelen (SHE). Zusätzlich zeigte ein Vergleich von 

HER mit Tynorphin, dem bis dato stärksten DPP3 Inhibitor, dass die neu identifizierte 

Verbindung DPP3 über einen längeren Zeitraum effektiver und stabiler inhibiert.  

Am Ende dieser Arbeit wird außerdem noch ein Ausblick auf die Verwendung 

Peptidomischer Ansätze zur Identifizierung natürlicher Substrate von DPP3 gegeben. 

Nachdem Peptidasen in vitro sehr viele verschiedene Substrate hydrolysieren, sind 

traditionelle biochemische Ansätze bei der Suche nach endogenen Substraten zeitaufwändig 



     

  

X 

 

und nur wenig verlässlich. Daher erscheint die Untersuchung von durch den Knockout von 

DPP3 resultierenden Veränderungen im Peptidom eine vielversprechend Strategie zur 

Identifizierung von Peptiden, die als Substrate oder Produkte von DPP3 dienen. 
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Peptidases  

 

Peptidases are a complex group of enzymes with immense physiological significance found 

ubiquitously in nature. These enzymes influence crucial metabolic functions and ultimately 

the survival of a cell via peptide hydrolysis. The process of peptide hydrolysis is substrate 

specific and a site directed action that directly affects the synthesis, composition, size, shape, 

turnover and finally destruction of proteins (1). The term “peptidase” encompasses all the 

proteolytic enzymes, proteases, and proteinases in general. Their hydrolytic activity ensures 

that peptides and proteins are transported to the correct cellular or extracellular locations, are 

activated or inactivated when required, and that biologically important peptide products are 

formed. These enzymes hydrolyze the peptide bonds of proteins and/or peptides.  Peptidases 

regulate several important physiological processes such as total protein turnover in the cell, 

tissue remodeling, blood-pressure control, water and fluid homeostasis, signaling cascades 

and interactive pathways.  

Peptidases are divided into endopeptidases and exopeptidases, depending on if they cut in the 

middle or at the ends of their substrates, respectively. Exopeptidases can further be classified 

into aminopeptidases and carboxypeptidases, which cleave off N-terminal and C-terminal 

amino acids, respectively. The carboxypeptidases are further assigned to three groups on the 

basis of catalytic mechanism: the serine-type carboxypeptidases, the 

metallocarboxypeptidases, and the cysteine-type carboxypeptidases. Other types of 

exopeptidases are specific for dipeptides (dipeptidases), acting on peptides containing 

modified amino acids (omega peptidases). The endopeptidases are classified based on the 

element which is vital for catalysis. These are the sub-subclasses of serine endopeptidases, 

cysteine endopeptidases, aspartic endopeptidases, metalloendopeptidases and threonine 

endopeptidases (Table 1). 

Proteolytic enzymes require very intricate levels of regulation to ensure proper functioning 

and to avoid any unwanted activity. Therefore, these enzymes are controlled either at the 

transcriptional level or through post-translational modifications. There are a plethora of other 

regulatory mechanisms which exist to control the activity of proteolytic enzymes; some of 

these include synthesis of these enzymes in the form of inactive zymogens that require further 

activation, substrate availability and specificity, cofactor binding and presence of 

physiological inhibitors.
 

Any aberration
 

in the regulatory mechanisms can result in 
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pathologies like cardiovascular diseases, tumor and tumor-associated oxidative stress 

angiogenesis, neurological disorders or inflammatory disorders. Because of their involvement 

in a multitude of diverse pathophysiological processes, peptidases are regarded as promising 

drug targets, and therefore studies are necessary to better understand their structural and 

functional mechanisms at the molecular level (2). 

 

Subclass Peptidase Number of entries 

   

EC 3.4.11 Aminopeptidases 26 

EC 3.4.13 Dipeptidases 12 

EC 3.4.14 Dipeptidyl peptidases and tripeptidyl peptidases 9 

EC 3.4.15 Peptidyl dipeptidases 4 

EC 3.4.16 Serine-type carboxypeptidases 4 

EC 3.4.17 Metallocarboxypeptidases 20 

EC 3.4.18 Cysteine-type carboxypeptidases 1 

EC 3.4.19 Omega peptidases 9 

EC 3.4.21 Serine endopeptidases 97 

EC 3.4.22 Cysteine endopeptidases 58 

EC 3.4.23 Aspartic endopeptidases 40 

EC 3.4.24 Metallic endopeptidases 81 

EC 3.4.25 Threonine endopeptidases 2 

   

 Total 363 

 

Table 1 Classification of peptidases EC system  

 

Dipeptidyl peptidases  

 

Dipeptidyl peptidases (DPPs) comprise of a unique family of proteolytic enzymes that 

perform site-specific cleavage of dipeptides from the N-terminus of oligopeptides. They are 

classified under EC 3.4.14 belonging to a protease family in the Nomenclature Committee of 

the International Union of Biochemistry and Molecular Biology. Eight different DPPs have 

been identified in the mammalian species till now. DPPs have broad substrate specificity and 

mostly catalyze the degradation of bioactive peptides including neurotransmitters, peptide 

hormones and chemokines (Figure 1). In the past two decades, extensive research has been 

done on dipeptidyl peptidase 4 (DPP4) that modulates glucose metabolism, signal 
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transduction and apoptosis. An increasing number of pharmacological inhibitors against 

DPP4 have been developed and they are mostly used in the treatment of type 2 diabetes and 

obesity. Recently, another enzyme from this family, dipeptidyl peptidase 3 (DPP3) has been 

in focus of researchers, due to its purported involvement in the regulation of a plethora of 

physiological and pathological functions. In this chapter, we provide an overview about the 

pathophysiological functions of DPP3, and discuss the future potential of this enzyme from a 

pharmacological perspective. 

 

 

Figure 1 Location and function of different dipeptidyl peptidases (adapted from (3)) 

 

Dipeptidyl peptidase 3 (DPP3) 

 

DPP3 (EC 3.4.14.4) was purified from bovine pituitatry for the first time (4). It was assigned 

this name on virtue of being the third dipeptidyl peptidase to be discovered. Subsequently, it 

has been purified from many other tissues and organisms ranging from lower to higher 

eukaryotes. By virtue of its affinity for different types of bioactive peptides and synthetic 

substrates, it was named enkephalinase B (5), red cell angiotensinase (6), dipeptidyl 

aminopeptidase 3 (5) and dipeptidyl arylamidase 3 (4). DPP3 is a zinc-dependent 

metallopeptidase and cleaves dipeptides sequentially from the N-terminus of oligopeptides 

ranging from 4-12 amino acids in length. Even though DPP3 was identified and kinetically 

characterized as early as in the year 1967 (4), further research was slow, mainly due to the 

lack of knowledge about substrate specificity and unavailability of crystal structure. However, 

in the recent years, DPP3 research has gained momentum due to its implications in 
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pathophysiology such as ovarian carcinoma (7), pain modulation (8-10), Nrf2 mediated 

oxidative stress (11, 12) and blood pressure regulation (13, 14). In the meantime, X-ray 

crystal structures of DPP3 from yeast (15) and human (16) origin have been resolved. This 

introductory chapter elucidates the involvement of DPP3 in cellular physiology and the 

catalytic mechanism of substrate hydrolysis, which may eventually help in identification of 

the new physiological substrates. 

 

DPP3 has unique sequence attributes 

Members of the metallopeptidase clan (clan MA) of the protease family are characterized by 

the presence of a signature motif HEXXH essential for catalysis. The two His residues of this 

motif coordinate the divalent metal ion (mostly Zn
2+

, rarely Mn
2+

, Co
2+

, Ni
2+

 or even Cu
2+

). 

The metal ion and the amino acid residues in the surrounding environment contact a 

nucleophilic water molecule. DPP3 contains a similar but unique catalytic motif HEXXGH, 

which is distinguishable from other metallopeptidases. The two His residues of this motif 

along with the Glu residue of a second conserved motif EEXRAE/D have been proposed to 

coordinate the Zn
2+

 ion binding (Figure 2). Owing to the presence of the unique catalytic 

motif HEXXGH, DPP3 is assigned to a novel metallopeptidase family M49. Yeast 

(Saccharomyces cerevisiae) DPP3 (yDPP3), which shares 36% sequence identity with its 

human counterpart has been assigned as the prototype of this family. Even though there exist 

significant variations in catalytic motifs of yDPP3 and hDPP3, residues which are important 

for catalysis are conserved.  

Based upon their strong inhibition by serine peptidase inhibitors, mammalian DPP3s were 

previously assumed to belong to the serine peptidase clan. However, recent analysis of DPP3 

crystal structure revealed that Glu461 (in yeast) and Glu451 (in mammals) acts as a base in a 

general acid-base type catalytic reaction to deprotonate the water molecule, thereby resulting 

in its activation (15, 16). Consequently, this Glu residue is considered to be critical for the 

enzymatic activity. The importance of the Glu residue was experimentally validated by 

mutagenesis studies of this residue which led to a 15000‐fold reduction in yDPP3 catalytic 

activity (15). Mutation of the corresponding Glu residue in rat DPP3 (Glu451) to alanine or 

aspartic acid resulted in a complete inactivation of the enzyme. Logically, DPP3 is now 

considered to be a member of the zinc metallopeptidase clan rather than a serine peptidase.  
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Figure 2 Multiple sequence alignment of DPP3s from various species. HEXXGH is the 

characteristic catalytic motif of the M49 family of peptidases, whereas EECRAE is the second 

highly conserved motif of the family. 

 

Structure, catalytic mechanism and mode of substrate binding in DPP3 

 

The crystal structures of bacterial (PDB: 5NA7) (btDPP3), yeast (PDB: 3CSK) and human 

(PDB: 3FVY) DPP3 have been reported (15-17). All the structures contain two domains, an 

upper domain rich in α‐helices and a lower domain with mixed α- and β-fold with a five-

stranded β-barrel forming the structural core of this domain. The two domains are separated 

by a wide cleft, which has been proposed to be the substrate binding site (15). The two 

domains are interconnected by a helical loop extending from the lower domain. The catalytic 

motif (HEXXGH) and the secondary motif (EECRAE/D) are part of the upper domain, and 

are conserved in all DPP3 homologs. In case of yDPP3 and hDPP3, despite of having only 

36% sequence identity, both the structures show an RMSD of 1.4 Å of their superimposed 

protein backbone. However, the superimposed protein backbones of btDPP3 and hDPP3 

structures gave rise to an RMSD value of 4.41 Å (the same differences between bacterial and 

yeast DPP3 are observed). This is because the length of the spacer region between the two 
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evolutionarily conserved active-site motifs is much shorter in the bacterial protein, compared 

to eukaryotic DPP3s (15-17).  

 

A catalytically critical zinc ion is observed in the conserved binding site in the upper domain. 

In hDPP3, Glu508, His455 and His450 are the residues involved in the coordination bond 

formation with zinc. These residues are also conserved in bacterial and yeast DPP3. In both 

human and yeast DPP3, a conserved water molecule is observed coordinating the zinc ion in a 

tetrahedral coordination. Glu461 (in yDPP3) and Glu451 (in hDPP3) side chains essential for 

peptide bond hydrolysis, are in turn hydrogen bonded to the conserved water molecule. In 

contrast, the coordination of the zinc ion in btDPP3 is square pyramidal with two water 

molecules in the remaining positions. Interestingly, in the case of btDPP3, the corresponding 

Glu449 does not point toward either of the two zinc-coordinated water molecules (17).  

 

The proposed catalytic mechanism of hDPP3 is similar to other metalloenzymes like 

thermolysin (18) and neprilysin (19). A clear electron density for a water molecule 

coordinated to zinc was observed and therefore water-mediated catalysis is suggested to be 

the likely mechanism. It is further suggested that nucleophilicity of the Zn ion coordinated 

water molecule is enhanced by Glu451, a general base in the vicinity. The activated water 

molecule attacks the carbonyl carbon of scissile peptide bond, resulting in its hydrolysis. The 

leaving amino group is then protonated by the same Glu451, which in turn gets restored to its 

original form. As in the proposed mechanisms of thermolysin and neprilysin, the hydrogen 

bond between His568 and the carbonyl group of the scissile peptide bond (P1, Val2) likely 

provides additional stabilization of the tetrahedral intermediate.  

 

The first co-crystal crystal structure of human DPP3 with the opioid peptide tynorphin 

(VVYPW), revealed a large conformational change leading to the closure of the cleft 

separating the upper and lower domain (Figure 3). Peptide binding to DPP3 was shown to be 

driven by a change in the entropy and the release of ordered water molecules from the binding 

cleft is proposed to be mainly responsible for the increase in entropy. The peptide itself 

primarily interacts via its main chain with the lower domain (especially with the five-stranded 

β-barrel) and the domain motion is necessary to bring the scissile peptide group in proximity 

to the catalytic machinery of the enzyme (16, 20). 
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a b 

 

Figure 3 (a) Cartoon representation of the structure of the unbound hDPP3. The upper lobe 

is shown in red, the lower lobe in blue and the five-stranded β-core in grey. (b) Cartoon 

representation of the closed conformation of hDPP3. The bound peptide is shown in yellow. 

The figure was prepared using the program PyMol (http://www.pymol.org/). 

 

Substrates and inhibitors of DPP3 

 

A number of publications have reported characterization of DPP3 of bovine, porcine, 

monkey, rat, human, insect, yeast and other organisms, and determined its activity with 

important endogenous peptide substrates. In all of the relevant studies, a competitive 

inhibition assay using the standard Arg-Arg-amide substrates was used to provide a 

quantitative measure of affinity to the enzyme (Table 2). DPP3 sequentially cleaves 

dipeptides from a wide range of peptides with unsubstituted N-terminus. Tetrapeptides to 

octapeptides are considered to be the best substrates. It can be confirmed that DPP3 has good 

affinities to angiotensins and opioid peptides. This suggests a plausible role of DPP3 in the 

opioid signaling processes and regulation of cardiovascular events in connection to the renin-

angiotensin system. Interestingly, the affinities of DPP3 towards angiotensins are an order of 

magnitude higher than the values for opioid peptides, thereby emphasizing the potential role 

of DPP3 more in the direction of blood pressure regulation. 

http://www.pymol.org/
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Physiological peptide substrate AA composition Activity (Ki, µM) Reference 

Angiotensins    

Angiotensin II Asp-Arg-|-Val-Tyr-Ile-His-Pro-Phe 0.34,  3.6 (5, 21) 

Angiotensin III Arg-Val-|-Tyr-Ile-His-Pro-Phe 0.22,  0.05 (5, 21) 

Proctolin (insect neuropeptide) Arg-Tyr-|-Leu-Pro-Thr 1.2 (21) 

Enkephalins (δ-opioid receptor 

agonists) 
   

Leu-enkephalin Tyr-Gly-|-Gly-Phe-Leu 6.6,  125.5,  3.65 (5, 8, 21) 

Met-enkephalin Tyr-Gly-|-Gly-Phe-Met 9.2 (5, 21) 

Endomorphins (µ-opioid receptor 

agonists) 
   

Endomorphin-1 Tyr-Pro-|-Trp-Phe-NH2 5.00 (8) 

Endomorphin-2 Tyr-Pro-|-Phe-Phe-NH2 2.49 (8) 

Human β-casomorphin Tyr-Pro-|-Phe-Val-Glu-Pro-Ile 0.56 (8) 

Dipeptidyl amides for assays    

Standard DPP3 assay substrate Arg-Arg-|-βNA - (4) 

 Arg-Arg-|-NH-Mec - (22) 

 

Table 2 Physiologically important DPP3 substrates. Cleavage site is indicated with a vertical 

line. Ki values were obtained from competitive substrate inhibition assays, measuring 

fluorescence in the hydrolysis of test substrates of Arg-Arg-amide type. 

 

Most of the known non-peptide inhibitors of DPP3 are nonselective and non-specific. They 

comprise of general cysteine (4, 6, 23, 24), serine (22, 24-28), and aminopeptidase inhibitors 

(6, 23, 24), heavy metals (23-25, 29, 30) and metal chelating agents (4, 22-27, 29). Some 

general enkephalinase inhibitors have also been developed. Although some of them inhibit 

DPP3, they were mainly used for the inhibition of aminopeptidase N and neprilysin (31). 

Apart from these, a number of peptide inhibitors have been developed against enkephalinases 

(including DPP3) (Table 3). Spinorphin, found in bovine spinal cord, was characterized as a 

potent peptide inhibitor of enkephalin degrading peptides (32). Inspired by the potency of 

spinorphin in inhibition of enkephalinases, research was performed in order to find 

spinorphin/haemorphin derivatives that are specifically inhibiting DPP3. Subsequent efforts 

of designing inhibitors against DPP3 led to the discovery of further peptide derivatives like 

tynorphin and tynorphin-related pentapeptides. However, it was later observed that these 
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compounds are rather slow substrates than inhibitors of DPP3, getting degraded by the 

enzyme over a period of time (9, 33).  

 

Table 3 Haemorphin/Spinorphin derived peptide inhibitors of DPP3. Cleavage site is 

indicated with a vertical line. The affinity was quantified indirectly from competitive substrate 

inhibition, measuring fluorescence in the hydrolysis of standard test substrates of Arg-Arg-

amide type. Rat DPP3 was used for all assays.  

 

Pathophysiological implications of DPP3 

 

DPP3 in pain modulation 

Enkephalins are naturally occurring opioid-like peptides which resemble morphine 

structurally. Enkephalinergic cells of the neuroendocrine system synthesize enkephalins and 

they elicit pain killing or opiate activity upon binding to δ-opioid receptors. It was reported 

that DPP3 is co-localized with enkephalinergic neurons at the synaptic membrane localization 

of mice brain (9). DPP3 can preferably hydrolyse enkephalins at physiological pH thereby 

suggesting the involvement of this peptidase in pain modulation (5). Endomorphins (EM-1 

and EM-2) are another class of endogenous opioid peptides whose turnover can be altered by 

DPP3 (8). Endomorphins reduce the perception of pain by specifically binding G-protein 

coupled µ-opioid receptors with high affinity. They are widely distributed in the mammalian 

central nervous system, especially in the brain, and have also been detected in spleen, thymus, 

blood plasma, immune cells and pituitary gland. This implicates that DPP3 can potently 

modulate perception of pain, stress and complex functions such as reward, arousal and 

vigilance. This was supported by a study showing that DPP3 activity for human CSF in 

Competitive peptide inhibitor AA composition Activity (Ki, µM) Reference 

Spinorphin (VVYPWT) Leu-Val-|-Val-Tyr-Pro-Trp-Thr 6.67,  2.42 (9, 33) 

Tynorphin (VVYPW) Val-Val-|-Tyr-Pro-Trp 2.67,  0.075 (9, 33) 

LVYPW Leu-Val-|-Tyr-Pro-Trp 1.35 (9) 

YVYPW Tyr-Val-|-Tyr-Pro-Trp 0.42 (9) 

FVYPW Phe-Val-|-Tyr-Pro-Trp 0.28 (9) 

WVYPW Trp-Val-|-Tyr-Pro-Trp 0.24 (9) 

IVYPW Ile-Val-|-Tyr-Pro-Trp 0.16 (9) 

Valorphin (VVYPWTQ) Val-Val-|-Tyr-Pro-Trp-Thr-Gln 0.049 (8) 
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patients with acute pain was significantly lower compared with that in patients without pain 

(10). In addition, it was observed that the expression of DPP3 is downregulated in cortical 

lipid rafts of the 3xTgAD murine model of Alzheimer’s disease, in comparison to the wild-

type control (34). This implicates its involvement in the pathogenesis of this disease and other 

neurodegenerative disorders. 

 

DPP3 in oxidative stress  

Transcription factor Nrf2 or NF-E2 (Nuclear Factor Erythroid-derived 2) related factor 2 is a 

basic leucine zipper protein. Under basal cellular conditions, Nrf2 amount and activity are 

maintained at low levels through ubiquitin-dependent proteasomal degradation upon binding 

to an ubiquitin ligase called Keap1 (Kelch-like ECH-associated protein 1). An amino-terminal 

DLG and ETGE motif within Nrf2 is responsible for the association of the transcription factor 

to Keap1. In the events of high cellular oxidative stress, modification of reactive cysteines 

within Keap1 induces a conformational change, thus making the position of Nrf2 

unfavourable for ubiquitination. Under such circumstances, Nrf2 translocates to the nucleus 

where it activates transcription of genes encoding for phase II detoxifying enzymes like 

NAD(P)H:quinone oxidoreductase 1 (NQO1). It was reported that DPP3 harbours the similar 

ETGE motif and as a consequence, competes to bind with Keap1, thereby resulting in a 

continuous nuclear migration of Nrf2 (11).  This condition has been reported in 

neuroblastoma cells (IMR-32 cells) in response to overexpression of DPP3. It was also found 

that DPP3 overexpression efficiently attenuates the toxic effects of H2O2 and rotenone, 

demonstrating the cytoprotective effect of DPP3 against oxidative stress (35). Expression of 

DPP3 has been reported to increase with the histological aggressiveness of human ovarian 

primary carcinomas (7). In ovarian cancer cells tumor induced release of H2O2 

transcriptionally upregulates the expression of Ets-1, a critical regulator of DPP3 expression 

(36, 37). A recent proteomic analysis of Keap1 interaction network and comparison to 

genomic profiles of 178 squamous cell lung carcinomas revealed amplification and mRNA 

overexpression of the DPP3 gene in tumors with high Nrf2 activity (11). The findings support 

that DPP3 modulates the Keap1-Nrf2 pathway, which is responsible for maintaining the redox 

homeostasis in the cell.  
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ETGE 
motif of 
hDPP3 

 

 

Figure 4 Regulation of the Keap1-Nrf2 pathway by DPP3 (Adapted from (11)) 

 

DPP3 in the renin-angiotensin system (RAS)  

There are increasing evidences suggesting a strong role of DPP3 in regulation of the RAS. 

Angiotensins (Ang) are the key peptide players of the rennin– angiotensin system (RAS) and 

have vasoactive properties. Ang II is the major effector of the classical RAS pathway which 

plays a critical role in hypertension. Although the functions of RAS are distinct within 

different tissues, the kidney is the primary target for Ang II, where it regulates fluid content 

and blood pressure. Ang II directly stimulates the reabsorption of sodium along the nephron 

and increases constriction of the renal vasculature to reduce the filtration rate. Ang II also 

stimulates the release of anti-diuretic hormone (ADH or vasopressin) extra-renally from the 

pituitary gland to cause increased water reabsorption in the collecting duct of the kidneys, and 

stimulates the release of aldosterone. These events relayed by Ang II result in increased Na
+
 

reabsorption, blood volume and blood pressure (38). In addition, Ang II has also been known 

to mediate reactive oxygen species (ROS) production, contributing to cellular oxidative stress 

(39). 
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Figure 5 Regulation of the RAS pathway by DPP3 (adapted from (40)) 

 

DPP3 has been demonstrated to have especially high activity towards Ang II which suggests 

its involvement in the RAS. High DPP3 activity in blood plasma was shown to scavenge Ang 

II, III and IV, with a plausible blood pressure lowering effect. Interestingly, dipeptides 

released by DPP III mediated hydrolysis of its substrates are inhibitory to angiotensin-

converting enzyme (41, 42). Recent transcriptomic analysis has revealed that DPP3 is one of 

the Ang-metabolizing enzymes upregulated in human atheroma (43).   
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41. Sentandreu MA, Toldrá Vilardell F. Generation of ACE inhibitory dipeptides by pork 

muscle dipeptidyl peptidases I and III. 2005 Aug 7,. 

42. Allard M, Simonnet G, Dupouy B, Vincent JD. Angiotensin II inactivation process in 

cultured mouse spinal cord cells. J Neurochem. 1987 May;48(5):1553-9. 



           Introduction to DPP3  

17 

 

43. Nehme A, Cerutti C, Zibara K. Transcriptomic Analysis Reveals Novel Transcription 

Factors Associated With Renin-Angiotensin-Aldosterone System in Human Atheroma. 

Hypertension. 2016 12;68(6):1375-84. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



           DPP3 in the regulation of RAS  

18 

 

 

 

 

 

 

 

 

Chapter 2 

Knock-out of DPP3 in mice unravel its involvement in the 

metabolic regulation of the renin-angiotensin system 
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Abstract 

DPP3 is a zinc-dependent hydrolase involved in degrading oligopeptides with 4–12 amino 

acid residues. It has been associated with several pathophysiological processes, including 

blood pressure regulation, pain signaling and enhancement of cancer cell defense against 

oxidative stress. An important objective is to identify the cellular pathways that are potentially 

targeted by DPP3 to mediate these effects. Here, we investigated the impact of DPP3 

deficiency on metabolic behavior and susceptibility to oxidative stress in mice. Mice lacking 

the gene encoding for DPP3 (DPP3
-/-

) exhibited significant weight loss, impaired cellular 

metabolism and aggravated renal oxidative stress in comparison to the WT mice when fed on 

a regular chow diet. Additionally, pair-feeding and indirect calorimetry measurements 

revealed that the DPP3
-/-

 mice have higher water intake and increased energy expenditure. 

LC-MS based profiling of angiotensin peptides indicate that elevated levels of hypertensive 

hormone angiotensin II (Ang II) and a concurrent increase in the production of cellular 

reactive oxygen species (ROS) accounted for the oxidative damage in DPP3
-/- 

mice. 

Furthermore, we observed that NAD
+
, a cofactor which plays a pivotal role in the regulation 

of stress resistance and cell repair, to be depleted in the DPP3
-/- 

mice, while NAD
+
 precursors 

nicotinamide and nicotinamide riboside are augmented. This metabolic response  suggest that 

the  DPP3
-/- 

mice resort to the compensatory salvage pathway of NAD
+ 

biosynthesis to 

enhance energy metabolism and evade cell death. Taken together, these observations 

demonstrate that deletion of DPP3
 
gene has a profound impact on energy homeostasis. It also 

validates that DPP3 regulates the RAS pathway by orchestrating the Ang II-induced ROS 

generation. This is mostly found upstream of several cardiovascular and renal disorders and 

can be exploited as a potential therapeutic intervention. 
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Introduction 

The renin-angiotensin system (RAS) plays a pivotal role in pathophysiological modulation of 

renal and cardiovascular processes (1, 2). Angiotensin II (Ang II) is the principal effector of 

the RAS and is responsible for maintaining homeostasis in the heart and kidney (3). In 

addition, Ang II is a potent stimulator of NAD(P)H oxidase, which augments formation of 

reactive oxygen species (ROS) in various tissues. Ang II-mediated ROS production has been 

associated to cell growth, apoptosis, cell migration and expression of inflammatory and 

extracellular matrix genes (4). An imbalance between the production of ROS and the 

antioxidant defenses to eliminate these toxic intermediates leads to oxidative stress. There is a 

plethora of evidence demonstrating the importance of oxidative stress in Ang II-induced 

metabolic disorders like hypertenstion, diabetes mellitus and chronic kidney disease (5-8). 

Although blockade of the RAS is the most commonly adopted strategy to slow progression of 

cardiovascular and associated renal diseases, a better understanding of the novel aspects of the 

RAS is of paramount importance for the development of innovative therapies that target 

pathologies inflicted by anomalies of this pathway.  

Dipeptidyl peptidase 3 (DPP3) is a metalloprotease that specifically cleaves dipeptides at the 

N-terminus. A variety of small peptides, such as Met-enkephalin and angiotensin (I and II), 

are targets of the enzyme although the full range of substrate peptides remains undefined (9). 

In addition, DPP3 exhibits a moonlighting activity in the Keap1-Nrf2 signaling pathway, 

which plays a crucial role in stress responses through transcriptional regulation of the 

antioxidant response element (10). Despite this intriguing involvement of DPP3 in peptide 

processing and signaling as well as the response to oxygen stress, its physiological role and 

potential involvement in disease-related processes is currently unknown. DPP3 is part of the 

central human proteome, i.e. it belongs to a set of proteins ubiquitously and abundantly 

expressed in all human cells. This suggests that the enzyme exerts a general as well as tissue-

specific role, i.e. it may affect the levels of some peptides in the whole organism and, equally, 

of peptides confined to certain cells. Recently, it was reported that DPP3 administration to 

Ang II-induced hypertensive mice could significantly diminish systolic blood pressure, 

cardiac hypertrophy, and myocardial fibrosis in an extent at par with the effect of the 

angiotensin receptor blocker candesartan. It was also observed that DPP3 effectively reduced 

urine albumin excretion, kidney damage, and the renal protein levels of the pro inflammatory 

molecule monocyte chemo-attractant protein-1 and the pro-coagulant platelet activator 

inhibitor (11). Taken together, the enzyme’s ability to degrade various bioactive peptides, 
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DPP3-deficiency may have complex effects and influence basic physiological processes, such 

as blood pressure and renal function. Yet, the precise molecular mechanisms contributing to 

the cardio- and renoprotective role of DPP3 in vivo is not fully characterized. To address this 

lacuna, we developed DPP3 knockout mice. Evaluation of DPP3
-/-

mice revealed pertinent 

metabolic deficits arising due to the absence of this enzyme. 
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A 

Results 

Generation of DPP3 knockout mice 

To investigate the in vivo function of the dpp3, we targeted the dpp3 gene in mice by 

replacing exon 6 and neomycin cassette with a lacZ reporter gene. This targeting construct 

was aimed at creating a frame-shift that would knockout the dpp3 gene (Figure 1A). The 

absence of dpp3 was verified by tail-tip PCR genotyping. Western blotting confirmed the 

absence of DPP3 protein (Figure 1B). A comparison of DPP3 activity in various tissues taken 

from WT mice control and the DPP3
-/-

 mice clearly demonstrated the absence of DPP3 

activity in the knockouts (Figure 1C). 
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Figure 1 Generation of DPP3 knockout mice. Strategy for the generation of dpp3-knockout 

mice (A), Demonstration of the lack of DPP3 in dpp3-knockout mice (-/-). Panel B shows a 

Western blot and panel C demonstrates activity assays using Arg-Arg-naphthylamide as an 

artificial substrate (BAT = brown adipose tissue; SI = small intestine; SM = skeletal muscle; 

WAT = white adipose tissue).  

DPP3 deficiency leads to changes in metabolic behavior 

Chow-fed DPP3
-/-

 mice weighed less (Figure 2A) and accumulated less fat mass than DPP3
+/+

 

litter-mates ( Figure 2B), despite eating significantly more during the active dark phase 

(Figure 2C). During indirect calorimetry, DPP3
-/-

 mice consumed more O2 and produced more 

CO2 (Figure 2D), suggestive of higher energy expenditure (EE). Resting EE was not different, 

indicating that the increase was prominently because of changes at night, when the mice are 

most active. In addition, the respiratory quotient was also higher in DPP3
-/-

 mice during the 

dark phase, indicating enhanced glucose oxidation during the feeding period. Under basal 

conditions, with free access to drinking water, DPP3
-/-

 mice exhibited pronounced polydipsia 

with significantly greater fluid consumption (Figure 2E) in comparison to the WT control 

mice.  

DPP3 acts as a modulator of the RAS 

The Renin-Angiotensin-System (RAS) is critically involved in the regulation of 

cardiovascular and renal function. The peptide hormone system comprises of multiple 

enzymes, giving rise to a network of effector peptides. The angiotensin peptides bind to their 

specific receptors to ultimately elicit an integrated physiological response (2). Ang II, a 

crucial component of the classical RAS pathway, is a potent vasoconstrictor, thereby 

responsible for regulating blood pressure. It is a powerful dipsogenic and modulates salt and 

fluid homeostasis (12). The excessive thirst demonstrated by DPP3
-/-

 mice during the 

metabolic cage studies prompted us to perform a detailed analysis of RAS and measure 

circulating angiotensin levels. We generated a serum “RAS-fingerprint” for 10 different 

angiotensin peptides using ultra-pressure-liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). Serum derived from pair-fed mice revealed that the DPP3
-/- 

animals had higher 

concentrations of virtually all the angiotensins (Figure 3), except Ang 1-7. Importantly, 

Serum Ang II levels were drastically elevated in the DPP3
-/- 

mice. Ang 1-7, which is the main 

metabolite of the alternate RAS pathway, is also not altered in the knockouts. It has already 

been established that Ang 1-7 is an important modulator of the RAS and acts as a physiologic 
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antagonist of angiotensin II having vasodilatory and antihypertensive properties (13). These 

results indicate knocking out DPP3 has an influence on the overall RAS activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Comparison of Body weight, body composition and metabolic parameters of DPP3-

knockout and WT control mice. Body weight (A) and body composition (B) of 12-16 weeks old 

male mice fed with the regular chow diet (n=6/group). Mean food intake (C), oxygen 

consumption and carbon-dioxide production (D), respiratory quotient (E), and Mean total 
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A 

B 

water consumption (F) was measured in metabolic cages over the light and dark phases in 

DPP3
-/-

 (DPP3-KO) and DPP3
+/+

 (wildtype) male mice (12-16 weeks of age; n=6/group) fed 

with the regular chow diet. *p<0.05, **p<0.01, ***p<0.001 versus WT mice based on 

unpaired two-sided Student’s t-test. Data represents mean ± SEM. 

 

 

Figure 3 Effect of DPP3 knockout on serum angiotensin levels. RAS peptides in serum 

measured by liquid chromatography-mass spectrometry in DPP3
-/-

 (DPP3-KO) and DPP3
+/+

 

(WT) male mice (n = 8/group). Panel A shows RAS peptides in serum. Diameter of spheres 

reflects the mean concentration of the respective peptides in serum from WT control (left) and 

DPP3
-/-

 mice (right). Peptide levels (pg/ml) are provided next to each sphere. The amino acid 
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sequence annotation of each angiotensin metabolite is based on the decapeptide Ang I (1-10) 

that is cleaved by the proteases (blue arrows) connecting their substrates and products (AP, 

aminopeptidases; NEP, neutral endopeptidase; DAP, di-aminopeptidase; ACE, angiotensin 

converting enzyme; ACE2, angiotensin converting enzyme 2). Table in panel B shows means 

values for serum level of various angiotensin peptides. *p<0.05, **p<0.01, ***p<0.001 

versus WT mice based on unpaired two-sided Student’s t-test. Data represents mean ± SEM.  

Loss of DPP3 represses the flux through the TCA cycle 

Urine metabolites are indicative of whole body metabolism, and NMR-based metabolomics 

on urine has previously been used to investigate endogenous markers in patho-physiological 

conditions (14-18). To further elucidate how DPP3 deletion could induce a phenotype with 

augmented water consumption, we utilized an explorative analysis of the urine by 
1
H NMR 

spectroscopy using supervised OPLS-DA between the DPP3
-/-

 and DPP3
+/+

 reference. A 

color-coded OPLS-DA coefficient plot was used to investigate the difference in the 

metabolite profile between the two groups. In the plot, negative peaks indicate lower 

metabolite levels in the urine of the DPP3
-/-

 mice compared to the WT mice, while positive 

peaks indicate higher metabolite levels. The urine from DPP3
-/-

 mice contained lower 

concentrations of three TCA cycle intermediates- citrate, succinate and 2-oxoglutarate, when 

compared to their control WT counterparts (Figure 4A, Table 1). This is consistent with our 

observation of increased glucose oxidation by DPP3
-/-

 mice in the metabolic cage as excess 

glucose can cause repression of TCA cycle genes.  In addition, the knockout mice also 

showed relatively lower levels of uremic toxins indoxyl sulfate and hippurate (Figure 4B, 

Table 1). Indoxyl sulfate is derived from the degradation of dietary tryptophan into indole by 

intestinal microbiota. Indole is then absorbed into the blood from the intestine, and is 

metabolized to indoxyl sulfate in the liver and is normally excreted into urine. Low renal 

clearance of indoxyl sulfate is suggestive of an increased risk of chronic kidney disease 

(CKD) progression and cardiovascular disease (CVD) development (19-22). Hippurate is an 

endogenous urinary metabolite and is commonly used as a measure of renal clearance (23). 

These data, when taken together, imply that loss of DPP3 leads to a metabolic block of the 

TCA cycle and insufficient removal of toxic metabolites. 
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Figure 4 
1
H NMR spectra derived from DPP3 knockout and WT mice. OPLS-DA color-coded 

correlation coefficient loading plots of key metabolites in the urine (A and B) and kidneys (C),  

demonstrating discrimination of key metabolite levels between DPP3
-/-

 and DPP3
+/+

 (WT) 

male mice (n = 6/group). The color map shows the significance of metabolite variations 

between the two genotypes (significance increasing from blue towards red). The peaks in the 

positive direction indicate the metabolites that are more abundant in the DPP3
-/- 

mice, while 

the metabolites that are decreased in the DPP3
-/- 

mice compared to the WT control are 

presented as peaks in the negative direction.(Keys: 2-OG: 2-oxoglutarate; IS: indoxyl sulfate; 

NAD+: nicotinamide adenine dinucleotide; ATP: adenosine triphosphate; NAM: 

nicotinamide; NR: nicotinamide riboside) 

DPP3
-/-

 mice have depleted NAD
+ 

levels and activation of salvage pathway 

Next, we sought to determine the effect of DPP3 deletion on the metabolite profile of kidney 

tissue in DPP3
-/- 

and DPP3
+/+ 

mice. To examine intrinsic variations between the two data sets, 

PCA was initially performed using 
1
H NMR data followed by an OPLS-DA model 

generation. The DPP3
-/- 

kidney samples were characterized by diminished levels of NAD
+ 

and 

ATP. A concomitantly elevated level of NAD
+
 precursors like nicotinamide and 

nicotinamide-riboside was observed (Figure 4C, Table 1). These precursors are majorly 

responsible for replenishing cellular NAD
+
 through salvage pathway. NAD

+
 and its reduced 

form NADH are crucial molecules involved in energy generation through redox reactions in 

the TCA cycle (24). However, NAD
+
 is also a co-substrate in multiple antioxidant and repair 

enzymes such as sirtuins and PARP (25-29). We postulate that enhanced Ang II in the DPP3
-/- 

mice results in greater ROS production and therefore, increased oxidative stress in these 

animals. This activates the antioxidant enzymes leading to the consumption and thus 

depletion of cellular NAD+ pool. This is corroborated by the impeded TCA cycle and 

consequent reduction in the generation of ATP in the DPP3
-/- 

mice. We performed 

quantitative-PCR to compare the levels of detoxification enzymes SIRT3 and PARP, and of 

NAMPT, which catalyzes the rate limiting step of NAD
+ 

salvage biosynthesis, in the kidneys 

of DPP3
-/- 

and DPP3
+/+ 

mice. The DPP3
-/- 

mice displayed marginally higher levels of all these 

three enzymes; however the differences were not significant (data not shown).  
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Quantification of 
1
H NMR metabolites (Intensity; A.U.) 

Metabolites DPP3
+/+

 DPP3
-/-

 

Urine   

3-Indoxylsulfate 1.3 ± 0.2 0.7 ± 0.1** 

Hippurate 1.6 ± 0.1 1.2 ± 0.1** 

Citrate 18.1 ± 3.5 6.5 ± 2.6** 

succinate 9.4 ± 1.3 5.2 ± 1.0* 

2-oxoglutarate 4.7 ± 0.6 3.3 ± 1.7 

Kidney   

NAD
+
 0.35 ± 0.03 0.24 ± 0.04* 

ATP 0.05 ± 0.01 0.04 ± 0.01 

Nicotinamide 0.03 ± 0.0 0.04 ± 0.01 

Nicotinamide-riboside 0.06 ± 0.02 0.11 ± 0.01* 

 

Table 1 Quantification of 
1
H NMR metabolites in the kidneys and urine of DPP3

-/-
 and 

DPP3
+/+

 (WT) male mice (n = 6/group). *p<0.05, **p<0.01, ***p<0.001 versus wildtype 

mice based on unpaired two-sided Student’s t-test. Data represents mean ± SEM. 

Inhibition of DPP3 enhances oxidative stress insult in mice 

To further validate the occurrence of Ang II induced oxidative stress, we examined putative 

stress markers in the kidney tissue homogenates of DPP3
-/-

 and WT control mice. Ang II is 

known to promote ROS production, and so we determined the generation of reactive oxygen 

intermediates using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). Abrogation of 

DPP3 function led to a significantly enhanced fluorescence signal from the ROS reporter dye 

H2DCFDA in the knockout mice (Figure 5A). Accumulation of ROS in the DPP3
-/-

 mice also 

triggered a higher extent of lipid peroxidation, which was evident from marked increase in the 

amount of malondialdehyde (MDA), a product of lipid peroxidation, formed in the kidneys of 

knockout animals (Figure 5B). To investigate the potential role of catalase in protecting the 

DPP3
-/-

 mice from ROS damage, the level of catalase activity were determined in the kidneys 

of knockout and WT mice. As expected, the catalase activity increased significantly in the 

DPP3
-/-

 mice, indicating that the homogenates from the knockout mice consumed notably 

more H2O2 than the WT mice (Figure 5C). 
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Figure 5 Susceptibility of DPP3 knockout mice to oxidative stress. Quantification of ROS 

production (A), Lipid peroxidation (B), catalase activity (C) and cortisol level (D) in DPP3
-/-

 

(DPP3-KO) and DPP3
+/+

 (WT) male mice (n = 5/group). *p<0.05, **p<0.01, ***p<0.001 

versus wildtype mice based on unpaired two-sided Student’s t-test. Data represents mean ± 

SEM. 

To further substantiate the involvement of DPP3 in metabolic dysfunction, we assessed the 

cortisol levels in kidney tissue homogenates. Kidneys are the primary sites for most active 

cortisol metabolism and it is suggested that cortisol might influence the renal functions 

directly by regulating the renal blood flow and glomerular filtration rate. Excessive cortisol is 

also implicated in the genesis of essential hypertension.  Quantification of cortisol using 

ELISA showed an acute increase of the steroid hormone in the kidneys of DPP3
-/-

 mice, 

insinuating its improper clearance by the peripheral enzymes (Figure 5D).  These results 

buttress our working hypothesis that loss of DPP3 has a central and pronounced role in 

oxidative damage in mice. 



           DPP3 in the regulation of RAS  

33 

 

Discussion 

In this study, we have demonstrated that genetic deletion of DPP3 in mice causes altered 

metabolic behaviour. The DPP3
-/- 

mice have significantly higher food intake than their wild-

type littermates. The reduction in DPP3 activity is also associated with a decreased 

accumulation of body fat. The decreased body fat in DPP3
-/- 

mice is independent of food 

intake and apparently due to a high energy expenditure related to shift in metabolic preference 

towards glucose (30). Furthermore, lack of DPP3 also results in increased water consumption 

in mice. This large increase in water intake is characteristic in mouse models lacking genes 

associated with the RAS like angiotensin converting enzyme (ACE) or angiotensinogen, as 

they have diminished ability to concentrate urine due to impaired renal development (31, 32). 

The DPP3
-/- 

mice displayed an increased level of circulating angiotensin peptides including 

Ang II. Although several other angiotensins were also found to be reduced in the DPP3
-/- 

mice, not so much is known about the function of these peptides. Ang II is an integral part of 

the RAS and mediates various physiological responses. However, acute increase in the Ang II 

levels leads to vasoconstriction and thereby, severe hypertension (6, 8, 33). Ang II also 

increases reactive oxygen species and oxidative stress and depresses mitochondrial energy 

metabolism (4, 5, 7, 8, 34). There are several reports suggesting that high circulating Ang II 

concentration is a stimulus for thirst in a variety of species which is consistent with our 

findings with the DPP3
-/- 

mice (3, 12, 35).  

NMR-based urinary metabolite analysis demonstrated that the DPP3
-/- 

mice had significantly 

lower urinary excretion of indoxyl sulfate, which is involved in aromatic amino acid 

catabolism, and citric acid (TCA) cycle metabolites, namely, citrate, 2-oxoglutarate and 

succinate. Evidence from mouse model studies suggest that both acute and chronic Ang II 

infusion causes decreased expression of mitochondrial metabolic genes, particularly those for 

the TCA cycle and electron transport chain (36). Downregulation of TCA cycle intermediates 

is also reported to be characteristic of mitochondrial dysfunction in both non-diabetic (37) as 

well as type-2 diabetic (14) chronic kidney disease (CKD) patients. The disruption of the 

TCA cycle in DPP3
-/-

 mice is accompanied by a decline in the production of ATP and NAD
+
. 

At the same time, there is an accumulation of the NAD
+
 precursors like nicotinamide and 

nicotinamide-riboside. These results are indicative of suppression of cellular metabolism in 

the knockout mice (24). 
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Since both Ang II (5, 7, 33, 34, 38, 39) and indoxyl sulfate (40, 41) mediate ROS production 

which can contribute to oxidative stress, we measured putative stress markers in the mice. 

Consistent with our findings, the level of ROS generation, lipid peroxidation, catalase activity 

and cortisol production were elevated in the knockouts. These results confirm our hypothesis 

that increased Ang II creates oxidative stress in the DPP3
-/-

 mice. Several proteins involved in 

defense against oxidative stress like sirtuins and PARP1, use NAD
+ 

in the form of substrate or 

cofactor, thereby consuming the cellular pool of NAD
+
. In the cell, NAD

+
 play pivotal roles 

in the TCA and mitochondrial electron transport chain, serving as a cofactor for some of the 

rate-limiting enzymes in the TCA cycle (24, 26, 29, 42, 43). Depletion of NAD
+ 

therefore 

correlates with an energy deficit in the cell which is evident from the decreased TCA cycle 

intermediates as well as low ATP levels in the DPP3
-/-

 mice. In order to compensate for the 

decreased cell metabolism and prevent cell death, the knockout mice activate salvage 

pathways as a survival mechanism against ROS-induced damage. 

Thus our work has shown that DPP3 has an influence on the overall RAS pathway in 

accordance with previous reports (9, 11, 13). The metabolic characterization of DPP3 opens 

up avenues of research involving the RAS system and its therapeutical exploitation.  Although 

further studies are required to define the plausible role of DPP3 role in the development of 

renal stress, our work provides the basis to understand the involvement of DPP3 in the renal-

cardiovascular circuit.  
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Materials and Methods 

Ethics Statement 

All animal experiments were formally approved by the Ethics Committee of the University of 

Graz and the Austrian Federal Ministry of Science and Research. 

Animals and generation of DPP3 knockout mice 

All studies were conducted in age-matched DPP3
-/-

 and WT control male mice on C56BL/6J 

background. Mice were bred and maintained at regular housing temperatures (23 °C) and 14-h 

light/10-h dark cycle. Animals had ad libitum access to water and chow diet (4.5% fat, 34% 

starch, 5.0% sugar, and 22.0% protein; Ssniff Spezialdiäten). Breeding and genotyping were 

done according to standard procedures. For generation of DPP3 KO mice, targeted mutant ES 

cells were obtained from EUCOMM and injected into blastocytes of C57BL/6 mice. Chimeric 

animals with a high degree of coat color chimerism were bred with C57BL/6 mice. The 

construct containing a β-galactosidase cassette (lacZ) and a promotor-driven selection cassette 

(neo) was inserted into the dpp3 gene. Additionally, the construct contained tow flippase 

recognition target (FRT) sites for flippase recombination enzyme (FLP)-mediated 

recombination flanking lacZ and neo. The selection cassette and exon 6 (essential for DPP3 

function), flanked by loxP sites, were removed by breeding with transgenic C57BI/6 mice 

expressing cre-recombinase (CMV-Cre). Cre-lox recombination resulted in deletion of neo 

and exon 6 leaving the lacZ reporter gene intact. Mice totally lacking dpp3 were bred by 

crossing mice heterozygous for the mutant dpp3 allele lacking neo and exon 6.  

Serum and tissue lysate preparation 

Animals were anesthetized with isoflurane using the bell jar method and blood was collected 

from the retro-orbital plexus. Immediately following collection, blood was placed on ice and 

allowed to clot, and serum was isolated by centrifugation. For tissue collection, mice were 

killed by cervical dislocation and tissues were surgically removed and washed with PBS. 

Homogenization was performed on ice in solution A (0.25M sucrose, 1 mM EDTA, 20 μM 

dithiothreitol, 0.1% Triton X-100, 20 μg/mL leupeptin, 2 μg/mL antipain, 1 μg/mL pepstatin, 

pH 7.0) using an Ultra Turrax (IKA, Staufen, Germany). 20 000×g infranatants were used for 

further experiments. Protein concentrations in the tissue lysates were estimated using the 

Protein Assay Dye Reagent (Bio-Rad, Munich, Germany) using bovine serum albumin as the 

standard. Serum and tissue samples were stored at -80°C until further analysis.  
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DPP3 activity assay in mice tissue lysates 

The DPP3 activity in mice tissue lysates were determined by fluorometrically measuring 

(excitation, 332 nm; emission, 420 nm) the liberation of 2-naphthylamine at 37°C in a mixture 

containing 25 µl of 200µM Arg-Arg-2-naphthylamide as substrate in 1X TBS buffer (50 mM 

Tris, 100 mM NaCl, pH 8.2) and tissue lysate equivalent to 20 µg of total protein in a reaction 

mixture of 235 µl (White, Tissue Culture treated Krystal 2000 96-well plate from Porvair 

sciences, Norfolk, UK). The activity assay was performed by continuous measurement of 

fluorescence of 2-naphthylamide for 30 min (Fluorescent plate reader from Molecular 

Devices, Sunnyvale CA, USA). The reaction was started by the addition of the substrate. The 

samples were measured in triplicate.  

SDS PAGE and western blotting 

Tissue lysates were diluted in Laemmli’s sample buffer, and 20 µg of total protein/lane was 

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 

10% SDS-polyacrylamide gels. The resolved proteins were transferred onto polyvinylidene 

difluoride (PVDF) membranes (VWR, Pennsylvania, USA) using a Trans-Blot SD transfer 

cell (Bio-Rad, CA, USA). Following transfer, membranes were washed with Tris-buffered 

saline containing 0.01% Tween-20 (TBST) and then blocked in 5% non-fat milk for 1 h at 

room temperature. The membranes were then incubated overnight with anti-DPP3 rabbit 

polyclonal antibody (1:1500, Proteintech Europe, Manchester, UK) in TBST containing 5% 

non-fat milk at 4ºC. After washing three times for 10 min in TBST, membranes were 

incubated with peroxidase-labeled secondary antibody (1:5000; Cell Signaling Technology®, 

Danvers, MA, USA) for 1 h at room temperature. The immunoblots were developed using 

enhanced chemiluminescent western blotting substrate solution (Pierce-Thermo Fisher 

Scientific, Waltham, MA, USA).  

Body composition and Indirect calorimetry measurements 

Lean and fat mass of mice were analyzed by NMR (the minispec, NMR Analyzer, Bruker, 

Ettlingen, Germany). Indirect calorimetry (spontaneous physical activity, O2 consumption, 

CO2 production, and food intake) were monitored in metabolic cages allowing continuous 

measurement of these parameters (LabMaster, TSE Systems GmbH, Bad Homburg, 

Germany). For measurements of energy balance, animals were familiarized with these cages 

for at least 72 hours before data collection. 
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Analysis of angiotensin peptides in serum 

Serum conditioning was performed at 37°C followed by stabilization by addition of an 

enzyme inhibitor cocktail (Attoquant Diagnostics) (PMID 25757657). Stable isotope-labeled 

internal standards for each Ang metabolite [Ang I, Ang II, Ang-(1–7), Ang-(1–5), Ang-(2–8), 

Ang-(3–8), Ang-(1-9), Ang-(3-7), Ang-(2-7), Ang-(2-10)] were added to stabilized serum 

samples at a concentration of 200 pg/mL, while the concentration of the internal standard of 

Aldosterone (deuterated Aldosterone D4) was spiked at a concentration of 500 pg/mL. 

Following C18-based solid-phase-extraction and fractionated elution of aldosterone and 

angiotensins, samples were subjected to LC-MS/MS analysis using a reversed-phase 

analytical column (Acquity UPLC® C18, Waters, USA) operating in line with a XEVO TQ-S 

triple quadrupole mass spectrometer (Waters Xevo TQ/S, Milford, Massachusetts, USA) in 

multiple reaction monitoring modes. The internal standard was used to correct for analyte 

recovery across the sample preparation procedure in each sample. Analyte concentrations 

were calculated from integrated chromatograms considering the corresponding response 

factors determined in appropriate calibration curves in serum matrix, on condition that 

integrated signals exceeded a signal-to-noise ratio of 10. 

Analysis of metabolites by NMR spectroscopy 

Phosphate-buffered solution was prepared by dissolving 5.56 g anhydrous NaH2PO4, 0.4 g 

3(trimethylsilyl)propionic acid-2,2,3,3-d4 sodium salt (TSP), and 0.2 g NaN3 in 400 ml 

deionized water and was adjusted to pH 7.4 with 1 M NaOH and HCl. Upon addition of 

deionized water to a final volume of 500 ml, the pH was readjusted to pH 7.4 with 1 M NaOH 

and HCl. For the serum samples, mixture of 200 μl serum and 400 μl methanol were 

incubated at -20°C for 30 min and centrifuged at 18,000 x g for 30 min to pellet proteins. 

Supernatants were dried and re-dissolved in 500 μl phosphate buffer and transferred to 5 mm 

NMR tubes. For the urine samples, mixture of 200 μl urine and 300 μl phosphate buffer were 

transferred to 5 mm NMR tubes. For the kidney samples, the dried metabolites were dissolved 

in 500 μl phosphate buffer and transferred to 5 mm NMR tubes. NMR experiments were 

performed at 310 K on a Bruker Avance III 500MHz spectrometer equipped with a TXI probe 

head. The one-dimensional (1D) CPMG (Carr−Purcell−Meiboom−Gill) pulse sequence 

(cpmgpr1d, 73728 points in F1, 12019.230 Hz spectral width, 2048 transients, recycle delay 4 

s), with water suppression 8 using presaturation, was used for 
1
H 1D NMR experiments. 

Metabolite reference chemical shifts were taken from the Madison-Qingdao Metabolomics 
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Consortium Database (http://mmcd.nmrfam.wisc.edu/) [5] and all metabolites were cross-

checked using reference compounds. Bruker Topspin version 3.1 (Rheinstetten, Germany) 

and MestReNova version 10.0 (http://mestrelab.com) software packages were used for NMR 

data acquisition, processing, and analyses. Metabolite concentrations were determined using 

TSP as internal standard. 

Measurement of biomarkers for oxidative stress in kidney tissue 

(i) Reactive Oxygen Species (ROS) generation 

The intracellular ROS level was detected by using 2′,7′-dichlorodihydrofluorescein diacetate 

(H2DCFDA) (Sigma Aldrich). H2DCFDA is a cell-permeable indicator for ROS that is 

nonfluorescent until the acetate groups are removed by intracellular esterases and oxidation 

occurs within the cell. When oxidized by various active oxygen species, it is irreversibly 

converted to the fluorescent form, DCF (44, 45). ROS in kidney tissue was estimated by 

diluting tissue lysate equivalent to 100 µg of total protein in ice-cold 40 mM Tris-HCl buffer 

(pH 7.4). The samples were divided into two equal fractions. In one fraction 40 µl of 10 µM 

H2DCFDA in methanol was added for ROS estimation. Another fraction with 40 µl of 

methanol was used as a control for tissue auto-fluorescence. All samples were incubated at 37 

°C for 15 min and fluorescence was determined at 485 nm excitation and 525 nm emission 

using a fluorescence plate reader (Molecular Devices, Sunnyvale CA, USA). To quantitate 

ROS levels, relative dichlorofluorescein fluorescence was used as a standard. 

(ii) Detection of Lipid Peroxidation Activity 

Lipid peroxidation is a well-established mechanism of cellular damage and is used as an 

indicator of oxidative stress. The extent of lipid peroxidation in kidney was assessed using 

Thiobarbituric acid reactive substances (TBARS) as an index. Malondialdehyde (MDA), a 

product of lipid peroxidation, reacts with two molecules of thiobarbituric acid (TBA) at high 

temperature and low pH to form a pink-colored complex which can be measured 

spectrophotometrically (46, 47). For the assay, kidney tissue equivalent to 1 mg of total 

protein was incubated with 20% TCA and 0.67% TBA. The reaction mixture was heated at 

100°C for 30 min and then cooled in an ice-bath for 10 min. The samples were then 

centrifuged at 3000 rpm for 15 min. The supernatant was collected to measure absorbance at 

532 nm. The formation of TBARS was expressed using MDA equivalent as a standard. 
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(iii) Catalase activity 

Catalase is a strong antioxidant enzyme and plays a major role in scavenging ROS (48). 

Catalase activity was measured by following its ability to split H2O2. Briefly, kidney tissue 

equivalent to 1 mg of total protein in 0.01 M PBS was incubated with 0.2 M H2O2. The 

reaction was stopped by adding 5% dichromate solution at 30 sec intervals. The samples were 

heated at 60°C for 10 min where the blue precipitate formed was decomposed to a green 

solution. Consumption of H2O2 was determined by recording absorbance at 570 nm. A 

standard curve containing 0 to 100 μmol of H2O2 was prepared to determine the amount of 

H2O2 present in each sample. 

(iv) Cortisol assay 

Cortisol is the cardinal glucocorticoid hormone, contributing to homeostatic maintenance of 

basal metabolism and salt and water balance, and modulating the response to stress (49, 50). 

Intracellular cortisol concentration in kidney tissues was measured using an ELISA kit 

according to the manufacturer’s instructions (Phoenix Pharmaceuticals). 

Statistical analysis 

All data are expressed as mean ± SEM. Results were assessed using two-tailed unpaired 

Student’s t test (GraphPad Prism 5, San Diego, USA). A P value less than 0.05 was 

considered significant. 
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Abstract  

 

The most commonly used drugs as pain medication are opiates, such as morphine or 

surrogates. However, their long term use can have significant deleterious effects. The 

mechanism of action of opiates is similar to that of endogenous opioid peptides like 

enkephalin. They exist within the central and peripheral nervous system and function as 

neurotransmitters and neuromodulators. Similar to their exogenous counterparts, endogenous 

opioid peptides afford potent analgesic relief by acting on opioid receptors. The analgesic 

response elicited by enkephalins is strong but brief due to their rapid inactivation by a class of 

enzymes called enkephalinases. The main enkephalin-degrading enzymes are neutral 

endopeptidase, aminopeptidase N and DPP3. To date, DPP3 remains the only known 

enkephalin-degrading enzyme with no dedicated inhibitor designed for it.  

The most effective inhibitor reported for DPP3 is a pentapeptide called tynorphin (VVYPW). 

Howver, it rather functions as a slow substrate, getting degraded by the enzyme itself. In the 

present study we used tynorphin as a template for peptidomimetic design of pseudopeptide 

inhibitors of DPP3, directed by observations of preferred non-covalent interactions in the 

crystal structure of the tynorphin-hDPP3 complex. In order to convert tynorphin from a slow 

substrate to a true inhibitor of DPP3, a noncleavable hydroxyethylene isostere was used to 

replace the scissile peptide bond. Kinetic and thermodynamic characterization of the resulting 

inhibitors confirmed their inhibitory properties on hDPP3. In addition, we compared the best 

inhibitor (HER) to tynorphin as a function of time to demonstrate the superior performance of 

the novel peptidomimetic. 

The insights gained by the characterization of this new class of inhibitors will provide a 

starting point for the design of molecular tools specific for inhibiting hDPP3 and pave the 

way to exploit this enzyme as a potential drug target for pain intervention strategies. These 

inhibitors might offer alternatives to conventional treatments in the nociceptive field, 

especially the use of new opioid receptor agonists to replace morphine and its derivatives, 

which possess severe side effects. 
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Introduction 

The lack of inhibitors targeting DPP3 and the need for supporting tools to the efforts in DPP3 

enzymology, prompted us to develop small-molecule inhibitors specifically for this enzyme. 

Since the structure of DPP3 has been determined relatively recently, most the inhibitors tested 

for DPP3 are the general protease inhibitors. Inhibitors reported till date are not specific for 

DPP3. These inhibitors can be categorized in several groups- general cysteine, serine and 

aminopeptidase inhibitors, metal chelators, heavy metals, peptides and microbial broth 

constituents (1).
 
 The substrate inhibitor peptides are being degraded by the enzyme itself and 

have very short lifetimes in blood serum (2-5). Two fluostatins which are moderate, 

nonselective inhibitors of DPP3 have been discovered in screening of activity of microbial 

broths (6), however, their mode of inhibition is still not known. There was one attempt of 

design of specific inhibitors. However, the design was not structure-guided and the inhibitors 

inactivate the enzyme via an unknown mechanism (7). 

The structure of human DPP3 in complex with the pentapetide tynorphin has been 

determined, revealing large conformational changes upon binding, and indicating the very 

challenging plasticity of its relatively big binding site. We have made the assessment of the 

binding mode of the peptide ligand in the cocrystal structure, and the crucial interactions that 

it makes with the binding subsites (2). Major objective of this work was to use tynorphin as a 

template for peptidomimetic design of pseudopeptide inhibitors of hDPP3, guided by the 

specific interactions displayed in the cocrystal structure of tynorphin-hDPP3 complex. In 

order to translate tynorphin from substrate into a true inhibitor of human dipeptidyl peptidase-

3, noncleavable peptide bond isosteres are envisioned to replace the corresponding second N-

terminal peptide bond which is subject to catalytic hydrolysis by the enzyme. 

We have proposed the use of hydroxyethylene transition state mimetic isostere as it offers 

several advantages: it resembles the transient stereoelectronic features of the tetrahedral 

intermediate which is well recognized and stabilized by the favorable binding action of the 

enzyme; additionally, use of other transition state mimetics would involve generally much 

more polar isosteres like sulfonamides, phosphonamidites or phosphinates, and they would 

cause more undesirable polar peptide-like properties, which need to be gradually removed 

according to the principles of peptidomimetics (in respect to the desolvation penalty upon 

binding, and lower bioavailability of peptides and finally, in contrast to chelating zinc-binding 

functions which are very often used in metallopeptidase inhibitor design, hydroxyethylene 
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provides only one oxygen atom as a coordinating bond donor, which can be carefully placed 

in the design, to maximize the cooperative interactions with zinc ion and the neighboring 

structural features in the binding site (8-10). 

An additional objective was the optimization of inhibitor design in the direction of 

bioavailable molecules. This should be accomplished by exchanging the peptide structural 

features for nonpeptidic ones, in accordance with the peptidomimetic principles and the 

structure-activity relationship information generated throughout the project, together with 

biologists who will perform in vivo studies. The ultimate goal of this work is to find a potent, 

selective and bioavailable inhibitor of human DPP3, suitable for use as a tool in dose-

dependent and time-dependent studies of chemical interference with the role of the enzyme in 

vivo, which will provide a better understanding of the biological role of hDPP3. 
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Results  

Structure-based Design of Inhibitors of hDPP3 

 

(i) Synthesis of (S)-Hydroxyethylene Pseudopeptide (SHE) 

 

SHE was synthesized in fourteen steps using Boc-protection compatible chemistry (Scheme 

1). The chiral pool synthesis started from protected L-valine, from which diastereoselective 

formation of the two crucial stereogenic centers in the central pseudidipeptide fragment was 

controlled.  

 

Scheme 1 Summary of the synthesis of SHE. 

 

The poor stereoselectivity of addition of the lithiopropiolate to the aldehyde 2 provided also 

the lactone 5, which is properly configured for use in the synthesis of the (R)-hydroxyethylene 

epimer. Diastereoselective enolate alkylation afforded lactone 6, which was opened and 
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protected to yield the stable pseudodipeptide acid 7, setting the stage for peptide coupling 

with the Pro-Trp fragment. Careful development of simultaneous Boc and TBS deprotections 

shortened the synthesis. Additional peptide coupling with Boc-valine provided the desired 

scaffold 9. The target compound 10 was obtained via consecutive C-terminal methyl ester 

saponification and N-terminal Boc-deprotection. 

 (ii) Synthesis of (R)-Hydroxyethylene Pseudopeptide (HER) 

SHE was synthesized in a three step shorter sequence, taking into account that we produced 

HER performing a considerably more demanding stereoselective alkylation of the γ-lactone 5 

(Scheme 2). Formation of the desired topology of the alkylated lactone 11 required an aldol 

reaction and subsequent handling of a mixture of four aldol diastereomers through 

mesylation, elimination and diastereoselective hydrogenation. From that point on, the 

synthetic pathway through lactone opening, and two peptide couplings afforded the final 

molecule. 

 

 

Scheme 2 Summary of the synthesis of HER. 
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Biochemical characterization of SHE and HER 

(i)  Hydroxyethylene Transition State Mimetics can inhibit active hDPP3 

 

Figure 1 (A) In vitro and (B) ex vivo dose-response curves demonstrating DPP3 inhibition by 

HER. (C) Dose-response curve demonstrating DPP3 inhibition by SHE.  Data is represented 

as mean values obtained from a minimum of three independent experiments with their 

standard deviations (SD). 

Inhibition potencies of both SHE and HER were investigated via fluorescence-based 

competitive inhibition assay of degradation of the Arg-Arg-β-naphthylamide substrate. IC50 

values were calculated based on the resulting dose response curves. Both transition state 

mimetics inhibited hDPP3. SHE inhibited the enzyme with IC50 = 98.5 µM, and inhibition 

with HER resulted in IC50 = 13.8 µM, making it 7-fold more potent than SHE. Importantly, 
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HER could also efficiently inhibit DPP3 in mouse brain homogenate without losing much of 

its potency. Difference in potency between SHE and HER is in line with the expectations 

proposed based on the structure based design, where structural motifs of both transition state 

mimetics were compared to the transition state of peptide cleavage. The (S)-hydroxyethylene 

was expected to bind to the zinc ion of the active site, and the (R)-hydroxyethylene was 

expected to strengthen its enthalpic binding term by the additional hydrogen bond to His568.  

(ii) Isothermal titration calorimetry Assay confirms binding of compounds to hDPP3 

 

 

 

Figure 2 ITC measurement curves of DPP3 with (A) HER and (B) SHE 

In ITC (isothermal titration calorimetry) measurements it was found that the ligand-hDPP3 

binding process has an endothermic profile. Usually, the thermodynamics of peptide binding 

B A 

Kd = 23 ± 4 µM Kd = 11 ± 1 µM 



           Peptidomimetic inhibitors for DPP3  

55 

 

to a protein is dominated by formation of hydrogen bonds between the ligand and 

complementary ordered H-bond donors/acceptors of the binding site.
[337]

 Formation of polar 

interactions is accompanied by favorable enthalpic change. The strongly endothermic profile 

of ligand binding to hDPP3 indicated that the entropy term dominates the process in this case, 

which is a rare phenomenon among peptidases. Based on structural observation of a large 

collapse of two domains upon binding, expelling up to 30 ordered molecules of water, it was 

rationalized that these water molecules provide an “entropy pool” which greatly outcompetes 

the positive enthalpic term. In order to investigate whether the hydroxyethylene transition 

state mimetics binds to hDPP3 and to compare the thermodynamic profile with the tynorphin 

binding event, hDPP3 was subjected to isothermal microcalorimetric titration with SHE and 

HER. We observed that both these compounds bind to hDPP3 displaying equivalent 

endothermic character (Figure X). While SHE could bind to purified hDPP3 enzyme with an 

affinity of 23µM, the binding of HER to hDPP3 was stronger with a Kd of 11 µM. This 

corroborates the values obtained from the fluorescence-based assays.  

(iii) HER can stably inhibit hDPP3 in a time-based manner 

.  

 

 

 

 

 

 

 

 

 

Figure 3 Time-dependent inhibition of DPP3 by tynorphin (black rectangles) and HER (blue 

circles). The x-axis represents incubation time in hours and the y-axis represents the 

percentage of DPP3 activity compared to control. 
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Figure 4 Thermal transitions (upper panel) and melting temperatures of hDPP3 in the 

presence and absence of HER (taken at two time points: 0 and 24 hours of incubation) 

determined by Thermofluor® 

A comparison of time-dependent inhibition of hDPP3 by HER and tynorphin revealed that 

HER is not degraded by the peptidase and therefore can efficiently inhibit the activity over a 

period of 24 h. On contrary, tynorphin being a peptide inhibitor was purpotedly cleaved by 

hDPP3 and thereby lost its efficacy within the first hour. This was also confirmed by the 

thermal stability assay where stabilization of structure due to binding of HER, indicated by an 

increase in the protein melting temperature was retained even after 24 h.  
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Discussion 

The structural insights into the non-covalent interactions in the tynorphin-hDPP3 complex, 

presented this pentapeptide as a lead structure for structure-based inhibitor design. The next 

logical step to create a true inhibitor out of this slow converting substrate inhibitor was to 

make a modification which will render it immune to the action of hDPP3. We propose to 

incorporate a hydroxyethylene moiety instead of the cleavable peptide bond, as a 

noncleavable isostere resembling the transition state in the peptide bond hydrolysis. 

Hydroxyethylene has a tetrahedral geometry, equivalent to the geometry of the transition state 

complex. It has a stable chiral configuration, and it can be obtained in two different 

configurations, both viable for synthesis. We set out to produce both (S) and (R) epimers of 

hydroxyethylene transition state mimetics of tynorphin. Using the main tynorphin scaffold is 

expected to provide selectivity over other enkephalinases, as demonstrated in the research on 

endogeneous peptides which inhibit DPP3 (3). 

Here we show that both SHE and HER inhibit purified hDPP3 in the low micromolar 

concentration by using fluorescence-based and calorimetric assays, with HER being slightly 

better than SHE. Additionally, HER also inhibited the activity of DPP3 in the mouse brain 

homogenate, indicating that it is also effective ex vivo. In a time-dependent comparison of 

HER and tynorphin, it was clear that HER is much more efficient in inhibiting hDPP3 stably 

over a period of time. This confirms that the hydroxyethylene-based inhibitors are not 

degraded by the enzyme itself, as it was observed in the case of tynorphin (3). Although our 

attempts to get a co-crystal structure of hDPP3 and HER were not successful, an increase in 

thermal stability indicates that binding of HER is followed by closing of the upper and lower 

domain of hDPP3 leading to a more compact structure, as seen in the case of other reported 

ligands (1, 2). 

In one of the greatest milestones in drug design, hydroxyethylene-based HIV-1 protease 

targeting drugs have been developed, indicating that hydroxyethylene is a privileged 

molecular feature in protease inhibitor design. Presently, some of the most attractive drug 

targets among metalloproteases are matrix metalloproteases. All of the drug development 

efforts on these zinc endopeptidases have failed so far, one of the major reasons being lack of 

selectivity (11). A new type of metallopeptidase inhibitors would provide fresh starting 

grounds in contrast to the metal chelating inhibitors, whose chelation ability often proves to 

be very problematic in terms of selectivity over metalloprotein off-targets. 
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To the best of our knowledge, no hydroxyethylene transition state mimetic inhibitors have 

been previously reported as inhibitors of a metalloenzyme. Herein, we demonstrate the 

viability of hydroxyethylene transition state mimetics in the design of metallopeptidase 

inhibitors, and inspire confidence that the hydroxyethylene type inhibitors could be developed 

into metallopeptidase targeting drugs (e.g. neprilysin, matrix metalloproteases). The 

advantage of the hydroxyethylene inhibitors is their fundamental property of resistance to the 

action of the enzyme, which cannot cleave the C–C bond introduced instead of the peptide 

bond. The exact role of hDPP3 in vivo remains elusive. Investigation on a murine model, 

including the DPP3 knock-out specimens, is an ongoing effort. Access to smaller and easily 

synthesized inhibitors would provide an invaluable tool for studying activity of DPP3 in 

organisms and could provide a foundation to DPP3 targeting drug design. 
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Materials and Methods 

Organic synthesis of SHE and HER 

(i) Synthesis of SHE  

tert-Butyl N-[(2S)-3-methyl-1-oxobutan-2-yl]carbamate (2) (12) 

 

 

2 

 

A 1000 mL two-neck round-bottom flask with a Schlenk adapter, a glass stopper and a 

magnetic stirring bar was heated, dried under vacuum and purged with N2. Boc-L-Val-OH 

(10.864 g, 50.0 mmol, 1.0 eq) was added and dissolved in abs. dichloromethane (333 mL). 

The solution was cooled to 0 °C (ice bath) and 1,1'-carbonyldiimidazole (8.918 g, 55.0 mmol, 

1.1 eq) was added. A gas bubbler was mounted instead of the glass stopper to allow pressure 

relief. After stirring for 60 min the gas bubbler was removed and the colorless reaction 

solution was cooled to -78 °C (CO2/acetone bath) for 15 min. A septum was mounted instead 

of the glass stopper while maintaining a gentle counter flow of N2. Subsequently, 1.0 M 

DIBAL-H solution in toluene (105 mL, 105 mmol, 2.1 eq) was added dropwise with a syringe 

through the septum throughout 110 min. The reaction mixture was stirred at -78 °C until TLC 

indicated quantitative conversion (45 min). The reaction mixture was quenched by the 

addition of EtOAc (335 mL). The acetone bath was removed, the gas bubbler was mounted, 

and 25% aqueous tartaric acid (222 mL) was added to the mixture under vigorous stirring. 

The mixture was warmed up by immersing the vessel into a water bath at RT and stirred 

vigorously for 15 min. The stirring was stopped and the layers were separated. The aqueous 

phase was extracted with EtOAc (333 mL) and the combined organic extracts were washed 

with 1 M HCl (222 mL), 0.8 M NaHCO3 (222 mL) and brine (222 mL), dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was frozen in liquid 

nitrogen and was allowed to reach room temperature under high vacuum. The freeze-thaw 

procedure was repeated two times. Crude product (8.474 g, 42.10 mmol, 84 %) was furnished 

as a viscous colorless liquid, and used without further purification. 
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Yield: 8.474 g (42.10 mmol, 84 %), viscous colorless liquid. 

[𝛼]
23

D  = + 78.6 ° (c = 1.07, CH2Cl2), lit. [𝛼]
20

D  = +82.1 ° (c = 1, CH2Cl2). 

Rf = 0.61 (cyclohexane/ethyl acetate = 2:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3) δ = 9.63 (s, 1H, H–C1), 5.15-4.99 (m, 1H, NH), 4.33-4.15 (m, 

1H, H–C2), 2.37-2.14 (m, 1H, H–C3), 1.44 (s, 9H, H–C7), 1.02 (d, 
3
J = 6.9 Hz, 3H, H–C4), 

0.93 (d, 
3
J = 7.0 Hz, 3H, H–C4). 

13
C NMR (75 MHz, CDCl3) δ = 200.5 (s, 1C, C1), 156.0 (s, 1C, C5), 80.1 (s, 1C, C6), 64.8 (s, 

1C, C2), 29.2 (s, 1C, C3), 28.4 (s, 3C, C7), 19.2 (s, 1C, C4), 17.7 (s, 1C, C4).  

GC-FID (CP-Chiralsil Dex): tR((S)-) = 9.0 min, 100%; tR((R)-) = 9.2 min, no abundance 

detected; ee > 99%. 

Racemic tert-butyl N-[(2S)-3-methyl-1-oxobutan-2-yl]carbamate (rac-2) 

 

 

      rac-2 

 

A 10 mL Schlenk tube, a glass stopper and a magnetic stirring bar was heated, dried under 

vacuum and purged with N2. Boc-DL-Val-OH (43 mg, 0.20 mmol, 1.0 eq) was added and 

dissolved in abs. dichloromethane (1.3 mL). The solution was cooled to 0 °C (ice bath) and 

1,1'-carbonyldiimidazole (36 mg, 0.22 mmol, 1.1 eq) was added. A gas bubbler was mounted 

instead of the glass stopper to allow pressure relief. After stirring for 60 min the gas bubbler 

was removed and the colorless reaction solution was cooled to -78 °C (CO2/acetone bath) for 

15 min. A septum was mounted instead of the glass stopper while maintaining a gentle 

counter flow of N2. Subsequently, 1.0 M DIBAL-H solution in toluene (0.42 mL, 0.42 mmol, 

2.1 eq) was added dropwise with a syringe through the septum throughout 10 min. The 

reaction mixture was stirred at -78 °C until TLC indicated quantitative conversion (60 min). 

The reaction mixture was quenched by the addition of EtOAc (1.3 mL). The acetone bath was 

removed, the gas bubbler was mounted, and 25% aqueous tartaric acid solution (1.0 mL) was 

added to the mixture under vigorous stirring. The mixture was warmed up by immersing the 
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vessel into a water bath at RT and stirred vigorously for 15 min. The stirring was stopped and 

the layers were separated. The aqueous phase was extracted with EtOAc (1.3 mL) and the 

combined organic extracts were washed with 1 M HCl (1.0 mL), 0.8 M NaHCO3 (1.0 mL) 

and brine (1.0 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was frozen in liquid nitrogen and was allowed to reach room temperature under 

high vacuum. The freeze-thaw procedure was repeated two times. The crude product (33 mg, 

0.16 mmol, 80 %) was furnished as a colorless liquid. 

Yield: 33 mg (0.16 mmol, 80 %), colorless liquid. 

Rf = 0.61 (cyclohexane/ethyl acetate = 2:1 (v/v); staining: KMnO4). 

GC-FID (CP-Chiralsil Dex CP): tR ((S)-) = 9.0 min; tR ((R)-) = 9.2 min. 

Ethyl (5S)-5-{[(tert-butoxy)carbonyl]amino}-4-hydroxy-6-methylhept-2-ynoate (3) (13) 

 

3 

In an oven dried and nitrogen-purged 500 mL Schlenk vessel equipped with a Teflon
®

-coated 

magnetic stirring bar, 1-pentyne (7.87 mL, 79.8 mmol, 2.10 eq) was dissolved in 125 mL 

absolute THF and cooled to 0 °C in an ice bath. To the stirred solution 2.50 M n-BuLi in 

hexanes (30.40 mL, 76.0 mmol, 2.00 eq) was added dropwise via syringe and septum within 3 

min. The yellow reaction solution was stirred and cooled for 15 min to -78 °C in an 

acetone/dry ice bath and subsequently ethyl propiolate (7.70 mL, 76.00 mmol, 2.00 eq) was 

added dropwise via syringe and septum. The orange reaction solution was stirred at -78 °C for 

15 min and then a freshly prepared solution of aldehyde (7.648 g, 38.00 mmol, 1.00 eq) in 

absolute THF (65 mL) was added dropwise within 10 min via a cannula by applying a gentle 

nitrogen overpressure from the donor vessel. The reaction was stirred at -78 °C until TLC 

indicated full conversion of the aldehyde (60 min). The orange reaction mixture was 

quenched by the dropwise addition of a solution of AcOH (10 mL) in THF (20 mL) and was 

brought to RT by immersion in a water bath and stirring for 15 min. The mixture was diluted 

with EtOAc (380 mL) and washed with 5% NaHCO3 (2x100 mL) and brine (50 mL). The 

organic extract was concentrated under reduced pressure. Flash chromatography (SiO2, 
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cyclohexane/EtOAc 7:1) afforded a viscous orange liquid (9.515 g, 31.78 mmol, 84%) as a 

mixture of two diastereomers. 

Yield: 9.515 g (31.78 mmol, 84%), viscous orange liquid. 

Rf = 0.30 (cyclohexane/EtOAc 3:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, mixture of 2 diastereomers, based on COSY and HSQC) δ = 

4.91 and 4.69 (d, 
3
J = 8.6 Hz, 1H, HNCO), 4.58 (br s and d, 

3
J = 4.8 Hz, 1H, H–C4), 4.28–

4.14 (m, 2H, CH2CH3), 3.69–3.56 and 3.51–3.36 (m, 1H, H–C5),  2.20–2.01 and 1.88–1.73 

(m, 1H, H–C6), 1.46 and 1.44 (s, 9H, (CH3)3), 1.34–1.25 (m, 3H, CH2CH3), 1.03–0.89 (m, 

6H, H–C7).  

13
C NMR (75 MHz, CDCl3, mixture of 2 diastereomers, based on COSY and HSQC) δ = 

157.6 and 157.1 (s, 1C, HNCO), 153.4 and 153.3 (s, 1C, C1), 86.2 and 84.8 (s, 1C, C3), 80.7 

and 80.2 (s, 1C, (CH3)3C), 78.0 (s, 1C, C2), 64.9 and 64.0 (s, 1C, C4), 62.4 and 62.2 (s, 1C, 

CH2CH3), 61.4 and 60.8 (s, 1C, C5), 30.3 and 28.8 (s, 1C, C6), 28.4 (s, 3C, (CH3)3), 20.1 and 

20.0 (s, 1C, C7), 19.2 and 18.5 (s, 1C, C7), 14.1 (CH2CH3). 

tert-Butyl N-[(1S)-2-methyl-1-[(2S)-5-oxooxolan-2-yl]propyl]carbamate (4) and tert-butyl 

N-[(1S)-2-methyl-1-[(2R)-5-oxooxolan-2-yl]propyl]carbamate (5) (13) 

 
 

 

4 5 

 

Hydrogenation: In a 250 mL round-bottom two-neck flask equipped with a Schlenk adapter, 

glass stopper and a Teflon
®
-coated magnetic stirring bar, 3 (9.400 g, 31.40 mmol, 1.00 eq) 

was dissolved in EtOAc (126 mL) and stirred at RT. The solution was degassed three times 

by alternate evacuation and filling with N2 gas. 5% Pd/C (668 mg, 0.310 mmol, 0.01 eq) was 

added to the solution and a hydrogen balloon was mounted. The solution was purged three 

times by alternate evacuation and filling with H2 gas. The black mixture was vigorously 

stirred in the H2-atmosphere until complete consumption of starting material was indicated by 
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TLC (20 h). The reaction flask was disconnected from the hydrogen balloon and purged with 

N2. Under nitrogen atmosphere the content of the flask was transferred to the nitrogen-purged 

fritted Schlenk type funnel containing a 1.5 cm thick compressed bed of Celite. The product 

was eluted from the filter cake with EtOAc (3×13 mL). The Celite bed with the solid catalyst 

was washed with THF (5 mL) and water (5 mL), and stored under water in a container 

dedicated for catalyst waste. The product containing filtrate was concentrated under reduced 

pressure to furnish a yellow liquid residue. 

Lactonization: In a 250 mL round-bottom flask equipped with a Teflon
®
-coated magnetic 

stirring bar, the yellow liquid residue was dissolved in toluene (126 mL) and p-TsOH×H2O 

(60 mg, 0.31 mmol, 0.01 eq) was added. The pale yellow solution was stirred and heated at 50 

°C (oil bath) for 2 h. The reaction solution was cooled to RT, washed with 5% NaHCO3 

(2×100 mL) and brine (100 mL), dried over Na2SO4 and concentrated under reduced pressure. 

Flash chromatography (SiO2, cyclohexane/EtOAc 6:1 to 4:1) afforded two separated 

diastereomers: 4 (2.661 g, 10.34 mmol, 33%) as a viscous pale yellow liquid, and 5 (1.262 g, 

4.904 mmol, 16%) as a pale yellow solid. 

Characterization of tert-butyl N-[(1S)-2-methyl-1-[(2S)-5-oxooxolan-2-yl]propyl]carbamate 

(4): 

Yield: 2.661 g (10.34 mmol, 33%, 2 steps), viscous pale yellow liquid. 

[𝛼]
23

D  = -51.7 ° (c = 0.56, CHCl3). 

Rf = 0.31 (cyclohexane/EtOAc 2:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, based on HSQC) δ = 4.76–4.64 (m, 1H, H–C2), 4.57 (d, 

3
J = 

10.1 Hz, 1H, NH), 3.43 (m, 1H, H–C1), 2.50 (dd, 
3
J = 9.4 Hz, 7.4 Hz, 2H, H–C4), 2.28–1.98 

(m, 2H, H–C3), 1.90–1.73 (m, 1H, H–C6), 1.42 (s, 9H, (CH3)3), 1.06–0.89 (m, 6H, H–C7). 

13
C NMR (75 MHz, CDCl3, based on HSQC) δ = 177.5 (s, 1C, C5), 156.5 (s, 1C, HNCO), 

80.0 (s, 1C, C2), 79.8 (s, 1C, Me3C), 58.5 (s, 1C, C1), 31.5 (s, 1C, C6), 28.7 (s, 1C, C4), 28.4 

(s, 3C, (CH3)3), 24.9 (s, 1C, C3), 19.8 (s, 1C, C7), 19.4 (s, 1C, C7). 

Characterization of tert-butyl N-[(1S)-2-methyl-1-[(2R)-5-oxooxolan-2-yl]propyl]carbamate 

(5): 

Yield: 1.262 g (4.904 mmol, 16%, 2 steps), pale yellow solid. 
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[𝛼]
23

D  = -7.6 ° (c = 1.00, CHCl3). 

m.p. = 100–105 °C. 

Rf = 0.24 (cyclohexane/EtOAc 2:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, based on HSQC) δ = 4.43 (d, 

3
J = 9.5 Hz, 1H, NH), 4.38–4.25 

(m, 1H, H–C2), 3.74–3.51 (m, 1H, H–C1), 2.66–2.38 (m, 2H, H–C4), 2.36–1.94 (m, 3H, H–

C3 and H–C6), 1.42 (s, 9H, (CH3)3), 1.06–0.75 (m, 6H, H–C7). 

13
C NMR (75 MHz, CDCl3, based on HSQC) δ = 177.0 (s, 1C, C5), 156.2 (s, 1C, HNCO), 

79.9 (s, 1C, Me3C), 79.8 (s, 1C, C2), 57.8 (s, 1C, C1), 28.4 (s, 3C, (CH3)3), 28.3–27.9 (m, 2C, 

C4 and C6), 25.2 (s, 1C, C3), 19.9 (s, 1C, C7), 15.7 (s, 1C, C7).  

tert-Butyl N-[(1S)-1-[(2S,4R)-4-benzyl-5-oxooxolan-2-yl]-2-methylpropyl]carbamate (6) 

(13) 

 

6 

 

In an oven dried, argon purged 250 mL two-neck round-bottom flask, equipped with a 

dropping funnel, a gas valve adapter and a Teflon
®
-coated magnetic stirring bar, 4 (1.590 g, 

6.228 mmol, 1.00 eq) was dissolved in THF (32.8 mL), stirred and cooled to -78 °C in an 

acetone/dry ice bath. 1.0 M LiHMDS solution in hexanes (12.8 mL, 12.8 mmol, 2.05 eq) was 

added dropwise within 5 min and the resulting solution was stirred for 30 min. A solution of 

benzyl bromide (741 µL, 6.23 mmol, 1.00 eq) in THF (32.8 mL) was charged into the 

dropping funnel, added dropwise to the reaction mixture within 10 min and the resulting 

orange reaction solution was stirred at -78 °C, until TLC indicated full conversion (55 min). 

The reaction mixture was poured into a vigorously stirred 3 M NH4Cl aqueous solution (65.6 

mL). The layers were separated and the aqueous layer was extracted with EtOAc (2×66 mL). 

The combined organic extracts were washed with 0.1 M HCl (33 mL), NaHCO3 (33 mL), 

brine (11 mL), dried over Na2SO4, and concentrated and dried under reduced pressure. Flash 
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chromatography (SiO2, cyclohexane/EtOAc 8:1 to 5:1) furnished 6 (1.330 g, 3.828 mmol, 

61%) as a colorless viscous liqiud.  

Yield: 1.330 g (3.828 mmol, 61%), colorless viscous liquid. 

[𝛼]
23

D  = -13.0 ° (c = 1.0, CHCl3); lit. [𝛼] not disclosed. 

Rf = 0.60 (cyclohexane/EtOAc 2:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3) δ = 7.40–7.11 (m, 5H, H–C8, H–C9 and H–C10), 4.55 (d, 

3
J = 

10.1 Hz, 1H, NH), 4.48–4.38 (m, 1H, H–C2), 3.42–3.29 (m, 1H, H–C1), 3.14 (dd, 
2
J = 13.5 

Hz, 
3
J = 4.2 Hz, 1H, Ha–C6), 3.05–2.90 (m, 1H, H–C4), 2.82 (dd, 

2
J = 13.5 Hz, 

3
J = 8.9 Hz, 

1H, Hb–C6), 2.27–2.12 (m, 1H, Ha–C3), 2.11–1.96 (m, 1H, Hb–C3), 1.86–1.69 (m, 1H, H–

C11), 1.42 (s, 9H, (CH3)3), 0.94 (d, 
3
J = 6.7 Hz, 6H, H–C12). 

13
C NMR (75 MHz, CDCl3) δ = 179.3 (s, 1C, C5), 156.4 (s, 1C, HNCO), 138.1 (s, 1C, C7), 

129.0 (s, 2C, H–C9), 128.8 (s, 2C, H–C8), 127.0 (s, 1C, H–C10), 79.8 (s, 1C, Me3C), 78.2 (s, 

1C, C2), 59.0 (s, 1C, C1), 41.4 (s, 1C, C4), 37.0 (s, 1C, C6), 31.06 (s, 1C, C3), 30.0 (s, 1C, 

C11), 28.4 (s, 3C, (CH3)3), 19.8 (s, 1C, C12), 19.3 (s, 1C, C12). 

(2R,4S,5S)-2-Benzyl-5-{[(tert-butoxy)carbonyl]amino}-4-[(tert-butyldimethylsilyl)oxy]-6-

methylheptanoic acid (7) (13) 

 

7 

 

Lactone opening: In a 25 mL round-bottom flask, equipped with a Teflon
®
-coated magnetic 

stirring bar, 6 (500 mg, 1.44 mmol, 1.00 eq) was dissolved in THF (5.3 mL) and stirred 

vigorously. A 1 M solution of LiOH×H2O (329 mg, 7.84 mmol, 4.00 eq) in H2O (7.8 mL) was 

added dropwise from a syringe within 3 min. TLC indicated full conversion after 70 min. 

Et2O (7.8 mL) was added and the biphasic mixture was cooled down to 0 °C in an ice bath. 

Under vigorous stirring the aqueous phase was carefully adjusted to pH = 4 with 25% 

aqueous citric acid. The layers were separated and the aqueous layer was extracted with Et2O 
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(2×7.8 mL). The combined organic extracts were washed with H2O (5.0 mL), dried over 

Na2SO4, and concentrated and dried under reduced pressure and temperatures <30 °C to 

furnish a white solid substance. 

Silylation: In a nitrogen-purged 25 mL Schlenk tube equipped with a Teflon
®
-coated 

magnetic stirring bar, the isolated white solid and N-methylimidazole (941 µL, 11.8 mmol, 

6.00 eq) were dissolved in absolute CH2Cl2 (7.8 mL) and stirred. The solution was cooled to 0 

°C in an ice bath and iodine (2.990 g, 11.8 mmol, 6.00 eq) was added. After stirring for 15 

min TBSCl (0.886 g, 5.88 mmol, 3.00 eq) was added in portions within 1 min and the cooling 

bath was removed. TLC indicated full conversion after 14 h. The dark red mixture was 

transferred into a separation funnel, diluted with Et2O (25 mL) and treated with saturated 

aqueous Na2S2O3 (7.8 mL). The organic phase was washed with 25% citric acid (7.8 mL) and 

brine, concentrated under reduced pressure and dried in vacuo to yield a yellow oil. 

Silyl ester methanolysis: In a 10 mL round-bottom flask equipped with a Teflon
®
-coated 

magnetic stirring bar, the yellow oil was dissolved in MeOH (1.0 mL) and 25% citric acid (20 

µL) was added. The mixture was stirred until TLC indicated full conversion (22 h). The 

mixture was concentrated under reduced pressure and purified via flash chromatography 

(SiO2, cyclohexane/EtOAc 4:1 to 2:1) to furnish (383 mg, 0.798 mmol, 55% in 3 steps) as a 

colorless viscous liqiud.  

Yield: 383 mg (0.798 mmol, 55%, 3 steps), colorless viscous liquid. 

[𝛼]
23

D  = -17.2 ° (c = 1.0, CHCl3); lit. [𝛼] not disclosed. 

Rf = 0.47 (cyclohexane/EtOAc/AcOH 2:1:0.05 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, based on HSQC) δ = 7.36–7.10 (m, 5H, H–C11, H–C12 and H–

C13), 4.70 (d, 
3
J = 10.1 Hz, 1H, NH), 3.89–3.78 (m, 1H, H–C4), 3.26–3.16 (m, 1H, H–C5), 

3.11 (dd, 
2
J = 13.5 Hz, 

3
J = 7.3 Hz, 1H, Ha–C9), 2.87–2.76 (m, 1H, H–C2), 2.71 (dd, 

2
J = 

13.5 Hz, 
3
J = 6.1 Hz, 1H, Hb–C9), 1.94–1.77 (m, 1H, Ha–C3), 1.72–1.54 (m, 2H, Hb–C3 and 

H–C6), 1.44 (s, 9H, (CH3)3CO), 0.92 (d, 
3
J = 6.6 Hz, 3H, H–C7), 0.86 (s, 9H, (CH3)3CSi), 

0.80 (d, 
3
J = 6.6 Hz, 3H, H–C8), 0.04 (s, 3H, CH3Si), 0.00 (s, 3H, CH3Si). 

13
C NMR (75 MHz, CDCl3, based on HSQC) δ = 177.0 (s, 1C, C1), 157.7 (s, 1C, HNCO), 

139.4 (s, 1C, C10), 129.1 (s, 2C, H–C12), 128.8 (s, 2C, H–C11), 126.7 (s, 1C, H–C13), 80.3 

(s, 1C, Me3C), 69.6 (s, 1C, C4), 58.8 (s, 1C, C5), 44.0 (s, 1C, C2), 38.1 (s, 1C, C9), 37.6 (s, 
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1C, C3), 29.6 (s, 1C, C6), 28.6 (s, 3C, (CH3)3CO), 26.0 (s, 3C, (CH3)3CSi), 20.0 (s, 1C, C7), 

18.2 (s, 1C, C8), -3.7 (CH3Si), -4.5 (CH3Si). 

 

tert-Butyl-(2S)-2-{[(2S)-3-(1H-indol-3-yl)-1-methoxy-1-oxopropan-2 

yl]carbamoyl}pyrrolidine-1-carboxylate (1)
 
(14) 

 

1 

 

A 250 mL three-neck round-bottom flask, equipped with a Schlenk adapter, a dropping funnel 

and a Teflon
®
-coated magnetic stirring bar, was purged with nitrogen. In the flask, Boc-Pro-

OH (6.458 g, 30.00 mmol, 1.00 eq) was dissolved in DCM (50 mL), stirred and cooled to 0 

°C in an ice bath. Diisopropylcarbodiimide (5.637 mL, 36.00 mmol, 1.20 eq) was added and 

the resulting mixture was stirred for 10 min. A solution of H-Trp-OMe×HCl (7.641 g, 30.00 

mmol, 1.00 eq) and triethylamine (8.363 mL, 60.00 mmol, 2.00 eq) in DCM (50 mL) was 

added dropwise within 5 min. The reaction mixture was stirred for 2 h and then concentrated 

under reduced pressure. The residue was dissolved in EtOAc (250 mL) and washed with 1 M 

HCl (2×125 mL), 0.1 M NaOH (3×125 mL), H2O (100 mL) and brine (50 mL). The organic 

phase was dried over Na2SO4 and stored in a sealed flask overnight at 4 °C. Subsequently, the 

solution was cooled to -20 °C for 30 min and filtered to remove a white precipitate. The 

filtrate was concentrated and dried in vacuo to furnish a white solid substance (7.560 g, 18.20 

mmol, 61%). 

Yield: 7.560 g (18.20 mmol, 61%), white solid. 

m.p. = 97–100 °C; lit. m.p. not disclosed. 

[𝛼]
23

D  = -33.1 ° (c = 1.37, CHCl3); lit. [𝛼] not disclosed. 

Rf = 0.26 (cyclohexane/EtOAc 1:1 (v/v); staining: KMnO4). 
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1
H NMR (300 MHz, CDCl3, based on HSQC) δ = 8.37 (br s, 1H, indole NH), 7.52 (d, 

3
J = 7.7 

Hz, 1H, H–C8’), 7.33 (d, 
3
J = 7.7 Hz, 1H, H–C5’), 7.23–6.89 (m, 3H, H–C5’, H–C6’ and H–

C7’), 6.51 (br s, 1H, HNCO), 4.89 (br s, 1H, H–C2’), 4.34–4.09 (m, 1H, H–C2), 3.67 (s, 3H, 

CH3O), 3.42–3.03 (m, 4H, H–C3’ and H–C5), 2.31–1.52 (m, 4H, H–C3 and H–C4), 1.38 (s, 

9H, (CH3)3CO). 

13
C NMR (75 MHz, CDCl3, based on HSQC) δ = 172.2 (m, 2C, CONH and H–C1’), 154.8 (s, 

1C, CO2t-Bu), 136.3 (s, 1C, C5a’), 127.7 (s, 1C, C8a’), 122.8 (s, 1C, C4’), 122.3 (s, 1C, C6’), 

119.7 (s, 1C, C7’), 118.5 (s, 1C, C8’), 111.4 (s, 1C, C5’), 110.1 (s, 1C, C4a’), 81.2–79.9 (m, 

1C, Me3C), 61.6–59.6 (s, 1C, C2), 53.7–52.5 (m, 1C, C2’), 52.4 (s, 1C, CH3O), 47.0 (s, 1C, 

C5), 30.7 (br s, 1C, C3), 28.3 (s, 3C, (CH3)3CO), 27.9 (s, 1C, C3’), 25.1–22.9 (m, 1C, C4). 

HPLC-ESI-MS (Agilent Poroshell120; method: fast_Poroshell120_001HCOOH_10to95): 

tR(1) = 5.41 min, 100%, [M + Na]
+
 = 438, [M + K]

+
 = 454. 

Methyl (2S)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-{[(tert-butoxy)carbonyl]amino}-4-[(tert-

butyldimethylsilyl)oxy]-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-indol-3-

yl)propanoate (8) 

 

8 

 

In a 5 mL glass vial equipped with a Teflon
®

-coated magnetic stirring bar, (200 mg, 0.481 

mmol, 1.20 eq) was dissolved in TFA (1.10 mL). Ethanethiol (357 µL, 4.77 mmol, 1.19 eq) 

was added and the solution was stirred for 60 min at RT. The volatiles were evaporated, the 

residue was dried in high vacuum to constant mass to yield deprotected H-Pro-Trp-OMe. 

In a nitrogen-purged 10 mL Schlenk tube equipped with a Teflon
®

-coated magnetic stirring 

bar, (189 mg, 0.400 mmol, 1.00 eq) and Hünig´s base (69 µL, 0.40 mmol, 1.0 eq) were 
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dissolved in absolute DMF (1.60 mL). The solution was stirred, cooled to 0 °C in an ice bath 

and HBTU (180 mg, 0.47 mmol, 1.20 eq)) was added. Immediately after 5 min of activation a 

solution of the freshly prepared H-Pro-Trp-OMe and Hünig´s base (137 uL, 0.793 mmol, 1.98 

eq) in absolute DMF (1.00 mL) was added via syringe and septum. The ice bath was removed 

and the mixture was stirred for 120 min. Subsequently, brine (2.6 mL) and EtOAc (8.0 mL) 

were added and the mixture was stirred vigorously for 5 min. The layers were separated and 

the organic phase washed with brine (3×2.6 mL), dried over Na2SO4, and concentrated under 

reduced pressure. After purification via flash chromatography (SiO2, CH2Cl2/MeOH 80:1 to 

20:1) 8 (231 mg, 0.297 mmol) was achieved as a white solid. 

Yield: 231 mg (0.297 mmol, 74% from), white solid. 

m.p. = 76–79 °C. 

[𝛼]
23

D  = -22 ° (c = 0.2, CHCl3). 

Rf = 0.38 (CH2Cl2/MeOH 20:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, based on COSY and HSQC) δ = 8.42 (br s, 1H, indole NH), 7.49 

(d, 
3
J = 7.6 Hz, 1H, H–C10), 7.35–6.98 (m, 10H, H–Ar and HNCO), 4.75–4.64 (m, 2H, 

HNCO2 and H–C2), 4.57–4.54 (m, 1H, H–C13), 3.84 (dd, 
3
J = 9.3 Hz, 3.3 Hz, 1H, H–C25), 

3.68 (s, 3H, CH3O), 3.55–3.41 (m, 1H, H–C16), 3.31–3.20 (m, 2H, H–C3 and H–C26), 3.13 

(dd, 
2
J = 14.6 Hz , 

3
J = 7.3 Hz, 1H, H–C26), 3.04–2.96 (m, 1H, H–C16), 2.86–2.83 (m, 1H, 

H–C18), 2.65 (dd, 
2
J = 13.4 Hz, 

3
J = 8.1 Hz, 1H, H–C19), 2.44 (dd, 

2
J = 13.4 Hz, 

3
J = 5.7 Hz, 

1H, H–C19), 2.27–2.14 (m, 1H, H–C14), 1.87–1.55 (m, 6H, H2–C15, H–C14, H2–C24 and 

H–C27), 1.44 (s, 9H, (CH3)3C), 0.94 (d, 
3
J = 6.7 Hz, 3H, H–C28), 0.87 (s, 9H, (CH3)3CSi), 

0.83 (d, 
3
J = 6.6 Hz, 3H, H–C29), 0.06 (s, 3H, CH3Si), 0.02 (s, 3H, CH3Si). 

13
C NMR (75 MHz, CDCl3, based on COSY, HSQC and HMBC) δ = 174.9 (s, 1C, C=O), 

172.5 (s, 1C, C=O), 171.1 (s, 1C, C=O), 156.7 (s, 1C, CO2t-Bu), 139.5 (s, 1C, C20), 136.3 (s, 

1C, C6), 129.0 (s, 2C, C22), 128.7 (s, 2C, C21), 127.6 (s, 1C, C11), 126.7 (s, 1C, C23), 123.7 

(s, 1C, C5), 122.1 (s, 1C, C8), 119.5 (s, 1C, C9), 118.7 (s, 1C, C10), 111.3 (s, 1C, C7), 110.1 

(s, 1C, C4), 79.1 (s, 1C, Me3C), 69.4 (s, 1C, C25), 59.9 (s, 1C, C13), 58.5 (s, 1C, C26), 53.4 

(s, 1C, C2), 52.3 (s, 1C, CH3O), 47.1 (s, 1C, C16), 42.4 (s, 1C, C18), 38.2 (s, 1C, C19), 36.6 

(s, 1C, 24), 30.2 (s, 1C, C27), 28.5 (s, 3C, (CH3)3CO), 27.7 (s, 1C, C3), 27.3 (s, 1C, C14), 
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26.0 (s, 3C, (CH3)3CSi), 24.8 (s, 1C, C15), 20.0 (s, 1C, C28), 19.8 (s, 1C, C29), 18.2 (s, 1C, 

(CH3)3CSi), -3.66 (CH3Si), -4.61 (CH3Si). 

HRMS (ESI): m/z (%): 777.4620 (87%, [M + H]
+
, calcd for C43H65N4O7Si

+
: 777.4617), 

799.4441 (100%, [M + Na]
+
, calcd for C43H64N4NaO7Si

+
: 799.4442), 815.4184 (100%, [M + 

K]
+
, calcd for C43H64KN4O7Si

+
: 815.4181). 

Methyl (2S)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-3-

methylbutanamido]-4-hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-

indol-3-yl)propanoate (9) 

 

9 

 

Deprotection: In a 5 mL glass vial equipped with a Teflon
®
-coated magnetic stirring bar, 8 

(132 mg, 0.170 mmol, 1.00 eq) was dissolved in 2,2,2-trifluoroethanol (1.7 mL). Ethanethiol 

(51 µL, 0.68 mmol, 4.0 eq) and ZnBr2 were added, and the solution was stirred for 4 h at RT, 

accompanied with formation of a white precipitate. Subsequently, the reaction mixture was 

treated with 25% aqueous ammonia (0.80 mL). After EtOAc (5.1 mL) was added, the mixture 

was transferred into a 20 mL Erlenmeyer flask and stirred vigorously for 5 min. The layers 

were separated, and the aqueous layer was extracted with EtOAc (2×3.4 mL). The combined 

organic extracts were dried over Na2SO4, concentrated under reduced pressure and the residue 

was dried in high vacuum to constant mass to yield the crude deprotected intermediate as a 

white amorphous solid (97 mg). 

Coupling: In an oven-dried, nitrogen-purged 10 mL Schlenk tube, equipped with a Teflon
®

-

coated magnetic stirring bar, Boc-Val-OH (44 mg, 0.20 mmol, 1.2 eq) and Hünig´s base (30 

µL, 0.17 mmol, 1.0 eq) were dissolved in absolute DMF (0.70 mL) and stirred at RT. A 

solution of HATU (78 mg, 0.20 mmol, 1.2 eq) in abs. DMF (0.70 mL) was added and the 
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reaction solution was stirred for 1 min before a solution of the deprotected intermediate and 

Hünig´s base (30 uL, 0.17 mmol, 1.0 eq) in abs. DMF (1.00 mL) was added. After TLC 

indicated full conversion of the intermediate (15 min), the reaction was quenched by addition 

of brine (1.0 mL) and extracted with EtOAc (3×3.6 mL). The combined organic extracts were 

washed with brine (3×1.0 mL), dried over Na2SO4, and concentrated under reduced pressure. 

Purification via flash chromatography (SiO2, CH2Cl2/MeOH 50:1 to 20:1) furnished (68 mg, 

0.089 mmol) as a white solid. 

Yield: 68 mg (0.089 mmol, 52%, 2 steps, from 8), white solid. 

m.p. = 90–93 °C. 

[𝛼]
23

D  = -26.4 ° (c = 0.23, CHCl3). 

Rf = 0.51 (CH2Cl2/MeOH 10:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, complex mixture of signals of 2 rotamers in 1.2:1 ratio, assigned 

based on COSY, HSQC, HMBC and EXSY) δ = 9.19 and 8.63 (br s, 1H, indole NH), 7.60–

7.47 (m, 1H, H–C10), 7.46–6.97 (m, 7.5H, H–Ar and amide H from cis-rotamer´s Trp), 6.54–

6.31 (m, 1H, H–Ar), 6.12 (d, 
3
J = 7.3 Hz, 0.5H, amide H from trans-rotamer´s Trp), 5.19–

4.97 (m, 1H, carbamate H), 4.86–4.68 (m, 1H, H–C2), 4.58–4.27 (m and br s, 1.5H, H–C13 

from one rotamer, and OH), 3.89–3.73 (m, 2H, H–C31 and H–C25), 3.76 and 3.68 (s, 3H, 

CH3O), 3.56–2.38 (m, 8.5H, H2–C3, H–C13 from one rotamer, H2–C16, H–C18, H2–C19, H–

C26), 2.34–1.05 (m, 17H, H2–C14, H2–C15, H2–C24, H–C27, H–C32 and (CH3)3C), 1.04–

0.72 (m, 12H, H3–C28, H3–C29, H3–C33 and H3–C34). 

13
C NMR (75 MHz, CDCl3, complex mixture of signals of 2 rotamers, assigned based on 

COSY, HSQC, HMBC and EXSY) δ = 176.2 and 175.2 (s, 1C, C17), 172.9, 172.5, 172.4, 

172.2, 172.1 and 170.7 (s, 3C, 2 amide C=O and an ester C=O), 156.2–156.0 (m, 1C, 

carbamate C=O), 139.1 and 138.8 (s, 1C, C20), 136.5 and 136.4 (s, 1C, C6), 128.9 and 128.8 

(s, 2C, C22), 128.6 (s, 2C, C21), 127.6 and 127.5 (s, 1C, C11), 126.7 and 126.6 (s, 1C, C23), 

123.8 and 123.0 (s, 1C, C5), 122.4 and 122.1 (s, 1C, C8), 119.8 and 119.5 (s, 1C, C9), 118.5 

and 118.1 (s, 1C, C10), 111.8 and 111.4 (s, 1C, C7), 109.7 and 109.5 (s, 1C, C4), 80.3–79.9 

(m, 1C, Me3C), 67.3 and 67.0 (s, 1C, C25), 61.1–60.6 (m, 1C, C31), 60.5 and 59.8 (s, 1C, 

C13), 60.0 and 59.7 (s, 1C, C26), 53.4 and 53.2 (s, 1C, C2), 52.8 and 52.4 (s, 1C, CH3O), 47.5 

and 46.4 (s, 1C, C16), 43.3 and 42.7 (s, 1C, C18), 40.0 and 37.8 (s, 1C, C19), 37.8 and 35.9 
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(s, 1C, 24), 31.3 and 27.5 (s, 1C, C14), 30.4, 30.1 and 29.8 (s, 2C, C27 and C32), 28.7–28.1 

(m, 3C, (CH3)3CO), 27.6 and 26.9 (s, 1C, C3), 24.9 and 22.0 (s, 1C, C15), 20.2–20.0, 19.9–

19.6, 19.3–19.2 and 18.0–17.7 (m, 4C, C33, C34, C28, C29). 

HPLC-ESI-MS (Agilent Poroshell120; method: 

SHE_Poroshell120_HCOOHMeCN_40_60_95): tR(9) = 7.62 min, 100%, [M + Na]
+
 = 785, 

[M + K]
+
 = 801; tR(epi-9) = 7.79 min, no abundance detected; de >99%, based on comparison 

to the HPLC-ESI-MS trace of reference epimer mixture (vide infra). 

HRMS (ESI): m/z (%): 784.4257 (100%, [M + Na]
+
, calcd for C42H59N5NaO8

+
: 784.4261). 

Reference epimer mixture microsynthesis: 

Methyl (2S)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-3-

methylbutanamido]-4-hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-

indol-3-yl)propanoate (9) and 

Methyl (2S)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-[(2R)-2-{[(tert-butoxy)carbonyl]amino}-3-

methylbutanamido]-4-hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-

indol-3-yl)propanoate (epi-9) 

  

9 epi-9 

 

According to the procedure for preparation of 9, in a 1.5 mL glass vial, equipped with a small 

Teflon
®

-coated magnetic stirring bar, an aliquot (88 µL, 1.2 eq) of a stock solution of Boc-

DL-Val-OH (5.0 mg, 0.023 mmol) in absolute DMF (1.00 mL) was treated with an aliquot (7 

µL, 1.2 eq) of a stock solution of HATU (78 mg, 0.21 mmol) in absolute DMF (0.70 mL) 

using microliter-syringes. The mixture was stirred for 1 min and then immediately treated 

with an aliquot (10 µL) of the solution of the crude deprotected intermediate in absolute DMF 

(97 mg in 1.00 mL, from the preparation of). After 15 min, the reaction was quenched by the 
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addition of water (200 µL) and extracted with EtOAc (500 µL). The organic layer was 

separated, and evaporated under reduced pressure. The residue was dissolved in 1000 µL of 

MeCN and analyzed by TLC and HPLC-ESI-MS. 

Rf = 0.51 (CH2Cl2/MeOH 10:1 (v/v); staining: KMnO4). 

HPLC-ESI-MS (Agilent Poroshell120; method: 

SHE_Poroshell120_HCOOHMeCN_40_60_95): tR(9) = 7.61 min, 48.2%, [M + Na]
+
 = 785, 

[M + K]
+
 = 801; tR(epi-9) = 7.79 min, 47.1%[M + Na]

+
 = 785, [M + K]

+
 = 801. 

(2S)-2-{[(2S)-1-[(2R,4S,5S)-5-[(2S)-2-Azaniumyl-3-methylbutanamido]-2-benzyl-4-

hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-indol-3-yl)propanoate 

(10) 

 

10 

 

Saponification: In a 5 mL glass vial equipped with a Teflon
®
-coated magnetic stirring bar, 9 

(46 mg, 0.060 mmol, 1.0 eq) was dissolved in THF (0.24 mL). A solution of LiOH×H2O (21 

mg, 0.48 mmol, 8.0 eq) in H2O (0.40 mL) was added and the mixture was stirred vigorously 

until TLC indicated full conversion (15 min). The solution was adjusted to pH = 4 with 

AcOH. The stirring was stopped and the white colloidal mixture was extracted with Et2O 

(3×2 mL). The combined organic extracts were dried over Na2SO4, concentrated under 

reduced pressure and dried in high vacuum to constant mass to yield a saponified intermediate 

as an off-white powder (40 mg, m.p. = 121–124 °C). 

Boc-deprotection: In a 5 mL glass vial equipped with a Teflon
®

-coated magnetic stirring bar, 

the saponified intermediate (40 mg) was dissolved in 2,2,2-trifluoroethanol (1.20 mL). Under 

vigorous stirring ethanethiol (18 µL, 0.24 mmol, 4.0 eq) and ZnBr2 (108 mg, 0.480 mmol, 8.0 
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eq) were added. The reaction mixture was stirred vigorously for 10 h and a white precipitate 

formed. The mixture was concentrated under reduced pressure and the residue was dissolved 

in water (1.20 mL) and MeOH (200 µL). Purification via preparative reverse phase HPLC 

(method: JKV_NucleodurC18_001HCOOH_10to85) afforded 10 (18 mg, 0.028 mmol, 46%, 

2 steps) as a white solid. 

Yield: 18 mg (0.028 mmol, 46%, 2 steps, from 9), white solid. 

m.p. = 151–155 °C 

[𝛼]
23

D  = -24 ° (c = 0.61, MeOH). 

1
H NMR (300 MHz, methanol-d4/D2O 5:1, complex mixture of signals of cabamate rotamers 

and intramolecular interaction stabilized conformers in equilibrium, assigned based on COSY 

and HSQC) δ = 7.69–7.55 (m, 1H, H–C10), 7.41–6.89 (m, 9H, H–Ar), 4.65–4.37 (m, 1H, H–

C2), 3.83–2.58 (m, 11H, H–C13, H–C31, H–C25, H2–C3, H2–C16, H–C18, H2–C19, H–C26), 

2.36–2.18 (m, 1H, H–C32), 2.11–1.14 (m, 7H, H2–C14, H2–C15, H2–C24 and H–C27), 1.14–

0.76 (m, 12H, H3–C28, H3–C29, H3–C33 and H3–C34). 

13
C NMR (75 MHz, methanol-d4/D2O 5:1, complex mixture of signals of cabamate rotamers 

and intramolecular interaction conformers in equilibrium, assigned based on COSY and 

HSQC) δ = 177.2, 176.4, 173.6 and 169.2 (s, 4C, 3 amide C=O and an ester C=O), 140.0 (s, 

1C, C20), 137.9(s, 1C, C6), 130.4–126.7 (m, 6C, C11, C21, C22 and C23), 124.4 (s, 1C, C5), 

122.4 (s, 1C, C8), 119.8 (s, 1C, C9), 119.6 (s, 1C, C10), 112.3 (s, 1C, C7), 68.6 (s, 1C, C25), 

62.3–61.9 (m, 2C, C31 and C13), 47.5 (s, 1C, C16),  44.2 (s, 1C, C18), 42,8 (s), 41.4 (s, 1C, 

C19), 40.4, 39.2 (s, 1C, C24), 37.4 (s, 1C, C2), 32.2 (s, 1C, C14), 31.6 (s, 1C, C32), 30.6 (s, 

1C, C27), 28.6 (s, 1C, C3), 22.4 (s, 1C, C15), 20.8–17.5 (m, 4C, C33, C34, C28, C29). 

HPLC-ESI-MS (Agilent Poroshell120; method: 

fast_Poroshell_001HCOOH_8mingradient.lc): tR(10) = 5.54 min, 100%, [M + 1]
+
 = 648, [M 

+ Na]
+
 = 670. 

HRMS (ESI): m/z (%): 648.3756 (100%, [M + 1]
+
, calcd for C36H50N5O6

+
: 648.3756), 

670.3577 (100%, [M + Na]
+
, calcd for C36H49N5NaO6

+
: 670.3575). 
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(ii) Synthesis of HER 

tert-Butyl-N-[(1S)-1-[(2R,4R)-4-benzyl-5-oxooxolan-2-yl]-2-methylpropyl]carbamate (11) 

 

11 

 

Aldol reaction: In an oven dried, nitrogen purged 100 mL two-neck round-bottom flask, 

equipped with a dropping funnel, a gas valve adapter and a Teflon
®
-coated magnetic stirring 

bar, 5 (1.03 g, 4.00 mmol, 1.00 eq) was dissolved in absolute THF (29.9.8 mL), stirred and 

cooled to -78 °C in an acetone/dry ice bath. 1.0 M LiHMDS solution in hexanes (8.00 mL, 

8.00 mmol, 2.00 eq) was added dropwise within 20 min and the resulting solution was stirred 

for 20 min. A solution of benzaldehyde (813 µL, 8.00 mmol, 2.00 eq) in THF (10.3 mL) was 

charged into the dropping funnel and added dropwise to the reaction mixture within 15 min. 

The resulting reaction solution was stirred at -78 °C until TLC indicated full conversion of 

lactone 5 (60 min). The reaction solution was poured into a vigorously stirred 3 M NH4Cl 

aqueous solution (20 mL). The mixture was extracted with EtOAc (2×40 mL). The combined 

organic extracts were washed with 1 M HCl (20 mL), saturated aqueous NaHCO3 (20 mL), 

brine (10 mL), dried over Na2SO4, and concentrated and dried under reduced pressure. 

Purification via flash chromatography (SiO2, cyclohexane/EtOAc 4:1 to 2:1) furnished a 

mixture of 4 aldol diastereomers (528 mg, 1.75 mmol, 44%) as a pale yellow viscous liqiud. 

Mesylation: In an oven dried, nitrogen purged 20 mL Schlenk tube, equipped with a Teflon
®
-

coated magnetic stirring bar, the mixture of aldol diastereomers (472 mg, 1.30 mmol, 1.00 eq) 

was dissolved in absolute CH2Cl2 (6.5 mL), stirred and cooled to 0 °C in an ice bath. 

Methanesulfonyl chloride (201 µL, 2.60 mmol, 2.00 eq) was added dropwise via syringe 

within 10 min and, subsequently, triethylamine (544 µL, 3.90 mmol, 3.00 eq) was added 

dropwise via syringe within 2 min. The resulting solution was stirred overnight in the 

warming ice bath, reaching RT. Additional methanesulfonyl chloride (201 µL, 2.60 mmol, 

2.00 eq) and triethylamine (544 µL, 3.90 mmol, 3.00 eq) were added and the reaction solution 

was stirred again overnight to complete the conversion. The reaction was quenched by the 

addition of ice-cold water (4.0 mL). The resulting biphasic mixture was extracted with EtOAc 
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(2×13 mL), the combined organic extracts were washed with brine (4.0 mL), dried over 

Na2SO4, and concentrated under reduced pressure to afford a brown oily residue (571 mg), 

which was composed of a diastereomeric mixture of β´-chlorolactones and the desired 

elimination intermediates (based on HPLC-MS and NMR analysis of the crude mixture). 

Elimination: In a 10 mL round-bottom flask, equipped with a reflux condenser and a Teflon
®
-

coated magnetic stirring bar, the crude intermediate mixture was dissolved in EtOH (5.2 mL). 

Triethylamine (172 µL, 1.24 mmol, 0.95 eq) was added and the reaction mixture was heated 

overnight at 50 °C in an oil bath. After concentration in vacuo, the residue was partitioned 

between EtOAC (10 mL) and water (4.0 mL) and the aqueous layer extracted with EtOAC 

(5.0 mL). The combined organic layers were washed with brine (5 mL) and concentrated 

under reduced pressure to furnish a viscous oily residue containing only the desired 

elimination intermediate diastereomers (based on HPLC-MS and NMR analysis of the crude 

mixture).  

Hydrogenation: In a 50 mL two-neck round-bottom flask, equipped with a gas valve adaptor 

and a mechanical stirring apparatus, the crude intermediate mixture was dissolved in THF 

(15.2 mL). A portion of aqueous slurry of Raney-Ni (1.0 mL) was pipetted into a test tube, the 

water was decanted and the mass of the tube was recorded. Wet Raney-Ni was suspended in 

THF (1.0 mL), transferred into the reaction flask and the mass of the tube was recorded again 

to determine the difference which corresponds to the mass of Raney-Ni (17 mg). The 

apparatus was first purged with nitrogen and then with hydrogen, and the reaction mixture 

was stirred vigorously at RT overnight, under hydrogen atmosphere. The reaction flask was 

disconnected from the hydrogen balloon and purged with N2. Under nitrogen atmosphere the 

content of the flask was transferred to the nitrogen-purged fritted Schlenk type funnel 

containing a 2 cm thick compressed bed of Celite
®
. The product was eluted from the filter 

cake with THF (3×5 mL). The Celite
®
 bed with the solid catalyst was washed with water (5 

mL), and stored under water in a container dedicated for catalyst waste. The product-

containing filtrate was evaporated under reduced pressure, and the residue was purified via 

flash chromatography (SiO2, cyclohexane/EtOAc 9:1 to 4:1) to furnish a white solid 11 (311 

mg, 0.895 mmol, 30%, 4 steps).  

Yield: 311 mg (0.895 mmol, 30%, in 4 steps from 5), white solid. 

m.p. = 83–86 °C. 
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[𝛼]
23

D = -50.8 ° (c = 0.7, CHCl3). 

Rf = 0.42 (cyclohexane/EtOAc 2:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, based on COSY and HSQC) δ = 7.39–7.10 (m, 5H, H–C8, H–C9 

and H–C10), 4.31 (d, 
3
J = 9.9 Hz, 1H, NH), 4.25–4.03 (m, 1H, H–C2), 3.75–3.54 (m, 1H, H–

C1), 3.31 (dd, 
2
J = 13.5 Hz, 

3
J = 2.7 Hz, 1H, Ha–C6), 2.95–2.77 (m, 1H, H–C4), 2.77–2.60 

(m, 1H, Hb–C6), 2.33–2.18 (m, 1H, Ha–C3), 2.15–1.98 (m, 1H, H–C11), 1.95–1.76 (m, 1H, 

Hb–C3), 1.43 (s, 9H, (CH3)3), 0.94 (d, 
3
J = 6.8 Hz, 3H, H–C12), 0.85 (d, 

3
J = 6.9 Hz, 3H, H–

C12). 

13
C NMR (75 MHz, CDCl3, based on COSY and HSQC) δ = 177.8 (s, 1C, C5), 156.1 (s, 1C, 

HNCO), 138.9 (s, 1C, C7), 129.0 (s, 2C, H–C9), 128.8 (s, 2C, H–C8), 126.8 (s, 1C, H–C10), 

79.9 (s, 1C, Me3C), 78.2 (s, 1C, C2), 58.3 (s, 1C, C1), 42.7 (s, 1C, C4), 36.5 (s, 1C, C6), 32.2 

(s, 1C, C3), 28.6–28.3 (m, 4C, C11 and (CH3)3), 20.0 (s, 1C, C12), 16.0 (s, 1C, C12). 

HRMS (ESI): m/z (%): 370.1987 (100%, [M + Na]
+
, calcd for C20H29NNaO4

+
: 370.1989). 

(2R,4R,5S)-2-Benzyl-5-{[(tert-butoxy)carbonyl]amino}-4-[(tert-butyldimethylsilyl)oxy]-6-

methylheptanoic acid (12) 

 

12 

 

Lactone opening: In a 10 mL round-bottom flask, equipped with a Teflon
®
-coated magnetic 

stirring bar, 11 (108 mg, 0.42 mmol, 1.00 eq) was dissolved in THF (1.4 mL) and stirred 

vigorously. A 1 M solution of LiOH×H2O (70 mg, 1.7 mmol, 4.0 eq) in H2O (2.1 mL) was 

added dropwise via syringe. After TLC indicated full conversion (90 min), Et2O (4.0 mL) was 

added and the biphasic mixture was cooled down to 0 °C in an ice bath. Under vigorous 

stirring, the acidity of the aqueous phase was carefully adjusted to pH=4 with 25% aqueous 

citric acid. The layers were separated and the aqueous layer was extracted with Et2O (2×3.0 

mL). The combined organic extracts were washed with H2O (3.0 mL) and brine (3.0 mL), 
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dried over Na2SO4, and concentrated and dried under reduced pressure and temperatures <30 

°C to furnish a white solid substance. 

Silylation: In a nitrogen-purged 10 mL Schlenk tube, equipped with a Teflon
®
-coated 

magnetic stirring bar, the isolated white solid and N-methylimidazole (201 µL, 2.52 mmol, 

6.00 eq) were dissolved in absolute CH2Cl2 (1.7 mL). The solution was cooled to 0 °C in an 

ice bath and iodine (640 mg, 2.52 mmol, 6.00 eq) was added. After stirring for 15 min, TBSCl 

(190 mg, 1.26 mmol, 3.00 eq) was added in portions within 1 min. The cooling bath was 

removed and the deep-red mixture stirred overnight. The dark red mixture was transferred 

into a separation funnel, diluted with Et2O (4.0 mL) and washed with saturated aqueous 

Na2S2O3 (3.0 mL). The organic phase was washed with 25% citric acid (3.0 mL) and brine 

(3.0 mL), concentrated under reduced pressure and dried in vacuo to yield a yellow oily 

residue. 

Silyl ester methanolysis: In a 5 mL glass vial, equipped with a Teflon
®
-coated magnetic 

stirring bar, the yellow oil was dissolved in MeOH (1.1 mL) and 25% citric acid (32 µL) was 

added. The mixture was stirred until TLC indicated full conversion (6 h) of the least polar 

component observable. The mixture was concentrated under reduced pressure and purified via 

flash chromatography (SiO2, CH2Cl2/MeOH/AcOH 100:1:0.5) to furnish 12 (102 mg, 0.213 

mmol, 51% in 3 steps) as a colorless viscous oil.  

Yield: 102 mg (0.213 mmol, 51%, in 3 steps from 11), colorless viscous oil. 

[𝛼]
23

D = -5.5 ° (c = 0.7, CHCl3). 

Rf = 0.14 (CH2Cl2/MeOH/AcOH 100:3:0.5 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, mixture of 2 rotamers, based on COSY, HSQC and EXSY) δ = 

7.37–7.11 (m, 5H, H–C11, H–C12 and H–C13), 6.17 and 4.61 (d, 
3
J = 9.9 Hz, 1H, NH), 

3.86–3.66 (m, 1H, H–C4), 3.52–3.23 (m, 1H, H–C5), 3.12–2.93 (m, 1H, Ha–C9), 2.87–2.66 

(m, 2H, H–C2 and Hb–C9), 2.00–1.76 (m, 1H, Ha–C3), 1.74–1.50 (m, 2H, Hb–C3 and H–C6), 

1.43 (s, 9H, (CH3)3CO), 0.88 (s, 9H, (CH3)3CSi), 0.84–0.70 (m, H–C7 and H–C8), 0.15–0.01 

(s, 6H, (CH3)2Si). 

13
C NMR (75 MHz, CDCl3, mixture of 2 rotamers, citing major rotamer based on COSY, 

HSQC and EXSY) δ = 179.0 (s, 1C, C1), 156.2 (s, 1C, HNCO), 138.8 (s, 1C, C10), 129.1 (s, 

2C, H–C12), 128.6 (s, 2C, H–C11), 126.7 (s, 1C, H–C13), 79.4 (s, 1C, Me3C), 71.9 (s, 1C, 
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C4), 58.0 (s, 1C, C5), 43.5 (s, 1C, C2), 38.6 (s, 1C, C9), 35.3 (s, 1C, C3), 28.6 (s, 3C, 

(CH3)3CO), 28.1 (s, 1C, C6), 26.0 (s, 3C, (CH3)3CSi), 20.9 (s, 1C, C7), 18.1 (s, 1C, C8), -4.3 

(CH3Si), -4.6 (CH3Si). 

HRMS (ESI): m/z (%): 502.2956 (100%, [M + Na]
+
, calcd for C26H45NNaO5Si

+
: 502.2959). 

Methyl (2R)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-{[(tert-butoxy)carbonyl]amino}-4-[(tert-

butyldimethylsilyl)oxy]-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-indol-3-

yl)propanoate (13) 

 

13 

 

In a 5 mL glass vial equipped with a Teflon
®
-coated magnetic stirring bar, 1 (110 mg, 0.260 

mmol, 1.20 eq) was dissolved in TFA (508 µL), ethanethiol (165 µL, 2.20 mmol, 10 eq) was 

added, and the solution was stirred for 60 min at RT. The volatiles were evaporated, the 

residue was dried in high vacuum to constant mass to yield a deprotected H-Pro-Trp-OMe. 

In a nitrogen-purged 10 mL Schlenk tube equipped with a Teflon
®

-coated magnetic stirring 

bar, 12 (106 mg, 0.220 mmol, 1.00 eq) and Hünig´s base (38 uL, 0.22 mmol, 1.0 eq) were 

dissolved in absolute DMF (1.00 mL). The solution was stirred, cooled to 0 °C in an ice bath 

and HBTU (100 mg, 0.260 mmol, 1.20 eq) was added. Immediately after 5 min of activation a 

solution of the freshly prepared H-Pro-Trp-OMe and Hünig´s base (77 uL, 0.44 mmol, 2.0 eq) 

in absolute DMF (0.47 mL) was added via syringe and septum. The ice bath was removed and 

the mixture was stirred for 60 min. Subsequently, brine (2.0 mL) and EtOAc (6.0 mL) were 

added, and the mixture was stirred vigorously for 5 min. The layers were separated and the 

organic phase was washed with brine (3×2.0 mL), dried over Na2SO4, and concentrated under 

reduced pressure. Purification via flash chromatography (SiO2, CH2Cl2/MeOH 100:3) 

furnished 13 (91 mg, 0.12 mmol, 53%) as a white solid. 
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Yield: 91 mg (0.12 mmol, 53% from 12), white solid. 

m.p. = 55–58 °C 

[𝛼]
23

D  = -3.0 ° (c = 1.12, CHCl3). 

Rf = 0.36 (CH2Cl2/MeOH 10:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, only trans-Pro rotamer observable, based on HSQC) δ = 8.15 (br 

s, 1H, indole NH), 7.53 (d, 
3
J = 7.0 Hz, 1H, H–C10), 7.34 (d, 

3
J = 6.1 Hz, 1H, amide NH), 

7.30–6.90 (m, 9H, H–Ar), 4.82–4.71 (m, 1H, H–C2), 4.62–4.47 (m, 2H, H–C13 and 

carbamate NH), 3.75–3.58 (m, 4H, CH3O and H–C25), 3.57–3.42 (m, 1H, Ha–C16), 3.40–

3.15 (m, 3H, H2–C3 and H–C26), 3.00–2.87 (m, 1H, Hb–C16), 2.80–2.67 (m, 1H, H–C18), 

2.67–2.45 (m, 1H, H–C19), 2.29–2.14 (m, 1H, Ha–C14), 1.97–1.50 (m, 6H, Ha–C14, H2–C15, 

H2–C24 and H–C27), 1.40 (s, 9H, (CH3)3C), 0.99–0.71 (m, 15H, (CH3)3CSi, H3–C28 and H3–

29), 0.11 (s, 3H, CH3Si), 0.07 (s, 3H, CH3Si). 

13
C APT NMR (75 MHz, CDCl3, only trans-Pro rotamer observable, based on HSQC) δ = 

175.0 (s, 1C, C=O), 172.5 (s, 1C, C=O), 171.2 (s, 1C, C=O), 156.0 (s, 1C, carbamate C=O), 

139.2 (s, 1C, C20), 136.2 (s, 1C, C6), 129.0 (s, 2C, C22), 128.5 (s, 2C, C21), 127.8 (s, 1C, 

C11), 126.6 (s, 1C, C23), 123.5 (s, 1C, C5), 122.2 (s, 1C, C8), 119.6 (s, 1C, C9), 118.7 (s, 1C, 

C10), 111.3 (s, 1C, C7), 110.3 (s, 1C, C4), 79.0 (s, 1C, Me3C), 72.2 (s, 1C, C25), 60.1 (s, 1C, 

C13), 57.7 (s, 1C, C26), 53.5 (s, 1C, C2), 52.4 (s, 1C, CH3O), 47.3 (s, 1C, C16), 42.0 (s, 1C, 

C18), 39.0 (s, 1C, C19), 35.5 (s, 1C, 24), 28.5 (s, 3C, (CH3)3CO), 27.8 (s, 1C, C27), 27.6 (s, 

1C, C3), 27.4 (s, 1C, C14), 26.0 (s, 3C, (CH3)3CSi), 24.9 (s, 1C, C15), 21.4 (s, 1C, C28), 18.4 

(s, 1C, C29), 18.1 (s, 1C, (CH3)3CSi), -4.1 (CH3Si), -4.7 (CH3Si). 

HRMS (ESI): m/z (%): 799.4442 (100%, [M + Na]
+
, calcd for C43H64N4NaO7Si

+
: 799.4442). 
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Methyl (2R)-2-{[(2S)-1-[(2R,4S,5S)-2-benzyl-5-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-3-

methylbutanamido]-4-hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-

indol-3-yl)propanoate (14) 

 

14 

 

Deprotection: In a 5 mL glass vial equipped with a Teflon
®
-coated magnetic stirring bar, 13 

(97 mg, 0.125 mmol, 1.00 eq) was dissolved in 2,2,2-trifluoroethanol (1.3 mL). Ethanethiol 

(37 µL, 0.50 mmol, 4.0 eq) and ZnBr2 (197 mg, 0.875 mmol, 7.00 eq) were added, and the 

solution was stirred for 7 h at RT, accompanied with formation of a white precipitate. 

Subsequently, the reaction mixture was treated with 25% aqueous ammonia (2.0 mL) to 

adjust to pH=11. After stirring for 10 min the mixture was extracted with EtOAc (2×4.0 mL). 

The combined organic layers were washed with water (2.0 mL) and brine (2.0 mL), dried over 

Na2SO4, concentrated under reduced pressure and the residue was dried in high vacuum to 

constant mass to yield the crude deprotected intermediate as a white amorphous solid. 

Coupling: In an oven-dried, nitrogen-purged 10 mL Schlenk tube, equipped with a Teflon
®

-

coated magnetic stirring bar, Boc-Val-OH (33 mg, 0.15 mmol, 1.2 eq) and Hünig´s base (22 

µL, 0.13 mmol, 1.0 eq) were dissolved in absolute DMF (0.35 mL), stirred and cooled to 0 °C 

in an ice bath. A solution of HATU (57 mg, 0.15 mmol, 1.2 eq) in abs. DMF (0.35 mL) was 

added and the reaction solution was stirred for 1 min before a solution of the deprotected 

intermediate and Hünig´s base (22 uL, 0.13 mmol, 1.0 eq) in abs. DMF (0.60 mL) was added. 

After TLC indicated full conversion of the intermediate (30 min), the reaction was quenched 

by addition of brine (1.3 mL) and extracted with EtOAc (3×3.0 mL). The combined organic 

extracts were washed with brine (3×1.5 mL), dried over Na2SO4, and concentrated under 

reduced pressure. Purification via flash chromatography (SiO2, CH2Cl2/MeOH 50:1 to 20:1) 

furnished 14 (20 mg, 0.026 mmol) as a white solid. 
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Yield: 20 mg (0.026 mmol, 21%, 2 steps, from 13), white solid. 

m.p. = 87–89 °C. 

[𝛼]
23

D = -26.6 ° (c = 0.52, CHCl3). 

Rf = 0.20 (CH2Cl2/MeOH 20:1 (v/v); staining: KMnO4). 

1
H NMR (300 MHz, CDCl3, complex mixture of signals of 2 rotamers in 7:1 ratio; major 

rotamer assigned based on COSY, HSQC, and EXSY) δ = 9.02 (br s, 1H, indole NH), 7.50 (d, 

3
J = 7.6 Hz, 1H, H–C10), 7.42–6.89 (m, 10H, H–Ar and amide NH from Trp), 6.13 (d, 

3
J = 

9.2 Hz, 1H, amide NH), 5.04 (d, 
3
J = 8.9 Hz, 1H, carbamate NH), 4.81–4.58 (m, 1H, H–C2), 

3.93–3.87 (m, 1H, H–C31), 3.83–3.52 (m, 4H, CH3O and H–C26), 3.50–3.15 (m, 3H, H2–C3 

and H–C13), 3.14–2.96 (m, 1H, Ha–C16), 2.91–2.73 (m, 1H, Hb–C16), 2.71–2.55 (m, 2H, 

H2–C19), 2.55–2.40 (m, 1H, H–C18), 2.36–1.50 (m, 5H, H–C32, H–C27, H2–C24, Ha–C14), 

1.50–1.38 (m, 9H, (CH3)3C), 1.37–1.18 (m, 1H, Ha–C15), 1.12–0.75 (m, 14H, H3–C33, H3–

C34, Hb–C14, Hb–C15, H3–C28 and H3–C29). 

13
C NMR (75 MHz, CDCl3, complex mixture of signals of 2 rotamers in 7:1 ratio; major 

rotamer assigned based on COSY, HSQC, and EXSY) δ = 175.4 (s, 1C, C17), 172.8 (s, 1C, 

C=O), 172.7 (s, 1C, C=O), 172.3 (s, 1C, C=O), 156.2 (s, 1C, carbamate C=O), 138.8 (s, 1C, 

C20), 136.3 (s, 1C, C6), 129.2 (s, 2C, C22), 128.5 (s, 2C, C21), 127.6 (s, 1C, C11), 126.8 (s, 

1C, C23), 123.4 (s, 1C, C5), 122.3 (s, 1C, C8), 119.9 (s, 1C, C9), 118.0 (s, 1C, C10), 111.8 (s, 

1C, C7), 109.9 (s, 1C, C4), 80.4 (s, 1C, Me3C), 71.0 (s, 1C, C25), 60.8 (s, 1C, C31), 60.1 (s, 

1C, C13), 59.3 (s, 1C, C26), 53.6 (s, 1C, C2), 52.6 (s, 1C, CH3O), 46.2 (s, 1C, C16), 44.0 (s, 

1C, C18), 39.9 (s, 1C, C19), 37.1 (s, 1C, 24), 31.0 (s, 1C, C14), 30.0 (s, 1C, C32), 28.5 (s, 3C, 

(CH3)3CO), 27.5 (s, 1C, C27), 26.2 (s, 1C, C3), 21.8 (s, 1C, C15), 20.6 (s, 1C, C28), 19.9 (s, 

1C, C33), 18.2 (s, 1C, C34) and 16.8 (s, 1C, C29). 

HPLC-ESI-MS (Agilent Poroshell120; method: fast_Poroshell120_001HCOOHMeCN): 

tR(14) = 9.14 min, 100%, [M + Na]
+
 = 785, [M + K]

+
 = 801. 

HRMS (ESI): m/z (%): 784.4245 (100%, [M + Na]
+
, calcd for C42H59N5NaO8

+
: 784.4256). 
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(2S)-2-{[(2S)-1-[(2R,4R,5S)-5-[(2S)-2-Azaniumyl-3-methylbutanamido]-2-benzyl-4-

hydroxy-6-methylheptanoyl]pyrrolidin-2-yl]formamido}-3-(1H-indol-3-yl)propanoate 

(15) 

 

 

15 

 

Saponification: In a 5 mL glass vial equipped with a Teflon
®
-coated magnetic stirring bar, 14 

(11 mg, 0.015 mmol, 1.0 eq) was dissolved in THF (0.20 mL). A solution of LiOH×H2O (5 

mg, 0.12 mmol, 8.0 eq) in H2O (0.10 mL) was added and the mixture was stirred vigorously 

until TLC indicated full conversion (60 min). The acidity of the solution was adjusted to 

pH=3 with 1M HCl. The resulting white colloidal mixture was extracted with EtOAc (3×1 

mL). The combined organic extracts were merged, dried over Na2SO4, concentrated under 

reduced pressure and dried in high vacuum to constant mass to yield a saponified intermediate 

as an off-white powder (5 mg). 

Boc-deprotection: In a 5 mL glass vial equipped with a Teflon
®

-coated magnetic stirring bar, 

the saponified intermediate (40 mg) was dissolved in trifluoroacetic acid (150 µL) and stirred 

for 5 min. The mixture was concentrated under reduced pressure and dried under high 

vacuum to constant mass. The residue was dissolved in water (600 µL), MeCN (200 µL) and 

DMSO (300 µL) and purified via preparative reverse phase HPLC (method: 

JKV_NucleodurC18_001HCOOH_10to85) to yield 15 (4.0 mg, 0.0062 mmol, 41%, 2 steps) 

as a white solid. 

Yield: 4.0 mg (0.0062 mmol, 41%, 2 steps, from 14), white solid. 

m.p. = 123–126 °C. 



           Peptidomimetic inhibitors for DPP3  

84 

 

[𝛼]
23

D = -25 ° (c = 0.13, MeOH). 

1
H NMR (500 MHz, methanol-d4, complex mixture of signals of 2 Pro-peptide rotamers in 

equilibrium, major rotamer assigned based on COSY and HSQC) δ = 8.53 (br s, 1H, indole 

NH), 7.73–6.88 (m, 10H, H–Ar), 4.66–4.56 (m, 1H, H–C2), 3.85–3.78 (m, 2H, H–C25 and 

H–C26), 3.70 (d, 1H, 
3
J = 4.9 Hz, H–C31), 3.52–3.36 (m, 2H, H–C13 and Ha–C3), 3.25–3.12 

(m, 1H, Hb–C3), 3.11–3.01 (m, 1H, Ha–C16), 2.94–2.82 (m, 1H, Hb–C16), 2.81–2.70 (m, 2H, 

H–C18 and Ha–C19), 2.69–2.59 (m, 1H, Hb–C19), 2.35–2.10 (m, 2H, H–C32 and H–C27), 

2.08–1.94 (m, 1H, Ha–C24), 1.68–1.58 (m, 1H, Hb–C24), 1.53–1.42 (m, 1H, Ha–C14), 1.24–

0.68 (m, 15H, Hb–C14, H2–C15, H3–C33, H3–C34, H3–C28 and H3–C29). 

13
C NMR (125 MHz, methanol-d4, complex mixture of signals of 2 Pro-peptide rotamers in 

equilibrium, major rotamer assigned based on COSY and HSQC) δ = 177.8 (C=O), 173.1 (s, 

1C, C=O), 170.7 (s, 1C, C=O) 169.6 (s, 1C, C=O), 140.3 (s, 1C, C20), 138.0 (s, 1C, C6), 

130.1 (s, 2C, C22), 129.6 (s, 2C, C21), 127.9–127.2 (m, 2C, C23 and C11), 124.2 (s, 1C, C5), 

122.3 (s, 1C, C8), 119.7 (s, 1C, C9), 119.5 (s, 1C, C10), 112.2 (s, 1C, C4), 112.1 (s, 1C, C7), 

71.1 (s, 1C, C25), 62.3 (s, 1C, C13), 61.4 (s, 1C, C26), 60.5 (s, 1C, C31), 57.0 (s, 1C, C2), 

47.3 (s, 1C, C16), 45.4 (s, 1C, C18), 40.5 (s, 1C, C19), 37.5 (s, 1C, C24), 31.9 (s, 1C, C32), 

31.7 (s, 1C, C14), 29.3 (s, 1C, C27), 28.5 (s, 1C, C3), 22.4 (s, 1C, C15), 21.1 (s, 1C, C28), 

19.6 (s, 1C, C33), 18.4 (s, 1C, C29) and 17.5 (s, 1C, C34). 

HPLC-ESI-MS (Agilent Poroshell120; method: 

fast_Poroshell_001HCOOH_8mingradient.lc): tR(15) = 6.56 min, 100%, [M + 1]
+
 = 648, [M 

+ Na]
+
 = 670. 

HRMS (ESI): m/z (%): 648.3752 (100%, [M + 1]
+
, calcd for C36H50N5O6

+
: 648.3756), 

1295.7433 (91%, [2M + 1]
+
, calcd for C72H99N10O12

+
: 1295.7438). 

 

Protein expression and purification.  

The active wildtype (WT) and inactive E451A variant of hDPP3(1–726) used in this study 

were cloned and inserted into pET21a and pET28a respectively. Thereafter, the plasmids 

containing the desired constructs were transformed into a BL21-CodonPlus (DE3) RIL strain. 

The cell culture was grown in Luria-Bertani (LB) medium containing 100 μg ml
−1

 Ampicillin 

for WT-DPP3 and 50 μg ml
−1

 kanamycin for inactive DPP3-E451A. Gene expression was 
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induced with 0.4 mM isopropyl-1-thio-D-galactopyranoside (IPTG) after the culture medium 

reached an OD of 0.6–0.8. After being allowed to grow overnight at 18 °C, the cells were 

harvested by centrifugation at 4000 g for 10 min. The harvested cell pellet was resuspended in 

50 mM Tris-HCl pH 8.0 contaning 150 mM NaCl, 10 mM imidazole (lysis buffer) and lysed 

by sonication. Centrifugation at 18000 g for 1 hour at 4 °C was performed to remove cell 

debris and the supernatant was subjected to affinity chromatography on Ni-NTA resin (5 mL 

prepacked His-trap FF, GE Healthcare) previously equilibrated with lysis buffer. Then the 

column was washed with lysis buffer supplemented with 20 mM imidazole. After washing, 

bound protein was eluted using lysis buffer containing 500 mM imidazole. Fractions 

containing target protein were pooled and concentrated with centrifugal filter units (Amicon 

Ultra-15, 50 kDa; Millipore, Massachusetts, USA). Concentrated protein was re-buffered to 

50 mM Tris, 100 mM NaCl, pH 8.2 with a PD-10 desalting column. The protein solutions 

were shock frozen and stored at −80 °C if not used immediately. 

The pure fractions were collected and pooled. This sample was then applied to a Superdex 

200 16/60 gel filtration column (GE Healthcare) and pure fractions corresponding to a 

molecular mass of ~82 kDa were collected and concentrated. The buffer used for gel filtration 

was 100 mM multi component buffer (L-malic acid, MES and Tris, pH 8.0) containing 100 

mM NaCl and 1 mM tris (2-carboxyethyl) phosphine (TCEP). The purity of the fractions was 

analyzed by 12.5% SDS-PAGE. 

Enzyme inhibition assay 

The enzyme activity of hDPP3 was determined by following the release of 2-naphthylamine 

in a plate reader (excitation at 332 and emission at 420 nm) at 37 °C in a mixture containing 

25 µl of 200 µM Arg-Arg-2-naphthylamide as substrate in 50 mM Tris-HCl buffer, pH 8.0 

and 0.05-0.1 µM of enzyme in a total reaction mixture of 235 µl (White, Tissue Culture 

treated Krystal 2000 96-well plate from Porvair sciences, Norfolk, UK). The activity assay 

was performed by continuous measurement of fluorescence of 2-naphthylamide for 30 min 

(Molecular Devices, Sunnyvale CA, USA). For the inhibition assay, the inhibitors were added 

to the mixture without the substrate and incubated for 10 min at room temperature. The 

reaction was started by the addition of the substrate. The concentration of an inhibitor that 

gave 50% inhibition (IC50) was determined through a series of assays with a fixed substrate 

concentration but with various inhibitor concentrations. 5% DMSO was used in the control 
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assay. The activity (in %) in the presence of increasing concentrations of the inhibitor was 

calculated using the equation: 

% activity = 100 X (Δfluorescence/ Δfluorescence of control) 

 

The activity (in %) against concentration of inhibitor (log scale for inhibitor concentration [x-

axis] and linear scale for percent activity [y-axis]) was plotted. The activity in % vs. log of 

concentration was fitted to a sigmoidal dose-response curve using the four parameter logistic 

equation entitled “log (inhibitor) vs. response -- variable slope” in GraphPad Prism (San 

Diego, CA, USA). 

 

To measure ex vivo inhibition, dpp3-knockout mice (DPP3
-/-

) bred and maintained in the 

animal facility of the University of Graz were used. The brains from ~ 16-week old male 

DPP3
-/-

 mice were surgically removed and washed with PBS. Homogenization was performed 

on ice in solution A (0.25M sucrose, 1 mM EDTA, 20 μM dithiothreitol, 0.1% Triton X-100, 

20 μg/ml leupeptin, 2 μg/ml antipain, 1 μg/ml pepstatin, pH 7.0) using an Ultra Turrax (IKA, 

Staufen, Germany). 20000 g infranatants were used for further experiments. Protein 

concentrations in the tissue lysates were estimated using the Protein Assay Dye Reagent (Bio-

Rad, Munich, Germany) using bovine serum albumin as the standard. 0.01-0.05 mg/ml of 

tissue homogenate was used in the same assay as described above. 

Isothermal titration calorimetry  

The inactive variant E451A of hDPP3 was used for thermodynamic analysis. The titrations 

were performed in 50 mM Tris-HCl pH 8 containing 100 mM NaCl and 5% DMSO. Both the 

purified enzyme and ligands were dissolved in exactly the same buffer, and all solutions were 

degassed immediately before the measurements. The measurements were performed with a 

VP-ITC microcalorimeter (MicroCal, Northampton, MA, USA).  In each experiment the 

temperature was equilibrated at 298 K. The ligand solution in the syringe (500 μM) was 

titrated into a 20 μM solution of hDPP3 in the sample cell. In a typical experiment, under 

constant stirring at 270 rpm, a total of one aliquot of 2 μl and 29 aliquots of 10 μl of the ligand 

solution were injected at a rate of 0.5 μl/s into 1.421 ml of the enzyme solution. Every 

injection was carried out over a period of 20 s with a spacing of 300 s between the injections. 

The heat of binding was determined by integration of the observed peaks. The observed 

enthalpies were plotted against the ratio of peptide vs. protein concentration in the cell to 

generate the binding isotherm. Nonlinear least-squares fitting using Origin® version 7.0 
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(MicroCal®) was used to obtain association constants (Ka), the enthalpy (ΔH) and 

stoichiometries. The dissociation constants (Kd) were calculated using Kd = 1/Ka. 

Time-dependent inhibition of hDPP3 by tynorphin and HER 

Tynorphin (VVYPW), which is an endogenous pentapeptide inhibitor of hDPP3, was shown 

to be unstable in human serum and was cleaved rapidly to smaller fragments (3). Being a 

peptidase, it is likely that hDPP3 degrades tynorphin over time. A comparative study of 

tynorphin and R-hydroxyethylene was performed to study their behavior in a time-based 

manner and to assess their efficiency to inhibit hDPP3 as a function of time. For the assay, 0.1 

µM of the enzyme was incubated at room temperature with inhibitor concentrations 

equivalent to 5 times their IC50 values. Enzyme in the absence of any inhibitor incubated at 

room temperature was used as control. At various time points (0, 0.25, 0.50, 0,15, 1, 2, 3, 4, 5, 

20 and 24 hours), 10 µl aliquots were added to 200 µl of 50 mM Tris-HCl buffer, pH 8.0. The 

reaction was initiated by adding 25 µl of 200 µM Arg-Arg-2-naphthylamide and enzyme 

activity was measured fluorometrically (excitation, 332 nm; emission, 420 nm). The efficacy 

of inhibition was calculated as percent of control at each time point for tynorphin and HER.  

 

Thermal shift assay with HER 

Thermal shift assay was performed as described previously by (15). For this, a mixture of 10 

µM hDPP3 and 50 µM HER was used. A separate mixture with the same concentrations of 

protein and inhibitor was incubated for 24 hours. A 20 µl aliquot from the pre-incubation 

solutions were mixed with 2 µl of 1:500 dilution of SYPRO® orange dye (Molecular Probes, 

Oregon, USA) and added to a white 96-well RT-PCR plate (Bio-Rad, California, USA). 

Protein incubated in the absence of inhibitor was used as a control sample. The plate was 

sealed with an Optical-Quality Sealing Tape (Bio-Rad, California, USA). The experiment was 

started by heating the plate from 20 °C to 95 °C in increments of 0.5 °C/s in a CFX 

Connect™ Real Time PCR detection system (Bio-Rad, California, USA). Fluorescence 

changes in the wells of the plate were monitored simultaneously at excitation and emission 

wavelengths of 470 and 500 nm, respectively. Melting temperatures (Tm) were determined 

using CFX manager 3.0 software (Bio-Rad, California, USA).  
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Abstract 

Background: The ubiquitously expressed dipeptidyl peptidase 3 (DPP3) is involved in 

protein metabolism, blood pressure regulation and pain modulation. These diverse functions 

of DPP3 are attributed to the degradation of bioactive peptides like angiotensin II. However, 

due to limitations in currently available assays for determination of active DPP3 in plasma, 

the exact physiological function of DPP3 and its role in the catabolism of bioactive peptides is 

understudied. Here, we developed two assays to specifically detect and quantify DPP3 protein 

andactivity in plasma, and validated DPP3 quantification in samples from critically ill 

patients. 

Methods: Assay performance was evaluated in a sandwich-type luminometric immunoassay 

(LIA) and an enzyme capture activity assay (ECA). DPP3 plasma levels were detected in a 

healthy, population-based, cohort and in critically ill patients suffering from severe sepsis and 

septic shock. 

Results: The DPP3-LIA and -ECA show an almost ideal correlation and very similar and 

robust performance characteristics. DPP3 activity is detectable in plasma of predominantly 

healthy subjects with a mean (±SD) of 58.6 (±20.5) U/L. Septic patients show significantly 

increased DPP3 plasma activity at hospital admission. DPP3 levels further increase in patients 

with more severe conditions and high mortality risk. 

Conclusion: We developed two highly specific assays for the detection of DPP3 in plasma. 

These assays allow the use of DPP3 as a biomarker for the severity of acute clinical 

conditions and will be of great value for future investigations of DPP3’s role in bioactive 

peptide degradation in general and the angiotensin II pathway in specific.  

Impact Statement 

The assay technologies described here, enable for the first time a highly specific measurement 

of DPP3 concentration and activity in plasma. As DPP3 cleaves bioactive peptides, i.e. 

angiotensin II, in the circulation, it can influence the renin-angiotensin pathway and thus be a 

key player in acute diseases. The two novel assays are powerful tools for research studies 

involving the bioactive peptide degradation and can potentially evolve as important tools for 

determining severity of patients’ acute conditions and for monitoring of the treatment and 

decision making in a clinical setting. 



           Novel methods for quantification of DPP3  

95 

 

Introduction 

Human dipeptidyl peptidase 3 (DPP 3; EC 3.4.14.4), also known as red cell angiotensinase, is 

a member of the M49 family of zinc dependent metallopeptidases and cleaves dipeptides 

sequentially from the N-terminus of various bioactive peptide substrates(1). DPP3 was first 

identified and its activity measured by Ellis and Nuenke in 1967(2). The enzyme has a 

molecular mass of about 83 kDa, is ubiquitously expressed and highly conserved in 

prokaryotes and eukaryotes(1).  

Although the protein is known for a long time and despite its widespread expression, the exact 

biological function of DPP3 is not understood. Recent findings indicate a role, not only in 

protein metabolism, but also in blood pressure regulation, pain modulation and inflammatory 

processes, based on the substrate specificity of DPP3(1).  

DPP3 was detected in organ homogenates and several bodily fluids, such as retroplacental 

serum(3), seminal plasma(4) and cerebrospinal fluid(5). The release of intracellular DPP3 was 

proposed as a marker for dying cells in a cell culture system(6) and as influencing factor for 

the  immune response in a mouse model by degrading potential antigens(7). In vitro, DPP3 

has been shown to cleave peptides such as angiotensins, enkephalins and endomorphins(8,9). 

The most prominent substrate of DPP3 is angiotensin II (Ang II) – the main effector of the 

renin-angiotensin system (RAS). The RAS is activated in cardiovascular diseases (10–12), 

sepsis and septic shock(13). Ang II, in particular, has been shown to modulate many 

cardiovascular functions including the control of blood pressure and cardiac remodelling. 

Furthermore, infusion of Ang II improved 28d survival of septic patients in a phase 3 clinical 

trial(14). Pang et al. (2016) showed a direct interaction of DPP3 and Ang II in vivo, including 

an effect of DPP3 injection on blood pressure due to Ang II cleavage(15). Thus, 

quantification of plasma levels of active DPP3 could be a useful tool to further understand the 

RAS regulation in plasma. 

The release of DPP3 from dying cells, and DPP3’s implications in diseases and regulation of 

the RAS system, raised the question whether DPP3 can be detected and quantified in blood or 

plasma. The standard detection method for purified DPP3 is a soluble enzyme activity assay 

with fluorogenic substrates, e.g. Arg-Arg-β-naphthylamide (Arg2-βNA)(2). However, this 

assay is not specifically detecting DPP3 activity, but also the activity of other 

aminopeptidases that cleave single amino acids off the fluorogenic substrate(16,17). 

Furthermore, other substances in the plasma samples can interfere with the assay itself or 
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show self-fluorescence. Especially the use of EDTA plasma in this soluble assay is not 

possible due to the chelating effect on the metalloprotease DPP3. All possible interferences 

make the so far used soluble activity assay unsuitable for the reproducible detection of DPP3 

activity in plasma samples. Thus, the clinical significance of DPP3 in human plasma could 

not be analysed yet. Here, we generated, characterized and validated two assays to 

specifically detect DPP3 in human bodily fluids (e.g. blood, plasma, serum): A luminescence 

immunoassay (LIA) to detect DPP3 protein concentration and an enzyme capture activity 

assay (ECA) to detect specific DPP3 activity. A washing step in both methods removes all 

interfering substances before the actual detection of DPP3 protein or activity is performed. 

Both methods are highly specific and allow the reproducible detection of DPP3 in blood 

samples.  
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Results 

We developed and validated two assays to specifically detect DPP3 protein and activity in 

human plasma: a luminescence immunoassay (LIA) and an enzyme capture activity assay 

(ECA). Both assay principles are shown in Figure 1a and 1b respectively.  

 

 

Figure 1: Schematic representation, range and precision of the two DPP3 assays. Plasma 

DPP3 concentration and activity is measured with the DPP3-LIA and ECA respectively. (a) 

Representation of the DPP3-LIA: a monoclonal antiDPP3 antibody (AK2555; ) is used as 

the solid phase capture antibody coupled to white high-binding polystyrene plates; 

immobilized DPP3 is detected by the acridinium ester labelled, monoclonal antiDPP3 

antibody AK2553 (). (b) Representation of the DPP3-ECA: a monoclonal antiDPP3 

antibody (AK2555; ) is used as the solid phase capture antibody coupled to black high-

binding polystyrene plates; specific activity of immobilized DPP3 is detected by addition of 
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the fluorogenic substrate Arg2-βNA (); DPP3 cleaves the substrate into the dipeptide Arg2 

() and fluorescent βNA (; 410 nm); (c-d) Representative dose response curves and 

interassay precision profiles for the detection of DPP3 concentration (LIA, c) and DPP3 

activity (ECA, d). Each point represents the mean of 10 measurements.  

A typical dose-response-curve along with the obtained interassay precision profile of the 

DPP3-LIA is shown in Figure 1c. From the interassay precision profile the limit of 

quantification (LOQ) was 0.06 ng/mL and the limit of detection (LOD) of the assay was 

determined at 0.033 ng/mL. The quantitative measuring range of the assay was deduced to be 

0.06-300 ng/mL.  

Figure 1d shows a typical dose-response-curve along with the obtained interassay precision 

profile of the DPP3-ECA. From this the LOQ of the assay was 6.5 U/L and the LOD was 

determined at 3.5 U/L. The quantitative measuring range of the assay was deduced to be 6.5-

645 U/L.  

The characterization, performance and stability analyses of both assays are summarized in 

Table 1. The accuracy of both assays was determined by addition of known amounts of DPP3 

from blood cells to plasma samples and analysis of the recovery from the expected value. The 

recovery fulfilled all quality criteria (average recovery from expected concentration of ±20%) 

in both assays.  The linearity of the assays was assessed by two methods: a) by stepwise 

dilution of native plasma samples with zero matrix (heat-inactivated horse serum; X2, X4, 

X8, X16, X32) and b) by mixing various native plasma samples containing different 

concentrations of endogenous DPP3. Both, linear dilution and mixing of native samples 

fulfilled all quality criteria of linearity in both assays.  

Upper limits of both assays were determined by using samples with increasing DPP3 

concentrations. The DPP3-LIA reaches its saturation plateau above 400 ng/mL and a high 

dose hook effect starts at concentrations above 5 µg/mL. Due to the assay design there is no 

high dose hook effect possible in the DPP3-ECA, but the assay reaches a plateau of saturation 

and substrate limitation at 2,500 U/L. 

The activity of DPP3 is strongly dependent on the pH of the surrounding buffer. Hence, a 

study was conducted specifically for the second step of the DPP3-ECA and the influence of 

pH changes on the specific DPP3 activity as determined by calibrators. The assay 

performance is unaffected by pH changes between 7.5 and 8.5.  



           Novel methods for quantification of DPP3  

99 

 

Parameter DPP3-LIA DPP3-ECA 

Calibrator Range 0.02 (def.) - 300 ng/mL 3 (def.) - 645 U/L 

Limit of Detection 0.033 ng/mL 3.5 U/L 

Limit of Quantitation 0.06 ng/mL 6.5 U/L 

Upper limit 
saturation plateau: >400 ng/mL 

high dose hook: >5.000 ng/mL 

Substrate limitation plateau: 

>2.500 U/L; no high dose hook 

Accuracy (Recovery of 

added DPP3 to EDTA 

plasma) 

Average (range) % recovery 

from expected = 97% (87-

108%) 

Average (range) % recovery 

from expected = 99% (93 - 

104%) 

Linearity (10 mixing 

studies) 

Range: 8.7-91.6 ng/mL 

Average (range) % recovery 

from expected = 101% (99-

105%)  

Range: 24.6-239.2 U/L 

Average (range) % recovery 

from expected = 101% (95-

106%)  

Dilutional Linearity 

(Dilutions: X2, X4, X8, 

X16, X32 using zero 

calibrator) 

Range: 57.5-98.4 ng/mL 

Average (range) % recovery 

from expected = 100% (95-

107%) for all dilutions 

Range: 163.6-268.7 U/L 

Average (range) % recovery 

from expected = 100% (93-

114%) until X16 dilution; 

unacceptable recovery of 

≥120% at X32 

Analytical Specificity 

[Interfering substance 

(concentration 

maximum), % recovery 

MW±SD] 

Triglycerides (3 g/L) = 90% ± 

4.7% 

Bilirubin (40 mg/dL) = 99% ± 

6.4% 

Albumin (6 g/dL) = 102% ± 

2.1% 

Hemoglobin (500 mg/dL) = 

101% ± 6.8% 

Heparin (3000 U/L) = 103% ± 

2.4% 

 

Triglycerides (3 g/L) = 96% ± 

2.1% 

Bilirubin (40 mg/dL) = 99% ± 

2.7% 

Albumin (6 g/dL) = 102% ± 

3.3% 

Hemoglobin (500 mg/dL) = 

101% ± 4.4% 

Heparin (3000 U/L) = 102% ± 

3.2% 

pH stability of activity 

(Average (±SD) % 

recovery of specific 

not relevant 
pH 7.5: 99% (±2,2%) 

pH 8.5: 96% (±1.7%) 
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DPP3 activity compared 

to reference (pH 8.0)) 

Ex vivo stability at 22°C 

(Average (±SD) % 

recovery from fresh 

sample (t=0h)) 

2h: 98% (±2,0%) 

4h: 97% (±4,2%) 

8h: 96% (±4,9%) 

24h: 98% (±1,3%) 

48h: 97% (±4,6%) 

15d: 86% (±3,1%) 

15d (4°C): 101% (±2,5%) 

2h: 101% (±3,7%) 

4h: 101% (±7,1%) 

8h: 100% (±2,8%) 

24h: 99% (±5,1%) 

48h: 100% (±5,1%) 

15d: 92% (±3,0%) 

15d (4°C): 102% (±3,2%) 

Freeze thaw stability 

Average (±SD) % recovery 

from fresh sample after up to 6 

freeze thaw cycles: 104% 

(±6,8%) 

Average (±SD) % recovery 

from fresh sample after up to 6 

freeze thaw cycles: 104% 

(±6,8%) 

 

Table 1: Analytical Performance Characteristics of the DPP3-LIA and the DPP3-ECA. 

The ex vivo stability of DPP3 concentration and activity in five native EDTA plasma samples 

was determined. Upon storage at 22°C, recoveries were acceptable until at least 15 days in 

both DPP3 concentration and activity. Up to six freeze-thaw cycles did not alter recovery of 

DPP3 and DPP3 activity in native EDTA plasma samples. 

 

 

 

 

 

 

 

Figure 2: Plasma half-life of DPP3: Recombinant His-hDPP3 was injected into healthy rats 

(n=3) and plasma hDPP3 levels monitored using the DPP3-LIA. 
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In vivo stability analysis of DPP3 were performed to estimate the dynamics of DPP3 as a 

biomarker. Recombinant human His-hDPP3(1-726) and the vehicle PBS were injected into rats 

and hDPP3 levels measured using the DPP3-LIA. Since the LIA does not recognize rat DPP3, 

due to antibody specificity, there was no DPP3 signal in PBS treated rats. His-hDPP3 shows a 

calculated plasma half-life of 70 minutes (Fig. 2).  

Since both assays showed similar performance and characteristics we first analysed their 

correlation. To assess the complete range of DPP3 levels in humans, samples from healthy 

subjects and from severely ill patients were measured. The scatter blot in Figure 3 shows an 

almost ideal correlation (r=0.9873, p<0.0001) of both assays. Since the results from both 

assays are completely interchangeable, we focused on the DPP3-ECA for the following 

clinical analyses.  

 

 

 

 

 

 

 

 

Figure 3: Correlation of DPP3-LIA and -ECA in human plasma samples: Scatter plot of 

the correlation of DPP3-LIA and DPP3-ECA in samples from critically ill patients and 

healthy controls.  

We measured DPP3 activity in a random subcohort of the Malmö Preventive Project (MPP). 

For all samples, DPP3 activities were higher than the limit of detection of the assay. The 

distribution of the DPP3 activities in this healthy population-based cohort was used to 

calculate the normal range for DPP3 in plasma (Fig. 4a). The mean (±SD) was 58.6 (±20.5) 

U/L. The 99
th

 percentile of this cohort was 106.2 U/L.  
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 Figure 4: Plasma DPP3 levels in healthy and critically ill humans: (a) DPP3 activity 

(ECA) in a cohort of healthy subjects (n=2,256). The data did not pass the D’Angostino-

Pearson omnibus test for normal distribution; a normal distribution curve was fitted into the 

frequency distribution of this cohort. (b-d) DPP3 plasma activity levels in a cohort of septic 

patients: (b) comparison of healthy subjects with  patients suffering from severe sepsis and 
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septic shock. (c) ROC curves DPP3 activities in severe sepsis and septic shock. (d) DPP3 

plasma activity levels of septic shock patients that survived for at least 28 days vs. non-

survivors. Box: median, 25 and 75 percentile; whiskers: 5 and 95 percentile. Statistical 

significance between groups was assessed with the Mann-Witney U-test. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

Finally, we measured DPP3 plasma activities in critically ill patients from hospital admission. 

Patients were grouped by diagnosis in severe sepsis (n=175) and septic shock (n=153). Both 

groups show significantly increased DPP3 levels compared to the healthy subjects of the MPP 

subcohort, with the septic shock group furthermore being significantly higher than the severe 

sepsis group (Fig. 4b). ROC curves were generated for both diagnoses (Fig. 4c), showing an 

area under the curve of 0.7235 for severe sepsis and 0.7927 for septic shock. A further 

subgroup analysis dividing the septic shock group into 28-day-survivors (n=116) and non-

survivors (n=37) is shown in Figure 4d. DPP3 plasma activity is significantly increased in 

non-survivors. In summary, DPP3 plasma activities are significantly increased in septic 

patients and further increase with the severity and mortality risk of the condition. 
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Discussion 

Our data document the accurate and reproducible performance of two different assay formats 

to specifically measure DPP3 plasma concentration and activity. We have demonstrated that 

DPP3 can be detected in the circulation and we defined a reference range for plasma DPP3 in 

healthy subjects.  

DPP3 is a peptidase that cleaves dipeptides from the N-terminus of its substrates. Since most 

of its known substrates are found in circulation, it was our interest to determine specific DPP3 

levels in plasma. Initially, we developed a classical one-step sandwich type immunoassay to 

detect DPP3 protein concentration in plasma (LIA), which can be easily transferred to other 

clinical platforms or point of care tests. Additionally, we aimed to measure the, 

physiologically more relevant, activity of the enzyme in circulation. To gain a high level of 

specificity we created an enzyme capture activity assay (ECA). The first step of this assay is 

the immobilization of DPP3 from plasma onto a solid phase, followed by a subsequent 

washing step. Finally, the activity of immobilized DPP3 is measured by the addition of a 

fluorogenic substrate. The assay design of the DPP3-ECA circumvents all limitations of the 

so far used soluble activity assay to detect DPP3 activity. The isolation of DPP3 before 

detection removes potential interfering substances, e.g. unspecific aminopeptidases, EDTA or 

fluorescent drugs. The DPP3-LIA and -ECA are both analytically robust and the performance 

is similar between the two formats. Surprisingly, the correlation of both assays is almost ideal. 

This indicates that every DPP3 protein detected by the LIA in plasma is active. The presence 

of active DPP3 in the circulation can lead to an uncontrolled degradation of bioactive peptide 

substrates, such as Ang II. 

The DPP3-LIA or -ECA represent tools for specific DPP3 quantification and allow the further 

investigation of biological functions attributed to the DPP3 in vivo, e.g. a possible 

involvement in RAS pathway regulation due to Ang II cleavage. The developed assays can 

also address the specific mechanism of release and clearance of DPP3 from the circulation. 

Our pilot experiment in rats revealed a very short half-life of DPP3. This feature of DPP3 

could make it a very useful dynamic biomarker in the monitoring of disease or treatment 

progression. Further clinical studies are required to monitor the changes in DPP3 plasma 

levels and assess its clinical relevance.  
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In this report, we show that DPP3 is a novel and valuable biomarker to indicate and possibly 

monitor the severity of patients’ conditions, and that, with the DPP3-LIA and DPP3-ECA, we 

created two specific and powerful tools to quantify DPP3 in plasma.  
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Material and Methods 

Antibodies 

Monoclonal antibodies (mAb) directed against recombinant Glutathione-S-transferase tagged 

human DPP3 (GST-hPP3; United States Biological, USA) were generated by standard 

procedures(18,19). In brief, Balb/c mice were immunized and boosted with recombinant 

GST-hDPP3; spleen cells were fused with SP2/0 myeloma cells to generate hybridoma cell 

lines. From this immunization we screened cell lines for their ability to secrete antibodies that 

bind DPP3. For the ECA, antibodies needed to be further screened for binding of DPP3 

without inhibiting its activity. Inhibitory potential of screened antibodies was measured in a 

standard soluble activity assay with native DPP3 and fluorogenic substrate(20). With these 

approaches, we selected the hybridoma cell lines secreting monoclonal antibodies AK2553 

and AK2555. Antibodies were produced by standard procedures and purified via protein A 

chromatography to obtain >95% purity as judged by capillary gel electrophoresis. 

Recombinant human DPP3 production and purification 

Recombinant DPP3 was produced as previously described(21). In Brief, the gene encoding 

human DPP3(1-726) was cloned into the pET21a expression vector, which includes a C-

terminal hexahistidine tag (His-hDPP3). The plasmid was transformed into a BL21-

CodonPlus (DE3) RIL strain and cells grown in Luria-Bertani medium containing 100 μg/mL 

ampicillin. Gene expression was induced with 0.4 mM isopropyl-1-thio-D-galactopyranoside 

(IPTG) at an OD of 0.6–0.8. The cells were then incubated overnight at 18 °C and harvested 

by centrifugation at 4,000 g for 10 min. The cell pellet was resuspended in lysis buffer (50 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM imidazole) and lysed by sonication. 

Centrifugation at 18,000 g for 1 hour at 4 °C was performed to remove cell debris and the 

supernatant was subjected to affinity chromatography on Ni-NTA resin (5 mL prepacked His-

trap FF, GE Healthcare). Bound protein was eluted using lysis buffer containing 300 mM 

imidazole. The purity of the fractions was analyzed by 12.5% SDS-PAGE. Concentrated 

protein was re-buffered to 50 mM Tris, 100 mM NaCl, pH 8.2 with a PD-10 desalting column 

and endotoxins removed using Pierce™ High Capacity Endotoxin Removal Spin Columns. 

Calibrators 

Both assays were calibrated using dilutions of native DPP3 from human blood cell lysates. To 

prepare native DPP3, EDTA blood was centrifuged at 2,000 rpm and EDTA-plasma removed. 
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The blood cells were lysed by repeated freeze-thaw-cycles and cell debris was removed by 

centrifugation at 20,000 rpm. Supernatant with a DPP3 concentration of 10 µg/mL was used 

as stock solution for calibrator production. DPP3 concentration in the blood cell lysate was 

determined by DPP3-LIA using calibrators with purified recombinant His-hDPP3; DPP3 

activity (U/L) of the blood cell lysate and the calibrators was determined by quantifying 

relative fluorescence units (RFU) of calibrator activity after 1h at 37°C with a dilution series 

of the fluorescent cleavage product β-naphthylamine (βNA, Sigma-Aldrich Chemie GmbH, 

Germany) in the range of 0.05-100 µM. All calibrators were diluted in heat-inactivated horse 

serum (Gibco® Thermofisher Scientific, Boston, USA) with 0,09% sodium azide.  

Luminescence Immunoassay for the quantification of DPP3 protein levels (DPP3-LIA) 

The DPP3-LIA is a one-step chemiluminescence sandwich immunoassay which uses 

polystyrene microtiter plates as solid phase.  

Labeled Compound (Tracer) 

Purified anti-DPP3 mAb AK2553 was labeled by incubation with a 1:5 molar ratio of MA70-

Acridinium-NHS-Ester (MACN 1 g/L; Invent diagnostic GmbH, Hennigsdorf, Germany) for 

30 minutes at room temperature. The reaction was stopped by addition of a 1:10 volume of 

1M TRIS solution and the labeled antibody was separated from free label by gel filtration 

(Nap25 column, emp BIOTECH GmbH, Berlin, Germany) and further purified via size-

exclusion chromatography on an HPLC column (Knauer, Berlin, Germany, 0.5 mL/min. flow 

rate). The tracer was produced by diluting labeled antibody in assay buffer (17 mM 

monopotassium phosphate, 83 mM dipotassium phosphate, 100 mM sodium chloride, 0.5% 

bovine serum albumin, 0.1% unspecific bovine IgG, 0.02% unspecific mouse IgG, 0.09% 

sodium azide, pH 7.4) to achieve an antibody concentration of 20 ng per well. 

Solid phase 

White high-binding polystyrene microtiter plates (Greiner Bio-One International AG, Austria) 

were coated (18 h at 2-4°C) with monoclonal anti-DPP3 antibody AK2555 (per well: 1.5 µg 

in 0.2 mL 50 mM Tris/HCl, 100 mM sodium chloride, pH 7.8). After blocking with 3% 

Karion FP, 0.5% BSA, 6.5 mM monopotassium phosphate, 3.5 mM disodium phosphate (pH 

6.7), the plates were vacuum dried.  
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Assay protocol 

20 µL of samples or calibrators were pipetted into coated white microtiter plates. After adding 

labelled anti-DPP3 mAb AK2553, the microtiter plates were incubated for 3 hours at room 

temperature and 600 rpm (Titramax 101, Heidolph Instruments GmbH & CO. KG). Unbound 

tracer was removed by washing 4 times (350 µL per well). Remaining chemiluminescence 

was measured for 1s per well by using the Centro LB 960 microtiter plate luminometer 

(Berthold Technologies GmbH & Co. KG, Germany). The concentration of DPP3 was 

determined using a 6-point calibration curve (0 (def. 0.02) - 300 ng/mL). Calibrators as well 

as samples were run in duplicate. 

Enzyme capture activity assay for the quantification of DPP3 activity (DPP3-ECA) 

The DPP3-ECA is a DPP3 specific activity assay which uses polystyrene microtiter plates as 

solid phase. DPP3 is immobilized by binding to a monoclonal antiDPP3 capture antibody, 

washed, and specific activity of immobilized DPP3 measured by the addition of a fluorogenic 

substrate. 

Solid phase 

Black high-binding polystyrene microtiter plates (Greiner Bio-One) were coated (18 h at 2-

4°C) with monoclonal anti-DPP3 antibody AK2555 (per well: 1.5 µg in 0.2 mL 50 mM 

Tris/HCl, 100 mM sodium chloride, pH 7.8). After blocking with 3% Karion FP, 0.5% BSA, 

6.5 mM monopotassium phosphate, 3.5 mM disodium phosphate (pH 6.7), the plates were 

vacuum dried.  

Assay protocol 

Samples/calibrators (20 µL) were pipetted into coated black microtiter plates. After adding 

assay buffer (200 µL), the microtiter plates were incubated for 2 hours at 22°C and 600 rpm 

(Titramax 101, Heidolph Instruments). Unbound plasma components were removed by 

washing 4 times (350 µL per well). The activity of immobilized DPP3 was then measured by 

using fluorogenic substrate(20). Microtiter plates were washed, reaction buffer (containing 

fluorogenic substrate Arg-Arg-β-naphthylamide (Arg2-βNA, Bachem AG, Switzerland)) 

added and incubated at 37°C for 1 h. DPP3 specifically cleaves Arg2-βNA into the Arg-Arg 

dipeptide and fluorescent β-naphthylamine (βNA; excitation at 340 nm, emission detected at 

410 nm). Fluorescence was measured using the fluorometer Twinkle LB 970 (Berthold 

Technologies GmbH). The activity of DPP3 was determined using a 6-point calibration curve 

(0 (def. 3 U/L) - 645 U/L). Calibrators as well as samples were run in duplicates. 
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Assay performance studies 

A full analytical evaluation of the DPP3 assays was performed on both variants using similar 

and complementary protocols. Assay precision profiles were determined by performing an 

inter-laboratory testing of a large number of plasma sample replicates(22,23). The interassay 

coefficient of variation (CV) was determined by measuring 26 human EDTA-plasma samples 

(range 0.02-156.0 ng/mL or 3,2-399 U/L) in duplicate. For each run one microtiter plate was 

used for calibrators and samples. These data were generated over seven days by six different 

operators for ten assay runs. Out of this analysis the limit of quantification (LoQ, or 

functional assay sensitivity (FAS)), defined as the DPP3 concentration quantifiable with a CV 

of 20%, was determined. The limit of detection (LoD) was determined as the upper two 

standard deviations (SD) of the lowest (i.e. zero) calibrator.     

Accuracy was assessed by adding known concentrations of native DPP3 from blood cell 

lysates (20, 40, 60, 80, and 100 ng/mL or 60, 120, 180, 240 and 300 U/L, respectively) to 

EDTA plasma samples and comparing the measured DPP3 levels to expected concentrations/ 

activities. For linearity studies, 10 random plasma samples were diluted serially in a range 

from 1:2 to 1:32 in heat-inactivated horse serum (Gibco® Thermofisher Scientific, Boston, 

USA) and the deviation from expected concentrations determined. Pools were generated from 

20 EDTA-plasma samples pooling equal volumes (e.g. 60µL + 60µL) in different 

combinations.  

For ex vivo stability studies fresh EDTA-plasma samples were collected, separated from cells 

within two hours of collection and stored up to 15 days at 4°C or room temperature. Aliquots 

were collected after 0, 2, 4, 8, 24, 48 hours and 15 days and stored at -80°C until 

measurement. To assess freeze/thaw stability, the fresh EDTA-plasma samples were frozen 

and thawed six times. The samples were stored frozen at -80°C for at least 24 hours for each 

freeze/thaw cycle.  

The acceptance criterion for all stability, accuracy and linearity studies was ±20% difference 

from the original or expected concentration.  

For in vivo stability analysis of the analyte purified recombinant His-hDPP3 (c=0.06 mg/kg) 

and vehicle were injected i.v. into healthy rats and blood drawn 5 min, 30 min, 1h, 3h, 6h and 

24h after injection (n=3 per group). Levels of human DPP3 in rat serum were quantified using 

the DPP3-LIA. The in-life experimental procedures undertaken during the course of this study 
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were subject to the provisions of the directive 2010/63/EU of the European Parliament and the 

Council and the German Animal Welfare Act. The project was reviewed and approved by the 

ethical committee of the Landesamt für Arbeitsschutz, Verbraucherschutz und Gesundheit of 

the State of Brandenburg. The registration number is 2347-48-2017. 

Analytical specificity was assessed by adding potential interfering substances within clinically 

relevant range to eight different EDTA-plasma samples: albumin 6 g/dL (BSA, Proliant 

biologicals, Ankeny, USA), bilirubin 40 mg/dL (Sigma-Aldrich, Taufkirchen, Germany), 

triglycerides 3 g/dL (SMOFlipid from Fresenius Kabi, Bad Homburg vor der Höhe, 

Germany), hemoglobin 500 mg/dL (Sigma-Aldrich) or heparin 3000 U/L (Heparin sodium 

salt, Sigma-Aldrich). The acceptance criterion for all interference studies was ±20% 

difference from original concentration. 

Patients and controls 

Residual, anonymized EDTA plasma samples initially collected for routine laboratory and 

clinical studies were provided by the Gemeinschaftslabor Cottbus, Germany. These samples 

were from patients with normal and increased DPP3 levels and were used for assay 

development. A cohort of 88 healthy subjects (57 females, 31 males, mean age (SD): 42.2 (+/- 

12.7) years, without clinical evidence of acute disease or history of chronic illness) was used 

for correlation analysis 

Samples from acute critically ill patients were randomly selected from the AdrenOSS study 

(ClinicalTrials.gov Identifier: NCT02393781). Hospital admission plasma samples from 175 

patients diagnosed with severe sepsis and 153 patients diagnosed with septic shock were 

measured in both DPP3 assays. Differences in DPP3 levels between the two diagnoses as well 

as between groups of survivors and non-survivors of septic shock were analysed.  

To assess the DPP3 normal distribution in healthy subjects, plasma samples from the Malmö 

Preventive Project (MPP) were measured. The Swedish single-center, prospective, 

population-based study was described recently(24). Of this 18,240-participants-study a 

subcohort was randomly selected (n=5,060) to determine the normal range of plasma DPP3. 

Excluding all participants that died or developed any cardiovascular disease during the time 

course of the study led to a final sample size of 2,256.  

Written consent was obtained from all participants. 
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Statistical analysis 

All statistical analyses were conducted with GraphPad Prism 6.0. Distribution was tested with 

the D’Agostino-Pearson omnibus test. We performed comparison of non-parametric data with 

the Mann-Witney U-test. Correlations were calculated as Spearman rank correlation. P values 

<0.05 were considered significant. 
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Abstract 

DPP3 plays many important roles in controlling physiological functions through regulation of 

bioactive peptides. While DPP3 has been implicated in various pathophysiological processes, 

the underlying peptides and pathways regulated by this enzyme are less clear. The 

identification of endogenous substrates of DPP3 is an important step in elucidating the 

molecular mechanisms of this peptidase. Most recently, peptidomics approaches have been 

applied to investigate the substrate scope of many enzymes. These approaches can be utilized 

for the discovery of bioactive substrates and biochemical characterization of the enzyme. 

Here, we employed liquid chromatography–mass spectrometry-based peptidomics on DPP3-

knockout mice to enable the discovery of endogenous substrates directly from tissues. The 

information collected from this method may serve to better understand the biochemical and 

physiological functions of DPP3. A comparison of the sequences of the peptides that change 

with those that do not change in the absence of DPP3 can also be employed to better 

understand the features that govern specificity of DPP3 towards peptide substrates. 
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Introduction 

DPP3 is a zinc-dependent exopeptidase expressed in several mammalian tissues. It is also a 

component of the human central proteome, which comprises of a set of proteins ubiquitously 

expressed in all human cells. DPP3 contributes to the processing of peptide hormones, opioid 

peptides and other bioactive peptides (1). Bioactive peptides regulate physiology by 

controlling a wide variety of important biological processes. Some of the functions mediated 

by bioactive peptides are pain modulation, sleep regulation and gastrointestinal activity (2-5). 

Other bioactive peptides control complex social behaviors
 
like emotions and sexual activity 

(6, 7). Given this wide range of biology regulated by bioactive peptides, it is a possibility that 

DPP3 could itself potentially be involved in affecting a large number of physiological 

processes. Although DPP3 has suspected biological roles like pain modulation, blood pressure 

regulation and defense against oxidative stress, the molecular pathways through which they 

achieve these functions remain unknown. Additionally, it may be involved in some other in 

vivo functions which are still largely unknown. 

While substrates of DPP3 were traditionally discovered using activity-based screening (8-10), 

this approach is tedious and limited by the commercial availability of prospective peptide 

substrates. Peptidomics based approaches have been developed in the recent years which 

allow global assessments of peptide levels and easy identification of even slightly differing 

peptide species, such as those that may result from post-translational modifications (11-14). 

These advantages make peptidomics a powerful method for characterizing the full set of 

endogenous substrates regulated by DPP3. In this study, we conducted a global comparative 

peptidome analysis in order to define the range of accepted substrates for DPP3. This 

technique involved extraction and purification of peptides from DPP3 knockout (DPP3
-/-

) and 

control wildtype (WT) mice brain followed by incubation with inactive recombinant purified 

human DPP3 protein and subsequent analysis using liquid chromatography and electrospray 

ionization mass spectrometry. By examining the relative amount of a peptide that varied 

between WT mice and mice lacking the peptide-processing DPP3, it was possible to define 

the substrate range of the enzyme in the brain tissue. Peptides which increased in DPP3
-/- 

mice 

relative to WT are putative substrates of the DPP3, whereas peptides that decreased in DPP3
-/- 

mice relative to WT mice are putative products of the enzyme. Peptides that do not change 

between the two genotypes are presumably processed redundantly by multiple peptidases, 

such that deletion of DPP3 does not have an effect on peptide levels.  
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Results and Discussion 

A mass list of all MS1 runs of the samples was generated and compared to the mass list of 

peptide samples from two different databases (Mascot and Proteinscape) with a cut-off within 

+/-12 ppm window. Individual MS2 spectra were additionally confirmed manually. This 

generated a list of 140 peptides. Relative quantification was done by taking into account the 

peak intensities of peptides. However, there were many redundant peaks belonging to the 

same peptide. This was corrected by summing up peak intensities. Additionally, prior 

knowledge about the substrate preference of DPP3, for example the length of the peptide that 

can be processed, was considered. This narrowed down the list to 12 peptides that were 

upregulated in the DPP3
-/- 

mice and can be potential substrates of DPP3. Many of these 

peptides belong to the endogenous opioid system and the renin-angiotensin circuit as 

expected. But some novel peptides like apelin-13, cholecystokinin, and urotensin II are also 

detected. 

 

Table 1 List of peptides identified by peptidomics along with the fold-change according to the 

quantification of their peak intensities.  

Interestingly, apelin-13 shares functions similar to angiotensin II which is a known substrate 

of DPP3 (15, 16). Both these peptides are involved in regulating blood pressure and water 

intake in the body. Urotensin II is a potent vasoconstrictor and is associated with 

cardiovascular diseases, atherosclerosis, diabetes, renal dysfunction, hypertension, and 

Peptides identified by LC-MS based peptidomics 

DPP3−/− Elevated Peptides Fold Change DPP3+/+ Elevated Peptides Fold Change 

    

Angiotensin 1-4 (4 aa) 2.0 Angiotensin 1-5 (5 aa) 2.0 

Angiotensin II (8 aa) 2.0 Angiotensin 1-7 (7 aa) 2.2 

Apelin-13 (13 aa) 10.7 Arg-vasopressin (9 aa) 2.2 

Bradykinin (9 aa) 2.1 Cortistatin-14 (14 aa) 2.3 

Cholecystokinin-12 (12 aa) 2.7 Met-enkephalin (5 aa) 5.3 

Dynorphin A(1-17) (17 aa) 2.2 Neuropeptide AF (18 aa) 22.7 

Leu-enkephalin (5 aa) 2.5 Substance P (11 aa) 3.6 

Melanin-Concentrating 

Hormone (19 aa) 
2.6   

Neurokinin B (10 aa) 3.7   

Nociceptin (17 aa) 2.5   

Somatostatin-14 (14 aa) 2.0   

Urotensin II (6 aa) 2.6   
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obesity (17). This reinforces the notion that DPP3 plays a major role in the physiology of 

heart, kidney and accessory blood vessels.  

Neuropeptide AF, which is an anti-opioid neuropeptide involved in pain modulation and 

endocrine functions, was found to be elevated in the WT mice. However, considering the 

length of this peptide, it is highly probable that this is due to a feedback signaling cascade and 

does not involve a direct interaction with DPP3. 

The results are generally consistent with a major role for DPP3 in the generation of peptides 

from the opioid and renin-angiotensin system. Though this method is useful for a rapid 

screening of potential substrates, there can be many sources of error such as sample variations 

and redundant peaks for a single peptide. Extensive studies are required in the future to 

further validate this method for DPP3 substrate identification. Peptidomics should be 

complemented with biochemical interaction studies to improve the quality and reliability of 

the results.  
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Material and Methods 

Ethics Statement 

All animal experiments were formally approved by the Ethics Committee of the University of 

Graz and the Austrian Federal Ministry of Science and Research. 

Animals and generation of DPP3 knockout mice 

All studies were conducted in age-matched DPP3
-/-

 and WT control male mice on C56BL/6J 

background. Mice were bred and maintained at regular housing temperatures (23 °C) and 14-h 

light/10-h dark cycle. Animals had ad libitum access to water and chow diet (4.5% fat, 34% 

starch, 5.0% sugar, and 22.0% protein; Ssniff Spezialdiäten). Breeding and genotyping were 

done according to standard procedures. For generation of DPP3 KO mice, targeted mutant ES 

cells were obtained from EUCOMM and injected into blastocytes of C57Bi/6 mice. Chimeric 

animals with a high degree of coat color chimerism were bred with C57BI/6 mice. The 

construct containing a β-galactosidase cassette (lacZ) and a promotor-driven selection cassette 

(neo) was inserted into the dpp3 gene. Additionally, the construct contained tow flippase 

recognition target (FRT) sites for flippase recombination enzyme (FLP)-mediated 

recombination flanking lacZ and neo. The selection cassette and exon 6 (essential for DPP3 

function), flanked by loxP sites, were removed by breeding with transgenic C57BI/6 mice 

expressing cre-recombinase (CMV-Cre). Cre-lox recombination resulted in deletion of neo 

and exon 6 leaving the lacZ reporter gene intact. Mice totally lacking dpp3 were bred by 

crossing mice heterozygous for the mutant dpp3 allele lacking neo and exon 6.  

Tissue collection 

Animals were anesthetized with isoflurane using the bell jar method and subsequently killed 

by cervical dislocation and tissues were surgically removed. The tissues were weighed and 5 

µl of ice-cold double distilled water wad added per mg of tissue weight. Homogenization was 

performed on ice in using an Ultra Turrax (IKA, Staufen, Germany).  

Extraction of peptides 

Peptide extraction was done as described in (12). In brief, the sonicated tissues were 

incubated at 70°C for 20 mins followed by cooling on ice for 15 mins. The homogenates were 

then acidified by adding ice-cold 0.1 M HCl to a final concentration of 10 mM. The acidified 

homogenates were mixed by vortexing and left on ice for an additional 15 mins. The 
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homogenates were then centrifuged at 13000 g for 40 min at 4°C. The supernatants were then 

transferred to low-retention tubes (Eppendorf, Hamburf, Germany). The pH of the peptide 

extracts was adjusted to 8.0 by adding 0.1 M NaOH.  

Recombinant human DPP3 (hDPP3) production and purification 

The genes encoding for the catalytically inactive E451A variant of hDPP3 (1–726) used in 

this study was cloned and inserted into a pET28a vector. Cloning into the vectors and deletion 

of the stop codon allowed production of the protein with a hexahistidine affinity tag at the N-

terminus for the inactive E451A variant. Thereafter, the plasmids containing the desired 

constructs were transformed into a BL21-CodonPlus (DE3) RIL strain. The cell culture was 

grown in Luria-Bertani (LB) medium containing 50 μg ml
−1

 kanamycin for inactive DPP3-

E451A. Gene expression was induced with 0.4 mM isopropyl-1-thio-D-galactopyranoside 

(IPTG) after the culture medium reached an OD of 0.6–0.8. After being allowed to grow 

overnight at 18 °C, the cells were harvested by centrifugation at 4000 g for 10 min. The 

harvested cell pellet was resuspended in 50 mM Tris-HCl pH 8.0 containing 150 mM NaCl, 

10 mM imidazole (lysis buffer) and was lysed by sonication. Centrifugation at 18,000 g for 1 

hour at 4 °C was performed to remove cell debris and the supernatant was subjected to 

affinity chromatography on Ni-NTA resin (5 mL prepacked His-trap FF, GE Healthcare) 

previously equilibrated with lysis buffer. Then the column was washed with lysis buffer 

supplemented with 20 mM imidazole. After washing, bound protein was eluted using lysis 

buffer containing 300 mM imidazole. The fractions containing target protein were pooled and 

concentrated with centrifugal filter units (Amicon Ultra-15, 50 kDa; Millipore, MA, USA). 

The purity of the fractions was analyzed by 12.5% SDS-PAGE. Concentrated protein was re-

buffered to 50 mM Tris, 100 mM NaCl, pH 8.2 with a PD-10 desalting column. 

Pull-down of peptide extracts with inactive hDPP3 

The peptide extracts from DPP3
-/-

 and control WT mice were incubated with 100 nM 

hDPP3E451A for 1 hour at RT. The peptide extract was then loaded onto a Ni-NTA column 

(1 mL prepacked His-trap, GE Healthcare) previously equilibrated with lysis buffer. Then the 

column was washed with lysis buffer supplemented with 20 mM imidazole. After washing, 

bound protein was eluted using lysis buffer containing 300 mM imidazole. The eluted mixture 

containing the inactive hDPP3 and bound peptides was heated at 80°C for 15 mins to 

inactivate the protein followed by centrifugation at 14000 g to remove the protein precipitate. 

The peptides were further purified using centrifugal filter units (Amicon Ultra Ultracel, 10 
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kDa; Millipore, MA, USA). The peptides were desalted on PepClean C-18 spin columns 

(Pierce, Thermo Fisher Scientific, MA, USA) according to the manufacturer’s instructions 

using acetonitrile and trifluoroacetic acid solutions. Finally, the peptides were eluted with 40 

μl of 70% acetonitrile in water. The eluates were concentrated to 10-20 μl in a vacuum 

centrifuge and stored at -80°C for further measurements. 

 

Separate peptides and detect by LC/MS 

 

The peptide samples were thawed and briefly microcentrifuged at maximum speed to remove 

particulates. Peptide extract was analyzed via LC–MS on a QqTOF compact (Bruker 

Daltonics, Billerica, MA) and peptides were separated with a PepMap Acclaim capillary 

column (Thermo Fisher Scientific; 150 × 0.3 mm, 2 μm 100 Å) using a Dionex Ultimate 3000 

UPLC system. Proteinscape software package (v. 3.1.5 474; Bruker Daltonics) together with 

the Mascot algorithm (Matrixscience, MA) was used for data analysis and database search. A 

list of MS1 annotation peaks was generated for the peptides. The annotated peaks were 

verified by manual de novo analysis using Biotools 3.0 (Bruker Daltonics). Peaks from 

oxytocin, vasopressin, angiotensin 1-10 were used as reference.  
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Abstract 

 

 The genome of the yeast Saccharomyces cerevisiae encodes a canonical lipoamide 

dehydrogenase (Lpd1p) as part of the pyruvate dehydrogenase complex and a highly similar 

protein termed Irc15p (increased recombination centers 15). In contrast to Lpd1p, Irc15p 

lacks a pair of redox active cysteine residues required for the reduction of lipoamide and thus 

it is very unlikely that Irc15p performs a similar dithiol-disulfide exchange reaction as 

reported for lipoamide dehydrogenases. We expressed IRC15 in Escherichia coli and purified 

the produced protein to conduct a detailed biochemical characterization. Here, we show that 

Irc15p is a dimeric protein with one FAD per protomer. Photoreduction of the protein 

generates the fully reduced hydroquinone without the occurrence of a flavin semiquinone 

radical. Similarly, reduction with NADH or NADPH yields the flavin hydroquinone without 

the occurrence of intermediates as observed for lipoamide dehydrogenase. The redox potential 

of Irc15p was -313 ± 1 mV and is thus similar to lipoamide dehydrogenase. Reduced Irc15p is 

oxidized by several artificial electron acceptors, such as potassium ferricyanide, 2,6-

dichlorophenol-indophenol, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide and menadione. However, disulfides, such as cystine, glutathione and lipoamide 

were unable to react with reduced Irc15p. Limited proteolysis and SAXS-measurements 

revealed that the NADH-dependent formation of hydrogen peroxide caused a substantial 

structural change in the dimeric protein. Therefore, we hypothesize that Irc15p undergoes a 

conformational change in the presence of elevated levels of hydrogen peroxide, which is a 

putative biomarker of oxidative stress. This conformational change may in turn modulate the 

interaction of Irc15p with other key players involved in regulating microtubule dynamics.  

 

 

 

 

 

 

 



           Oxidative stress in yeast  

133 

 

Introduction 

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide anions (·O2
−
), 

and hydroxyl radicals (·OH) are constantly generated during aerobic respiration. Organisms 

employ various strategies to preserve an intrinsic balance in the overall redox environment 

within the cell by simultaneously producing low levels of ROS essential for physiological 

signaling processes. An imbalance between the production of ROS and the antioxidant 

defenses to eliminate these toxic intermediates can lead to oxidative damage to DNA, lipids, 

and proteins, generating cellular stress. (1) In the recent past, an increasing number of 

proteins have been identified that use reversible ROS-mediated thiol modifications to regulate 

their function. Similar to other post-translational modifications, oxidative thiol modifications 

are fully reversible, the extent of which depend on the reactivity and accessibility of cysteine 

thiols and the concentration of ROS present. Under oxidative stress conditions in the cell, 

these thiol modifications can become irreversible, leading to deleterious effects on protein 

structure and function.(2-4) 

 

In this study we report an uncharacterized flavoprotein from the yeast Saccharomyces 

cerevisiae, which was found to be structurally sensitive to oxidative damage. The genome of 

S. cerevisiae features 68 genes that were identified to encode a flavoprotein. Despite being a 

widely utilized model organism biochemical information on the flavoproteome is rather 

limited. For example, Irc15p (increased recombination centers 15) has a sequence similarity 

of 59% to the FAD-containing yeast lipoamide dehydrogenase 1 (Lpd1p) (5). Although it was 

demonstrated that Irc15p is associated with microtubules and regulates their dynamics (6), it 

is currently unclear whether the protein carries a flavin cofactor not to mention the potential 

properties and function of the putative enzymatic activity. This lack of information prompted 

us to recombinantly produce Irc15p and study its properties. 

 

Lipoamide dehydrogenases (LPDs) orchestrate the reversible transfer of electrons between 

dihydrolipoamide to the enzyme-bound FAD cofactor and NAD
+
. Generally, LPDs possess a 

second redox active group that is composed of two cysteine residues capable of forming an 

internal disulfide. This internal dithiol-disulfide exchange communicates the electrons 

between the lipoamide and the FAD cofactor and is thus an essential asset of LPDs (7, 8). 

LPDs also constitute a component of oxoacid dehydrogenases that are large multienzyme 

complexes. In these complexes, LPDs reoxidize the covalently bound lipoamide cofactor of 
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the transacylase component. (9) Interestingly, Irc15p lacks the two essential cysteines 

required for the formation of a disulfide and therefore it is most unlikely that Irc15 is a 

redundant LPD or even exhibits similar enzymatic properties. Apparently, IRC15 evolved 

after the whole genome duplication of S. cerevisiae and the duplicated LPD1 sequence 

subsequently evolved to attain a new function (“neofunctionalization”) (10, 11). This new 

function appears to be connected to the regulation of microtubule dynamics and chromosome 

segregation (6). However, it is not known what exactly this function is let alone whether this 

function is compatible with the properties of a putative LPD homolog.  

 

LPDs are members of the family of flavoprotein disulfide reductases that catalyze the 

NAD(P)H-dependent reduction of disulfide containing substrates. To perform this reaction 

the enzymes are equipped with a flavin cofactor and another non-flavin redox center. Initially 

only three members, namely LPD, glutathione reductase and thioredoxin reductase composed 

the enzyme family, which has expanded significantly in recent years (7). In 2012, the family 

was classified according to the nature and position of the non-flavin redox center into five sub 

groups (8). Group one comprises the flavoprotein disulfide reductases with the classical 

sequence motif CXXXXC, such as LPD. Members of group two are structurally related but 

contain a second cysteine based redox center. Enzymes from group three contain only one 

cysteine, which either forms a cysteine sulfenic acid or a cysteine-coenzyme A mixed 

disulfide during the reaction. Members of group four contain the classical sequence motif but 

catalyze a non-disulfide reductase reaction. Finally, members of group five feature two 

cysteines that are widely separated in the primary sequence. 

 

In addition to these five sub-groups, several proteins described in the literature exhibit high 

sequence similarity with flavoprotein disulfide reductases, but lack some significant features. 

For example, pyridine nucleotide transhydrogenases (STH) catalyzes the reversible transfer of 

electrons between NADH and NADP
+
 and lack at least one of the redox active cysteines and a 

histidine residue essential for catalytic activity (7, 12). These enzymes are also closely related 

to LPD, for example, STH from Escherichia coli exhibits 27% identity and 45% similarity to 

several LPDs (13). However, also LPDs themselves are able to catalyze transhydrogenase 

reactions (14). Another example is LpdA from Mycobacterium tuberculosis, which lacks one 

cysteine as well as the catalytic histidine and glutamate. Like STH the protein is not able to 

catalyze the reduction of disulfides but instead features quinone reductase activity. The 

physiological relevance of this protein is unknown (15). In the present work, we 
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recombinantly produced Irc15p in E. coli. The purified Irc15p shows the typical 

characteristics of a flavoenzyme. We have demonstrated that Irc15p is efficiently reduced by 

NADH but lacks disulfide reductase activity. However, reduced Irc15p reduces a range of 

artificial electron acceptors, such as potassium ferricyanide, 2,6-dichlorophenol-indophenol 

(DCPIP) and quinones. The potential role of Irc15p as a microtubule-associated protein is 

discussed in light of our findings concerning the enzymatic properties and structural changes 

that occur upon exposure to hydrogen peroxide. 
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Results 

Biochemical characterization of Irc15p 

Initially, Irc15p was produced with a C-terminal hexa-histidine tag as described by Keyes and 

Burke. (6) However, the protein could not be purified successfully due to weak binding to the 

Ni-NTA sepharose resin. Therefore, we employed a C-terminal nona-histidine tag enabling 

the successful purification of ~13 mg of protein from 1 L culture with a purity of >95% as 

judged by visual inspection of SDS-PAGE and by using the program ImageJ 

(http://imagej.nih.gov/ij/)
 
(16) (Figure 1, panel A). The presence of DTT in the buffer was 

critical to prevent the precipitation of Irc15p. 

 

 

 

Figure 1 Determination of the purity and molecular mass of Irc15p using SDS-PAGE and 

analytical size exclusion chromatography. (A) Determination of purity and subunit molecular 

mass of Irc15p by SDS-PAGE after purification by affinity chromatography. Lane 1, 

PageRuler™ prestained protein ladder (10-180 kDa); lane 2, protein extract before 

induction; lane 3, protein extract after induction of IRC15; lane 4, protein fraction after 

purification by Ni-NTA-sepharose. The subunit molecular mass of Irc15p was estimated to 

~55 kDa. (B) Determination of native molecular mass of Irc15p (solid and dotted line display 

the absorption at 280 nm and 450 nm, respectively) using analytical size exclusion 

chromatography. The insert shows a plot of the partition coefficient (Kav) against the 

logarithm of molecular mass of standard proteins (ferritin, 440 kDa; aldolase, 158 kDa; 

conalbumin, 75 kDa; ovalbumin, 43 kDa; ribonuclease A, 13.7 kDa). The calculated 
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molecular mass of Irc15p (~ 113 kDa, black circle) indicates that Irc15p is present as a 

dimer. 

Analytical size exclusion chromatography yielded a molecular mass of ~115 kDa confirming 

that Irc15p forms a homodimer as previously reported by Keyes and Burke (6). The protein 

peak was associated with a yellow color indicating the presence of a flavin cofactor in 

agreement with the high sequence similarity to the FAD-dependent LPD (Figure 1, panel B). 

To assess the chemical identity of the flavin cofactor, Irc15p was denatured and the released 

flavin was analyzed by HPLC. A peak was obtained at a retention time of 9.1 min closely 

corresponding to the retention time of authentic FAD (9.05 min). Furthermore, the purified 

protein exhibited the absorption characteristics of a flavoprotein and also looks very similar to 

lipoamide dehydrogenases, with two distinct peaks at 377 and 453 nm with a shoulder at ~470 

nm (17). Denaturation of the protein resulted in a slight bathochromic shift of the absorption 

maxima at 453 nm (Figure 2, panel A). Using an extinction coefficient of 11.300 M
-1

 cm
-1 

at 

450 nm for free FAD (18) an extinction coefficient of 11.900 M
-1

 cm
-1 

at 453 nm was 

calculated for Irc15p. This extinction coefficient was used to determine the concentration of 

Irc15p in further experiments. The A280/A450 ratios of purified Irc15p were usually between 

4.3 and 4.5. 

 

 

 

Figure 2 UV/Vis absorption spectroscopy. (A) UV-visible absorption spectrum of Irc15p 

before (solid line) and after denaturation (dashed line). Denaturation of purified Irc15p was 

carried out in buffer B (50 mM HEPES, 50 mM NaCl, 1 mM DTT, pH 7.0) containing 0.2% 

SDS. (B) Absorption spectra observed during the anaerobic photoreduction of Irc15p in 

50 mM HEPES, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.0. The solid black line 
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represents the spectrum before irradiation. The reduction proceeds as indicated by the arrow 

with the dashed dotted line representing the final spectrum. After reoxidation by dioxygen the 

protein was partially denatured. The solution was cleared by centrifugation and the spectrum 

recorded (dashed line). 

Photoreduction of Irc15p in the presence of EDTA led to the formation of the fully reduced 

flavin (hydroquinone) without the formation of a semiquinone radical (Figure 2, panel B). 

After reoxidation and removal of precipitated protein the obtained UV-vis absorption 

spectrum was similar to the initial spectrum indicating that reduction is fully reversible and 

does not give rise to chemical alterations of the flavin (Figure 2, panel B). The redox potential 

of the FAD cofactor was determined with the xanthine/xanthine oxidase system in the 

presence of safranin T (EM = -289 mV). According to the method of Minnaert (19) a plot of 

log(Irc15pox/Irc15pred) versus log(dyeox/dyered) was used to estimate the redox potential to -

313 ± 1 mV (six independent measurements). In agreement with the photoreduction, 

reduction of Irc15p occurred without formation of a semiquinone and accordingly the slope of 

the logarithmic plot was close to unity indicating that the reference dye as well as the 

isoalloxazine moiety of the flavin took up two electrons (Figure 3). 

 

 

 

 

 

 

 

 

 

Figure 3 Redox potential determination of Irc15p in the presence of safranine T. (A) The 

absorption spectrum of the fully oxidized and fully reduced species are represented by a solid 

and dashed black line, respectively. Selected spectra of the course of reduction are 

represented in different shades of blue. Ten μM Irc15p was reduced by the xanthine/xanthine 

oxidase electron delivering system in the presence of safranine T over a time period of 

~100 min. Data points for evaluation were extracted at 430 nm and 530 nm for Irc15p and for 

the dye safranine T, respectively. (B) Double logarithmic plot of the concentration of 

oxidized/reduced Irc15p vs. the concentration of oxidized/reduced safranine T (Nernst plot). 
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Figure 4 Alignment of the Irc15p protein sequence with sequences of LPD from S. cerevisiae, 

E. coli, S. seoulensis and A. vinelandii. The mitochondrial targeting sequence of Lpd1p is 
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highlighted in red. The amino acid signature near the redox-active disulfide is highlighted in 

yellow. The respective sequence in Irc15p is highlighted in green. The catalytic His-Glu diad 

is highlighted in blue. Other residues in the active site are highlighted in petrol. Residues 

involved in structural stabilization are highlighted in purple.  

Sequence alignment and homology modeling 

A multiple sequence alignment using the amino acid sequence of Irc15p and the sequences of 

LPD from S. cerevisiae, E. coli, Streptomyces seoulensis and Azotobacter vinelandii was 

generated (Figure 4). The sequence identities of Irc15p and various LPDs are presented in 

Table 1 (20, 21). 

 

Table 1 Sequence identity of Irc15p in comparison to other LPDs from S. cerevisiae, E. coli, 

Streptomyces seoulensis and Azotobacter vinelandii. 

Percent identity to Irc15p 

S. cerevisiae_Lpd1p 40 

A. vinelandii_Lpd 30 

S. seoulensis_Lpd 28 

E. coliK12_Lpd 27 

 

A structural model of Irc15p was computationally generated using Lpd1p from S. cerevisiae 

(PDB entry: 1V59) as template (Figure 5, panel A and B) (22, 23). A comparison of the close 

environment of the FAD cofactor from Irc15p (Figure 5, panel C) and Lpd1p (Figure 5, panel 

D) reflects a high sequence conservation: out of 16 residues that are within 4 Å of the flavin 

isoalloxazine ring only four are different. Notably, among these are the two cysteines, C44 

and C49, which make up the dithiol/disulphide redox centre of Lpd1p. These are replaced by 

tyrosine and alanine, respectively. The two amino acid residues that compose the catalytic 

diad, i.e. H457 and E462 are conserved in both proteins (17). 

 

Enzymatic properties and thermal stability of Irc15p 

To gain information on the specificity of the electron donor, the reductive half-reaction was 

studied using stopped-flow spectrophotometry. Reduction of Irc15p with NADH was fast and 

monophasic. The rate of reduction was analysed as a function of substrate concentration and 
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fitted to a hyperbolic equation yielding a limiting reductive rate of 250 ± 3 s
−1

 and a 

dissociation constant of 100 ± 5 µM (Figure 6, panel A). As noted above, no semiquinone 

radical was observed (Figure 6, panel A, inset). In contrast to reduction by NADH, the 

reduction with NADPH exhibited two phases (Figure 6, compare panel B and C) and the 

bimolecular rate constant determined at 100 µM NAD(P)H is an order of magnitude lower 

(NADH = 1.2∙10
6
 M

-1
∙s

-1
, NADPH = 3.4∙10

5
 M

-1
∙s

-1
). 

To evaluate the enzymatic activity of Irc15p, assays with NAD(P)H and several potential 

electron acceptors were performed (Table 2). No activity was observed with disulfides such as 

lipoic acid, glutathione or cystine. On the other hand, the enzyme showed 

 

Figure 5 Overall structural similarity of Irc15p and LPD1p. (A) and (B): Structural 

superposition of LPD1p (grey, PDB code: 1V59) and Irc15p (blue/green). The FAD cofactor 

is displayed in yellow and NADH is shown in magenta. Close-up view of the active sites of 

Irc15p (C) and LPD1p (D). Residues close to the FAD isoalloxazine ring are illustrated as 

grey sticks for both protomers (Lpd1p) or in colors corresponding to the respective protomer 

(Irc15p). Figures were prepared with the software PyMOL (24). 

diaphorase activity with the non-specific electron acceptors potassium ferricyanide, 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and 2,6-dichlorophenol-
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indophenol (DCPIP) and quinone reductase activity with menadione (MQ). Furthermore the 

reduced cofactor was reoxidized by molecular oxygen, however at a comparatively sluggish 

rate. A clear preference for NADH as electron donor is only observed in steady-state assays 

employing potassium ferricyanide as electron acceptor. 

 

Table 2 Specific activities with standard deviations of Irc15p with NAD(P)H [μmol/min
-1

/mg
-

1
] as electron donor in comparison with the specific activity of LPD from S. seoulensis (25) 

and LPD from S. cerevisiae (in brackets) (26) with NADH. Reduction of ferricyanide, DCPIP 

and MTT was determined at 420, 600 and 578 nm, respectively. All other reactions were 

monitored at 380 nm.  

Substrate 

Specific Activity 

with NADH  

[μmol/min
-1

/mg
-1

]
a
 

Specific Activity 

with NADPH  

[μmol/min
-1

/mg
-1

]
a
 

Specific Activity of 

LPD with NADH  

[μmol/min
-1

/mg
-1

]
c
 

Ferricyanide 179.5  3.41 17.9  1.14 
7.87  

(1670.0
d
) 

DCPIP
b
 3.88  0.14 4.72  0.22 

61.4 

(2.0
d
) 

MQ*
,b
 19.7  0.82  19.3  2.12 7.18 

MTT* 1.62  0.08 1.28  0.02   - 

Lipoic acid* 0 0 15.6 

Cystine* 0 0 0.80 

Glutathione* 0 0 0.18 

Oxygen* 1.0  0.02   1.0  0.02 0 

a
The reaction mixture for the measurements of Irc15p contained 50 mM HEPES, pH 7.0, 50 

mM NaCl, 10 nM DTT, 500 µM NAD(P)H, 500 µM electron acceptors (except MQ and 

DCPIP). 
b
The concentration of DCPIP and MQ were 50 and 200 µM, respectively. 

c
The 

reaction mixture for the measurements of LPD from S. seoulensis contained 50 mM sodium 

phosphate buffer, pH 7.4, 0.3 mM substrates and 0.2 mM NADH. 
d
The reaction mixture for 

the potassium ferricyanide assay of LPD1 from S. cerevisiae contained 165 mM sodium 

acetate, pH 4.8, 0.7 mg/mL bovine serum albumin, 1 mM EDTA, 600 µM NADH, 670 µM 

potassium ferricyanide. The DCPIP assay contained phosphate buffer, pH 7.2, 0.7 mg/mL 

bovine serum albumin, 1 mM EDTA; 600 µM NADH and 40 μΜ DCPIP. 
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The potassium ferricyanide assay was further used to determine the influence of various pH 

values and salt concentrations on the enzymatic activity of Irc15p. The highest activity was 

observed at pH 7.0 without salt in the assay buffer. Below and above pH 7.0 the activity is 

reduced by about 14-49%, and the presence of 150 mM NaCl decreased the activity at pH 7.0 

by 40%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Pre-steady-state kinetics of Irc15p to determine reductive rates for NADH. (A) The 

rate of reduction was determined under anoxic conditions with the stopped flow device 

equipped with a diode array detector. At least three independent measurements were 

performed (error bars are shown as standard deviations). The inset displays selected 

absorption spectra of the reduction of ~20 µM Irc15p with 375 µM NADH. (B) Absorption 

change at 450 nm of the reduction of ~20 µM Irc15p with 1250 µM NADH. (C) Absorption 

change at 450 nm of the reduction of ~20 µM Irc15p with 1000 µM NADPH. 
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The thermal stability of Irc15p was monitored using a thermal shift assay, performed with the 

fluorescent dye SYPRO
®
 Orange. (27) Under optimal conditions, Irc15p displays a rather 

high thermal stability of about 70 °C (Table 3). 

 

Table 3 Activity and thermal stability of Irc15p at various pH and in the absence and 

presence of NaCl. Melting points are given as the average of two independent measurements. 

Buffer composition Activity [%] Tm [°C] 

50 mM HEPES, pH 6.0 51 70 

50 mM HEPES, pH 7.0 100 69 

50 mM HEPES, pH 8.0 86 62 

50 mM Tris/HCl, pH 9.0 46 56 

50 mM HEPES, pH 7.0, 150 mM NaCl 61 69 

The reaction mixture for the activity assay contained also 10 nM DTT, 500 µM NADH and 

500 µM ferricyanide. 

Additionally, measurements were performed in the presence and absence of NADH, NAD
+
, 

NADPH and NADP
+
, as summarized in Table 4. Interestingly a significant decrease in 

melting temperature could be observed after addition of an excess of NADH or NADPH. 

 

Limited proteolysis 

To further study the effect of NAD(P)H on the protein stability, limited proteolysis using 

tryptic digestion was performed under oxic and anoxic conditions in the presence and absence 

of NADH. As displayed in Figure 7A, Irc15p is more sensitive to proteolysis in the presence 

of NADH and molecular oxygen showing degradation already after 1 hour whereas the 

control sample is stable overnight. Interestingly, when the same experiment was performed 

under anoxic conditions, no degradation was detectable after six hours and became apparent 

only after 16 hours. 
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Figure 7 Limited proteolysis, hydrogen peroxide formation and SAXS data for Irc15p in the 

presence and absence of NADH. (A) SDS-PAGE from the limited proteolysis experiment 

illustrating the effect of NADH and oxygen on the stability of the protein. Each gel has the 

marker PageRuler™ prestained protein ladder in lane 1, the remaining lanes display the 

samples incubated for 0-16 hours. (B) Hydrogen peroxide formation in Irc15p over time (0, 1 

and 16 hours) and in the presence and absence of NADH. (C) SAXS data comparing the 

experimental radial density distribution (P(r)) of Irc15p incubated with NADH measured 

after 0 and 12 hours compared to a control sample without NADH. 

 Hydrogen peroxide production 

Since our limited proteolysis experiments demonstrated that NADH and molecular oxygen 

play a synergistic role, we hypothesized that the reduction of Irc15p by NADH and 

subsequent reoxidation by dioxygen led to the generation of hydrogen peroxide, which in turn 

may oxidize cysteine residues accessible on the surface of the protein. To assess this, we 

determined the production of hydrogen peroxide over a period of time by Irc15p in the 

presence of NADH under aerobic conditions. As expected, there was a marked increase in the 

level of hydrogen peroxide in the presence of NADH. In contrast, Irc15p without NADH 

showed no significant peroxide production (see Figure 7B). 
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Table 4 Thermal stability of Irc15p in 50 mM HEPES, 50 mM NaCl, 1 mM DTT, pH 7.0 in the 

presence and absence of 50 mM NADH, 50 mM NAD
+
, 50 mM NADPH, 50 mM NADP

+
 and 

50 mM sodium dithionite. Melting points are determined as the average of two independent 

measurements. 

 

Condition Tm [°C] 

Control 68 

NADH 47 

NAD
+
 64 

NADPH 45 

NADP
+
 68 

Sodium dithionite 65 

 

SAXS measurements of Irc15p 

In order to further investigate the potential impact of thiol oxidation on the overall structure of 

the protein, SAXS measurements were employed. Irc15p formed a dimer in solution with a 

radius of gyration (Rg) of 3.64  0.02 and with a maximum distance (Dmax) of 14 nm. 

However, incubation of Irc15p with NADH in the presence of molecular oxygen resulted in a 

substantial change of the radius of gyration (Rg) and of the maximal diameter (Dmax) 

indicating that the dimer adopts a more extended conformation (Irc15p with NADH measured 

directly: Rg = 3.56  0.01, Dmax = 13 nm, Irc15p with NADH measured after 12 hours: Rg = 

5.44  0.03, Dmax = 21 nm, Figure 7, panel B). The SAXS data implicate that the presence of 

NADH is extending the conformation of Irc15p by 60%. 
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Discussion 

In this study, we have demonstrated that Irc15p is a flavoprotein with FAD as the cofactor. 

Recombinant Irc15p features characteristic spectral properties that are similar to those 

reported for LPDs (Figure 2, panel A). In contrast to LPDs, reduction of Irc15p does not give 

rise to the typical red charge transfer absorption at longer wavelength (~530 nm) owing to the 

lack of a pair of redox active cysteines near the FAD cofactor. (25, 28) Instead, reduction by 

light as well as with NAD(P)H yielded the fully reduced FAD hydroquinone without the 

occurrence of a semiquinone radical (Figures 2, panel B and Figure 6). 

 

The redox potential determined for Irc15p is shifted by 93 mV to -313 ± 1 mV compared to 

free flavin (= -220 mV). The redox potentials determined for LPD from E. coli were Eox/EH2 

= -264 mV and EH2/EH4 = -314 mV and were assigned to the redox potentials of the 

disulfide/dithiol and the FAD/FADH2 couple, respectively (28). In order to confirm this 

assignment, Hopkins et al. (29) created two variants lacking either one of the two 

participating thiol groups, i.e. the variants C44S and C49S. The redox potentials of these 

variants were -379 and -345 mV, respectively, suggesting that the more negative redox 

potential determined for wild-type LPD belongs to the FAD/FADH2 couple. Thus the redox 

potential of the FAD/FADH2 couple of Irc15p is very similar to that of LPD suggesting that 

the environment of the FAD cofactors in these proteins is comparable. 

 

Furthermore, we have demonstrated that the thermal stability of the protein is rather high (Tm 

= 70 °C). This is not unusual as the reported melting temperature for LPD from A. vinelandii 

is even higher (Tm = 80 °C). (30) Interestingly, it was shown that an exchange of Y16 to 

phenylalanine leads to a decrease of the melting temperature to 72 °C, since Y16 stabilizes the 

interaction of the subunits via hydrogen bond formation to H470. (31) In Irc15p 

phenylalanine is found in position 16 and H470 is replaced by serine. Therefore, the lower 

melting temperature of Irc15p may be accounted for, at least in part, by the amino acid 

changes in these positions.  

 

To determine the substrate specificity of Irc15p the reductive half reaction was investigated 

using either NADH or NADPH. These measurements established a clear preference for 

NADH as electron donor proceeding with a limiting rate of kred = 250 s
-1

 (Figure 6). Thus, the 

limiting rate of Irc15p is an order of magnitude lower than that of lipoamide dehydrogenase 

(250 s
-1

 vs. >3000 s
-1

). (32, 33) Since Irc15p is associated with microtubules and was shown 
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to regulate their dynamics, the rapid reduction by NADH and the obvious conformational 

change occurring in the presence of NADH sheds new light on its potential role in processes 

such as mitosis. In recent years, several studies concluded that the NAD
+
/NADH ratio and the 

overall redox status are regulatory elements of the cell cycle and the dynamics of the 

cytoskeleton. (34-36) It was shown that the NAD
+
/NADH ratio is high during the G0 phase, 

decreases during the S phase before it increases again in the G2 phase. However, no 

information is available of the NAD
+
/NADH ratio during mitosis. (35) Furthermore, it has 

been demonstrated that NAD
+
 has an influence on the stability and curvature of microtubules. 

Since it is not interacting directly with the polymer it has been proposed, that NAD
+
 affects 

microtubule binding proteins on the plus-end of the polymer.
34

 How exactly the redox state 

influences the cell cycle and the cytoskeletal dynamics is not known, but several proteins 

regulating the cell cycle as well as tubulin contain redox sensitive elements like cysteines or 

cofactors where modifications may occur. (37, 38) Therefore, it is conceivable that reduced 

Irc15p interacts with these proteins and reduces oxidized groups, e.g. disulfides, to enable for 

example the polymerization of tubulins. This reactivity would clearly fit to the mode of action 

found in LPDs, where an internal disulfide in proximity to the isoalloxazine moiety of FAD is 

reduced to the dithiol via reduction of the flavin by NAD(P)H. In search for such an activity 

we tested a variety of disulfides, such as cystine, glutathione and lipoamide but we were 

unable to detect any reduction of these compounds (Table 2). However, we discovered that 

artificial electron acceptors such as potassium ferricyanide, DCPIP, MTT and MQ were good 

to excellent electron acceptors (Table 2).  

 

A similar observation was reported for LpdA from Mycobacterium tuberculosis, which 

contains five homologs of flavoprotein disulfide reductases (7). Apparently, LpdA does not 

reduce disulfide containing compounds but similar to Irc15p reduces quinones. (7) 

Interestingly, LpdA lacks one of the two cysteines near the FAD and the catalytic His-Glu 

diad, in other words it shares the absence of the dithiol-disulfide redox center with Irc15p but 

on the other hand also lacks the catalytic diad, which is present in Irc15p. Since the catalytic 

diad is important in the oxidative half reaction of disulfide reductases, i.e. the formation of the 

internal disulfide by oxidation through the external disulfide (the “dithiol-disulfide exchange 

reaction”), its presence in Irc15p suggests that it has retained the ability to catalyze a similar 

reaction. 
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Limited proteolysis experiments performed in the presence and absence of NADH under oxic 

and anoxic conditions showed that Irc15p became more susceptible to degradation in the 

presence of NADH and oxygen. Furthermore, we showed that the formation of hydrogen 

peroxide was responsible for the increased sensitivity toward tryptic digestion. In keeping 

with this, SAXS measurements for Irc15p indicated time-dependent conformational change in 

Irc15p that resulted in a more extended and possibly more flexible structure. This structural 

change can be attributed to the presence of 11 cysteine residues per subunit of Irc15p, many 

of which are present on the surface. Cysteine is the most reactive and oxygen-sensitive amino 

acid due to the presence of the side chain thiol group. ROS-mediated oxidation of these thiols 

involves formation of sulfenic, sulfinic and sulfonic acids. While the sulfenic intermediates 

can be re-converted to their reduced form, thereby modulating protein activity, the sulfinic 

and sulfonic acid states are irreversible in nature and can cause decreased protein stability. 

This phenomenon is called hyperoxidation and can be induced during oxidative stress. (39) 

NADH-mediated generation of H2O2 shown here mimics oxidative stress conditions in the 

yeast cell, where the excessive ROS accumulation may result from a plethora of sources such 

as electron leakage originating in the mitochondrial transport chain, hyperoxia, upregulation 

of certain enzymes such as D-amino acid oxidases and peroxisomal acyl-coenzyme A 

oxidases, xenobiotics and environmental factors such as heat stress. (1) The study presented 

here showed that the yeast flavoprotein Irc15p is susceptible to redox-regulated 

conformational change, which can potentially impair its interaction with tubulin leading to a 

negative regulation of the microtubule dynamics. (6) 
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Materials & Methods 

 

Materials 

All chemicals, reagents and enzymes were of highest quality and from Sigma-Aldrich (St. 

Louis, USA), Roth (Karlsruhe, Germany) or Thermo Fisher Scientific (Waltham, USA), 

unless otherwise noted. Columns for affinity chromatography (Ni-NTA-sepharose), size 

exclusion chromatography (Superdex 200 10/300 GL) and buffer exchange (PD-10 desalting 

column) were from GE Healthcare (Little Chalfont, UK). The E. coli strains Top10 and 

Rosetta
TM

(DE3) were from Invitrogen (Carlsbad, USA) and Merck (Darmstadt, Germany), 

respectively. The plasmid pET21d was from Merck (Darmstadt, Germany).  

Cloning of IRC15 for large scale expression in E. coli 

All strains were generated using standard genetic techniques (40, 41). Briefly, genomic DNA 

from S. cerevisiae was extracted with the yeast DNA extraction kit from VWR (Radnor, 

USA). According to the sequence for IRC15 from the Saccharomyces genome database (42) 

the following primers were designed and synthesized from VBC (Vienna, Austria): fw_5’-

GAACCATGGCAATGGGAGGTGAAGACGAAATATTAAGCAC-3’; rev_5’- 

GAGCCTCGAGTTAATGGTGATGATGGTGATGATGATGATGTTCCCGGACATGTAC

GCCAG -3’. To construct the heterologous expression vector pET21d(+)IRC15 introducing 

an additional C-terminal 9x-histidine tag the restriction enzymes NcoI/XhoI were used. 

Individual clones were sequenced before transforming the plasmid into E. coli 

Rosetta
TM

(DE3) cells. 

Heterologous production and purification of Irc15p 

A single colony of E. coli Rosetta(DE3) comprising pET21d(+)IRC15 was used to inoculate a 

pre-culture that was aerobically incubated (37 °C, 16 h, 150 rpm) in terrific broth media 

(bacto-tryptone 12 g/L, bacto-yeast
 
extract 24 g/L,

 
glycerol 4g/L, KH2PO4 2.31 g/L and 

K2HPO4 12.54 g/L) supplemented with 100 µg·mL
-1

 ampicillin and 20 µg·mL
-1

 

chloramphenicol. 1% pre-culture was used to inoculate the main-culture supplemented with 

100 µg·mL
-1

 ampicillin and 10 µg·mL
-1

 chloramphenicol, which was incubated aerobically at 

37 °C with agitation at 150 rpm until an OD600 of ~0.6 was reached. Production of the 

recombinant protein was induced by addition of 0.5 mM isopropyl-β-D-thiogalactoside and 

the culture was further incubated for 16 h at 20 °C. Cells were harvested by centrifugation at 

4.500 g at 4 °C and washed once with 1% saline solution. Cell pellets were resuspended in 4 

mL/g pellet buffer A (50 mM HEPES, 150 mM NaCl, 1 mM dithiothreitol, pH 7.0) 
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supplemented with 30 mM imidazole, 1 mM phenylmethylsulfonyl fluoride dissolved in 

dimethylsulfoxide, 10 µM flavin adenine dinucleotide disodium salt hydrate. Furthermore, 1 

μL of protease inhibitor cocktail for the purification of histidine-tagged proteins from Sigma-

Aldrich (St. Louis, USA) was added per 1 g of cell pellet. Cell disruption was achieved by 

sonication with a Labsonic L instrument from Braun Biotech International (Berlin, Germany) 

with 120 Watt for 3 x 3 min in an ice-water bath with 3 min pauses between each cycle. The 

cell lysate was centrifuged at 38.850 g for 45 min at 4 °C, and the supernatant was loaded 

onto a 5-mL HisTrap HP column previously equilibrated with buffer A supplemented with 30 

mM imidazole. The column was washed with five column volumes with buffer containing 50 

mM HEPES, pH 7.0, 150 mM NaCl, 1 mM DTT and 100 mM imidazole. Then the column 

was washed with buffer A supplemented with 100 mM imidazole and subsequently proteins 

were eluted with buffer A supplemented with 350 mM imidazole. Fractions containing target 

protein were pooled and concentrated with centrifugal filter units (Amicon Ultra-15, 50 kDa; 

Millipore, Massachusetts, USA). Concentrated protein was re-buffered to buffer B (50 mM 

HEPES, 50 mM NaCl, 1 mM DTT, pH 7.0) with a PD-10 desalting column. The protein 

solutions were shock frozen and stored at −80 °C if not used immediately. 

Determination of molecular mass of Irc15p 

The subunit molecular mass of purified Irc15p was determined by SDS-PAGE with a 12.5% 

separating gel and 5% stacking gel under reducing conditions described by Laemmli (43). The 

molecular mass marker PageRuler™ (prestained protein ladder 10-180 kDa) from Thermo 

Fisher Scientific (Waltham, USA) was used. To determine the native molecular mass of 

Irc15p size exclusion chromatography with Buffer A using a Superdex 200 10/300 GL 

column attached to an Äktapurifier™ system from GE Healthcare (Little Chalfont, UK) was 

performed. Protein elution was monitored at 280 nm and 450 nm. The column was calibrated 

with molecular mass standards according to the instructions from GE healthcare. 

Determination of the flavin cofactor bound to Irc15p 

To determine the nature of the flavin cofactor concentrated protein samples were treated with 

8 M guanidine hydrochloride (pH 2 adjusted with concentrated HCl). Denatured protein was 

removed by centrifugation (13.000 g, 5 min) and the solution was neutralized with 

concentrated NaOH. To remove residual protein centrifugal filter units (Amicon Ultra-0.5 mL 

10 kDa; Millipore, Massachusetts, USA) were used. The flow-through was concentrated at 50 

°C under reduced pressure and subsequently analysed by HPLC (UltiMate
®
 3000 HPLC 
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system from Dionex, California, USA) using an Atlantis
®
 dC18 5 μM (4.6 x 250 mm) 

column. As liquid phase a 0.1% TFA solution and acetonitrile containing 0.1% TFA were 

used. The concentration of the organic solvent was increased within 20 min from 0% to 95% 

in a linear gradient (T = 25 °C; flow rate = 1 mL/min). The samples were analysed using a 

diode array detector at 280, 370 and 450 nm. The retention times of authentic FAD, FMN and 

riboflavin were 9.05, 9.75 and 10.4 min, respectively. 

Determination of the redox potential 

The redox potential was determined by the dye-equilibration method using the 

xanthine/xanthine oxidase electron delivering system as described by Massey (44). Reactions 

were carried out in buffer C (50 mM HEPES, 50 mM NaCl, pH 7) supplemented with methyl 

viologen (2.5 μM) as mediator, 500 µM xanthine, and xanthine oxidase in catalytic amounts 

(~40 nM) and lasted 0.5-2 h at 25 °C. The protein concentration for a typical experiment was 

∼10 μM. The concentrations given are final values after mixing in the flow cell. Experiments 

were performed with a SF-61SX2 stopped flow device from TgK Scientific Limited 

(Bradford-on-Avon, UK) equipped with an auto-shutter to reduce photochemical effects 

during the experiment. To maintain anoxic conditions the device was positioned in a glove 

box from Belle Technology (Weymouth, UK). Absorption spectra during the course of 

reduction were recorded with a KinetaScanT diode array detector from TgK Scientific 

Limited (Bradford-on-Avon, UK). Safranin T was used as a reference dye for the analysis (-

289 mV). The amounts of oxidized and reduced Irc15p and safranin T were quantitated at 430 

nm and 530 nm, respectively. The reduction-oxidation potentials were calculated from plots 

of log(Irc15pox/Irc15pred) versus log(dyeox/dyered) according to Minnaert (19) using Excel 

2010 (Microsoft, Redmond, WA, USA).  

Sequence alignment and homology modeling 

A multiple sequence alignment was generated with the program Clustal Omega (21) with 

sequences taken from the Saccharomyces genome database
40

 and from the UniProt database
20

. 

A computational prediction approach was employed to construct the model structure of 

Irc15p. Tertiary structure of the protein was generated using protein homology-based 

molecular modeling software Swiss-Model (22) and ab initio threading based software I-

TASSER (23). Both the programs used Lpd1p from S. cerevisiae (PDB entry: 1V59) as the 

top threading template for automated model building.  
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Methods using UV-visible absorption spectroscopy 

Absorption spectra were recorded with a Specord 200 plus spectrophotometer from Analytik 

Jena (Jena, Germany) at 25 °C using 1-cm quartz cuvettes. 

Extinction coefficient 

The extinction coefficient of Irc15p was determined according to Macheroux (18). Briefly, 

Irc15p bound FAD was released by addition of 0.2% SDS. Absorption spectra were recorded 

before and after denaturation of the enzyme. The calculation yielded an extinction coefficient 

of 11.900 M
-1 

cm
-1

 at 453 nm for Irc15p. 

Anoxic photoreduction 

Photoreduction was carried out as described by Macheroux
 
(18). Briefly, ~10 µM Irc15p in 1 

mL buffer B (50 mM HEPES, 50 mM NaCl, 1 mM DTT, pH 7.0) supplemented with 1 mM 

EDTA was deoxygenated by incubation for 2 h in a glove box from Belle Technology 

(Weymouth, UK). A 10 W LED floodlight (Luminea) was used to reduce the cofactor by light 

irradiation. Absorption spectra were recorded after each reduction step until no further 

spectral changes were observed. Thereafter the sample was exposed to air and a spectrum was 

recorded after complete reoxidation.  

Steady state kinetics 

Initial-velocity kinetic measurements were performed in triplicates with NAD(P)H as electron 

donor and the disulfide containing electron acceptors lipoic acid, glutathione and cystine and 

the artificial electron acceptors potassium ferricyanide, MQ, MTT and DCPIP. Reaction 

mixtures were setup in buffer C (50 mM HEPES, 50 mM NaCl, pH 7). All reactions were 

initiated by addition of 5 µL enzyme stock solution supplemented with 200 nM DTT to the 

reaction mixture – final enzyme concentrations were 10 nM. Controls were performed in the 

absence of enzyme. Rates of reduction with MQ, oxygen and disulfide containing substrates 

were determined by fitting the observed absorption change at 380 nm in the first minute using 

adapted extinction coefficients (NADH ɛ380 nm = 1.210 M
-1

·cm
-1 

or NADPH ɛ380 nm = 1.280 M
-

1
·cm

-1
). For the other electron acceptors pertinent wavelengths and extinction coefficients 

were used (ferricyanide ε420 nm = 1.040 M
-1

·cm
-1

; MTT ε578 nm = 13.000 M
-1

·cm
-1

; DCPIP ε600 

nm = 21.000 M
-1

·cm
-1

) (39). 
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Thermal shift assay 

Thermal shift assays were performed as described by Ericsson
 
et al. (27). 20 µL of ~13 µM 

Irc15p protein solution was pipetted into a white 96-well RT-PCR plate from Bio-Rad 

(California, USA) both at different pH, in the absence and presence of 150 mM NaCl and in 

buffer B in the presence and absence of a final concentration of 50 mM NADH, 50 mM 

NAD
+
, 50 mM NADPH, 50 mM NADP

+
 or 50 mM sodium dithionite. Two µL of a 1:500 

dilution of SYPRO
®
 orange from Molecular Probes (Oregon, USA) was added. The plates 

were sealed with an Optical-Quality Sealing Tape from Bio-Rad (California, USA) and 

heated in a CFX Connect™ Real-Time PCR detection system from Bio-Rad (California, 

USA) from 20 to 95 °C in increments of 0.5 °C/5 sec. Fluorescence changes of the dye were 

detected at a wavelength between 470 and 500 nm. Melting temperatures (Tm) were 

determined using CFX Manager 3.0 software from Bio-Rad (California, USA). 

Determination of kinetic rates 

The protein was deoxygenated by incubation for 2 h in a glove box from Belle Technology 

(Weymouth, UK) kept in nitrogen atmosphere. The reductive half-reaction was investigated 

by mixing protein (~20 μM) in buffer B with 25-2.500 µM NADH or 25-1.000 µM 

NAD(P)H. The concentrations given are final values after mixing in the flow cell. 

Experiments were performed with a SF-61SX2 stopped flow device from TgK Scientific 

Limited (Bradford-on-Avon, UK) positioned in an anoxic glove box from Belle Technology 

(Weymouth, UK) at 4 °C. Changes in flavin absorption were followed with a PM-61s 

photomultiplier from TgK Scientific Limited (Bradford-on-Avon, UK) at 453 nm.  

Limited proteolysis 

12 µM Irc15p in buffer D (50 mM HEPES, 50 mM NaCl, 5 mM EDTA and 1 mM DTT, pH 

7.0) in the presence and absence of 50 mM NADH and under oxic or anoxic conditions was 

digested using 5 µg/mL trypsin from Promega (Madison, WI, USA). The reactions were also 

supplemented with 8 mM DTT. The reactions were performed at 37 °C. Reactions in the 

absence of dioxygen were conducted in a glove box from Belle Technology (Weymouth, UK) 

filled with nitrogen gas. After preincubation of trypsin at 37 °C for 15 minutes, the digestion 

was started and samples were taken out after different time points (0, 1, 2, 3, 4, 5, 6 and 16 

hours). The reactions were stopped by adding SDS sample buffer and the samples were boiled 

at 95 °C for 10 minutes. The samples were then analysed by SDS-PAGE with a 12.5% 

separating and 5% stacking gel. (45, 46)  
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Hydrogen peroxide assay 

A time-dependent generation of H2O2 by Irc15p in the presence and absence of NADH was 

monitored using the Pierce™ Quantitative Peroxide Assay Kit (ThermoFischer Scientific). 

For the assay, 20 µM Irc15p in buffer C (50mM HEPES, 50 mM NaCl, pH 7.0) was 

incubated with 50 mM NADH at room temperature. A sample without NADH, also incubated 

at room temperature, was used as a control. The reactions were terminated at 0, 1 and 16 h by 

addition of 10% TCA solution. Samples of this reaction mixture (10 µl) were added to 100 µl 

of the working reagent in a 96-well plate and incubated for 20 min at room temperature. 

Working reagent was prepared according to the protocol specified in the kit (1 vol of reagent 

A in 100 vol of reagent B). Absorbance was recorded at 595 nm on a plate reader (FLUOStar 

Omega plate reader, BMG Labtech). The values were normalized to account for the intrinsic 

absorption of the working reagent. A standard curve containing 0 to 100 μM of H2O2 was 

prepared to determine the amount of H2O2 present in each sample. 

Small-angle X-ray scattering 

For successful SAXS measurements, an additional purification step of Irc15p was needed. 

Therefore, Irc15p in buffer D (50 mM HEPES, 50 mM NaCl, 5 mM EDTA and 1 mM DTT, 

pH 7.0) was purified by size exclusion chromatography on a Superdex 200 Increase 10/300 

GL column from GE Healthcare (Little Chalfont, UK) connected to an ÄKTApurifier™ 

system (GE Healthcare, Little Chalfont, UK). The protein containing fractions were then 

collected, centrifuged and used for further sample preparation.  

For the SAXS measurements, three separate reaction mixtures were prepared, including one 

control with a concentration of 119 µM Irc15p and two samples with a concentration of 61 

µM Irc15p, measured after 0 and 12 hours incubation with 50 mM NADH at 4 °C. Buffers for 

background corrections were also prepared from buffer D with either 119 µM or 61 µM FAD 

in the absence or presence of 50 mM NADH. All samples contained 8.3 mM DTT to prevent 

precipitation of Irc15p. 

SAXS data for Irc15p were recorded with an in-house SAXS instrument (SAXSspace, Anton 

Paar, Graz, Austria) equipped with a Kratky camera, a sealed X-ray tube source and a 

Mythen2 R 1K Detector (Dectris). Thereby Irc15p and the buffers for background 

substraction where loaded via an ASX autosampler and measured in a flow cell. The 

scattering patterns were measured with a 180-min exposure time (180 frames, each 1 min). 

Radiation damage was excluded on the basis of a comparison of individual frames of the 180-
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min exposures, wherein no changes were detected. A range of momentum transfer of 0.010 < 

s < 0.63 Å−1 was covered (s = 4π sin(θ)/λ, where 2θ is the scattering angle, and λ is the X-ray 

wavelength, in this case 1.5 Å. 

Obtained SAXS data were processed using the SAXSanalysis package (Anton Paar, version 

3.0). and analyzed using the ATSAS package (version 2.8.2, Hamburg, Germany). The data 

were desmeared using GIFT
 
(PCG-Software). The forward scattering (I(0)), the radius of 

gyration, (Rg), the maximum dimension (Dmax) and the interatomic distance distribution 

function (P(r)) were computed with GNOM (47). The masses of the solutes were evaluated 

based on their Porod volume. 
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